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COMPOSITIONS AND METHODS FOR TREATING HEMOGLOBINOPATHIES

CROSS REFERENCE TO RELATED APPLICATIONS
This application 1s an International PCT application which claims priority to and benefit
of U.S. Provisional Application Nos. 62/805,271 filed February 13, 2019, 62/805,277, filed
February 13, 2019; 62/852,224, filed May 23, 2019, 62/852,228, filed May 23, 2019,
62/931,722, filed November 6, 2019, 62/931,747, filed November 6, 2019, 62/941,569, filed
November 27, 2019; and 62/966,526, filed January 27, 2020, the contents of all of which are

incorporated by reference herein in their entireties.

INCORPORATION BY REFERENCE
All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent as if each individual publication, patent, or
patent application was specifically and individually indicated to be incorporated by reference.
Absent any indication otherwise, publications, patents, and patent applications mentioned in this

specification are incorporated herein by reference in their entireties.

BACKGROUND OF THE INVENTION

Sickle cell disease (SCD) is a group of disorders that affects hemoglobin, the molecule in
red blood cells that delivers oxygen to cells throughout the body. People with this disorder have
atypical hemoglobin molecules, which can distort red blood cells into a sickle, or crescent,
shape. The clinical manifestations of sickle cell disease (SCD) result from intermittent episodes
of microvascular occlusion leading to tissue ischemia/reperfusion injury and chronic hemolysis.
Vaso-occlusive events are associated with ischemia/reperfusion damage to tissues resulting in
pain and acute or chronic injury affecting any organ system. The bones/marrow, spleen, liver,
brain, lungs, kidneys, and joints are often affected.

SCD is a genetic disorder characterized by the presence of at least one hemoglobin S
allele (HbS; p.GluéVal in HBB) and a second HEB pathogenic variant resulting in abnormal
hemoglobin polymerization. HbS/S (homozygous p.Glu6Val in HBB) accounts for 60%-70% of
SCD in the United States. The life expectancy for men and women suffering from SCD is only

42 and 48 years, respectively. Current methods of treatment are focused on managing the
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symptoms of the disease. Methods for editing the genetic mutations that cause SCD and other

hemoglobinopathies are urgently required.
SUMMARY

As described below, the present invention features compositions and methods for editing
deleterious mutations associated with sickle cell disease (SCD). In particular embodiments, the
invention provides for the correction of SCD mutations using a modified adenosine deaminase
base editor termed “ABE8” having unprecedented levels (e.g., >60-70%) of efficiency.

In one aspect, the invention features a method of editing a beta globin polynucleotide
comprising a single nucleotide polymorphism (SNP) associated with sickle cell disease, the
method comprising contacting a beta globin polynucleotide with one or more guide RNAs and a
fusion protein comprising a polynucleotide programmable DNA binding domain and at least one
base editor domain that is an adenosine deaminase variant comprising an alteration at amino
acid position 82 and/or 166 of
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLYVLNNRVIGEGWNEAIGLHDPTAHAEIMALROQGGLVM
ONYRLIDATLYVITFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAARLLCYFFRMPROVENAQKKAQSSTD, wherein the guide RNA targets the base editor to effect an
alteration of the SNP associated with sickle cell disease.

In another aspect, the invention features a method of editing a beta globin (HBB)
polynucleotide comprising a single nucleotide polymorphism (SNP) associated with sickle cell
disease, the method comprising contacting a beta globin polynucleotide with one or more guide
RNAs and a fusion protein comprising a polynucleotide programmable DNA binding domain
comprising the following sequence:

EIGKATAKYFFYSNIMNFFKTE I TLANGE IRKRPLIETNGETGE IVWDKGRDFATVRKVLSMPOQVNIVKK
TEVQTGGFSKES ILPKRNSDKL IARKKDWDPKKY GGFMOPTVAY SVLVVAKVEKGKSKKLKSVKELLGI T
IMERSSFEENPIDFLEAKGYKEVKEDLI IKLPKY SLFELENGRKRMLASAKFLOKGNELALPSKYVNELY
LASHYEKLKGEPEDNEQROLFVEQHKHYLDEI IEQISEFSKRVILADANLDKVLESAYNKHRDKPIREQAE
NIIHLEFTLTNLGAPRAFKYFDTTIARKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD GGSGESGGES
GGESEGSGEESGEMDERY SIGLAIGTNSVGHAVI TDEYKVPSKKFKVLGNTDRASIKKNLIGALLFDSGETA
EATRLERTARRRY TRRENRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYH
ERYPTIYHLRKKLVDSTDRADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLF IQLVQTYNQLFEEN
PINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTPNFKSNFDLAEDAKLOLSKD
TYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALV
RQOQLPEKYKE IFFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGS
IPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEY FTVYNELTKVKYVTEGMRKPAFLSGEQKKAIV

DLLFKTNREVTIVEQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILED I
2
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VLTLTLFEDREMIEERLKTY AHLFDDRKVMKQLERRRY TGWGRLERKLINGIRDKQSGKTILDFLKSDGEFA
NRNFMQLIHDDSLTFKED IQKAQVSGOGDSTLHEH IANTAGSPATKKGILO TVRVVDELVEKVMGRHKPEN I
VIEMARENQTTOKGOKNSRERMKRIFEGIKELGSQILKEHPFVENTOLONEKLY LYY LONGRDMY VDOQELD
INRLSDYDVDHIVPQSFLEKDDS IDNKVLTRSDENRGKSDNVPSEEVVEEMENYWROQLTINAKT. T TORKFDN
LTKAERGGLSELDKAGFIKROLVETRQI TKHVAQILDSRMNTKY DENDKLIREVEKVITLESKLVSDFRKD
FQEFYKVRE INNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVREKMIAKSEQEGADKRTADGSE

FESPKKKRKV*, wherein the bold sequence indicates sequence derived from Cas9, the italics
sequence denotes a linker sequence, and the underlined sequence denotes a bipartite nuclear
localization sequence, and at least one base editor domain comprising an adenosine deaminase

variant comprising an alteration at amino acid position 82 and/or 166 of
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRV IGEGWNRAIGLHDPTAHAEIMALRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE

CAALLCYFFRMPROVENAQKEAQSSTD,

In another aspect, the invention features a base editing system comprising the fusion
protein of any previous aspect or otherwise described herein and a guide RNA comprising a
nucleic acid sequence selected from the following CUUCUCCACAGGAGUCAGAU;
ACUUCUCCACAGGAGUCAGAU; and GACUUCUCCACAGGAGUCAGAU. In one embodiment, the gRNA
further contains a nucleic acid sequence
GUUUUUGUACUCUCAAGAUUUAAGUAACUGUACAACGAARACUUACACAGUUACUUARAUCUUGCAGAARGT
UACARAGAUAAGGCUUCAUGCCGARAUCAARCACCCUGUCAUUUUAUGGCAGGGUG. In another
embodiment, the gRNA contains a nucleic acid sequence selected from
CUUCUCCACAGGAGUCAGAUGUUUUUGUACUCUCAAGAUTUAAGUAACUGUACAACGAAACUUACACAGU
UACUUAAAUCUUGCAGAAGCUACAANGAUAAGGCUUCAUGCCGAAAUCARCACCCUGUCAUUUUAUGECA
GGGUG;

ACUUCUCCACAGGAGUCAGAUGUUUUUGUACUCUCAAGATUUUAAGUAACUGUACAACGAARCUUACACAG

UUACUUARAUCUUGCAGAAGCUACABRAGAUARGGCUUCAUGCCGARAUCAACACCCUGUCAUUUUAUGGT
AGGGUG; and
GACUUCUCCACAGGAGUCAGAUGUUUUUGUACUCUCAAGATUUAAGUAACUGUACAACGAANCUUACACA
GUUACUUARAAUCUUGCAGAAGCUACAAAGAUAAGGCUUCAUGCCGAAAUCAACACCCUGUCAUTUUAUGG
CAGGGUG.

In another aspect, the invention features a cell produced by introducing into the cell, or a
progenitor thereof: a base editor, a polynucleotide encoding the base editor, to the cell, wherein
the base editor comprises a polynucleotide programmable DNA binding domain and an
adenosine deaminase domain described in any aspect described herein, and one or more guide
polynucleotides that target the base editor to effect an AT to G+C alteration of the SNP

associated with sickle cell disease. In one embodiment, the cell produced is a hematopoietic

-
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stem cell, a common myeloid progenitor, proerythroblast, erythroblast, reticulocyte, or
erythrocyte. In another embodiment, the cell or progenitor thereof is a hematopoietic stem cell,
a common myeloid progenitor, proerythroblast, or erythroblast. In another embodiment, the
hematopoietic stem cell is a CD34" cell. In another embodiment, the cell is from a subject
having sickle cell disease. In another embodiment, the cell is a mammalian cell or human cell.

In another aspect, the invention features a method of treating sickle cell disease in a
subject comprising administering to the subject a cell of any previous aspect or any other aspect
of the invention delineated herein. In one embodiment, the cell is autologous to the subject. In
another embodiment, the cell is allogenic to the subject.

In another aspect, the invention provides an isolated cell or population of cells
propagated or expanded from the cell of any previous aspect or any other aspect of the invention
delineated herein.

In another aspect, the invention provides a method of producing a red blood cell, or
progenitor thereof, involving introducing into a red blood cell progenitor comprising an SNP
associated with sickle cell disease, a base editor, or a polynucleotide encoding the base editor,
wherein the base editor comprises a polynucleotide-programmable nucleotide-binding domain
and an adenosine deaminase variant domain described in any previous aspect; and one or more
guide polynucleotides, wherein the one or more guide polynucleotides target the base editor to
effect an A*T to G+C alteration of the SNP associated with sickle cell disease; and
differentiating the red blood cell progenitor into an erythrocyte. In one embodiment, the method
involves differentiating the red blood cell progenitor into one or more of a hematopoietic stem
cell, a common myeloid progenitor, proerythroblast, erythroblast, reticulocyte, or erythrocyte.
In one embodiment, the method involves the red blood cell progenitor is a CD34" cell. In
another embodiment, the red blood cell progenitor 1s obtained from a subject having sickle cell
disease. In another embodiment, the red blood cell progenitor 1s a mammalian cell or human
cell. In another embodiment, the A+T to G+C alteration at the SNP associated with sickle cell
disease changes a valine to an alanine in the HBB polypeptide. In another embodiment, the SNP
associated with sickle cell disease results in expression of an HBB polypeptide having a valine
at amino acid position 6. In another embodiment, the SNP associated with sickle cell disease
substitutes a glutamic acid with a valine. In another embodiment, the cell is selected for the AT
to G+C alteration of the SNP associated with sickle cell disease. In another embodiment, the
polynucleotide programmable DNA binding domain comprises a modified Staphylococcus
aureus Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9 (St1Cas9), a modified Streptococcus

pyogenes Cas9 (SpCas9), or variants thereof.
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In various embodiments of any of the above aspects or any other aspect of the invention
described herein, the adenosine deaminase variant comprises alterations at amino acid position
82 and 166. In various embodiments of any of the above aspects or any other aspect of the
invention described herein, the adenosine deaminase variant comprises a V828 alteration. In
various embodiments of any of the above aspects or any other aspect of the invention described
herein, the adenosine deaminase variant comprises a TI66R alteration. In various embodiments
of any of the above aspects or any other aspect of the invention described herein, the adenosine
deaminase variant comprises V828 and T166R alterations. In various embodiments of any of
the above aspects or any other aspect of the invention described herein, the adenosine deaminase
variant further comprises one or more of the following alterations: Y147T, Y147R, Q154S,
Y123H, and Q154R. In various embodiments of any of the above aspects or any other aspect of
the invention described herein, the adenosine deaminase variant comprises a combination of
alterations selected from the following: Y147T + Q154R; Y147T + Q1548S; Y147R + Q1548S;
V828 +Q1548; V828 + Y147R; VB82S + Q154R; V828 + Y123H; I76Y + V82S; V828 +
Y123H + Y147T; V82S + Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R
+Y123H; Y147R + Q154R + I76Y,; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +
176Y; V828 + Y123H + Y147R + Q154R; or [76Y + V82S + Y123H + Y147R + Q154R. In an
embodiment of the above-delineated aspects, the adenosine deaminase variant comprises Y147R
+ Q154R +Y123H. In an embodiment of the above-delineated aspects, the adenosine deaminase
variant comprises Y147R + Q154R + 176Y. In an embodiment of the above-delineated aspects,
the adenosine deaminase variant comprises Y147R + Q154R + T166R. In an embodiment of the
above-delineated aspects, the adenosine deaminase variant comprises Y147T + Q154R. In an
embodiment of the above-delineated aspects, the adenosine deaminase variant comprises Y147T
+QQ154S. In an embodiment of the above-delineated aspects, the adenosine deaminase variant
comprises Y147R + Q154S. In an embodiment of the above-delineated aspects, the adenosine
deaminase variant comprises V82S + (Q154S. In an embodiment of the above-delineated
aspects, the adenosine deaminase variant comprises V82S + Y147R. In an embodiment of the
above-delineated aspects, the adenosine deaminase variant comprises V82S + Q154R. In an
embodiment of the above-delineated aspects, the adenosine deaminase variant comprises V828
+Y123H. In an embodiment of the above-delineated aspects, the adenosine deaminase variant
comprises [76Y + V82S. In an embodiment of the above-delineated aspects, the adenosine
deaminase variant comprises V82S + Y123H + Y147T. In an embodiment of the above-
delineated aspects, the adenosine deaminase variant comprises V825§ + Y123H+ Y147R. In an
embodiment of the above-delineated aspects, the adenosine deaminase variant comprises V828

+ Y123H + Q154R. In an embodiment of the above-delineated aspects, the adenosine
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deaminase variant comprises Y123H + Y147R + Q154R + I76Y. In an embodiment of the
above-delineated aspects, the adenosine deaminase variant comprises V82S + Y123H + Y147R
+ Q154R. In an embodiment of the above-delineated aspects, the adenosine deaminase variant
comprises [76Y + V82S + Y123H + Y147R + Q154R. In other embodiments of the above
aspects, the adenosine deaminase variant comprises a deletion of the C terminus beginning at a
residue selected from the group consisting of 149, 150, 151, 152, 153, 154, 155, 156, and 157

In various embodiments of any of the above aspects or any other aspect of the invention
described herein, the cell is iz vivo or ex vivo. In various embodiments of any of the above
aspects or any other aspect of the invention described herein, the A+T to G+C alteration at the
SNP associated with sickle cell disease changes a valine to an alanine in the HBB polypeptide.
In various embodiments of any of the above aspects or any other aspect of the invention
described herein, the SNP associated with sickle cell disease results in expression of an HBB
polypeptide having a valine at amino acid position 6. In various embodiments of any of the
above aspects or any other aspect of the invention described herein, the SNP associated with
sickle cell disease substitutes a glutamic acid with a valine. In various embodiments of any of
the above aspects or any other aspect of the invention described herein, the AT to G-C
alteration at the SNP associated with sickle cell disease results in expression of an HBB
polypeptide having an alanine at amino acid position 6. In various embodiments of any of the
above aspects or any other aspect of the invention described herein, the A+T to G+C alteration at
the SNP associated with sickle cell disease substitutes a glutamic acid with an alanine.

In various embodiments of any of the above aspects or any other aspect of the invention
described herein, the polynucleotide programmable DNA binding domain is a modified
Staphylococcus aureus Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9 (St1Cas9), a
modified Streptococcus pyogenes Cas9 (SpCas9), or variants thereof. In various embodiments
of any of the above aspects or any other aspect of the invention described herein, the
polynucleotide programmable DNA binding domain comprises a variant of SpCas9 having an
altered protospacer-adjacent motif (PAM) specificity or specificity for a non-G PAM. In
various embodiments of any of the above aspects or any other aspect of the invention described
herein, the altered PAM has specificity for the nucleic acid sequence 5’-NGC-3". In various
embodiments of any of the above aspects or any other aspect of the invention described herein,
the modified SpCas9 comprises amino acid substitutions D1135M, S1136Q, G1218K, E1219F,
A1322R, D1332A, R1335E, and T1337R, or corresponding amino acid substitutions thereof. In
various embodiments of any of the above aspects or any other aspect of the invention described
herein, the polynucleotide programmable DNA binding domain is a nuclease inactive or nickase

variant. In various embodiments of any of the above aspects or any other aspect of the invention
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described herein, the nickase variant comprises an amino acid substitution D10A or a
corresponding amino acid substitution thereof. In various embodiments of any of the above
aspects or any other aspect of the invention described herein, the base editor further comprises a
zinc finger domain. In various embodiments of any of the above aspects or any other aspect of
the invention described herein, the zinc finger domain comprises recognition helix sequences
RNEHLEV, QSTTLKR, and RTEHLAR or recognition helix sequences RGEHLRQ,
QSGTLKR, and RNDKLVP. In various embodiments of any of the above aspects or any other
aspect of the invention described herein, the zin¢ finger domain is one or more of zflra or zf1rb,
In various embodiments of any of the above aspects or any other aspect of the invention
described herein, the adenosine deaminase domain is capable of deaminating adenine in
deoxyribonucleic acid (DNA). In various embodiments of any of the above aspects or any other
aspect of the invention described herein, the one or more guide RNAs comprises a CRISPR
RNA (crRNA) and a trans-encoded small RNA (tracrRNA), wherein the crRNA comprises a
nucleic acid sequence complementary to an HBB nucleic acid sequence comprising the SNP
associated with sickle cell disease. In various embodiments of any of the above aspects or any
other aspect of the invention described herein, the base editor is in complex with a single guide
RNA (sgRNA) comprising a nucleic acid sequence complementary to an BB nucleic acid
sequence comprising the SNP associated with sickle cell disease. In various embodiments of
any of the above aspects or any other aspect of the invention described herein, the A+T to G+C
alteration at the SNP associated with sickle cell disease changes a valine to an alanine in the
HBB polypeptide. In another embodiment, the SNP associated with sickle cell disease results in
expression of an HBB polypeptide having a valine at amino acid position 6. In another
embodiment, the SNP associated with sickle cell disease substitutes a glutamic acid with a
valine. In another embodiment, the AT to G+C alteration at the SNP associated with sickle cell
disease results in expression of an HBB polypeptide having an alanine at amino acid position 6.
In another embodiment, the A+T to G+C alteration at the SNP associated with sickle cell disease
substitutes a glutamic acid with an alanine. In another embodiment, the cell is selected for the
A*T to G+C alteration of the SNP associated with sickle cell disease. In another embodiment,
the polynucleotide programmable DNA binding domain is a modified Staphylococcus aureus
Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9 (St1Cas9), a modified Streptococcus
pyogenes Cas9 (SpCas9), or variants thereof,

In an aspect, a method for treating sickle cell disease (SCD) in a subject is provided, in
which the method comprises administering to the subject a fusion protein comprising an
adenosine deaminase variant inserted within a Cas9 or a Cas12 polypeptide, or a polynucleotide

encoding the fusion protein thereof, and one or more guide polynucleotides to target the fusion
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protein to effect an A+T to G+C alteration of a single nucleotide polymorphism (SNP) associated
with SCD, thereby treating SCD in the subject.

In another aspect, a method of treating sickle cell disease (SCD) in a subject is provided,
in which the method comprises administering to the subject an adenosine base editor 8§ (ABES),
or a polynucleotide encoding said base editor, wherein the ABE8 comprises an adenosine
deaminase variant inserted within a Cas9 or Cas12 polypeptide; and one or more guide
polynucleotides that target the ABES to effect an A*T to G+C alteration of a SNP associated with
SCD, thereby treating SCD in the subject.

In an embodiment of the above-delineated methods, the ABES is selected from ABES.1-
m, ABE8 2-m, ABES8.3-m, ABE8 4-m, ABES.5-m, ABE8 6-m, ABES.7-m, ABE8.8-m,

ABES 9-m, ABES.10-m, ABE8.11-m, ABES.12-m, ABE8.13-m, ABES.14-m, ABES.15-m,
ABES 16-m, ABE8.17-m, ABES 18-m, ABE8.19-m, ABES8.20-m, ABE8.21-m, ABES8.22-m,
ABES 23-m, ABE8.24-m, ABES 1-d, ABES.2-d, ABES 3-d, ABE8.4-d, ABE8.5-d, ABE8.6-d,
ABES.7-d, ABES 8-d, ABE8.9-d, ABE8.10-d, ABE8.11-d, ABE8.12-d, ABE8.13-d, ABES 14-
d, ABE8.15-d, ABES.16-d, ABE8.17-d, ABE8 18-d, ABE8 19-d, ABE8 20-d, ABE8 21-d,
ABES.22-d, ABES.23-d, or ABES8.24-d. In an embodiment of the above-delineated methods, the
adenosine deaminase variant comprises the amino acid sequence of
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH
AEIMALRQGGLVMONYRLIDATLY VIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAA
GSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD and
wherein the amino acid sequence comprises at least one alteration. In an embodiment, the
adenosine deaminase variant comprises alterations at amino acid position 82 and/or 166. In an
embodiment, the at least one alteration comprises: V82S, T166R, Y147T, Y147R, Q1548S,
Y123H, and/or Q154R.

In an embodiment of the above-delineated methods, the adenosine deaminase variant comprises
one of the following combination of alterations: Y147T + Q154R,, Y147T + Q154S; Y147R +
Q1548, V828 + Q1548, V825 + Y147R, V82S + Q154R; V82S + Y123H; I76Y + V82S; V828
+YI123H+ Y147T, V82S + Y123H + Y147R; V82S + Y123H + Q154R; Y147R + Q154R
+Y123H; Y147R + Q154R + 176Y; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +
176Y; V828 + Y123H + Y147R + Q154R; and 176Y + V82S + Y123H + Y147R + Q154R. In
an embodiment of the above-delineated methods, the adenosine deaminase vanant 1s TadA*8.1,
TadA*8 2, TadA*8 3, TadA*8 4, TadA*8.5, TadA*8.6, TadA*8.7, TadA*8.8, TadA*8 9,
TadA*8.10, TadA*8.11, TadA*8.12, TadA*8.13, TadA*8.14, TadA*8.15, TadA*8.16,
TadA*8.17, TadA*8.18, TadA*8.19, TadA*8.20, TadA*8.21, TadA*8.22, TadA*8.23, or

TadA*8.24. In an embodiment, the adenosine deaminase variant comprises a deletion of the C
8
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terminus beginning at a residue selected from the group consisting of 149, 150, 151, 152, 153,
154,155, 156, and 157. In an embodiment, the adenosine deaminase variant is an adenosine
deaminase monomer comprising a TadA*8 adenosine deaminase variant domain. In an
embodiment, the adenosine deaminase variant is an adenosine deaminase heterodimer
comprising a wild-type adenosine deaminase domain and a TadA*8 adenosine deaminase
variant domain. In an embodiment, the adenosine deaminase variant is an adenosine deaminase
heterodimer comprising a TadA domain and a TadA*8 adenosine deaminase variant domain.

In an embodiment of the above-delineated methods, the SNP associated with SCD 1s
located in the beta globin (HBB) gene. In an embodiment of the above-delineated methods, the
SNP results in expression of an HBB polypeptide having a valine at amino acid position 6. In an
embodiment of the above-delineated methods, the SNP substitutes a glutamic acid with a valine.
In an embodiment of the above-delineated methods, the A*T to G+C alteration at the SNP
changes a valine to an alanine in the HBB polypeptide. In an embodiment of the above-
delineated methods, the AT to G+C alteration at the SNP results in expression of an HBB
polypeptide having an alanine at amino acid position 6. In an embodiment of the above-
delineated methods, the AT to G+C alteration at the SNP substitutes a glutamic acid with an
alanine.

In an embodiment of the above-delineated methods, the adenosine deaminase variant is
inserted within a flexible loop, an alpha helix region, an unstructured portion, or a solvent
accessible portion of the Cas9 or Cas12 polypeptide. In an embodiment of the above-delineated
methods, the adenosine deaminase variant is flanked by a N-terminal fragment and a C-terminal
fragment of the Cas9 or Cas12 polypeptide. In an embodiment of the above-delineated methods,
the fusion protein or ABE8 comprises the structure NHa-[N-terminal fragment of the Cas9 or
Casl2 polypeptide]-[adenosine deaminase varant]-[C-terminal fragment of the Cas9 or Cas12
polypeptide]-COOH, wherein each instance of “]-[“ 15 an optional linker. In an embodiment, the
C-terminus of the N terminal fragment or the N-terminus of the C terminal fragment comprises a
part of a flexible loop of the Cas9 or the Cas12 polypeptide. In an embodiment, the flexible
loop comprises an amino acid in proximity to the target nucleobase when the adenosine
deaminase variant deaminates the target nucleobase.

In an embodiment of the above-delineated methods, the methods further comprise
administering to the subject a guide nucleic acid sequence to effect deamination of the SNP
target nucleobase associated with SCD. In an embodiment, the deamination of the SNP target
nucleobase replaces the target nucleobase with a non-wild type nucleobase, and wherein the

deamination of the target nucleobase ameliorates symptoms of sickle cell disease. In an
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embodiment, the deamination of the SNP associated with sickle cell disease substitutes a
glutamic acid with an alanine.

In an embodiment of the above-delineated methods, the target nucleobase is 1-20
nucleobases away from a PAM sequence in the target polynucleotide sequence. In an
embodiment, the target nucleobase is 2-12 nucleobases upstream of the PAM sequence. In an
embodiment of the above-delineated methods, the N-terminal fragment or the C-terminal
fragment of the Cas9 or Cas12 polypeptide binds the target polynucleotide sequence. In certain
embodiments, the N-terminal fragment or the C-terminal fragment comprises a RuvC domain,
the N-terminal fragment or the C-terminal fragment comprises a HNH domain, neither of the N-
terminal fragment and the C-terminal fragment comprises an HNH domain; or neither of the N-
terminal fragment and the C-terminal fragment comprises a RuvC domain. In an embodiment,
the Cas9 or Cas12 polypeptide comprises a partial or complete deletion in one or more structural
domains and wherein the deaminase is inserted at the partial or complete deletion position of the
Cas9 or Cas12 polypeptide. In certain embodiments, the deletion is within a RuvC domain; the
deletion 1s within an HNH domain; or the deletion bridges a RuvC domain and a C-terminal
domain.

In an embodiment of the above-delineated methods, the fusion protein or ABE8
comprises a Cas9 polypeptide. In an embodiment, the Cas9 polypeptide is a Strepfococcus
pvogenes Cas9 (SpCas9), Staphylococcus aureus Cas9 (SaCas9), Streptococcus thermophilus 1
Cas9 (St1Cas9), or variants thereof. In an embodiment, the Cas9 polypeptide comprises the
following amino acid sequence (Cas9 reference sequence):
MDKKYSIGLDIGTNSVGWAVITDEYK VPSKKFK VL. GNTDRHSIKKNLIGALLFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIF
GNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDN
SDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLF
GNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLS
DAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKAL VRQQLPEKYKEIFFDQSKN
GYAGYIDGGASQEEFYKFIKPILEKMDGTEELL VKLNREDLLRKQRTFDNGSIPHQIHLG
ELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWN
FEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMR
KPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTY
HDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDKVMKQLKRR
RYTGWGRLSRKLINGIRDKQSGKTILDFLK SDGFANRNFMQLIHDDSLTFKEDIQKAQV
SGQGRSLHEHIANLAGSPAIKKGILOTVKVVDELVKVMGRHKPENIVIEMARENQTTQK
GOKNSRERMKRIEEGIKELGSOQILKEHPVENTQLONEKL YLYYLONGRDMY VDQELDI
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NRLSDYDVDHIVPQSFLKDDSIDNK VL TRSDKNRGKSDNVPSEEVVKKMKNYWRQLL
NAKLITORKFDNLTKAERGGLSELDKAGFIKROLVETROITKHVAOILDSRMNTKYDEN

SEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFY SNIMNFFKTEITLANGEIRKRPLIET
NGETGEIVWDKGRDFAT MP IVKKTEVOTGGFSKESILPKRNSDKLIARKK
DWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLE
AKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASH

YEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDL
SQLGGD (single underline: HNH domain; double underline: RuvC domain; (Cas9 reference

sequence), or a corresponding region thereof. In certain embodiments, the Cas9 polypeptide
comprises a deletion of amino acids 1017-1069 as numbered in the Cas9 polypeptide reference
sequence or corresponding amino acids thereof; the Cas9 polypeptide comprises a deletion of
amino acids 792-872 as numbered in the Cas9 polypeptide reference sequence or corresponding
amino acids thereof, or the Cas9 polypeptide comprises a deletion of amino acids 792-906 as
numbered in the Cas9 polypeptide reference sequence or corresponding amino acids thereof.

In an embodiment of the above-delineated methods, the adenosine deaminase variant 1s inserted
within a flexible loop of the Cas9 polypeptide. In an embodiment, the flexible loop comprises a
region selected from the group consisting of amino acid residues at positions 530-537, 569-579,
686-691, 768-793, 943-947, 1002-1040, 1052-1077, 1232-1248, and 1298-1300 as numbered in
the Cas9 reference sequence, or corresponding amino acid positions thereof’

In an embodiment of the above-delineated methods, the deaminase variant 1s inserted
between amino acid positions 768-769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027,
1029-1030, 1040-1041, 1052-1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-
1249 as numbered in the Cas9 reference sequence, or corresponding amino acid positions
thereof. In an embodiment of the above-delineated methods, the deaminase variant is inserted
between amino acid positions 768-769, 792-793, 1022-1023, 1026-1027, 1040-1041, 1068-
1069, or 1247-1248 as numbered in the Cas9 reference sequence or corresponding amino acid
positions thereof. In an embodiment of the above-delineated methods, the deaminase variant is
inserted between amino acid positions 1016-1017, 1023-1024, 1029-1030, 1040-1041, 1069-
1070, or 1247-1248 as numbered in the Cas9 reference sequence or corresponding amino acid
positions thereof. In an embodiment of the above-delineated methods, the adenosine deaminase
variant 1s inserted within the Cas9 polypeptide at the loci identified in Table 14A. In an
embodiment, the N-terminal fragment comprises amino acid residues 1-529, 538-568, 580-685,

692-942, 948-1001, 1026-1051, 1078-1231, and/or 1248-1297 of the Cas9 reference sequence,
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or corresponding residues thereof. In an embodiment, the C-terminal fragment comprises amino
acid residues 1301-1368, 1248-1297, 1078-1231, 1026-1051, 948-1001, 692-942, 580-685,
and/or 538-568 of the Cas9 reference sequence, or corresponding residues thereof’

In an embodiment of the above-delineated methods, the Cas9 polypeptide is a modified
Cas9 and has specificity for an altered PAM or a non-G PAM. In an embodiment of the above-
delineated methods, the Cas9 polypeptide is a nickase or wherein the Cas9 polypeptide i1s
nuclease inactive. In an embodiment of the above-delineated methods, the Cas9 polypeptide is a
modified SpCas9 polypeptide. In an embodiment, the modified SpCas9 polypeptide, which
includes amino acid substitutions D1135M, S1136Q, G1218K, E1219F, A1322R, D1332A,
R1335E, and T1337R (SpCas9-MQKFRAER) and which has specificity for the altered PAM 5°-
NGC-3.

In another embodiment of the above-delineated methods, the fusion protein or ABES
comprises a Cas12 polypeptide. In an embodiment, the adenosine deaminase variant is inserted
into the Cas12 polypeptide. In an embodiment, the Casl12 polypeptide is Casl2a, Casl2b,
Casl2¢, Casl2d, Casl2e, Casl2g, Casl2h, or Casl2i. In an embodiment, the adenosine
deaminase vanant i1s inserted between amino acid positions: a) 153-154, 255-256, 306-307, 980-
981, 1019-1020, 534-535, 604-605, or 344-345 of BhCas12b or a corresponding amino acid
residue of Casl2a, Casl2c, Casl2d, Casl2e, Casl2g, Casl2h, or Cas12i; b) 147 and 148, 248
and 249, 299 and 300, 991 and 992, or 1031 and 1032 of BvCas12b or a corresponding amino
acid residue of Casl2a, Casl2c, Casl2d, Casl2e, Casl2g, Casl2h, or Casl2i; or ¢) 157 and 158,
258 and 259, 310 and 311, 1008 and 1009, or 1044 and 1045 of AaCas12b, or a corresponding
amino acid residue of Casl2a, Casl2¢, Casl2d, Casl2e, Casl2g, Casl12h, or Casl2i. In an
embodiment, the adenosine deaminase variant is inserted within the Cas12 polypeptide at the
loci identified in Table 14B. In an embodiment, the Cas12 polypeptide is Cas12b. In an
embodiment, the Cas12 polypeptide comprises a BhCas12b domain, a BvCas12b domain, or an
AACas12b domain.

In an embodiment of the above-delineated methods, the guide RNA comprises a CRISPR
RNA (crRNA) and a trans-activating crRNA (tractrRNA). In an embodiment of the above-
delineated methods, the subject is a mammal or a human.

In another aspect, a pharmaceutical composition comprising a base editing system
comprising the fusion protein of any one of the above-delineated methods, aspects and
embodiments, and a pharmaceutically acceptable carrier, vehicle, or excipient 1s provided. In an
embodiment, the pharmaceutical composition further comprises a guide RNA comprising a
nucleic acid sequence selected from the group consisting of CUUCUCCACAGGAGUCAGAU,

ACUUCUCCACAGGAGUCAGAU; and GACUUCUCCACAGGAGUCAGAU. Inan
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embodiment, the gRNA further comprises a nucleic acid sequence
GUUUUUGUACUCUCAAGAUUUAAGUAACUGUACAACGAAACUUACACAGUUACU
UAAAUCUUGCAGAAGCUACAAAGAUAAGGCUUCAUGCCGAAAUCAACACCCUGU
CAUUUUAUGGCAGGGUG. In an embodiment, the gRNA comprises a nucleic acid sequence
selected from
CUUCUCCACAGGAGUCAGAUGUUUUUGUACUCUCAAGAUUUAAGUAACUGUACA
ACGAAACUUACACAGUUACUUAAAUCUUGCAGAAGCUACAAAGAUAAGGCUUCA
UGCCGAAAUCAACACCCUGUCAUUUUAUGGCAGGGUG;
ACUUCUCCACAGGAGUCAGAUGUUUUUGUACUCUCAAGAUUUAAGUAACUGUAC
AACGAAACUUACACAGUUACUUAAAUCUUGCAGAAGCUACAAAGAUAAGGCUUC
AUGCCGAAAUCAACACCCUGUCAUUUUAUGGCAGGGUG; and
GACUUCUCCACAGGAGUCAGAUGUUUUUGUACUCUCAAGAUUUAAGUAACUGUA
CAACGAAACUUACACAGUUACUUAAAUCUUGCAGAAGCUACAAAGAUAAGGCUU
CAUGCCGAAAUCAACACCCUGUCAUUUUAUGGCAGGGUG

In an aspect, a pharmaceutical composition comprising a base editor or a polynucleotide
encoding the base editor is provided, wherein the base editor comprises a polynucleotide
programmable DNA binding domain and an adenosine deaminase domain described in any one
the above-delineated methods, aspects and embodiments, and one or more guide polynucleotides
that target the base editor to effect an A+T to G+C alteration of the SNP associated with sickle
cell disease, and a pharmaceutically acceptable carrier, vehicle or excipient.

In another aspect, a pharmaceutical composition comprising the cell of the above-
delineated aspects and embodiments, and a pharmaceutically acceptable carrier, vehicle or
excipient, i1s provided.

In another aspect, a kit comprising a base editing system comprising the fusion protein of
any one of the above-delineated methods, aspects and embodiments 1s provided. In an
embodiment, the kit further comprises a guide RNA comprising a nucleic acid sequence selected
from the group consisting of CUUCUCCACAGGAGUCAGAU,
ACUUCUCCACAGGAGUCAGAU,; and GACUUCUCCACAGGAGUCAGAU.

In another aspect, a kit comprising a base editor or a polynucleotide encoding the base
editor 15 provided, wherein the base editor comprises a polynucleotide programmable DNA
binding domain and an adenosine deaminase domain described in any one of the above-
delineated methods, aspects and embodiments; and one or more guide polynucleotides that
target the base editor to effect an A«T to G=C alteration of the SNP associated with sickle cell
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In another aspect, a kit comprising the cell of any one of the above-delineated aspects
and embodiments is provided. In an embodiment of the kits, the kit further comprises a package
insert with instructions for use.

In an aspect, provided herein is a base editor system comprising a polynucleotide
programmable DNA binding domain and at least one base editor domain that comprises an
adenosine deaminase variant comprising an alteration at amino acid position 82 or 166 of
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH
AEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAA
GSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD and a
guide RNA, wherein said guide RNA targets said base editor to effect an alteration of the SNP
associated with alpha-1 antitrypsin deficiency. In some embodiments, the adenosine deaminase
variant comprises a V828 alteration and/or a T166R alteration. In some embodiments, the
adenosine deaminase variant further comprises one or more of the following alterations: Y147T,
Y147R, Q1548S, Y123H, and Q154R. In some embodiments, the base editor domain ¢comprises
an adenosine deaminase heterodimer comprising a wild-type adenosine deaminase domain and
an adenosine deaminase variant. In some embodiments, the adenosine deaminase variant is a
truncated TadAS8 thatis missing 1,2, 3,4,5.,6,7,8,9, 10, 11, 12, 13, 14, 15,6, 17, 18, 19, or 20
N-terminal amino acid residues relative to the full length TadA8. In some embodiments, the
adenosine deaminase variant is a truncated TadAS that is missing 1, 2, 3,4, 5,6,7,8,9, 10, 11,
12,13, 14, 15,6, 17, 18, 19, or 20 C-terminal amino acid residues relative to the full length
TadAS8. In some embodiments, the polynucleotide programmable DNA binding domain is a
modified Staphylococcus aureus Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9 (St1Cas9),
a modified Streptococcus pyogenes Cas9 (SpCas9), or variants thereof In some embodiments,
the polynucleotide programmable DNA binding domain is a variant of SpCas9 having an altered
protospacer-adjacent motif (PAM) specificity or specificity for a non-G PAM. In some
embodiments, the polynucleotide programmable DNA binding domain is a nuclease inactive
Cas9. In some embodiments, the polynucleotide programmable DNA binding domain is a Cas9
nickase.

In an aspect, provided herein is a base editor system comprising one or more guide
RNAs and a fusion protein comprising a polynucleotide programmable DNA binding domain
comprising the following sequence:
EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDK GRDFATVRKVL
SMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFMQPTVAYSVLYV
VAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFEL

ENGRKRMLASAKFLOQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHK
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HYLDEIIEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENITHLFTLTNLGAPRAF
KYFDTTIARKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGDGGSGGSGGSGGSGGSG
GSGGMDKKY SIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDS
GETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLATL AHMIKFRGHFLIEGDL
NPDNSDVDKLFIQLVOTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAA
KNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFD
QSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPH
QIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI
TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVT
EGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNAS
LGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDK VMKQ
LKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLK SDGFANRNFMQLIHDDSLTFKEDIQ
KAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN
QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLQNGRDMYVD
QELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDKNRGKSDNVPSEEVVKKMKNYW
ROQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTK
YDENDKLIREVKVITLKSKLVSDFRKDFQF YK VREINNYHHAHDAYLNAVVGTALIKK
YPKLESEFVYGDYKVYDVRKMIAKSEQEGADKRTADGSEFESPKKKRKV*, wherein the
bold sequence indicates sequence derived from Cas9, the italics sequence denotes a linker
sequence, and the underlined sequence denotes a bipartite nuclear localization sequence, and at
least one base editor domain comprising an adenosine deaminase variant comprising an
alteration at amino acid position 82 and/or 166 of
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH
AEIMALRQGGLVMONYRLIDATLY VIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAA
GSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD, and
wherein the one or more guide RNAs target said base editor to effect an alteration of the SNP
associated with alpha-1 antitrypsin deficiency..

In one aspect, a cell comprising any one of the above delineated the base editor systems
is provided. In some embodiments, the cell is a human cell or a mammalian cell. In some
embodiments, the cell 1s ex vivo, in vive, or in vitro.

The description and examples herein illustrate embodiments of the present disclosure in
detail. It is to be understood that this disclosure is not limited to the particular embodiments

described herein and as such can vary. Those of skill in the art will recognize that there are
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numerous variations and modifications of this disclosure, which are encompassed within its
scope.

The invention provides compositions and methods for editing mutations associated with
sickle cell disease (SCD). Compositions and articles defined by the invention were isolated or
otherwise manufactured in connection with the examples provided below. Other features and
advantages of the invention will be apparent from the detailed description, and from the claims.
The practice of some embodiments disclosed herein employ, unless otherwise indicated,
conventional techniques of immunology, biochemistry, chemistry, molecular biology,
microbiology, cell biology, genomics and recombinant DNA, which are within the skill of the
art. See for example Sambrook and Green, Molecular Cloning: A Laboratory Manual, 4th
Edition (2012), the series Current Protocols in Molecular Biology (F. M. Ausubel, ef a/. eds.);
the series Methods In Enzymology (Academic Press, Inc.), PCR 2: A Practical Approach (M ],
MacPherson, B.D. Hames and G.R. Taylor eds. (1995)), Harlow and Lane, eds. (1988)
Antibodies, A Laboratory Manual, and Culture of Animal Cells: A Manual of Basic Technique
and Specialized Applications, 6th Edition (R.I. Freshney, ed. (2010}).

The section headings used herein are for organizational purposes only and are not to be
construed as limiting the subject matter described.

Although various features of the present disclosure can be described in the context of a
single embodiment, the features can also be provided separately or in any suitable combination.
Conversely, although the present disclosure can be described herein in the context of separate
embodiments for clarity, the present disclosure can also be implemented in a single embodiment.
The section headings used herein are for organizational purposes only and are not to be
construed as limiting the subject matter described.

The features of the present disclosure are set forth with particularity in the appended
claims. A better understanding of the features and advantages of the present will be obtained by
reference to the following detailed description that sets forth illustrative embodiments, in which
the principles of the disclosure are utilized, and in view of the accompanying drawings as

described hereinbelow.

Definitions

The following definitions supplement those in the art and are directed to the current
application and are not to be imputed to any related or unrelated case, e.g., to any commonly
owned patent or application. Although any methods and materials similar or equivalent to those

described herein can be used in the practice for testing of the present disclosure, the preferred
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materials and methods are described herein. Accordingly, the terminology used herein is for the
purpose of describing particular embodiments only and is not intended to be limiting.

Unless defined otherwise, all technical and scientific terms used herein have the meaning
commonly understood by a person skilled in the art to which this invention belongs. The
following references provide one of skill with a general definition of many of the terms used in
this invention: Singleton ef al., Dictionary of Microbiology and Molecular Biology (2nd ed.
1994}; The Cambridge Dictionary of Science and Technology (Walker ed., 1988); The Glossary
of Genetics, 5th Ed., R. Rieger ef al. (eds.), Springer Verlag (1991); and Hale & Marham, The
Harper Collins Dictionary of Biology (1991).

In this application, the use of the singular includes the plural unless specifically stated
otherwise. It must be noted that, as used in the specification, the singular forms “a,” “an,” and
“the” include plural references unless the context clearly dictates otherwise. In this application,
the use of “or” means “and/or,” unless stated otherwise, and is understood to be inclusive.
Furthermore, use of the term “including” as well as other forms, such as “include,” “includes,”
and “included,” is not limiting.

As used in this specification and claim(s), the words “comprising” (and any form of
comprising, such as “comprise” and “comprises”), “having” (and any form of having, such as
“have” and “has”), “including” (and any form of including, such as “includes” and “include”) or
“containing” (and any form of containing, such as “contains” and “contain”) are inclusive or
open-ended and do not exclude additional, unrecited elements or method steps. It is
contemplated that any embodiment discussed in this specification can be implemented with
respect to any method or composition of the present disclosure, and vice versa. Furthermore,
compositions of the present disclosure can be used to achieve methods of the present disclosure.

The term “about” or “approximately” means within an acceptable error range for the
particular value as determined by one of ordinary skill in the art, which will depend in part on
how the value is measured or determined, 7.e., the limitations of the measurement system. For
example, “about” can mean within 1 or more than 1 standard deviation, per the practice in the
art. Alternatively, “about” can mean a range of up to 20%, up to 10%, up to 5%, orup to 1% of a
given value. Alternatively, particularly with respect to biological systems or processes, the term
can mean within an order of magnitude, such as within 5-fold or within 2-fold, of a value.
Where particular values are described in the application and claims, unless otherwise stated the
term “about” meaning within an acceptable error range for the particular value should be
assumed.

Ranges provided herein are understood to be shorthand for all of the values within the

range. For example, a range of 1 to 50 is understood to include any number, combination of
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numbers, or sub-range from the group consisting 1, 2, 3,4, 5,6,7,8,9, 10,11, 12, 13, 14, 15,
16,17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,
42 43,44, 45, 46, 47, 48, 49, or 50.

1Y

Reference in the specification to “some embodiments,” “an embodiment,” “one
embodiment” or “other embodiments™ means that a particular feature, structure, or characteristic
described in connection with the embodiments is included 1n at least some embodiments, but not
necessarily all embodiments, of the present disclosures.

By “adenosine deaminase” is meant a polypeptide or fragment thereof capable of
catalyzing the hydrolytic deamination of adenine or adenosine. In some embodiments, the
deaminase or deaminase domain is an adenosine deaminase catalyzing the hydrolytic
deamination of adenosine to inosine or deoxy adenosine to deoxyinosine. In some
embodiments, the adenosine deaminase catalyzes the hydrolytic deamination of adenine or
adenosine in deoxyribonucleic acid (DNA). The adenosine deaminases (e.g., engineered
adenosine deaminases, evolved adenosine deaminases) provided herein may be from any

organism, such as a bacterium. In some embodiments, the adenosine deaminase comprises an

alteration in the following sequence:

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRY IGEGWNRATIGLHDPTAHAEIMATRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVE ITEGILADE
CAALLCYFFRMPROVFNAQKKAQSSTD

(also termed TadA*7.10).

In some embodiments, TadA*7 10 comprises at least one alteration. In some
embodiments, TadA*7.10 comprises an alteration at amino acid 82 and/or 166. In particular
embodiments, a variant of the above-referenced sequence comprises one or more of the
following alterations: Y147T, Y147R, Q1548, Y123H, V828§, T166R, and/or Q154R. In other
embodiments, a variant of the TadA7.10 sequence comprises a combination of alterations
selected from the following: Y147T + Q154R; Y147T + Q154S; Y147R + Q154S; V828 +
Q154S; V828 + Y147R; V82S + Q154R; V82S + Y123H; 176Y + V82§, V82S + Y123H +
Y147T, VB82S + Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R +Y123H;
Y147R + Q154R +176Y; Y147R + Q154R + T166R; Y123H + Y147R + Q154R + 176Y; V82§
+Y123H+ Y147R + Q154R; and I76Y + V82S + Y123H + Y147R + Q154R.

In other embodiments, the invention provides adenosine deaminase variants that include
deletions, e.g., TadA*8, comprising a deletion of the C terminus beginning at residue 149, 150,
151, 152, 153, 154, 155, 156, or 157. In other embodiments, the adenosine deaminase variant is
a TadA (e.g., TadA*8) monomer comprising one or more of the following alterations: Y147T,

Y147R, Q154S, Y123H, V82S, T166R, and/or Q154R. In other embodiments, the adenosine
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deaminase variant is a monomer comprising a combination of alterations selected from the
following: Y147T + Q154R; Y147T + Q1548; Y147R + Q1548S, V828 + 1548, V82S +
Y147R; V828 + Q154R; V828 + Y123H, I76Y + V828, V82S + Y123H + Y147T, V82S +
Y123H + Y147R, V828 + Y123H + Q154R;, Y147R + Q154R +Y123H; Y147R + Q154R +
I76Y; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +I76Y; V82S + Y123H + Y147R
+Q154R; and 176Y + V82S + Y123H + Y147R + Q154R.

In still other embodiments, the adenosine deaminase variant is a homodimer comprising
two adenosine deaminase domains {e.g., TadA*8) each having one or more of the following
alterations Y147T, Y147R, Q1548S, Y123H, V828, T166R, and/or Q154R. In other
embodiments, the adenosine deaminase variant is a homodimer comprising two adenosine
deaminase domains (e.g., TadA*8) each having a combination of alterations selected from the
group of: Y147T + Q154R; Y147T + Q154S; Y147R + Q1548S, V82S + Q1548S; V82S +
Y147R; V828 + Q154R; V828 + Y123H, I76Y + V828, V82S + Y123H + Y147T, V82S +
Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R +Y123H; Y147R + Q154R +
I76Y; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +I76Y; V82S + Y123H + Y147R
+Q154R; and 176Y + V82S + Y123H + Y147R + Q154R.

In other embodiments, the adenosine deaminase variant 15 a heterodimer comprising a
wild-type TadA adenosine deaminase domain and an adenosine deaminase variant domain (e.g.,
TadA*8) comprising one or more of the following alterations Y147T, Y147R, Q154S, Y123H,
V828, T166R, and/or Q154R. In other embodiments, the adenosine deaminase variant is a
heterodimer comprising a wild-type TadA adenosine deaminase domain and an adenosine
deaminase variant domain (e.g., TadA*8) comprising a combination of alterations selected from
the following: Y147T + Q154R; Y147T + Q154S; Y147R + Q1548; V82S + Q1548; V828 +
Y147R; V828 + Q154R; V828 + Y123H; I76Y + V82S; V828 + Y123H + Y147T; V82S +
Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R +Y123H; Y147R + Q154R +
I76Y, Y147R + Q154R + T166R;, Y123H + Y147R + Q154R + I76Y; V82S + Y123H + Y147R
+ Q154R; and I76Y + V82S + Y123H + Y147R + Q154R.

In other embodiments, the adenosine deaminase variant is a heterodimer comprising a
TadA*7.10 domain and an adenosine deaminase variant domain (e.g., TadA*8) comprising one
or more of the following alterations Y147T, Y147R, Q154S, Y123H, V82§, T166R, and/or
Q154R. In other embodiments, the adenosine deaminase variant 15 a heterodimer comprising a
TadA*7.10 domain and an adenosine deaminase variant domain (e.g. TadA*8) comprising a
combination of the following alterations: Y147T + Q154R; Y147T + Q1548S; Y147R + Q154S,
V82S + Q1548; VB82S + Y147R,; V828 + Q154R; V82S + Y123H; I76Y + V828, V82S +

Y123H + Y147T; V82S + Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R
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+Y123H; Y147R + Q154R + 176Y; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +
I76Y, V82S + Y123H + Y147R + Q154R; or I76Y + V828 + Y123H + Y147R + Q154R.

In one embodiment, the adenosine deaminase is a TadA*8 that comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLYVLNNRVIGEGWNEAIGLHDPTAHAEIMALROQGGLVM
ONYRLIDATLYVITFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE

CAALLCTFFREMPROVFNAQKKAQSSTD.

In some embodiments, the TadA*8 is truncated. In some embodiments, the truncated
TadA*8 ismissing 1, 2,3, 4,5 ,6,7,8, 9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 N-terminal
amino acid residues relative to the full length TadA*8. In some embodiments, the truncated
TadA*8 is missing 1, 2,3,4,5.,6,7,8,9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 C-terminal
amino acid residues relative to the full length TadA*8. In some embodiments the adenosine
deaminase variant is a full-length TadA*8.

In particular embodiments, an adenosine deaminase heterodimer comprises a TadA*8
domain and an adenosine deaminase domain selected from one of the following;

Staphylococcus aureus (S. aureus) TadA:
MGSHMTNDIY FMTLATEEAKKAAQLGEVPIGAT ITKDDEVIARAHNLRETLQQPTAHAEHIATERAAKVL

GSWRLEGCTLYVILEPCVMCAGTIVMSRIFRVVYGADDPRGGCSGSIMNLLOQSNFNHRATVDRKGVLEKEA
CSTLLTTFFENLEANKKSTN

Bacillus subtilis (B. subtilis) TadA:

MTQDELYMKEATIKEAKKAEEKGEVPIGAVLVINGEI IARAHNLRETEQRS IAHAEMLV IDEACKALGTWR
LEGATLYVTLEPCPMCAGAVVLSRVEKVVFGAFDPKGGCSGTLMNLLOEERFNHQAEVVSGVLEEECGGM
LSAFFRELRKKKKAARKNLSE

Salmonella typhimurium (S. typhimurium) TadA:
MPPAFITGVTSLSDVELDHEYWMRHALTLAKRAWDEREVPVGAVLVHNHRVIGEGWNRP IGRHDPTAHAE
IMALRQGGLVLQNYRLLDTTLY VI LEPCVMCAGAMVHSRIGRVVFGARDAKT GAAGSLIDVLHHPGMNHR
VEIIEGVLRDECATLLSDFFRMRRQEIKALKKADRAEGAGPAV

Shewanella putrefaciens (8. putrefaciens) TadA.:
MDEYWMQVAMOMAEKAFAAGEVPVGAVLVKDGQQIATGYNLSISQHDPTAHAE ILCLRSAGKKLENYRLL
DATLYITLEPCAMCAGAMVHSRIARVVYGARDEKTGAAGTVVNLLQHPAFNHQVEVT SGVLAEACSAQLS
RFFKRRRDEKKALKLAQRAQQGIE

Haemophilus influenzae F3031 (H. influenzae) TadA:

MDAAKVRSEFDEKMMRYALELADKAEALGE I PVGAVLVDDARNI IGEGWNLS IVQSDPTAHAET TALRNG
AKNIQNYRLLNSTLYVILEPCTMCAGAILHSRIKRLVFGASDYKTGAIGSRFHFFDDY KMNHTLEITSGV
LAEECSQKLSTFFQOKRREEKKIEKALLKSLSDK

Canlobacter crescentus (C. crescentus) TadA:
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METDESEDQDHEMMRLAT.DAARAAARAGETPVGAVILDPSTGEVIATAGNGPIAAHDPTAHARETAAMEAA
AARLGNYRLTDLTLVVTLEPCAMCAGAT SHARTGRVVEGADDPRKGGAVVHGPKFFAQPTCHWRPEVT GGV
LADESADLLRGFFRARRKAKI

Geobacter sulfurreducens (G. sulfurreducens) TadA:
MSSLKKTPIRDDAYWMGKAIREAAKARARDEVPIGAVIVRDGAVIGRGHNLREGSHNDPSAHAEMIAIRQA
ARRSANWRLTGATLYVILEPCLMCMGAI ILARLERVVEGCYDPKGGAAGSLY DLSADPRLNHQVRLSPGV
COEECGTMLSDEFFRDLRRREKKAKATPALEIDERKVPPEP

TadA*7.10
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM
ONYRLIDATLYVIFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCYFFRMPROVENAQKKAQSSTD

By “Adenosine Deaminase Base Editor 8 (ABES) polypeptide” is meant a base editor
(BE) as defined and/or described herein comprising an adenosine deaminase variant comprising
an alteration at amino acid position 82 and/or 166 of the following reference sequence:
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH
AEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAA
GSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD. In
some embodiments, ABE8 comprises further alterations relative to the reference sequence.

By “Adenosine Deaminase Base Editor 8 (ABES) polynucleotide” is meant a
polynucleotide (polynucleotide sequence) encoding an ABES polypeptide.

“Administering” is referred to herein as providing one or more compositions described
herein to a patient or a subject. By way of example and without limitation, composition
administration, e.g., injection, can be performed by intravenous (i.v.} injection, sub-cutaneous
(s.c.) injection, intradermal (1.d.) injection, intraperitoneal (1.p.} injection, or intramuscular {(i.m.)
injection. One or more such routes can be employed. Parenteral administration can be, for
example, by bolus injection or by gradual perfusion over time. Alternatively, or concurrently,
administration can be by the oral route.

By “agent” is meant any small molecule chemical compound, antibody, nucleic acid
molecule, or polypeptide, or fragments thereof.

By “alteration” 1s meant a change (e.g. increase or decrease) in the structure, expression
levels or activity of a gene or polypeptide as detected by standard art known methods such as
those described herein. As used herein, an alteration includes a change in a polynucleotide or
polypeptide sequence or a change in expression levels, such as a 25% change, a 40% change, a

50% change, or greater.
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By “ameliorate” 1s meant decrease, suppress, attenuate, diminish, arrest, or stabilize the
development or progression of a disease.

By “analog” is meant a molecule that is not identical but has analogous functional or
structural features. For example, a polynucleotide or polypeptide analog retains the biological
activity of a corresponding naturally-occurring polynucleotide or polypeptide while having
certain modifications that enhance the analog’s function relative to a naturally occurring
polynucleotide or polypeptide. Such modifications could increase the analog's affinity for DNA,
efficiency, specificity, protease or nuclease resistance, membrane permeability, and/or half-life,
without altering, for example, ligand binding. An analog may include an unnatural nucleotide or
amino acid.

By "base editor (BE)" or "nucleobase editor (NBE)" is meant an agent that binds a
polynucleotide and has nucleobase modifying activity. In various embodiment, the base editor
comprises a nucleobase modifying polypeptide (e.g., a deaminase) and a nucleic acid
programmable nucleotide binding domain in conjunction with a guide polynucleotide (e.g.,
guide RNA). In various embodiments, the agent is a biomolecular complex comprising a
protein domain having base editing activity, i.e., a domain capable of modifying a base (e.g., A,
T, C, G, or U) within a nucleic acid molecule (e.g., DNA). In some embodiments, the
polynucleotide programmable DNA binding domain is fused or linked to a deaminase domain.
In one embodiment, the agent is a fusion protein comprising a domain having base editing
activity. In another embodiment, the protein domain having base editing activity is linked to the
guide RNA (e.g., via an RNA binding motif on the guide RNA and an RNA binding domain
fused to the deaminase). In some embodiments, the domain having base editing activity is
capable of deaminating a base within a nuclei¢ acid molecule. In some embodiments, the base
editor 15 capable of deaminating one or more bases within a DNA molecule. In some
embodiments, the base editor 1s capable of deaminating an adenosine (A) within DNA. In some
embodiments, the base editor is an adenosine base editor (ABE).

In some embodiments, base editors are generated (e.g. ABES) by cloning an adenosine
deaminase variant (e.g., TadA*8) into a scaffold that includes a circular permutant Cas9 (e.g.,
spCAS9 or saCAS9) and a bipartite nuclear localization sequence. Circular permutant Cas9s are
known in the art and described, for example, in Qakes et al., Cell 176, 254-267, 2019,
Exemplary circular permutants follow where the bold sequence indicates sequence derived from
Cas9, the italics sequence denotes a linker sequence, and the underlined sequence denotes a
bipartite nuclear localization sequence.

CPS (with MSP “NGC=Pam Variant with mutations Regular Cas9 likes NGG” PID=Protein

Interacting Domain and “D10A” nickase):
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EIGKATAKYFFYSNIMNFFKTE ITLANGEIRKRPLIETNGETGE IVWDKGRDFATVREKVLSMPOVNIVEKK
TEVQTGGFSKES ILPEKRNSDKLIARKKDWDPEKY GGFMOQPTVAY SVLVVAKVEKGKSKKLKSVKELLGIT
IMERSSFEENPIDFLEAKGY KEVEKDLI TKLPKY SLEFELENGRKRMLASAKFLOKGNELALPSKYVNFLY
LASHYEKLKGSPEDNEQKOLFVEQHKHYLDEI TEQT SEFSKRVILADANT.DKVLSAYNKHRDKPIREQAE
NIIHLFTLTNLGAPRAFKYFDTTIARKEYRSTREVLDATLIHQSITGLYETRIDLESQLGGD GGSGGSGGS
GESGEESGESGEMDERY SIGLAIGTNEVGWAVI TDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA
EATRLERTARRRYTRREKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKEKHERHPIFGNIVDEVAYH
EKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTYNQLFEEN
PINASGVDAKAILSARLESKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTPNFKSENFDLAEDAKLOLSKD
TYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHOQDLTLLKALV
ROQLPEKYKEIFFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRTFDNGS
IPHQIHLGELHAILRRQEDFYPFLEDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEETITPWNEE
EVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVEKYVTEGMRKPAFLEGEQKKAIV
DLLFKTNRKVTVEQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDI
VLTLTLFEDREMIEERLKTY AHLFDDRKVMKQLERRRY TGWGRLERKLINGIRDKQSGKTILDFLKSDGEFA
NRNFMQLIHDDSLTFKED IQKAQVSGOGDSTLHEH IANTAGSPATKKGILO TVRVVDELVEKVMGRHKPEN I
VIEMARENQTTOKGOKNSRERMKRIFEGIKELGSQILKEHPFVENTOLONEKLY LYY LONGRDMY VDOQELD
INRLSDYDVDHIVPQSFLEKDDS IDNKVLTRSDENRGKSDNVPSEEVVEEMENYWROQLTINAKT. T TORKFDN
LTKAERGGLSELDKAGFIKROLVETRQI TKHVAQILDSRMNTKY DENDKLIREVEKVITLESKLVSDFRKD
FOFYRKVREINNY HHAHDAYINAVVGTALIKKY PKLESEFVYGDYKVYDVREMIAKSEQEGADKRRTADGSE

FESPKKKRKV*

In some embodiments, the ABES is selected from a base editor from Table 6-9, 13, or 14
infra. In some embodiments, ABE8 contains an adenosine deaminase variant evolved from
TadA. In some embodiments, the adenosine deaminase variant of ABES is a TadA*8 variant as
described in Table 7, 9, 13 or 14 infra. In some embodiments, the adenosine deaminase variant
is TadA*7.10 variant (e.g. TadA*8) comprising one or more of an alteration selected from the
group of Y147T, Y147R, Q154S, Y123H, V8285, T166R, and/or Q154R. In various
embodiments, ABE8 comprises TadA*7.10 variant (e.g. TadA*8) with a combination of
alterations selected from the group of Y147T + Q154R; Y147T + Q154S; Y147R + Q154S;
V828 +Q1548; V828 + Y147R; VB82S + Q154R; V828 + Y123H; I76Y + V82S; V828 +
Y123H + Y147T; V82S + Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R
+Y123H; Y147R + Q154R + I76Y,; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +
I76Y, V82S + Y123H + Y147R + Q154R; and I76Y + V82S + Y123H + Y147R + Q154R. In
some embodiments ABES is a monomeric construct. In some embodiments, ABES is a

heterodimeric construct. In some embodiments, the ABE8 comprises the sequence:
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MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVE ITEGILADE
CAALLCTEFEFRMPROVENAQKEAQSSTD,

In some embodiments, the polynucleotide programmable DNA binding domain is a
CRISPR associated {e.g., Cas or Cpfl) enzyme. In some embodiments, the base editoris a
catalytically dead Cas9 (dCas9) fused to a deaminase domain. In some embodiments, the base
editor 15 a Cas9 nickase (nCas9) fused to a deaminase domain. Details of base editors are
described in International PCT Application Nos. PCT/2017/045381 (WO 2018/027078) and
PCT/US2016/058344 (WO 2017/070632), each of which is incorporated herein by reference for
its entirety. Also see Komor, A.C., ef al., “Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage” Nature 533, 420-424 (2016); Gaudelli, N.M., et
al., “Programmable base editing of A+T to G+C in genomic DNA without DNA cleavage”
Nature 551, 464-471 (2017); Komor, A .C, ef al., “Improved base excision repair inhibition and
bacteriophage Mu Gam protein yields C:G-to-T:A base editors with higher efficiency and
product purity” Science Advances 3:eaa04774 (2017), and Rees, H A | ef al., “Base editing:
precision chemistry on the genome and transcriptome of living cells.” Nat Rev Genet. 2018
Dec;19(12):770-788. doi: 10.1038/s41576-018-0059-1, the entire contents of which are hereby
incorporated by reference.

By way of example, the adenine base editor (ABE) as used in the base editing
compositions, systems and methods described herein has the nucleic acid sequence (8877 base
pairs), {Addgene, Watertown, MA ; Gaudelli NM, ef o/, Nature. 2017 Nov 23;551(7681):464-
471. dot: 10.1038/nature24644; Koblan LW, ef a/., Nat Biotechnol. 2018 Oct;36(9):843-846.
doi: 10.1038/nbt.4172.) as provided below. Polynucleotide sequences having at least 95% or
greater identity to the ABE nucleic acid sequence are also encompassed.
ATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTARATGGCCCGCCTGGCATTAT GCCCAGTACAT
GACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGT CATCGCTATTACCATGGTGATGCGE
TTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCT CCACCCCATTG
ACGTCAATGGGAGTTTGTTTTGGCACCAARATCAACGGGACTTTCCARAATGTCGTARCAACTCCGCCCT
ATTGACGCCAAATCGGCEGTACGCGTGTACGETGGCAGGTCTATATAAGCAGAGCTGETTTAGTGAACCET
CAGATCCGCTAGAGATCCGCEGCCCCTAATACGACTCACTATAGEGAGAGC CECCACCATGAAACGCACA
GCCGACGGAAGCCGAGTTCCAGTCACCAAAGAACAAGC GCAAAGTCTCTGAAGT CGAGTTTAGCCACCAGT
ATTGGATGAGGCACGCACT GACCCTGECAAAGC GAGCAT GEGGATCGAAACAGAAGT CCCCGTGEGCGLCET
GCTGGTGCACAACAATAGAGTGATC GGAGACGCATGEAACAGECCAATCGECCGCCACCACCCTACCGCA
CACGCAGAGATCATGGCACTGAGGCAGGGAGGCCTGGTCATGCAGAATTACCGCCTGAT CGATGCCACCT
TGTATGTGACACTGGAGCCATGCGTGATGTGCGCAGGAGCAATGATCCACAGCAGGATCGGAAGAGTGGT

GTTCGGAGCACGGGRACGUCAAGACCGEGUGCAGCAGGCTCCCTGATGGATGTGCT GUACCACCCCGGCATG

AACCACCOGETGCAGAT CACAGAGGGAAT CCTGGCAGACGAGTGCGCCGCCCTGCTGAGCGATTTCTTTA
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GAATGCGGAGACAGGAGAT CAAGGCCCAGAAGAAGGCACAGAGCT CCACCGACTUTGGAGGAT CTAGCGG
AGGATCCTCTGGAAGCGAGACACCAGGCACAAGCGAGTCCGCCACACCAGAGAGCTCCGGLGGCTCCTCC
GGAGGAT CCTUTGAGGTGGAGTTTTCCCACGAGTACTGGAT GAGACATGCUCTGACCCTGGCCAAGAGEG
CACGCGATGAGAGGGAGGTGUCTGTGGGAGCCGTGCTGGTGCT GAACAATAGAGTGATCGGCGAGGGCTG
GAACAGAGUCATCGGCUTGCACGACCCAACAGCCCATGCCGAAATTATGGUCUTGAGACAGGGCGGCCTG
GTCATGCAGAACTACAGACTGATTGACGCCACCCTGTACGT GACATTCGAGCCTTGCGTGATGTGCGCCG
GCGCCATGATCCACTCTAGGATCGGCCGCETGGTGTTTGGCGT GAGGAACGCARAARAACCGEGLGLCGECAGS
CTCCCTGATGGACGTGCTGCACTACCCCGECAT GAATCACCGCGTCGARATTACCGAGGGAATCCTGGCA
GATGAATGTGCCGCCCTGCTGTGCTATTTCTTTCGGATGCCTAGACAGGTGTTCAATGCTCAGAAGAAGS
CCCAGAGCTCCACCGACTCCGRAGGATCTAGCGGAGGCTCCTCTGGCTCTGAGACACCTGGCACAAGCGA
GAGCGCAACACCTGARAGCAGCGGGGECAGCAGCGGGGGET CAGACAAGAAGTACAGCATCGGCCTGGCC
ATCGGCACCAACTCTGTGGGUTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAAGARATTCAAGG
TGCTGGECAACACCGACCGGCACAGCATCAAGAAGAACCTGAT CGGAGCCUTGCTGTTCGACAGUGGCGA
AARCAGCCGAGGCCACCCGGCTGAAGAGAACCGUCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGC
TATCTGCAAGAGATCTTCAGCAACGAGAT GGCCAAGGTGGACGACAGCTTUTTCCACAGACTGGAAGAGT
CCTTCCTGGTGRAAGAGGATAAGAAGCACGAGCGGCACCCCATCTTCGGCAACAT CGTGRACGAGETGGC
CTACCACGAGAAGTACCCCACCATCTACCACCT GAGAAAGAAACTGGTGRACAGCACCGACAAGGCCGAC
CTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACTTCCTGATCGAGGGCGACT
TGAACCCCGACAACAGCGACGTGRACAAGCTGTTCATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGA
GGAAAACCCCATCAACGCCAGCGECETGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCAGA
CGGCTGGAAAATUTGATCGCCCAGCTGCCCGGUGAGAAGAAGAAT GGCUTETTCGGAAACCTGATTGCCC
TGAGCCTGGGUCTGACCCCCAACTTCAAGAGCAACTTCGACCTGGCCGAGGATGUCARACTGCAGCTGAG
CAAGGACACCTACGACGACGACCTGGACAACCTGCTGGCCCAGAT CGGUGACCAGTACGCCGACCTGTTT
CTGGCCGCCAAGAACCTGTCCGACGCCAT CCTGCTGAGCUGACATCCTGAGAGTGAACACCGAGATCACCA
AGGCCCCCCTGAGCGCCTCTATGAT CAAGAGATACGACGAGCACCACCAGGACCTGACCCTGCTGARAGC
TCTCGTGCGGCAGCAGCTGCCTGAGAAGTACAAAGAGATTTTCTT CGACCAGAGCAAGAACGGCTACGCC
GGCTACATTGACGGCEGAGCCAGCCAGGAAGAGTTCTACAAGTTCATCAAGCCCATCCTGGARAAGATGG
ACGGCACCGAGGAACTGCTCGTGAAGCTGAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAA
CGGCAGCATCCCCCACCAGATCCACCT GGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAAGATTTTTAC
CCATTCCTGAAGGACAACCEGEAARAGAT CGAGAAGATCCTGACCTTCCGCATCCCCTACTACGTGGGECC
CTCTGGUCAGEGEARARACAGCAGATTCGCCTGGAT GACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAA
CTTCGAGGAAGTGGTGGACAAGGGCGCTTCCGUCCAGAGCTTCAT CGAGCGGATGACCAACTTCGATAAG
AARCCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCUTGCTGTACGAGTACTT CACCGTGTATAACGAGC
TGACCAAAGTGAAATACGTGACCGAGEGAAT GAGAAAGCCCGCCTTCCTGAGUGGCGAGCAGAAAAAGEC
CATCGTGGACCTGCTGTTCAAGACCAACCGGAAAGT GACCGTGAAGCAGCTGAAAGAGGACTACTTCAAG
ARAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCGTGEAAGATCGGTTCAACGCCTCCCTGGGCACAT
ACCACGATCTGCTGAAAATTATCAAGGACAAGGACTT CCTGGACAAT GAGGAAAACGAGRACATTCTGGA
AGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGAT CGAGGAACGGCTGAAAACCTATGECC
CACCTGTTCGACGACAAAGTGAT GAAGCAGCT GAAGCGGCGGAGATACACCEGCTGGEGCAGGCTGAGCC
GGAAGCTGATCAACGGECATCCEGRACAAGCAGT CCGGCAAGACAATCCTGGATTTCCTGAAGTCCGACGS
CTTCGCCAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACCTTTAAAGAGGACAT CCAGAAR

GCCCAGGTGETCCEGUCAGGGUGATAGCCT GCACGAGCACATTGCCAATCTGGUCEGGLAGCCCCGUCATTA
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AGAAGGGCATCCT GCAGACAGTGAAGGTGGT GGACGAGUTCGTGAAAGTGATGGECCGGCACAAGCCCGA
GAACATCGTGATCGARATGGCCAGAGAGAACCAGACCACCCAGAAGGGACAGAAGAACAGUCGCGAGAGA
ATGAAGCGGAT CGAAGAGGGCAT CAARAGAGUTGGECAGUCAGATCCTGAAAGAACACCCCGTGGARAACA
CCCAGCTGCAGAACGAGAAGUTGTACCTGTACTACCTGCAGAATGGGCEGEATATGTACGT GGACCAGGA
ACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATATCGTGUCTCAGAGCTTTCTGAAGGACGAC
TCCATCGACAACAAGGETGCTGACCAGAAGCGACAAGARMCCGGGGCAAGAGCGACAACGTGCCCTCCGAAG
AGGTCGTGAAGAAGATGAAGAACTACTGGCGECAGCT GCTGAACGCCAAGCTGATTACCCAGAGAAAGTT
CGACAATCTGACCAAGGCCGAGAGAGGCGECCT GAGCGAACTGGATAAGGCCGGCTTCATCAAGAGACAG
CTGGTGGAAACCCGGCAGATCACARAGCACGTGGCACAGAT CCTGGACTCCCGRATGAACACTAAGTACG
ACGAGAATGACAAGCTGATCCGGEAAGTGARAGTGAT CACCCTGAAGT CCAAGCTGGTGTCCGATTTCCS
GAAGGATTTCCAGTTTTACAAAGTGCGCGAGAT CAACAACTACCACCACGUCCACGACGCCTACCTGAAC
GCCGTCETGEGEAACCGUCUTGAT CAAAAAGTACCCTAAGCT GGARAGCGAGTTCEGTGTACGGUGACTACA
AGGTGTACGACGT GLCGGAAGATGAT CGCCAAGAGUGAGCAGGAAATCGGCAAGGCTACCGCCAAGTACTT
CTTCTACAGCAACATCATGAACTTTTT CAAGACCGAGATTACCCTGGCCAACGGUGAGATCCGGAAGCGG
CCTCTGATCGAGACARACGGUGAAACCGEGGAGAT CGTGTGGGATAAGGGUCGGEGATTTTGCCACCETGC
GGAAAGTGCTGAGCATGCCCCAAGTGAATAT CGCTGAAAAAGACCGAGGT GCAGACAGGCGGCTTCAGCAA
AGAGTCTATCCTGCCCAAGAGGRAACAGCGATAAGCTGAT CGCCAGAAAGAAGGACTGGGACCCTAAGAAS
TACGGCGGCTTCGACAGCCCCACCGTGECCTATTCTGTGCTGGTGGTGGCCARAAGTGERAARAGGGCAAGT
CCAAGAAACTGAAGAGTGTGAAAGAGCTGCT GGEGAT CACCATCATGGAAAGAAGCAGCTT CGAGAAGAA
TCCCATCGACTTTCTGGAAGCCAAGGGCTACAAAGAAGT GAAAAAGGACCTGATCATCAAGCTGCCTAAG
TACTCCCTGTTCGAGCT GGAARAACGGUCEGAAGAGAATGCTGGCCTCTGCUGECEAACT GCAGAAGGGARA
ACGAACTGGCCCTGCCCTCCARATATGTGAACTTCCTGTACCTGGCCAGCCACTATGAGAAGCTGAAGGG
CTCCCCUGAGGATAATGAGCAGAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATC
GAGCAGATCAGCGAGTTCTCCAAGAGAGT GATCCTGGCCGACGCTAATCTGGACARAGTGCTGTCCGCCT
ACAACAAGCACCGGGATAAGCCCAT CAGAGAGCAGGUCGAGAATATCATCCACCTGTTTACCCTGACCAA
TCTGGGAGCCCCTGCCGCCTTCAAGTACTTT GACACCACCATCGACCGGAAGAGGTACACCAGCACCARA
GAGGTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGACACGGATCGACCTGTCTC
AGCTGGGAGGTGACTCTGGCGECTCAAAAAGAACCGECCGACGGCAGCGAATTCGAGCCCAAGAAGAAGAG
GAAAGTCTAACCGGTCATCATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTT
CTAGTTGCCAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGRAAGETGCCACTCCCAC
TGTCCTTTCCTAATARAAT GAGGAAAT TGCATCGCATTGTCTGAGTAGETGTCATTCTATTCTGGGEGET
GGGGTGEGECAGEACAGCAAGGGGGAGGATT GGGAAGACAATAGCAGGUATGUTGGEGATGCGETGEGCT
CTATGGUTTCTGAGGCGGAAAGAACCAGCTGGGGLTCGATACCGT CGACCTCTAGCTAGAGCTTGGCGTA
ATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGUTCACAATTCCACACAACATACGAGCCGGA
AGCATAAAGTGTAAAGCCTAGGGTGCCTAATGAGTGAGUTAACTCACATTAATTGCGTTGCGCTCACTGC
CCGCTTTCCAGTCGGEAAACCTGTCETGCCAGCTGCATTAATGAATCGGCCAACGUGLGEGRAGAGGCGE
TTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCT CACTGACTCGCTGCGCTCGGTCGTTCGGCTGCEGLGA
GCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTAT CCACAGAATCAGGGGATAACGCAGGARAAGAACA
TGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCETTTTTCCATAGGCT
CCGCCCCCCTGACGAGCAT CACAARAATCGACGCT CAAGT CAGAGGT GGCGAAACCCGACAGGACTATAA
AGATACCAGGCGTTTCCCCCTGGAAGCTCCUTUGTGUGUTCTCCTGTTCCGACCCTGCCGUTTACCGGAT

ACCTGTCCGCCTTTCTCCCTTCGGGAAGUGTGECGCTTTCTCATAGUTCACGCTGTAGGTATCTCAGTTC
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GGTGTAGGTCEGTTCGCTCCAAGUTGGGCTGTGT GCACGAACCCCCCETTCAGUCUGACCGUTGCGCCTTA
TCCGGETAACTATCGTCTTGAGTCCAACCCGETAAGACACGACTTATCGUCACTGECAGCAGCCACTGGTA
ACAGGATTAGCAGAGCGAGGTATGTAGGCGETGCTACAGAGTTCTTGAAGT GGTGGCCTAACTACGGCTA
CACTAGAAGAACAGTATTTGGTATCTGCGCT CTGCTGAAGCCAGTTACCTTCGGARARAAAGAGTTGGTAGC
TCTTGATCCGGCAAACARACCACCGCTGETAGCGGTGGTTTTTTTGTTTGCAAGUAGCAGATTACGCGCA
GAAAAAANGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACACTCAGTGGAACGARARCTC
ACGTTAAGGGATTTTGGTCATGAGATTATCAARAAGGAT CTTCACCTAGAT CCTTTTAAATTARAAATGA
AGTTTTAAATCAATCTAAAGTATATATGAGTAAACTT GGTCTGACAGTTACCAAT GCTTAATCAGTGAGS
CACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTAC
GATACGGGAGGGCTTACCATCTGGCCCCAGT GCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCA
GATTTATCAGCAATARACCAGCCAGCCGGAAGGGLCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCT
CCATCCAGTCTATTAATTGTTGUCGGEAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGCGCAACGT
TGTTGCCATTGCTACAGGCATCGTGGTGT CACGCTCGTCGTTTGGETATGGUTTCATTCAGCTCCGGTTCC
CAACGATCAAGGUGAGTTACATGATCCCCCATGTTGTGCAAAARAGCGETTAGCTCCTTCGGTCCTCCGA
TCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGUAGCACTGCATAATTCTCTTAC
TGTCATGCCATCCGTAAGATGCTTTTCTGTGACT GGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGT
ATGCGGCGACCGAGTTGCTCTTGCCCGECETCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAA
AAGTGCTCATCATTGGAAAACGTTCTTCGGGECEGAARACTCTCAAGGATCTTACCGCTGTTGAGATCCAG
TTCGATGTAACCCACTCGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGA
GCAAAAACAGGAAGGCAAAATGCCGCAARAARAAGGGAATAAGGGCGACACGGAAATGTTGAATACT CATAC
TCTTCCTTTTTCAATATTATTGAAGCATT TATCAGGGTTATTGTCTCATGAGUGGATACATATTTGAATG
TATTTAGAAAAATARACAAATAGGGGTTCCGCGCACATTTCCCCGARAAGTGUCACCTGACGTCGACGGA
TCGGGAGATCGATCTCCCGATCCCCTAGEGT CGACTCTCAGTACAAT CTGUTUTGATGUCGCATAGT TAA
GCCAGTATCTGCTCCCTGUTTGTGTGT TGGAGGT CGUTGAGTAGT GUGUGAGCAARATTTAAGCTACAAC
AAGGCAAGGCT TGACCGACAATTGCAT GAAGAAT CTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGAT
GTACGGGCCAGATATACGCGTTGACAT TGAT TATTGACTAGT TATTAATAGTAAT CAATTACGGGGETCAT
TAGTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCECT
CAACGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCAT
TGACGTCAATGGGTGERAGTATTTACGGTAAACT GCCCACTTGGCAGTACAT CAAGTGTATC

By “base editing activity” 15 meant acting to chemically alter a base within a
polynucleotide. In one embodiment, a first base is converted to a second base. In one

embodiment, the base editing activity is adenosine or adenine deaminase activity, e.g.,

converting A+T to G+C. In some embodiments, base editing activity is assessed by efficiency of
editing. Base editing efficiency may be measured by any suitable means, for example, by sanger
sequencing or next generation sequencing, In some embodiments, base editing efficiency is
measured by percentage of total sequencing reads with nucleobase conversion effected by the
base editor, for example, percentage of total sequencing reads with target A T base pair

converted to a G C base pair. In some embodiments, base editing efficiency is measured by
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percentage of total cells with nucleobase conversion effected by the abse editor, when base
editing is performed in a population of cells.

The term “base editor system” refers to a system for editing a nucleobase of a target
nucleotide sequence. In various embodiments, the base editor system comprises (1) a
polynucleotide programmable nucleotide binding domain (e.g. Cas9); (2) a deaminase domain
(e.g. an adenosine deaminase) for deaminating said nucleobase; and (3) one or more guide
polynucleotide (e.g., guide RNA). In some embodiments, the polynucleotide programmable
nucleotide binding domain is a polynucleotide programmable DNA binding domain. In some
embodiments, the base editor is an adenine or adenosine base editor (ABE). In some
embodiments, the base editor system is ABES.

In some embodiments, a base editor system may comprise more than one base editing
component. For example, a base editor system may include more than one deaminase. In some
embodiments, a base editor system may include one or more adenosine deaminases. In some
embodiments, a single guide polynucleotide may be utilized to target different deaminases to a
target nucleic¢ acid sequence. In some embodiments, a single pair of guide polynucleotides may
be utilized to target different deaminases to a target nucleic acid sequence.

The deaminase domain and the polynucleotide programmable nucleotide binding
component of a base editor system may be associated with each other covalently or non-
covalently, or any combination of associations and interactions thereof. For example, in some
embodiments, a deaminase domain can be targeted to a target nucleotide sequence by a
polynucleotide programmable nucleotide binding domain. In some embodiments, a
polynucleotide programmable nucleotide binding domain can be fused or linked to a deaminase
domain. In some embodiments, a polynucleotide programmable nucleotide binding domain can
target a deaminase domain to a target nucleotide sequence by non-covalently interacting with or
associating with the deaminase domain. For example, in some embodiments, the deaminase
domain can comprise an additional heterologous portion or domain that is capable of interacting
with, associating with, or capable of forming a complex with an additional heterologous portion
or domain that is part of a polynucleotide programmable nucleotide binding domain. In some
embodiments, the additional heterologous portion may be capable of binding to, interacting
with, associating with, or forming a complex with a polypeptide. In some embodiments, the
additional heterologous portion may be capable of binding to, interacting with, associating with,
or forming a complex with a polynucleotide. In some embodiments, the additional heterologous
portion may be capable of binding to a guide polynucleotide. In some embodiments, the
additional heterologous portion may be capable of binding to a polypeptide linker. In some

embodiments, the additional heterologous portion may be capable of binding to a polynucleotide
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linker. The additional heterologous portion may be a protein domain. In some embodiments,
the additional heterologous portion may be a K Homology (KH) domain, a MS2 coat protein
domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a steril alpha motif, a
telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding motif and Sm7 protein,
or a RNA recognition motif.

A base editor system may further comprise a guide polynucleotide component. It should
be appreciated that components of the base editor system may be associated with each other via
covalent bonds, noncovalent interactions, or any combination of associations and interactions
thereof. In some embodiments, a deaminase domain can be targeted to a target nucleotide
sequence by a guide polynucleotide. For example, in some embodiments, the deaminase domain
can comprise an additional heterologous portion or domain (e.g., polynucleotide binding domain
such as an RNA or DNA binding protein) that is capable of interacting with, associating with, or
capable of forming a complex with a portion or segment (e.g., a polynucleotide motif) of a guide
polynucleotide. In some embodiments, the additional heterologous portion or domain (e.g.,
polynucleotide binding domain such as an RNA or DNA binding protein) can be fused or linked
to the deaminase domain. In some embodiments, the additional heterologous portion may be
capable of binding to, interacting with, associating with, or forming a complex with a
polypeptide. In some embodiments, the additional heterologous portion may be capable of
binding to, interacting with, associating with, or forming a complex with a polynucleotide. In
some embodiments, the additional heterologous portion may be capable of binding to a guide
polynucleotide. In some embodiments, the additional heterologous portion may be capable of
binding to a polypeptide linker. In some embodiments, the additional heterologous portion may
be capable of binding to a polynucleotide linker. The additional heterologous portion may be a
protein domain. In some embodiments, the additional heterologous portion may be a K
Homology (KH) domain, a MS2 coat protein domain, a PP7 coat protein domain, a $SfMu Com
coat protein domain, a sterile alpha motif, a telomerase Ku binding motif and Ku protein, a
telomerase Sm7 binding motif and Sm7 protein, or a RNA recognition motif.

In some embodiments, a base editor system can further comprise an inhibitor of base
excision repair (BER) component. It should be appreciated that components of the base editor
system may be associated with each other via covalent bonds, noncovalent interactions, or any
combination of associations and interactions thereof. The inhibitor of BER component may
comprise a BER inhibitor. In some embodiments, the inhibitor of BER can be a uracil DNA
glycosylase inhibitor (UGI). In some embodiments, the inhibitor of BER can be an inosine BER
inhibitor. In some embodiments, the inhibitor of BER can be targeted to the target nucleotide

sequence by the polynucleotide programmable nucleotide binding domain. In some
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embodiments, a polynucleotide programmable nucleotide binding domain can be fused or linked
to an inhibitor of BER. In some embodiments, a polynucleotide programmable nucleotide
binding domain can be fused or linked to a deaminase domain and an inhibitor of BER. In some
embodiments, a polynucleotide programmable nucleotide binding domain can target an inhibitor
of BER to a target nucleotide sequence by non-covalently interacting with or associating with
the inhibitor of BER. For example, in some embodiments, the inhibitor of BER component ¢an
comprise an additional heterologous portion or domain that is capable of interacting with,
associating with, or capable of forming a complex with an additional heterologous portion or
domain that is part of a polynucleotide programmable nucleotide binding domain.

In some embodiments, the inhibitor of BER can be targeted to the target nucleotide
sequence by the guide polynucleotide. For example, in some embodiments, the inhibitor of BER
can comprise an additional heterologous portion or domain (e.g., polynucleotide binding domain
such as an RNA or DNA binding protein) that is capable of interacting with, associating with, or
capable of forming a complex with a portion or segment (e.g., a polynucleotide motif) of a guide
polynucleotide. In some embodiments, the additional heterologous portion or domain of the
guide polynucleotide (e.g., polynucleotide binding domain such as an RNA or DNA binding
protein) can be fused or linked to the inhibitor of BER. In some embodiments, the additional
heterologous portion may be capable of binding to, interacting with, associating with, or forming
a complex with a polynucleotide. In some embodiments, the additional heterologous portion
may be capable of binding to a guide polynucleotide. In some embodiments, the additional
heterologous portion may be capable of binding to a polypeptide linker. In some embodiments,
the additional heterologous portion may be capable of binding to a polynucleotide linker. The
additional heterologous portion may be a protein domain, In some embodiments, the additional
heterologous portion may be a K Homology (KH) domain, a MS2 ¢oat protein domain, a PP7
coat protein domain, a SfMu Com coat protein domain, a sterile alpha motif, a telomerase Ku
binding motif and Ku protein, a telomerase Sm7 binding motif and Sm7 protein, or a RNA
recognition motif.

By “B-globin (HBB) protein” is meant a polypeptide or fragment thereof having at least
about 95% amino acid sequence identity to NCBI Accession No. NP_000509. In particular
embodiments, a B-globin protein comprises one or more alterations relative to the following
reference sequence. In one particular embodiment, a B-globin protein associated with sickle cell
disease comprises an E6V (also termed E7V) mutation. An exemplary B-globin amino acid

sequence is provided below.
1 MVHLTPEEKS AVTALWGKVN VDEVGGEALG RLLVVYPWTQ RFFESFGDLS TPDAVMGNPK
61 VKAHGKKVLG AFSDGLAHLD NLKGTFATLS ELHCDKLHVD PENFRLLGNV LVCVLAHHFG
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121 KEFTPPVQAA YQKVVAGVAN ALAHKYH

By “HBB polynucleotide” 1s meant a nucleic acid molecule encoding [-globin protein or

PCT/US2020/018193

fragment thereof. The sequence of an exemplary HEB polynucleotide, which is available at

NCBI Accession No. NM_000518, is provided below:

1
6l
121
181
241
301
36l
421
481
541
601

acatttgctt
tgactcctga
ttggtggtya
agtcctttgg
atggcaagaa
gcacctttge
tcaggctect
ccccaccagt
acaagtatca
ctaagtccaa

taataaaaaa

ctgacacaac
ggagaagtct
ggocctyggge
ggatctgtcc
agtgcteggt
cacactgagt
gggcaacgty
geaggoetgeoo
ctaagctcgce
ctactaaact

catttatttt

tgtgttcact
geoogttacty
aggctgetygyg
actcctgatg
geootttagty
gagctgcact
ctggtotgty
tatcagaaag
tttcttgctyg
gggggatatt

cattgcaa

agcaacctca
ceoctgtggygy
tggtectacce
ctgttatggyg
atggecetgge
gtgacaagct
tgctggecaca
tggtggetyy
tccaatttct

atgaagggcc

aacadgacacac
caaggtgaac
ttggacccag
caaccctaag
tcacctggac
gcacgtggat
tcactttgge
tgtggctaat
attaaaggtt
ttgagcatet

atggtgcatc
gtggatgaaqg
aggttoetttyg
gtgaaggctc
aacctcaagy
cctgagaact
aaagaattca
gocctggace
cctttgttce

ggattcetgeo

The term “Cas9” or “Cas9 domain” refers to an RNA-guided nuclease comprising a Cas9
protein, or a fragment thereof (e.g., a protein comprising an active, inactive, or partially active
DNA cleavage domain of Cas9, and/or the gRNA binding domain of Cas9). A Cas9 nuclease is
also referred to sometimes as a Casnl nuclease or a CRISPR (clustered regularly interspaced
short palindromic repeat)-associated nuclease. CRISPR is an adaptive immune system that
provides protection against mobile genetic elements (viruses, transposable elements and
conjugative plasmids). CRISPR clusters contain spacers, sequences complementary to
antecedent mobile elements, and target invading nuclei¢ acids. CRISPR clusters are transcribed
and processed into CRISPR RNA (crRNA). In type II CRISPR systems correct processing of
pre-ctRNA requires a trans-encoded small RNA (tracrRNA), endogenous ribonuclease 3 (rnc)
and a Cas9 protein. The tracrRNA serves as a guide for ribonuclease 3-aided processing of pre-
crRNA. Subsequently, Cas9/crRNA/tracrRNA endonucleolytically cleaves linear or circular
dsDNA target complementary to the spacer. The target strand not complementary to crRNA is
first cut endonucleolytically, then trimmed 3°-5' exonucleolytically. In nature, DNA-binding
and cleavage typically requires protein and both RNAs However, single guide RNAs
(“sgRNA,” or simply “gNRA") can be engineered so as to incorporate aspects of both the
crRNA and tracrRNA into a single RNA species. See, e.g., Jinek M., Chylinski K., Fonfara L.,
Hauer M., Doudna J A, Charpentier E. Science 337.816-821(2012), the entire contents of which
is hereby incorporated by reference. Cas9 recognizes a short motif in the CRISPR repeat
sequences (the PAM or protospacer adjacent motif) to help distinguish self versus non-self.
Cas9 nuclease sequences and structures are well known to those of skill in the art (see, e.g.,
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“Complete genome sequence of an M1 strain of Streptococcus pyogenes.” Ferretti ef al., J.J.,
McShan W.M , Ajdic D.J., Savic D.J, Savic G, Lyon K., Primeaux C, Sezate S., Suvorov
AN, Kenton S, LaiH.S, Lin SP., Qian Y, JiaH G, Najar F.Z.,Ren Q., Zhu H,, Song L.,
White J., Yuan X, Clifton S.W., Roe B.A., McLaughlin R E., Proc. Natl. Acad. Sci. U.S A,
98:4658-4663(2001); “CRISPR RNA maturation by trans-encoded small RNA and host factor
RNase III.” Deltcheva E., Chylinski K., Sharma C. M, Gonzales K., Chao Y, Pirzada Z A.,
Eckert M R., Vogel ., Charpentier E., Nature 471:602-607(2011); and “A programmable dual-
RNA-guided DNA endonuclease in adaptive bacterial immunity.” Jinek M., Chylinski K.,
Fonfara I., Hauer M., Doudna J A, Charpentier E. Scierice 337:816-821(2012), the entire
contents of each of which are incorporated herein by reference). Cas9 orthologs have been
described in various species, including, but not limited to, . pyogernes and S. thermophilus.
Additional suitable Cas9 nucleases and sequences will be apparent to those of skill in the art
based on this disclosure, and such Cas9 nucleases and sequences include Cas9 sequences from
the organisms and loci disclosed in Chylinski, Rhun, and Charpentier, “The tractRNA and Cas9
families of type II CRISPR-Cas immunity systems” (2013) RNA Biology 10:5, 726-737; the
entire contents of which are incorporated herein by reference.

An exemplary Cas9, i1s Streptococcus pyogernes Cas9 (spCas9), the amino acid sequence

of which is provided below:

MDERKYSIGLDIGTNSVGWAVITDDYKVPSKEFEVIGNTDRHS TKKNLIGALLFGSGETARATRLERTARR

RYTRRENRICYLOEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRE
KLADSTDRADLELIYLATLAHMIKFRGHFLIEGDLNPDNSDVDELEIQLVQIYNQLFEENPINASEVDAKA
ILSARLSKSRRLENLIAQLPGERRNGLEFGNLIALSLGLTPNFESNFDLAEDAKT.QLSKDTYDDDLDNLLA
QIGDOYADLFLAAKNLSDATLLSDILRVNSEITKAPLSASMIKRYDEHHODLTLLEKALVEQOQLPERYKET
FFDOSENGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVELNREEDLLEREQRT FDNGSIPHOTIHLGELH
ATTLRERQEDFYFFLEDNRERIERKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDEGASAQS
FIEEMTNFDENLPNERKVLPRKHSLLYEY FTVYNELTKVEY VT EGMEEFAFLSGEQRKATVDLLFKTNREVT
VEKQLKEDY FKKIECFDSVEI SGVEDRFNASLGAYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDRG
MIEERLKTYAHLEFDDKVMKQLKRRRY TGWGRLERKLINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDD
SLTFREDIQKAQVSGOGHSLHEQIANTIAGSPATKKGILOTVKIVDELVEVMGHKPENIVIEMARENQTTQ

KGQKENSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHT

VPOSFIKDDSIDNKVLTRSDENRGKSDNVPSEEVVKEMENYWROLLNAKLITQRKFDNLT KAERGGLSEL

DEAGETKRQLVETRQITKHVAQTILDSRMNTKY DENDELTREVEVITLESKLVSDFREDEQEYKVREINNY

HHAODAYLNAVVGTALIKKY PRKLESEFVYGDY KVY DVREMIAKSEQEIGEATAKY FEY SNIMNEFKTETT

LANGETRKRPLIETNGETGE IVWDKGRDFATVREVLESMPOVN IVEKTEVOTGGFSKESILPKRNSDKLIA
REKEDWDPKKYGGEFDSPTVAY SVLVVAKVEKGKSKKLESVKELLGITIMERSSFERKNPIDFLEAKGY KEVEK

KDLITELPKY SLFELENGRKEMLASAGELOKGNELALPSKYVNFLY LASHYERLEGSFEDNEQRKOQLEVEQ
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HKHYLDEITEQISEFSKRVILADANLDKVLSAYNKHRDKPTREQAENT THLFTLTNLGAPAAFKY FDTTI
DRERYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD
(single underline: HNH domain; double underline: RuvC domain)

A nuclease-inactivated Cas9 protein may interchangeably be referred to as a “dCas9”
protein (for nuclease-“dead” Cas9) or catalytically inactive Cas9. Methods for generating a
Cas9 protein (or a fragment thereof) having an inactive DNA cleavage domain are known (See,
e.g., Jinek et al., Science. 337:816-821(2012), Q1 et al., “Repurposing CRISPR as an RNA-
Guided Platform for Sequence-Specific Control of Gene Expression” (2013) Cell.
28;152(5):1173-83, the entire contents of each of which are incorporated herein by reference).
For example, the DNA cleavage domain of Cas9 is known to include two subdomains, the HNH
nuclease subdomain and the RuvC1 subdomain. The HNH subdomain cleaves the strand
complementary to the gRNA, whereas the RuvC1 subdomain cleaves the non-complementary
strand. Mutations within these subdomains can silence the nuclease activity of Cas9. For
example, the mutations D10A and H840A completely inactivate the nuclease activity of S.
pvogenes Cas9 (Jinek et al., Science. 337:816-821(2012), Qi et al., Cell 28,152(5):1173-83
(2013)). In some embodiments, a Cas? nuclease has an inactive (¢.g., an inactivated) DNA
cleavage domain, that is, the Cas9 is a nickase, referred to as an “nCas9” protein (for “nickase”
Cas9).

In some embodiments, proteins comprising fragments of Cas9 are provided. For
example, in some embodiments, a protein comprises one of two Cas9 domains: (1) the gRNA
binding domain of Cas9; or (2) the DNA cleavage domain of Cas9. In some embodiments,
proteins comprising Cas9 or fragments thereof are referred to as “Cas9 variants.” A Cas9 variant
shares homology to Cas9, or a fragment thereof For example, a Cas9 variant is at least about
70% identical, at least about 80% identical, at least about 90% identical, at least about 95%
identical, at least about 96% identical, at least about 97% identical, at least about 98% identical,
at least about 99% identical, at least about 99.5% identical, or at least about 99.9% identical to
wild-type Cas9. In some embodiments, the Cas9 variant may have 1, 2, 3,4, 5,6, 7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,
38, 39, 40,41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more amino acid changes compared to wild-
type Cas9. In some embodiments, the Cas9 variant comprises a fragment of Cas9 (e.g., a gRNA
binding domain or a DNA-cleavage domain), such that the fragment is at least about 70%
identical, at least about 80% identical, at least about 90% identical, at least about 95% identical,
at least about 96% identical, at least about 97% identical, at least about 98% i1dentical, at least
about 99% identical, at least about 99.5% identical, or at least about 99.9% identical to the

corresponding fragment of wild-type Cas9. In some embodiments, the fragment is at least 30%,
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at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95% identical, at least
96%, at least 97%, at least 98%, at least 99%, or at least 99.5% of the amino acid length of a
corresponding wild-type Cas9.

In some embodiments, the fragment is at least 100 amino acids in length. In some
embodiments, the fragment 1s at least 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600,
650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, or at least 1300 amino
acids in length. In some embodiments, wild-type Cas9 corresponds to Cas9 from Streptococcus
pvogenes (NCBI Reference Sequence: NC 017053 .1, nucleotide and amino acid sequences as
follows):

ATGGATAAGANATACT CAATAGGCTTAGAT AT COGCACAAAT AGCGTCGGAT GGGCHEGTEGATCACTGATG
ATTATAAGGTTCCGTCTAARAAGT TCAAGGTTCTGGGARATACAGACCGCCACAGTATCARARRARATCT
TATAGGGGCTCTTTTATTTGGCAGTGGAGAGACAGCGGAAGCGACTCGTCTCARACGGACAGCTCGTAGA
AGGTATACACGTCGGRAAGAATCGTATTTGTTATCTACAGGAGAT TTTTTCARATGAGATGGCGARAGTAG
ATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTT TGGTGGAAGARGACAAGAAGCATGAACGTCATCC
TATTTTTGGARATATAGTAGATGAAGTTGCTTATCATGAGRAATATCCAACTATCTATCATCTGCGARRR
BAATTGGCAGATTCTACTGATAARGCGGATTTGCGCTTAATCTATTTGGCCT TAGCGCATATGATTARGT
TTCGTGGTCATT TTTTGATTGAGGGAGATTTARATCCTGATARTAGTGATGTGGACAARACTATTTATCCA
GTTGGTACRAATCTACAATCAATTATTTGAAGARARCCCTATTARCGC AAGTAGAGTAGATGCTARAGCG
ATTCTTTCTGCACGAT TGAGTANATCARNGACGATTAGAARATCTCATTGCTCAGCTCCCCGGTGAGARGA
GAAATGGCTTGT I TGGGAAT CTCATTGCTTTGTCAT TGGEATTGACCCCTAATTTTARATCAAATTTTGA
TTTGGCAGAAGATGCTARATTACAGCTT TCAARAGATACT TACGATGATGATTTAGATAATTTATTGGCG
CANATTGGAGAT CAATATGCTGATTTGTTTTT GGCAGCTAAGAATTTATCAGATGCTATTTTACTTTCAG
ATATCCTAAGAGTAAATAGTGANATAACTANGGCTCCCCTATCAGCTTCAATGATTAAGCGCTACGATGA
ACATCATCAAGACTTGACTCTTTTAAAAGCTT TAGTTCGACAACAACTTCCAGAARAGTATAMAGARATC
TTTTTTGATCAATCAARNAACGGATATGCAGGTTATATTGAT GGGGGAGCTAGCCAAGAAGAATTTTATA
AATTTATCARACCAATTTTAGANA AN T GGATGGTACTGAGGAATTATTGGTGAAACTAARTCGTGARAGA
TTTGCTGCGCAAGCAACGGACCTT TGACAACGGCTCTATTCCCCATCARATTCACT TGGGTGAGCTGCAT
GCTATTTTGAGAAGACAAGRAGACTTTTATCCATTTTTARAAGACAATCGTGAGARGATTGARARARTCT
TGACTTTTCGAATTCCTTAT TATGTTGGTCCATTGGCGCGTGGCRAATAGTCGTTTTGCATGGATGACTCG
GAAGTCTGRAGAARACAATTACCCCATGGAATT TTGARGAAGTTGTCGATARAGGTGCTTCAGCTCAATCA
TTTATTGAACGCATGACAARCTTTGATARAARATCTTCCARATGARAARGTACTACCARARACATAGTTTGC
TTTATGAGTATTTTACGGTTTATAACGAATTGACAARGGT CABATATGTTACTGAGGGAARTGCGAARACC
AGCATTTCTTTCAGGTGAACAGARGARAGCCATTGT TGATTTACTCTTCAARACARATCGARRAGTAARCC
GTTAAGCAATTAAAAGAAGATTATTTCAAAARRATAGAATGTTTTGATAGTGTTGARATTTCAGGAGTTG
BAGATAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTARARATTAT TARAGATARAGATTTTTT
GGATAATGAAGAARAT GAAGAT AT CTTAGAGGATAT TGTT TTAACATTGACCTTAT T TGAAGATAGEGGG
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ATGATTGAGGARAGACTTAARACATATGCTCACCTCTTTGATGATAAGGTGATGAAACAGCTTARACGTC
GCCGTTATACTGGTTGGGGACGTT TGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGCAA
AACAATATTAGATTTTTTGARATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGAT
AGTTTGACATTTAAAGAAGATATTCAAARAAGCACAGGTGT CTGGACAAGGCCATACGTTTACATGAACAGA
TTGCTAACTTAGCTGGCAGTCCTGCTATTARARAAAGGTATTTTACAGACTGTAAAAATTCTTGATGAACT
GGTCARAGTAATGGGGCATAAGCCAGAAANTATCGTTATTGAARTGGCACGTGAARATCAGACARCTCAN
ARGGGCCAGAARANTTCGCGAGAGCGTATGAAACGAATCGARGAAGGTATCAANGARATTAGGARGTCAGA
TTCTTAAAGAGCATCCTGTTGARAATACTCAATTGCAARATGARANGCTCTATCTCTATTATCTACARANN
TGGAAGAGACATGTATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGAT CACATT
GTTCCACAANGTTTCATTAAAGACGATTCAATAGACAATAAGGTACTAACGCGTTCTGATARRAATCGETG
GTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTCAAANAGATGARMAACTATTGGAGACAACTTCTANN
CGCCAAGTTAATCACTCAACGTRAAGTTTGATAATTTAACGARAGCTGARCGTGGAGGETTTGAGT GAACTT
GATAAAGCTGGTTTTATCAAACGCCARTTGGTTGAAACTCGCCAARTCACTAAGCATGTGGCACARRATTT
TGGATAGT CGCATGAATACTARATACGATGARANTGATAAACTTAT TCGAGAGGTTARAGTGATTACCTT
ARAATCTAAATTAGTTTCTGACTTCCGARAAAGATTTCCAATTCTATARAGTACGTGAGATTAACAATTAC
CATCATGCCCATGATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGARATATCCARARACTTG
AATCGGAGTTTGTCTATGGTGATTATAAAGTT TATGATGTTCGTAAAATGATTGCTAAGTCTGAGCARAGA
AATAGGCAAAGCAACCGCAARATATTTCTTTTACTCTAATATCATGAACTTCTTCARAACAGARATTACA
CTTGCAAATGGAGAGATTCGCAAACGCCCTCTAATCCGAAACTARATGGGCGAAACTGGAGARATTGTCTGGG
ATAARAGGGCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAATATTGTCAAGARARAC
AGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAARAAGAAATTCGGACAAGCTTATTGCT
CGTAAAARAGACTGGGATCCAAAANAATATGCTGGT TTTGATAGTCCARCGGTAGCTTATTCAGTCCTAG
TGGTTGCTAAGGTGGAARAAGGGARATCGAAGANGT TARAATCCGTTARANGAGT TACT AGGGAT CACAAT
TATGGAAAGARGTTCCTTTGARAAAANTCCGATTGACTTT TTAGARGCTARAGGATATAAGGAAGTTANN
ARAGACTTAATCATTARACTACCTARATATAGTCTTTTTGAGTTAGAAARCGGTCGTARACGGATGCTGG
CTAGTGCCGGAGAATTACAAANAGGARTGAGCTGGCTCTGCCAAGCARNTATGTGARTTTTTTATATTT
AGCTAGTCATTATGAARAGTTGARGGGTAGTCCAGAAGATARCGAACAARAACAATTGTTTGTGGAGCAG
CATAAGCATTATTTAGATGAGATTATTGAGCAANTCAGTGAATTTTCTAAGCGTGTTATTTTAGCAGATG
CCAATTTAGATAAAGTTCTTAGTGCATATAACARRCATAGAGACARARCCARTACGTGARCAAGCAGARNN
TATTATTCATTTATTTACGT TGACGARTCTTGGAGCTCCCGCTGCTTTTARATATTTTGATACARACAATT
GATCGTAAACGATATACGTCTACAARAGAAGTTTTAGATGCCACTCTTATCCATCAATCCATCACTGGTC
TTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGACTGA

MDKKYSTIGLDIGTNSVGWAVITDDYKVPSKKFEKVLGNTDRHS TKKNLTGALLEFGSGETAEATRL

KRTARRRYTRREKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLREKKLADSTDKADLELIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTY
NOLFEENPINASRVDAKAILSARLSKSRRLENLIAQLPGEKRNGLFGNLIALSLGLTPNFKSNE
DLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDATLLSDILRVNSEI TKAPLSAS
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MIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEKMD
GTEELLVKLNREDLLRKOQRTFDNGSIPHOIHLGELHAILRRQEDFYPFLKDNREKIEKILTEFRI
PFYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHS
LLYEYFTVYNELTEVKYVTEGMRKPAFLSGEQKKAIVDLLEFKTNRKVTVEKQLKEDYFKKIECFEFD
SVEISGVEDRFNASLGAYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDRGMIEERLKTYA
HLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMOLTHDDSLTE
KEDIQKAQVSGOGHSLHEQIANLAGS PATIKKGILOTVKIVDELVEVMGHEPENIVIEMARENOT
TOKGOEKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LYY LONGRDMYVDQELDINRL

SDYDVDHIVPOQSFIKDDSIDNKVLTRSDEKNRGKSDNVPSEEVVKEMKNYWROLLNAKLITORKE
DNLTKAERGGLSELDKAGFTKROQLVETROT TKHVAQTTL.DSRMNTKYDENDKLTREVEVITLKSK

LVSDFREDFOFYKVREINNYHHAHDAYLNAVVGTAL IKKYPKLESEFVYGDYEVYDVREMIAKS
EQETGKATAKYFFYSNIMNFFKTETTLANGETRKRPLIETNGETGE IVWDKGRDFATVRKVLSM

POVNIVERKTEVOTGGFSKESILPEKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVARKVERKGK
SKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVEKDLI TKLPKYSLFELENGRERMLASA
GELOQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQROLFVEQHKHYLDETI IEQISEFSKRVI
LADANLDEVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKYFDTTIDREKRY TSTEKEVLDA
TLIHOSITGLYETRIDLSQLGGD

(single underline: HNH domain, double underline: RuvC domain)

In some embodiments, wild-type Cas9 corresponds to, or comprises the following
nucleotide and/or amino acid sequences:
ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATAA
CCGATGAATACARAGTACCTTCAAAGAAATTTAAGGTGTTGGGGAACACAGACCGTCATTCGAT
TAAAAAGAATCTTATCGGTGCCCTCCTATTCGATAGTGGCGAAACGGCAGAGGCGACTCGCCTG
ARAACGAACCGCTCGGAGAAGGTATACACGTCGCAAGAACCGAATATGTTACT TACAAGAAATTT
TTAGCAATGAGATGGCCAAAGTTGACGATTCTTTCTTTCACCGTTTGGAAGAGTCCTTCCTTGT
CGAAGAGGACAAGAARACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAGGTGGCATAT
CATGAARAAGTACCCAACGATTTATCACCTCAGAAAAAAGCTAGTTGACTCAACTGATAAAGCGG
ACCTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTTCCGTGGGCACTTTCTCATTGA
GGGTGATCTAAATCCGGACAACTCGGATGTCGACARACTGTTCATCCAGTTAGTACAAACCTAT
AATCAGTTGTTTGAAGAGAACCCTATAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCG
CCCGCCTCTCTARATCCCGACGGCTAGAAAACCTGATCGCACAATTACCCGGAGAGAAGAAAAA
TGGGTTGTITCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAAGTCGAACTTC
GACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAGGACACGTACGATGACGATCTCGACAATC
TACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTITGGCTGCCAARAACCTTAGCGATGC
AATCCTCCTATCTGACATACTGAGAGTTAATACTGAGATTACCAAGGCGCCGTTATCCGCTTCA
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ATGATCAAAAGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGTCCGTCAGC
AACTGCCTGAGAAATATAAGGARATATTCTTTGATCAGTCGARARAACGGGTACGCAGGTTATAT
TGACGGCGGAGCGAGTCAAGAGGAATTCTACAAGTTTATCAARACCCATATTAGAGAAGATGGAT
GGGACGGAAGAGTTGCTTGTARAAACTCAATCGCGAAGATCTACTGCGAAAGCAGCGGACTTTCG
ACAACGGTAGCATTCCACATCARATCCACTTAGGCGAATTGCATGCTATACTTAGAAGGCAGGA
GGATTTTTATCCGTTCCTCARAGACAATCGTGAAANGATTGAGAARATCCTAACCTTTCGCATA
CCTTACTATGTGGGACCCCTGGCCCGAGGGAACTCTCGGTTCGCATGGATGACAAGAAAGTCCG
AAGAARNCGATTACTCCATGGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCAATCGTT
CATCGAGAGGATGACCAACTTTGACAAGAATTTACCGAACGAAARAAGTATTGCCTAAGCACAGT
TTACTTTACGAGTATTTCACAGTGTACAATGAACTCACGAAAGTTAAGTATGTCACTGAGGGCA
TGCGTAAACCCGCCTTTCTAAGCGGAGAACAGAAGARAGCAATAGTAGATCTGTTATTCAAGAC
CAACCGCAAAGTGACAGTTAAGCAATTGAAAGAGGACTACTT TAAGAAAATTGAATGCTTCGAT
TCTGTCGAGATCTCCGGGGTAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCC
TAAAGATAATTAAAGATAAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATAT
AGTGTTGACTCTTACCCTCTITGAAGATCGGGAAATGATTGAGGARAAGACTAARAAACATACGCT
CACCTGTTCGACGATAAGGTTATGAAACAGTTAAAGAGGCGTCGCTATACGGGCTGGGGACGAT
TGTCGCGGAAACTTATCAACGGGATAAGAGACAAGCAAAGTGGTARAAACTATTCTCGATTTTCT
AAAGAGCGACGGCTTCGCCAATAGGAACTTTATGCAGCTGATCCATGATGACTCTTTAACCTTC
AARAGAGGATATACAAAAGGCACAGGTITCCGGACAAGGGGACTCATTGCACGAACATATTGCGA
ATCTTGCTGGTTCGCCAGCCATCAARAAGGGCATACTCCAGACAGTCAAAGTAGTGGATGAGCT
AGTTAAGGTCATGGGACGTCACAAACCGGAARACATTGTAATCGAGATGGCACGCGARAATCAR
ACGACTCAGAAGGGGCAAAARAACAGTCGAGAGCGGATGAAGAGAATAGAAGAGGGTATTAAAG
AACTGGGCAGCCAGATCTTAAAGGAGCATCCTGTGGAAARTACCCAATTGCAGAACGAGAAACT
TTACCTCTATTACCTACAARATGGAAGGGACATGTATGTTGATCAGGAACTGGACATAARACCGT
TTATCTGATTACGACGTCGATCACATTGTACCCCAATCCTITTTGAAGGACGATTCAATCGACA
ATAAAGTGCTTACACGCTCGGATAAGAACCGAGGGAAAAGTGACAATGTTCCAAGCGAGGAAGT
CGTAAAGAARATGAAGAACTATTGGCGGCAGCTCCTAAATGCGAAACTGATARCGCAAAGAARAG
TTCGATAACTTAACTAAAGCTGAGAGGGGTGGCTTGTCTGAACTTGACAAGGCCGGATTTATTA
AACGTCAGCTCGTGGAAACCCGCCAAATCACARAAGCATGTTGCACAGATACTAGATTCCCGAAT
GAATACGAAATACGACGAGAACGATAAGCTGATICGGGAAGTCAAAGTAATCACTTTARAGTCA
AAATTGGTGTCGGACTTCAGAAAGGATTTTCAATTCTATAAAGTTAGGGAGATAAATAACTACC
ACCATGCGCACGACGCTTATCTTAATGCCGTCGTAGGGACCGCACTCATTAAGARATACCCGARA
GCTAGAAAGTGAGTTTGTGTATGGTGATTACAAAGT TTATGACGTCCGTAAGATGATCGCGAAA
AGCGAACAGGAGATAGGCAAGGCTACAGCCAAATACTTICTTITTATTCTAACATTATGAATTTCT
TTAAGACGGAAATCACTCTGGCAAACGGAGAGATACGCAAACGACCTTTAATTGAAACCAATGG
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GGAGACAGGTGAAATCGTATGGGATAAGGGCCGGEEACTTCGCGACGGTGAGAAAAGTTTTGTCC
ATGCCCCAAGTCAACATAGTAAAGARAACTGAGGTGCAGACCGGAGGGTTTTCARAGGAATCGA
TTCTTCCAAARAAGGAATAGTGATAAGCTCATCGCTCGTARARAAGGACTGGGACCCGAAARAGTA
CGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCAARAGT TGAGAAGGGA
AAATCCAAGAAACTGAAGTCAGTCAAAGAATTATTGGGGATARCGATTATGGAGCGCTCGTCTT
TTGAAAAGAACCCCATCGACTTCCT TGAGGCGARAGGTTACAAGGAAGTAAAARNAGGATCTCAT
AATTAAACTACCAAAGTATAGTCTGTTTGAGTTAGARAATGGCCGAARAACGGATGTTGGCTAGC
GCCGGAGAGCTTCAARAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTTCCTGTATT
TAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAAGATARACGAACAGAAGCAACTTTTTGT
TGAGCAGCACAAACATTATCTCGACGAAATCATAGAGCAAATTTCGGAATTCAGTAAGAGAGTC
ATCCTAGCTGATGCCAATCTGGACARAGTATTAAGCGCATACAACAAGCACAGGGATAAACCCA
TACGTGAGCAGGCGGAAAATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGC
ATTCAAGTATTTTGACACAACGATAGATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGAC
GCGACACTGATTCACCAATCCATCACGGGATTATATGAAACTCGGATAGATTTGTCACAGCTTG
GGGGTGACGGATCCCCCAAGAAGAAGAGGAAAGTCTCGAGCGACTACAAAGACCATGACGGTGA
TTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGGA

MDKKYSTGLATGTNSVGWAVTITDEYKVPSKKFKVLGNTDRHS TKKNLTGALLEFDSGETAEATRL
KRTARRRYTRREKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLREKKLVDSTDKADLELIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTY
NOLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNE
DLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDATLLSDILRVNTEI TKAPLSAS
MIKRYDEHHODLTLLKALVROOQLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEEKMD
GTEELLVKLNREDLLRKQRTFDNGSITPHQIHLGELHATILRRQEDFYPFLKDNREKIEKILTERI
PFYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHS
LLYEYFTVYNELTEVKYVTEGMRKPAFLSGEQKKAIVDLLEFKTNRKVTVEKQLKEDYFKKIECFEFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMOLTHDDSLTE
KEDIQKAQVSGQGDSLHEHTANLAGSPATKEGTILOTVEVVDELVEKVMGREKPENTVIEMARENQ

TTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOQLONEKLY LY YLONGRDMYVDOQELDINR
LsDYDVDHIVPQSFLKDDSIDNEVLTRSDKNRGKSDNVPSEEVVKKMENYWRQLLNAKLTI TORK

FDNLTKAERGGLSELDKAGFIKROLVETROITKHVAQILDSRMNTKYDENDKLIREVEVITLES
KLVSDFREDFQFYKVRE TNNYHHAHDAYLNAVVGTALTKKYPKLESEFVYGDYKVYDVREMTAK

SEQETIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGE IVWDKGRDFATVREVLS
MPOVNIVEKTEVOTGGFSKES ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY SVLVVAKVEKG
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KSKKLESVKELLGITIMERSSFEKNPIDFLEAKGYKEVEKDLI TKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQRKOLFVEQHKHYLDEITEQISEFSKRY
ILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSTTGLYETRIDLSQLGGD
(single underline: HNH domain; double underline: RuvC domain)

In some embodiments, wild-type Cas9 corresponds to Cas9 from Streptococcus pyogenes
(NCBI Reference Sequence: NC_002737.2 (nucleotide sequence as follows);, and Uniprot
Reference Sequence: Q99ZW2 (amino acid sequence as follows):
ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGGGCGGTGATCA
CTGATGAATATAAGGTTCCGTCTARAAAAGTTCAAGGTTCTGGGAAATACAGACCGCCACAGTAT
CAAARAARAAATCTTATAGGGGCTCTTTTATTTGACAGTGGAGAGACAGCGGAAGCGACTCGETCTC
AAACGGACAGCTCGTAGAAGGTATACACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTT
TTTCARAATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGT
GGAAGAAGACAAGAAGCATGAACGTCATCCTATTITTGGAAATATAGTAGATGAAGTTGCTTAT
CATGAGAAATATCCAACTATCTATCATCTGCGAAAAARAATTGGTAGATTCTACTGATAAAGCGG
ATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTGGTCATTTTTTGATTGA
GGGAGATTTAAATCCTGATAATAGTGATGTGGACAAACTATTTATCCAGTTGGTACAAACCTAC
AATCAATTATTTGAAGAAAACCCTATTAACGCAAGTGGAGTAGATGCTAAAGCGATTCTTTCTG
CACGATTGAGTAAATCAAGACGATTAGAAAATCTCATTGCTCAGCTCCCCGGTGAGAAGARARA
TGGCTTATTTGGGAATCTCATTGCTTTIGTCATTGGGTTIGACCCCTAATTTTAAATCARATTTT
GATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGATTTAGATAATT
TATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTITGGCAGCTAAGAATTTATCAGATGC
TATTTTACTTTCAGATATCCTAAGAGTAAATACTGAAATAACTAAGGCTCCCCTATCAGCTTCA
ATGATTAAACGCTACGATGAACATCATCAAGACTTGACTCTTITTAARAGCTTTAGTTCGACAAC
AACTTCCAGAAAAGTATAAAGARAATCTTTTTTGATCAATCAAAARAACGGATATGCAGGTTATAT
TGATGGGGGAGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAATTTTAGAARALAATGGAT
GGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCGCAAGCAACGGACCTTTG
ACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATGCTATTTTGAGAAGACAAGA
AGACTTTTATCCATTTTTAAAAGACAATCGTGAGAAGATTGAAAAAATCTTGACTTTTCGAATT
CCTTATTATGTTGGTCCATTGGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTG
AAGAAACAATTACCCCATGGAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATT
TATTGAACGCATGACAAACTTTGATAARAAATCTTCCARAATGAARAAAGTACTACCARARACATAGT
TTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACAAAGGTCARAATATGTTACTGAAGGARA
TGCGAAAACCAGCATTTCTTTCAGGTGAACAGAAGAAAGCCATTGTTGATTTACTCTTCAAAAC
AAATCGAARAAGTAACCGTTAAGCAATTAARAGAAGATTATTICAAARAARATAGAATGTTTTGAT
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AGTGTTGAAATTTCAGGAGTTGAAGATAGATTTAATGCTTCATTAGGTACCTACCATGATTTGC
TARADATTATTAAAGATAARAGATTTTTTGGATAATGAAGAAARTGAAGATATCTTAGAGGATAT
TGTTTTAACATTGACCTTATITGAAGATAGGGAGATGATTGAGGARAAGACTTAAAACATATGCT
CACCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGGTTGGGGACGTT
TGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGCARAAACAATATTAGATTTTTT
GAAATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGATAGTTTGACATTT
AARAGAAGACATTCAAARAAGCACAAGTGTCTGGACAAGGCGATAGTTTACATGAACATATTGCAR
ATTTAGCTGGTAGCCCTGCTAT TAARAAAGGTATTTTACAGACTGTAAAAGT TGTTGATGAATT
GGTCAAAGTAATGGGGCGGCATAAGCCAGAAARATATCGTTATTGAARATGGCACGTGAAAATCAG
ACAACTCAARAAGGGCCAGAAAAATTCGCGAGAGCGTATGAAACGAATCGAAGAAGGTATCAAAG
AATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAAARTACTCAATTGCAARAATGAARAGCT
CTATCTCTATTATCTCCAAAATGGAAGAGACATGTATGTGGACCAAGAATTAGATATTAATCGT
TTAAGTGATTATGATGTCGATCACATTGTTCCACAAAGTTTCCTTAAAGACGATTCAATAGACA
ATAAGGTCTTAACGCGTTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGT
AGTCAAARMAGATGAAARACTATTGGAGACAACTTCTAAACGCCAAGTTAATCACTCAACGTAAG
TTTGATAATTTAACGAARNGCTGAACGTGGAGGTTTGAGTGAACT TGATAAAGCTGGTTTTATCA
AACGCCAATTGGTTGARACTCGCCARAATCACTAAGCATGTGGCACAAATTTTGGATAGTCGCAT
GAATACTAAATACGATGAAAATGATAAACTTATTCGAGAGGT TAAAGTGATTACCTTARAATCT
AAATTAGTTTCTGACTTCCGAARAGATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACC
ATCATGCCCATGATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGAT TAAGARATATCCARAA
ACTTGAATCGGAGTTTGTICTATGGTGATTATAAAGTTTATGATGTTCGTAARATGATTGCTAAG
TCTGAGCAAGAAATAGGCARAGCAACCGCAAAATATTTCTTTTACTCTAATATCATGAACTTCT
TCAAAACAGAAATTACACTTGCAAATGGAGAGATTCGCARAACGCCCTCTAATCGAAACTAATGG
GGARAACTGGAGAAATTGTCTGGGATAAAGGGCGAGATTTTGCCACAGTGCGCARAGTATTGTCC
ATGCCCCAAGTCAATATTGTCAAGARAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAA
TTTTACCAAAAAGAAATTCGGACAAGCTTATTGCTCGTAAAARNAGACTGGGATCCAARAARATA
TGGTGGTTTTGATAGTCCARACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAAARAAGGG
AAATCGAAGAAGTTAAAATCCGTTAAAGAGTTACTAGGGATCACAATTATGGAAAGAAGTTCCT
TTGAAAAAAATCCGATTGACTTTTTAGAAGCTAAAGGATATAAGGAAGT TAAAAAAGACTTAAT
CATTAAACTACCTAAATATAGTCTTITTIGAGTTAGAAARCGGTCGTAAACGGATGCTGGCTAGT
GCCGGAGAATTACAARPAAGGARAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATT
TAGCTAGTCATTATGARAAGTTGAAGGGTAGTCCAGAAGATARACGAACAARAARACAATTGTTTGT
GGAGCAGCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTAAGCGTGTT
ATTTTAGCAGATGCCAATTTAGATARAGTTCTTAGTGCATATAACAAACATAGAGACAAACCAR
TACGTGAACAAGCAGAAAATATTATTCATTTATTTACGTTGACGAATCTTGGAGCTCCCGCTGC
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TTTTAAATATTTTGATACAACAATTGATCGTAAACGATATACGTCTACAAAAGAAGTTTTAGAT
GCCACTCTITATCCATCAATCCATCACTGGTCTTTATGAAACACGCATTIGATTTGAGTCAGCTAG
GAGGTGACTGA

MDKEKYSIGLDIGTNSVGWAVITDEYKVPSKKFEVLGNTDRES IKKNLIGALLFDSGETAEATRL
KRTARRRYTRRKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY

HEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTY
NOQLFEENPINASGVDAKATLSARLSKSRRLENLTAQLPGEKKNGLEGNLIALSLGLTPNEFKSNE
DLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEKMD
GTEELLVKLNREDLLRKOQRTFDNGSIPHOIHLGELHAILRRQEDFYPFLKDNREKIEKILTEFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDEKNLPNEKVLPKHS
LLYEYFIVYNELTKVKYVIEGMRKPAFLSGEQKKAIVDLLFKTNRKVIVKOLKEDYFKKIECFED
SVEISGVEDRENASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLKSDGFANRNFMOLIHDDSLTF
KEDIQKAQVSGQGDSLHEHTIANLAGSPATKEGTILOTVEVVDELVEKVMGRHKPENTVI EMARENQ

TTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOQLONEKLY LY YLONGRDMYVDOQELDINR
LSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMENYWRQLLNAKLT TORK

FDNLTKAERGGLSELDEAGFIKROLVETROITKHVAQILDSRMNTKYDENDELIREVEVITLES
KLVSDFREDFQFYKVRE TNNYHHAHDAYLNAVVGTALTKKYPKTL.ESEFVYGDYKVYDVREMTAK
SEQEIGKATAKYFFYSNIMNFFKTE I TLANGEIRKRPLIETNGETGE IVWDEKGRDFATVREVLS
MPOVNIVEKTEVOTGGFSKES ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY SVLVVAKVEKG

KSKKLKSVKELLGITIMERSSFEKNPIDFLEARKGYREVKEKDLI IKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKOLFVEQHKHYLDEITEQISEFSKRY
ILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO: 1. single underline: HNH domain; double
underline: RuvC domain).

In some embodiments, Cas9 refers to Cas9 from: Corynebacterium uilcerans (NCBI
Refs: NC_015683.1, NC_017317.1); Corynebacterium diphtheria (NCBI Refs: NC_016782.1,
NC_016786.1), Spiroplasma syrphidicola (NCBI Ref: NC_021284.1); Prevotella intermedia
(NCBI Ref: NC_017861.1), Spiroplasma taiwanense (NCBI Ref: NC_021846.1), Streptococcus
inice (NCBI Ref: NC_021314.1), Belliella baltica (NCBI Ref: NC_018010.1); Psychroflexus
torquis] (NCBI Ref: NC_018721.1); Streptococcus thermophilus (NCBI Ref: YP_820832.1),
Listeria innocua (NCBI Ref: NP _472073.1), Campylobacter jejuni (NCBI Ref:
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YP 002344900.1) or Neisseria meningitidis (NCBI Ref: YP 002342100.1) or to a Cas9 from
any other organism.

In some embodiments, the Cas9 is a Neisseria menigitidis Cas9 (NmeCas9) or a variant
thereof. In some embodiments, the NmeCas9 has specificity for a NNNNGAYW PAM,
wherein Y is C or T and W 1s A or T. In some embodiments, the NmeCas9 has specificity for a
NNNNGYTT PAM, wherein Y is C or T. In some embodiments, the NmeCas9 has specificity
for a NNNNGTCT PAM. In some embodiments, the NmeCas9 is a Nmel Cas9. In some
embodiments, the NmeCas9 has specificity for a NNNNGATT PAM, a NNNNCCTA PAM, a

NNNNCCTC PAM, a NNNNCCTT PAM, a NNNNCCTG PAM, a NNNNCCGT PAM, a
NNNNCCGGPAM, a NNNNCCCA PAM, a NNNNCCCT PAM, a NNNNCCCC PAM, a
NNNNCCAT PAM, a NNNNCCAG PAM, a NNNNCCAT PAM, or a NNNGATT PAM. In
some embodiments, the Nme1Cas9 has specificity for a NNNNGATT PAM, a NNNNCCTA
PAM, a NNNNCCTC PAM, a NNNNCCTT PAM, or a NNNNCCTG PAM. In some

embodiments, the NmeCas9 has specificity for a CAA PAM, a CAAA PAM, ora CCA PAM. In

some embodiments, the NmeCas9 is a Nme2 Cas9. In some embodiments, the NmeCas9 has
specificity for a NNNNCC (N4CC) PAM, wherein N 1s any one of A, G, C, or T. in some
embodiments, the NmeCas9 has specificity for a NNNNCCGT PAM, a NNNNCCGGPAM, a
NNNNCCCA PAM, a NNNNCCCT PAM, a NNNNCCCC PAM, a NNNNCCAT PAM, a
NNNNCCAG PAM, a NNNNCCAT PAM, or a NNNGATT PAM. In some embodiments, the

NmeCas? is a Nme3Cas9. In some embodiments, the NmeCas9 has specificity for a
NNNNCAAA PAM, a NNNNCC PAM, or a NNNNCNNN PAM. In some embodiments, the
PAM-interacting domains for Nmel, Nme2 or Nme3 are NaGAT, NaCC, and NsCAAA,

respectively. Additional NmeCas9 features and PAM sequences are described in Edraki et al , A

Compact, High-Accuracy Cas9 with a Dinucleotide PAM for /n Vivo Genome Editing, Mo/,

Cell (2019) 73(4); 714-726, which 1s incorporated herein by reference in its entirety.

An exemplary Neisseria meningitidis Cas9 protein, Nme1Cas9, (NCBI Reference:
WP 002235162.1; type II CRISPR RNA-guided endonuclease Cas9) has the following amino

acid sequence:

1
6l
121
181
241
301
36l
421
481
541
601
661

maafkpnpin
arrlarsvrr
kltplewsav
alnkfekesg
tgrpalsgda
eratlmdepy
ekeglkdkks
vgislkalrr
lsgarkving
fpnfvgepks
nnkvlvlgse
gfkernlndt

yilgldigia
ltrrrahrll
11hlikhrgy
hirngrgdys
vaqkmlghetf
rkskltyaga
plnlspelgd
ivplmeggkr
VVELygsSpar
kdilklrlye
ngnkgngtpy
ryvnrflegf

svgwamveid
rarrllkreg
lsqrkneget
htfsrkdlga
epaepkaakn
rkllgledta
elgtafslfk
ydeacaeiyg
ihietarevyg
qghgkclysg
eyfngkdnsr
vadrmrltgk

42

edenpiclid
vlgaadfden
adkelgallk
elillfekgk
tytaerfiwl
ffkglrygkd
tdeditgrlk
dhygkkntee
ksfkdrkeie
keinlgrlne
ewgefkarve
gkkrvfasng

lgvrvieras
glikslpntp
gvadnahalg
efgnphvsgg
tklnnlrile
naeastlmem
drigpeilea
kiylppipad
krgeenrkdr
kgyveidhal
tsrfprskkg
gitnllrgfw

vpktgdslam
wglraaaldr
tgdfrtpael
lkegietllm
ggserpltdt
kayhaisral
llkhisfdkf
eirnpvvlra
ekaaakfrey
pfsrtwddst
rillgkfded
glrkvraend
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721
781
841
901
961
1021
1081

rhhaldavvy
gqevmirvigk
gghmetvksa
kafaepfvky
lvpiyswgva
aschrgtgni
VI

acstvamggk
pdgkpefeea
krldegvsvl
dkagnrtqgv
kgilpdravv
nirihdldhk

itrfvrykem
dtpeklrtll
rvpltglklk
kavrveqvqk
ggkdeedwgl
igkngilegi

nafdgktidk
aeklssrpea
dlekmvnrer
tgvwvrnhng
iddsfnfkfs
gvktalsfgk

PCT/US2020/018193

etgevlhgkt
vheyvtplfv
epklyealka
iadnatmvrv
lhpndlvevi
yaidelgkel

hipgpweffa
srapnrkmsg
rleahkddpa
dvfelkgdkyy
tkkarmfgyf
rperlkkrpp

Another exemplary Neisseria meningitidis Cas9 protein, Nme2Cas9, (NCBI Reference:
WP 002230835, type II CRISPR RNA-guided endonuclease Cas?®) has the following amino

acid sequence:

1

6l
121
181
241
301
361
421
481
541
601
661
721
781
841
901
961
1021
1081

maafkpnpin
arrlarsvrr
kltplewsav
alnkfekesg
tgrpalsgda
eratlmdepy
ekeglkdkks
vgislkalrr
lsqgarkving
fpnfvgepks
nnkvlvlgse
gfkecnlndt
rhhaldavvv
gqevmirvigk
ahkdtlrsak
gnakqgafdpk
dkkgkngyfi
fayyincdss
VY

yilgldigia
ltrrrahrll
11hlikhrgy
hirngrgdys
vgkmlghcot £
rkskltvyaga
plnlsselgd
ivplmeggkr
vVrrygspar
kdilklrlye
nqgqnkgngtpy
ryvnrflegf
acstvamqgk
pdgkpefeea
rfvkhnekis
dnpfykkggq
vplyawgvae
ngrfylawhd

svgwamveid
rarrllkreg
lsqrkneget
htfsrkdlqga
epaspkaakn
rkllgledta
elgtafslfk
ydeacaeiyg
ihietarevg
qqhgkelysg
eyfngkdnsr
vadhilltgk
itrfvrykem
dtpeklrtll
vkrvwlteik
1vkavrvekt
nilpdidckyg
kgskegqtfri

eeenpirlid
vlgaadfden
adkelgallk
elillfekqgk
tytaerfiwl
ffkglrygkd
tdeditgrlk
dhygkkntee
ksfkdrkeie
keinlvrlne
ewgetkarve
gkrrvfasng
nafdgktidk
aeklssrpea
ladlenmvny
gesgvllnkk
yriddsytfc
stgnlvligk

lgvrvferae
glikslpntp
gvannahalg
efgnphvsgg
tklnnlrile
naeastlmem
drvgpeilea
kiylppipad
krgeenrkdr
kgyveidhal
tsrfprskkg
gitnllrgfw
etgkvlhgkt
vheyvtplfv
kngreielye
naytiadngd
fslhkydlia
ygvnelgkei

vpktgdslam
wglraaaldr
tgdfrtpael
lkegietllm
ggserpltdt
kayhaisral
llkhisfdkf
eirnpvvlra
ekaaakfrey
pfsrtwddsf
rillgkfded
glrkvraend
hfpgpweffa
srapnrkmsg
alkarleayyg
mvrvdvicky
fgkdekskve
rpcrlkkrpp

In some embodiments, dCas9 corresponds to, or comprises in part or in whole, a Cas9

amino acid sequence having one or more mutations that inactivate the Cas9 nuclease activity.

For example, in some embodiments, a dCas9 domain comprises D10A and an H840A mutation
or corresponding mutations in another Cas9. In some embodiments, the dCas9 comprises the
amino acid sequence of dCas9 (D10A and H840A):
MDKEYSIGLAIGTNSVGWAVITDEYRKVESKEKFKVLGNTDRHS IKENLIGALLFDSGETAEATRL
KRTARRRYTRREKNRICYLOETIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPTIFGNIVDEVAY

HEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTY
NOQLFEENPINASGVDAKATLSARLSKSRRLENLTAQLPGEKKNGLEGNLIALSLGLTPNEFKSNE
DLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEKMD
GTEELLVKLNREDLLRKOQRTFDNGSIPHOIHLGELHAILRRQEDFYPFLKDNREKIEKILTEFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDEKNLPNEKVLPKHS
LLYEYFIVYNELTKVKYVIEGMRKPAFLSGEQKKAIVDLLFKTNRKVIVKOLKEDYFKKIECFED
SVEISGVEDRENASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA

HLFDDKVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLKSDGFANRNFMOLIHDDSLTF
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KEDIQKAQVSGQGDSLHEHTIANLAGSPATKEGTILOTVEVVDELVEKVMGRHKPENTVI EMARENQ

TTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOQLONEKLY LY YLONGRDMYVDOQELDINR
LSDYDVDAIVPQSFLKDDS IDNKVLTRSDENRGKSDNVESEEVVEKEKMENYWROLLNAKLITORK
FDNLTKAERGGLSELDKAGFTKROQILVETROQTITKHVAQTILDSRMNTKYDENDKLTREVEVITLKS

ELVSDFREKDFOFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVREMIAK
SEQETGKATAKYFEYSNIMNFFKTETITLANGETRKRPLTIETNGETGE IVRDKGRDFATVREVLS

MPOVNIVEKTEVOTGGFSKESILPRKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVARKVERG
KSKKLESVKELLGITIMERSSFEKNPIDFLEAKGYKEVEKDLI TKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQRKOLFVEQHKHYLDEITEQISEFSKRY
ITLADANLDEVLSAYNKHRDKPIREQAENT THLFTLTNLGAPAAFKYFDTTIDRKRYTSTREVLD
ATLIHQSITGLYETRIDLSQLGGD

(single underline: HNH domain, double underline: RuvC domain).

In some embodiments, the Cas9 domain comprises a D10A mutation, while the residue
at position 840 remains a histidine in the amino acid sequence provided above, or at
corresponding positions in any of the amino acid sequences provided herein.

In other embodiments, dCas9 vanants having mutations other than D10A and H840A are
provided, which, e.g., result in nuclease inactivated Cas9 (dCas9). Such mutations, by way of
example, include other amino acid substitutions at D10 and H840, or other substitutions within
the nuclease domains of Cas9 (e.g., substitutions in the HNH nuclease subdomain and/or the
RuvC1 subdomain). In some embodiments, variants or homologues of dCas9 are provided
which are at least about 70% identical, at least about 80% identical, at least about 90% identical,
at least about 95% identical, at least about 98% identical, at least about 99% i1dentical, at least
about 99 5% identical, or at least about 99.9% identical. In some embodiments, variants of
dCas9 are provided having amino acid sequences which are shorter, or longer, by about 5 amino
acids, by about 10 amino acids, by about 15 amino acids, by about 20 amino acids, by about 25
amino acids, by about 30 amino acids, by about 40 amino acids, by about 50 amino acids, by
about 75 amino acids, by about 100 amino acids or more.

In some embodiments, Cas9 fusion proteins as provided herein comprise the full-length
amino acid sequence of a Cas9 protein, e.g., one of the Cas9 sequences provided herein. In
other embodiments, however, fusion proteins as provided herein do not comprise a full-length
Cas9 sequence, but only one or more fragments thereof Exemplary amino acid sequences of
suitable Cas9 domains and Cas9 fragments are provided herein, and additional suitable
sequences of Cas9 domains and fragments will be apparent to those of skill in the art.

It should be appreciated that additional Cas9 proteins (e.g., a nuclease dead Cas9

(dCas9), a Cas9 nickase (nCas9), or a nuclease active Cas9), including variants and homologs
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thereof, are within the scope of this disclosure. Exemplary Cas9 proteins include, without
limitation, those provided below. In some embodiments, the Cas9 protein is a nuclease dead
Cas9 (dCas9). In some embodiments, the Cas9 protein is a Cas9 nickase (nCas9). In some
embodiments, the Cas9 protein is a nuclease active Cas9.

Exemplary catalytically inactive Cas9 (dCas9):

DKKY STGLATIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHS T KKNL IGATLLFDSGETAEATRLKRTARRR
YTRRENRICYLQETIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHP TFGNIVDEVAYHEKY PTTYHLRKK
LVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLF IQLVQTYNQLFEENPINASGVDAKAT
LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY DDDLDNLLAQ
TGDQYADLFLAARKNLSDATLLSDILRVNTE I TKAPLSASMIKRY DEHHQDLT LLKALVRQQLPEKYKETF
FDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGS TPHQTHLGELHA
ILRRQEDEY PFLKDNREKIEKILTEFRIPYYVGPLARGNSREAWMTRKSEETITPWNEFEEVVDKGASAQSE
IERMTNFDEKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VI EGMRKPAFLSGEQKKAIVDLLEFKTHNREVTV
KQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKITIKDKDEFLDNEENEDILEDIVLTLTLEFEDREM
IEERLKTYAHLEFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGEFANRNEFMOQLIHDDS
LTFREDIQKAQVSGOGDSLHEHIANLAGSPATIKKGILOTVREKVVDELVRVMGRHKPENIVIEMARENQTTQ
KGQEKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY Y LONGRDMY VDQELDINRLSDYDVDAT
VPOSFLKDDSIDHNKVLTRSDEKNRGKSDNVPSEEVVREMENYWROLLNAKLITQRKEDNLTKAERGGLSEL
DEKAGFIKRQLVETROITKHVAQILDSRMNTKY DENDKLIREVRKVITLKSKLVSDFREKDEFQEFYKVREINNY
HHAHDAYLNAVVGTALIKKY PKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFY SNIMNFFKTELT
LANGETIRKRPLIETNGETGE IVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIA
RKKDWDPKKYGGFDSPTVAY SVLVVAKVEKGKSKKLKSVKELLGIT IMERSSFEKNPIDFLEAKGYKEVK
KDLIIKLPKY SLFELENGRKRMLASAGELQKGNELALPSKY VNFLYLASHYEKLKGSPEDNEQKQLFVEQ
HKHYLDEITEQISEFSKRVILADANLDKVLSAYNKHRDKPTREQAENT THLFTLTNLGAPAAFKY FDTT I
DRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Exemplary catalytically Cas? nickase (nCas9):

DKKY STGLATIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHS T KKNL IGATLLFDSGETAEATRLKRTARRR
YTRRENRICYLQETIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHP TFGNIVDEVAYHEKY PTTYHLRKK
LVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLF IQLVQTYNQLFEENPINASGVDAKAT
LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY DDDLDNLLAQ
IGDOYADLEFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY DEHHOQDLTLLKALVROQLPEKYKETIF
FDOSKNGYAGY IDGGASQEEFYKFIKPILERMDGTEELLVKLNREDLLRKOQRTFDNGSIPHQIHLGELHA
ILRRQEDEY PFLKDNREKIEKILTEFRIPYYVGPLARGNSREAWMTRKSEETITPWNEFEEVVDKGASAQSE
IERMTNFDEKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VI EGMRKPAFLSGEQKKAIVDLLEFKTHNREVTV
KQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKITIKDKDEFLDNEENEDILEDIVLTLTLEFEDREM
IEERLKTYAHLEFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGEFANRNEFMOQLIHDDS
LTFREDIQKAQVSGOGDSLHEHIANLAGSPATIKKGILOTVREKVVDELVRVMGRHKPENIVIEMARENQTTQ
KGQEKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLY Y LONGRDMY VDQELDINRLSDYDVDHI
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VPQSFLKDDS IDNKVLTRSDKNRGKS DNVPSEEVVKKMENYWRQLLNAKL ITQRKFDNLTKAERGGLSEL
DKAGFIKRQLVETRQITKHVAQILDSRMNTKY DENDKL IREVEVITLKSKLVSDFRKDFQFY KVRETNNY
HHAHDAYLNAVVGTALIKKY PKLESEFVYGDYKVYDVRKMIAKSEQETIGKATAKY FFY SNIMNFFKTEIT
LANGEIRKRPLIETNGETGE IVWDKGRDFATVREVLSMPQVN IVKKTEVQTGGFSKES ILPERNSDKLIA
REKKDWDPKKYGGFDSPTVAY SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVE
KDLIIKLPKYSLEFELENGRKRMLASAGELOQKGNELALPSKYVNEFLY LASHYEKLKGSEPEDNEQKQLEVEQ
HEHYLDEIIEQISEFSKRVILADANLDKVLIAYNKHRDKPIREQAENI IHLETLTNLGAPAARFKYFDTTI
DRERYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Exemplary catalytically active Cas9:

DERYSIGLDIGTNSVGWAVITDEY KVPSKKFRKVLGNTDRHSIKKNLIGALLEFDSGETAEATRLERTARRE
YTRREKNRICYLOQEIFSHNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHERKY PTIYHLRKK
LVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDHNSDVDKLEIQLVOTYNQLFEENPINASGVDAKAT
L3ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLT PNEKSNEDLAEDAKLOLSKDTY DDDLDNLLAQ
IGDOYADLEFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY DEHHOQDLTLLKALVROQLPEKYKETIF
FDOSKNGYAGY IDGGASQEEFYKFIKPILERMDGTEELLVKLNREDLLRKOQRTFDNGSIPHQIHLGELHA
ILRRQEDEY PFLKDNREKIEKILTEFRIPYYVGPLARGNSREAWMTRKSEETITPWNEFEEVVDKGASAQSE
IERMTNFDEKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VI EGMRKPAFLSGEQKKAIVDLLEFKTHNREVTV
KQLKEDYFKKIECFDSVEISGVEDRFNASLGT YHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREM
TEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDS
LTFKEDIQKAQVSGQGDSLHEH IANLAGSPATKKGI LQTVKVVDELVKVMGRHKPEN T VI EMARENQTTQ
KGQKNSRERMKRIEEGTIKELGSQILKEHPVENTQLONEKLYLYY LOQNGRDMY VDQELDINRLSDYDVDHT
VPQSFLKDDS IDNKVLTRSDKNRGKS DNVPSEEVVKKMENYWRQLLNAKL ITQRKFDNLTKAERGGLSEL
DKAGFIKRQLVETRQITKHVAQILDSRMNTKY DENDKL IREVEVITLKSKLVSDFRKDFQFY KVRETNNY
HHAHDAYLNAVVGTALIKKY PKLESEFVYGDYKVYDVRKMIAKSEQETIGKATAKY FFY SNIMNFFKTEIT
LANGEIRKRPLIETNGETGE IVWDKGRDFATVREVLSMPQVN IVKKTEVQTGGFSKES ILPERNSDKLIA
REKDWDPKKYGGEFDIPTVAY SVLVVAKVERKGKSKKLKSVKELLGITIMERSSFEKNPIDEFLEAKGYKEVEK
KDLIIKLPKYSLEFELENGRKRMLASAGELOQKGNELALPSKYVNEFLY LASHYEKLKGSEPEDNEQKQLEVEQ
HEHYLDEIIEQISEFSKRVILADANLDKVLIAYNKHRDKPIREQAENI IHLETLTNLGAPAARFKYFDTTI
DRERYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD.

In some embodiments, Cas9 refers to a Cas9 from archaea (e.g. nanoarchaea), which
constitute a domain and kingdom of single-celled prokaryotic microbes. In some embodiments,
Cas9 refers to CasX or CasY, which have been described in, for example, Burstein ef a/., "New
CRISPR-Cas systems from uncultivated microbes." Cell Res. 2017 Feb 21. doi:
10.1038/cr.2017 21, the entire contents of which 1s hereby incorporated by reference. Using
genome-resolved metagenomics, a number of CRISPR-Cas systems were identified, including
the first reported Cas9 in the archaeal domain of life. This divergent Cas9 protein was found in

little- studied nanoarchaea as part of an active CRISPR-Cas system. In bacteria, two previously

46



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

unknown systems were discovered, CRISPR-CasX and CRISPR-CasY, which are among the
most compact systems yet discovered. In some embodiments, Cas9 refers to CasX, or a variant
of CasX. In some embodiments, Cas? refers to a CasY, or a variant of CasY . It should be
appreciated that other RNA-guided DNA binding proteins may be used as a nucleic acid
programmable DNA binding protein (napDNAbp) and are within the scope of this disclosure.

In some embodiments, the Cas9 i1s a Cas9 variant having specificity for an altered PAM
sequence. In some embodiments, the Additional Cas9 variants and PAM sequences are
described in Miller et al., Continuous evolution of SpCas9 variants compatible with non-G
PAMSs. Nat Biotechnol (2020), doi.org/10.1038/s41587-020-0412-8, the entirety of which is
incorporated herein by reference. In some embodiments, a Cas9 variant has no specific PAM
requirements. In some embodiments, a Cas9 variant, e.g., a SpCas9 variant has specificity for a
NRNH PAM, wherein Ris Aor Gand His A, C, or T. ,In some embodiments, the SpCas9
variant has specificity for a PAM sequence AAA, TAA, CAA, GAA, TAT, GAT, or CAC. In
some embodiments, the SpCas9 variant comprises an amino acid substitution at position 1114,
1134, 1135, 1137, 1139, 1151, 1180, 1188, 1211, 1218, 1219, 1221, 1249, 1256, 1264, 1290,
1318, 1317, 1320, 1321, 1323, 1332, 1333, 1335, 1337, or 1339 as numbered relative to the
below reference sequence, or a corresponding position thereof.
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVI GNTDRHSIKKNLIGAT LFDSGETA
EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFL VEEDKKHERHPIF
GNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDN
SDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLF
GNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLS
DAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEK YKEIFFDQSKN
GYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLG
ELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWN
FEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMR
KPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTY
HDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDKVMKQLKRR
RYTGWGRLSRKLINGIRDKQSGKTILDFLK SDGFANRNFMQLIHDDSLTFKEDIQKAQV

SGQGDSLHEHIANLAGSPATKKGILOTVKVVDEL VKVMGRHKPENIVIEMARENQTTQK

GOKNSRERMKRIFEGIKEL GSOILKEHPVENTOLONEKIL YLYYLONGRDMYVDOELDI
NRLSDYDVDHIVPOSFL KDDSIDNK VL TRSDKNRGK SDNVPSEEVVKKMKNYWROLL

NAKLITORKFDNLTKAFRGGLSEILDKAGFIKROI VETROITKHVAQILDSRMNTKYDEN
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NGETGEIVWDKGRDFATVRKVILSMPOVNIVKKTEVOTGGFSKESILPKRNSDKLIARKK
DWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLE

AKGYKEVKKDLIIKLPKY SLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASH
YEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK
PIREQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDL
SQLGGD (single underline: HNH domain; double underline: RuvC domain).

In some embodiments, the SpCas9 variant comprises an amino acid substitution at
position 1114, 1135, 1218, 1219, 1221, 1249, 1320, 1321, 1323, 1332, 1333, 1335, or 1337 as
numbered relative to the above reference sequence, or a corresponding position thereof. In some
embodiments, the SpCas9 variant comprises an amino acid substitution at position 1114, 1134,
1135, 1137, 1139, 1151, 1180, 1188, 1211, 1219, 1221, 1256, 1264, 1290, 1318, 1317, 1320,
1323, 1333 as numbered relative to the above reference sequence, or a corresponding position
thereof. In some embodiments, the SpCas9 variant comprises an amino acid substitution at
position 1114, 1131, 1135, 1150, 1156, 1180, 1191, 1218, 1219, 1221, 1227, 1249, 1253, 1286,
1293, 1320, 1321, 1332, 1335, 1339 as numbered relative to the above reference sequence, or a
corresponding position thereof. In some embodiments, the SpCas9 variant comprises an amino
acid substitution at position 1114, 1127, 1135, 1180, 1207, 1219, 1234, 1286, 1301, 1332, 1335,
1337, 1338, 1349 as numbered relative to the above reference sequence. Exemplary amino acid
substitutions and PAM specificity of SpCas9 variants are shown in the below Tables A-D and
FIG 49.

Table A
SpCas9 amino acid position
SpCas9 | 1114 | 1135 | 1218 | 1219 | 1221 | 1249 | 1320 | 1321 | 1323 | 1332 | 1333
R D G E Q P A P A D R |

AAA N v H G
AAA N Vv H G
AAA Vv G
TAA G N v |
TAA N v | A
TAA G N Vv ) A
CAA v K
CAA N v K
CAA N Vv K
GAA Vv H v K
GAA N v v K
GAA v H v K
TAT s Vv H s L
TAT s v H s L
TAT s v H s L
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S$pCas9 amino acid position
SpCas® | 1114 | 1135 | 1218 | 1219 | 1221 | 1249 | 1320 | 1321 | 1323 | 1332
R D G E Q P A P A D

GAT
GAT
GAT
CAC
CAC N
CAC

Sl |s|<|<
2
Rlo|IL|RP|RP
=

Table B

S$pCas9 amino acid position

SpCa 11 11 11 11 | 113 | 115 | 118 | 118 | 121 | 121 | 122 | 125 | 126 | 129 | 131 | 131
s9 14 34 35 37 9 1 0 8 1 9 1 6 4 0 8 7

R F D P v K D K K Q Q H v L N

132 | 133

-

O|9|o|Q

= | < | = | = | =< |=<|=]|=
—

[N RN

m
Dl |a|la|d|a|d|d |6

3
7]

=

7]
Z|l2|2|2|2|2|2|2|2|2|2 |2 |2 |2|2|2|=2
|||l ||| |=s|=]|s|=s|=<|=
I|T|TXT|T|T|T|T|T|T|EXT|T|T|XT|T|XT|=x
€¢¢€€¢€€44€44€€44€POE
o O - T I O T I O - I O - I I O - I - L]

Table C

SpCas9 amino acid position

SpCa |11 | 11 (11 |11 |11 |11 |11 |12 |12 |12 (12 (12| 12| 12 |12 (13 |13 (13 (13 | 13
s9 14 | 31 | 35 |50 | 56 | 80 (91 (18 | 19 | 21 | 27 | 49 | 53 | 8 | 93 | 20 | 21 | 32 | 35 | 39

R Y D E K D K G E Q A P E N A A P D R T

SacB.
TAT

=
-

v H v 5 L

SacB.
TAT

L]
L]

TAT G

TAT | G

Z|lZ2|=2|E2|
1]

Lo I B o

wlwvm|luv|n

Wi lwvm|wm|wn

OlG|ala]| &

—|-]-|-

TAT | G C
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SpCas9 amino acid position
SpCa |11 | 11 | 11 |11 |11 |11 |11 |12 |12 |12 |12 |12 | 12|12 |12 |13 |13 |13 |13 | 13
s9 14 [ 31 | 35 |50 |56 |80 |91 |18 |19 | 21 | 27 |49 | 53 | 8 |93 | 20 | 21 | 32 | 35 | 3¢9
R|Y|D|E|K|D|K|G|E|Q|aAa|P|E|N|aA|A|P|D|R]|[T
TAT G C N G 5 v H 5 s G L
TAT G C N G 5 v H 5 s G L
TAT | G | C | N E| G s|v|H s s | 6| L
TAT G C N v G 5 v H 5 s G L
TAT C N G 5 v H 5 s G L
TAT | G | C | N G s|v|H s s | 6| L
Table D
SpCas9 amino acid position
SpCaso 111 | 112 | 113 | 118 | 120 | 121 | 123 | 128 | 130 | 133 | 133 | 133 | 133 | 134
4 7 5 0 7 9 4 6 1 2 5 7 8 9
R D D D E E N N P D R T s H
SacB.CAC N v N Q N
AAC G N v N Q N
AAC G N v N Q N
TAC G N v N Q N
TAC G N v H N Q N
TAC G N G v D H N Q N
TAC G N v N Q N
TAC G G N E v H N Q N
TAC G N v H N Q N
TAC G N v N Q N T R

In particular embodiments, napDNAbps useful in the methods of the invention include
circular permutants, which are known in the art and described, for example, by Oakes et al., Cell
176, 254-267, 2019. An exemplary circular permutant follows where the bold sequence
indicates sequence derived from Cas9, the italics sequence denotes a linker sequence, and the
underlined sequence denotes a bipartite nuclear localization sequence,

CP5 (with MSP “NGC=Pam Variant with mutations Regular Cas9 likes NGG”
PID=Protein Interacting Domain and “D10A” nickase):
EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGE IVWDKGRDFATVRKVLSMPQVNIVKK
TEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY GGFMOPTVAY SVLVVAKVEKGKSKKLKSVKELLGI T
IMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKY SLFELENGRKRMLASAKFLOKGNELALPSKYVNFLY
LASHYEKLKGSPEDNEQKQLFVEQHKHY LDEI IEQI SEFSKRVILADANLDKVLSAYNKHRDKPIREQAE
NIIHLFTLTNLGAPRAFKYFDTTIARKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGDGGSGGSGGS
GGSGGSGGSGGMDKKY SIGLAIGTNSVGWAVITDEY KVPSKKFKVLGN TDRHS IKKNLIGALLFDSGETA
EATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYH
EKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEEN
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PINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLOLSKD
TYDDDLDNLLAQTGDOYADLFLAAKNLSDAILLSDILRVNTE ITKAPLSASMIKRYDEHHQDL TLLKALV
ROQOLPEKYKEIFFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDG TEELLVKLNREDLLRKQRTFDNGS
IPHQIHLGELHATLRRQEDFY PFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFE
EVVDKGASAQSFIERMTNFDENLPNEKVLPKHSLLYEY FTVYNELTKVEKYVTEGMRKPAFLSGEQKKAIV
DLLFKTNRKVTVEKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDEKDFLDNEENEDILEDI
VLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDEKQSGKTILDFLKEDGEFA
NRNFMOLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVEKVVDELVKVMGRHKPENI
VIEMARENQTTOKGOKNSRERMKRIEEGIKELGEQILKEHPVENTQLONEKLY LY YLONGRDMY VDQELD
INRLSDYDVDHIVPQSFLKDDSIDNKVLTREDKNRGKEDNVPSEEVVKEMENYWRQLLNAKLITQRKFDN
LTKAERGGLSELDKAGFIKRQLVETRQI TKHVAQILDSRMNTKYDENDKLIREVEKVITLEKSKLVSDFRED
FQFYKVREINNYHHAHDAYLNAVVGTALIKKY PKLESEFVYGDYRKVYDVREMIAKSEQEGADKRTADGSE

FESPKEKKRKV*

Non-limiting examples of a polynucleotide programmable nucleotide binding domain
which can be incorporated into a base editor include a CRISPR protein-derived domain, a
restriction nuclease, a meganuclease, TAL nuclease (TALEN), and a zinc finger nuclease
(ZFN).

In some embodiments, the nucleic acid programmable DNA binding protein
(napDNADbp) of any of the fusion proteins provided herein may be a CasX or CasY protein. In
some embodiments, the napDNAbp 1s a CasX protein. In some embodiments, the napDNAbp 1s
a CasY protein. In some embodiments, the napDNAbp comprises an amino acid sequence that is
at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or at ease 99.5% identical to a naturally-
occurring CasX or CasY protein. In some embodiments, the napDNAbp is a naturally-occurring
CasX or CasY protein. In some embodiments, the napDNAbp comprises an amino acid
sequence that 1s at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%,
at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at ease 99.5% identical to
any CasX or CasY protein described herein. It should be appreciated that Cas12b/C2c¢1, CasX
and CasY from other bacterial species may also be used in accordance with the present

disclosure.

Cas12b/C2c1 (uniprot.org/uniprot/TOD7A2#2)

sp|TOD7A2|C2C1_ALIAG CRISPR-associated endo- nuclease C2c¢l  OS

= Alicyclobacillus  acido- terrestris  (strain ATCC 49025 / DSM 3922/ CIP 106132 / NCIMB
13137/GD3B) GN=¢2¢1 PE=1 SV=1
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MAVKSIKVKLRLDDMPEIRAGLWKLHEKEVNAGVRYY TEWLSLLROQENLYRRSPNGDGEQECDKTAEECKA
FLLERLRARQVENGHRGPAGSDDELLOLARQLY ELLVPQATGAKGDAQQIARKFLSPLADKDAVGGLGIA
KAGNKPRWVRMREAGEPGWEEEKEKAETRESADRTADVLRATLADFGLKPLMRVY TDSEMS SVEWKPLREG
QAVRTWDRDMEQQATIERMMSWESWNQRVGOEY AKLVEQKNRFEQKNFVGOQEHLVHLVNQLOQDMKEASPG
LESKEQTAHYVTGRALRGSDKVFEKWGKLAPDAPFDLY DARTKNVQRRNTRRFGSHDL FAKLAEPEY QAT
WREDASFLTRYAVYNSILRKLNHAKMFATFTLPDATAHPIWTREFDKLGGNLHQY TFLFNEFGERRHAIRFE
HELLEVENGVAREVDDVTVPISMSEQLDNLLPRDPNEPIALY FRDYGAEQHETGEFGGAKIQCRRDOQLAH
MHRRRGARDVYLNVISVRVQOSQSEARGERRPPYAAVEFRLVGDNHRAFVHFDKLSDY LAEHPDDGKLGSEGL
L3GLRVMSVDLGLRTSASISVFRVARKDELKPNSKGRVPFFFPIKGHNDNLVAVHERSQLLEKLPGETESKD
LERAIREERQRTLROLRTQLAYLRLLVRCGSEDVGRRERSWAKLIEQPVDAANHMTPDWREAFENELQKLEK
SLHGICSDKEWMDAVYESVRRVWRHMGKOVRDWRKDVRSGERPKIRGYAKDVVGGNSIEQIEYLERQYKE
LKSWSFFGRVSGOVIRAEKGSRFAITLREHIDHARKEDRLEKLADRI IMEALGY VY ALDERGKGEKWVAKY P
PCOLILLEELSEYQFNNDRPPSENNQLMOWSHRGVEQELINQAQVHDLLVGTMY AAFSSREDARTGAPGT
RCRRVPARCTQEHNPEPFPWWLNKEVVEHTLDACPLRADDLIPTGEGEIFVSPFSAEEGDEFHQIHADLNA
AQNLOQRLWSDFDISQIRLRCDWGEVDGELVLIPRLTGKRTADSY SNKVEYTNTGVTYYERERGKKRREV
FAQEKLSEEEAELLVEADEAREKSVVIMRDPSGI INRGNWTROKEFWSMY NQRIEGYLVEKQIRSRVPLQ
DSACENTGDI

CasX (uniprot.org/uniprot/FONN87; uniprot org/uniprot/FONHS3)
>tr[FONN87|[FONN87 SULIH CRISPR-associated Casx protein  OS = Suifolobus
islandicus (strain HVE10/4) GN = SiH 0402 PE=4 SvV=1
MEVPLYNIFGDNYIIQVATEAENSTIYNNKVEIDDEELRNVLNLAY KIAKNNEDAAAERRGKAKKKKGEE
GETTTSNIILPLSGNDKNPWIETLKCYNFPTTVALSEVEFRNFSOVKECEEVSAPSEVKPEFYEFGRSPGM
VERTRRVKLEVEPHYLIIAAAGWVLTRLGKAKVSEGDY VGVNVFTPTRGILY SLIQNVNGIVPGIKPETA
FGLWIARKVVSSVTNPNVSVVRIYTISDAVGONPTT INGGFSIDLTKLLEKRYLLSERLEATARNALSTS

SNMRERYIVLANYIYEYLTG SKRLEDLLYFANRDLIMNLNSDDGKVRDLKLISAYVNGELIRGEG

>trFONHS3|[FONHS3_SULIR CRISPR associated protein, Casx OS = Sulfolobus
islandicus  (strain REY15A) GN=SiRe 0771 PE=4 SV=1

MEVPLYNIFGDNY I IQVATEAENST I YNNKVE IDDEELRNVLNLAY KTAKNNEDARAERRGKAKKKKGEE
GETTTSNIILPLSGNDKNPWTETLKCYNFPTTVALSEVFKNFSQVKECEEVSAPSFVKPEFYKFGRSPGM
VERTRRVKLEVEPHYLIMARAGWVLTRLGKAKVSEGDY VGVNVFTPTRGILY SLIQNVNGIVPGTKPETA
FGLWIARKVVSSVTNPNVSVVSTYTISDAVGQNPTT INGGFSIDLTKLLEKRDLLSERLEATARNALSTS
SNMRERY IVLANYIYEYLTGSKRLEDLLY FANRDLIMNLNSDDGKVRDLKLI SAYVNGELTRGEG

Deltaproteobacteria CasX
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MEERINKIREKELSADNATKPVSRIGPMKTLLVRVMTDDLKKRLEKRRKKPEVMPOVISNNAANNLRMLLD
DYTKMEEATILOVYWOEFEDDHVGLMCKFAQPASKEI DONKLEPEMDEKGNLTTAGFACSQCGQPLEVYKL
EQVSEKGKAYTNY FGRCNVAEHEKLILLAQLKPVEDSDEAVTY SLGKFGQRALDFY STHVTKESTHEPVEP
LAQIAGNRYASGPVGKALSDACMGT IASFLSKYQDITIIEHQKVVKGNQKRLESLRELAGKENLEYPSVTL
PPOQPHTKEGVDAYNEVIARVEMWVNLNLWOKLKLSRDDAKPLLRLEGFPSFPVVERRENEVDWWNT INEV
KKLIDAKRDMGRVEFWSGVTAEKRNTILEGYNY LPNENDHKKREGSLENPEKKPAKRQPGDLLLY LEKKY AG
DWGKVFDEAWERIDKKIAGLTSHIEREEARNAEDAQSKAVLTDWLRAKASFVLERLKEMDEKEFYACEIQ
LOKWYGDLRGNFPEFAVEAENRVVDISGESIGSDGHSIQY RNLLAWKY LENGKREFY LLMNY GKKGRIRETD
GTDIKKSGEWOGLLY GGGKARKVIDLTFDPDDEQLIILPLAFGTROGREFIWNDLLELETGLIKLANGRVT
EKTIYNKKIGRDEPALFVALTFERREVVDPSNIKPVNLIGVARGENIPAVIALTDPEGCPLPEFKDSSGG
PTDILRIGEGYKEKQRAIQAAKEVEQRRAGGY SRKFASKSRNLADDMVRNSARDLEYHAVTHDAVLVEAN
L3RGFGRQGKRT FMTERQY TEMEDWLTARKLAY EGLT SKTY LSKTLAQY TSKTCISNCGFTITY ADMDVMLY
RLEKTSDGWATTLNNKELKAEYQITY YNRYKRQTVEKELSAELDRLSEESGNNDISKWTKGRRDEALEFLL
KKRESHRPVQEQEFVCLDCGHEVHAAEQAAT NIARSWLFLNSNSTEFKSYKSGRQPEFVGAWQAFY KRRLKE
VWEPNA

CasY (ncbi.nlm.nih.gov/protein/APG80656.1)
>APG80656.1 CRISPR-associated protein CasY [uncultured Parcubacteria group

bacterium)

MSKRHPRISGVKGY RLHAQRLEYTGKSGAMRT IKYPLY SSPSGGRTVPREIVSATINDDY VGLYGLSNEDD
LYNAEKRNEEKVYSVLDEWY DCVOYGAVESYTAPGLLENVAEVRGGSYELTKTLKGSHLYDELQIDKVIK
FLNEEEISRANGSLDKLKKDIIDCFKAEY RERHKDQCNKLADDI KNAKKDAGASLGERQKKLFRDFFGIS
EQSENDKPSFTNPLNLTCCLLPFDTVNNNRENRGEVLEFNKLKEY AQKLDKNEGSLEMWEY IGIGNSGTAFRFS
NFLGEGFLGRLRENKITELKKAMMDI TDAWRGQEQEEELEKRLRILAALT IKLREPKFDNHWGGYRSDIN
GKLSSWLQNY INQTVKIKEDLKGHKKDLKKAKEMINRFGE SDTKEEAVVSSLLESTIEKIVPDDSADDEKP
DIPATATYRRFLSDGRLTLNRFVQREDVQEALIKERLEAEKKKKPKKRKKKSDAEDEKET IDFKELFPHL
AKPLKLVPNFYGDSKRELYKKYKNAATY TDALWKAVEKIYKSAFSSSLKNSFFDTDFDEDFFIKRLQKIF
SVYRRFNTDEWKPIVKNS FAPYCDIVSLAENEVLYKPKQSRSRKSAATDKNRVRLPSTENTIAKAGTALAR

FLSVAGFDWEDLLKREEHEEY IDLIELHKTALALLLAVTETQLDISALDFVENGTVKDFMKTRDGNLVLE

GRFLEMFSQSIVEFSELRGLAGLMSREEFITRSATQTMNGKQAELLY IPHEFQSAKITTPKEMSRAFLDLA
PAEFATSLEPESLSEKSLLKLEQMRYYPHY FGYELTRTGQGIDGGVAENATLRLEKSPVEKREIKCEKQYKT
LGRGONKIVLYVRSSYYQTQFLEWFLHRPENVQTDVAVSGSFLIDEEKVETRWNY DALTVALEPVSGSER
VEVSQPFTIFPEKSAEEEGQRYLGIDIGEYGIAYTALEITGDSAKILDONFISDPQLKTLREEVEGLELD
QRRGTFAMPSTKIARIRESLVHSLRNRIHHLALKHEKAKIVYELEVSRFEEGEKQKIKKVYATLEKKADVYSE
IDADENLOTTVWGKLAVASEISASYTSQFCGACKKLWRAEMOQVDET ITTQELIGTVRVIKGGTLIDAIKD
FMRPPIFDENDTPFPRYRDECDKHHISKEMRGNSCLEICPFCRANADADIQASQTIALLRYVKEEKKVED

Y FERFRELKN IKVLGOMEKKI
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The term “conservative amino acid substitution” or “conservative mutation” refers to the
replacement of one amino acid by another amino acid with a common property. A functional
way to define common properties between individual amino acids is to analyze the normalized
frequencies of amino acid changes between corresponding proteins of homologous organisms
(Schulz, G. E. and Schirmer, R. H,, Principles of Protein Structure, Springer-Verlag, New York
(1979)). According to such analyses, groups of amino acids can be defined where amino acids
within a group exchange preferentially with each other, and therefore resemble each other most
in their impact on the overall protein structure (Schulz, G. E. and Schirmer, R. H., supra). Non-
limiting examples of conservative mutations include amino acid substitutions of amino acids, for
example, lysine for arginine and vice versa such that a positive charge can be maintained,
glutamic acid for aspartic acid and vice versa such that a negative charge can be maintained,;
serine for threonine such that a free —OH can be maintained; and glutamine for asparagine such
that a free -NH2 can be maintained.

The term “coding sequence” or “protein coding sequence” as used interchangeably
herein refers to a segment of a polynucleotide that codes for a protein. The region or sequence is
bounded nearer the 5’ end by a start codon and nearer the 3’ end with a stop codon. Coding
sequences can also be referred to as open reading frames.

The term “deaminase” or “deaminase domain,” as used herein, refers to a protein or
enzyme that catalyzes a deamination reaction. In some embodiments, the deaminase is an
adenosine deaminase, which catalyzes the hydrolytic deamination of adenine to hypoxanthine.
In some embodiments, the deaminase is an adenosine deaminase, which catalyzes the hydrolytic
deamination of adenosine or adenine {A) to inosine (I). In some embodiments, the deaminase or
deaminase domain is an adenosine deaminase catalyzing the hydrolytic deamination of
adenosine or deoxyadenosine to inosine or deoxyinosine, respectively. In some embodiments,
the adenosine deaminase catalyzes the hydrolytic deamination of adenosine in deoxyribonucleic
acid (DNA). The adenosine deaminases (e.g., engineered adenosine deaminases, evolved
adenosine deaminases) provided herein can be from any organism, such as a bacterium. In some
embodiments, the adenosine deaminase is from a bacterium, such as Escherichia coli,
Staphylococcus aureus, Salmonella typhimurium, Shewanella putrefaciens, Haemophilus
influenzae, or Caulobacter crescentus.

In some embodiments, the adenosine deaminase is a TadA deaminase. In some
embodiments, the TadA deaminase is TadA variant. In some embodiments, the TadA varant 1s
a TadA*8. In some embodiments, the deaminase or deaminase domain is a variant of a naturally
occurring deaminase from an organism, such as a human, chimpanzee, gorilla, monkey, cow,

dog, rat, or mouse. In some embodiments, the deaminase or deaminase domain does not occur
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in nature. For example, in some embodiments, the deaminase or deaminase domain is at least
50%, at least 55%, at least 60%, at least 65%, at least 70%o, at least 75% at least 80%, at least
85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least
96%, at least 97%, at least 98%%, at least 99%, at least 99.1%, at least 99.2%, at least 99.3%, at
least 99.4%, at least 99.5%, at least 99.6%, at least 99.7%, at least 99.8%, or at least 99.9%
identical to a naturally occurring deaminase. For example, deaminase domains are described in
International PCT Application Nos. PCT/2017/045381 (WO 2018/027078) and
PCT/US2016/058344 (WO 2017/070632), each of which is incorporated herein by reference for
its entirety. Also, see Komor, A.C., ef al., “Programmable editing of a target base in genomic
DNA without double-stranded DNA cleavage” Nature 533, 420-424 (2016); Gaudelli, N.M., et
al., “Programmable base editing of A*T to G+C in genomic DNA without DNA cleavage”
Nature 551, 464-471 (2017), Komor, A.C., et al., “Improved base excision repair inhibition and
bacteriophage Mu Gam protein yields C:G-to-T: A base editors with higher efficiency and
product purity” Science Advances 3:eaa04774 (2017) ), and Rees, H A, et al., “Base editing;
precision chemistry on the genome and transcriptome of living cells.” Nat Rev Genet. 2018
Dec;19(12):770-788. doi: 10.1038/541576-018-0059-1, the entire contents of which are hereby
incorporated by reference.

“Detect” refers to identifying the presence, absence or amount of the analyte to be
detected. In one embodiment, a sequence alteration in a polynucleotide or polypeptide is
detected. In another embodiment, the presence of indels is detected.

By "detectable label" is meant a composition that when linked to a molecule of interest
renders the latter detectable, via spectroscopic, photochemical, biochemical, immunochemical,
or chemical means. For example, useful labels include radioactive isotopes, magnetic beads,
metallic beads, colloidal particles, fluorescent dyes, electron-dense reagents, enzymes (for
example, as commonly used in an ELISA), biotin, digoxigenin, or haptens.

By “disease” is meant any condition or disorder that damages or interferes with the normal
function of a cell, tissue, or organ. In an embodiment, the disease is SCD. In an embodiment, the
disease is -thallasemia.

The term “effective amount,” as used herein, refers to an amount of a biologically active
agent that is sufficient to elicit a desired biological response. The effective amount of active
compound(s) used to practice the present invention for therapeutic treatment of a disease varies
depending upon the manner of administration, the age, body weight, and general health of the
subject. Ultimately, the attending physician or veterinarian will decide the appropriate amount
and dosage regimen. Such amount is referred to as an “effective” amount. In particular

embodiments, an effective amount is the amount of a base editor system of the invention (e.g., a
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fusion protein comprising a programable DNA binding protein, a nucleobase editor and gRNA)
that is sufficient to alter a SCD mutation in a cell to achieve a therapeutic effect (e.g., to reduce
or control SCD in a subject or a symptom or condition thereof). Such therapeutic effect need
not be sufficient to alter a SCD in all cells of a tissue or organ, but only in about 1%, 5%, 10%,
25%, 50%, 75% or more of the cells present in a tissue or organ. In one embodiment, an
effective amount is sufficient to ameliorate one or more symptom of SCD, such symptoms
include anemia and ischemia.

By "fragment" is meant a portion of a polypeptide or nucleic acid molecule. This portion
contains, at least about 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, or 90% of the entire length
of the reference nucleic acid molecule or polypeptide. A fragment may contain 10, 20, 30, 40,
50, 60, 70, 80, 90, or 100, 200, 300, 400, 500, 600, 700, 800, 900, or 1000 nucleotides or amino
acids.

By “guide RNA” or “gRNA” is meant a polynucleotide which can be specific for a
target sequence and can form a complex with a polynucleotide programmable nucleotide
binding domain protein (e.g., Cas9 or Cpfl). In an embodiment, the gmde polynucleotide is a
guide RNA (gRNA). gRNAs can exist as a complex of two or more RNAs, or as a single RNA
molecule. gRNAs that exist as a single RNA molecule may be referred to as single-guide RNAs
(sgRNAs), though “gRNA” is used interchangeably to refer to guide RNAs that exist as either
single molecules or as a complex of two or more molecules. Typically, gRNAs that exist as
single RNA species comprise two domains: (1) a domain that shares homology to a target
nucleic acid {e.g., and directs binding of a Cas9 complex to the target); and (2) a domain that
binds a Cas9 protein. In some embodiments, domain (2) corresponds to a sequence known as a
tractrRNA and comprises a stem-loop structure. For example, in some embodiments, domain (2)
is identical or homologous to a tractrRNA as provided in Jinek ef al., Science 337:816-
821(2012), the entire contents of which is incorporated herein by reference. Other examples of
gRNAs (e.g., those including domain 2) can be found in U.S. Provisional Patent Application,
U.S.SN. 61/874,682, filed September 6, 2013, entitled "Switchable Cas9 Nucleases and Uses
Thereof," and U.S. Provisional Patent Application, U S.S N. 61/874,746, filed September 6,
2013, entitled "Delivery System For Functional Nucleases," the entire contents of each are
hereby incorporated by reference in their entirety. In some embodiments, a gRNA comprises
two or more of domains (1) and (2), and may be referred to as an “extended gRNA” An
extended gRNA will bind two or more Cas9 proteins and bind a target nucleic acid at two or
more distinct regions, as described herein. The gRNA comprises a nucleotide sequence that
complements a target site, which mediates binding of the nuclease/RNA complex to said target

site, providing the sequence specificity of the nuclease:RNA complex. As will be appreciated
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by those skilled in the art, RNA polynucleotide sequences, e.g., gRNA sequences, include the
nucleobase uracil (U), a pyrimidine derivative, rather than the nucleobase thymine (T), which is
included in DNA polynucleotide sequences. In RNA, uracil base-pairs with adenine and

replaces thymine during DNA transcription.

“Hb G-Makassar” or “Makassar” refers to a human B-hemoglobin variant, the human
Hemoglobin (Hb) of G-Makassar variant or mutation (HB Makassar variant), which is an
asymptomatic, naturally-occurring variant (E6A) hemoglobin. Hb G-Makassar was first
identified in Indonesia. (Mohamad, A.S. et al., 2018, Hematol. Rep., 10(3).7210
(do1:10.4081/hr.2018.7210). The Hb (G-Makassar mobility is slower when subjected to
electrophoresis. The Makassar p-hemoglobin variant has its anatomical abnormality at the p-6
or A3 location where the glutamyl residue typically is replaced by an alanyl residue. The
substitution of single amino acid in the gene encoding the f-globin subunit -6 glutamyl to
valine will result as sickle cell disease. Routine procedures, such as isoelectric focusing,
hemoglobin electrophoresis separation by cation-exchange High Performance Liquid
Chromatography (HPLC) and cellulose acetate electrophoresis, have been unable to separate the
Hb G-Makassar and HbS globin forms, as they were found to have identical properties when
analyzed by these methods. Consequently, Hb G-Makassar and HbS have been incorrectly
identified and mistaken for each other by those skilled in the art, thus leading to misdiagnosis of
Sickle Cell Disease (SCD).

“Hybridization” means hydrogen bonding, which may be Watson-Crick, Hoogsteen or
reversed Hoogsteen hydrogen bonding, between complementary nucleobases. For example,
adenine and thymine are complementary nucleobases that pair through the formation of
hydrogen bonds.

The term "inhibitor of base repair" or "IBR" refers to a protein that is capable in
inhibiting the activity of a nucleic acid repair enzyme, for example a base excision repair (BER)
enzyme. In some embodiments, the IBR is an inhibitor of inosine base excision repair.
Exemplary inhibitors of base repair include inhibitors of APE1, Endo III, Endo IV, Endo V,
Endo VIII, Fpg, hOGGI, hNEILI, T7 Endol, T4PDG, UDG, hSMUGI, and hAAG. In some
embodiments, the IBR is an inhibitor of Endo V or hRAAG. In some embodiments, the IBR is a
catalytically inactive EndoV or a catalytically inactive hAAG. In some embodiments, the base
repair inhibitor is an inhibitor of Endo V or hAAG. In some embodiments, the base repair
inhibitor is a catalytically inactive EndoV or a catalytically inactive hAAG,

In some embodiments, the base repair inhibitor is uracil glycosylase inhibitor (UGI).

UGI refers to a protein that is capable of inhibiting a uracil-DNA glycosylase base-excision
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repair enzyme. In some embodiments, a UGI domain comprises a wild-type UGI or a fragment
of a wild-type UGI. In some embodiments, the UGI proteins provided herein include fragments
of UGI and proteins homologous to a UGI or a UGI fragment. In some embodiments, the base
repair inhibitor is an inhibitor of inosine base excision repair. In some embodiments, the base
repair inhibitor is a “catalytically inactive inosine specific nuclease” or “dead inosine specific
nuclease. Without wishing to be bound by any particular theory, catalytically inactive inosine
glycosylases {e.g., alkyl adenine glycosylase (AAG)) can bind inosine but cannot create an
abasic site or remove the inosine, thereby sterically blocking the newly formed inosine moiety
from DNA damage/repair mechanisms. In some embodiments, the catalytically inactive inosine
specific nuclease can be capable of binding an inosine in a nucleic acid but does not cleave the
nucleic acid. Non-limiting exemplary catalytically inactive inosine specific nucleases include
catalytically inactive alkyl adenosine glycosylase (AAG nuclease), for example, from a human,
and catalytically inactive endonuclease V (EndoV nuclease), for example, from E. coli. In some
embodiments, the catalytically inactive AAG nuclease comprises an E125Q mutation or a
corresponding mutation in another AAG nuclease.

By “increases” 1s meant a positive alteration of at least 10%, 25%, 50%, 75%, or 100%.

An "intein" 1s a fragment of a protein that is able to excise itself and join the remaining
fragments (the exteins) with a peptide bond in a process known as protein splicing. Inteins are
also referred to as "protein introns." The process of an intein excising itself and joining the
remaining portions of the protein is herein termed "protein splicing” or "intein-mediated protein
splicing." In some embodiments, an intein of a precursor protein (an intein containing protein
prior to intein-mediated protein splicing) comes from two genes. Such intein is referred to
herein as a split intein (e.g., split intein-N and split intein-C). For example, in cyanobacteria,
DnaE, the catalytic subunit a of DNA polymerase II1, is encoded by two separate genes, dnaE-n
and dnaE-c. The intein encoded by the dnaE-n gene may be herein referred as "intein-N." The
intein encoded by the dnaE-c gene may be herein referred as "intein-C."

Other intein systems may also be used. For example, a synthetic intein based on the
dnaFE intein, the Cfa-N (e.g., split intein-N) and Cfa-C (e.g., split intein-C) intein pair, has been
described (e.g., in Stevens ef al., J Am Chem Soc. 2016 Feb. 24; 138(7):2162-5, incorporated
herein by reference). Non-limiting examples of intein pairs that may be used in accordance with
the present disclosure include: Cfa DnaE intein, Ssp GyrB intein, Ssp DnaX intein, Ter DnaE3
intein, Ter ThyX intein, Rma DnaB intein and Cne Prp8 intein (e.g., as described in U.S. Patent
No. 8,394,604, incorporated herein by reference.

Exemplary nucleotide and amino acid sequences of inteins are provided.
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DnaE Intein-N DNA:

TGCCTGTCATACGABACCGAGATACTGACAGTAGAATATGGCCTTCTGCCAATCGGGAAGATTCGTGGAGA

AACGGATAGAATGCACAGTTTACTCTGT CGATAACAATGGTAACATTTATACTCAGCCAGTTGCCCAGTG

GCACGACCGGGGAGAGCAGGAAGTATTCGAAT ACTGTCTGGAGGATGGAAGT CTCATTAGGGCCACTARG

GACCACARATTTATGACAGTCGATGGCCAGATGCTGCCTATAGACGARATCT TTGAGCGAGAGTTGGACT

TCATGCGAGTTGACAACCTTCCTAAT

DnaE Intein-N Protein:

CLSYETEILTVEYGLLPIGKIVEKRIECTVYSVDNNGNIYTQPVAQWHDR

GEQEVFEYCLEDGSLIRATKDHKFMTVDGQMLPIDEIFERELDLMRVDNLPN

DnaE Intein-C DNA:

ATGATCAAGATAGCTACAARGGAAGTATCTTGGCARACARRAACGTTTATGA

TATTGGAGTCGARARGAGATCACAACTTTGCTC TGARGAACGGATTCATAGCT TCTAAT

Intein-C: MIKIATRKYLGKONVYDIGVERDHNFALKNGEFIASN

Cfa-N DNA:

TGCCTGTCTTATGATACCGAGATACTTACCGTTGAATATGGCTTCTTGCCTATTGGARAGATTGTCGAAG

AGAGAATTGAATGCACAGTATATACTGTAGACARGAATGGTTTCGTTTACACACAGUCCATTGCTCAATG

GCACAATCGCGGCGAACAAGARGTATTTGAGTACTGTCTCGAGGATGGAAGCATCATACGAGCAACTARR

GATCATAAATTCATGACCACTGACGGGCAGATGTTGCCAATAGATGAGATATTCGAGCGGGGCTTGGATC

TCAAACAAGTGGATGGATTGCCA

Cfa-N Protein:

CLSYDTEILTVEYGFLPIGKIVEERIECTVYTVDRNGEVYTQPIAQWHNRGEQEVEFEYCLEDGSIIRATK

DHKFMTTDGOMLPIDEIFERGLDLKQVDGLP

Cfa-C DNA:

ATGAAGAGGACT GCCGATGGATCAGAGTTTGAATCT CCCAAGAAGARGAGGAAAGTARAGATAATATCTC

GAARARAAGTCTTGGTACCCAARATGTCTATGATATTGGAGT GGAGARAGATCACAACTTCCTTCTCAAGAR

CGGTCTCGTAGCCAGCAAC

Cfa-C Protein: MKRTADGSEFESPKKKRKVKI ISRKSLGTQNVYDIGVEKDHNFLLKNGLVASN
Intein-N and intein-C may be fused to the N-terminal portion of the split Cas9 and the C-

terminal portion of the split Cas9, respectively, for the joining of the N-terminal portion of the

split Cas9 and the C-terminal portion of the split Cas9. For example, in some embodiments, an

intein-N 1s fused to the C-terminus of the N-terminal portion of the split Cas9, i.e., to form a

structure of N--[N-terminal portion of the split Cas9]-[intein-N]--C. In some embodiments, an

intein-C is fused to the N-terminus of the C-terminal portion of the split Cas9, i.¢., to form a

structure of N-[intein-C]--[C-terminal portion of the split Cas9]-C. The mechanism of intein-

mediated protein splicing for joining the proteins the inteins are fused to (e.g., split Cas9) is

known in the art, e.g., as described in Shah ez al., Chem Sci. 2014; 5(1):446-461, incorporated

herein by reference. Methods for designing and using inteins are known in the art and
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described, for example by W(02014004336, W02017132580, US20150344549, and
US20180127780, each of which is incorporated herein by reference in their entirety.

nw

The terms "isolated,” "purified,” or "biologically pure" refer to material that is free to
varying degrees from components which normally accompany it as found in its native state.
"Isolate" denotes a degree of separation from original source or surroundings. "Purify" denotes a
degree of separation that is higher than isolation. A "purified” or "biologically pure" protein is
sufficiently free of other materials such that any impurities do not materially affect the
biological properties of the protein or cause other adverse consequences. That 1s, a nucleic acid
or peptide of this invention is purified if it is substantially free of cellular material, viral
material, or culture medium when produced by recombinant DNA techniques, or chemical
precursors or other chemicals when chemically synthesized. Purity and homogeneity are
typically determined using analytical chemistry techniques, for example, polyacrylamide gel
electrophoresis or high-performance liquid chromatography. The term "purified" can denote that
a nucleic acid or protein gives rise to essentially one band in an electrophoretic gel. For a protein
that can be subjected to modifications, for example, phosphorylation or glycosylation, different
modifications may give rise to different 1solated proteins, which can be separately purified.

By "isolated polynucleotide” is meant a nucleic acid (e.g., a DNA) that is free of the
genes which, in the naturally-occurring genome of the organism from which the nucleic acid
molecule of the invention is derived, flank the gene. The term therefore includes, for example, a
recombinant DNA that is incorporated into a vector; into an autonomously replicating plasmid
or virus; or into the genomic DNA of a prokaryote or eukaryote, or that exists as a separate
molecule (for example, a cDNA or a genomic or ¢cDNA fragment produced by PCR or
restriction endonuclease digestion) independent of other sequences. In addition, the term
includes an RNA molecule that is transcribed from a DNA molecule, as well as a recombinant
DNA that is part of a hybrid gene encoding additional polypeptide sequence,

By an "isolated polypeptide” is meant a polypeptide of the invention that has been
separated from components that naturally accompany it. Typically, the polypeptide is isolated
when it is at least 60%, by weight, free from the proteins and naturally-occurring organic
molecules with which it is naturally associated. Preferably, the preparation is at least 75%, more
preferably at least 90%, and most preferably at least 99%, by weight, a polypeptide of the
invention. An isolated polypeptide of the invention may be obtained, for example, by extraction
from a natural source, by expression of a recombinant nucleic acid encoding such a polypeptide;
or by chemically synthesizing the protein. Purity can be measured by any appropriate method,

for example, column chromatography, polyacrylamide gel electrophoresis, or by HPLC analysis.
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The term “linker”, as used herein, can refer to a covalent linker (e.g., covalent bond), a
non-covalent linker, a chemical group, or a molecule linking two molecules or moieties, e.g.,
two components of a protein complex or a ribonucleocomplex, or two domains of a fusion
protein, such as, for example, a polynucleotide programmable DNA binding domain (e.g.,
dCas9?) and a deaminase domain ((e.g., an adenosine deaminase, or an adenosine deaminase and
a cytidine deaminase, e.g., as described in PCT/US19/44935). A linker can join different
components of, or different portions of components of, a base editor system. For example, in
some embodiments, a linker can join a guide polynucleotide binding domain of a polynucleotide
programmable nucleotide binding domain and a catalytic domain of a deaminase. In some
embodiments, a linker can join a CRISPR polypeptide and a deaminase. In some embodiments,
a linker can join a Cas9 and a deaminase. In some embodiments, a linker can join a dCas9 and a
deaminase. In some embodiments, a linker can join a nCas9 and a deaminase. In some
embodiments, a linker can join a guide polynucleotide and a deaminase. In some embodiments,
a linker can join a deaminating component and a polynucleotide programmable nucleotide
binding component of a base editor system. In some embodiments, a linker can join a RNA-
binding portion of a deaminating component and a polynucleotide programmable nucleotide
binding component of a base editor system. In some embodiments, a linker can join a RNA-
binding portion of a deaminating component and a RNA-binding portion of a polynucleotide
programmable nucleotide binding component of a base editor system. A linker can be
positioned between, or flanked by, two groups, molecules, or other moieties and connected to
each one via a covalent bond or non-covalent interaction, thus connecting the two. In some
embodiments, the linker can be an organic molecule, group, polymer, or chemical moiety. In
some embodiments, the linker can be a polynucleotide. In some embodiments, the linker ¢an be
a DNA linker. In some embodiments, the linker can be a RNA linker. In some embodiments, a
linker ¢can comprise an aptamer capable of binding to a ligand. In some embodiments, the ligand
may be carbohydrate, a peptide, a protein, or a nucleic acid. In some embodiments, the linker
may comprise an aptamer may be derived from a riboswitch. The riboswitch from which the
aptamer is derived may be selected from a theophylline riboswitch, a thiamine pyrophosphate
(TPP) riboswitch, an adenosine cobalamin (AdoCbl) riboswitch, an S-adenosyl methionine
(SAM) nboswitch, an SAH riboswitch, a flavin mononucleotide (FMN) riboswitch, a
tetrahydrofolate riboswitch, a lysine riboswitch, a glycine riboswitch, a purine riboswitch, a
GImS riboswitch, or a pre-queosinel (PreQ1) riboswitch. In some embodiments, a linker may
comprise an aptamer bound to a polypeptide or a protein domain, such as a polypeptide ligand.
In some embodiments, the polypeptide ligand may be a K Homology (KH) domain, a MS2 coat

protein domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a sterile alpha
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motif, a telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding motif and Sm7
protein, or a RNA recognition motif. In some embodiments, the polypeptide ligand may be a
portion of a base editor system component. For example, a nucleobase editing component may
comprise a deaminase domain and a RNA recognition motif.

In some embodiments, the linker can be an amino acid or a plurality of amino acids (e.g.,
a peptide or protein). In some embodiments, the linker can be about 5-100 amino acids in
length, for example, about 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 20-30, 30-40,
40-50, 50-60, 60-70, 70-80, 80-90, or 90-100 amino acids in length. In some embodiments, the
linker can be about 100-150, 150-200, 200-250, 250-300, 300-350, 350-400, 400-450, or 450-
500 amino acids in length. Longer or shorter linkers can be also contemplated.

In some embodiments, a linker joins a gRNA binding domain of an RNA-programmable
nuclease, including a Cas9 nuclease domain, and the catalytic domain of a nucleic-acid editing
protein (e.g., adenosine deaminase). In some embodiments, a linker joins a dCas9 and a nucleic-
acid editing protein. For example, the linker is positioned between, or flanked by, two groups,
molecules, or other moieties and connected to each one via a covalent bond, thus connecting the
two. In some embodiments, the linker is an amino acid or a plurality of amino acids (e.g., a
peptide or protein). In some embodiments, the linker i1s an organic molecule, group, polymer, or
chemical moiety. In some embodiments, the linker is 5-200 amino acids in length, for example,
5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 25, 35, 45, 50, 55, 60, 60, 65, 70, 70, 75,
80, 85, 90, 90, 95, 100, 101, 102, 103, 104, 105, 110, 120, 130, 140, 150, 160, 175, 180, 190, or
200 amino acids in length. Longer or shorter linkers are also contemplated.

In some embodiments, the domains of the nucleobase editor are fused via a linker that
comprises the amino acid sequence of SGGSSGSETPGTSESATPESSGGS,
SGGSSGGSSGSETPGTSESATPESSGGSSGGS, of
GGSGGSPGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTE
PSEGSAPGTSTEPSEGSAPGTSESATPESGPGSEPATSGGESGGS.

In some embodiments, domains of the nucleobase editor are fused via a linker
comprising the amino acid sequence SGSETPGTSESATPES, which may also be referred to as
the XTEN linker. In some embodiments, a linker comprises the amino acid sequence SGGS.

In some embodiments, a linker comprises (SGGSh, (GGGS)n, (GGGGS)n, (G (EAAAK)n,
(GGS), SGSETPGTSESATPES, or (XP)a motif, or a combination of any of these, wherein n is
independently an integer between 1 and 30, and wherein X is any amino acid. In some
embodiments, nis 1,2, 3,4,5,6,7 8,9 10,11, 12, 13, 14, or 15.

In some embodiments, the linker is 24 amino acids in length. In some embodiments, the
linker comprises the amino acid sequence SGGSSGGSSGSETPGTSESATPES. In some
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embodiments, the linker is 40 amino acids in length. In some embodiments, the linker comprises
the amino acid sequence SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGS. In
some embodiments, the linker 1s 64 amino acids in length. In some embodiments, the linker
comprises the amino acid sequence
SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGSSGSETPGTSESATPESSGGS
SGGS. In some embodiments, the linker is 92 amino acids in length. In some embodiments, the
linker comprises the amino acid sequence
PGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTEPSEGSAPG
TSTEPSEGSAPGTSESATPESGPGSEPATS.

By “marker” is meant any protein or polynucleotide having an alteration in expression
level or activity that is associated with a disease or disorder.

The term “mutation,” as used herein, refers to a substitution of a residue within a
sequence, e.g., a nucleic acid or amino acid sequence, with another residue, or a deletion or
insertion of one or more residues within a sequence. Mutations are typically described herein by
identifying the original residue followed by the position of the residue within the sequence and
by the identity of the newly substituted residue. Various methods for making the amino acid
substitutions (mutations) provided herein are well known in the art, and are provided by, for
example, Green and Sambrook, Molecular Cloning: A Laboratory Manual (4% ed., Cold Spring
Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)). In some embodiments, the
presently disclosed base editors can efficiently generate an “intended mutation,” such as a point
mutation, in a nucleic acid (e.g., a nucleic acid within a genome of a subject) without generating
a significant number of unintended mutations, such as unintended point mutations. In some
embodiments, an intended mutation 1s a mutation that is generated by a specific base editor (e.g.,
an adenosine base editor) bound to a guide polynucleotide (e.g., gRNA), specifically designed to
generate the intended mutation.

In general, mutations made or identified in a sequence (¢.g., an amino acid sequence as
described herein) are numbered in relation to a reference (or wild type) sequence, i.e., a
sequence that does not contain the mutations. The skilled practitioner in the art would readily
understand how to determine the position of mutations in amino acid and nucleic acid sequences
relative to a reference sequence.

The term “non-conservative mutations” involve amino acid substitutions between
different groups, for example, lysine for tryptophan, or phenylalanine for serine, etc. In this
case, it 1s preferable for the non-conservative amino acid substitution to not interfere with, or

inhibit the biological activity of, the functional variant. The non-conservative amino acid
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substitution can enhance the biological activity of the functional variant, such that the biological
activity of the functional variant is increased as compared to the wild-type protein.

LYY

The term “nuclear localization sequence,” “nuclear localization signal,” or “NLS” refers
to an amino acid sequence that promotes import of a protein into the cell nucleus. Nuclear
localization sequences are known in the art and described, for example, in Plank ez a/.,
International PCT application, PCT/EP2000/011690, filed November 23, 2000, published as
W0/2001/038547 on May 31, 2001, the contents of which are incorporated herein by reference
for their disclosure of exemplary nuclear localization sequences. In other embodiments, the
NLS is an optimized NLS described, for example, by Koblan ef a/., Nature Biotech. 2018
doi:10.1038/nbt.4172. In some embodiments, an NLS comprises the amino acid sequence
KRTADGSEFESPKKKRKYV, KRPAATKKAGQAKKKK, KKTELQTTNAENKTKKL,
KRGINDRNFWRGENGRKTR, RKSGKIAAIVVKRPRK, PKKKRKYV, or
MDSLLMNRRKFLYQFKNVRWAKGRRETYLC

The terms “nucleic acid” and “nucleic acid molecule,” as used herein, refer to a
compound comprising a nucleobase and an acidic moiety, e.g., a nucleoside, a nucleotide, or a
polymer of nucleotides. Typically, polymeric nucleic acids, e.g., nucleic acid molecules
comprising three or more nucleotides are linear molecules, in which adjacent nucleotides are
linked to each other via a phosphodiester linkage. In some embodiments, “nucleic acid” refers
to individual nucleic acid residues (e.g. nucleotides and/or nucleosides). In some embodiments,
“nucleic acid” refers to an oligonucleotide chain comprising three or more individual nucleotide
residues. As used herein, the terms “oligonucleotide” and “polynucleotide” can be used
interchangeably to refer to a polymer of nucleotides (e.g., a string of at least three nucleotides).
In some embodiments, “nucleic acid” encompasses RNA as well as single and/or double-
stranded DNA. Nucleic acids may be naturally occurring, for example, in the context of a
genome, a transcript, an mRNA, tRNA, rRNA, siRNA, snRNA, a plasmid, cosmid,
chromosome, chromatid, or other naturally occurring nucleic acid molecule. On the other hand,
a nucleic acid molecule may be a non-naturally occurring molecule, ¢.g., a recombinant DNA or
RNA, an artificial chromosome, an engineered genome, or fragment thereof, or a synthetic
DNA, RNA, DNA/RNA hybrid, or including non-naturally occurring nucleotides or
nucleosides. Furthermore, the terms “nucleic acid,” “DNA,” “RNA,” and/or similar terms
include nucleic acid analogs, e.g., analogs having other than a phosphodiester backbone.
Nugcleic acids can be purified from natural sources, produced using recombinant expression
systems and optionally purified, chemically synthesized, etc. Where appropnate, e.g., in the
case of chemically synthesized molecules, nucleic acids can comprise nucleoside analogs such

as analogs having chemically modified bases or sugars, and backbone modifications. A nucleic
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acid sequence is presented in the 5' to 3’ direction unless otherwise indicated. In some
embodiments, a nucleic acid is or comprises natural nucleosides (e.g. adenosine, thymidine,
guanosine, cytidine, uridine, deoxyadenosine, deoxythymidine, deoxyguanosine, and
deoxycytidine); nucleoside analogs (e.g., 2-aminoadenosine, 2-thiothymidine, inosine, pyrrolo-
pyrimidine, 3-methyl adenosine, 5-methylcytidine, 2-aminoadenosine, C5-bromouridine, C5-
fluorouridine, C5-1odouridine, C5-propynyl-uridine, C5-propynyl-cytidine, C5-methylcytidine,
2-aminoadenosine, 7-deazaadenosine, 7-deazaguanosine, 8-oxoadenosine, 8-oxoguanosine,
O(6)-methylguanine, and 2-thiocytidine); chemically modified bases; biologically modified
bases (e.g., methylated bases); intercalated bases, modified sugars ( 2’-e.g. fluororibose, ribose,
2'-deoxyribose, arabinose, and hexose), and/or modified phosphate groups (e.g.,
phosphorothioates and 5'-N-phosphoramidite linkages).

The term "nucleic acid programmable DNA binding protein" or "napDNAbp" may be
used interchangeably with “polynucleotide programmable nucleotide binding domain™ to refer
to a protein that associates with a nucleic acid (e.g., DNA or RNA), such as a guide nucleic acid
or guide polynucleotide {e.g., gRNA), that guides the napDNAbp to a specific nucleic acid
sequence. In some embodiments, the polynucleotide programmable nucleotide binding domain
is a polynucleotide programmable DNA binding domain. In some embodiments, the
polynucleotide programmable nucleotide binding domain is a polynucleotide programmable
RNA binding domain. In some embodiments, the polynucleotide programmable nucleotide
binding domain is a Cas9 protein. A Cas9 protein can associate with a guide RNA that guides
the Cas9 protein to a specific DNA sequence that is complementary to the guide RNA. In some
embodiments, the napDNAbp is a Cas9 domain, for example a nuclease active Cas9, a Cas9
nickase (nCas9), or a nuclease inactive Cas9 {(dCas9). Non-limiting examples of nucleic acid
programmable DNA binding proteins include, Cas9 (e.g., dCas9 and nCas9), Cas12a/Cpfl,
Cas12b/C2cl, Casl12¢/C2¢3, Cas12d/CasY, Casl2e/CasX, Casl2g, Casl12h, and Casl2i. Non-
limiting examples of Cas enzymes include Casl, Cas1B, Cas2, Cas3, Cas4, Cas5, Cas5d, Cas5t,
Cas5h, Cas5a, Cas6, Cas7, Cas8, Cas8a, Cas8b, Cas8c, Cas9 (also known as Csnl or Csx12),
Casl0, Casl10d, Cas12a/Cpfl, Cas12b/C2cl, Cas12¢/C2c3, Casl2d/CasY, Casl2e/CasX, Casl2g,
Casl2h, Casl2i, Csyl, Csy2, Csy3, Csy4, Csel, Cse2, Cse3, Csed, CseSe, Cscl, Csc2, Csas,
Csnl, Csn2, Csml, Csm2, Csm3, Csmd, Csm3, Csm6, Cmrl, Cmr3, Cmr4, Cmr5, Cmr6, Csbl,
Csb2, Csb3, Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csx1, Csx18S, Csx11, Csfl, Csf2, CsO,
Cst4, Csdl, Csd2, Cstl, Cst2, Cshl, Csh2, Csal, Csa2, Csa3, Csad, Csa5, Type II Cas effector
proteins, Type V Cas effector proteins, Type VI Cas effector proteins, CARF, DinG,
homologues thereof, or modified or engineered versions thereof. Other nucleic acid

programmable DNA binding proteins are also within the scope of this disclosure, although they
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may not be specifically listed in this disclosure. See, e.g., Makarova et /. “Classification and
Nomenclature of CRISPR-Cas Systems: Where from Here?” CRISPR /. 2018 Oct;1:325-336.
doi: 10.1089% crispr.2018.0033; Yan ef a/., “Functionally diverse type V CRISPR-Cas systems”
Science. 2019 Jan 4,363(6422):88-91. doi: 10.1126/science.aav7271, the entire contents of each
are hereby incorporated by reference.

RN 14

The term “nucleobase,” “nitrogenous base,” or “base,” used interchangeably herein,
refers to a nitrogen-containing biological compound that forms a nucleoside, which in turn is a
component of a nucleotide. The ability of nucleobases to form base pairs and to stack one upon
another leads directly to long-chain helical structures such as ribonucleic acid (RNA) and
deoxyribonucleic acid (DNA). Five nucleobases — adenine (A), cytosine (C), guanine (G),
thymine (T), and uracil (U) — are called primary or canonical. Adenine and guanine are derived
from purine, and cytosine, uracil, and thymine are derived from pyrimidine. DNA and RNA can
also contain other (non-primary) bases that are modified. Non-limiting exemplary modified
nucleobases can include hypoxanthine, xanthine, 7-methylguanine, 5,6-dihydrouracil, 5-
methylcytosine (m5C), and S-hydromethylcytosine. Hypoxanthine and xanthine can be created
through mutagen presence, both of them through deamination (replacement of the amine group
with a carbonyl group). Hypoxanthine can be modified from adenine. Xanthine can be
modified from guanine. Uracil can result from deamination of cytosine. A “nucleoside”
consists of a nucleobase and a five carbon sugar (either ribose or deoxyribose). Examples of a
nucleoside include adenosine, guanosine, uridine, cytidine, 5S-methyluridine (m5U),
deoxyadenosine, deoxyguanosine, thymidine, deoxyuridine, and deoxycytidine. Examples of a
nucleoside with a modified nucleobase includes inosine (I), xanthosine (X), 7-methylguanosine
(m7G), dihydroundine (D), 5-methylcytidine (m5C), and pseudouridine (¥). A “nuclectide”
consists of a nucleobase, a five carbon sugar (either ribose or deoxyribose), and at least one
phosphate group.

The terms “nucleobase editing domain” or “nucleobase editing protein,” as used herein,
refers to a protein or enzyme that can catalyze a nucleobase modification in RNA or DNA, such
as cytosine (or cytidine) to uracil (or uridine) or thymine (or thymidine), and adenine (or
adenosine) to hypoxanthine (or inosine) deaminations, as well as non-templated nucleotide
additions and insertions. In some embodiments, the nucleobase editing domain 1s a deaminase
domain (e.g., an adenine deaminase or an adenosine deaminase; or a cytidine deaminase or a
cytosine deaminase). In some embodiments, the nucleobase editing domain is more than one
deaminase domain (e.g., an adenine deaminase, or an adenosine deaminase and a cytidine or a
cytosine deaminase, e.g., as described in PCT/US19/44935). In some embodiments, the

nucleobase editing domain can be a naturally occurring nucleobase editing domain. In some
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embodiments, the nucleobase editing domain can be an engineered or evolved nucleobase
editing domain from the naturally occurring nucleobase editing domain. The nucleobase editing
domain can be from any organism, such as a bacterium, human, chimpanzee, gorilla, monkey,
cow, dog, rat, or mouse.

As used herein, “obtaining” as in “obtaining an agent” includes synthesizing, purchasing,
generating, preparing, or otherwise acquiring the agent.

A “patient” or “subject” as used herein refers to a mammalian subject or individual
diagnosed with, having, at risk of having or developing, susceptible to, or suspected of having or
developing a disease or a disorder. In some embodiments, the term “patient” refers to a
mammalian subject with a higher than average likelihood of developing a disease or a disorder.
Exemplary patients can be humans, non-human primates, cats, dogs, pigs, cattle, cats, horses,
camels, llamas, goats, sheep, rodents (e.g., mice, rabbits, rats, or guinea pigs) and other
mammals that can benefit from the therapies disclosed herein. Exemplary human patients can
be male and/or female.

“Patient in need thereof” or “subject in need thereof” is referred to herein as a patient
diagnosed with, at risk or having, predetermined to have, or suspected of having a disease or
disorder.

LR INTY

The terms “pathogenic mutation,” “pathogenic variant,” “disease casing mutation,”
“disease causing variant,” “deleterious mutation,” or “predisposing mutation” refers to a genetic
alteration or mutation that increases an individual’s susceptibility or predisposition to a certain
disease or disorder. In some embodiments, the pathogenic mutation comprises at least one wild-
type amino acid substituted by at least one pathogenic amino acid in a protein encoded by a
gene.

LTS

The terms “protein,” “peptide,” “polypeptide,” and their grammatical equivalents are
used interchangeably herein, and refer to a polymer of amino acid residues linked together by
peptide (amide) bonds. The terms refer to a protein, peptide, or polypeptide of any size,
structure, or function. Typically, a protein, peptide, or polypeptide will be at least three amino
acids long. A protein, peptide, or polypeptide can refer to an individual protein or a collection
of proteins. One or more of the amino acids in a protein, peptide, or polypeptide can be
modified, for example, by the addition of a chemical entity such as a carbohydrate group, a
hydroxyl group, a phosphate group, a farnesyl group, an isofarnesyl group, a fatty acid group, a
linker for conjugation, functionalization, or other modifications, etc. A protein, peptide, or
polypeptide can also be a single molecule or can be a multi-molecular complex. A protein,

peptide, or polypeptide can be just a fragment of a naturally occurring protein or peptide. A

protein, peptide, or polypeptide can be naturally occurring, recombinant, or synthetic, or any
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combination thereof. The term “fusion protein” as used herein refers to a hybrid polypeptide
which comprises protein domains from at least two different proteins. One protein can be
located at the amino-terminal (N-terminal) portion of the fusion protein or at the carboxy-
terminal {C-terminal) protein thus forming an amino-terminal fusion protein or a carboxy-
terminal fusion protein, respectively. A protein can comprise different domains, for example, a
nucleic acid binding domain (e.g., the gRNA binding domain of Cas9 that directs the binding of
the protein to a target site) and a nucleic acid cleavage domain, or a catalytic domain of a nucleic
acid editing protein. In some embodiments, a protein comprises a proteinaceous part, ¢.g., an
amino acid sequence constituting a nucleic acid binding domain, and an organic compound, e.g.,
a compound that can act as a nucleic acid cleavage agent. In some embodiments, a protein is in
a complex with, or is in association with, a nucleic acid, e.g., RNA or DNA. Any of the proteins
provided herein can be produced by any method known in the art. For example, the proteins
provided herein can be produced via recombinant protein expression and purification, which is
especially suited for fusion proteins comprising a peptide linker. Methods for recombinant
protein expression and purification are well known, and include those described by Green and
Sambrook, Molecular Cloning: A Laboratory Manual (4th ed., Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, N.Y. (2012)), the entire contents of which are incorporated herein by
reference.

Polypeptides and proteins disclosed herein (including functional portions and functional
variants thereof) can comprise synthetic amino acids in place of one or more naturally-occurring
amino acids. Such synthetic amino acids are known in the art, and include, for example,
aminocyclohexane carboxylic acid, norleucine, a-amino n-decanoi¢ acid, homoserine, S-
acetylaminomethyl-cysteine, trans-3- and trans-4-hydroxyproline, 4-aminophenylalanine, 4-
nitrophenylalanine, 4-chlorophenylalanine, 4-carboxyphenylalanine, B-phenylserine p-
hydroxyphenylalanine, phenylglycine, a-naphthylalanine, cyclohexylalanine, cyclohexylglycine,
indoline-2-carboxylic acid, 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid, aminomalonic
acid, aminomalonic acid monoamide, N’-benzyl-N’-methyl-lysine, N',N’-dibenzyl-lysine, 6-
hydroxylysine, ornithine, a-aminocyclopentane carboxylic acid, a-aminocyclohexane carboxylic
acid, a-aminocycloheptane carboxylic acid, o-(2-amino-2-norbornane)-carboxylic acid, a,y-
diaminobutyric acid, a,p-diaminopropionic acid, homophenylalanine, and a-tert-butylglycine.
The polypeptides and proteins can be associated with post-translational modifications of one or
more amino acids of the polypeptide constructs. Non-limiting examples of post-translational
modifications include phosphorylation, acylation including acetylation and formylation,
glycosylation (including N-linked and O-linked), amidation, hydroxylation, alkylation including

methylation and ethylation, ubiquitylation, addition of pyrrolidone carboxylic acid, formation of
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disulfide bridges, sulfation, myristoylation, palmitoylation, isoprenylation, farnesylation,
geranylation, glypiation, lipoylation and 1odination.

The term "recombinant” as used herein in the context of proteins or nucleic acids refers
to proteins or nucleic acids that do not occur in nature, but are the product of human
engineering. For example, in some embodiments, a recombinant protein or nucleic acid
molecule comprises an amino acid or nucleotide sequence that comprises at least one, at least
two, at least three, at least four, at least five, at least six, or at least seven mutations as compared
to any naturally occurring sequence.

By “reduces” 1s meant a negative alteration of at least 10%, 25%, 50%, 75%, or 100%.

By “reference” is meant a standard or control condition. In one embodiment, the
reference is a wild-type or healthy cell. In other embodiments and without limitation, a
reference is an untreated cell that is not subjected to a test condition, or is subjected to placebo
or normal saline, medium, buffer, and/or a control vector that does not harbor a polynucleotide
of interest.

A "reference sequence” is a defined sequence used as a basis for sequence comparison. A
reference sequence may be a subset of or the entirety of a specified sequence; for example, a
segment of a full-length cDNA or gene sequence, or the complete cDNA or gene sequence. For
polypeptides, the length of the reference polypeptide sequence will generally be at least about 16
amino acids, at least about 20 amino acids, more at least about 25 amino acids, and even more
preferably about 35 amino acids, about 50 amino acids, or about 100 amino acids. For nucleic
acids, the length of the reference nucleic acid sequence will generally be at least about 50
nucleotides, at least about 60 nucleotides, at least about 75 nucleotides, and about 100
nucleotides or about 300 nucleotides or any integer thereabout or therebetween In some
embodiments, a reference sequence 1s a wild-type sequence of a protein of interest. In other
embodiments, a reference sequence 1s a polynucleotide sequence encoding a wild-type protein.

The term "RNA-programmable nuclease," and "RNA-guided nuclease" are used with
(e.g., binds or associates with) one or more RNA(s) that is not a target for cleavage. In some
embodiments, an RNA-programmable nuclease, when in a complex with an RNA, may be
referred to as a nuclease:RNA complex. Typically, the bound RNA(s) is referred to as a guide
RNA (gRNA). gRNAs can exist as a complex of two or more RNAs, or as a single RNA
molecule. gRNAs that exist as a single RNA molecule may be referred to as single-guide RNAs
(sgRNAs), though "gRNA" is used interchangeably to refer to guide RNAs that exist as either
single molecules or as a complex of two or more molecules. Typically, gRNAs that exist as
single RNA species comprise two domains: (1) a domain that shares homology to a target

nucleic acid {e.g., and directs binding of a Cas9 complex to the target); and (2) a domain that
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binds a Cas9 protein. In some embodiments, domain (2) corresponds to a sequence known as a
tracrRNA, and comprises a stem-loop structure. For example, in some embodiments, domain (2)
is identical or homologous to a tracrRNA as provided in Jinek et ah, Science 337:816-
821(2012), the entire contents of which is incorporated herein by reference. Other examples of
gRNAs (e.g., those including domain 2) can be found in U S. Provisional Patent Application,

U S S.N. 61/874,682, filed September 6, 2013, entitled "Switchable Cas9 Nucleases and Uses
Thereof," and U.S. Provisional Patent Application, U.S.S.N. 61/874,746, filed September 6,
2013, entitled "Delivery System For Functional Nucleases,” the entire contents of each are
hereby incorporated by reference in their entirety. In some embodiments, a gRNA comprises
two or more of domains (1) and (2), and may be referred to as an "extended gRNA." For
example, an extended gRNA will, e.g., bind two or more Cas9 proteins and bind a target nucleic
acid at two or more distinct regions, as described herein. The gRNA comprises a nucleotide
sequence that complements a target site, which mediates binding of the nuclease/RNA complex
to said target site, providing the sequence specificity of the nuclease:RNA complex.

In some embodiments, the RNA-programmable nuclease is the (CRISPR-associated
system) Cas9 endonuclease, for example, Cas9 (Csnl) from Streptococcus pyogenes (see, e.g.,
"Complete genome sequence of an Ml strain of Streprococcus pyogenes." Ferretti J.J., McShan
WM., Ajdic D.J, Savic D.J, Savic G, Lyon K., Primeaux C, Sezate S., Suvorov A.N., Kenton
S,LaiHS, Lin SP,Qian Y., Jia HG., Najar F.Z., Ren Q., Zhu H., Song L., White J., Yuan
X., Clifton SW., Roe B A, McLaughlin R.E., Proc. Natl. Acad. Sci. U.S.A. 98:4658-
4663(2001), "CRISPR RNA maturation by trans-encoded small RNA and host factor RNase
II1." Deltcheva E., Chylinski K, Sharma CM., Gonzales K, Chao Y, Pirzada Z. A, Eckert
MR, Vogel J, Charpentier E., Nature 471:602-607(2011).

Because RNA-programmable nucleases (e.g., Cas9) use RNA:DNA hybridization to
target DNA cleavage sites, these proteins are able to be targeted, in principle, to any sequence
specified by the guide RNA. Methods of using RNA-programmable nucleases, such as Cas9,
for site-specific cleavage (e.g., to modify a genome) are known in the art (see e.g., Cong, L. ef
al., Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819-823 (2013);
Mali, P. et ah, RNA-guided human genome engineering via Cas9. Science 339, 823-826 (2013),
Hwang, W Y. ef al., Efficient genome editing in zebrafish using a CRISPR-Cas system. Nature
biotechnology 31, 227-229 (2013); Jinek, M. et ah, RNA-programmed genome editing in human
cells. eLife 2, 00471 (2013), Dicarlo, J E. et al., Genome engineering in Saccharomyces
cerevisiae using CRISPR-Cas systems. Nucleic acids research (2013); Jiang, W. et ah RNA-
guided editing of bacterial genomes using CRISPR-Cas systems. Nature biotechnology 31, 233-

239 (2013), the entire contents of each of which are incorporated herein by reference).
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The term “single nucleotide polymorphism (SNP)” is a variation in a single nucleotide
that occurs at a specific position in the genome, where each variation 1s present to some
appreciable degree within a population (e.g., > 1%). For example, at a specific base position in
the human genome, the C nucleotide can appear in most individuals, but in a minority of
individuals, the position 15 occupied by an A. This means that there 15 a SNP at this specific
position, and the two possible nucleotide vanations, C or A, are said to be alleles for this
position. SNPs underlie differences in susceptibility to disease. The seventy of illness and the
way our body responds to treatments are also manifestations of genetic variations. SNPs can fall
within coding regions of genes, non-coding regions of genes, or in the intergenic regions
(regions between genes). In some embodiments, SNPs within a coding sequence do not
necessarily change the amino acid sequence of the protein that is produced, due to degeneracy of
the genetic code. SNPs in the coding region are of two types: synonymous and nonsynonymous
SNPs. Synonymous SNPs do not affect the protein sequence, while nonsynonymous SNPs
change the amino acid sequence of protein. The nonsynonymous SNPs are of two types:
missense and nonsense, SNPs that are not in protein-coding regions can still affect gene
splicing, transcription factor binding, messenger RNA degradation, or the sequence of
noncoding RNA. Gene expression affected by this type of SNP is referred to as an eSNP
(expression SNP) and can be upstream or downstream from the gene. A single nucleotide
variant (SNV) is a variation in a single nucleotide without any limitations of frequency and can
arise in somatic cells. A somatic single nucleotide variation can also be called a single-
nucleotide alteration.

By "specifically binds" is meant a nuclei¢ acid molecule, polypeptide, or complex
thereof (e.g., a nucleic acid programmable DNA binding domain and guide nuclei¢ acid),
compound, or molecule that recognizes and binds a polypeptide and/or nucleic acid molecule of
the invention, but which does not substantially recognize and bind other molecules in a sample,
for example, a biological sample.

Nucleic acid molecules useful in the methods of the invention include any nucleic acid
molecule that encodes a polypeptide of the invention or a fragment thereof. Such nucleic acid
molecules need not be 100% identical with an endogenous nucleic acid sequence, but will
typically exhibit substantial identity. Polynucleotides having “substantial identity” to an
endogenous sequence are typically capable of hybridizing with at least one strand of a double-
stranded nucleic acid molecule. Nucleic acid molecules useful in the methods of the invention
include any nucleic acid molecule that encodes a polypeptide of the invention or a fragment
thereof. Such nucleic acid molecules need not be 100% identical with an endogenous nucleic

acid sequence, but will typically exhibit substantial identity. Polynucleotides having
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“substantial identity” to an endogenous sequence are typically capable of hybridizing with at
least one strand of a double-stranded nucleic acid molecule. By "hybridize" is meant pair to
form a double-stranded molecule between complementary polynucleotide sequences (e.g., a
gene described herein), or portions thereof, under various conditions of stringency. (See, e.g.,
Wahl, G. M. and S. L. Berger (1987) Methods Enzymol. 152:399; Kimmel, A. R. (1987)
Methods Enzymol. 152:507).

For example, stringent salt concentration will ordinarily be less than about 750 mM NaCl
and 75 mM trisodium citrate, preferably less than about 500 mM NaCl and 50 mM trisodium
citrate, and more preferably less than about 250 mM NaCl and 25 mM trisodium citrate. Low
stringency hybridization can be obtained in the absence of organic solvent, e.g., formamide,
while high stringency hybridization can be obtained in the presence of at least about 35%
formamide, and more preferably at least about 50% formamide. Stringent temperature
conditions will ordinarily include temperatures of at least about 30° C, more preferably of at
least about 37° C, and most preferably of at least about 42° C. Varying additional parameters,
such as hybridization time, the concentration of detergent, e.g., sodium dodecyl sulfate (SDS),
and the inclusion or exclusion of carrier DNA, are well known to those skilled in the art.
Various levels of stringency are accomplished by combining these various conditions as needed.
In a one: embodiment, hybridization will occur at 30° C in 750 mM NaCl, 75 mM trisodium
citrate, and 1% SDS. In another embodiment, hybridization will occur at 37° C in 500 mM
NaCl, 50 mM trisodium citrate, 1% SDS, 35% formamide, and 100 pg/ml denatured salmon
sperm DNA (ssDNA). In another embodiment, hybridization will occur at 42° C in 250 mM
NaCl, 25 mM trisodium citrate, 1% SDS, 50% formamide, and 200 pug/ml ssDNA. Useful
variations on these conditions will be readily apparent to those skilled in the art.

For most applications, washing steps that follow hybridization will also vary in
stringency. Wash stringency conditions can be defined by salt concentration and by
temperature. As above, wash stringency can be increased by decreasing salt concentration or by
increasing temperature. For example, stringent salt concentration for the wash steps will
preferably be less than about 30 mM NaCl and 3 mM trisodium citrate, and most preferably less
than about 15 mM NaCl and 1.5 mM trisodium citrate. Stringent temperature conditions for the
wash steps will ordinarily include a temperature of at least about 25° C, more preferably of at
least about 42° C, and even more preferably of at least about 68° C. In an embodiment, wash
steps will occur at 25° C in 30 mM NaCl, 3 mM trisodium citrate, and 0.1% SDS. In a more
preferred embodiment, wash steps will occur at 42 C in 15 mM NaCl, 1.5 mM trisodium citrate,
and 0.1% SDS. In a more preferred embodiment, wash steps will occur at 68° C in 15 mM

NaCl, 1.5 mM trisodium citrate, and 0.1% SDS. Additional variations on these conditions will
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be readily apparent to those skilled in the art. Hybridization techniques are well known to those
skilled in the art and are described, for example, in Benton and Davis (Science 196:180, 1977),
Grunstein and Hogness (Proc. Natl. Acad. Sci., USA 72:3961, 1975); Ausubel ef al. (Current
Protocols in Molecular Biology, Wiley Interscience, New York, 2001); Berger and Kimmel
(Guide to Molecular Cloning Techniques, 1987, Academic Press, New York); and Sambrook et
al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor Laboratory Press, New York.

By “split” is meant divided into two or more fragments.

A "split Cas9 protein” or "split Cas9" refers to a Cas9 protein that 1s provided as an N-
terminal fragment and a C-terminal fragment encoded by two separate nucleotide sequences.
The polypeptides corresponding to the N-terminal portion and the C-terminal portion of the
Cas9 protein may be spliced to form a “reconstituted” Cas9 protein. In particular embodiments,
the Cas9 protein is divided into two fragments within a disordered region of the protein, e.g., as
described in Nishimasu ef ¢f., Cell, Volume 156, Issue 5, pp. 935-949, 2014, or as described in
Jiang ef al. (2016) Science 351: 867-871. PDB file: 5F9R, each of which is incorporated herein
by reference. In some embodiments, the protein is divided into two fragments at any C, T, A, or
S within a region of SpCas9 between about amino acids A292-G364, F445-K483, or E565-
T637, or at corresponding positions in any other Cas9, Cas9 variant {e.g., nCas9, dCas9), or
other napDNAbp. In some embodiments, protein is divided into two fragments at SpCas9 T310,
T313, A456, S469, or C574. In some embodiments, the process of dividing the protein into two
fragments is referred to as “splitting” the protein.

In other embodiments, the N-terminal portion of the Cas9 protein comprises amino acids
1-573 or 1-637 of S. pyogenes Cas9 wild-type (SpCas9) (NCBI Reference Sequence:

NC_002737 2, Uniprot Reference Sequence: Q99ZW?2), or a corresponding position/mutation
thereof, and the C-terminal portion of the Cas9 protein comprises a portion of amino acids 574-
1368 or 638-1368 of SpCas9 wild-type.

The C-terminal portion of the split Cas9 can be joined with the N-terminal portion of the
split Cas9 to form a complete Cas9 protein. In some embodiments, the C-terminal portion of the
Cas9 protein starts from where the N-terminal portion of the Cas9 protein ends. As such, in
some embodiments, the C-terminal portion of the split Cas9 comprises a portion of amino acids
(551-651)-1368 of spCas9. "(551-651)-1368" means starting at an amino acid between amino
acids 551-651 (inclusive} and ending at amino acid 1368. For example, the C-terminal portion of
the split Cas9 may comprise a portion of any one of amino acid 551-1368, 552-1368, 553-1368,
554-1368, 555-1368, 556-1368, 557-1368, 558-1368, 559-1368, 560-1368, 561-1368, 562-1368,
563-1368, 564-1368, 565-1368, 566-1368, 567-1368, 568-1368, 569-1368, 570-1368, 571-1368,
572-1368, 573-1368, 574-1368, 575-1368, 576-1368, 577-1368, 578-1368, 579-1368, 580-1368,
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581-1368, 582-1368, 583-1368, 584-1368, 585-1368, 586-1368, 587-1368, 588-1368, 589-1368,
590-1368, 591-1368, 592-1368, 593-1368, 594-1368, 595-1368, 596-1368, 597-1368, 598-1368,
599-1368, 600-1368, 601-1368, 602-1368, 603-1368, 604-1368, 605-1368, 606-1368, 607-1368,
608-1368, 609-1368, 610-1368, 611-1368, 612-1368, 613-1368, 614-1368, 615-1368, 616-1368,
617-1368, 618-1368, 619-1368, 620-1368, 621-1368, 622-1368, 623-1368, 624-1368, 625-1368,
626-1368, 627-1368, 628-1368, 629-1368, 630-1368, 631-1368, 632-1368, 633-1368, 634-1368,
635-1368, 636-1368, 637-1368, 638-1368, 639-1368, 640-1368, 641-1368, 642-1368, 643-1368,
644-1368, 645-1368, 646-1368, 647-1368, 648-1368, 649-1368, 650-1368, or 651-1368 of
spCas9. In some embodiments, the C-terminal portion of the split Cas9 protein comprises a
portion of amino acids 574-1368 or 638-1368 of SpCas9.

By "subject" is meant a mammal, including, but not limited to, a human or non-human
mammal, such as a bovine, equine, canine, ovine, or feline. Subjects include livestock,
domesticated animals raised to produce labor and to provide commodities, such as food,
including without limitation, cattle, goats, chickens, horses, pigs, rabbits, and sheep.

By "substantially identical” is meant a polypeptide or nucleic acid molecule exhibiting at
least 50% identity to a reference amino acid sequence (for example, any one of the amino acid
sequences described herein) or nucleic acid sequence (for example, any one of the nucleic acid
sequences described herein). In one embodiment, such a sequence is at least 60%, 80% or 85%,
90%, 95% or even 99% identical at the amino acid level or nucleic acid to the sequence used for
comparison.

Sequence identity is typically measured using sequence analysis software (for example,
Sequence Analysis Software Package of the Genetics Computer Group, University of Wisconsin
Biotechnology Center, 1710 University Avenue, Madison, Wis. 53705, BLAST, BESTFIT,
GAP, or PILEUP/PRETTYBOX programs). Such software matches identical or similar
sequences by assigning degrees of homology to various substitutions, deletions, and/or other
modifications. Conservative substitutions typically include substitutions within the following
groups: glycine, alanine, valine, isoleucine, leucine, aspartic acid, glutamic acid, asparagine,
glutamine; serine, threonine; lysine, arginine; and phenylalanine, tyrosine. In an exemplary
approach to determining the degree of identity, a BLAST program may be used, with a
probability score between e~ and e’ indicating a closely related sequence.

COBALT is used, for example, with the following parameters:
a) alignment parameters: Gap penalties-11,-1 and End-Gap penalties-5,-1,
b) CDD Parameters: Use RPS BLAST on; Blast E-value 0.003; Find Conserved

columns and Recompute on, and
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¢) Query Clustering Parameters: Use query clusters on; Word Size 4; Max cluster
distance 0.8; Alphabet Regular.

EMBOSS Needle is used, for example, with the following parameters:

a) Matrix: BLOSUM®62,

b) GAP OPEN: 10;

c) GAP EXTEND: 0.5;

d) OUTPUT FORMAT: pair,

e) END GAP PENALTY: false;

f) END GAP OPEN: 10; and

g) END GAP EXTEND: 0.5

The term "target site" refers to a sequence within a nucleic acid molecule that is modified
by a nucleobase editor. In one embodiment, the target site is deaminated by a deaminase or a
fusion protein comprising a deaminase (¢.g., adenine deaminase).

TS

As used herein, the terms “treat,” treating,” “treatment,” and the like refer to reducing or
ameliorating a disease, disorder and/or symptoms associated therewith or obtaining a desired
pharmacologic and/or physiologic effect. It will be appreciated that, although not precluded,
treating a disorder or condition does not require that the disorder, condition or symptoms
associated therewith be completely eliminated. In some embodiments, the effect is therapeutic,
i.e., without limitation, the effect partially or completely reduces, diminishes, abrogates, abates,
alleviates, decreases the intensity of, or cures a disease and/or adverse symptom attributable to
the disease. In some embodiments, the effect is preventative, i.e., the effect protects or prevents
an occurrence or reoccurrence of a disease or condition. To this end, the presently disclosed
methods comprise administering a therapeutically effective amount of a compositions as
described herein. In some embodiments, the disease or disorder is sickle cell disease (SCD) or
B-thalassemia.

By “uracil glycosylase inhibitor” or “UGI” is meant an agent that inhibits the uracil-
excision repair system. In one embodiment, the agent is a protein or fragment thereof that binds
a host uracil-DNA glycosylase and prevents removal of uracil residues from DNA. In an
embodiment, a UGI is a protein, a fragment thereof, or a domain that is capable of inhibiting a
uracil-DNA glycosylase base-excision repair enzyme. In some embodiments, a UGI domain
comprises a wild-type UGI or a modified version thereof. In some embodiments, a UGI domain
comprises a fragment of the exemplary amino acid sequence set forth below. In some
embodiments, a UGI fragment comprises an amino acid sequence that comprises at least 60%, at
least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or 100% of the exemplary UGI sequence
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provided below. In some embodiments, a UGI comprises an amino acid sequence that is
homologous to the exemplary UGI amino acid sequence or fragment thereof, as set forth below.
In some embodiments, the UGI, or a portion thereof, is at least 70%, at least 75%, at least 80%,
at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, at
least 99.5%, at least 99.9%, or 100% identical to a wild type UGI or a UGI sequence, or portion
thereof, as set forth below. An exemplary UGI comprises an amino acid sequence as follows:

>splP14739IUNGI_BPPB2 Uracil-DNA glycosylase inhibitor
MTNLSDITEKETGKQLVIQESILMLPEEVEEVIGNKPESDILVHTAYDESTDENVMLLTSD
APEYKPWALVIQDSNGENKIKML .

The term “vector” refers to a means of introducing a nucleic acid sequence into a cell,
resulting in a transformed cell. Vectors include plasmids, transposons, phages, viruses,
liposomes, and episome. “Expression vectors” are nucleic acid sequences comprising the
nucleotide sequence to be expressed in the recipient cell. Expression vectors may include
additional nucleic acid sequences to promote and/or facilitate the expression of the of the
introduced sequence such as start, stop, enhancer, promoter, and secretion sequences.

Any compositions or methods provided herein can be combined with one or more of any
of the other compositions and methods provided herein.

DNA editing has emerged as a viable means to modify disease states by correcting
pathogenic mutations at the genetic level. Until recently, all DNA editing platforms have
functioned by inducing a DNA double strand break (DSB) at a specified genomic site and
relying on endogenous DNA repair pathways to determine the product outcome in a semi-
stochastic manner, resulting in complex populations of genetic products. Though precise, user-
defined repair outcomes can be achieved through the homology directed repair (HDR) pathway,
a number of challenges have prevented high efficiency repair using HDR in therapeutically-
relevant cell types. In practice, this pathway 1s inefficient relative to the competing, error-prone
non-homologous end joining pathway. Further, HDR is tightly restricted to the G1 and S phases
of the cell cycle, preventing precise repair of DSBs in post-mitotic cells. As a result, it has
proven difficult or impossible to alter genomic sequences in a user-defined, programmable

manner with high efficiencies in these populations.

BRIEF DESCRIPTION OF THE DRAWINGS
FIGs. 1A-1C depict plasmids. FIG. 1A is an expression vector encoding a TadA7.10-
dCas9 base editor. FIG. 1B is a plasmid comprising nucleic acid molecules encoding proteins
that confer chloramphenicol resistance (CamR) and spectinomycin resistance (SpectR). The

plasmid also comprises a kanamycin resistance gene disabled by two point mutations. FIG. 1C
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is a plasmid comprising nucleic acid molecules encoding proteins that confer chloramphenicol
resistance (CamR) and spectinomycin resistance (SpectR). The plasmid also comprises a
kanamycin resistance gene disabled by three point mutations.

FIG. 2 presents images of bacterial colonies transduced with the expression vectors
depicted in FIG, 1, which included a defective kanamye¢in resistance gene. The vectors
contained ABE7.10 variants that were generated using error prone PCR. Bacterial cells
expressing these “evolved” ABE7.10 variants were selected for kanamycin resistance using
increasing concentrations of kanamycin. Bacteria expressing ABE7.10 variants having
adenosine deaminase activity were capable of correcting the mutations introduced into the
kanamycin resistance gene, thereby restoring kanamycin resistance. The kanamycin resistant
cells were selected for further analysis.

FIGs. 3A and 3B illustrate editing of a regulatory region of the hemoglobin subunit
gamma (HGB1) locus, which is a therapeutically relevant site for upregulation of fetal
hemoglobin. FIG. 3A is a drawing of a portion of the regulatory region for the HGB1 gene.
FIG. 3B quantifies the efficiency and specificity of adenosine deaminase variants listed in
Table 15. Editing is assayed at the hemoglobin subunit gamma 1 (HGB1) locus in HEK293T
cells, which 1s therapeutically relevant site for upregulation of fetal hemoglobin. The top panel
depicts nucleotide residues in the target region of the regulatory sequence of the HGB1 gene.
AS, A8, A9, and A1l denote the edited adenosine residues in HGB1.

FIG. 4 illustrates the relative effectiveness of adenosine base editors comprising a dCas9
that recognizes a noncanonical PAM sequence. The top panel depicts the coding sequence of
the hemoglobin subunit. The bottom panel is a graph demonstrating the efficiency of adenosine
deaminase variant base editors with guide RNAs of varying lengths.

FIG. 51s a graph illustrating the efficiency and specificity of ABE8s. The percent
editing at intended target nucleotides and unintended target nucleotides (bystanders) is
quantified.

FIG. 6 is a graph illustrating the efficiency and specificity of ABE8s. The percent
editing at intended target nucleotides and unintended target nucleotides (bystanders) is
quantified.

FIGs. 7A-7C depict a schematic and bar graphs related to AT to G+C conversion and
phenotypic outcomes in primary cells. FIG, 7A presents a schematic drawing of embryonic,
fetal and adult globin genes situated on chromosome 11 and indicates the HBG1/2 HPFH sites at
which a single base editor introduces duplex editing. FIG. 7B is a graph depicting DNA editing
efficiency in CD34+ cells. Shown is AT to G+C conversion at the -198 HBG1/2 promoter site

in CD34+ cells treated with ABE from two separate donors. NGS analysis conducted at 48 and
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144h post treatment. The -198 HBG1/2 target sequence is as follows:
GTGGGGA;AGGGGCCCCCAAGAGG with A7 in bold and double-underline. Percent A+T to
G+C plotted for A7. FIG. 7C is a graph reflecting percent y-globin/a-globin expression in
erythrocytes derived from ABE-edited cells. Shown in FIG. 7C is the percentage of y-globin
formed as a fraction of alpha-globin. Values for FIGS. 7B and 7C are shown from two
different donors, post ABE treatment and erythroid differentiation. As observed in FIG. 7B,
ABES editing efficiencies at the -198 HBG1/2 promoter target site were comparatively 2-3 times
higher at early time points (48 hr). As observed in FIG. 7C, the ABES editing in CD34+ cells
yielded an approximately 1.4-fold increase in y-globin formation in differentiated erythrocytes.
By way of example, the ABES.13-d base editor resulted in 55% y-globin/a-globin expression.

FIGs. 8A and 8B depict A+T to G+C conversion of CD34+ cells treated with ABES at
the -198 promoter site upstream of HBG1/2. FIG. 8A is a heat map depicting A to G editing
frequency of ABESs in CD34+ cells from two donors, where Donor 2 is heterozygous for sickle
cell disease, at 48 and 144h post editor treatment. FIG, 8B is a graphical representation of
distribution of total sequencing reads which contain either A7 only edits or combined (A7 + A8)
edits.

FIG. 9 is a heat map depicting INDEL frequency of CD34+ cells treated with ABES at
the -198 site of the gamma-globin promoter. Frequencies shown from two donors at 48h and
144h time points. Complete A+T to G+C conversion at the HBG1/2 -198 promoter target site as
described herein creates a poly-G stretch of 10-nt. Because such homopolymer runs often
increase the rate of PCR- and sequencing-induced errors, elevated INDEL frequencies are
observed at this site.

FIG. 10 depicts an ultra-high performance liquid chromatography (UHPLC) UV-Vis
trace (220 nm) and integration of globin chain levels of untreated differentiated CD34+ cells
(donor 1),

FIG. 11 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE7.10-m (donorl)

FIG. 12 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE7.10-d (donorl).

FIG. 13 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE8 8-m (donorl)

FIG. 14 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES.8-d (donorl).

FIG. 15 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels

of differentiated CD34+ cells treated with ABES.13-m (donorl).
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FIG. 16 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES.13-d (donorl).

FIG. 17 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES.17-m (donorl).

FIG. 18 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE8.17-d (donorl).

FIG. 19 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE8 20-m (donorl).

FIG. 20 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE8.20-d (donor 1).

FIG. 21 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells untreated (donor 2). Note: donor 2 is heterozygous for sickle cell
disease.

FIG. 22 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE7.10-m (donor 2). Note: donor 2 is heterozygous
for sickle cell disease.

FIG. 23 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE7.10-d (donor 2). Note: donor 2 is heterozygous
for sickle cell disease.

FIG. 24 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES.8-m (donor 2). Note: donor 2 is heterozygous
for sickle cell disease.

FIG. 25 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE8 8-d {(donor 2). Note: donor 2 is heterozygous
for sickle cell disease.

FIG. 26 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES.13-m (donor 2). Note: donor 2 is heterozygous
for sickle cell disease.

FIG. 27 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES 13-d (donor 2) Note: donor 2 is heterozygous
for sickle cell disease.

FIG. 28 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABE8.17-m (donor 1).
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FIG. 29 depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels
of differentiated CD34+ cells treated with ABES.17-d (donor 2). Note: donor 2 is heterozygous
for sickle cell disease.

FIGs. 30A and 30B depict UHPLC UV-Vis traces (220 nm) and integration of globin
chain levels of differentiated CD34+ cells treated with ABE8s. FIG. 30A depicts an UHPLC
UV-Vis trace (220 nm}) and integration of globin chain levels of differentiated CD34+ cells
treated with ABE8.20-m (donor 2). Note: donor 2 is heterozygous for sickle cell disease. FIG.
30B depicts an UHPLC UV-Vis trace (220 nm) and integration of globin chain levels of
differentiated CD34+ cells treated with ABES8 20-d (donor 2). Note: donor 2 is heterozygous for
sickle cell disease.

FIG. 31A-31E depict editing with ABE8 8 at two independent sites reached over 90%
editing on day 11 post erythroid differentiation before enucleation and about 60% of gamma
globin over alpha globin or total beta family globin on day 18 post erythroid differentiation,
FIG. 31A 1s a graph depicting an average of ABES.8 editing in 2 healthy donors in 2
independent experiments. Editing efficiency was measured with primers that distinguish HBG1
and HBG?2. FIG. 31B is a graph depicting an average of 1 healthy donor in 2 independent
experiments. Editing efficiency was measured with primers that recognize both HBG1 and
HBG2. FIG. 31C is a graph depicting editing of ABES8.8 in a donor with heterozygous E6V
mutation. FIGs. 31D and 31E are graphs depicting gamma globin increase in the ABE8.8 edited
cells.

FIGs. 32A and 32B depict percent editing using ABE variants to correct sickle cell
mutations. FIG. 32A is a graph depicting a screen of different editor variants with about 70%
editing in SCD patient fibroblasts. FIG. 32B is a graph depicting CD34 cells from healthy
donors edited with a lead ABE vanant, targeting a synonymous mutation A13 in an adjacent
proline that resides within the editing window and serves as a proxy for editing the SCD
mutation. ABES variants showed an average editing frequency around 40% at the proxy Al3.

FIGs. 33A and 33B depict RNA amplicon sequencing to detect cellular A-to-I editing in
RNA associated with ABE treatment. Individual data points are shown and error bars represent
s.d. for n=3 independent biological replicates, performed on different days. FIG. 33A is a graph
depicting A-to-I editing frequencies in targeted RNA amplicons for core ABE 8 constructs as
compared to ABE7 and Cas%(D10A) nickase control. FIG. 33B 1s a graph depicting A-to-I
editing frequencies in targeted RNA amplicons for ABE8 with mutations that have been
reported to improve RNA off-target editing.

FIGs. 34A and 34B present graphs and UPHLC chromatographic traces related to

editing of SCD CD34+ cells. CD34+ cells from a patient having SCD were transfected with
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ABES 8 mRNA and sgRNA (HBG1/2, 50 nM) using electroporation. Edited cells were
differentiated to erythroid cells 7n vitro. The editing rate at HB(G1/2 promoters was measured by
Next-Genome Sequencing (NGS). As shown in FIG. 34A, 16.5% editing by the ABES.8 base
editor was observed at 48 hours post differentiation, and 89.2% editing was measured on day 14
post differentiation. FIG. 34B shows the breakdown of bystander editing at 48 hours and on
day 14 post-differentiation.

FIGs. 35A-35D present UPHLC chromatographic traces of globin levels and graphs
related to functional readout of HbF upregulation and HbS downregulation in SCD CD34+ cells
subjected to editing as described for FIGS. 34A and 34B. Edited SCD CD34+ cells were
differentiated to erythroid cells and globin levels were analyzed on day 18 post differentiation.
FIG. 35A presents a trace showing globin levels in erythroid cells differentiated from unedited
SCD CD34+ cells. FIG. 35B presents a trace showing globin levels in erythroid cells
differentiated from edited SCD CD34+ cells. FIG. 3SC shows that 63.2% of y globin level was
detected in erythroid cells differentiated from edited SCD CD34+ cells versus unedited cells.
FIG. 35D shows that S globin was reduced from 86% to 32.9% differentiated from edited SCD
CD34+ cells versus unedited cells. The upregulation of fetal hemoglobin is an approach that is
advantageous for the treatment of SCD as well as beta-thalassemia.

FIGs. 36A-36C show a ribbon structure, target sequence, and graph related to the
generation of a variant of the ABE editor for editing a non-canonical Cas9 NGG PAM sequence.
Designing an ABE base editor containing a modified SpCas9 including MQKFRAER amino
acid substitutions and having specificity for the altered PAM 5’ -NGC-3’ as described herein
(FIG. 36A), allowed for targeting the sickle allele (“target A”) within the editing window of
ABE as shown in FIG, 36B, thereby providing ability to directly edit this position in the target
site, which would not normally be accessible using a traditional spCas9. FIG. 36C shows a
graph of the base editing activities of variant editors containing the MOQKFRAER amino acid
substitutions, which allow recognition of the target site and the conversion of nucleobase A to
nucleobase T (A*T) to achieve the desired correction of the Val-> Ala. For each variant plotted
on the x-axis, “Pro>Pro” represents the leftmost bar; “Val-2> Ala” represents the middle bar; and
“Ser—>Pro” represents the rightmost bar.

FIG. 37 presents a graph, target site sequence and table related to the generation of
additional adenosine deaminase variants in which the linker to the TadA was removed and
placed in closer proximity to the Cas9 complex. These variants exhibited increased efficacy in
editing of a model cell line (HEK293T) that expressed the sickle allele target site. The term
“ISLAY” or “IBE” refers to base editors that have an insertion of the TadA adenosine

deaminase within the Cas9 sequence, for example, ISLAY1 V1015, ISLAY2 11022, ISLAY3
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11029, ISLAY4 E1040, ISLAY5 E1058, ISLAY6 G1347, ISLAY7 E1054, ISLAYS E1026 and
ISLAY9 3768, as set forth in Table14A infra. At the right side of the figure, the target site in

the nucleic acid sequence, the PAM site and the corresponding amino acid sequence are shown.
“Cp5” (MSP552) in the table refers to an ABES in a scaffold that includes a circular permutant

Cas9 having the amino acid sequence below and as described infra.

MSEVEFSHEYWMRHALTLAKRAWDEREVEPVGAVLVHNNRVIGEGWNRPIGRHDPTAHAEIMALRQGGLVM
QNYRLIDATLYVILEPCVMCAGAMIHSRIGRVVEFGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADE
CAALLSDEFRMRROEI KAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSEGGISEVEFSHEYWM
RHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVMQNYRLIDATLY S
TFEPCYMCAGAMIHSRIGRVVEFGVRNAKTGAAGSIMDVLHY PGMNHRVEITEGILADECAALLCYFFRMP
ROVENAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSSGGIEIGKATARY FFY SNIMNEFFKTE L
TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVQTGGFSKESILPKRNSDKLT
ARKKDWDPKKYGGFMQPTVAY SVLVVAKVERKGKSKKLEKSVKELLGITIMERSSFEKNPIDFLEAKGYKEV
KKDLIIKLPKYSLFELENGRKRMLASAKFLOKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQRQLEVE
QHEHYLDEITEQISEFSKRVILADANTIDRKVLSAYNKHRDKPIREQAENTITHLFTLTNLGAPRAFKY FDTT
TARKEYRSTKEVLDATLIHQSITGLYETRIDLSOQOLGGDGGSGG3GGSGGESGESGGSGGMDKKY SIGLATG
TNSVGWAVITDEYKVPSKRFRKVLGNTDRHS IKKNLIGALLFDSGETAEATRLERTARRRY TRREKNRICYL
QEIFSNEMARKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLREKLVDSTDKADLR
LIYLATLAHMIKFRGHFLIEGDLNPDNSDVDELFIQLVOTYNOLFEENPINASGVDAKAILSARLSKSRRL
ENLTAQLPGEKKNGLEFGNLIALSLGLTPNFESNFDLAEDAKTLQLSKDTYDDDLDNLLAQTIGDQYADLFLA
AENLSDATLLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVROQOQLPERYKEIFFDQSKNGY AGY
IDGGASOQEEFYKFIKPILEKMDGTEELLVELNREDLLREQRT FDNGSTPHOQIHLGELHATLRRQEDFYFPF
LEDNRERIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPFWNFEEVVDKGASAQSFIERMTNEFDEKNL
PNERKVLPRKHSLLYEYFTVYNELTKVEYVTEGMRKPAFLSGEQKKAIVDLLFKTNREVTVKOQLEEDY FKE T
ECFDSVEISGVEDRFNASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDEVMEQLEKRRRY TGWGRLSRELINGIRDKQSGET ILDFLESDGFANENFMOL THDDSLTFKEDIQKAQ
VSGOGDSLHEHIANTLAGSPATKRGILOTVEVVDELVEKVMGRHEPENIVIEMARENQTTQRGQENSRERME
RIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLEDY DVDHIVPQSFLKDDS T
DNEVLTRSDENRGKSDNVPSEEVVEEMKNYWRQLLNAKLITQRKEFDNLTKAERGGLSEELDEKAGFIKRQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDEFQEFYKVREINNY HHAHDAY LNAV
VGTALIKKYPKLESEFVYGDYKVY DVREMIAKSEQEGADKRTADGSEFESPRKEKKREV

For the experiments, 20nt guide sgRNA (1000 ng), spCas3-MQKFRAER, having specificity for
NGC PAM, were used to transform HEK293T cells (2x10° cells/well) in triplicate.

FIGs. 38 and 39 show schematic representations of the different adenosine deaminase
ISLAY variants that demonstrated increased editing of the target site (as shown in FIG. 37).
Schematically shown for comparison in the middle panels are other ABE editors (ABE7.10)
with a linker to the TadA domain.

FIG. 40 shows bar graphs depicting percentage of base editing achieved in CD34+ cells
that expressed the SCD target site and a table showing edited nucleic acids and amino acid
changes. CD34+ cells from a heterozygous sickle trait patient were treated with ABE editors
and editing of the target site (9G), 1.e., conversion of nucleobase A to nucleobase T to achieve
the desired correction of the Val > Ala, was measured. Greater than 50% editing of the sickle
cell allele by the variant ABE editors was achieved in the CD34+ cells at 96 hours post

electroporation. This was sustained after the cells had differentiated into red blood cells in vitro
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(IVD), as greater than 60% editing was shown in differentiated erythroid cells (heterozygous for
sickle trait) 12 days after erythroid differentiation. For the graphs, Editor nM
mRNA [sgRNA]:[mRNA] Timepoint are evaluated, and 21nt gRNA was utilized.

FIGs. 41A and 41B present an ultra-high-performance liquid chromatography (UHPLC)
chromatographic trace and LC-MS results related to the detection of distinct B-globin species in
edited heterozygous HbS (B-globin in sickle cells) differentiated erythroid cells. Prior to these
studies and analyses, discriminating and separating the HbG Makassar variant globin from HbS
sickle globin variant using conventional methods were routinely unsuccessful by practitioners in
the art. A UHPLC method was developed and used herein to discriminate between these two
different globin variants in cells, e.g., CD34+ cells, from SCD patients that had been edited
using ABES editors as described herein. Following editing of CD34+ cells from a heterozygous
HbSS sample, different beta globin (Hb) variants corresponding to those having the Val—> Ala
substitution could be detected based on molecular weight using UHPLC (FIG. 41A). The edit
peak analyzed by Liquid Chromatography-Mass Spectrometry (LC-MS) shows the charge
envelope indicating a distinct, new beta globin variant (Makassar variant), (FIG. 41B).

FIG. 42 presents a table of base editors and sgRNA sequences for base editing SCD
samples with an HbS globin variant to achieve correction to an HbG Makassar variant globin.
ABES mutations were introduced into leading editor candidates and sgRNA of different lengths
(21nt, 20nt, 19nt protospacers) were assessed to examine whether on-target editing could be
improved while reducing potentially harmful 1G edit (Ser10Pro conversion). The “A”
nucleotide in bold/italics/underline depicts the sickle substitution. The lowercase letters in the
sgRNA/protospacer sequences indicate nucleobases that are 2'-O-methylated. The lowercase
“s” in the sgRNA/protospacer sequences indicates phosphorothioates.

FIGs. 43A and 43B show bar graphs of total percent editing at the 9G target site (or 9G
and other sites) in CD34+ cells (heterozygous sickle cell trait sample) by different ABE editors
at 48h post electroporation (FIG. 43A) or in in vitro differentiated erythroid cells (heterozygous
sickle trait sample) 7d after differentiation (FIG. 43B). While additional mutations did not
greatly improve on-target editing, 4 editors demonstrated comparable on-targeting editing
efficiency. 20nt sgRNA length achieved lower 1G undesired bystander editing. For these
graphs, Editor_sgRNA nt or Editor_100nM mRNA_uM sgRNA (20nt) are evaluated. Editing
was maintained throughout erythroid differentiation i vitro, nearing 80%.

FIGs. 44A and 44B present bar graphs and a table showing edited nucleic acid sequence
and corresponding amino acid sequence conversion related to total base editing at position 9G of
HbS in homozygous SCD (HbSS) samples. Cells were obtained from a whole blood (non-

mobilized) sample from a patient with SCD (HbSS) and subjected to base editing using ABE
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variant base editors. FIG. 44A: CD34+ cells (~200,000 cells, homozygous SCD sample)) were
electroporated with 50nM ABE variant editor (MSP619 (ISLAY5)) at a 100:1 ratio (2ng of
mRNA, 4.1pg of sgRNA (21nt)). The ABE variant base editors achieved approximately 65%
editing at position 9G in the cells at 7d following electroporation, and about 60% editing at
position 9G at 14d following electroporation. FIG. 44B: CD34+ cells (~200,000 cells,
homozygous SCD sample)) were electroporated with 30nM ABE vanant editor (MSP616
(ISLAY2)) at a 200:1 ratio (1.3 pg of mRNA, 4.95ug of sgRNA (21nt)). The ABE vanant base
editors achieved at least approximately 50% editing at position 9G in the erythroid cells at 7d
and 14 d following electroporation.

FIG. 45 presents a UHPLC chromatographic trace following UHPLC analysis, which
shows a clear separation of and discrimination between the HbS form and the HbG Makassar
variant forms of globin proteins following base editing using ABE variant base editors in
homozygous HbSS cells obtained from a SCD patient sample.

FIGs. 46A and 46B present a UHPLC chromatographic trace and LC-MS results related
to the detection of distinct B-globin species in edited heterozygous HbS (B-globin in sickle cells)
differentiated erythroid cells. As described for FIGs. 41A and 41B, UHPLC was used to
discriminate these two different globin vanants. In an edited heterozygous HbSS sample,
different beta globin (Hb) variants corresponding to those having the Val—> Ala substitution
could be detected based on molecular weight (FIG. 46A). The edit peak in the LC-MS trace
shows the charge envelope indicating a new beta globin variant (FIG. 46B).

FIG. 47 shows UHPLC chromatographic traces and LC-MS results of HbSS (SCD)
samples subjected to base editing (“HbSS - edited”) or not subjected to base editing (“HbSS -
unedited”). As shown in the top and middle UHPLC chromatographs, the HbG Makassar globin
variant (at 9.81 min) is distinguished from the HbS (SCD) globin form (10,03 min) based on
elution time differentials on UHPLC. The other globin forms are readily distinguished. In the
bottom LC-MS graph, the Makassar HbG variant and the HbS form of globin have different and
distinguishable identities. Similar to the results presented for FIGs. 41A, 41B, 45, 46A and 46B,
the UHPLC and LC-MS analyses of cells from SCD (HbSS) erythroid cell samples edited with
the ABE variant base editors described herein provide clear identification and separation of the
HbG Makassar variant and the HbS (SCD) globin variant in the samples, thus providing a
beneficial means of identifying authentic SCD (HbS) patients and of alleviating or preventing
misdiagnosis of SCD (HbSS) in patients who instead present with the HbG Makassar globin
variant.

FIGs. 48A-48C show bar graphs representing relative areas under the peaks of UHPLC

chromatography data. The area under the peaks was used to quantify the total change in amount
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of the different B-globin variants in a homozygous SCD sample that had been subjected to base
editing employing an ABE variant of the invention. (Base Editor MSP619, 50nM mRNA,
5000nM sgRNA (21nt)). The results presented suggest that the levels of conversion of the HbS
variant globin to the asymptomatic HbG-Makassar globin are directly correlated.

FIG. 49 is a table depicting Cas9 variants for accessing all possible PAMs within the
NRNN PAM space. Only Cas9 variants that require recognition of three or fewer defined
nucleotides in their PAMs are listed. The non-G PAM variants include SpCas9-NRRH, SpCas9-
NRTH, and SpCas9-NRCH. (Miller, S M., et a/. Continuous evolution of SpCas9 vanants
compatible with non-G PAMSs, Nat. Biotechnol. (2020), (//doi.org/10.1038/s41587-020-0412-8),

the contents of which are incorporated herein by reference in their entirety.

DETAILED DESCRIPTION OF THE INVENTION
As described below, the present invention features compositions and methods for
altering mutations associated with sickle cell disease (SCD). In some embodiments, the editing
corrects a deleterious mutation, such that the edited polynucleotide is indistinguishable from a
wild-type reference polynucleotide sequence. In another embodiment, the editing alters the

deleterious mutation, such that the edited polynucleotide comprises a benign mutation.

HBB Gene Editing

As described herein, the compositions and methods of the invention are useful and
advantageous for the treatment of sickle cell disease (SCD), which is caused by a Glu - Val
mutation at the sixth amino acid of the 3-globin protein encoded by the HBB gene. Despite
many developments to date in the field of gene editing, precise correction of the diseased HBB
gene to revert Val = Glu remains elusive and is presently not achievable using either
CRISPR/Cas nuclease or CRISPR/Cas base editing approaches.

Genome editing of the HBB gene to replace the affected nucleotide using a CRISPR/Cas
nuclease approach requires cleavage of genomic DNA. However, cleavage of genomic DNA
carries an increased risk of generating base insertions/deletions (indels), which have the
potential to cause unintended and undesirable consequences, including generating premature
stop codons, altering the codon reading frame, etc. Furthermore, generating double-stranded
breaks at the B-globin locus has the potential to radically alter the locus through recombination
events. The [B-globin locus contains a cluster of globin genes having sequence identity to one
another - 5°- €- ; Gy- ; Ay-; 8- ; and -globin -3°. Because of the structure of the -globin locus,

recombination repair of a double-stranded break within the locus has the potential to result in
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gene loss of intervening sequences between globin genes, for example between 8- and B-globin
genes.

Unintended alterations to the locus also carry a risk of causing thalassemia.
CRISPR/Cas base editing approaches hold promise in that they have the ability to generate
precise alterations at the nucleobase level. However, precise correction of Val 2 Glu (GTG =2
GAG) requires a T+A to AT transversion editor, which is not presently known to exist.
Additionally, the specificity of CRISPR/Cas base editing is due in part to a limited window of
editable nucleotides created by R-loop formation upon CRISPR/Cas binding to DNA. Thus,
CRISPR/Cas targeting must occur at or near the sickle cell site to allow base editing to be
possible, and there may be additional sequence requirements for optimal editing within the
window. One requirement for CRISPR/Cas targeting is the presence of a protospacer-adjacent
motif (PAM) flanking the site to be targeted. For example, many base editors are based on
SpCas9 which requires an NGG PAM. Even assuming hypothetically that an T+A to AT
transversion were possible, no NGG PAM exists that would place the target “A” at a desirable
position for such an SpCas9 base editor. Although many new CRISPR/Cas proteins have been
discovered or generated that expand the collection of available PAMs, PAM requirements
remain a limiting factor in the ability to direct CRISPR/Cas base editors to specific nucleotides
at any location in the genome.

The present invention is based, at least in part, on several discoveries described herein
that address the foregoing challenges for providing a genome editing approach for treatment of
sickle cell anemia. In one aspect, the invention is based in part on the ability to replace the
valine at amino acid position 6, which causes sickle cell disease, with an alanine, to thereby
generate an Hb variant (Hb Makassar) that does not generate a sickle cell phenotype. While
precise correction (GTG = GAG) is not possible without a T*A to A«T transversion base editor,
the studies performed herein have found that a Val = Ala (GTG = GCG) replacement (i.e., the
Hb Makassar variant) can be generated using an AT to G+C base editor (ABE). This was
achieved in part by the development of novel base editors and novel base editing strategies, as
provided herein. For example, novel ABE base editors (i.e., having an adenosine deaminase
domain) that utilize flanking sequences (¢.g., PAM sequences; zinc finger binding sequences)
for optimal base editing at the sickle cell target site.

Thus, the present invention includes compositions and methods for base editing a
thymidine (T) to a cytidine (C}) in the codon of the sixth amino acid of a sickle cell disease
variant of the B-globin protein (Sickle HbS; E6V), thereby substituting an alanine for a valine
(V6A) at this amino acid position. Substitution of alanine for valine at position 6 of HbS

generates a [3-globin protein variant that does not have a sickle cell phenotype (e.g., does not
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have the potential to polymerize as in the case of the pathogenic variant HbS). Accordingly, the
compositions and methods of the invention are useful for the treatment of sickle cell disease

(SCD).

NUCLEOBASE EDITOR

Disclosed herein is a base editor or a nucleobase editor for editing, modifying or altering
a target nucleotide sequence of a polynucleotide (e.g., HBB polynucleotide). Described herein is
a nucleobase editor or a base editor comprising a polynucleotide programmable nucleotide
binding domain and a nucleobase editing domain (e.g., adenosine deaminase). A polynucleotide
programmable nucleotide binding domain, when in conjunction with a bound guide
polynucleotide (e.g., gRNA), can specifically bind to a target polynucleotide sequence (7.e., via
complementary base pairing between bases of the bound guide nucleic acid and bases of the
target polynucleotide sequence) and thereby localize the base editor to the target nucleic acid
sequence desired to be edited. In some embodiments, the target polynucleotide sequence
comprises single-stranded DNA or double-stranded DNA. In some embodiments, the target
polynucleotide sequence comprises RNA. In some embodiments, the target polynucleotide

sequence comprises a DNA-RNA hybrid.

Polynucleotide Progranmumable Nucleotide Binding Domain

It should be appreciated that polynucleotide programmable nucleotide binding domains
can also include nucleic acid programmable proteins that bind RNA. For example, the
polynucleotide programmable nucleotide binding domain can be associated with a nucleic acid
that guides the polynucleotide programmable nucleotide binding domain to an RNA. Other
nucleic acid programmable DNA binding proteins are also within the scope of this disclosure,
though they are not specifically listed in this disclosure.

A polynucleotide programmable nucleotide binding domain of a base editor can itself
comprise one or more domains. For example, a polynucleotide programmable nucleotide
binding domain can comprise one or more nuclease domains. In some embodiments, the
nuclease domain of a polynucleotide programmable nucleotide binding domain can comprise an
endonuclease or an exonuclease. Herein the term “exonuclease” refers to a protein or
polypeptide capable of digesting a nucleic acid (e.g., RNA or DNA) from free ends, and the
term “endonuclease” refers to a protein or polypeptide capable of catalyzing (e.g., cleaving)
internal regions in a nucleic acid (e.g., DNA or RNA). In some embodiments, an endonuclease
can cleave a single strand of a double-stranded nucleic acid. In some embodiments, an

endonuclease can cleave both strands of a double-stranded nucleic acid molecule. In some
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embodiments a polynucleotide programmable nucleotide binding domain can be a
deoxyribonuclease. In some embodiments a polynucleotide programmable nucleotide binding
domain can be a ribonuclease.

In some embodiments, a nuclease domain of a polynucleotide programmable nucleotide
binding domain can cut zero, one, or two strands of a target polynucleotide. In some
embodiments, the polynucleotide programmable nucleotide binding domain can comprise a
nickase domain. Herein the term “nickase” refers to a polynucleotide programmable nucleotide
binding domain comprising a nuclease domain that is capable of cleaving only one strand of the
two strands in a duplexed nucleic acid molecule (e.g., DNA). In some embodiments, a nickase
can be derived from a fully catalytically active (e.g., natural) form of a polynucleotide
programmable nucleotide binding domain by introducing one or more mutations into the active
polynucleotide programmable nucleotide binding domain. For example, where a polynucleotide
programmable nucleotide binding domain comprises a nickase domain derived from Cas9, the
Cas9-derived nickase domain can include a D10A mutation and a histidine at position 840. In
such cases, the residue H840 retains catalytic activity and can thereby cleave a single strand of
the nucleic acid duplex. In another example, a Cas9-derived nickase domain can comprise an
H840A mutation, while the amino acid residue at position 10 remains aD. In some
embodiments, a nickase can be derived from a fully catalytically active (e.g., natural) form of a
polynucleotide programmable nucleotide binding domain by removing all or a portion of a
nuclease domain that is not required for the nickase activity. For example, where a
polynucleotide programmable nucleotide binding domain comprises a nickase domain derived
from Cas9, the Cas9-derived nickase domain can comprise a deletion of all or a portion of the
RuvC domain or the HNH domain.

The amino acid sequence of an exemplary catalytically active Cas9 is as follows:
MDKKY S IGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHES TKKNLIGALLFDSGETAEATRLKRTARR
RYTRRENRICYLQEIFSNEMAKVDDS FFHRLEES FLVEEDKKHERHPT FGNIVDEVAY HEKY PTTYHLRE
KLVDSTDKADLRLIYLALAHMI KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPTNASGVDAKA
TLSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEI
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGS I PHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVT
VKQLKEDY FKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDD
SLTFKEDIQKAQVSGQGDSLHEHIANLAGS PAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTT
QKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDY DVDH
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IVPOSFLEDDSIDNEVLTRSDENRGESDNVESEEVVKEMENYWROLLNAKLITORKFDNLTEAFRGGLSE
LDEAGEFIKEQLVETROITKEVAQILDSEMNTKY DENDELIREVEKVITLEKSKLVSDFREDEFQFYKVRETNN
YHHAHDAY LNAVVGTALIKKYPRLESEFVYGDYKVY DVRRKMIAKSEQEIGKATARY FEFY SNIMNEFKTET
TLANGEIRKRPLIETNGETGE IVWDEGRDFATVREVLSMPOVNIVERTEVOTGGESKESILPRENSDKL T
ARKKDWDPKEYGGEFDSPTVAY SVLVVARKVERGKSEKLESVKELLGITIMERSSFEKNPIDFLEARKGY KEV
KKDLIIKLPKYSLFELENGRKRMLASAGELOQKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQRQLEVE
QHKHYLDEITEQISEFSKRVILADANLDRKVLSAYNKHRDKPIREQAENITIHLEFTLTNLGAPAAFKY FDTT
IDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD.

A base editor comprising a polynucleotide programmable nucleotide binding domain
comprising a nickase domain is thus able to generate a single-strand DNA break (nick) at a
specific polynucleotide target sequence (e.g., determined by the complementary sequence of a
bound guide nucleic acid). In some embodiments, the strand of a nucleic acid duplex target
polynucleotide sequence that is cleaved by a base editor comprising a nickase domain {e.g.,
Cas9-derived nickase domain) is the strand that is not edited by the base editor (i.e., the strand
that is cleaved by the base editor is opposite to a strand comprising a base to be edited). In other
embodiments, a base editor comprising a nickase domain (e.g., Cas9-derived nickase domain)
can cleave the strand of a DNA molecule which is being targeted for editing. In such cases, the
non-targeted strand is not cleaved.

Also provided herein are base editors comprising a polynucleotide programmable
nucleotide binding domain which 1s catalytically dead (i.e., incapable of cleaving a target
polynucleotide sequence). Herein the terms “catalytically dead” and “nuclease dead” are used
interchangeably to refer to a polynucleotide programmable nucleotide binding domain which has
one or more mutations and/or deletions resulting in its inability to cleave a strand of a nucleic
acid. In some embodiments, a catalytically dead polynucleotide programmable nucleotide
binding domain base editor can lack nuclease activity as a result of specific point mutations in
one or more nuclease domains. For example, in the case of a base editor comprising a Cas9
domain, the Cas9 can comprise both a D10A mutation and an H840A mutation. Such mutations
inactivate both nuclease domains, thereby resulting in the loss of nuclease activity. In other
embodiments, a catalytically dead polynucleotide programmable nucleotide binding domain can
comprise one or more deletions of all or a portion of a catalytic domain (e.g., RuvC1 and/or
HNH domains). In further embodiments, a catalytically dead polynucleotide programmable
nucleotide binding domain comprises a point mutation (e.g., D10A or H840A) as well as a
deletion of all or a portion of a nuclease domain.

Also contemplated herein are mutations capable of generating a catalytically dead

polynucleotide programmable nucleotide binding domain from a previously functional version
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of the polynucleotide programmable nucleotide binding domain. For example, in the case of
catalytically dead Cas9 (“dCas9”), variants having mutations other than D10A and H840A are
provided, which result in nuclease inactivated Cas9. Such mutations, by way of example,
include other amino acid substitutions at D10 and H840, or other substitutions within the
nuclease domains of Cas9 {e.g., substitutions in the HNH nuclease subdomain and/or the RuvCl
subdomain). Additional suitable nuclease-inactive dCas9 domains can be apparent to those of
skill in the art based on this disclosure and knowledge in the field and are within the scope of
this disclosure. Such additional exemplary suitable nuclease-inactive Cas9 domains include, but
are not limited to, D10A/H840A, D10A/D839A/H840A, and D10A/D839A/H840A/NS63A
mutant domains (See, e.g., Prashant ez /., CAS9 transcriptional activators for target specificity
screening and paired nickases for cooperative genome engineering. Nature Biotechnology. 2013,
31(9). 833-838, the entire contents of which are incorporated herein by reference).

Non-limiting examples of a polynucleotide programmable nucleotide binding domain
which can be incorporated into a base editor include a CRISPR protein-derived domain, a
restriction nuclease, a meganuclease, TAL nuclease (TALEN), and a zin¢ finger nuclease
(ZFN). In some embodiments, a base editor comprises a polynucleotide programmable
nucleotide binding domain comprising a natural or modified protein or portion thereof which via
a bound guide nucleic acid is capable of binding to a nucleic acid sequence during CRISPR (i.c.,
Clustered Regularly Interspaced Short Palindromic Repeats)-mediated modification of a nucleic
acid. Such a protein is referred to herein as a “CRISPR protein.” Accordingly, disclosed herein
is a base editor comprising a polynucleotide programmable nucleotide binding domain
comprising all or a portion of a CRISPR protein (i.e. a base editor comprising as a domain all or
a portion of a CRISPR protein, also referred to as a “CRISPR protein-derived domain” of the
base editor). A CRISPR protein-derived domain incorporated into a base editor can be modified
compared to a wild-type or natural version of the CRISPR protein. For example, as described
below a CRISPR protein-derived domain can comprise one or more mutations, insertions,
deletions, rearrangements and/or recombinations relative to a wild-type or natural version of the
CRISPR protein.

CRISPR is an adaptive immune system that provides protection against mobile genetic
elements (viruses, transposable elements and conjugative plasmids). CRISPR clusters contain
spacers, sequences complementary to antecedent mobile elements, and target invading nucleic
acids. CRISPR clusters are transcribed and processed into CRISPR RNA (crRNA). In type II
CRISPR systems, correct processing of pre-ctRNA requires a trans-encoded small RNA
(tractrRNA), endogenous ribonuclease 3 (rnc) and a Cas9 protein. The tracrRNA serves as a

guide for ribonuclease 3-aided processing of pre-ctrRNA. Subsequently, Cas9/crRNA/tracrRNA
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endonucleolytically cleaves linear or circular dsDNA target complementary to the spacer. The
target strand not complementary to crRNA is first cut endonucleolytically, and then trimmed 3'-
5" exonucleolytically. In nature, DNA-binding and cleavage typically requires protein and both
RNAs. However, single guide RNAs (“sgRNA,” or simply “gNRA”) can be engineered so as to
incorporate aspects of both the crRNA and tracrRNA into a single RNA species. See, e.g., Jinek
M., Chylinski K., Fonfara I, Hauer M, Doudna J. A., Charpentier E. Science 337:816-
821(2012), the entire contents of which is hereby incorporated by reference. Cas9 recognizes a
short motif in the CRISPR repeat sequences (the PAM or protospacer adjacent motif) to help
distinguish self versus non-self.

In some embodiments, the methods described herein can utilize an engineered Cas
protein. A guide RNA (gRNA) is a short synthetic RNA composed of a scaffold sequence
necessary for Cas-binding and a user-defined ~20 nucleotide spacer that defines the genomic
target to be modified. Thus, a skilled artisan can change the genomic target of the Cas protein
specificity is partially determined by how specific the gRNA targeting sequence is for the
genomic target compared to the rest of the genome.

In some embodiments, the gRNA scaffold sequence is as follows: GUUUUAGAGC
UAGAAATTAGC AAGUUAAAAT AAGGCUAGUC CGUUAUCAAC UUGAAAAAGU
GGCACCGAGU CGGUGCUU.

In some embodiments, a CRISPR protein-derived domain incorporated into a base editor
is an endonuclease (e.g., deoxyribonuclease or ribonuclease) capable of binding a target
polynucleotide when in conjunction with a bound guide nucleic acid. In some embodiments, a
CRISPR protein-derived domain incorporated into a base editor 1s a nickase capable of binding a
target polynucleotide when in conjunction with a bound guide nucleic acid. In some
embodiments, a CRISPR protein-derived domain incorporated into a base editor is a
catalytically dead domain capable of binding a target polynucleotide when in conjunction with a
bound guide nucleic acid. In some embodiments, a target polynucleotide bound by a CRISPR
protein derived domain of a base editor is DNA. In some embodiments, a target polynucleotide
bound by a CRISPR protein-derived domain of a base editor is RNA.

Cas proteins that can be used herein include class 1 and class 2. Non-limiting examples
of Cas proteins include Casl, Cas1B, Cas2, Cas3, Casd, Cas5, Cas5d, Cas5t, CasSh, Cas5a,
Cas6, Cas7, Cas8, Cas9 (also known as Csnl or Csx12), Casl0, Csyl, Csy2, Csy3, Csy4, Csel,
Cse2, Cse3, Csed, CseSe, Cscl, Csc2, Csa5, Csnl, Csn2, Csml1, Csm2, Csm3, Csm4, Csm3,
Csm6, Cmrl, Cmr3, Cmr4, Cmr5, Cmr6, Csbl, Csb2, Csb3, Csx17, Csx14, Csx10, Csx16,
CsaX, Csx3, Csxl, Csx18S, Csfl, Csf2, CsO, Csf4, Csdl, Csd2, Cstl, Cst2, Cshl, Csh2, Csal,

Csa2, Csa3, Csad, Csa5, Cas12a/Cpfl, Cas12b/C2c¢1, Cas12¢/C2¢3, Casl2d/Casy,
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Casl2e/CasX, Casl2g, Casl2h, and Cas12i, CARF, DinG, homologues thereof, or modified
versions thereof. An unmodified CRISPR enzyme can have DNA cleavage activity, such as
Cas9, which has two functional endonuclease domains: RuvC and HNH. A CRISPR enzyme
can direct cleavage of one or both strands at a target sequence, such as within a target sequence
and/or within a complement of a target sequence. For example, a CRISPR enzyme can direct
cleavage of one or both strands within about 1, 2, 3,4, 5,6, 7, 8, 9, 10, 15, 20, 25, 50, 100, 200,
500, or more base pairs from the first or last nucleotide of a target sequence.

A vector that encodes a CRISPR enzyme that is mutated to with respect, to a
corresponding wild-type enzyme such that the mutated CRISPR enzyme lacks the ability to
cleave one or both strands of a target polynucleotide containing a target sequence can be used.
Cas9 can refer to a polypeptide with at least or at least about 50%, 60%, 70%, 80%, 90%, 91%,
92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% sequence identity and/or sequence
homology to a wild type exemplary Cas9 polypeptide (e.g., Cas9 from S. pyogenes). Cas9 can
refer to a polypeptide with at most or at most about 50%, 60%, 70%, 80%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100% sequence identity and/or sequence homology
to a wild type exemplary Cas9 polypeptide (e.g., from S. pyogenes). Cas9 can refer to the wild-
type or a modified form of the Cas9 protein that can comprise an amino acid change such as a
deletion, insertion, substitution, variant, mutation, fusion, chimera, or any combination thereof.

In some embodiments, a CRISPR protein-derived domain of a base editor can include all
or a portion of Cas9 from Corynebacterium uicerans (NCBI Refs: NC 015683.1,

NC 017317.1), Corynebacterium diphtheria (NCBI Refs: NC 016782.1, NC 016786.1),
Spiroplasma syrphidicola (NCBI Ref: NC_021284.1), Prevotella intermedia (NCBI Ref:
NC_017861.1), Spiroplasma taiwanense (NCBI Ref: NC_021846.1); Strepiococcus iniae
(NCBI Ref: NC_021314.1); Belliella baltica (NCBI Ref: NC_018010.1); Psychroflexus torquis
(NCBI Ref: NC_018721.1); Streptococcus thermophilus (NCBI Ref: YP_820832.1); Listeria
innocua (NCBI Ref: NP_472073.1); Campylobacter jejuni (NCBI Ref: YP 002344900.1),
Neisseria meningitidis (NCBI Ref: YP 002342100.1), Streptococcus pyogenes, or

Staphylococcus aureus.

Cas9 domains of Nucleobase Editors
Cas9 nuclease sequences and structures are well known to those of skill in the art (See,
e.g., “Complete genome sequence of an Ml strain of Streptococcus pyogenes.” Ferretti ef al.,
JJ., McShan WM | Ajdic DJ,, Savie D.J, Savic G, Lyon K., Primeaux C, Sezate S, Suvorov
AN, Kenton S, LaiHS,Lin SP, Qian Y, Jia H G, Najar FZ,Ren Q, Zhu H., Song L,
White J., Yuan X, Clifton S.W., Roe B.A., McLaughlin R E., Proc. Natl. Acad. Sci. U.S A,
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98.:4658-4663(2001), “CRISPR RNA maturation by trans-encoded small RNA and host factor
RNase II1.” Deltcheva E., Chylinski K., Sharma C M., Gonzales K., Chao Y., Pirzada Z. A ,
Eckert M.R., Vogel J., Charpentier E., Nature 471:602-607(2011), and “A programmable dual-
RNA-guided DNA endonuclease in adaptive bacterial immunity.” Jinek M., Chylinski K.,
Fonfara ., Hauer M., Doudna J.A | Charpentier E. Science 337:816-821(2012), the entire
contents of each of which are incorporated herein by reference). Cas9 orthologs have been
described in various species, including, but not limited to, 5. pyogenes and §. thermophilus.
Additional suitable Cas9 nucleases and sequences will be apparent to those of skill in the art
based on this disclosure, and such Cas9 nucleases and sequences include Cas9 sequences from
the organisms and loci disclosed in Chylinski, Rhun, and Charpentier, “The tractRNA and Cas9
families of type II CRISPR-Cas immunity systems” (2013) RNA Biology 10:5, 726-737, the
entire contents of which are incorporated herein by reference.

In some embodiments, a nucleic acid programmable DNA binding protein (napDNAbp)
is a Cas9 domain. Non-limiting, exemplary Cas9 domains are provided herein. The Cas9
domain may be a nuclease active Cas9 domain, a nuclease inactive Cas9 domain (dCas9), or a
Cas9 nickase (nCas9). In some embodiments, the Cas9 domain is a nuclease active domain. For
example, the Cas9 domain may be a Cas9 domain that cuts both strands of a duplexed nucleic
acid (e.g., both strands of a duplexed DNA molecule). In some embodiments, the Cas9 domain
comprises any one of the amino acid sequences as set forth herein. In some embodiments the
Cas9 domain comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%,
at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at
least 98%, at least 99%, or at least 99.5% identical to any one of the amino acid sequences set
forth herein. In some embodiments, the Cas9 domain comprises an amino acid sequence that
has1,2,3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27,
28,29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more or
more mutations compared to any one of the amino acid sequences set forth herein. In some
embodiments, the Cas9 domain comprises an amino acid sequence that has at least 10, at least
15, at least 20, at least 30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at
least 100, at least 150, at least 200, at least 250, at least 300, at least 350, at least 400, at least
500, at least 600, at least 700, at least 800, at least 900, at least 1000, at least 1100, or at least
1200 identical contiguous amino acid residues as compared to any one of the amino acid
sequences set forth herein.

In some embodiments, proteins comprising fragments of Cas9 are provided. For
example, in some embodiments, a protein comprises one of two Cas9 domains: (1) the gRNA

binding domain of Cas9; or (2) the DNA cleavage domain of Cas9. In some embodiments,
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proteins comprising Cas9 or fragments thereof are referred to as “Cas9 variants.” A Cas9 variant
shares homology to Cas9, or a fragment thereof For example, a Cas9 variant is at least about
70% identical, at least about 80% identical, at least about 90% identical, at least about 95%
identical, at least about 96% identical, at least about 97% identical, at least about 98% identical,
at least about 99% identical, at least about 99.5% identical, or at least about 99.9% identical to
wild-type Cas9. In some embodiments, the Cas9 variant may have 1, 2, 3,4, 5,6, 7, 8,9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,
38,39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more amino acid changes compared to wild-
type Cas9. In some embodiments, the Cas9 variant comprises a fragment of Cas9 (e.g., a gRNA
binding domain or a DNA-cleavage domain), such that the fragment is at least about 70%
identical, at least about 80% identical, at least about 90% identical, at least about 95% identical,
at least about 96% identical, at least about 97% identical, at least about 98% identical, at least
about 99% identical, at least about 99 5% identical, or at least about 99.9% identical to the
corresponding fragment of wild-type Cas9. In some embodiments, the fragment is at least 30%,
at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 60%, at least 65%, at
least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95% identical, at least
96%, at least 97%, at least 98%, at least 99%, or at least 99.5% of the amino acid length of a
corresponding wild-type Cas9. In some embodiments, the fragment is at least 100 amino acids
in length. In some embodiments, the fragment is at least 100, 150, 200, 250, 300, 350, 400, 450,
500, 550, 600, 650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, or at
least 1300 amino acids in length.

In some embodiments, Cas9 fusion proteins as provided herein comprise the full-length
amino acid sequence of a Cas9 protein, e.g., one of the Cas9 sequences provided herein. In
other embodiments, however, fusion proteins as provided herein do not comprise a full-length
Cas9 sequence, but only one or more fragments thereof Exemplary amino acid sequences of
suitable Cas9 domains and Cas9 fragments are provided herein, and additional suitable
sequences of Cas9 domains and fragments will be apparent to those of skill in the art.

A Cas9 protein can associate with a guide RNA that guides the Cas9 protein to a specific
DNA sequence that has complementary to the guide RNA. In some embodiments, the
polynucleotide programmable nucleotide binding domain is a Cas9 domain, for example a
nuclease active Cas9, a Cas9 nickase (nCas9), or a nuclease inactive Cas9 (dCas9). Examples of
nucleic acid programmable DNA binding proteins include, without limitation, Cas9 (e.g., dCas9
and nCas9), CasX, CasY, Cpfl, Cas12b/C2C1, and Cas12¢/C2C3.

In some embodiments, wild-type Cas9 corresponds to Cas9 from Streptococcus pyogenes

(NCBI Reference Sequence: NC_017053.1, nucleotide and amino acid sequences as follows):
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ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACARATAGCGTCGGAT GGGCGGTGATCACTGATG
ATTATAAGGTTCCGTCTAARAAGTTCAAGGTTCTGGGAAATACAGACCGCCACAGTATCAAAARRARTCT
TATAGGGGCTCTTTTATTTGGCAGTGGAGAGACAGCGGAAGCGACTCGTCTCAAACGGACAGCTCGTAGA
AGGTATACACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCGARAGTAG
ATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGT GGAAGAAGACARGAAGCATGAACGTCATCC
TATTTTTGGAAATATAGTAGATGAAGTTGCTTATCATGAGARATATCCAACTATCTATCATCTGCGAARR
ARATTGGCAGATTCTACTGATARAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGT
TTCGTGGTCATT T TTT GATT GAGGGAGATTTAAATCCTGATAATAGTGATGTGGACARACTATTTATCCA
GTTGGTACARATCTACAATCARTTATTTGAAGARAACCCTATTAACGCAAGTAGAGTAGATGCTARAGCG
ATTCTTTCTGCACGATTGAGTARATCAAGACGATTAGRAAAATCTCATTGCTCAGCTCCCCGGTGAGARAGA
GAARATGGUTTGTTTGGGAATCTCATTGCTTTGTCATTGGGATTGACCCCTAATTTTARATCARATTTTGA
TTTGGCAGARGATGCTARATTACAGCTT TCAAARGATACT TACGATGATGAT TTAGATAATTTATTGGCG
CARATTGGAGATCAATATGCTGATTTGTTTTT GGCAGCTAAGAATTTATCAGATGCTATTTTACTTTCAG
ATATCCTAAGAGTAAATAGTGARATAACTAAGGCTCCCCTATCAGCTTCAATGATTARGCGCTACGATGA
ACATCATCAAGACTTGACTCTTTTAAAARGCTTTAGTTCGACAACAACTTCCAGAARAGTATAAAGARATC
TTTTTTGATCAATCARARAARCGGATATGCAGGTTATATTGATGCGGGAGCTAGCCARAGAAGAATTTTATA
AATTTATCAAACCAATTTTAGAARRAATGGATGGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGA
TTTGCTGCGCAAGCAACGGACCTTTGACRACGGCTCTATTCCCCATCARATTCACTTGGGTGAGCTGCAT
GCTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTAAAAGACAATCGTGAGARAGATTGAARAAATCT
TGACTTTTCGAATTCCTTATTATGTTGGTCCATTGGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCG
GAAGTCTGAAGAAACAATTACCCCATGGAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCA
TTTATTGAACGCATGACAARCTTTGATARAAATCTTCCAAATGARAAAGTACTACCAAARCATAGTTTGC
TTTATGAGTATTTTACGGTTTATAACGAATTGACAAAGGT CARATATGTTACTGAGGGAATGCGARAACC
AGCATTTCTTTCAGGTGAACAGRAGARAGCCATTGTTGATTTACTCTTCAAAACARATCGARAAGTARACC
GTTAAGCAATTAARAGARGATTATTTCAARAAAATAGAATGTTTTGATAGTGTTGAARTTTCAGGAGTTG
ARGATAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTAARRATTATTARAGATAARGATTTTTT
GGATAATGARGAARATGAAGATATCTTAGAGGATATTGTT TTAACATTGACCTTATTTGAAGATAGGGGG
ATGATTGAGGAAAGACTTAAARCATATGCTCACCTCTTTGATGATARGGTGATGARAACAGCTTAAACGETC
GCCGTTATACTGGT TGGGGACGTTTGTCTCGAARATTGAT TAATGGTATTAGGGATARGCAATCTGGCAR
ARCAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTT TATGCAGCTGAT CCATGATGAT
AGTTTGACATTTAAAGAAGATATTCAARAAGCACAGGTGTCTGGACAAGGCCATAGTTTACATGAACAGA
TTGCTAACTTAGCTGGCAGTCCTGCTATTAARRAAGGTAT TTTACAGACTGTAAARATTGTTGATGAACT
GGTCAAAGTAATGGGGCATAAGCCAGAARATATCGTTATTGAAATGGCACGTGAARATCAGACAACTCAA
AAGGGCCAGAARRATTCGCGAGAGCGTATGARACGAATCGAAGAAGGTATCARAGAATTAGGAAGTCAGA
TTCTTAAAGAGCATCCTGTTGAARATACTCAATTGCAAAATGARARAGCTCTATCTCTATTATCTACARAA
TGGAAGAGACATGTATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATCACATT
GTTCCACAAAGTTTCATTAARAGACGATTCAATAGACAATAAGGTACTAACGCGTTCTGATAAARRATCGTG

GTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTCARAAAAGATCGAAAARCTATTGGAGACAACTTCTAAA
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CGCCARAAGTTAATCACTCAACGTAAGTTTGATAATTTAACGAAAGCTGAACGTGGAGGTTTGAGTGAACTT
GATARAGCTGGTTTTATCARACGCCAATTGGTTGAAACTCGCCARATCACTAAGCATGTGGCACAAATTT
TGGATAGTCGCATGAATACTAAATACGATGARARATGATAAACTTATTCGAGAGGTTAAAGTGATTACCTT
AARAATCTAAATTAGTTTCTGACTTCCGAAAAGATTTCCAATTCTATAAAGTACGTGAGATTAACAATTAC
CATCATGCCCATGATGCGTATCTARATGCCGTCGTTGGAACTGCTTTGATTAAGAAATATCCAARRACTTG
AATCGGAGTTTGTCTATGGTGATTATAAAGTT TATGATGTTCGTARAATGATTGCTARGTCTGAGCAAGA
AATAGGCAARGCARCCGCAAANTATTTCTTTTACTCTAATATCATGAACTTCTTCAARACAGARAATTACA
CTTGCARAATGGAGAGATTCGCAAACGCCCTCTARATCGARACTAATGGGGARACTGGAGAAATTGTCTGGG
ATAAAGGGLUGAGATTTTGCCACAGTGCGCARAGTATTGTCCATGCCCCARGTCARTATTGTCAAGAARAC
AGARAGTACAGACAGGCGGATTCTCCAAGGAGT CARTTTTACCARAARAGARATTCGGACRAGCTTATTGCT
CGTAARAAAGACTGGGATCCARAARR AT ATGGTGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAG
TGGTTGCTARGGTGGAARAAGGGARATCGAAGARGTTARAATCCGTTARAAGAGTTACTAGGGAT CACAAT
TATGGAAAGARAGTTCCTTTGARAAARAT CCGATTGACTTTITTAGARGCTARAGGATAT AAGGAAGTTARR
ARAGACTTAATCATTAAACTACCTARATATAGTCTT TTTGAGTTAGRAAARCGGTCGTARACGGATGCTGG
CTAGTGCCGGAGAATTACARARAAGGCGAAATGAGCTGGCTCTGCCAAGCARATATGTGAATTTTTTATATTT
AGCTAGTCATTATGAARAGT TGAAGGGTAGTCCAGAAGATAACGAACARAARACAATTGTTTGTGGAGCAG
CATAAGCATTATTTAGATGAGATTATTGAGCARATCAGTGAATTTTCTAAGCGTGTTATTTTAGCAGATG
CCAATTTAGATAAAGTTCTTAGTGCATATAACAAACATAGAGACAAACCAATACGTGAACAAGCAGARAL
TATTATTCATTTATTTACGTTGACGAATCTTGGAGCTCCCGCTGCTTTTAAATATTTTGATACAACAATT
GATCGTARACGATATACGTCTACAAAAGRAGTTTTAGATGCCACTCTTATCCATCAATCCATCACTGGTC
TTTATGAARACACGCATTGATTTGAGTCAGCTAGGAGGTGACTGA

MDKEKYSIGLDIGTNSVGWAVITDDYKVPSKKFEVLGNTDRES IKKNLIGALLFGSGETAEATRL

KRTARRRYTRRKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLRKKLADSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQIY
NQLFEENPINASEVDAKATLSARLSKSRRLENLTAQLPGEKENGLEGNLIALSLGLTPNEFKSNE
DLAEDAKLOQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNSEITKAPLSAS
MIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEKMD
GTEELLVKLNREDLLRKOQRTFDNGSIPHOIHLGELHAILRRQEDFYPFLKDNREKIEKILTEFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDEKNLPNEKVLPKHS
LLYEYFIVYNELTKVKYVIEGMRKPAFLSGEQKKAIVDLLFKTNRKVIVKOLKEDYFKKIECFED
SVEISGVEDREFNASLGAYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDRGMIEERLKTYA
HLFDDKVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLKSDGFANRNFMOLIHDDSLTF
KEDIQKAQVSGOGHSLHEQTIANLAGSPATKKGILOTVRKIVDELVEKVMGHKPENTVTIEMARENQT

TOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOLONEKLYLYYLONGRDMYVDQELDINRL

SDYDVDHIVPOSFIKDDSTDNKVLTRSDEKNRGKSDNVPSEEVVEKMENYWROLLNAKLTTQRKFE

DNLTKAERGGLSELDKAGEFIKROLVETROITKHVAQILDSRMNTKYDENDEKLIREVEVITLESK
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LVSDFREKDFOQEYRVRE TNNYHHAODAY LNAVVGTALTRKKYPKLESEFVYGDYRVYDVREKMTAKS
EQEIGKATAKYFFYSNIMNEFFKTE ITLANGEIRKRPLIETNGETGE IVWDEKGRDFATVREVLSM
POVNIVEKEKTEVOTGGFSKES ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGK
SKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKYSLFELENGRKRMLASA

GELOQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQROLFVEQHKHYLDETI IEQISEFSKRVI
LADANLDEVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKYFDTTIDREKRY TSTEKEVLDA
TLIHOSITGLYETRIDLSQLGGD

(single underline: HNH domain, double underline: RuvC domain)

In some embodiments, wild-type Cas9 corresponds to, or comprises, the following
nucleotide and/or amino acid sequences:
ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATAA
CCGATGAATACARAGTACCTTCAAAGAAATTTAAGGTGTTGGGGAACACAGACCGTCATTCGAT
TAAAAAGAATCTTATCGGTGCCCTCCTATTCGATAGTGGCGAAACGGCAGAGGCGACTCGCCTG
AAACGAACCGCTCGGAGAAGGTATACACGTCGCAAGARACCGAATATGTTACTTACAAGAAATTT
TTAGCAATGAGATGGCCAAAGTTGACGATTCTTITCTTTCACCGTTTGGAAGAGTCCTTCCTTGT
CGAAGAGGACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAGGTGGCATAT
CATGAARAAGTACCCAACGATTTATCACCTCAGARAARMAGCTAGTTGACTCAACTGATAARAGCGG
ACCTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTTCCGTGGGCACTTTCTCATTGA
GGGTGATCTAAATCCGGACAACTCGGATGTCGACAAACTGTTCATCCAGTTAGTACAAACCTAT
AATCAGTTGTTTGAAGAGAACCCTATAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCG
CCCGCCTCTCTARAATCCCGACGGCTAGAAAACCTGATCGCACAATTACCCGGAGAGAAGAALDA
TGGGETTGTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAAGTCGAACTTC
GACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAGGACACGTACGATGACGATCTCGACAATC
TACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGGCTGCCAAAAACCTTAGCGATGC
AATCCTCCTATCTGACATACTGAGAGTTAATACTGAGATTACCAAGGCGCCGTTATCCGCTTCA
ATGATCAAAAGGTACGATGAACATCACCAAGACTTGACACTICTCAAGGCCCTAGTCCGTCAGC
AACTGCCTGAGARAATATAAGGARAATATTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATAT
TGACGGCGGAGCGAGTCAAGAGGAATTCTACAAGTITATCAAACCCATATTAGAGAAGATGGAT
GGGACGGAAGAGTTGCTTGTAAAACTCAATCGCGAAGATCTACTGCGAAAGCAGCGGACTTTCG
ACAACGGTAGCATTCCACATCAAATCCACTTAGGCGAATTGCATGCTATACTTAGAAGGCAGGA
GGATTTTTATCCGTTCCTCARAAGACAATCGTGAARAGATTGAGAAAATCCTAACCTTTCGCATA
CCTTACTATGTGGGACCCCTGGCCCGAGGGAACTCTCGGTTCGCATGGATGACAAGARAGTCCG
AAGARAACGATTACTCCATGGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCAATCGTT
CATCGAGAGGATGACCAACTTTGACAAGAATTTACCGAACGAAARAGTATTGCCTAAGCACAGT
TTACTTTACGAGTATTTCACAGTGTACAATGAACTCACGAAAGTTAAGTATGTCACTGAGGGCA
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TGCGTAARACCCGCCTTTCTAAGCGGAGAACAGAAGAANGCAATAGTAGATCTGTTATTCAAGAC
CAACCGCAAAGTGACAGTTAAGCAATTGAAAGAGGACTACTTTAAGAAAATTGAATGCTTCGAT
TCTGTCGAGATCTCCGGGGTAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCC
TAAAGATAATTAAAGATAAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATAT
AGTGTTGACTCTTACCCTCTITGAAGATCGGGAAATGATTGAGGARAAGACTAARAAACATACGCT
CACCTGTTCGACGATAAGGTTATGAAACAGTTAAAGAGGCGTCGCTATACGGGCTGGGGACGAT
TGTCGCGGAAACTTATCAACGGGATAAGAGACAAGCAAAGTGGTARAAACTATTCTCGATTTTCT
AAAGAGCGACGGCTTCGCCAATAGGAACTTTATGCAGCTGATCCATGATGACTCTTTAACCTTC
AARAGAGGATATACAAAAGGCACAGGTITCCGGACAAGGGGACTCATTGCACGAACATATTGCGA
ATCTTGCTGGTTCGCCAGCCATCAARAAGGGCATACTCCAGACAGTCAAAGTAGTGGATGAGCT
AGTTAAGGTCATGGGACGTCACAAACCGGAARACATTGTAATCGAGATGGCACGCGARAATCAR
ACGACTCAGAAGGGGCAAAARAACAGTCGAGAGCGGATGAAGAGAATAGAAGAGGGTATTAAAG
AACTGGGCAGCCAGATCTTAAAGGAGCATCCTGTGGAAARTACCCAATTGCAGAACGAGAAACT
TTACCTCTATTACCTACAARATGGAAGGGACATGTATGTTGATCAGGAACTGGACATAARACCGT
TTATCTGATTACGACGTCGATCACATTGTACCCCAATCCTITTTGAAGGACGATTCAATCGACA
ATAAAGTGCTTACACGCTCGGATAAGAACCGAGGGAAAAGTGACAATGTTCCAAGCGAGGAAGT
CGTAAAGAARATGAAGAACTATTGGCGGCAGCTCCTAAATGCGAAACTGATARCGCAAAGAARAG
TTCGATAACTTAACTAAAGCTGAGAGGGGTGGCTTGTCTGAACTTGACAAGGCCGGATTTATTA
AACGTCAGCTCGTGGARACCCGCCARAATCACAAAGCATGTTGCACAGATACTAGATTCCCGAAT
GAATACGAAATACGACGAGAACGATAAGCTGATTCGGGAAGTCARAGTAATCACTTTAAAGTCA
AARATTGGTGTCGGACTTCAGAAAGGATTTTCAATTCTATAAAGTTAGGGAGATAAATAACTACC
ACCATGCGCACGACGCTTATCTTAATGCCGTCGTAGGGACCGCACTCAT TAAGARATACCCGAA
GCTAGARAGTGAGTTTGTGTATGGTGATTACARAGTITTATGACGTCCGTAAGATGATCGCGAAA
AGCGAACAGGAGATAGGCAAGGCTACAGCCAAATACTTCTTTTATTCTAACATTATGAATTTCT
TTAAGACGGAAATCACTCTGGCAAACGGAGAGATACGCARAACGACCTTTAATTGAAACCAATGG
GGAGACAGGTGAAATCGTATGGGATAAGGGCCGGEEACTTCGCGACGGTGAGAAAAGTTTTGTCC
ATGCCCCAAGTCAACATAGTAAAGARAACTGAGGTGCAGACCGGAGGGTTTTCARAGGAATCGA
TTCTTCCARAAAAGGAATAGTGATAAGCTCATCGCTCGTAAAANGGACTGGGACCCGARAAAAGTA
CGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCAARAGT TGAGAAGGGA
AAATCCAAGAAACTGAAGTCAGTCAAAGAATTATTGGGGATARCGATTATGGAGCGCTCGTCTT
TTGAAAAGAACCCCATCGACTTCCT TGAGGCGARAGGTTACAAGGAAGTAAAARNAGGATCTCAT
AATTAAACTACCAAAGTATAGTCTGTTTGAGTTAGARAATGGCCGAARAACGGATGTTGGCTAGC
GCCGGAGAGCTTCAARAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTTCCTGTATT
TAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAAGATARACGAACAGAAGCAACTTTTTGT
TGAGCAGCACAAACATTATCTCGACGAAATCATAGAGCAAATTTCGGAATTCAGTAAGAGAGTC
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ATCCTAGCTGATGCCAATCTGGACAAAGTATTAAGCGCATACAACAAGCACAGGGATAAACCCA
TACGTGAGCAGGCGGARAAATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGEC
ATTCAAGTATTTTGACACAACGATAGATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGAC
GCGACACTGATTCACCAATCCATCACGGGATTATATGAAACTCGGATAGATTTGTCACAGCTTG
GGGGTGACGGATCCCCCAAGAAGAAGAGGAAAGTCTCGAGCGACTACAAAGACCATGACGGTGA
TTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGGCTGCAGGA

MDKKYSTIGLATGTNSVGWAVITDEYKVPSKKFEKVLGNTDRHS TKEKNLIGALLEFDSGETAEATRL

KRTARRRYTRREKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLREKKLVDSTDKADLELIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVQTY
NOLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNE
DLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDATLLSDILRVNTEI TKAPLSAS
MIKRYDEHHODLTLLKALVROOQLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEEKMD
GTEELLVKLNREDLLRKQRTFDNGSITPHQIHLGELHATILRRQEDFYPFLKDNREKIEKILTERI
PFYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHS
LLYEYFTVYNELTEVKYVTEGMRKPAFLSGEQKKAIVDLLEFKTNRKVTVEKQLKEDYFKKIECFEFD
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMOLTHDDSLTE
KEDIOKAQVSGOGDSLHEHIANLAGSPAIKKGILOTVEVVDELVEVMGRHKPENIVIEMAREND
TTOKGOENSRERMKRIEEGIKELGSQILKEHPVENTOLONEKLYLYYLONGRDMYVDOQELDTNR

LSDYDVDHIVPQSFLKDDS IDNKVLTRSDENRGKSDNVESEEVVEKEKMENYWROLLNAKLITORK
FDNLTKAERGGLSELDKAGFTKROILVETROTTKHVAQTITL.DSRMNTKYDENDKLTREVEVITLKS
ELVSDFREDFOFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVREMIAK
SEQETGKATAKYFEYSNIMNFFKTETTLANGETRKRPLTIETNGETGE TVRDKGRDFATVREVTLS

MPOVNIVEKTEVOTGGFSKESILPRKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVARKVERG
KSKKLESVKELLGITIMERSSFEKNPIDFLEAKGYKEVEKDLI TKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQRKOLFVEQHKHYLDEITEQISEFSKRY
ITLADANLDEVLSAYNKHRDKPIREQAENT THLFTLTNLGAPAAFKYFDTTIDRKRYTSTREVLD
ATLIHQSTTGLYETRIDLSQLGGD
(single underline: HNH domain; double underline: RuvC domain)

In some embodiments, wild-type Cas9 corresponds to Cas9 from Streptococcus pyogenes
(NCBI Reference Sequence: NC_002737.2 (nucleotide sequence as follows);, and Uniprot

Reference Sequence: Q99ZW2 (amino acid sequence as follows):
ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGGGCGGTGATCA
CTGATGAATATAAGGTTCCGTCTARAAAAGTTCAAGGTTCTGGGAAATACAGACCGCCACAGTAT
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CAAAAARAAATCTTATAGGGGCTCTTTTATT TGACAGTGGAGAGACAGCGGAAGCGACTCGTCTC
AARACGGACAGCTCGTAGAAGGTATACACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTT
TTTCAAATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGT
GGAAGAAGACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGAAGTTGCTTAT
CATGAGAAATATCCAACTATCTATCATCTGCGAAARADATTGGTAGATTCTACTGATAAAGCGG
ATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTGGTCATTTTTTGATTGA
GGGAGATTITAAATCCTGATAATAGTGATGTGGACARACTATTTATCCAGTTGGTACAARCCTAC
ARATCAATTATTTGAAGAAAACCCTATTAACGCAAGTGGAGTAGATGCTAAAGCGATTCTTTCTG
CACGATTGAGTARAATCAAGACGATTAGAARATCTCATTGCTCAGCTCCCCGGTGAGAAGAARARD
TGGCTTATTTGGGAATCTCATTGCTTTGTCATTGGGTTTGACCCCTAATTTTAAATCAAATTTT
GATTTGGCAGAAGATGCTAAATTACAGCTTTCAAARGATACTTACGATGATGATTTAGATAATT
TATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTTTGGCAGCTAAGAATTTATCAGATGC
TATTTTACTTTCAGATATCCTAAGAGTAAATACTGARATAACTAAGGCTCCCCTATCAGCTTCA
ATGATTAAACGCTACGATGAACATCATCAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACAAC
AACTTCCAGAAAAGTATAARGARATCTTTTTTGATCAATCAARADACGGATATGCAGGTTATAT
TGATGGGGGAGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAATTTTAGAAAAAATGGAT
GGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCGCAAGCAACGGACCTTTG
ACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATGCTATTTTGAGAAGACAAGA
AGACTTTTATCCATTTTTARAAGACAATCGTGAGAAGATTGARARARAATCTTGACTTTTCGAATT
CCTTATTATGTTGGTCCATTGGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTG
AAGAAACAATTACCCCATGGAATTTTGAAGAAGTIGTCGATARAGGTGCTTCAGCTCAATCATT
TATTGAACGCATGACAAACTTTGATAAAAATCTTCCAAATGAARAAGTACTACCAAAACATAGT
TTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACARAGGTCAAATATGTTACTGAAGGAA
TGCGAAARNCCAGCATTTCTTTCAGGTGAACAGAAGAANGCCATTGTTGATTTACTCTTCAAARC
AAATCGAAAAGTAACCGTTAAGCAATTAAAAGAAGATTATTITCAARAARAATAGAATGTTTTGAT
AGTGTTGAAATTTCAGGAGTTGAAGATAGATTTAATGCTTCATTAGGTACCTACCATGATTTGC
TARADATTATTAAAGATAARAGATTTTTTGGATAATGAAGAAARTGAAGATATCTTAGAGGATAT
TGTTTTAACATTGACCTTAT TTGAAGATAGGGAGATGATTGAGGAAAGACTTAARAACATATGCT
CACCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGGTTGGGGACGTT
TGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGCARAAACAATATTAGATTTTTT
GAAATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGATAGTTTGACATTT
AARAGAAGACATTCAAARAAGCACAAGTGTCTGGACAAGGCGATAGTTTACATGAACATATTGCAR
ATTTAGCTGGTAGCCCTGCTAT TAARAAAGGTATTTTACAGACTGTAAAAGT TGTTGATGAATT
GGTCAAAGTAATGGGGCGGCATAAGCCAGAAARATATCGTTATTGAARATGGCACGTGAAAATCAG
ACAACTCAARAAGGGCCAGAAAAATTCGCGAGAGCGTATGAAACGAATCGAAGAAGGTATCAAAG
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AATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAARATACTCAATTGCAAAATGARAAGCT
CTATCTCTATTATCTCCAAAATGGAAGAGACATGTATGTGGACCAAGAATTAGATATTAATCGT
TTAAGTGATTATGATGTCGATCACATTGTTCCACAAAGTTTCCTTAAAGACGATTCAATAGACA
ATAAGGTCTTAACGCGTTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGT
AGTCAAARMAGATGAAARACTATTGGAGACAACTTCTAAACGCCAAGTTAATCACTCAACGTAAG
TTTGATAATTTAACGAARNGCTGAACGTGGAGGTTTGAGTGAACT TGATAAAGCTGGTTTTATCA
AACGCCAATTGGTTGARACTCGCCARAATCACTAAGCATGTGGCACAAATTTTGGATAGTCGCAT
GAATACTAAATACGATGAAAATGATAAACTTATTCGAGAGGT TAAAGTGATTACCTTARAATCT
AAATTAGTTTCTGACTTCCGAARAGATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACC
ATCATGCCCATGATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGAT TAAGARATATCCARAA
ACTTGAATCGGAGTTTGTICTATGGTGATTATAAAGTTTATGATGTTCGTAARATGATTGCTAAG
TCTGAGCAAGAAATAGGCARAGCAACCGCAAAATATTTCTTTTACTCTAATATCATGAACTTCT
TCAAAACAGAAATTACACTTGCAAATGGAGAGATTCGCARAACGCCCTCTAATCGAAACTAATGG
GGARAACTGGAGAAATTGTCTGGGATAAAGGGCGAGATTTTGCCACAGTGCGCARAGTATTGTCC
ATGCCCCAAGTCAATATTGTCAAGARAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAA
TTTTACCAAAAAGAAATTCGGACAAGCTTATTGCTCGTAAAARNAGACTGGGATCCAARAARATA
TGGTGGTTTTGATAGTCCARACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAAARAAGGG
AAATCGAAGAAGTTAAAATCCGTTAAAGAGTTACTAGGGATCACAATTATGGAAAGAAGTTCCT
TTGAAAARAATCCGATTGACTTTTTAGAAGCTAAAGGATATAAGGAAGTTAAARAAAGACTTAAT
CATTAAACTACCTAAATATAGTCTTTTTGAGT TAGAAARACGGTCGTAAACGGATGCTGGCTAGT
GCCGGAGAATTACAARAADGGAAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATT
TAGCTAGTCATTATGAAAAGT TGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTGT
GGAGCAGCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTAAGCGTGTT
ATTTTAGCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAACAAACATAGAGACAAACCAA
TACGTGAACAAGCAGARAAATATTATTCATTTATTTACGTTGACGAATCTTGGAGCTCCCGCTGC
TTTTAAATATTTTGATACAACAATTGATCGTAAACGATATACGTCTACAAAAGAAGTTTTAGAT
GCCACTCTITATCCATCAATCCATCACTGGTCTTTATGAAACACGCATTIGATTTGAGTCAGCTAG
GAGGTGACTGA

MDKEKYSIGLDIGTNSVGWAVITDEYKVPSKKFEVLGNTDRES IKKNLIGALLFDSGETAEATRL

KRTARRRYTRRKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTY
NOQLFEENPINASGVDAKATLSARLSKSRRLENLTAQLPGEKKNGLEGNLIALSLGLTPNEFKSNE
DLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEKMD
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GTEELLVKLNREDLLRKQRTFDNGSITPHQIHLGELHATILRRQEDFYPFLKDNREKIEKILTERI
PFYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHS
LLYEYFIVYNELTKVKYVIEGMRKPAFLSGEQKKAIVDLLFKTNRKVIVKOLKEDYFKKIECFED
SVEISGVEDRENASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLKSDGFANRNFMOLIHDDSLTF
KEDIQKAQVSGQGDSLHEHTANLAGSPATKEGTILOTVEVVDELVEKVMGREKPENTVIEMARENQ

TTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOQLONEKLY LY YLONGRDMYVDOQELDINR
LsDYDVDHIVPQSFLKDDSIDNEVLTRSDKNRGKSDNVPSEEVVKKMENYWRQLLNAKLTI TORK

FDNLTKAERGGLSELDKAGFIKROLVETROITKHVAQILDSRMNTKYDENDKLIREVEVITLES
KLVSDFREDFQFYKVRE TNNYHHAHDAYILNAVVGTALTKKEYPKTL.ESEFVYGDYKVYDVREMTAK

SEQEIGKATAKYFFYSNIMNFFKTE ITLANGEIRKRPLIETNGETGE IVWDKGRDFATVREVLS
MPOVNIVEKTEVOTGGFSKES ILPKRNSDKLIARKKDWDPKKYGGFDSPTVAY SVLVVAKVEKG

KSKKLKSVKELLGITIMERSSFEKNPIDFLEARKGYREVKEKDLI IKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKOLFVEQHKHYLDEITEQISEFSKRY
ILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSITGLYETRIDLSQLGGD (single underline: HNH domain; double underline: RuvC
domain)

In some embodiments, Cas9 refers to Cas9 from: Coryrebacterium ulcerans (NCBI
Refs: NC_015683.1, NC_017317.1); Corynebacterium diphtheria (NCBI Refs: NC_016782.1,
NC_016786.1), Spiroplasma syrphidicola (NCBI Ref: NC_021284.1); Prevotella intermedia
(NCBI Ref: NC_017861.1), Spiroplasma taiwanense (NCBI Ref: NC_021846.1), Streptococcus
inige (NCBI Ref: NC 021314.1); Belliella baltica (NCBI Ref: NC_018010.1); Psychroflexus
torguisf (NCBI Ref: NC 018721.1), Streptococcus thermophiius (NCBI Ref: YP _820832.1),
Listeria innocua (NCBI Ref: NP _472073.1), Campylobacter jejuni (NCBI Ref:

YP 002344900.1) or Neisseria. meningitidis (NCBI Ref: YP_002342100.1) or to a Cas9 from
any other organism.

It should be appreciated that additional Cas9 proteins (e.g., a nuclease dead Cas9
(dCas9), a Cas9 nickase (nCas9), or a nuclease active Cas9), including variants and homologs
thereof, are within the scope of this disclosure. Exemplary Cas9 proteins include, without
limitation, those provided below. In some embodiments, the Cas9 protein is a nuclease dead
Cas9 (dCas9). In some embodiments, the Cas9 protein is a Cas9 nickase (nCas9). In some
embodiments, the Cas9 protein is a nuclease active Cas9.

In some embodiments, the Cas9 domain is a nuclease-inactive Cas9 domain (dCas9).
For example, the dCas9 domain may bind to a duplexed nucleic acid molecule (e.g., viaa gRNA
molecule) without cleaving either strand of the duplexed nucleic acid molecule. In some
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embodiments, the nuclease-inactive dCas9 domain comprises a D10X mutation and a H840X
mutation of the amino acid sequence set forth herein, or a corresponding mutation in any of the
amino acid sequences provided herein, wherein X is any amino acid change. In some
embodiments, the nuclease-inactive dCas9 domain comprises a D10A mutation and a H840A
mutation of the amino acid sequence set forth herein, or a corresponding mutation in any of the
amino acid sequences provided herein. As one example, a nuclease-inactive Cas9 domain
comprises the amino acid sequence set forth in Cloning vector pPlatTET-gRNA2 (Accession
No. BAV54124),

The amino acid sequence of an exemplary catalytically inactive Cas9 (dCas9) is as
follows:
MDERYSIGLATGTNSVGWAVITDEYKVPSKKFKVLGNTDRHS TKENLIGALLFDSGETAEATRL
KRTARRRYTRREKNRICYLQE IFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY
HEKYPTIYHLREKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFTQLVQTY
NOLFEENPINASGVDARKAILSARLSKSRRLENLIAQLPGEKKNGLEFGNLIALSLGLTPNFKSNE
DLAEDAKLQLSKDTYDDDLDNLLAQTGDOQYADLFLAAKNLSDATLLSDTILRVNTE I TKAPLSAS
MIKRYDEHHOQDLTLLEKALVROQLPERKYKE IFFDOSKNGYAGY IDGGASQEEFYRFIKPILEKMD
GTEELLVKLNREDLLEKQRTFDNGSIPHOIHLGELHATLRRQEDFYPFLEKDNREKIEKTILTFRI
PYYVGPLARGNSRFAWMIRKSEET ITPWNFEEVVDRKGASAQSFIERMINFDKNLPNEKVLPEHS
LLYEYFTVYNELTKVEKYVTEGMRKPAFLSGEQKKATVDLLFKTNREKVTVEQLKEDYFKKIECFED
SVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDEVMEQLKRRRY TGWGRLSRKLINGIRDKOSGKTILDFLEKSDGFANRNFMQLTHDDSLTFE
KEDIQKAQVSGOGDSLHEHIANLAGSPAIKKGILOTVEVVDELVEVMGRHKPENIVIEMARENQ
TTOKGOKNSRERMKRIEEGIKELGSOT LKEHPVENTQLONERKLY LYY LONGRDMYVDQELDINR
LEDYDVDATIVPOSFLEDDS IDNKVLTRSDENRGKSDNVPSEEVVEKMEKNYWROLLNAKLT TORK
FDNLTFKAERGGLSELDFKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLES
KLVSDFREDFQFYKVREE INNYHHAHDAYLNAVVGTALTIKKYPRKLESEFVYGDYKVYDVRKMIAK
SEQEIGKATAKYFEFYSNIMNFFRTEITLANGEIRKRPLIETNGETGE IVWDKGRDFATVREKVLS
MPOVNIVEKTEVOTGGFSKESILPKRNSDKLTARKKDWDPKKYGGFDSPTVAY SVLVVARKVERG
KSKKLKSVKELLGITIMERSSFEKNPIDFLEARKGYREVKEKDLI IKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKOLFVEQHKHYLDEITEQISEFSKRY
ILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLD
ATLIHQSTTGLYETRIDLSQLGGD
(see, e.g., Q1 ef al., “Repurposing CRISPR as an RNA-guided platform for sequence-specific
control of gene expression.” Cell. 2013; 152(5):1173-83, the entire contents of which are

incorporated herein by reference).
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Additional suitable nuclease-inactive dCas9 domains will be apparent to those of skill in
the art based on this disclosure and knowledge in the field, and are within the scope of this
disclosure. Such additional exemplary suitable nuclease-inactive Cas9 domains include, but are
not limited to, D10A/H840A, D10A/D839A/H840A, and D10A/D839A/H840A/N863 A mutant
domains (See, e.g., Prashant ef al., CAS9 transcriptional activators for target specificity
screening and paired nickases for cooperative genome engineering. Nature Biotechnology. 2013;
31(9). 833-838, the entire contents of which are incorporated herein by reference).

In some embodiments, a Cas9 nuclease has an inactive (e.g., an inactivated) DNA
cleavage domain, that is, the Cas9 is a nickase, referred to as an “nCas9” protein (for “nickase”
Cas9). A nuclease-inactivated Cas9 protein may interchangeably be referred to as a “dCas9”
protein (for nuclease-“dead” Cas9) or catalytically inactive Cas9. Methods for generating a
Cas9 protein (or a fragment thereof) having an inactive DNA cleavage domain are known (See,
e.g., Jinek et al., Science. 337:816-821(2012), Q1 et al., “Repurposing CRISPR as an RNA-
Guided Platform for Sequence-Specific Control of Gene Expression” (2013) Cell.
28;152(5):1173-83, the entire contents of each of which are incorporated herein by reference).
For example, the DNA cleavage domain of Cas9 is known to include two subdomains, the HNH
nuclease subdomain and the RuvC1 subdomain. The HNH subdomain cleaves the strand
complementary to the gRNA, whereas the RuvC1 subdomain cleaves the non-complementary
strand. Mutations within these subdomains can silence the nuclease activity of Cas9. For
example, the mutations D10A and H840A completely inactivate the nuclease activity of S.
pvogenes Cas9 (Jinek et al., Science. 337:816-821(2012), Qi et al., Cell 28,152(5):1173-83
(2013)).

In some embodiments, the dCas9 domain comprises an amino acid sequence that 1s at
least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at
least 95%, at least 96%, at least 97%, at least 98%o, at least 99%, or at least 99.5% identical to
any one of the dCas9 domains provided herein. In some embodiments, the Cas9 domain
comprises an amino acid sequences thathas 1,2, 3,4, 5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50 or more or more mutations compared to any one of the amino acid
sequences set forth herein. In some embodiments, the Cas9 domain comprises an amino acid
sequence that has at least 10, at least 15, at least 20, at least 30, at least 40, at least 50, at least
60, at least 70, at least 80, at least 90, at least 100, at least 150, at least 200, at least 250, at least
300, at least 350, at least 400, at least 500, at least 600, at least 700, at least 800, at least 900, at
least 1000, at least 1100, or at least 1200 identical contiguous amino acid residues as compared

to any one of the amino acid sequences set forth herein.
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In some embodiments, dCas9 corresponds to, or comprises in part or in whole, a Cas9
amino acid sequence having one or more mutations that inactivate the Cas9 nuclease activity.
For example, in some embodiments, a dCas9 domain comprises D10A and an H840A mutation
or corresponding mutations in another Cas9.

In some embodiments, the dCas9 comprises the amino acid sequence of dCas? (D10A
and H840A)-

MDKEYSIGLAIGTNSVGWAVITDEYRKVESKEKFKVLGNTDRHS IKENLIGALLFDSGETAEATRL
KRTARRRYTRREKNRICYLOETIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPTIFGNIVDEVAY

HEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTY
NOQLFEENPINASGVDAKATLSARLSKSRRLENLTAQLPGEKKNGLEGNLIALSLGLTPNEFKSNE
DLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSAS
MIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGYAGY IDGGASQEEFYKFIKPILEKMD
GTEELLVKLNREDLLRKOQRTFDNGSIPHOIHLGELHAILRRQEDFYPFLKDNREKIEKILTEFRI
PYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDEKNLPNEKVLPKHS
LLYEYFIVYNELTKVKYVIEGMRKPAFLSGEQKKAIVDLLFKTNRKVIVKOLKEDYFKKIECFED
SVEISGVEDRENASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYA
HLFDDKVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLKSDGFANRNFMOLIHDDSLTF
KEDIQKAQVSGQGDSLHEHTIANLAGSPATKEGTILOTVEVVDELVEKVMGRHKPENTVI EMARENQ

TTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOQLONEKLY LY YLONGRDMYVDOQELDINR
LSDYDVDATIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMENYWRQLLNAKLT TORK
FDNLTKAERGGLSELDKAGFTKROQILVETROQTITKHVAQTILDSRMNTKYDENDKLTREVEVITLKS

ELVSDFREKDFOFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVREMIAK
SEQETGKATAKYFEYSNIMNFFKTETITLANGETRKRPLTIETNGETGE IVRDKGRDFATVREVLS

MPOVNIVEKTEVOTGGFSKESILPRKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVARKVERG
KSKKLESVKELLGITIMERSSFEKNPIDFLEAKGYKEVEKDLI TKLPKYSLFELENGRKRMLAS
AGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQRKOLFVEQHKHYLDEITEQISEFSKRY
ITLADANLDEVLSAYNKHRDKPIREQAENT THLFTLTNLGAPAAFKYFDTTIDRKRYTSTREVLD
ATLIHQSITGLYETRIDLSQLGGD

(single underline: HNH domain, double underline: RuvC domain).

In some embodiments, the Cas9 domain comprises a D10A mutation, while the residue
at position 840 remains a histidine in the amino acid sequence provided above, or at
corresponding positions in any of the amino acid sequences provided herein.

In other embodiments, dCas9 vanants having mutations other than D10A and H840A are
provided, which, e.g., result in nuclease inactivated Cas9 (dCas9). Such mutations, by way of

example, include other amino acid substitutions at D10 and H840, or other substitutions within

105



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

the nuclease domains of Cas9 (e.g., substitutions in the HNH nuclease subdomain and/or the
RuvC1 subdomain). In some embodiments, variants or homologues of dCas9 are provided
which are at least about 70% identical, at least about 80% identical, at least about 90% identical,
at least about 95% identical, at least about 98% identical, at least about 99% identical, at least
about 99 5% identical, or at least about 99.9% identical. In some embodiments, variants of
dCas9 are provided having amino acid sequences which are shorter, or longer, by about 5 amino
acids, by about 10 amino acids, by about 15 amino acids, by about 20 amino acids, by about 25
amino acids, by about 30 amino acids, by about 40 amino acids, by about 50 amino acids, by
about 75 amino acids, by about 100 amino acids or more.

In some embodiments, the Cas9 domain is a Cas9 nickase. The Cas9 nickase may be a
Cas9 protein that is capable of cleaving only one strand of a duplexed nucleic acid molecule
(e.g., a duplexed DNA molecule). In some embodiments the Cas9 nickase cleaves the target
strand of a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand
that is base paired to (complementary to) a gRNA (e.g., an sgRNA) that is bound to the Cas9. In
some embodiments, a Cas9 nickase comprises a D10A mutation and has a histidine at position
840. In some embodiments the Cas9 nickase cleaves the non-target, non-base-edited strand of a
duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand that 1s not
base paired to a gRNA (e.g., an sgRNA) that is bound to the Cas9. In some embodiments, a
Cas9 nickase comprises an H840A mutation and has an aspartic acid residue at position 10, or a
corresponding mutation. In some embodiments the Cas9® nickase comprises an amino acid
sequence that 1s at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%,
at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least
99.5% identical to any one of the Cas9 nickases provided herein. Additional suitable Cas9
nickases will be apparent to those of skill in the art based on this disclosure and knowledge in
the field and are within the scope of this disclosure.

The amino acid sequence of an exemplary catalytically Cas9 nickase (nCas9) is as
follows:
MDRKKYSTIGLATIGTNSVGWAVITDEYKVPSKKEKVLGNTDRASIKKNLIGALLFDSGETAEATRLKRTARR
RYTRRENRICYLOEIFSNEMAKVDDSFEHRLEESPLVEEDKKHERHPIFGNIVDEVAYHERKY PTIYHLRK
KLVDSTDKADLRLIYLALAHMI KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKA
TLSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY DDDLDNLLA
QIGDQYADLFLAAKNLSDATLLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKET
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGST PHQTHLGELH
ATLRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQS

FIEEMTNFDENLPNERKVLPRKHSLLYEY FTVYNELTKVEY VT EGMEEFAFLSGEQRKATVDLLFKTNREVT

VEQLKEDY FERIECFDSVEISGVEDRFNASLGTYHDLLEI TKDKDFLDNEENEDILEDIVLTLTLFEDRE
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MIEERLKTYAHLFDDEKVMEQLERRRY TGWGRLSRELINGIRDEQSGKT ILDFLKSDGFANRNFMQLIHDD
SLTFKEDIQKAQVSGRGDSLHEHIANTLAGSPATKKGILQTVEVVDELVKVMGRHEPEN IVIEMARENQTT
QEGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMY VDQELDINRLSDY DVDH
IVPQSFLKDDSIDNEVLTRSDENRGKSDNVPSEEVVKEMEKNYWROLLNAKLITQRKFDNLTEAERGGLSE
LDEAGFIKROQLVETRQITKHVAQILDSRMNTKY DENDELTIREVEVITLEKSKLVSDFREDFQFYKVREINN
YHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY DVREMIAKSEQEIGKATAKY FFYSNIMNEFKTET
TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVQTGGFSKESILPKRNSDKLT
ARKKDWDPKKYGGFDSPTVAY SVLVVAKVERKGKSKKLEKSVKELLGITIMERSSFEKNPIDFLEAKGYKEV
KKDLIIKLPKYSLFELENGRKRMLASAGELOQKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQRQLEVE
QHKHYLDEIIEQISEFSKRVILADANLDEKVLSAYNKHRDKPIREQAENI IHLETLTNLGAPARFKY FDTT
IDRKRYTSTKEVLDATLIHQSITGLYETRIDLEQLGGD

In some embodiments, Cas9 refers to a Cas9 from archaea (e.g., nanoarchaea), which
constitute a domain and kingdom of single-celled prokaryotic microbes. In some embodiments,
the programmable nucleotide binding protein may be a CasX or CasY protein, which have been
described in, for example, Burstein ef a/., "New CRISPR-Cas systems from uncultivated
microbes." Cell Res. 2017 Feb 21. doi: 10.1038/cr.2017.21, the entire contents of which is
hereby incorporated by reference. Using genome-resolved metagenomics, a number of
CRISPR-Cas systems were identified, including the first reported Cas9 in the archaeal domain
of life. This divergent Cas9 protein was found in little-studied nanoarchaea as part of an active
CRISPR-Cas system. In bacteria, two previously unknown systems were discovered, CRISPR-
CasX and CRISPR-CasY, which are among the most compact systems yet discovered. In some
embodiments, in a base editor system described herein Cas9 is replaced by CasX, or a variant of
CasX. In some embodiments, in a base editor system described herein Cas9 is replaced by CasY,
or a variant of CasY. It should be appreciated that other RNA-guided DNA binding proteins
may be used as a nucleic acid programmable DNA binding protein (napDNAbp) and are within
the scope of this disclosure.

In some embodiments, the nucleic acid programmable DNA binding protein
(napDNAbp) of any of the fusion proteins provided herein may be a CasX or CasY protein. In
some embodiments, the napDNAbp is a CasX protein. In some embodiments, the napDNADbp 1s
a CasY protein. In some embodiments, the napDNAbp comprises an amino acid sequence that
is at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%,
at least 96%, at least 97%, at least 98%, at least 99%, or at ease 99.5% identical to a naturally-
occurring CasX or CasY protein. In some embodiments, the programmable nucleotide binding
protein is a naturally-occurring CasX or CasY protein. In some embodiments, the
programmable nucleotide binding protein comprises an amino acid sequence that is at least 85%,
at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at
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least 97%, at least 98%, at least 99%, or at ease 99.5% identical to any CasX or CasY protein
described herein. It should be appreciated that CasX and CasY from other bacterial species may
also be used in accordance with the present disclosure.

An exemplary CasX ((uniprot.org/uniprot/FONN87, uniprot.org/uniprot/FONHS3)
trfFONN87|FONN87_ SULIHCRISPR-associatedCasx protein OS = Sulfolobus islandicus (strain
HVE10/4) GN = SiH_0402 PE=4 SV=1) amino acid sequence 1s as follows:
MEVPLYNIFGDNYI IQVATEAENSTIYNNKVEIDDEELRNVLNLAYKIAKNNEDAAAFRRGKAK
KEKEKGEEGETTTSNI ILPLSGNDEKNPWTETLKCYNFPTTVALSEVFENFSQVRECEEVSAPSEFVEK
PEFYEFGRSPGMVERTRRVKLEVEPHYLI IAAAGWVLTRLGKARKVSEGDYVGVNVETPTRGILY
SLIONVNGIVPGIKPETAFGLWIARKVVSSVTNPNVSVVRIYTISDAVGONPTTINGGFSIDLT
KLLEKRYLLSERLEAIARNALSISSNMRERYIVLANYIYEYLTG SKRLEDLLYFANRDLIMNL
NSDDGEVRDLELISAYVNGELIRGEG.

An exemplary CasX (>tr[FONHS53|FONHS3_SULIR CRISPR associated protein, Casx
OS = Sulfolobus islandicus (strain REY 15A) GN=SiRe 0771 PE=4 SV=1) amino acid sequence
is as follows:
MEVPLYNTFGDNYTIQVATEAENSTIYNNKVEIDDEELRNVLNLAYKTAKNNEDAAAFRRRGKAK
KEKEKGEEGETTTSNI ILPLSGNDEKNPWTETLKCYNFPTTVALSEVFENFSQVRECEEVSAPSEFVEK
PEFYKFGRSPGMVERTRRVKLEVEPHYLIMAAAGWVLTRLGKARKVSEGDYVGVNVETPTRGILY
SLIONVNGIVPGIKPETAFGLWIARKVVSSVTNPNVSVVSIYTISDAVGONPTTINGGFSIDLT
KLLEKRDLLSERLEAIARNALSISSNMRERY IVLANY IYEYLTGSKRLEDLLY FANRDLIMNLN
SDDGKVRDLELISAYVNGELIRGEG.

Deltaproteobacteria CasX
MEKRINKIRKKLSADNATKPVSRSGPMKTLLVRVMTDDLEKKRLEKRREKPEVMPOVISNNAANN
LEMLLDDY TEMKEATLOVYWOEFKDDHVGIMCKFAQPASKKIDONKLKPEMDEKGNLTTAGFAC
SOCGOPLEVYKLEQVSERGFKAYTNY FGRCNVAEHEKLILLAQLKFPVEDSDEAVIYSLGKFGQRA
LDFYSTHVTKESTHPVKPLAQTAGNRYASGPVGKALSDACMGT IASFLSKYQDITTIEHQKVVEG
NQKRLESLRELAGKENLEYPSVTLPPOQPHTKEGVDIAYNEVIARVRMWVNLNLWQKLKLSRDDA
KPLLRLKGFPSFPVVERRENEVDWWNT INEVKKLI DAKRDMGRVFWSGVTAEKRNTILEGYNYL
PNENDHKKREGSLENPRKEKPARKRQFGDLLLYLEKKYAGDWGKVEFDEAWERIDKKIAGLTSHIERE
EARNAEDAQSKAVLTDWLRAKASFVLERLKEMDEKEFYACETQLOKWYGDLRGNPFAVEAENRY
VDISGFSIGSDGHSIQYRNLLAWKY LENGKREFYLLMNY GKKGRIRFIDGTDIKKSGRKWOGLLY
GGGKARKVIDLTFDPDDEQLT ILPLAFGTROGREFIWNDLLSLETGLTIKLANGRVIEKTTIYNKKT
GRDEPALFVALTFERREVVDPSNIKPVNLIGVARGENIPAVIALTDPEGCPLPEFKDSSGGPTD
TLRIGEGYKERKQRATQAAKEVEQRRAGGY SREKFASKSENLADDMVRNSARDLEFYHAVTHDAVILV
FANLSRGFGROGKRTFMTERQY TEKMEDWLTAKLAYEGLTSKTYLSKTLAQYTSKTCSNCGETIT
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YADMDVMLVRLEKTSDGWATTLNNKELKAEYQITYYNRYKROTVERKELSAELDRLSEESGNNDT
SKWIKGRRDEALFLLKKRFSHRPVOEQFVCLDCGHEVHAAEQAALNIARSWLFLNSNSTEFKSY
KS5GKRQPFVGAWQAFYRKRRLKEVWKPNA

An exemplary CasY ((ncbi.nlm.nih.gov/protein/APG80656.1) >APG80656.1 CRISPR-
associated protein CasY [uncultured Parcubacteria group bacterium]) amino acid sequence is as
follows:
MSKRHPRISGVKGYRLHAQRLEY TGKSGAMRT IKYPLYSSPSGGRTVPREIVSAINDDYVGLYG
LENFDDLYNAEKRNEEKVYSVLDFWYDCVOYGAVESY TAPGLLENVAEVRGGSYELTKTLKGSH
LYDELQIDKVIKFLNEKKEISRANGSLDKLKKDIIDCFRAEYRERHEKDQCNKLADDIKNAKKDAG
ASLGERQKKELFRDFFGISEQSENDKPSFTNPLNLTCCLLPFDTVNNNRNRGEVLEFNKLKEYAQK
LDKNEGSLEMWEY IGIGNSGTAFSNFLGEGFLGRLRENKI TELKKAMMD I TDAWRGQEQEEELE
KRLRTILAALTTITKLREPKFDNHWGGYRSDINGKLSSWLONY TNQTVK I KEDLKGHKKDLKKAKEM
INRFGESDTRKEEAVVSSLLESIEKIVPDDSADDEKPDIPAIATYRRFLSDGRLTLNREFVQREDV
OQFALTKERLEAEKKKKPKKRKKKSDAEDEKET IDFRKELFPHLAKPLELVPNEYGDSKRELYEKKY
KNAATYTDALWKAVERKIYKSAFSSSLENSFFDTDFDEDFFIKRLOKIFSVYRRFNTDEWEE IVE
NSFAPYCDIVSLAENEVLYKRPEKQOSRSREKSAATDENRVRLPSTENTAKAGTALARELSVAGEFDWK
DLLKKEEHEEY IDLIELHKTALALLLAVIETQLDISALDFVENGTVEDFMKTRDGNLVLEGRFL
EMFSQSIVFSELRGLAGIMSRKEFITRSATQTMNGKOARLLY TPHEFQSAKT TTPKEMSRAFLD
LAPAFFATSLEPESLSEKSLLELKOQMRYYPHYFGYELTRTGQGIDGGVAENALRLEKSPVKKRE
TRKCKOYKTLGRGONKIVLYVRSSYYQTOQFLEWFLHRPEKNVQTDVAVSGSFLTIDEKKVKTRWNYD
ALTVALEPVSGSERVEVSOQPFTIFPERKSAEEEGORYLGIDIGEYGIAYTALEITGDSAKILDON
FISDPOLKTLREEVKGLEKLDOQRRGTFAMPSTRTARTRESLVHSLRNRTHHLALKHKAKIVYELE
VSRFEEGKQKIKKVYATLKKADVYSEIDADKNLOT TVWGKLAVASEISASYTSQFCGACKKLWR
AEMOVDETITTQELIGTVRVIKGGTLIDATKDFMRPPTIFDENDTPFPRYRDFCDKHHT SKKMRG
NSCLFICPFCRANADADTQASQTTALLRYVEEEKKVEDYFERFREKLEKNIKVLGOMEKT |

The Cas9 nuclease has two functional endonuclease domains: RuvC and HNH. Cas9
undergoes a conformational change upon target binding that positions the nuclease domains to
cleave opposite strands of the target DNA. The end result of Cas9-mediated DNA cleavageis a
double-strand break (DSB) within the target DNA (~3-4 nucleotides upstream of the PAM
sequence). The resulting DSB is then repaired by one of two general repair pathways: (1) the
efficient but error-prone non-homologous end joining (NHEJ) pathway; or (2) the less efficient
but high-fidelity homology directed repair (HDR) pathway.

The “efticiency” of non-homologous end joining (NHEJ) and/or homology directed
repair (HDR) can be calculated by any convenient method. For example, in some embodiments,

efficiency can be expressed in terms of percentage of successful HDR. For example, a surveyor
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nuclease assay can be used to generate cleavage products and the ratio of products to substrate
can be used to calculate the percentage. For example, a surveyor nuclease enzyme can be used
that directly cleaves DNA containing a newly integrated restriction sequence as the result of
successful HDR. More cleaved substrate indicates a greater percent HDR (a greater efficiency
of HDR). As an illustrative example, a fraction {percentage) of HDR can be calculated using the
following equation [(cleavage products)/(substrate plus cleavage products)] {e.g., (b+c)/{atb+c),
where “a” is the band intensity of DNA substrate and “b” and “¢” are the cleavage products).

In some embodiments, efficiency can be expressed in terms of percentage of successful
NHEJ. For example, a T7 endonuclease I assay can be used to generate cleavage products and
the ratio of products to substrate can be used to calculate the percentage NHEJ. T7
endonuclease I cleaves mismatched heteroduplex DNA which arises from hybridization of wild-
type and mutant DNA strands (NHEJ generates small random insertions or deletions (indels) at
the site of the original break). More cleavage indicates a greater percent NHEJ (a greater
efficiency of NHEJ). As an illustrative example, a fraction (percentage) of NHEJ can be
calculated using the following equation: (1-{1-(b-+c)/(a+b+¢))*?)x 100, where “a” is the band
intensity of DNA substrate and “b” and “c” are the cleavage products (Ran et. al., Cell. 2013
Sep. 12; 154(6):1380-9; and Ran ef al., Nat Protoc. 2013 Nov ; 8(11): 2281-2308).

The NHEJ repair pathway is the most active repair mechanism, and it frequently causes
small nucleotide insertions or deletions (indels) at the DSB site. The randomness of NHEJ-
mediated DSB repair has important practical implications, because a population of cells
expressing Cas9 and a gRNA or a guide polynucleotide can result in a diverse array of
mutations. In most cases, NHEJ gives rise to small indels in the target DNA that result in amino
acid deletions, insertions, or frameshift mutations leading to premature stop codons within the
open reading frame (ORF) of the targeted gene. The ideal end result is a loss-of-function
mutation within the targeted gene.

While NHEJ-mediated DSB repair often disrupts the open reading frame of the gene,
homology directed repair (HDR) can be used to generate specific nucleotide changes ranging
from a single nucleotide change to large insertions like the addition of a fluorophore or tag.

In order to utilize HDR for gene editing, a DNA repair template containing the desired sequence
can be delivered into the cell type of interest with the gRNA(s) and Cas9 or Cas9 nickase. The
repair template can contain the desired edit as well as additional homologous sequence
immediately upstream and downstream of the target (termed left & right homology arms). The
length of each homology arm can be dependent on the size of the change being introduced, with
larger insertions requiring longer homology arms. The repair template can be a single-stranded

oligonucleotide, double-stranded oligonucleotide, or a double-stranded DNA plasmid. The
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efficiency of HDR is generally low (<10% of modified alleles) even in cells that express Cas9,
gRNA and an exogenous repair template. The efficiency of HDR can be enhanced by
synchronizing the cells, since HDR takes place during the S and G2 phases of the cell cycle.
Chemically or genetically inhibiting genes involved in NHEJ can also increase HDR frequency.

In some embodiments, Cas9 1s a modified Cas9. A given gRNA targeting sequence can
have additional sites throughout the genome where partial homology exists. These sites are
called off-targets and need to be considered when designing a gRNA. In addition to optimizing
gRNA design, CRISPR specificity can also be increased through modifications to Cas9. Cas9
generates double-strand breaks (DSBs) through the combined activity of two nuclease domains,
RuvC and HNH. Cas9 nickase, a D10A mutant of SpCas9, retains one nuclease domain and
generates a DNA nick rather than a DSB. The nickase system can also be combined with HDR-
mediated gene editing for specific gene edits.

In some embodiments, Cas9 is a variant Cas9 protein. A variant Cas9 polypeptide has an
amino acid sequence that is different by one amino acid (e.g., has a deletion, insertion,
substitution, fusion) when compared to the amino acid sequence of a wild type Cas9 protein. In
some instances, the variant Cas9 polypeptide has an amino acid change {(e.g., deletion, insertion,
or substitution) that reduces the nuclease activity of the Cas9 polypeptide. For example, in some
instances, the variant Cas9 polypeptide has less than 50%, less than 40%, less than 30%, less
than 20%, less than 10%, less than 5%, or less than 1% of the nuclease activity of the
corresponding wild-type Cas9 protein. In some embodiments, the variant Cas9 protein has no
substantial nuclease activity. When a subject Cas9 protein is a variant Cas9 protein that has no
substantial nuclease activity, it can be referred to as “dCas9.”

In some embodiments, a variant Cas9 protein has reduced nuclease activity. For
example, a variant Cas9 protein exhibits less than about 20%, less than about 15%, less than
about 10%, less than about 5%, less than about 1%, or less than about 0.1%, of the endonuclease
activity of a wild-type Cas9 protein, e.g., a wild-type Cas9 protein.

In some embodiments, a variant Cas9 protein can cleave the complementary strand of a
guide target sequence but has reduced ability to cleave the non-complementary strand of a
double stranded guide target sequence. For example, the variant Cas9 protein can have a
mutation (amino ac¢id substitution) that reduces the function of the RuvC domain. As a non-
limiting example, in some embodiments, a variant Cas9 protein has a D10A (aspartate to alanine
at amino acid position 10) and can therefore cleave the complementary strand of a double
stranded guide target sequence but has reduced ability to cleave the non-complementary strand

of a double stranded guide target sequence (thus resulting in a single strand break (SSB) instead
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of a double strand break (DSB) when the variant Cas9 protein cleaves a double stranded target
nucleic acid) (see, for example, Jinek ez a/., Science. 2012 Aug. 17; 337(6096).816-21).

In some embodiments, a variant Cas9 protein can cleave the non-complementary strand
of a double stranded guide target sequence but has reduced ability to cleave the complementary
strand of the guide target sequence. For example, the vanant Cas9 protein can have a mutation
(amino acid substitution) that reduces the function of the HNH domain (RuvC/HNH/RuvC
domain motifs). As anon-limiting example, in some embodiments, the variant Cas9 protein has
an H840A (histidine to alanine at amino acid position 840) mutation and can therefore cleave the
non-complementary strand of the guide target sequence but has reduced ability to cleave the
complementary strand of the guide target sequence (thus resulting in a SSB instead of a DSB
when the variant Cas9 protein cleaves a double stranded guide target sequence). Such a Cas9
protein has a reduced ability to cleave a guide target sequence (e.g., a single stranded guide
target sequence) but retains the ability to bind a guide target sequence (e.g., a single stranded
guide target sequence).

In some embodiments, a vanant Cas9 protein has a reduced ability to cleave both the
complementary and the non-complementary strands of a double stranded target DNA. As a non-
limiting example, in some embodiments, the variant Cas9 protein harbors both the D10A and the
H840A mutations such that the polypeptide has a reduced ability to cleave both the
complementary and the non-complementary strands of a double stranded target DNA. Such a
Cas9 protein has a reduced ability to cleave a target DNA (e.g., a single stranded target DNA)
but retains the ability to bind a target DNA (e.g., a single stranded target DNA).

As another non-limiting example, in some embodiments, the vanant Cas9 protein
harbors W476A and W1126A mutations such that the polypeptide has a reduced ability to
cleave a target DNA. Such a Cas9 protein has a reduced ability to cleave a target DNA (e.g., a
single stranded target DNA) but retains the ability to bind a target DNA (e.g., a single stranded
target DNA).

As another non-limiting example, in some embodiments, the variant Cas9 protein
harbors P475A, W476A, N477A, D1125A, W1126A, and D1127A mutations such that the
polypeptide has a reduced ability to cleave a target DNA. Such a Cas9 protein has a reduced
ability to cleave a target DNA (e.g., a single stranded target DNA) but retains the ability to bind
a target DNA (e.g., a single stranded target DNA).

As another non-limiting example, in some embodiments, the vanant Cas9 protein
harbors H840A, W476A, and W1126A, mutations such that the polypeptide has a reduced
ability to cleave a target DNA. Such a Cas9 protein has a reduced ability to cleave a target DNA

(e.g., a single stranded target DNA) but retains the ability to bind a target DNA (e.g., a single
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stranded target DNA). As another non-limiting example, in some embodiments, the variant
Cas9 protein harbors H840A, D10A, W476A, and W1126A, mutations such that the polypeptide
has a reduced ability to cleave a target DNA. Such a Cas9 protein has a reduced ability to
cleave a target DNA (e.g., a single stranded target DNA) but retains the ability to bind a target
DNA (e.g., a single stranded target DNA). In some embodiments, the variant Cas9 has restored
catalytic His residue at position 840 in the Cas9 HNH domain (A840H).

As another non-limiting example, in some embodiments, the vanant Cas9 protein
harbors, H840A, P475A, W476A, N477A, D1125A, W1126A, and D1127A mutations such that
the polypeptide has a reduced ability to cleave a target DNA. Such a Cas9 protein has a reduced
ability to cleave a target DNA (e.g., a single stranded target DNA) but retains the ability to bind
a target DNA (e.g., a single stranded target DNA). As another non-limiting example, in some
embodiments, the variant Cas9 protein harbors D10A, H840A, P475A, W476A, N477A,
D1125A, W1126A, and D1127A mutations such that the polypeptide has a reduced ability to
cleave a target DNA. Such a Cas9 protein has a reduced ability to cleave a target DNA (e.g., a
single stranded target DNA) but retains the ability to bind a target DNA (e.g., a single stranded
target DNA). In some embodiments, when a variant Cas9 protein harbors W476A and
W1126A mutations or when the variant Cas9 protein harbors P475A, W476A, N477A, D1125A,
WI1126A, and D1127A mutations, the variant Cas9 protein does not bind efficiently to a PAM
sequence. Thus, in some such cases, when such a variant Cas9 protein is used in a method of
binding, the method does not require a PAM sequence. In other words, in some embodiments,
when such a variant Cas9 protein is used in a method of binding, the method can include a guide
RNA, but the method can be performed in the absence of a PAM sequence (and the specificity
of binding 1s therefore provided by the targeting segment of the guide RNA). Other residues can
be mutated to achieve the above effects (i.e., inactivate one or the other nuclease portions). As
non-limiting examples, residues D10, G12, G17, E762, H840, N854, N863, HO82, H983, A984,
D986, and/or A987 can be altered (7.e., substituted). Also, mutations other than alanine
substitutions are suitable.

In some embodiments, a variant Cas9 protein that has reduced catalytic activity (e.g.,
when a Cas9 protein has a D10, G12, G17, E762, H840, N854, N863, H982, H983, A984, D986,
and/or a A987 mutation, e.g., D10A, G12A, G17A, E762A, H840A, N854A, N863 A, HI82A,
HO983A, A984A, and/or D986A), the vaniant Cas9 protein can still bind to target DNA in a site-
specific manner (because it 1s still guided to a target DNA sequence by a guide RNA) as long as

it retains the ability to interact with the guide RNA.
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In some embodiments, the variant Cas protein can be spCas9, spCas9-VRQR, spCas9-
VRER, xCas9 (sp), saCas9, saCas9-KKH, spCas9-MQKSER, spCas9-LRKIQK, or spCas9-
LRVSQL.

In some embodiments, a modified SpCas9 including amino acid substitutions D1135M,
S1136Q, G1218K, E1219F, A1322R, D1332A, R1335E, and T1337R (SpCas9-MQKFRAER)
and having specificity for the altered PAM 5’-NGC-3’ was used.

Alternatives to S. pyogenes Cas9 can include RNA-guided endonucleases from the Cpfl
family that display cleavage activity in mammalian cells. CRISPR from Prevotella and
Francisella 1 (CRISPR/Cpf1) is a DNA-editing technology analogous to the CRISPR/Cas9
system. Cpfl is an RNA-guided endonuclease of a class II CRISPR/Cas system. This acquired
immune mechanism is found in Prevotella and Francisella bacteria. Cpfl genes are associated
with the CRISPR locus, coding for an endonuclease that use a guide RNA to find and cleave
viral DNA. Cpf1 is a smaller and simpler endonuclease than Cas9, overcoming some of the
CRISPR/Cas9 system limitations. Unlike Cas9 nucleases, the result of Cpfl-mediated DNA
cleavage 15 a double-strand break with a short 3" overhang. Cpf1’s staggered cleavage pattern
can open up the possibility of directional gene transfer, analogous to traditional restriction
enzyme cloning, which can increase the efficiency of gene editing. Like the Cas9 vanants and
orthologues described above, Cpf1 can also expand the number of sites that can be targeted by
CRISPR to AT-rich regions or AT-rich genomes that lack the NGG PAM sites favored by
SpCas9. The Cpfl locus contains a mixed alpha/beta domain, a RuvC-I followed by a helical
region, a RuvC-II and a zinc finger-like domain. The Cpf1 protein has a RuvC-like
endonuclease domain that is similar to the RuvC domain of Cas9. Furthermore, Cpfl does not
have an HNH endonuclease domain, and the N-terminal of Cpfl does not have the alpha-helical
recognition lobe of Cas9. Cpfl CRISPR-Cas domain architecture shows that Cpfl is
functionally unique, being classified as Class 2, type V CRISPR system. The Cpf1 loci encode
Casl, Cas2 and Cas4 proteins more similar to types I and III than from type II systems.
Functional Cpfl doesn’t need the trans-activating CRISPR RNA (tractRNA), therefore, only
CRISPR (crRNA) is required. This benefits genome editing because Cpf1 is not only smaller
than Cas9, but also it has a smaller sgRNA molecule (proximately half as many nucleotides as
Cas9). The Cpfl-ctRNA complex cleaves target DNA or RNA by identification of a
protospacer adjacent motif 5’-YTN-3" in ¢ontrast to the G-rich PAM targeted by Cas9. After
identification of PAM, Cpfl introduces a sticky-end-like DNA double- stranded break of 4 or 5

nucleotides overhang.

Casl2 domains of Nucleobase Editors
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Typically, microbial CRISPR-Cas systems are divided into Class 1 and Class 2 systems.
Class 1 systems have multisubunit effector complexes, while Class 2 systems have a single
protein effector. For example, Cas® and Cpfl are Class 2 effectors, albeit different types (Type
IT and Type V, respectively). In addition to Cpfl, Class 2, Type V CRISPR-Cas systems also
comprise Cas12a/Cpfl, Cas12b/C2¢l, Cas12¢/C2¢3, Casl2d/CasY, Casl2e/CasX, Casl2g,
Casl2h, and Cas121). See, e.g, Shmakov et al., “Discovery and Functional Characterization of
Diverse Class 2 CRISPR Cas Systems,” Mol. Cell, 2015 Nov. 5; 60(3): 385-397; Makarova et
al , “Classification and Nomenclature of CRISPR-Cas Systems: Where from Here?” CRISPR
Journal, 2018, 1(5): 325-336; and Yan et al , “Functionally Diverse Type V CRISPR-Cas
Systems,” Science, 2019 Jan. 4; 363: 88-91; the entire contents of each is hereby incorporated
by reference. Type V Cas proteins contain a RuvC (or RuvC-like) endonuclease domain. While
production of mature CRISPR RNA (crRNA) is generally tracrRNA-independent, Cas12b/C2c¢l,
for example, requires tracrRNA for production of ctRNA. Cas12b/C2c1 depends on both
crRNA and tracrRNA for DNA cleavage.

Nugcleic acid programmable DNA binding proteins contemplated in the present invention
include Cas proteins that are classified as Class 2, Type V (Cas12 proteins). Non-limiting
examples of Cas Class 2, Type V proteins include Cas12a/Cpfl, Cas12b/C2cl, Cas12¢/C2¢3,
Casl12d/CasY, Casl2e/CasX, Casl2g, Casl2h, and Casl2i, homologues thereof, or modified
versions thereof. As used herein, a Cas12 protein can also be referred to as a Cas12 nuclease, a
Casl2 domain, or a Casl2 protein domain. In some embodiments, the Cas12 proteins of the
present invention comprise an amino acid sequence interrupted by an internally fused protein
domain such as a deaminase domain.

In some embodiments, the Casl2 domain is a nuclease inactive Casl2 domain or a Casl2
nickase. In some embodiments, the Cas12 domain 1s a nuclease active domain. For example,
the Cas12 domain may be a Cas12 domain that nicks one strand of a duplexed nucleic acid {e.g.,
duplexed DNA molecule). In some embodiments, the Cas12 domain comprises any one of the
amino acid sequences as set forth herein. In some embodiments the Cas12 domain comprises an
amino acid sequence that is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%,
at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
at least 99.5% identical to any one of the amino acid sequences set forth herein. In some
embodiments, the Cas12 domain comprises an amino acid sequence thathas 1,2, 3,4, 5,6, 7, 8,
9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35,36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more mutations compared to any
one of the amino acid sequences set forth herein. In some embodiments, the Cas12 domain

comprises an amino acid sequence that has at least 10, at least 15, at least 20, at least 30, at least
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40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least 150, at least
200, at least 250, at least 300, at least 350, at least 400, at least 500, at least 600, at least 700, at
least 800, at least 900, at least 1000, at least 1100, or at least 1200 identical contiguous amino
acid residues as compared to any one of the amino acid sequences set forth herein.

In some embodiments, proteins comprising fragments of Cas12 are provided. For
example, in some embodiments, a protein comprises one of two Casl2 domains: (1) the gRNA
binding domain of Cas12; or (2) the DNA cleavage domain of Cas12. In some embodiments,
proteins comprising Casl2 or fragments thereof are referred to as “Cas12 variants.” A Casl2
variant shares homology to Casl2, or a fragment thereof. For example, a Cas12 variant is at
least about 70% identical, at least about 80% identical, at least about 90% identical, at least
about 95% identical, at least about 96% identical, at least about 97% identical, at least about
98% identical, at least about 99% identical, at least about 99.5% identical, or at least about
99.9% identical to wild type Cas12. In some embodiments, the Casl2 variant may have 1, 2, 3,
4,5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31,
32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more amino acid
changes compared to wild type Cas12. In some embodiments, the Cas12 variant comprises a
fragment of Casl2 (e.g., a gRNA binding domain or a DNA cleavage domain), such that the
fragment is at least about 70% identical, at least about 80% identical, at least about 90%
identical, at least about 95% identical, at least about 96% identical, at least about 97% identical,
at least about 98%o identical, at least about 99% identical, at least about 99.5% identical, or at
least about 99.9% identical to the corresponding fragment of wild type Cas12. In some
embodiments, the fragment 15 at least 30%, at least 35%, at least 40%, at least 45%, at least
50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least
85%, at least 90%, at least 95% identical, at least 96%, at least 97%, at least 98%, at least 99%,
or at least 99.5% of the amino acid length of a corresponding wild type Casl2. In some
embodiments, the fragment is at least 100 amino acids in length. In some embodiments, the
fragment is at least 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600, 650, 700, 750, 800,
850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, or at least 1300 amino acids in length.

In some embodiments, Cas12 corresponds to, or comprises in part or in whole, a Cas12
amino acid sequence having one or more mutations that alter the Cas12 nuclease activity. Such
mutations, by way of example, include amino acid substitutions within the RuvC nuclease
domain of Casl2. In some embodiments, varants or homologues of Cas12 are provided which
are at least about 70% identical, at least about 80% identical, at least about 90% identical, at
least about 95% identical, at least about 98% identical, at least about 99% identical, at least

about 99.5% 1dentical, or at least about 99.9% identical to a wild type Cas12. In some
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embodiments, variants of Cas12 are provided having amino acid sequences which are shorter, or
longer, by about 5 amino acids, by about 10 amino acids, by about 15 amino acids, by about 20
amino acids, by about 25 amino acids, by about 30 amino acids, by about 40 amino acids, by
about 50 amino acids, by about 75 amino acids, by about 100 amino acids or more.

In some embodiments, Cas12 fusion proteins as provided herein comprise the full-length
amino acid sequence of a Cas12 protein, e.g., one of the Cas12 sequences provided herein. In
other embodiments, however, fusion proteins as provided herein do not comprise a full-length
Casl2 sequence, but only one or more fragments thereof. Exemplary amino acid sequences of
suitable Cas12 domains are provided herein, and additional suitable sequences of Cas12
domains and fragments will be apparent to those of skill in the art.

Generally, the class 2, Type V Cas proteins have a single functional RuvC endonuclease
domain (See, e.g., Chen et al., “CRISPR-Cas12a target binding unleashes indiscriminate single-
stranded DNase activity,” Science 360:436-439 (2018)). In some cases, the Casl2 proteinis a
variant Cas12b protein. {(See Strecker et al , Nature Communications, 2019, 10{1): Art. No.:
212). In one embodiment, a variant Cas12 polypeptide has an amino acid sequence that is
different by 1, 2, 3, 4, 5 or more amino acids (e.g., has a deletion, insertion, substitution, fusion)
when compared to the amino acid sequence of a wild type Cas12 protein. In some instances, the
variant Cas12 polypeptide has an amino acid change (e.g., deletion, insertion, or substitution)
that reduces the activity of the Cas12 polypeptide. For example, in some instances, the variant
Casl2 is a Casl2b polypeptide that has less than 50%, less than 40%, less than 30%, less than
20%, less than 10%, less than 5%, or less than 1% of the nickase activity of the corresponding
wild-type Cas12b protein. In some cases, the variant Cas12b protein has no substantial nickase
activity.

In some cases, a variant Cas12b protein has reduced nickase activity. For example, a
variant Cas12b protein exhibits less than about 20%, less than about 15%, less than about 10%,
less than about 5%, less than about 1%, or less than about 0.1%, of the nickase activity of a
wild-type Cas12b protein.

In some embodiments, the Cas12 protein includes RNA-guided endonucleases from the
Cas12a/Cpf1 family that displays activity in mammalian cells. CRISPR from Prevotella and
Francisella 1 (CRISPR/Cpf1) is a DNA editing technology analogous to the CRISPR/Cas9
system. Cpfl is an RNA-gumided endonuclease of a class Il CRISPR/Cas system. This acquired
immune mechanism is found in Prevotella and Francisella bacteria. Cpfl genes are associated
with the CRISPR locus, coding for an endonuclease that use a guide RNA to find and cleave
viral DNA. Cpf1 is a smaller and simpler endonuclease than Cas9, overcoming some of the

CRISPR/Cas9 system limitations. Unlike Cas9 nucleases, the result of Cpfl-mediated DNA
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cleavage is a double-strand break with a short 3 overhang. Cpf1’s staggered cleavage pattern
can open up the possibility of directional gene transfer, analogous to traditional restriction
enzyme cloning, which can increase the efficiency of gene editing. Like the Cas9 variants and
orthologues described above, Cpf1 can also expand the number of sites that can be targeted by
CRISPR to AT-rich regions or AT-rich genomes that lack the NGG PAM sites favored by
SpCas9. The Cpfl locus contains a mixed alpha/beta domain, a RuvC-I followed by a helical
region, a RuvC-II and a zinc finger-like domain. The Cpf1 protein has a RuvC-like
endonuclease domain that is similar to the RuvC domain of Cas9. Furthermore, Cpfl, unlike
Cas9, does not have a HNH endonuclease domain, and the N-terminal of Cpf1 does not have the
alpha-helical recognition lobe of Cas9. Cpfl CRISPR-Cas domain architecture shows that Cpf1l
is functionally unique, being classified as Class 2, type V CRISPR system. The Cpf1 loci
encode Casl, Cas2, and Cas4 proteins are more similar to types I and III than type II systems.
Functional Cpf1 does not require the trans-activating CRISPR RNA (tracrRNA), therefore, only
CRISPR (crRNA) 1s required. This benefits genome editing because Cpfl 1s not only smaller
than Cas9, but also i1t has a smaller sgRNA molecule (approximately half as many nucleotides as
Cas9). The Cpfl-ctRNA complex cleaves target DNA or RNA by identification of a
protospacer adjacent motif 5’-YTN-3" or 5’-TTTN-3’ in contrast to the G-rich PAM targeted by
Cas9. After identification of PAM, Cpf1 introduces a sticky-end-like DNA double-stranded
break having an overhang of 4 or 5 nucleotides.

In some aspects of the present invention, a vector encodes a CRISPR enzyme that is
mutated to with respect to a corresponding wild-type enzyme such that the mutated CRISPR
enzyme lacks the ability to cleave one or both strands of a target polynucleotide containing a
target sequence can be used. Casl2 can refer to a polypeptide with at least or at least about
50%, 60%, 70%, 80%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
sequence identity and/or sequence homology to a wild type exemplary Cas12 polypeptide (e.g.,
Casl2 from Bacillus hisashii). Cas12 can refer to a polypeptide with at most or at most about
50%, 60%, 70%, 80%, 90%, 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98%, 99%, or 100%
sequence identity and/or sequence homology to a wild type exemplary Cas12 polypeptide (e.g.,
from Bacillus hisashii (BhCas12b), Bacillus sp. V3-13 (BvCasl2b), and Alicyclobacillus
acidiphilus (AaCas12b)). Casl2 can refer to the wild type or a modified form of the Cas12
protein that can comprise an amino acid change such as a deletion, insertion, substitution,

variant, mutation, fusion, chimera, or any combination thereof.

Nucleic acid programmable DNA binding proteins
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Some aspects of the disclosure provide fusion proteins comprising domains that act as
nucleic acid programmable DNA binding proteins, which may be used to guide a protein, such
as a base editor, to a specific nucleic acid (e.g., DNA or RNA) sequence. In particular
embodiments, a fusion protein comprises a nucleic acid programmable DNA binding protein
domain and a deaminase domain. Non-limiting examples of nucleic acid programmable DNA
binding proteins include, Cas9 (e.g., dCas9 and nCas9), Cas12a/Cpfl, Cas12b/C2cl,
Cas12¢/C2¢3, Casl12d/CasY, Casl12e/CasX, Casl2g, Cas12h, and Cas121. Non-limiting
examples of Cas enzymes include Casl, Cas1B, Cas2, Cas3, Cas4, Cas3, Cas5d, Cas5t, Cas5h,
Cas5a, Cas6, Cas7, Cas8, Cas8a, Cas8b, Cas8c, Cas9 (also known as Csnl or Csx12), Casl0,
Casl0d, Casl12a/Cpfl, Cas12b/C2cl, Casl2¢/C2c3, Casl2d/CasY, Casl2¢/CasX, Casl2g,
Casl2h, Casl2i, Csyl, Csy2, Csy3, Csy4, Csel, Cse2, Cse3, Csed, CseSe, Cscl, Csc2, Csas,
Csnl, Csn2, Csml, Csm2, Csm3, Csm4, Csm35, Csm6, Cmrl, Cmr3, Cmrd, Cmr5, Cmr6, Csbl,
Csb2, Csb3, Csx17, Csx14, Csx10, Csx16, CsaX, Csx3, Csx1, Csx18, Csx11, Csfl, Csf2, CsO,
Cst4, Csdl, Csd2, Cstl, Cst2, Cshl, Csh2, Csal, Csa2, Csa3, Csad, Csa5, Type II Cas effector
proteins, Type V Cas effector proteins, Type VI Cas effector proteins, CARF, DinG,
homologues thereof, or modified or engineered versions thereof. Other nucleic acid
programmable DNA binding proteins are also within the scope of this disclosure, although they
may not be specifically listed in this disclosure. See, e.g., Makarova et al. “Classification and
Nomenclature of CRISPR-Cas Systems: Where from Here?” CRISPR J. 2018 Oct;1:325-336.
doi: 10.1089% crispr. 2018.0033; Yan et al , “Functionally diverse type ¥V CRISPR-Cas systems”
Science. 2019 Jan 4,363(6422):88-91. doi: 10.1126/science.aav7271, the entire contents of each
are hereby incorporated by reference.

One example of a nuclei¢ acid programmable DNA-binding protein that has different
PAM specificity than Cas9 1s Clustered Regularly Interspaced Short Palindromic Repeats
from Prevotella and Francisella 1 (Cpfl). Similar to Cas9, Cpf1 is also a class 2 CRISPR
effector. It has been shown that Cpf1 mediates robust DNA interference with features distinct
from Cas9. Cpf1 is a single RNA-guided endonuclease lacking tracrRNA, and it utilizes a T-rich
protospacer-adjacent motif (TTN, TTTN, or YTN). Moreover, Cpf1 cleaves DNA via a
staggered DNA double-stranded break. Out of 16 Cpfl-family proteins, two enzymes from
Acidaminococcus and Lachnospiraceae are shown to have efficient genome-editing activity in
human cells. Cpf1 proteins are known in the art and have been described previously, for
example Yamano ef al., “Crystal structure of Cpfl in complex with guide RNA and target DNA.
"Cell (165) 2016, p. 949-962; the entire contents of which is hereby incorporated by reference.

Useful in the present compositions and methods are nuclease-inactive Cpf1 (dCpfl)

variants that may be used as a guide nucleotide sequence-programmable DNA-binding protein
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domain. The Cpfl protein has a Ruv(C-like endonuclease domain that is similar to the RuvC
domain of Cas9 but does not have an HNH endonuclease domain, and the N-terminal of Cpfl
does not have the alfa-helical recognition lobe of Cas9. It was shown in Zetsche et al., Cell, 163,
759-771, 2015 (which is incorporated herein by reference) that, the RuvC-like domain of Cpfl is
responsible for cleaving both DNA strands and inactivation of the RuvC-like domain inactivates
Cpfl nuclease activity. For example, mutations corresponding to D917A, E1006A, or D1255A
in Francisella novicida Cpfl inactivate Cpf1 nuclease activity. In some embodiments, the
dCpf1 of the present disclosure comprises mutations corresponding to D917A, E1006A,
D1255A, D917A/E1006A, DO17A/D1255A, E1006A/D1255A, or D917A/E1006A/D1255A. Tt
is to be understood that any mutations, ¢.g., substitution mutations, deletions, or insertions that
inactivate the RuvC domain of Cpfl, may be used in accordance with the present disclosure.

In some embodiments, the nucleic acid programmable DNA binding protein
(napDNAbp) of any of the fusion proteins provided herein may be a Cpfl protein. In some
embodiments, the Cpfl protein 15 a Cpf1 nickase (nCpfl). In some embodiments, the Cpfl
protein is a nuclease inactive Cpfl (dCpfl). In some embodiments, the Cpfl, the nCpfl, or the
dCpf1 comprises an amino acid sequence that 1s at least 85%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least
99%, or at least 99.5% identical to a Cpf1 sequence disclosed herein. In some embodiments, the
dCpf1 comprises an amino acid sequence that is at least 85%, at least 90%, at least 91%, at least
92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,, at least
99%, or at ease 99.5% identical to a Cpfl sequence disclosed herein, and comprises mutations
corresponding to D917A, E1006A, D1255A, DO917A/E1006A, D917A/D1255A,
E1006A/D1255A, or D917A/E1006A/D1255A . It should be appreciated that Cpf1 from other
bacterial species may also be used in accordance with the present disclosure.

Wild type Francisella novicida Cpfl (D917, E1006, and D1255 are bolded and underlined):

MSTYQEFVNRYSLSKTLRFELIPOGKTLENTIKARGLTLDDERKRAKDYKKAKQITDKYHQFFIER
ILSSVCISEDLLONYSDVY FKLKKSDDDNLOKDFRSAKDT IKKQISEYIKDSERFEKNLFNQNL I
DAKKGOESDLTILWLKOSKDNGIELFKANSDITDTIDEALET TKSFRGWTTY FRGFHENREKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLKDKAPEAINYEQIKKDLAEELTFDIDYKTSEVNQR
VESLDEVFEIANFNNYLNQSGITKFNT I IGGKFVNGENTKREKGINEY INLYSQOQINDKTLKEKYK
MSVLFEQILSDTESKSEFVIDKLEDDSDVVTTMOSFYEQTAAFKTVEEKSTKETLSLLFDDLEAQ
KLDLSKIYFENDKSLTDLSQOVEFDDYSVIGTAVLEYITQQIAPKNLDNEPSKRKEQELIAKKTERKA
KYLSLETTKLALEEFNKHRDIDKQCRFEEILANFAATPMT FDE TAQNKDNLAQT S TKYQNQGKK
DLLOASAFDDVEAIKDLLDOTNNLLHKLKIFHISOSEDKANILDKDEHFYLVFEECYFELANIV
PLYNKIRNYITQKPYSDEKFEKLNFENSTLANGWDEKNKEPDNTAILFIKDDKY Y LGVMNEKKNNK I
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FDDEAIKENKGEGYKKIVYKLLPGANKMLPKVFESAKSIKFYNPSEDTILRTIRNHSTHTKNGSPQ
KGYEKFEFNIEDCRKFIDFYKQSISKHPEWKDFGFRESDTQRYNS IDEFYREVENQGYKLTFEN
ISESYIDSVVNQGKLYLFQIYNKDEFSAY SKGRPNLHTLYWKALFDERNLODVVYKLNGEAELEY
REKQSIPKKITHPAKEATANKNKDNPKKESVFEYDLIKDKREFTEDKFFFHCPITINFKS SGANKE
NDEINLLLKEKANDVHILS IDRGERHLAYYTLVDGKGNIIKQDTFNI IGNDRMKTNYHDKLAAL
EKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNATVVFEDLNFGFRKRGRFEVERQVY
OKLEKMLIEKLNYLVFKDNEFDKTGGVLRAYQLTAPFETFKEKMGKOTGIIYYVPAGFTSKICEV
TGEVNQLYPKYESVSKSQEFFSKFDKICYNLDKGY FEFSFDYKNFGDKAAKGEWT IASFGSRLI
NFRNSDKNHNWDTREVYPTKELEKLLKDYSIEYGHGECIKAAICGESDKKFFAKLTSVLNTILO
MENSKTGTELDYLISPVADVNGNFFDSRQAPKNMPQDADANGAYHIGLEKGLMLLGRIKNNQEGK
KLNLVIKNEEYFEFVONRNN

Francisella novicida Cpfl D917A (A917, E1006, and D1255 are bolded and underlined):
MSIYQEFVNRKYSLSKTLRFELIPOGKTLENIKARGLILDDEKRAKDYKFKAKQIIDKYHQFFIEE
TLSSVCISEDLLONY SDVY FEKLKKSDDDNLOKDFKSAKDT IKKQISEY TKDSERFENLEFNQNTL T
DAKKGOESDLILWLKQSKDNGIELFFANSDITDIDEALEI IKSFRKGWT TYFRGFHENRKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLKDKAPEATNYEQTKKDLAERELTFDIDYKTSEVNQR
VESLDEVFETIANFNNYLNQSGITKFNTI IGGKEVNGENTKRKGINEY TNLYSQQINDKTLEKYK
MSVLFKQILSDTESKSFVIDKLEDDSDVVITMOSFYEQIAAFKTIVEEKSIKETLSLLFDDLEAQ
KLDLSKIYFENDKSLTDLSQOQVFDDYSVIGTAVLEYITOQTAPKNLDNPSKKEQELTAKKTERKA
KYLSLETIKLALEEFNKHRDIDKQCRFEEILANFAATPMIFDE IAQNKDNLAQIS IKYQNQGEK
DLLOASARDDVEATKDLLDOTNNLLHKLKIFHISQSEDKANTILDKDEHFYLVFEECYFELANTV
PLYNKIRNYITQKRKPYSDEKFKLNFENS TLANGWDENKEPDNTAILFIKDDKY Y LGVMNEKNNKI
FDDKATKENKGEGYKKIVYKLLPGANKMLPEVEFFSAKSTKFYNPSEDTILRIRNHSTHTKNGS PO
KGYERKFEFNIEDCRKFIDFYKQS ISKHPEWKDFGFRFSDTQRYNSIDEFYREVENQGYKLTFEN
ISESYTIDSVVNQGRLYLFQIYNKDFSAYSKGRPNLHTLYWKALFDERNLQDVVYKLNGEAELFEY
REOQSIPKKITHPARKEATANKNKDNPKKESVFEYDLIKDKRFTEDKFFFHCPITINFKSSGANKE
NDEINLLLKERKANDVHILS TARGERHLAYYTLVDGKGNITKQDTFNT IGNDRMKTNYHDKLAAT
EXKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNAIVVFEDLNFGEFRRGRFRVERQVY
QKLEKMLIEKLNYLVFKDNEFDKTGGVLRAYQLTAPFETFRKEMGKQTGTI IYYVPAGFTSKICPV
IGFVNQLY PRYESVSKSQEFFSKFDRKICYNLDRKGY FEFSFDYKNFGDFAAKGEWT IASFGSRLI
NFRNSDEKNHNWDTREVY PTRELEKLLKDYSTIEYGHGECTKAATCGESDRKKFFAKLTSVLNTTILY
MRNSKTGTELDYLISPVADVNGNFFDSROAPKNMPODADANGATHIGLKGLMLLGR IKNNQEGK
KLNLVIKNEEYFEFVONRNN
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Francisella novicida Cpfl E1006A (D917, A1006, and D1255 are bolded and underlined):
MSTYQEFVNRYSLSKTLRFELIPOGKTLENTIKARGLTLDDERKRAKDYKKAKQITDKYHQFFIER
ILSSVCISEDLLONYSDVY FKLKKSDDDNLOKDFRSAKDT IKKQISEYIKDSERFEKNLFNQNL I
DAKKGOESDLTILWLKOSKDNGIELFKANSDITDTIDEALET TKSFRGWTTY FRGFHENREKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLKDKAPEAINYEQIKKDLAEELTFDIDYKTSEVNQR
VESLDEVFETIANFNNYLNQSGITKFNTI IGGKEVNGENTKRKGINEY TNLYSQQINDKTLEKYK
MSVLFKQILSDTESKSFVIDKLEDDSDVVITMOSFYEQIAAFKTIVEEKSIKETLSLLFDDLEAQ
KLDLSKIYFENDKSLTDLSQOQVFDDYSVIGTAVLEYITOQTAPKNLDNPSKKEQELTAKKTERKA
KYLSLETIKLALEEFNKHRDIDKQCRFEEILANFAATPMIFDE IAQNKDNLAQIS IKYQNQGEK
DLLOASARDDVEATKDLLDOTNNLLHKLKIFHISQSEDKANTILDKDEHFYLVFEECYFELANTV
PLYNKIRNYITQKPYSDEKFEKLNFENSTLANGWDEKNKEPDNTAILFIKDDKY Y LGVMNEKKNNK I
FDDFAIKENKGEGYRKKIVYKLLPGANKMLPKVEFEFSAKSIKFYNPSEDILRIRNHSTHTENGSPQ
KGYERKFEFNIEDCRKFIDFEYKQS ISKHPEWKDEFGFRFSDTQRYNSTDEFYREVENQGYKLTFEN
ISESYIDSVVNQGRKLYLEFQIYNKDFSAYSKGRPNLHTLYWKALFDERNLODVVYKLNGEAELFY
REKQSTPKKITHPAKEATANKNKDNPKKESVFEYDLIKDKRFTEDKFFFHCPTTINFKSSGANKE
NDEINLLLKEKANDVHILS IDRGERHLAYYTLVDGKGNIIKQDTFNI IGNDRMKTNYHDKLAAL
EKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNATVVFADLNFGFRKRGRFEVERQVY
OKLEFMLIEKLNYLVFKDNEFDKTGGVLRAYQLTAPFETFKEMGKQTGIIYYVPAGFTISKICPEV
TGEVNQLYPRKYESVSKSQEFFSKEFDKICYNLDKGY FEFSFDYKNFGDKAAKGKWTTASFGSRLT
NFRNSDENHNWDTREVY PTKELEKLLKDYS IEYGHGECIKAATICGESDKKFFAKLTSVLNTILY
MENSKTGTELDYLISPVADVNGNFFDSRQAPKNMPQDADANGAYHIGLEKGLMLLGRIKNNQEGK
KLNLVIKNEEYFEFVONRNN

Francisella novicida Cpf1 D1255A (D917, E1006, and A1255 are bolded and underlined)

MSTYQEFVNRYSLSKTLRFELIPOGKTLENTIKARGLTLDDERKRAKDYKKAKQITDKYHQFFIER
ILSSVCISEDLLONYSDVY FKLKKSDDDNLOKDFRSAKDT IKKQISEYIKDSERFEKNLFNQNL I
DAKKGOESDLTILWLKOSKDNGIELFKANSDITDTIDEALET TKSFRGWTTY FRGFHENREKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLKDKAPEAINYEQIKKDLAEELTFDIDYKTSEVNQR
VESLDEVFETIANFNNYLNQSGITKFNTI IGGKEVNGENTKRKGINEY TNLYSQQINDKTLEKYK
MSVLFKQILSDTESKSFVIDKLEDDSDVVITMOSFYEQIAAFKTIVEEKSIKETLSLLFDDLEAQ
KLDLSKIYFENDKSLTDLSQOQVFDDYSVIGTAVLEYITOQTAPKNLDNPSKKEQELTAKKTERKA
KYLSLETIKLALEEFNKHRDIDKQCRFEEILANFAATPMIFDE IAQNKDNLAQIS IKYQNQGEK
DLLOASARDDVEATKDLLDOTNNLLHKLKIFHISQSEDKANTILDKDEHFYLVFEECYFELANTV
PLYNKIRNYITQKRKPYSDEKFKLNFENS TLANGWDENKEPDNTAILFIKDDKY Y LGVMNEKNNKI
FDDKATKENKGEGYKKIVYKLLPGANKMLPEVEFFSAKSTKFYNPSEDTILRIRNHSTHTKNGS PO
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KGYEKFEFNIEDCREKFIDFYKQSISKHPEWKDFGFRFSDTQRYNSIDEFYREVENQGYKLTFEN
ISESYIDSVVNOQGKLYLFQIYNKDFSAYSKGRPNLHTLYWKALFDERNLODVVYKLNGEAELEY
REKQSIPKKITHPAKEAIANKNKDNPERESVFEYDLIKDERFTEDKFFFHCPITINFKSSGANKE
NDEINLLLKEKANDVHILSIDRGERHLAYYTLVDGKGNITKQDTFNT IGNDRMKTNYHDKLAAT
EXKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNAIVVFEDLNFGEFRRGRFRVERQVY
QKLEKMLIEKLNYLVFKDNEFDKTGGVLEAYQLTAPFETFKEKMGKQTGI IYYVPAGFTSKICPY
TGEVNQLYPKYESVSKSQEFFSKFDKICYNLDKGYFEFSFDYKNFGDEAAKGEWT IASFGSRLI
NFENSDEKNHNWDTREVYPTKELEKLLKDYSIEYGHGECIKAATCGESDKKFFAKLTSVLNTILO
MRNSKTGTELDYLISPVADVNGNFFDSROAPKNMPODAAANGAYHIGLKGLMLLGR IKNNQEGK
KLNLVIKNEEYFEFVQONRNN

Francisella novicida Cpf1 D917A/E1006A (A917, A1006, and D1255 are bolded and
underlined):
MSIYQEFVNKYSLSKTLRFELIPOGKTLENIKARGLILDDEKRAKDYKKAKQI IDKYHQFFIER
ILSSVCISEDLLONYSDVY FRLKKSDDDNLOKDEFKSAKDT IKKQISEY IKDSEKFENLFNONLI
DAKKGQESDLILWLKQSKDNGIELFKANSDITDIDEALETI IKSFKGWTTYFKGFHENRKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLEDKAPEAINYEQIKKDLAEELTFDIDYKTSEVNQR
VESLDEVFEIANFNNYLNQSGITKFNTI IGGKFVNGENTKRKGINEY INLYSQQINDKTLKKYK
MSVLFEQILSDTESKSFVIDKLEDDSDVVTTMOQSFYEQITAAFKTVEEKSIKETLSLLFDDLEKAQ
KLDLSKIYFENDKSLTIDLSQOQVEFDDYSVIGTAVLEY ITOQOIAPKNLDNPSKKEQELIAKKTEKA
KYLSLETIKLALEEFNKHRDIDKQUCRFEEILANFAATPMIFDE TAQNKDNLAQT STKYQNQGKK
DLLOASAEDDVEKAIKDLLDOTNNLLHKLKIFHISOSEDKANI LDKDEHFYLVFEECYFELANIV
PLYNKIRNYITQKPYSDEKFKLNFENS TLANGWDEKNKEPDNTATLEFTKDDKY Y LGVMNEKENNKT
FDDEAIKENKGEGYKKIVYKLLPGANKMLPEKVEFFSAKSIKFYNPSEDILRIRNHSTHTENGSPQ
KGYEKFEFNIEDCREKFIDFYKQSISKHPEWKDFGFRFSDTQRYNSIDEFYREVENQGYKLTFEN
ISESYIDSVVNOQGKLYLFQIYNKDFSAYSKGRPNLHTLYWKALFDERNLODVVYKLNGEAELEY
REKQSIPKKITHPAKEATANKNKDNPKKESVFEYDLIKDKRFTEDKFFFHCPITINFKSSGANKE
NDEINLLLKEKANDVHILS IARGERHLAYYTLVDGKGNIIKQDTFNI IGNDRMKTNYHDKLAAL
EKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNATVVFADLNFGFRKRGRFEVERQVY
OKLEFMLIEKLNYLVFKDNEFDKTGGVLRAYQLTAPFETFRKEKMGKOQTGI IYYVPAGEFTSKICPEV
TGEFVNOLYPKYESVSKSQEFFSKFDKICYNLDKGYFEFSFDYKNFGDEKARAKGKWT IASFGSRLT
NFRNSDENHNWDIREVYPTKELEKLLEDYS IEYGHGECIKAAICGESDKKFFAKLTSVLNTILO
MENSKTGTELDYLISPVADVNGNFFDSRQAPKNMPQDADANGAYHI GLEKGLMLLGRIKNNQEGK
KLNLVIKNEEYFEFVONRNN
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Francisella novicida Cpf1 D917A/D1255A (A917, E1006, and A1255 are bolded and
underlined).
MSTYQEFVNRYSLSKTLRFELIPOGKTLENTIKARGLTLDDERKRAKDYKKAKQITDKYHQFFIER
ILSSVCISEDLLONYSDVY FKLKKSDDDNLOKDFRSAKDT IKKQISEYIKDSERFEKNLFNQNL I
DAKKGOESDLTILWLKOSKDNGIELFKANSDITDTIDEALET TKSFRGWTTY FRGFHENREKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLKDKAPEAINYEQIKKDLAEELTFDIDYKTSEVNQR
VESLDEVFETIANFNNYLNQSGITKFNTI IGGKEVNGENTKRKGINEY TNLYSQQINDKTLEKYK
MSVLFKQILSDTESKSFVIDKLEDDSDVVITMOSFYEQIAAFKTIVEEKSIKETLSLLFDDLEAQ
KLDLSKIYFENDKSLTDLSQOQVFDDYSVIGTAVLEYITOQTAPKNLDNPSKKEQELTAKKTERKA
KYLSLETIKLALEEFNKHRDIDKQCRFEEILANFAATPMIFDE IAQNKDNLAQIS IKYQNQGEK
DLLOASARDDVEATKDLLDOTNNLLHKLKIFHISQSEDKANTILDKDEHFYLVFEECYFELANTV
PLYNKIRNYITQKRKPYSDEKFKLNFENS TLANGWDENKEPDNTAILFIKDDKY Y LGVMNEKNNKI
FDDKATKENKGEGYKKIVYKLLPGANKMLPEVEFFSAKSTKFYNPSEDTILRIRNHSTHTKNGS PO
KGYERKFEFNIEDCRKFIDFYKQS ISKHPEWKDFGFRFSDTQRYNSIDEFYREVENQGYKLTFEN
ISESYTIDSVVNQGRLYLFQIYNKDFSAYSKGRPNLHTLYWKALFDERNLQDVVYKLNGEAELFEY
REOQSIPKKITHPARKEATANKNKDNPKKESVFEYDLIKDKRFTEDKFFFHCPITINFKSSGANKE
NDEINLLLKEKANDVHILS TARGERHLAYYTLVDGKGNITKQDTFNT IGNDRMKTNYHDKLAAT
EKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNATVVFEDLNFGFRKRGRFEVERQVY
OKLEFMLIEKLNYLVFKDNEFDKTGGVLRAYQLTAPFETFKEMGKQTGIIYYVPAGFTISKICPEV
TGEVNQLYPRKYESVSKSQEFFSKEFDKICYNLDKGY FEFSFDYKNFGDKAAKGKWTTASFGSRLT
NFRNSDENHNWDTREVY PTKELEKLLKDYS IEYGHGECIKAATICGESDKKFFAKLTSVLNTILY
MENSKTGTELDYLISPVADVNGNFFDSRQAPKNMPQDAAANGAYHI GLEKGLMLLGRIKNNQEGK
KLNLVIKNEEYFEFVONRNN

Francisella novicida Cpfl E1006A/D1255A (D917, A1006, and A1255 are bolded and
underlined):
MSIYQEFVNRKYSLSKTLRFELIPOGKTLENIKARGLILDDEKRAKDYKFKAKQIIDKYHQFFIEE
TLSSVCISEDLLONY SDVY FEKLKKSDDDNLOKDFKSAKDT IKKQISEY TKDSERFENLEFNQNTL T
DAKKGOESDLILWLKQSKDNGIELFFANSDITDIDEALEI IKSFRKGWT TYFRGFHENRKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLKDKAPEATNYEQTKKDLAERELTFDIDYKTSEVNQR
VESLDEVFEIANFNNYLNQSGITKFNT I IGGKFVNGENTKREKGINEY INLYSQOQINDKTLKEKYK
MSVLFEQILSDTESKSEFVIDKLEDDSDVVTTMOSFYEQTAAFKTVEERSTKETLSLLFDDLEAQ
KLDLSKIYFENDKSLTDLSQOVEFDDYSVIGTAVLEYITQQIAPKNLDNEPSKRKEQELIAKKTERKA
KYLSLETTKLALEEFNKHRDIDKQCRFEEILANFAATPMT FDE TAQNKDNLAQT S TKYQNQGKK
DLLOASAFDDVEAIKDLLDOTNNLLHKLKIFHISOSEDKANILDKDEHFYLVFEECYFELANIV
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PLYNKIERNYITQKPYSDEKFKLNFENSTLANGWDKNKEPDNTATILFIKDDKYYLGVMNKKNNKT
FDDKAIKENKGEGYKKIVYKLLPGANKMLPKVEFFSAKSIKFYNPSEDILRIRNHSTHTKNGSPQ
KGYEKFEFNIEDCRKFIDFYKQSISKHPEWKDFGFRESDTQRYNS IDEFYREVENQGYKLTFEN
ISESYIDSVVNQGKLYLEQIYNKDESAY SKGRPNLHTLYWKALFDERNLODVVYKLNGEAELFEY
RKOSIPKKITHPAKEATIANKNKDNPKKESVFEYDLIKDKRFTEDKFFFHCPIT INFKS5GANKE
NDEINLLLKEKANDVHILSIDRGERHLAYYTLVDGKGNITKQDTFNT IGNDRMKTNYHDKLAAT
EXKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNAIVVFADLNFGEFRRGRFRVERQVY
QKLEKMLIEKLNYLVFEDNEFDKTGGVLRAYQLTAPFETFKEKMGKOTGIIYYVPAGFTSKICPY
TGFVNOQLYPKYESVSKSQEFFSKFDKICYNLDKGYFEFSFDYKNFGDKAAKGKWT IASFGSRL I
NERNSDENHNWDTREVYPTKELEKLLEDY STEYGHGECIKAATICGESDKKFFAKLTSVLNTILO
MRNSKTGTELDYLISPVADVNGNFFDSROAPKNMPODAAANGAYHIGLKGLMLLGR IKNNQEGK
KLNLVIKNEEYFEFVONRNN

Francisella novicida Cpf1 D917A/E1006A/D1255A (A917, A1006, and A1255 are bolded and
underlined).

MSIYQEFVNKYSLSKTLRFELIPOGKTLENIKARGLILDDEKRAKDYKKAKQI IDKYHQFFIER
ILSSVCISEDLLONYSDVY FRLKKSDDDNLOKDEFKSAKDT IKKQISEY IKDSEKFENLFNONLI
DAKKGQESDLILWLKQSKDNGIELFKANSDITDIDEALETI IKSFKGWTTYFKGFHENRKNVYSS
NDIPTSIIYRIVDDNLPKFLENKAKYESLEDKAPEAINYEQIKKDLAEELTFDIDYKTSEVNQR
VESLDEVFETANFNNYLNQSGITKFNTI IGGKEVNGENTKRKGINEY TNLYSQQINDKTLKKYK
MSVLFKOILSDTESKSEVIDKLEDDSDVVITMOQSEFYEQIAAFKTVEEKSIKETLSLLEFDDLEAQ
KLDLSKIYFKNDKSLTDLSQOQVFDDYSVIGTAVLEYITQQIAPKNLDNPSKKEQELTAKKTERA
KYLSLETIKLALEEFNKHRDIDKOQCRFEEILANFAATIPMIFDE IAQNKDNLAQIS IKYQNQGKK
DLLOASAFRDDVEATKDLLDOTNNLLHKLKIFHISQSEDKANTLDKDEHFYLVFEECYFELANTV
PLYNKIENYITQKPYSDEKFKLNFENSTLANGWDEKNKEPDNTATILFTKDDKYYLGVMNKENNK T
FDDEAIKENKGEGYKKIVYKLLPGANKMLPEKVEFFSAKSIKFYNPSEDILRIRNHSTHTENGSPQ
KGYEKFEFNIEDCREKFIDFYKQSISKHPEWKDFGFRFSDTQRYNSIDEFYREVENQGYKLTFEN
ISESYIDSVVNOQGKLYLFQIYNKDFSAYSKGRPNLHTLYWKALFDERNLODVVYKLNGEAELEY
REKQSIPKKITHPAKEATANKNKDNPKKESVFEYDLIKDKRFTEDKFFFHCPITINFKSSGANKE
NDEINLLLKEKANDVHILS IARGERHLAYYTLVDGKGNIIKQDTFNI IGNDRMKTNYHDKLAAL
EKDRDSARKDWKKINNIKEMKEGYLSQVVHEIAKLVIEYNATVVFADLNFGFRKRGRFEVERQVY
OKLEFMLIEKLNYLVFKDNEFDKTGGVLRAYQLTAPFETFRKEKMGKOQTGI IYYVPAGEFTSKICPEV
TGEFVNOLYPKYESVSKSQEFFSKFDKICYNLDKGYFEFSFDYKNFGDEKARAKGKWT IASFGSRLT
NFRNSDENHNWDIREVYPTKELEKLLEDYS IEYGHGECIKAAICGESDKKFFAKLTSVLNTILO
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MENSKTGTELDYLISPVADVNGNFFDSRQAPKNMPQDAAANGAYHI GLEKGLMLLGRIKNNQEGK
KLNLVIKNEEYFEFVONRNN

In some embodiments, one of the Cas9 domains present in the fusion protein may be
replaced with a guide nucleotide sequence-programmable DNA-binding protein domain that has
no requirements for a PAM sequence.

In some embodiments, the Cas9 domain is a Cas9 domain from Staphylococcus aureus
(SaCas9). In some embodiments, the SaCas9 domain is a nuclease active SaCas9, a nuclease
inactive SaCas9 (SaCas9d), or a SaCas9 nickase (SaCas9n). In some embodiments, the SaCas9
comprises a N379A mutation, or a corresponding mutation in any of the amino acid sequences
provided herein.

In some embodiments, the SaCas9 domain, the SaCas9d domain, or the SaCas9n domain
can bind to a nucleic acid sequence having a non-canonical PAM. In some embodiments, the
SaCas9 domain, the SaCas9d domain, or the SaCas9n domain can bind to a nucleic acid
sequence having a NNGRRT or a NNGRRT PAM sequence. In some embodiments, the SaCas9
domain comprises one or more of a E781X, a N967X, and a R1014X mutation, or a
corresponding mutation in any of the amino acid sequences provided herein, wherein X is any
amino acid. In some embodiments, the SaCas9 domain comprises one or more of a E781K, a
N967K, and a R1014H mutation, or one or more corresponding mutation in any of the amino
acid sequences provided herein. In some embodiments, the SaCas9 domain comprises a E781K,
a N967K, or a R1014H mutation, or corresponding mutations in any of the amino acid

sequences provided herein.

Exemplary SaCas9 sequence:

KRNY ILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRRRRHRIQRVKKLL
FDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQI SR
SKALEEKYVAELOQLERLKKDGEVRGSINRFKTSDY VKEAKQLLKVOKAYHQLDOSFIDTY IDLLETRRTY
YEGPGEGSEPFGWKDIKEWY EMLMGHCTY FPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEY Y EKE
QITENVFRQKKKPTLRQIAKEILVNEEDIKGY RVTSTGKPEFTNLEKVYHDIKDITARKEI IENAELLDQT
AKILTIYOSSEDIQEELTNLNSELTQEETEQISNLKGY TGTHNLSLEATNLILDELWHTNDNQITATFNREL
KLVPKEVDLSQOKEIPTTLVDDFILSEVVERSFIQSIKVINATIKKYGLPNDITIELARERKNSKDAQKMT
NEMOKRNEOQTNERIEETITRTTGEENAKY LIEKTKLHDMOEGKCLY SLEATPLEDLLNNFFNYEVDHITFR
SVSFDNSFNNEVLVEQEENSKEGNRTPFOYLSSSDSKISYETFRKKHILNLAKGKGRTSKTKKEY LLEERD
INRESVORDEINENLVDTRY ATRGIMNLLRSY FRVNNLDVEVESINGGEFT SFLERKWEFEKKERNKGY KHH
AEDALITANADF IFKEWKKELDEAKKVMENOMEEERKQAESMPEIETEQEYKETIFITPHOIKHIEDEFEDYEKY
SHRVDEEPNRELINDTLY STREDDKGNTLIVNNLNGLY DKDNDKLEELINKSPERLIMYHHDPOQTY QKLE
LIMEQYGDEKNPLY KY YEETGNYLTRY SKEDNGPVIKKIKYYGNKLNAHLDITDDY PNSENEVVELSLEF
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YRFDVYLDNGVYKFVTIVENLDVIKKENY YEVNSKCY EEARKKLEKISNQARFITASEFYNNDLIKINGELYRY
IGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRITKT IASKTOSTIEKY STDILGNLY EVKSKKHPQTITEK
KG

Residue N579 above, which 1s underlined and in bold, may be mutated (e.g., to a AS79)

to yield a SaCas9 nickase.

Exemplary SaCas%n sequence:

KRNY ILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRRRRHRIQRVKKLL
FDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQI SR
SKALEEEYVAELOLERLEEDGEVRGSINRFET SDY VKEAKQLLEKVOERAYHOLDOSFIDTY IDLLETRETY
YEGPGEGSPFGWKDIKEWYEMIMGHCTY FFEELRSVEYAYNADLYNATLNDLNNLYVITRDENEKLEYYERFE
QI TENVFROERKPTLRQIAKEILVNEEDIEGY RVT STGEPEFTNLEVYHDIKDITARKETITENAELLDQT
AKILTIYOSSEDIQEELTNLNSELTQEETEQISNLKGY TGTHNLSLEATNLILDELWHTNDNQITATFNREL
KLVPKEVDLSQOKEIPTTLVDDFILSEVVERSFIQSIKVINATIKKYGLPNDITIELARERKNSKDAQKMT
NEMOKRNEOQTNERIEETITRTTGEENAKY LIEKTKLHDMOEGKCLY SLEATPLEDLLNNFFNYEVDHITFR
SVSFDNSFNNEVLVEQEEASKEGNRTPFOYLSSSDSKISYETFRKKHILNLAKGKGRTSKTKKEY LLEERD
INRESVORDEINENLVDTRY ATRGIMNLLRSY FRVNNLDVEVESINGGEFT SFLERKWEFEKKERNKGY KHH
AEDALIIANADFIFKEWKKLDEARKVMENQMEFEEKQAESMPEIETEQEYKEIFITPHQIKHIKDERKDYKY
SHRVDKKPNRELINDTLY STREKDDKGNTLIVNNLNGLY DKDNDKLEKKLINKSPEKLLMY HHDPQTYQKLEK
LIMEQYGDERKNPLYKYYEETGNYLTKY SKKDNGPVIKKIKYYGNKLNAHLDITDDY PNSRNKVVEKLSLEKP
YREDVYLDNGVYKFVTVENLDVIKKENY YEVNSKCY EEAKKLKKISNQAEFIASFYNNDLIKINGELYRY
IGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKT IASKTQSIKKYSTDILGNLY EVEKSKEKHPQIIK
KG

Residue AS79 above, which can be mutated from N579 to yield a SaCas9 nickase, is
underlined and in bold.
Exemplary SaKKH Cas9:

KRNY ILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGARRLKRRRRHRIQRVKKLL
FDYNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHLAKRRGVHNVNEVEEDTGNELSTKEQI SR
SKALEEEYVAELOLERLEEDGEVRGSINRFET SDY VKEAKQLLEKVOERAYHOLDOSFIDTY IDLLETRETY
YEGPGEGSPFGWKDIKEWYEMIMGHCTY FFEELRSVEYAYNADLYNATLNDLNNLYVITRDENEKLEYYERFE
QI TENVFROERKPTLRQIAKEILVNEEDIEGY RVT STGEPEFTNLEVYHDIKDITARKETITENAELLDQT
AKILTIYOSSEDIQEELTNLNSELTQEETEQISNLKGY TGTHNLSLEATNLILDELWHTNDNQITATFNREL
KLVPKEVDLSQOKEIPTTLVDDFILSEVVERSFIQSIKVINATIKKYGLPNDITIELARERKNSKDAQKMT
NEMOKRNEOQTNERIEETITRTTGEENAKY LIEKTKLHDMOEGKCLY SLEATPLEDLLNNFFNYEVDHITFR
SVSFDNSFNNEVLVEQEEASKEGNRTPFOYLSSSDSKISYETFRKKHILNLAKGKGRTSKTKKEY LLEERD
INRESVORDEINENLVDTRY ATRGIMNLLRSY FRVNNLDVEVESINGGEFT SFLERKWEFEKKERNKGY KHH
AEDALITANADF IFKEWKKELDEAKKVMENOMEEERKQAESMPEIETEQEYKETIFITPHOIKHIEDEFEDYEKY
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SHRVDKKPNR KLINDTLY STRKDDKGNTLIVNNLNGLY DKDNDKLKKL INKS PEKLLMYHHDPQTYQKLK
LIMEQYGDEKNPLYKY YEETGNYLTKY SKKDNGPVIKKIKY YGNKLNAHLDITDDY PNSRNKVVKLSLEP
YRFDVYLDNGVYKFVTVKNLDVIKKENY YEVNSKCYEEAKKLKKISNQAEFIASFY KNDLIKINGELYRV
IGVNNDLLNRIEVNMIDITYREYLENMNDKRPPHI IKT IASKTQSIKKY STDILGNLY EVKSKKHPQITK
KG.

Residue AS79 above, which can be mutated from N579 to yield a SaCas9 nickase, is
underlined and in bold. Residues K781, K967, and H1014 above, which can be mutated from
E781, N967, and R1014 to yield a SaKKH Cas9 are underlined and in italics.

In some embodiments, the napDNAbp 15 a circular permutant. In the following
sequences, the plain text denotes an adenosine deaminase sequence, bold sequence indicates
sequence derived from Cas9, the italics sequence denotes a linker sequence, and the underlined

sequence denotes a bipartite nuclear localization sequence.

CP5 (with MSP “NGC” PID and “D10A” nickase):

EIGKATAKYFFYSNIMNFFKTE I TLANGE IRKRPLIETNGETGE IVWDKGRDFATVRKVLSMPOQVNIVKK
TEVQTGGFSKES ILPKRNSDKL IARKKDWDPKKY GGFMOPTVAY SVLVVAKVEKGKSKKLKSVKELLGI T
IMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKY SLFELENGRKRMLASAKFLOKGNELALPSKYVNFLY
LASHYEKLKGSPEDNEQKQLFVEQHKHYLDEI IEQI SEFSKRVILADANLDKVLSAYNKHRDKPIREQAE
NIIHLFTLTNLGAPRAFKYFDTTIARKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGDGGSGGSGGS
GGSGGSGGSGGMDKKY SIGLAIGTNSVGWAVI TDEYKVPSKKFKVLGN TDRHS IKKNLIGALLFDSGETA
EATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYH
EKYPTIYHLRKKLVDS TDKADLRLIYLALAHMIKFRGHEFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEEN
PINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTPNFKSNFDLAEDAKLOLSKD
TYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALV
ROOLPERYKEIFFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRTEFDNGS
IPHQIHLGELHAILRRQEDFY PELKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTREKSEETI TPWNEFE
EVVDKGASAQSFIERMTNFDENLPNERKVLPEKHSLLYEYFTVYNELTRKVRKYVTEGMREPAFLSGEQKKAIV
DLLFKTNREVTVREQLKEDYFRKKIECFDSVEISGVEDREFNASLGTYHDLLKIIKDKDFLDNEENEDILEDI
VLTLTLFEDREMIEERLKTYAHLFDDEKVMEKQLEKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLESDGEA
NRNFMQLIHDDSLTFREDIQKAQVSGQGDESLHEHIANLAGSPATIKKGILOTVEVVDELVEKVMGRHKPENT
VIEMARENQTTQRKGOENSRERMKRIEEGIKELGEQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELD
INRLSDYDVDHIVPQSFLKDDS IDNKVLTRSDKNRGKSDNVPSEEVVKKMENYWRQLINAKL I TQRKFDN
LTKAERGGLSELDKAGFIKRQLVETRQI TKHVAQILDSRMNTKYDENDKL IREVKVITLKSKLVSDFRKD
FQFYKVREINNYHHAHDAYLNAVVGTALIKKY PKLESEFVYGDYKVYDVRKMIAKSEQEGADKRTADGSE

FESPKKKRKV*
In some embodiments, the nucleic acid programmable DNA binding protein

(napDNADbp) 1s a single effector of a microbial CRISPR-Cas system. Single effectors of
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microbial CRISPR-Cas systems include, without limitation, Cas9, Cpfl, Cas12b/C2cl1, and
Casl12¢/C2c¢3. Typically, microbial CRISPR-Cas systems are divided into Class 1 and Class 2
systems. Class 1 systems have multisubunit effector complexes, while Class 2 systems have a
single protein effector. For example, Cas9 and Cpf1 are Class 2 effectors. In addition to Cas9
and Cpf1, three distinct Class 2 CRISPR-Cas systems {(Cas12b/C2c¢1, and Cas12¢/C2¢3) have
been described by Shmakov et al, “Discovery and Functional Characterization of Diverse Class
2 CRISPR Cas Systems”, Mol. Cell, 2015 Nov. 5; 60(3): 385-397, the entire contents of which is
hereby incorporated by reference. Effectors of two of the systems, Cas12b/C2c1, and
Cas12¢/C2c3, contain RuvC-like endonuclease domains related to Cpfl. A third system
contains an effector with two predicated HEPN RNase domains. Production of mature CRISPR
RNA is tracrRNA-independent, unlike production of CRISPR RNA by Cas12b/C2cl.
Cas12b/C2c1 depends on both CRISPR RNA and tracrRNA for DNA cleavage.

The crystal structure of Alicyclobaccillus acidoterrastris Cas12b/C2c¢cl (AacC2cl) has
been reported in complex with a chimeric single-molecule guide RNA (sgRNA). See e.g., Liu ef
al., “C2cl-sgRNA Complex Structure Reveals RNA-Guided DNA Cleavage Mechanism”, Ao/,
Cell, 2017 Jan. 19; 65(2):310-322, the entire contents of which are hereby incorporated by
reference. The crystal structure has also been reported in Alicyclobacillus acidoterrestris C2cl
bound to target DNAs as ternary complexes. See e.g., Yang et a/., “PAM-dependent Target
DNA Recognition and Cleavage by C2C1 CRISPR-Cas endonuclease™, Cell, 2016 Dec. 15;
167(7):1814-1828, the entire contents of which are hereby incorporated by reference.
Catalytically competent conformations of AacC2c1, both with target and non-target DNA
strands, have been captured independently positioned within a single RuvC catalytic pocket,
with Cas12b/C2¢c1-mediated cleavage resulting in a staggered seven-nucleotide break of target
DNA. Structural comparisons between Cas12b/C2c¢1 ternary complexes and previously
identified Cas9 and Cpfl counterparts demonstrate the diversity of mechanisms used by
CRISPR-Cas9 systems.

In some embodiments, the nucleic acid programmable DNA binding protein
(napDNAbp) of any of the fusion proteins provided herein may be a Cas12b/C2cl, or a
Cas12¢/C2c3 protein. In some embodiments, the napDNAbp is a Cas12b/C2c1 protein. In some
embodiments, the napDNAbp 1s a Cas12¢/C2¢3 protein. In some embodiments, the napDNAbp
comprises an amino acid sequence that is at least 85%, at least 90%, at least 91%, at least 92%,
at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or
at ease 99.5% identical to a naturally-occurring Cas12b/C2¢1 or Casl2¢/C2¢3 protein. In some
embodiments, the napDNAbp 1s a naturally-occurring Cas12b/C2c1 or Cas12¢/C2c¢3 protein. In

some embodiments, the napDNAbp comprises an amino acid sequence that is at least 85%, at
129



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

least 90%, at least 91%o, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at
least 97%, at least 98%, at least 99%, or at ease 99.5% identical to any one of the napDNAbp
sequences provided herein. It should be appreciated that Cas12b/C2c¢1 or Cas12¢/C2¢3 from
other bacterial species may also be used in accordance with the present disclosure.

A Cas12b/C2¢1 ({uniprot org/uniprot/TOD7A2#2) sp|TOD7A2|C2C1_ALIAG CRISPR-
associated endonuclease C2¢1 OS = Alicyclobacillus acido-terrestris (strain ATCC 49025 /
DSM 3922/ CIP 106132 / NCIMB 13137/GD3B) GN=c2¢1 PE=1 SV=1) amino acid sequence
is as follows:
MAVKSIKVKLRLDDMPEIRAGLWKLHKEVNAGVRY Y TEWLSLLRQENLYRRSPNGDGEQECDKTAEECKA
ELLERLRARQVENGHRGPAGSDDELLQLARQLYELLVPQATGAKGDAQQTARKFLSPLADKDAVGGLGIA
KAGNKPRWVRMREAGE PGWEEEKEKAETRKSADRTADVLRALADFGLKPLMRVY TDSEMS SVEWKPLRKG
QAVRTWDRDMFQQATERMMSWESWNQRVGQEY AKLVEQKNRFEQKNFVGQEHLVHLVNQLQQDMKEASPG
LESKEQTAHY VTGRALRGSDKVFEKWGKLAPDAPFDLY DAETKNVQRRNTRRFGSHDLFAKLAEPEY QAT
WREDASFLTRYAVYNSILRKLNHAKMFATFTLPDATAHPIWTREDKLGGNLHOQY TFLFNEFGERRHAIRFE
HELLKVENGVAREVDDVTVPISMSEQLDNLLPRDPNEPIALY FRDYGAEQHETGEFGGAKIQCRRDOQLAH
MHRRRGARDVYLNVIVRVQOSQSEARGERRPPYAAVERLYVGDNHRAFVHEFDKLSDY LAEHPDDGKLGSEGL
L3GLRVMSVDLGLRTSASISVERVARKDELKPNSKGRVPEFFFPIKGNDHNLVAVHERSQLLKLPGETESKD
LRAIREERQRTLROQLRTQLAYLRLLVRCGSEDVGRRERSWAKLIEQPVDAANHMTPDWREAFENELQKLEK
SLHGICSDKEWMDAVY ESVRRVWRHMGKOVRDWRKDVRSGERPRKIRGYARKDVVGGHNSIEQIEYLERQYKFE
LKSWSFPEFGKVSGOVIRAEKGSRFAITLREHIDHAKEDRLKKLADRI IMEALGY VYALDERGKGKWVAKY P
PCOLILLEELSEYQFNNDRPPSENNQLMOWSHRGVEQELINQAQVHDLLYVGTMY AAFSSREDARTGAPGIT
RCRRVPARCTQEHNPEPFPWWLNKFVVEHTLDACPLRADDLI PTGEGEIFVSPFSAEEGDFHQTHADLNA
AQNLQQRLWSDFDISQIRLRCDWGEVDGELVLIPRLTGEKRTADSY SNKVFYTNTGVTY YERERGKERRKV
FAQFKLSEEEAELLVEADEAREKSVVLMRDPSGI INRGNWTRQKE FWSMVNQRIEGYLVKQIRSRVPLQD
SACENTGDT

BhCas12b (Bacillus hisashii) NCBI Reference Sequence: WP_095142515

MAPKKKRKVGIHGVPARATRSFILKIEPNEEVKKGLWKTHEVLNHG IAYYMNILKLIRQEATYEHHEQDP
KNPKKVSKAE IQAELWDFVLKMOKCNSFTHEVDKDEVFNILRELYEELVPS SVEKKGEANQLSNKFLY PL
VDPNSQSGKGTASSGRKPRWYNLKIAGDPSWEEEKKKWEE DKKKDPLAKI LGKLAEYGLIPLFIPYTDSN
EPIVKEIKWMEKSRNQSVRRLDKDMFIQALERFLSWESWNLKVKEEYEKVEKEYKTLEERTKEDIQALKA
LEQYEKERQEQLLRDT LNTNEY RLSKRGLRGWRE I TQKWLKMDENEPSEKYLEVFKDY QRKHPREAGDY S
VYEFLSKKENHFIWRNHPEY PYLYATFCEIDKKKKDAKQQATFT LADPINHPLWVRFEER SGSNLNKYR T
LTEQLHTEKLKKKLTVQLDRLIYPTESGGWEEKGKVDIVLLPSRQFYNQIFLDIEEKGKHAFTYKDESIK
FPLKGTLGGARVQFDRDHLRRY PHKVESGNVGRIY FNMTVNIEPTESPVSKSLKIHRDDEPKVVNFKPKE
LTEWIKDSKGKKLKSGIESLEIGLRVMSIDLGQRQAARASIFEVVDQKPDIEGKLFFPIKGTELYAVHRA
SFNIKLPGETLVKSREVLRKAREDNLKLMNQKLNFLRNVLHFQQFEDITEREKRVTKWISRQENSDVPLV
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YODELIQIRELMYKFYKDWVAFLKOLHKRLEVEIGKEVEHWRESLSDGEKGLYGISLENIDEIDRTRERL
LEWSLRPTEPGEVRRLEPGQRFATDOLNHLNALKEDELEKMANT ITMHAT.GY CY DVRKKKWQAKNFACQT
ILFEDLSNYNPYEERSEFENSELMKWSREEIPROVALOGEIYGLOVGEVGAQFSSRFHARKTGSPGIRCSYV
VIKEKLODNRFFRKNLOREGRLTLDKIAVLEEGDLY PDEGGERKFISLSKDRECVTITHADTNAAQONT.OKEEW
TRTHGEYRKVYCKAYOQVDGOTVY IPESKDOROKITEEFGEGY FILKDGVY EWVNAGKLEIKKGSSKOSSSE
LVDSDILKDSFDLASELKGEKLMLYRDPSGNVEPSDEWMAAGVEFFGKLERILISKLTNQYSISTIEDDSS
KOSMKRPAATKKAGQAKKKK

In some embodiments, the Cas12b i1s BvCas12B. In some embodiments, the Cas12b
comprises amino acid substitutions S893R, K846R, and E837G, as numbered in the exemplay
BvCas12b amino acid sequence provided below.

BvCas12b (Bacillus sp. V3-13) NCBI Reference Sequence: WP_101661451.1;
MAIRSIKLKMKTNSGIDSIYLRKALWRTHQLINEGIAYYMNLLTLYRQEAIGDKTKEAYQAELINI IRNQ
QRNNGSSEEHGSDQEILALLRQLYELIIPSSIGESGDANQLGNKFLY PLVDPNSQSGKGT SNAGRKPRWK
RLKEEGNPDWELEKKKDEERKAKDPTVKIFDNLNKY GLLPLFPLETNIQKDIEWLPLGKRQSVRKWDKDM
FIQATERLLSWESWNRRVADEYKQLKEKTESY YKEHLTGGEEWIEKIRKFEKERNMELEKNAFAPNDGY F
ITSRQIRGWDRVYEKWSKLPESASPEELWKVVAEQQNKMSEGFGDPKVESFLANRENRDIWRGHSERIYH
TAAYNGLQKKLSRTKEQATFTLPDAIEHPLWIRYESPGGTNLNLFKLEEKQKKNY Y VTLSKI INPSEEKW
IEKENIEIPLAPSIQFNRQIKLKQHVKGKQEISFSDYSSRISLDGVLGGSRIQFNRKY IKNHKELLGEGD
IGPVFFNLVVDVAPLQETRNGRLQSPIGKALKVISSDFSKVIDY KPKELMDWMNTGSASNSFGVASLLEG
MRVMSIDMGQORTSASVSIFEVVKELPKDQEQKLFY S INDTELFAIHKRSFLLNLPGEVVTKNNKQQRQER
RKKRQFVRSQIRMLANVLRLETKKTPDERKKAIHKLME IVQSYDSWTASOKEVWEKELNLLTNMAAFNDE
IWKESLVELHHRIEPYVGQIVSKWRKGLSEGRKNLAGISMWNIDELEDTRRLLISWSKRSRTPGEANRIE
TDEPFGSSLLOHIQNVKDDRLKQMANLI IMTALGFKYDKEEKDRYKRWKETY PACQIILFENLNRYLENL
DRSRRENSRLMKWAHRSIPRTVSMQGEMFPGLQVGDVRSEY SSRFHAKTGAPGIRCHALTEEDLKAGSNTL
KRLIEDGFINESELAYLKKGDIIPSQGGELFVTLSKRY KKDSDNNELTVIHADINAAONLQKREWQQONSE
VYRVPCQLARMGEDKLY I PKSQTET IKKY FGKGS FVKNNTEQEVY KWEKSEKMKIKTDTT FDLQDLDGFE
DISKTIELAQEQQKKY LTMFRDPSGY FENNETWRPQKEYWSIVNNI IKSCLKKKILSNKVEL

Guide Polynucleotides

In an embodiment, the guide polynucleotide is a guide RNA. An RNA/Cas complex can
assist in “guiding” Cas protein to a target DNA. Cas9/crRNA/tracrRNA endonucleolytically
cleaves linear or circular dsDNA target complementary to the spacer. The target strand not
complementary to crRNA is first cut endonucleolytically, then trimmed 3°-5 exonucleolytically.
In nature, DNA-binding and cleavage typically requires protein and both RNAs. However,
single guide RNAs (“sgRNA,” or simply “gNRA”) can be engineered so as to incorporate
aspects of both the crRNA and tracrRNA into a single RNA species. See, e.g., Jinek M. ef al.,
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Science 337:816-821(2012), the entire contents of which is hereby incorporated by reference.
Cas9 recognizes a short motif in the CRISPR repeat sequences (the PAM or protospacer
adjacent motif) to help distinguish self versus non-self. Cas9 nuclease sequences and structures
are well known to those of skill in the art (see e.g., “Complete genome sequence of an M1 strain
of Streptococcus pyogenes.” Ferretti, J.J. et al., Natl. Acad. Sci. U.S. A 98:4658-4663(2001);,
“CRISPR RNA maturation by trans-encoded small RNA and host factor RNase IIL.” Deltcheva
E. et al., Nature 471:602-607(2011); and “Programmable dual-RNA-guided DNA endonuclease
in adaptive bacterial immunity.” Jinek M.et al, Science 337:816-821(2012), the entire contents
of each of which are incorporated herein by reference). Cas9 orthologs have been described in
various species, including, but not limited to, S. pvogernes and S. thermophilus. Additional
suitable Cas9 nucleases and sequences can be apparent to those of skill in the art based on this
disclosure, and such Cas9 nucleases and sequences include Cas9 sequences from the organisms
and loci disclosed in Chylinski, Rhun, and Charpentier, “The tracrRNA and Cas9 families of
type II CRISPR-Cas immunity systems” (2013) RNA Biology 10:5, 726-737; the entire contents
of which are incorporated herein by reference. In some embodiments, a Cas9 nuclease has an
inactive {e.g., an inactivated) DNA cleavage domain, that is, the Cas9 is a nickase.

In some embodiments, the guide polynucleotide is at least one single guide RNA
(“sgRNA” or “gNRA”). In some embodiments, the guide polynucleotide is at least one
tracrRNA. In some embodiments, the guide polynucleotide does not require PAM sequence to
guide the polynucleotide-programmable DNA-binding domain (e.g., Cas9 or Cpfl) to the target
nucleotide sequence.

The polynucleotide programmable nucleotide binding domain (e.g., a CRISPR-derived
domain) of the base editors disclosed herein can recognize a target polynucleotide sequence by
associating with a guide polynucleotide. A guide polynucleotide {(e.g., gRNA) is typically
single-stranded and can be programmed to site-specifically bind (i.e., via complementary base
pairing) to a target sequence of a polynucleotide, thereby directing a base editor that is in
conjunction with the guide nucleic acid to the target sequence. A guide polynucleotide can be
DNA. A guide polynucleotide can be RNA. In some embodiments, the guide polynucleotide
comprises natural nucleotides (e.g., adenosine). In some embodiments, the guide polynucleotide
comprises non-natural (or unnatural) nucleotides (e.g., peptide nucleic acid or nucleotide
analogs). In some embodiments, the targeting region of a guide nucleic acid sequence can be at
least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 nucleotides in length. A
targeting region of a guide nucleic acid can be between 10-30 nucleotides in length, or between

15-25 nucleotides in length, or between 15-20 nucleotides in length.
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In some embodiments, a guide polynucleotide comprises two or more individual
polynucleotides, which can interact with one another via for example complementary base
pairing (e.g., a dual guide polynucleotide). For example, a guide polynucleotide can comprise a
CRISPR RNA (crRNA) and a trans-activating CRISPR RNA (tractrRNA). For example, a guide
polynucleotide can comprise one or more trans-activating CRISPR RNA (tractRNA).

In type II CRISPR systems, targeting of a nucleic acid by a CRISPR protein {e.g., Cas9)
typically requires complementary base pairing between a first RNA molecule (crRNA)
comprising a sequence that recognizes the target sequence and a second RNA molecule (trRNA)
comprising repeat sequences which forms a scaffold region that stabilizes the guide RNA-
CRISPR protein complex. Such dual guide RNA systems can be employed as a guide
polynucleotide to direct the base editors disclosed herein to a target polynucleotide sequence.

In some embodiments, the base editor provided herein utilizes a single guide
polynucleotide (e.g., gRNA). In some embodiments, the base editor provided herein utilizes a
dual guide polynucleotide (e.g., dual gRNAs). In some embodiments, the base editor provided
herein utilizes one or more guide polynucleotide (e.g., multiple gRNA). In some embodiments,
a single guide polynucleotide is utilized for different base editors described herein. For
example, a single guide polynucleotide can be utilized for an adenosine base editor, or for an
adenosine base editor and a cytidine base editor, e.g., as described in PCT/US19/44935.

In other embodiments, a guide polynucleotide can comprise both the polynucleotide
targeting portion of the nucleic acid and the scaffold portion of the nucleic acid in a single
molecule (7.¢., a single-molecule guide nucleic acid). For example, a single-molecule guide
polynucleotide can be a single guide RNA (sgRNA or gRNA). Herein the term guide
polynucleotide sequence contemplates any single, dual or multi-molecule nucleic acid capable
of interacting with and directing a base editor to a target polynucleotide sequence,

Typically, a guide polynucleotide (e.g., crRNA/trRNA complex or a gRNA) comprises a
“polynucleotide-targeting segment” that includes a sequence capable of recognizing and binding
to a target polynucleotide sequence, and a “protein-binding segment” that stabilizes the guide
polynucleotide within a polynucleotide programmable nucleotide binding domain component of
a base editor. In some embodiments, the polynucleotide targeting segment of the guide
polynucleotide recognizes and binds to a DNA polynucleotide, thereby facilitating the editing of
a base in DNA . In other cases, the polynucleotide targeting segment of the guide polynucleotide
recognizes and binds to an RNA polynucleotide, thereby facilitating the editing of a base in
RNA. Herein a “segment” refers to a section or region of a molecule, e.g., a contiguous stretch
of nucleotides in the guide polynucleotide. A segment can also refer to a region/section of a

complex such that a segment can comprise regions of more than one molecule. For example,
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where a guide polynucleotide comprises multiple nucleic acid molecules, the protein-binding
segment of can include all or a portion of multiple separate molecules that are for instance
hybridized along a region of complementarity. In some embodiments, a protein-binding
segment of a DNA-targeting RNA that comprises two separate molecules can comprise (1) base
pairs 40-75 of a first RNA molecule that is 100 base pairs in length; and (ii) base pairs 10-25 of
a second RNA molecule that is 50 base pairs in length. The defimition of “segment,” unless
otherwise specifically defined in a particular context, is not limited to a specific number of total
base pairs, is not limited to any particular number of base pairs from a given RNA molecule, 1s
not limited to a particular number of separate molecules within a complex, and can include
regions of RNA molecules that are of any total length and can include regions with
complementarity to other molecules.

A guide RNA or a guide polynucleotide can comprise two or more RNAs, e.g., CRISPR
RNA (crRNA) and transactivating crRNA (tractrRNA). A guide RNA or a guide polynucleotide
can sometimes comprise a single-chain RNA, or single guide RNA (sgRNA) formed by fusion
of a portion (e.g., a functional portion) of crRNA and tracrRNA. A guide RNA or a guide
polynucleotide can also be a dual RNA comprising a ctRNA and a tractfRNA. Furthermore, a
crRNA can hybridize with a target DNA,

As discussed above, a guide RNA or a guide polynucleotide can be an expression
product. For example, a DNA that encodes a guide RNA can be a vector comprising a sequence
coding for the guide RNA. A guide RNA or a guide polynucleotide can be transferred into a cell
by transfecting the cell with an isolated guide RNA or plasmid DNA comprising a sequence
coding for the guide RNA and a promoter. A guide RNA or a guide polynucleotide can also be
transferred into a cell in other way, such as using virus-mediated gene delivery.

A guide RNA or a guide polynucleotide can be isolated. For example, a guide RNA can
be transfected in the form of an isolated RNA into a cell or organism. A guide RNA can be
prepared by in vitro transcription using any 77 vifro transcription system known in the art. A
guide RNA can be transferred to a cell in the form of isolated RNA rather than in the form of
plasmid comprising encoding sequence for a guide RNA.

A guide RNA or a guide polynucleotide can comprise three regions: a first region at the
5’ end that can be complementary to a target site in a chromosomal sequence, a second internal
region that can form a stem loop structure, and a third 3° region that can be single-stranded. A
first region of each guide RNA can also be different such that each guide RNA guides a fusion
protein to a specific target site. Further, second and third regions of each guide RNA can be

identical in all guide RNAs.
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A first region of a guide RNA or a guide polynucleotide can be complementary to
sequence at a target site in a chromosomal sequence such that the first region of the guide RNA
can base pair with the target site. In some embodiments, a first region of a guide RNA can
comprise from or from about 10 nucleotides to 25 nucleotides (7.e., from 10 nucleotides to
nucleotides; or from about 10 nucleotides to about 25 nucleotides; or from 10 nucleotides to
about 25 nucleotides; or from about 10 nucleotides to 25 nucleotides) or more. For example, a
region of base pairing between a first region of a guide RNA and a target site in a chromosomal
sequence can be or can be about 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 22, 23, 24, 25, or more
nucleotides in length. Sometimes, a first region of a guide RNA can be or can be about 19, 20,
or 21 nucleotides in length.

A guide RNA or a guide polynucleotide can also comprise a second region that forms a
secondary structure. For example, a secondary structure formed by a guide RNA can comprise a
stem (or hairpin) and a loop. A length of a loop and a stem can vary. For example, a loop can
range from or from about 3 to 10 nucleotides in length, and a stem can range from or from about
6 to 20 base pairs in length. A stem can comprise one or more bulges of 1 to 10 or about 10
nucleotides. The overall length of a second region can range from or from about 16 to 60
nucleotides in length. For example, a loop can be or can be about 4 nucleotides in length and a
stem can be or can be about 12 base pairs.

A guide RNA or a guide polynucleotide can also comprise a third region at the 3' end
that can be essentially single-stranded. For example, a third region is sometimes not
complementarity to any chromosomal sequence in a cell of interest and is sometimes not
complementarity to the rest of a guide RNA. Further, the length of a third region can vary. A
third region can be more than or more than about 4 nucleotides in length. For example, the
length of a third region can range from or from about 5 to 60 nucleotides in length.

A guide RNA or a guide polynucleotide can target any exon or intron of a gene target. In
some embodiments, a guide can target exon 1 or 2 of a gene, in other cases; a guide can target
exon 3 or 4 of a gene. A composition can comprise multiple guide RNAs that all target the same
exon or In some embodiments, multiple guide RNAs that can target different exons. An exon
and an intron of a gene can be targeted.

A guide RNA or a guide polynucleotide can target a nucleic acid sequence of or of about
20 nucleotides. A target nucleic acid can be less than or less than about 20 nucleotides. A target
nucleic acid can be at least or at least about 5, 10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30,
or anywhere between 1-100 nucleotides in length. A target nucleic acid can be at most or at
most about 5, 10, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30, 40, 50, or anywhere between 1-

100 nucleotides in length. A target nucleic acid sequence can be or can be about 20 bases
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immediately 5’ of the first nucleotide of the PAM. A guide RNA can target a nucleic acid
sequence. A target nucleic acid can be at least or at least about 1-10, 1-20, 1-30, 1-40, 1-50, 1-
60, 1-70, 1-80, 1-90, or 1-100 nucleotides.

A guide polynucleotide, for example, a guide RNA, can refer to a nucleic acid that can
hybridize to another nucleic acid, for example, the target nucleic acid or protospacer in a
genome of a cell. A guide polynucleotide can be RNA. A guide polynucleotide can be DNA.
The guide polynucleotide can be programmed or designed to bind to a sequence of nuclei¢ acid
site-specifically. A guide polynucleotide can comprise a polynucleotide chain and can be called
a single guide polynucleotide. A guide polynucleotide can comprise two polynucleotide chains
and can be called a double guide polynucleotide. A guide RNA can be introduced into a cell or
embryo as an RNA molecule. For example, a RNA molecule can be transcribed i vifro and/or
can be chemically synthesized. An RNA can be transcribed from a synthetic DNA molecule,
e.g., a gBlocks® gene fragment. A guide RNA can then be introduced into a cell or embryo as
an RNA molecule. A guide RNA can also be introduced into a cell or embryo in the form of a
non-RNA nucleic acid molecule, e.g., DNA molecule. For example, a DNA encoding a guide
RNA can be operably linked to promoter control sequence for expression of the guide RNA in a
cell or embryo of interest. An RNA coding sequence can be operably linked to a promoter
sequence that 1s recognized by RNA polymerase III (Pol III). Plasmid vectors that can be used
to express guide RNA include, but are not limited to, px330 vectors and px333 vectors. In some
embodiments, a plasmid vector (e.g., px333 vector) can comprise at least two guide RNA-
encoding DNA sequences.

Methods for selecting, designing, and validating guide polynucleotides, e.g., guide RNAs
and targeting sequences are described herein and known to those skilled in the art. For example,
to minimize the impact of potential substrate promiscuity of a deaminase domain in the
nucleobase editor system {e.g., an AID domain), the number of residues that could
unintentionally be targeted for deamination (e.g., oft-target C residues that could potentially
reside on ssDNA within the target nucleic acid locus) may be minimized. In addition, software
tools can be used to optimize the gRNAs corresponding to a target nucleic acid sequence, e.g., to
minimize total off-target activity across the genome. For example, for each possible targeting
domain choice using S. pyogenes Cas9, all off-target sequences (preceding selected PAMs, e.g.,
NAG or NGG) may be identified across the genome that contain up to certain number (e.g., 1, 2,
3,4,5,6,7, 8,9, or 10) of mismatched base-pairs. First regions of gRNAs complementary to a
target site can be identified, and all first regions (e.g., crRNAs) can be ranked according to its

total predicted off-target score, the top-ranked targeting domains represent those that are likely
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to have the greatest on-target and the least off-target activity. Candidate targeting gRNAs can
be functionally evaluated by using methods known in the art and/or as set forth herein.

As a non-limiting example, target DNA hybridizing sequences in crRNAs of a guide
RNA for use with Cas9s may be identified using a DNA sequence searching algorithm. gRNA
design may be carried out using custom gRNA design software based on the public tool cas-
offinder as described in Bae S., Park J., & Kim J -S. Cas-OFFinder: A fast and versatile
algorithm that searches for potential off-target sites of Cas9 RNA-guided endonucleases.
Bioinformatics 30, 1473-1475 (2014). This software scores guides after calculating their
genome-wide off-target propensity. Typically matches ranging from perfect matches to 7
mismatches are considered for guides ranging in length from 17 to 24. Once the off-target sites
are computationally-determined, an aggregate score is calculated for each guide and summarized
in a tabular output using a web-interface. In addition to identifying potential target sites
adjacent to PAM sequences, the software also identifies all PAM adjacent sequences that differ
by 1, 2, 3 or more than 3 nucleotides from the selected target sites. Genomic DNA sequences for
a target nucleic acid sequence, e.g., a target gene may be obtained and repeat elements may be
screened using publicly available tools, for example, the RepeatMasker program. RepeatMasker
searches input DNA sequences for repeated elements and regions of low complexity. The output
is a detailed annotation of the repeats present in a given query sequence.

Following identification, first regions of guide RNAs, e.g., crRNAs, may be ranked into
tiers based on their distance to the target site, their orthogonality and presence of 5° nucleotides
for close matches with relevant PAM sequences (for example, a 5’ G based on identification of
close matches in the human genome containing a relevant PAM e.g., NGG PAM for S.
pvogenes, NNGRRT or NNGRRYV PAM for S. aureus). As used herein, orthogonality refers to
the number of sequences in the human genome that contain a minimum number of mismatches
to the target sequence. A “high level of orthogonality” or “good orthogonality” may, for
example, refer to 20-mer targeting domains that have no identical sequences in the human
genome besides the intended target, nor any sequences that contain one or two mismatches in
the target sequence. Targeting domains with good orthogonality may be selected to minimize
off-target DNA cleavage.

In some embodiments, a reporter system may be used for detecting base-editing activity
and testing candidate guide polynucleotides. In some embodiments, a reporter system may
comprise a reporter gene-based assay where base editing activity leads to expression of the
reporter gene, For example, a reporter system may include a reporter gene comprising a
deactivated start codon, e.g., a mutation on the template strand from 3'-TAC-5" to 3'-CAC-5".

Upon successful deamination of the target C, the corresponding mRNA will be transcribed as 5'-
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AUG-3"instead of 5'-GUG-3', enabling the translation of the reporter gene. Suitable reporter
genes will be apparent to those of skill in the art. Non-limiting examples of reporter genes
include gene encoding green fluorescence protein (GFP), red fluorescence protein (RFP),
luciferase, secreted alkaline phosphatase (SEAP), or any other gene whose expression are
detectable and apparent to those skilled in the art. The reporter system can be used to test many
different gRNAs, e.g., in order to determine which residue(s) with respect to the target DNA
sequence the respective deaminase will target. sgRNAs that target non-template strand can also
be tested in order to assess off-target effects of a specific base editing protein, e.g., a Cas9
deaminase fusion protein. In some embodiments, such gRNAs can be designed such that the
mutated start codon will not be base-paired with the gRNA. The guide polynucleotides can
comprise standard ribonucleotides, modified ribonucleotides (e.g., pseudouridine),
ribonucleotide isomers, and/or ribonucleotide analogs. In some embodiments, the guide
polynucleotide can comprise at least one detectable label. The detectable label can be a
fluorophore (e.g., FAM, TMR, Cy3, Cy5, Texas Red, Oregon Green, Alexa Fluors, Halo tags, or
suitable fluorescent dye), a detection tag (e.g., biotin, digoxigenin, and the like), quantum dots,
or gold particles.

The guide polynucleotides can be synthesized chemically, synthesized enzymatically, or
a combination thereof. For example, the guide RNA can be synthesized using standard
phosphoramidite-based solid-phase synthesis methods. Alternatively, the guide RNA can be
synthesized in vitro by operably linking DNA encoding the guide RNA to a promoter control
sequence that 1s recognized by a phage RNA polymerase. Examples of suitable phage promoter
sequences include T7, T3, SP6 promoter sequences, or variations thereof. In embodiments in
which the guide RNA comprises two separate molecules (e.g.., ctRNA and tracrRNA), the
crRNA can be chemically synthesized and the tractRNA can be enzymatically synthesized.

In some embodiments, a base editor system may comprise multiple guide
polynucleotides, e.g., gRNAs. For example, the gRNAs may target to one or more target loci
(e.g., at least 1 gRNA, at least 2 gRNA, at least 5 gRNA, at least 10 gRNA, at least 20 gRNA, at
least 30 g RNA, at least 50 gRNA) comprised in a base editor system. The multiple gRNA
sequences can be tandemly arranged and are preferably separated by a direct repeat.

A DNA sequence encoding a guide RNA or a guide polynucleotide can also be part of a
vector. Further, a vector can comprise additional expression control sequences {e.g., enhancer
sequences, Kozak sequences, polyadenylation sequences, transcriptional termination sequences,
etc.), selectable marker sequences {(e.g., GFP or antibiotic resistance genes such as puromycin),
origins of replication, and the like. A DNA molecule encoding a guide RNA can also be linear.

A DNA molecule encoding a guide RNA or a guide polynucleotide can also be circular.
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In some embodiments, one or more components of a base editor system may be encoded
by DNA sequences. Such DNA sequences may be introduced into an expression system, e.g., a
cell, together or separately. For example, DNA sequences encoding a polynucleotide
programmable nucleotide binding domain and a guide RNA may be introduced into a cell, each
DNA sequence can be part of a separate molecule (e.g., one vector containing the polynucleotide
programmable nucleotide binding domain coding sequence and a second vector containing the
guide RNA coding sequence) or both can be part of a same molecule (e.g., one vector containing
coding (and regulatory) sequence for both the polynucleotide programmable nucleotide binding
domain and the guide RNA).

A guide polynucleotide can comprise one or more modifications to provide a nucleic
acid with a new or enhanced feature. A guide polynucleotide can comprise a nucleic acid
affinity tag. A guide polynucleotide can comprise synthetic nucleotide, synthetic nucleotide
analog, nucleotide derivatives, and/or modified nucleotides.

In some embodiments, a gRNA or a guide polynucleotide can comprise modifications. A
modification can be made at any location of a gRNA or a guide polynucleotide. More than one
modification can be made to a single gRNA or a guide polynuclectide. A gRNA or a guide
polynucleotide can undergo quality control after a modification. In some embodiments, quality
control can include PAGE, HPLC, MS, or any combination thereof.

A modification of a gRNA or a guide polynucleotide can be a substitution, insertion,
deletion, chemical modification, physical modification, stabilization, purification, or any
combination thereof.

A gRNA or a guide polynucleotide can also be modified by 5’adenylate, 5’ guanosine-
triphosphate cap, 5’N7-Methylguanosine-triphosphate cap, 5’ triphosphate cap, 3 phosphate,
3’thiophosphate, 5’phosphate, 5’thiophosphate, Cis-Syn thymidine dimer, trimers, C12 spacer,
C3 spacer, C6 spacer, dSpacer, PC spacer, rSpacer, Spacer 18, Spacer 9,3’-3" modifications, 5°-
5° modifications, abasic, acridine, azobenzene, biotin, biotin BB, biotin TEG, cholesteryl TEG,
desthiobiotin TEG, DNP TEG, DNP-X, DOTA, dT-Biotin, dual biotin, PC biotin, psoralen C2,
psoralen C6, TINA, 3’DABCYL, black hole quencher 1, black hole quencer 2, DABCYL SE,
dT-DABCYL, IRDye QC-1, QSY-21, QSY-35, QSY-7, QSY-9, carboxyl linker, thiol linkers,
2’-deoxyribonucleoside analog purine, 2’-deoxyribonucleoside analog pyrimidine,
ribonucleoside analog, 2’-O-methyl ribonucleoside analog, sugar modified analogs,
wobble/universal bases, fluorescent dye label, 2’-fluoro RNA, 2°-O-methyl RNA,
methylphosphonate, phosphodiester DNA, phosphodiester RNA, phosphothioate DNA,
phosphorothiocate RNA, UNA, pseudouridine-5’-triphosphate, 5’-methylcytidine-5"-

triphosphate, or any combination thereof.
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In some embodiments, a modification 1s permanent. In other cases, a modification is
transient. In some embodiments, multiple modifications are made to a gRNA or a guide
polynucleotide. A gRNA or a guide polynucleotide modification can alter physiochemical
properties of a nucleotide, such as their conformation, polarity, hydrophobicity, chemical
reactivity, base-pairing interactions, or any combination thereof.

The PAM sequence can be any PAM sequence known in the art. Suitable PAM
sequences include, but are not limited to, NGG, NGA, NGC, NGN, NGT, NGCG, NGAG,
NGAN, NGNG, NGCN, NGCG, NGTN, NNGRRT, NNNRRT, NNGRR(N), TTTV, TYCV,
TYCV, TATV, NNNNGATT, NNAGAAW, or NAAAAC. Y is a pyrimidine; N is any
nucleotide base; Wis Aor T.

A modification can also be a phosphorothioate substitute. In some embodiments, a
natural phosphodiester bond can be susceptible to rapid degradation by cellular nucleases and; a
modification of internucleotide linkage using phosphorothioate (PS) bond substitutes can be
more stable towards hydrolysis by cellular degradation. A modification can increase stability in
a gRNA or a guide polynucleotide. A modification can also enhance biological activity. In
some embodiments, a phosphorothioate enhanced RNA gRNA can inhibit RNase A, RNase T1,
calf serum nucleases, or any combinations thereof. These properties can allow the use of PS-
RNA gRNAs to be used in applications where exposure to nucleases is of high probability i
vivo or in vitro. For example, phosphorothioate (PS) bonds can be introduced between the last
3-5 nucleotides at the 5’- or “'-end of a gRNA which can inhibit exonuclease degradation. In
some embodiments, phosphorothioate bonds can be added throughout an entire gRNA to reduce

attack by endonucleases.

Protospacer Adjacent Motif

The term “protospacer adjacent motif (PAM)” or PAM-like motif refers to a 2-6 base
pair DNA sequence immediately following the DNA sequence targeted by the Cas9 nuclease in
the CRISPR bacterial adaptive immune system. In some embodiments, the PAM canbea 5’
PAM (i.e., located upstream of the 5° end of the protospacer). In other embodiments, the PAM
can be a 3° PAM (i.e., located downstream of the 5° end of the protospacer).

The PAM sequence is essential for target binding, but the exact sequence depends on a
type of Cas protein.

A base editor provided herein can comprise a CRISPR protein-derived domain that is
capable of binding a nucleotide sequence that contains a canonical or non-canonical protospacer
adjacent motif (PAM) sequence. A PAM site is a nucleotide sequence in proximity to a target
polynucleotide sequence. Some aspects of the disclosure provide for base editors comprising all
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or a portion of CRISPR proteins that have different PAM specificities. For example, typically
Cas9 proteins, such as Cas9 from §. pyogenes (spCas9), require a canonical NGG PAM
sequence to bind a particular nucleic acid region, where the “N” in “NGG” is adenine (A),
thymine (T), guanine (G), or cytosine (C), and the G is guanine. A PAM can be CRISPR
protein-specific and can be different between different base editors comprising different
CRISPR protein-derived domains. A PAM canbe 5’ or 3’ of a target sequence. A PAM can be
upstream or downstream of a target sequence. A PAMcanbe 1,2,3,4,5,6,7,8,9, 10 or more
nucleotides in length, Often, a PAM is between 2-6 nucleotides in length. Several PAM variants
are described in Table 1 below.

Table 1. Cas?9 proteins and corresponding PAM sequences

Variant PAM
spCas9 NGG
spCas9-VRQR NGA
spCas9-VRER NGCG
xCas9 (sp) NGN
saCas9 NNGRRT
saCas9-KKH NNNRRT
spCas9-MQKSER NGCG
spCas9-MQKSER NGCN
spCas9-LRKIQK NGTN
spCas9-LRVSQK NGTN
spCas9-LRVSQL NGTN
spCas9-MQKFRAER NGC
Cpfl 5 (TTTV)
SpyMac 5’-NAA-3’

In some embodiments, the PAM 1s NGC. In some embodiments, the NGC PAM is
recognized by a Cas9 variant. In some embodiments, the NGC PAM vanant includes one or
more amino acid substitutions selected from D1135M, S1136Q, G1218K, E1219F, A1322R,
D1332A, R1335E, and T1337R (collectively termed “MQKFRAER™).

In some embodiments, the PAM is NGT. In some embodiments, the NGT PAM is
recognized by a Cas9 variant. In some embodiments, the NGT PAM variant is generated
through targeted mutations at one or more residues 1335, 1337, 1135, 1136, 1218, and/or 1219.

In some embodiments, the NGT PAM variant is created through targeted mutations at one or
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more residues 1219, 1335, 1337, 1218. In some embodiments, the NGT PAM variant is created
through targeted mutations at one or more residues 1135, 1136, 1218, 1219, and 1335, In some

embodiments, the NGT PAM variant is selected from the set of targeted mutations provided in

Table 2 and Table 3 below.

Table 2: NGT PAM Variant Mutations at residues 1219, 1335, 1337, 1218

Variant
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Table 3: NGT PAM Variant Mutations at residues 1135, 1136, 1218, 1219, and 1335
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Variant | D1I35L | S1136R | G1218S | EI210V
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53

34

R1335Q

Hfw (OO |2 = |~

S LN ) A B ]

55 N1286Q | 11331F

In some embodiments, the NGT PAM variant is selected from variant 5, 7, 28, 31, or 36
in Tables 2 and 3. In some embodiments, the variants have improved NGT PAM recognition.
In some embodiments, the NGT PAM variants have mutations at residues 1219, 1335,
5 1337, and/or 1218 In some embodiments, the NGT PAM variant is selected with mutations for
improved recognition from the variants provided in Table 4 below.

Table 4: NGT PAM Variant Mutations at residues 1219, 1335, 1337, and 1218

Variant | E1219V [ R1335Q | T1337 | G1218
1 F % T

2 F % R

3 F % Q

4 F % L

5 F % T R
6 F v R R
7 F % 0 R
8 F % L R

In some embodiments, base editors with specificity for NGT PAM may be generated as

10  provided in Table SA below.

Table 5A. NGT PAM variants

NG.TN D1135 | S1136 | G1218 | E1219 | A1322R | R1335 | T1337
variant
Variant 1 LRKIQK L R K I - Q K
Variant 2 LRSVQK L R S V - Q K
Variant 3 LRSVQL L R S V - Q L
Vaniant 4 | LRKIRQK L R K I R 0 K
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NG.TN D1135 | S1136 | G1218 | E1219 | A1322R | R1335 | T1337
vanant
Variant 5 LRSVROQK L R S vV R Q K
Variant 6 LRSVRQL L R S Vv R Q L

In some embodiments the NGTN variant is variant 1. In some embodiments, the NGTN
variant is variant 2. In some embodiments, the NGTN variant is variant 3. In some
embodiments, the NGTN variant is variant 4. In some embodiments, the NGTN variant is
variant 5. In some embodiments, the NGTN variant is variant 6.

In some embodiments, the Cas9 domain is a Cas9 domain from Strepfococcus pyogenes
(SpCas9). In some embodiments, the SpCas9 domain 1s a nuclease active SpCas9, a nuclease
inactive SpCas9 (SpCas9d), or a SpCas9 nickase (SpCas9n). In some embodiments, the SpCas9
comprises a D10X mutation, or a corresponding mutation in any of the amino acid sequences
provided herein, wherein X is any amino acid except for D. In some embodiments, the SpCas9
comprises a D10A mutation, or a corresponding mutation in any of the amino acid sequences
provided herein. In some embodiments, the SpCas9 domain, the SpCas9d domain, or the
SpCas9n domain can bind to a nucleic acid sequence having a non-canonical PAM. In some
embodiments, the SpCas9 domain, the SpCas9d domain, or the SpCas9n domain can bind to a
nucleic acid sequence having an NGG, a NGA, or a NGCG PAM sequence.

In some embodiments, the Cas9 domain is a Cas9 domain from Streptococcus pyogenes
(SpCas9). In some embodiments, the SpCas9 domain 1s a nuclease active SpCas9, a nuclease
inactive SpCas9 (SpCas9d), or a SpCas9 nickase (SpCas9n). In some embodiments, the SpCas9
comprises a D9X mutation, or a corresponding mutation in any of the amino acid sequences
provided herein, wherein X is any amino acid except for D. In some embodiments, the SpCas9
comprises a D9A mutation, or a corresponding mutation in any of the amino acid sequences
provided herein. In some embodiments, the SpCas9 domain, the SpCas9d domain, or the
SpCas9n domain can bind to a nucleic acid sequence having a non-canonical PAM. In some
embodiments, the SpCas9 domain, the SpCas9d domain, or the SpCas9n domain can bind to a
nucleic acid sequence having an NGG, a NGA, or a NGCG PAM sequence. In some
embodiments, the SpCas9 domain comprises one or more of a D1135X, aR1335X, and a
T1337X mutation, or a corresponding mutation in any of the amino acid sequences provided
herein, wherein X is any amino acid. In some embodiments, the SpCas9 domain comprises one
or more of a D1135E, R1335Q, and T1337R mutation, or a corresponding mutation in any of the
amino acid sequences provided herein. In some embodiments, the SpCas9® domain comprises a
D1135E, aR1335Q, and a T1337R mutation, or corresponding mutations in any of the amino

acid sequences provided herein. In some embodiments, the SpCas9 domain comprises one or
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more of a D1135X, a R1335X, and a T1337X mutation, or a corresponding mutation in any of
the amino acid sequences provided herein, wherein X is any amino acid. In some embodiments,
the SpCas9 domain comprises one or more of a D1135V, a R1335Q), and a T1337R mutation, or
a corresponding mutation in any of the amino acid sequences provided herein. In some
embodiments, the SpCas9 domain comprises a D1135V, aR1335Q, and a T1337R mutation, or
corresponding mutations in any of the amino acid sequences provided herein. In some
embodiments, the SpCas9 domain comprises one or more of a D1135X, a G1218X, a R1335X,
and a T1337X mutation, or a corresponding mutation in any of the amino acid sequences
provided herein, wherein X is any amino acid. In some embodiments, the SpCas9 domain
comprises one or more of a D1135V, a G1218R, a R1335Q, and a T1337R mutation, or a
corresponding mutation in any of the amino acid sequences provided herein. In some
embodiments, the SpCas9 domain comprises a D1135V, a G1218R, a R1335Q, and a T1337R
mutation, or corresponding mutations in any of the amino acid sequences provided herein.

In some embodiments, the Cas9 i1s a Cas9 variant having specificity for an altered PAM
sequence. In some embodiments, the Additional Cas9 variants and PAM sequences are
described in Miller et al., Continuous evolution of SpCas9 variants compatible with non-G
PAMSs. Nat Biotechnol (2020). hitps.//dot.ore/10.1038/541387-020-0412-8, the entirety of which

is incorporated herein by reference. in some embodiments, a Cas9 variate have no specific PAM
requirements. In some embodiments, a Cas9 vanant, e.g. a SpCas9 variant has specificity for a
NRNH PAM, wherein Ris Aor Gand His A, C, or T. In some embodiments, the SpCas9
variant has specificity for a PAM sequence AAA, TAA, CAA, GAA, TAT, GAT, or CAC. In
some embodiments, the SpCas9 variant comprises an amino acid substitution at position 1114,
1134, 1135, 1137, 1139, 1151, 1180, 1188, 1211, 1218, 1219, 1221, 1249, 1256, 1264, 1290,
1318, 1317, 1320, 1321, 1323, 1332, 1333, 1335, 1337, or 1339 as numbered in SEQ ID NO: 1
or a corresponding position thereof. In some embodiments, the SpCas9 variant comprises an
amino acid substitution at position 1114, 1135, 1218, 1219, 1221, 1249, 1320, 1321, 1323, 1332,
1333, 1335, or 1337 as numbered in SEQ ID NO: 1 or a corresponding position thereof. In some
embodiments, the SpCas9 variant comprises an amino acid substitution at position 1114, 1134,
1135, 1137, 1139, 1151, 1180, 1188, 1211, 1219, 1221, 1256, 1264, 1290, 1318, 1317, 1320,
1323, 1333 as numbered in SEQ ID NO: 1 or a corresponding position thereof In some
embodiments, the SpCas9 variant comprises an amino acid substitution at position 1114, 1131,
1135, 1150, 1156, 1180, 1191, 1218, 1219, 1221, 1227, 1249, 1253, 1286, 1293, 1320, 1321,
1332, 1335, 1339 as numbered in SEQ ID NO: 1 or a corresponding position thereof. In some
embodiments, the SpCas9 variant comprises an amino acid substitution at position 1114, 1127,

1135, 1180, 1207, 1219, 1234, 1286, 1301, 1332, 1335, 1337, 1338, 1349 as numbered in SEQ
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ID NO: 1 or a corresponding position thereof. Exemplary amino acid substitutions and PAM
specificity of SpCas9 variants are shown in Tables 5B, 5C, 5D, and SE below.
Table SB

N vV | H G
N V| H G
v G
G | N v I
N \% I A
G | N \% I A
v K
N v K
N \% K
vV | H \Y K
N v \Y K
V| H \% K
S| v]|H]| S S L
s | v | H]| S S L
S| v]|H]| S S L
\% I
v D Q
v D Q
\% N Q | N
N \% Q | N
v N Q | N

Table 5C,
vV | H v K
N | S v viip| K
N ¥ H Y ¥ K
N vV | H Y v K
G N | S vV | H Y v K
N R ¥ H ¥ K
N G R ¥ H Y ¥ K
N vV | H Y v K
N G v | H|R| Y v|ip | K
G N G vV | H Y v|ip | K
L|N G vV | H Y T|v|D|K
G N G vV | H Y| G| S viip| K
G N E G v H Y S v K
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In some embodiments, the Cas9 domains of any of the fusion proteins provided herein
comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at least 75%,

at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%;, at
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least 99%, or at least 99.5% identical to a Cas9 polypeptide described herein. In some
embodiments, the Cas9 domains of any of the fusion proteins provided herein comprises the
amino acid sequence of any Cas9 polypeptide described herein. In some embodiments, the Cas9
domains of any of the fusion proteins provided herein consists of the amino acid sequence of
any Cas9 polypeptide described herein.

In some examples, a PAM recognized by a CRISPR protein-derived domain of a base
editor disclosed herein can be provided to a cell on a separate oligonucleotide to an insert (e.g.,
an AAYV insert) encoding the base editor. In such embodiments, providing PAM on a separate
oligonucleotide can allow cleavage of a target sequence that otherwise would not be able to be
cleaved, because no adjacent PAM is present on the same polynucleotide as the target sequence.

In an embodiment, S. pyogenes Cas9 (SpCas9) can be used as a CRISPR endonuclease
for genome engineering. However, others can be used. In some embodiments, a different
endonuclease can be used to target certain genomic targets. In some embodiments, synthetic
SpCas9-derived variants with non-NGG PAM sequences can be used. Additionally, other Cas9
orthologues from various species have been identified and these “non-SpCas9s” can bind a
variety of PAM sequences that can also be useful for the present disclosure. For example, the
relatively large size of SpCas9 (approximately 4kb coding sequence) can lead to plasmids
carrying the SpCas9 cDNA that cannot be efficiently expressed in a cell. Conversely, the coding
sequence for Staphylococcus aureus Cas9 (SaCas9) is approximately 1 kilobase shorter than
SpCas9, possibly allowing it to be efficiently expressed in a cell. Similar to SpCas9, the SaCas9
endonuclease is capable of modifying target genes in mammalian cells 7 vifro and in mice in
vivo. In some embodiments, a Cas protein can target a different PAM sequence. In some
embodiments, a target gene can be adjacent to a Cas9 PAM, 5'-NGG, for example. In other
embodiments, other Cas9 orthologs can have different PAM requirements. For example, other
PAMs such as those of S. thermophilus (5-NNAGAA for CRISPR1 and 5°-NGGNG for
CRISPR3) and Neisseria meningiditis (5’-NNNNGATT) can also be found adjacent to a target
gene.

In some embodiments, for a S. pyogenes system, a target gene sequence can precede (i.e.,
be 5’ to) a 5’-NGG PAM, and a 20-nt guide RNA sequence can base pair with an opposite
strand to mediate a Cas9 cleavage adjacent to a PAM. In some embodiments, an adjacent cut
can be or can be about 3 base pairs upstream of a PAM. In some embodiments, an adjacent cut
can be or can be about 10 base pairs upstream of a PAM. In some embodiments, an adjacent cut
can be or can be about 0-20 base pairs upstream of a PAM. For example, an adjacent cut can be
nextto, 1,2,3,4,56,7,8,910, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,
27, 28, 29, or 30 base pairs upstream of a PAM. An adjacent cut can also be downstream of a
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PAM by 1 to 30 base pairs. The sequences of exemplary SpCas9 proteins capable of binding a
PAM sequence follow:

The amino acid sequence of an exemplary PAM-binding SpCas9 is as follows:
MDRKKYSIGLDIGTNSVGWAVITDEYKVPSKKERKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARR
RYTRRENRICYLOEIFSNEMAKVDDSFEHRLEESPLVEEDKKHERHPIFGNIVDEVAYHERKY PTIYHLRK
KLVDSTDEKADLRLIYLALAHMIKERGHELIEGDLNPDNSDVDRKLEIQLVQTYNQLEFEENPINASGVDAKA
TLSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY DDDLDNLLA
QIGDQYADLFLAAKNLSDATLLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKET
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGST PHQTHLGELH
ATLRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQS
FIERMTNFDENLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAT VDLLFKTNRKVT
VEQLKEDY FKKIECFDSVEI SGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLT LFEDRE
MIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRN FMQLIHDD
SLTFKEDIQKAQVSGQGDSLHEHIANLAGS PATKKGILQTVKVVDELVKVMGRHKPEN TVIEMARENQTT
QKGOEKNSRERMEKRIEEGIKELGSQILKEHPVENTQLONERKLY LY YLONGRDMY VDQELDINRLSDY DVDH
IVPOSFLKDDSIDNKVLTRSDEKNRGKSDNVPSEEVVEKEMEKNYWRQLLNAKLITQRKEDNLTKAERGGLSE
LDKAGFIKRQLVETROITKHVAQILDSRMNTKYDENDKLIREVRKVITLKSKLVSDERKDEQFEY KVRE INN
YHHAHDAYLNAVVGTALIKKY PKLESEFVYGDYKVYDVREMIAKSEQE IGKATAKY FEYSNIMNEFKTET
TLANGEIRKRPLIETNGETGEIVWDKGRDEFATVREVLIMPOVNIVKKTEVOTGGEFSKESILPKRNSDKLT
ARKKDWDPKKY GGEFDSPTVAY SVLVVAKVERGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEV
KKDLIIKLPKY SLFELENGRKRMLASAGELOQKGNELALPSKYVNFLYLASHY EKLKGSPEDNEQRQLEVE
QHKHYLDEITIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENITHLETLTNLGAPAAFKY FDTT
IDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

The amino acid sequence of an exemplary PAM-binding SpCas9n is as follows:
MDRKKYSTIGLATIGTNSVGWAVITDEYKVPSKKEKVLGNTDRASIKKNLIGALLFDSGETAEATRLKRTARR
RYTRRENRICYLOEIFSNEMAKVDDSFEHRLEESPLVEEDKKHERHPIFGNIVDEVAYHERKY PTIYHLRK
KLVDSTDKADLRLIYLALAHMI KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKA
TLSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY DDDLDNLLA
QIGDQYADLFLAAKNLSDATLLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKET
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGST PHQTHLGELH
ATLRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQS
FIERMTNFDENLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAT VDLLFKTNRKVT
VEQLKEDY FKKIECFDSVEI SGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLT LFEDRE
MIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRN FMQLIHDD
SLTFKEDIQKAQVSGOGDSLHEHIANLAGSPATIKKGILOTVKVVDELVKVMGRHKPENIVIEMARENQTT
QKGOEKNSRERMEKRIEEGIKELGSQILKEHPVENTQLONERKLY LY YLONGRDMY VDQELDINRLSDY DVDH
IVPOSFLKDDSIDNKVLTRSDEKNRGKSDNVPSEEVVEKEMEKNYWRQLLNAKLITQRKEDNLTKAERGGLSE
LDKAGFIKRQLVETROITKHVAQILDSRMNTKYDENDKLIREVRKVITLKSKLVSDERKDEQFEY KVRE INN
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YHHAHDAY LNAVVGTALIKKY PKLESEFVYGDYKVY DVRKMI AKSEQE IGKATAKY FFY SNIMNFFKTE T
TLANGE IRKRPLIETNGETGE I VWDKGRDFATVREVLSMPQVNTVKKTEVQTGGFSKESTLPKRNSDKL T
ARKKDWDPKEKYGGFDSPTVAY SVLVVAKVEKGKSKKLKSVKELLGITIMERS SFEKNP IDFLEAKGYKEV
KKDLITKLPKYSLFELENGRKRMLASAGFELQKGNELALPSKY VNFLYLASHY EKLKGSPEDNEQKQLFVE
QHEHYLDETTEQTSEFSKRVILADANLDKVLSAYNKHRDKPTREQAENT THLFTLTNLGAPARFKYFDTT
IDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

The amino acid sequence of an exemplary PAM-binding SpEQR Cas9 1s as follows:
MDKKY S IGLATGTNSVGWAVITDEYKVPSKKFKVLGNTDRHES TKKNLIGALLFDSGETAEATRLKRTARR
RYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESVLVEEDKKHERHPI FGNIVDEVAYHEKY PTIYHLRK
KLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP INASGVDAKA
ILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEI
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGS I PHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVT
VKQLKEDY FKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDD
SLTFKEDIQKAQVSGQGDSLEHEHTANLAGS PATKKGILQTVKVVDELVKVMGRHKPEN TVIEMARENQTT
QKGQKNSRERMKRIEEGIKELGSQTLKEHPVENTQLONEKLYLY YLONGRDMY VDQELDINRLSDYDVDH
TVPQSFLKDDS IDNKVLTRSDKNRGKSDNVPSEEVVKEKMENY WRQLLNAKLI TQRKFDNLTKAERGGLSE
LDKAGFIKRQLVETRQ ITKHVAQTILDSRMNTKY DENDKLTREVKVITLKSKLVSDFRKDFQFYKVRE INN
YHHAHDAY LNAVVGTALIKKY PKLESEFVYGDYKVY DVRKMI AKSEQE IGKATAKY FFY SNIMNFFKTE T
TLANGE IRKRPLIETNGETGE I VWDKGRDFATVREVLSMPQVNTVKKTEVQTGGFSKESTLPKRNSDKL T
ARKKDWDPKKYGGFESPTVAY SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEV
KKDLITKLPKYSLFELENGRKRMLASAGFELQKGNELALPSKY VNFLYLASHY EKLKGSPEDNEQKQLFVE
QHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLETLTNLGAPAAFKYEFDTT
IDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

In the above sequence, residues E1134, Q1334, and R1336, which can be mutated from
D1134, R1335, and T1336 to yield a SpEQR Cas9, are underlined and in bold.

The amino acid sequence of an exemplary PAM-binding SpVQR Cas9 is as follows:
MDKKY S IGLATGTNSVGWAVITDEYKVPSKKFKVLGNTDRHES TKKNLIGALLFDSGETAEATRLKRTARR
RYTRRENRICYLQEIFSNEMAKVDDS FFHRLEES FLVEEDKKHERHPT FGNIVDEVAY HEKY PTTYHLRE
KLVDSTDKADLRLIYLALAHMI KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPTNASGVDAKA
TLSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEI
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGS I PHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVT
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VEQLKEDY FKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLT LFEDRE
MIEERLKTYAHLFDDKVMEQLKRRRY TGWGRLSRELINGIRDKQSGKT ILDFLESDGFANRNFMQLIHDD
SLTFKEDIQKAQVSGQGDSLHEHIANLAGS PATKKGILQTVKVVDELVKVMGRHKPEN IVIEMARENQTT
QKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLY YLQNGRDMY VDQELDINRLSDYDVDH
IVPQSFLKDDSIDNKVLTRSDKNRGEKSDNVPSEEVVKEKMKNY WRQLLNAKLITQRKFDNLTKAERGGLSE
LDKAGEFIKROLVETROQITKHVAQILDSRMNTKYDENDKLIREVEVITLESKLVSDEFREDEQFY KVRE INN
YHHAHDAY LNAVVGTALIKKY PRLESEFVYGDYKVY DVREMIAKSEQE IGKATARY FEY SNIMNEFRKTEL
TLANGEIRKRPLIETNGETGEIVWDKGRDEFATVREVLSMPOVNIVERKTEVOQTGGEFSKESILPKRNSDKLI
ARKKDWDPEKYGGFVSPTVAY SVLVVAKVERGKSKKLKSVKELLGITIMERSSFERKNPIDEFLEAKGYKEV
KEDLIIKLPRYSLFELENGREKRMLASAGELORKGNELALPSKY VNEFLYLASHYEKLEGSPEDNEQRKOLEVE
QHRKHYLDEIIEQISEFSKRVILADANLDRVLSAYNKHRDKPIREQAENIIHLETLTNLGAPAAFKY FDTT
IDREKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD

In the above sequence, residues V1134, 1334, and R1336, which can be mutated from
D1134, R1335, and T1336 to yield a SpVQR Cas9, are underlined and in bold.

The amino acid sequence of an exemplary PAM-binding SpVRER Cas9 is as follows:
MDERY SIGLAIGTNSVGWAVITDEYRKVEPSKKFRKVLGNTDRHSIKKNLIGALLEFDSGETAEATRLERTARR
RYTRRENRICYLOQEIFSHNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFPGNIVDEVAYHERKY PTIYHLREK
KLVDSTDREADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDRELEIQLVOTYNQLEFEENP INASGVDAKA
ILSARLSKSRRLENLIAQLPGERENGLEFGNLIALSLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDHNLLA
QIGDOYADLFLAARNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLEALVROQLPERYKET
FEDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRTFDNGSIPHQIHLGELH
AILRROQEDFY PEFLKDNREKIERILTFRIPY YVGPLARGNSRFAWMTREKSEET ITPWNFEEVVDRGASAQS
FIERMTNEDKNLPNEKVLPRHSLLYEY FTVYNELTKVRKYVTEGMRKPAFLSGEQRKKAIVDLLEFKTNREVT
VEQLKEDY FKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLT LFEDRE
MIEERLKTYAHLFDDKVMEQLKRRRY TGWGRLSRELINGIRDKQSGKT ILDFLESDGFANRNFMQLIHDD
SLTFKEDIQKAQVSGQGDSLHEHIANLAGS PATKKGILQTVKVVDELVKVMGRHKPEN IVIEMARENQTT
QKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLY YLQNGRDMY VDQELDINRLSDYDVDH
IVPQSFLKDDSIDNKVLTRSDKNRGEKSDNVPSEEVVKEKMKNY WRQLLNAKLITQRKFDNLTKAERGGLSE
LDEAGFIKRQLVETRQITKHVAQILDSRMNTKY DENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINN
YHHAHDAY LNAVVGTALIKKY PKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKY FFYSNIMNFFKTE I
TLANGE IRKRPLIETNGETGEI VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKL I
ARKKDWDPEKYGGFVSPTVAY SVLVVAKVERGKSKKLKSVKELLGITIMERSSFERKNPIDEFLEAKGYKEV
KKDLITIKLPKYSLEFELENGRKRMLASARELQKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQRQLEVE
QHRKHYLDEIIEQISEFSKRVILADANLDRVLSAYNKHRDKPIREQAENIIHLETLTNLGAPAAFKY FDTT
IDRKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD.

In the above sequence, residues V1134, R1217, 31334, and R1336, which can be
mutated from D1134, G1217, R1335, and T1336 to yield a SpVRER Cas9, are underlined and in
bold.
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In some embodiments, engineered SpCas9 variants are capable of recognizing
protospacer adjacent motif (PAM) sequences flanked by a 3' H (non-G PAM) (see Tables A-D
and FIG. 49). In some embodiments, the SpCas9 vanants recognize NRNH PAMs (where R is
AorGandHis A, Cor T). Insome embodiments, the non-G PAM is NRRH, NRTH, or
NRCH. These variants were evolved through phage-assisted non-continuous evolution
(PANCE), e.g., as described in Miller, S M., ef af. Continuous evolution of SpCas9 variants
compatible with non-G PAMs, Nat. Biotechnol. (2020), {//doi.org/10.1038/541587-020-0412-8),
the contents of which are incorporated herein by reference in their entirety.

In some embodiments, the Cas9 domain is a recombinant Cas9 domain. In some
embodiments, the recombinant Cas9 domain is a SpyMacCas9 domain. In some embodiments,
the SpyMacCas9 domain 1s a nuclease active SpyMacCas9, a nuclease inactive SpyMacCas9
(SpyMacCas9d), or a SpyMacCas9 nickase (SpyMacCas9n). In some embodiments, the SaCas9
domain, the SaCas9d domain, or the SaCas9n domain can bind to a nucleic acid sequence
having a non-canonical PAM. In some embodiments, the SpyMacCas9 domain, the SpCas9d
domain, or the SpCas9n domain can bind to a nucleic acid sequence having a NAA PAM
sequence.

The sequence of an exemplary Cas9 A homolog of Spy Cas9 in Streptococcus macacae
with native 5°-NAAN-3" PAM specificity is known in the art and described, for example, by
Jakimo et al., (www biorxiv org/content/biorxiv/early/2018/09/27/429654 full pdf), and is

provided below.

SpyMacCas9

MDRKYSIGLDIGTNSVGWAVITDDYKVPSKKEKVLGNTDRHSIKKNLIGALLEFGSGETAE
ATRLKRTARRRYTREKNRICYLOEIFSNEMAKVDDSFFHRLEESFLYVEEDKKHERHPIFG
NIVDEVAYHERYPTIYHLRKKLADSTDRADLRLIYLALAHMIKFRGHFLIEGDLNEPDNSD
VDKLFIQLVQIYNQLFEENPINASRVDAKAILSARLSKSRRLENLIAQLPGEKRNGLEGN
LIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLARKNLSDAT
LLSDILRVNSEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEI FFDQSKNGYA
GY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGSTPHQTHLGELH
ATLRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEE
VVDKGASAQSFIERMTNFDKNLPNEKVLPEKHSLLYEY FTVYNELTKVKY VTEGMRKPAFL
SGEQKKATVDLLFKTNRKVTVEQLKEDY FKKIECFDSVEI SGVEDRFNASLGAYHDLLKT
TKDKDFLDNEENEDILEDIVLTLTLFEDRGMIEERLKTYAHL FDDKVMKQLKRRRY TGWG
RLSRKLINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGHSL
HEQIANILAGSPAIKKGILOTVKIVDELVKVMGHKPENIVIEMARENQT TORKGOKNSRERM
KRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMY VDOQELDINRLSDYDVDHI
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VPOSFIKDDSIDNEVLTRSDENRGKSDNVEPSEEVVEKEKMENYWROLLNARKLITQREFDNLT
KAERGGLSELDKAGFIKROLVETREQITKHVAQILDSEMNTKY DENDELTIREVEVITLESK
LVSDFREDEFQFYRKVREINNY HHAHDAYLNAVVGTALIKEY PELESEFVYGDY KVYDVREM
TARSEQEIGEATAKYFEY SNIMNFFKTEITLANGEIRERPLIETNGETGE IVWDEGRDEFA
TVREVLSMPOVNIVERTEIQTVGONGGLFDDNPESPLEVT PSELVEFLKKELNPEEY GGY Q)
KPTTAYPVLLITDTKQLIPISVMNKKQFEQNPVKFLRDRGYQOVGKNDFIKLPKYTLVDI
GDGIKRLWASSKETHRGNQLVVSKKSQILLYHAHHLDSDLSNDY LONHNQOQFDVLEFNETT
SEFSKKCKLGKEHIQKIENVY SNKKNSASIEELAESFIKLLGFTQLGAT SPFNELGVELIQ
KOYKGKKDY ILPCTEGTLIRQSITGLYETRVDLSKIGED.

In some embodiments, a variant Cas9 protein harbors, H340A, P475A, W476A, N477A,
D1125A, W11264, and D1218A mutations such that the polypeptide has a reduced ability to
cleave a target DNA or RNA. Such a Cas9 protein has a reduced ability to cleave a target DNA
(e.g., a single stranded target DNA) but retains the ability to bind a target DNA {e.g., a single
stranded target DNA). As another non-limiting example, in some embodiments, the variant
Cas9 protein harbors D10A, H840A, P475A, W476A, N477A, D1125A, W1126A, and D1218A
mutations such that the polypeptide has a reduced ability to cleave a target DNA. Such a Cas9
protein has a reduced ability to cleave a target DNA (e.g., a single stranded target DNA) but
retains the ability to bind a target DNA (e.g., a single stranded target DNA). In some
embodiments, when a variant Cas9 protein harbors W476A and W1126A mutations or when the
variant Cas9 protein harbors P475A, W476A, N477A, D1125A, W1126A, and D1218A
mutations, the variant Cas9 protein does not bind efficiently to a PAM sequence. Thus, in some
such cases, when such a variant Cas9 protein is used in a method of binding, the method does
not require a PAM sequence. In other words, in some embodiments, when such a variant Cas9
protein is used in a method of binding, the method can include a guide RNA, but the method can
be performed in the absence of a PAM sequence (and the specificity of binding is therefore
provided by the targeting segment of the guide RNA). Other residues can be mutated to achieve
the above effects (i.e., inactivate one or the other nuclease portions). As non-limiting examples,
residues D10, G12, G17, E762, H840, N854, N863, HO82, H983, A984, D986, and/or A987 can
be altered (i.e., substituted). Also, mutations other than alanine substitutions are suitable.

In some embodiments, a CRISPR protein-derived domain of a base editor can comprise
all or a portion of a Cas9 protein with a canonical PAM sequence (NGG). In other
embodiments, a Cas9-derived domain of a base editor can employ a non-canonical PAM
sequence. Such sequences have been described in the art and would be apparent to the skilled
artisan. For example, Cas9 domains that bind non-canonical PAM sequences have been
described in Kleinstiver, B. P., et al.,, “Engineered CRISPR-Cas9 nucleases with altered PAM

specificities” Nature 523, 481-485 (2015); and Kleinstiver, B. P, et al., “Broadening the
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targeting range of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition”
Nature Biotechnology 33, 1293-1298 (2015); the entire contents of each are hereby incorporated

by reference.

Cas9 Domains with Reduced PAM Exclusivity

Typically, Cas9 proteins, such as Cas9 from S. pyogernes (spCas9), require a canonical
NGG PAM sequence to bind a particular nucleic acid region, where the “N” in “NGG” 1s
adenosine (A), thymidine (T), or cytosine (C), and the G is guanosine. This may limit the ability
to edit desired bases within a genome. In some embodiments, the base editing fusion proteins
provided herein may need to be placed at a precise location, for example a region comprising a
target base that is upstream of the PAM. See e.g., Komor, A.C, ef al., “Programmable editing
of a target base in genomic DNA without double-stranded DNA cleavage™ Nature 533, 420-424
(2016), the entire contents of which are hereby incorporated by reference. Accordingly, in some
embodiments, any of the fusion proteins provided herein may contain a Cas9 domain that is
capable of binding a nucleotide sequence that does not contain a canonical (e.g., NGG) PAM
sequence. Cas9 domains that bind to non-canonical PAM sequences have been described in the
art and would be apparent to the skilled artisan. For example, Cas9 domains that bind non-
canonical PAM sequences have been described in Kleinstiver, B. P, ef al., “Engineered
CRISPR-Cas9 nucleases with altered PAM specificities” Nature 523, 481-485 (2015); and
Kleinstiver, B. P, ez al., “Broadening the targeting range of Staphylococcus aureus CRISPR-
Cas9 by modifying PAM recognition” Nature Biotechnology 33, 1293-1298 (2015), the entire

contents of each are hereby incorporated by reference.

High fidelity Cas9 domains

Some aspects of the disclosure provide high fidelity Cas9 domains. In some
embodiments, high fidelity Cas9 domains are engineered Cas9 domains comprising one or more
mutations that decrease electrostatic interactions between the Cas9 domain and a sugar-
phosphate backbone of a DNA, as compared to a corresponding wild-type Cas9 domain.
Without wishing to be bound by any particular theory, high fidelity Cas9 domains that have
decreased electrostatic interactions with a sugar-phosphate backbone of DNA may have less off-
target effects. In some embodiments, a Cas9 domain (e.g., a wild-type Cas9 domain) comprises
one or more mutations that decreases the association between the Cas9 domain and a sugar-
phosphate backbone of a DNA. In some embodiments, a Cas9 domain comprises one or more
mutations that decreases the association between the Cas9 domain and a sugar-phosphate

backbone of a DNA by at least 1%, at least 2%, at least 3%, at least 4%, at least 5%, at least
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10%, at least 15%, at least 20%, at least 25%, at least 30%, at least 35%, at least 40%, at least
45%, at least 50%, at least 55%, at least 60%, at least 65%o, or at least 70%.

In some embodiments, any of the Cas9 fusion proteins provided herein comprise one or
more of a N497X, a R661X, a Q695X and/or a (3926X mutation, or a corresponding mutation
in any of the amino acid sequences provided herein, wherein X 15 any amino acid. In some
embodiments, any of the Cas9 fusion proteins provided herein comprise one or more of a
N497A, a R661A, a Q695A, and/or a Q926A mutation, or a corresponding mutation in any of
the amino acid sequences provided herein. In some embodiments, the Cas9 domain comprises a
D10A mutation, or a corresponding mutation in any of the amino acid sequences provided
herein. Cas9 domains with high fidelity are known in the art and would be apparent to the
skilled artisan. For example, Cas9 domains with high fidelity have been described in
Kleinstiver, B.P, et al. “High-fidelity CRISPR-Cas9 nucleases with no detectable genome-wide
off-target effects.” Nature 529, 490-495 (2016); and Slaymaker, L M., ez a/. “Rationally
engineered Cas9 nucleases with improved specificity.” Science 351, 84-88 (2015); the entire
contents of each are incorporated herein by reference.

In some embodiments, the modified Cas9 is a high fidelity Cas9 enzyme. In some
embodiments, the high fidelity Cas9 enzyme is SpCas¥K855A), eSpCas9(1.1), SpCas9-HF1, or
hyper accurate Cas9 variant (HypaCas9). The modified Cas9 eSpCas9(1.1) contains alanine
substitutions that weaken the interactions between the HNH/RuvC groove and the non-target
DNA strand, preventing strand separation and cutting at off-target sites. Similarly, SpCas9-HF 1
lowers off-target editing through alanine substitutions that disrupt Cas9's interactions with the
DNA phosphate backbone. HypaCas9 contains mutations {SpCas9
N692A/M694A/Q695A/HG698A) in the REC3 domain that increase Cas9 proofreading and target
discrimination. All three high fidelity enzymes generate less off-target editing than wildtype
Cas9. An exemplary high fidelity Cas9 is provided below.

High Fidelity Cas9 domain mutations relative to Cas9 are shown in bold and underlined:

DKKY SIGLAIGTNSVGWAVITDEY KVPSKKFRKVLGNTDRHSIKKNLIGALLEFDSGETAEATRLEKRTARRR
YTRRENRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLREKEK
LVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVOTYNQLFEENPINASGVDARKAT
L3ARLSKSRRLENLIAQLPGEKENGLFGNLIALSLGLT PNFKSNFDLAEDAKLOLSKDTY DDDLDNLLAQ
IGDOYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKEIF
FDOSENGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSTIPHOIHLGELHA
ILRROEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRESEETITPWNFEEVVDEGASAQSE
TERMTAFDKNLPNEKVLPKHSLLYEY FTVYNELTKVKY VI EGMRKPAFLSGEQKKAIVDLLFKTNREVTV

KOLKEDY FKEIECFDSVEISGVEDRFNASLGTYHDLLKITKDEDFLDNEENEDILEDIVLTLTLFEDREM
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TEERLKTY AHLFDDEVMKEQLKRRRY TGWGALSRELINGTRDKQSGKTILDFLKSDGFANRNFMAL THDDS
LTFKEDIQKAQVSGOGDSLHEHIANLAGSPATKKGILOTVEVVDELVKVMGREKPENTI VIEMARENQTTQ
KGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLY Y LONGRDMY VDOQELDINRLSDYDVDHT
VPQSFLEDDSIDNKVLTRSDEKNRGKSDNVPSEEVVEKEKMENYWRQLLNAKLITQREFDNLTKAERGGLSEL
DRAGFIKRQLVETRATTKHVAQTLDSRMNTKY DENDKLIREVEVITLKSKLVSDFRKDFQFY KVRE THNNY
HHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY DVREKMIAKSEQEIGKATAKY FEYSNIMNEFKTEIT
LANGETRKRPLIETNGETGE IVWDKGRDFATVREKVLSMPOVNIVEKKTEVOTGGFSKESILPKRNSDKLIA
REKEDWDPKKYGGEFDSPTVAY SVLVVAKVEKGKSKKLESVKELLGITIMERSSFERKNPIDFLEAKGY KEVEK
KDLIIKLPKYSLFELENGREKRMLASAGELOKGNELALPSKYVNEFLY LASHYEKLKGSPEDNEQKQLEVEQ
HEKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTI
DRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD

Fusion proteins comprising a nuclear localization sequence (NLS)

In some embodiments, the fusion proteins provided herein further comprise one or more
(e.g., 2, 3, 4, 5) nuclear targeting sequences, for example a nuclear localization sequence (NLS).
In one embodiment, a bipartite NLS 1s used. In some embodiments, a NLS comprises an amino
acid sequence that facilitates the importation of a protein, that comprises an NLS, into the cell
nucleus {e.g., by nuclear transport). In some embodiments, any of the fusion proteins provided
herein further comprise a nuclear localization sequence (NLS). In some embodiments, the NLS
is fused to the N-terminus of the fusion protein. In some embodiments, the NLS is fused to the
C-terminus of the fusion protein. In some embodiments, the NLS is fused to the N-terminus of
the Cas9 domain. In some embodiments, the NLS is fused to the C-terminus of an nCas9
domain or a dCas9 domain. In some embodiments, the NLS is fused to the N-terminus of the
deaminase. In some embodiments, the NLS is fused to the C-terminus of the deaminase. In
some embodiments, the NLS i1s fused to the fusion protein via one or more linkers. In some
embodiments, the NLS is fused to the fusion protein without a linker. In some embodiments, the
NLS comprises an amino acid sequence of any one of the NLS sequences provided or referenced
herein. Additional nuclear localization sequences are known in the art and would be apparent to
the skilled artisan. For example, NLS sequences are described in Plank ef al.,
PCT/EP2000/011690, the contents of which are incorporated herein by reference for their
disclosure of exemplary nuclear localization sequences. In some embodiments, an NLS
comprises the amino acid sequence PKKKRKVEGADKRTADGSEFESPKKKRKYV,
KRTADGSEFESPKKKRKY, KRPAATKKAGQAKKKK, KKTELQTTNAENKTKKL,
KRGINDRNFWRGENGRKTR, RKSGKIAAIVVKRPRKPKKKRKYV, or
MDSLLMNRRKFLYQFKNVRWAKGRRETYLC.
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In some embodiments, the NLS is present in a linker or the NLS is flanked by linkers, for
example, the linkers described herein. In some embodiments, the N-terminus or C-terminus
NLS is a bipartite NLS. A bipartite NLS comprises two basic amino acid clusters, which are
separated by a relatively short spacer sequence (hence bipartite - 2 parts, while monopartite
NLSs are not). The NLS of nucleoplasmin, KRIPAATKKAGQA]KKKK, is the prototype of
the ubiquitous bipartite signal: two clusters of basic amino acids, separated by a spacer of about
10 amino acids. The sequence of an exemplary bipartite NLS follows:
PKKKRKVEGADKRTADGSEFESPKKKRKYV

In some embodiments, the fusion proteins of the invention do not comprise a linker
sequence. In some embodiments, linker sequences between one or more of the domains or
proteins are present.

It should be appreciated that the fusion proteins of the present disclosure may comprise
one or more additional features. For example, in some embodiments, the fusion protein may
comprise inhibitors, cytoplasmic localization sequences, export sequences, such as nuclear
export sequences, or other localization sequences, as well as sequence tags that are useful for
solubilization, purification, or detection of the fusion proteins. Suitable protein tags provided
herein include, but are not limited to, biotin carboxylase carrier protein (BCCP) tags, myc-tags,
calmodulin-tags, FLAG-tags, hemagglutinin (HA)-tags, polyhistidine tags, also referred to as
histidine tags or His-tags, maltose binding protein (MBP)-tags, nus-tags, glutathione-S-
transferase (GST)-tags, green fluorescent protein (GFP)-tags, thioredoxin-tags, S-tags, Softags
(e.g., Softag 1, Softag 3), strep-tags, biotin ligase tags, FIAsH tags, VS5 tags, and SBP-tags.
Additional suitable sequences will be apparent to those of skill in the art. In some embodiments,
the fusion protein comprises one or more His tags.

A vector that encodes a CRISPR enzyme comprising one or more nuclear localization
sequences (NLSs) can be used. For example, there can be or be about 1,2,3,4,5,6,7, 8,9, 10
NLSsused. A CRISPR enzyme can comprise the NLSs at or near the ammo-terminus, about or
more than about 1, 2, 3,4, 5, 6,7, 8 9, 10 NLSs at or near the carboxy-terminus, or any
combination of these (e.g., one or more NLS at the ammo-terminus and one or more NLS at the
carboxy terminus). When more than one NLS is present, each can be selected independently of
others, such that a single NLS can be present in more than one copy and/or in combination with
one or more other NLSs present in one or more copies.

CRISPR enzymes used in the methods can comprise about 6 NLSs. An NLS is
considered near the N- or C-terminus when the nearest amino acid to the NLS is within about 50
amino acids along a polypeptide chain from the N- or C-terminus, e.g., within 1, 2, 3, 4, 5, 10,
15,20, 25, 30, 40, or 50 amino acids.
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Nucleobase Editing Domain

Described herein are base editors comprising a fusion protein that includes a
polynucleotide programmable nucleotide binding domain and a nucleobase editing domain (e.g.,
a deaminase domain). The base editor can be programmed to edit one or more bases in a target
polynucleotide sequence by interacting with a guide polynucleotide capable of recognizing the
target sequence. Once the target sequence has been recognized, the base editor 1s anchored on
the polynucleotide where editing is to occur, and the deaminase domain components of the base
editor can then edit a target base.

In some embodiments, the nucleobase editing domain includes a deaminase domain. As
particularly described herein, the deaminase domain includes an adenosine deaminase. In some
embodiments, the terms “adenine deaminase™ and “adenosine deaminase” can be used
interchangeably. Details of nucleobase editing proteins are described in International PCT
Application Nos. PCT/2017/045381 (W02018/027078) and PCT/US2016/058344
(W02017/070632), each of which is incorporated herein by reference for its entirety. Also see
Komor, A.C,, ef al, “Programmable editing of a target base in genomic DNA without double-
stranded DNA cleavage” Nature 533, 420-424 (2016); Gaudelli, N M, ef ol., “Programmable
base editing of A+T to G+C in genomic DNA without DNA cleavage” Nature 551, 464-471
(2017), and Komor, A.C., et al., “Improved base excision repair inhibition and bacteriophage
Mu Gam protein yields C:G-to-T: A base editors with higher efficiency and product purity”
Science Advances 3:eaao4774 (2017), the entire contents of which are hereby incorporated by

reference.

A to G Editing

In some embodiments, a base editor described herein can comprise a deaminase domain
which includes an adenosine deaminase. Such an adenosine deaminase domain of a base editor
can facilitate the editing of an adenine (A) nucleobase to a guanine (G) nucleobase by
deaminating the A to form inosine (I), which exhibits base pairing properties of G. Adenosine
deaminase is capable of deaminating (i.e., removing an amine group) adenine of a
deoxyadenosine residue in deoxyribonucleic acid (DNA).

In some embodiments, the nucleobase editors provided herein can be made by fusing
together one or more protein domains, thereby generating a fusion protein. In certain
embodiments, the fusion proteins provided herein comprise one or more features that improve
the base editing activity (e.g., efficiency, selectivity, and specificity) of the fusion proteins. For

example, the fusion proteins provided herein can comprise a Cas9 domain that has reduced
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nuclease activity. In some embodiments, the fusion proteins provided herein can have a Cas9
domain that does not have nuclease activity (dCas9), or a Cas9 domain that cuts one strand of a
duplexed DNA molecule, referred to as a Cas9 nickase (nCas9). Without wishing to be bound
by any particular theory, the presence of the catalytic residue (e.g., H840) maintains the activity
of the Cas9 to cleave the non-edited (e.g., non-deaminated) strand containing a T opposite the
targeted A. Mutation of the catalytic residue {e.g., D10 to A10) of Cas9 prevents cleavage of the
edited strand containing the targeted A residue. Such Cas9 variants are able to generate a single-
strand DNA break (nick) at a specific location based on the gRNA-defined target sequence,
leading to repair of the non-edited strand, ultimately resulting in a T to C change on the non-
edited strand. In some embodiments, an A-to-G base editor further comprises an inhibitor of
inosine base excision repair, for example, a uracil glycosylase inhibitor (UGI) domain or a
catalytically inactive inosine specific nuclease. Without wishing to be bound by any particular
theory, the UGI domain or catalytically inactive inosine specific nuclease can inhibit or prevent
base excision repair of a deaminated adenosine residue {e.g., inosine}), which can improve the
activity or efficiency of the base editor.

A base editor comprising an adenosine deaminase can act on any polynucleotide,
including DNA, RNA and DNA-RNA hybrids. In certain embodiments, a base editor
comprising an adenosine deaminase can deaminate a target A of a polynucleotide comprising
RNA. For example, the base editor can comprise an adenosine deaminase domain capable of
deaminating a target A of an RNA polynucleotide and/or a DNA-RNA hybrid polynucleotide.
In an embodiment, an adenosine deaminase incorporated into a base editor comprises all or a
portion of adenosine deaminase acting on RNA (ADAR, e.g., ADARI1 or ADAR2). In another
embodiment, an adenosine deaminase incorporated into a base editor comprises all or a portion
of adenosine deaminase acting on tRNA (ADAT). A base editor comprising an adenosine
deaminase domain can also be capable of deaminating an A nucleobase of a DNA
polynucleotide. In an embodiment an adenosine deaminase domain of a base editor comprises
all or a portion of an ADAT comprising one or more mutations which permit the ADAT to
deaminate a target A in DNA. For example, the base editor can comprise all or a portion of an
ADAT from Escherichia coli (EcTadA) comprising one or more of the following mutations:
D108N, A106V, D147Y, E155V, L84F, H123Y, I156F, or a corresponding mutation in another
adenosine deaminase.

The adenosine deaminase can be derived from any suitable organism {e.g., E. coli). In
some embodiments, the adenine deaminase is a naturally-occurring adenosine deaminase that
includes one or more mutations corresponding to any of the mutations provided herein (e.g.,

mutations in ecTadA). The corresponding residue in any homologous protein can be identified
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by e.g., sequence alignment and determination of homologous residues. The mutations in any
naturally-occurring adenosine deaminase (e.g., having homology to ecTadA) that corresponds to
any of the mutations described herein (e.g., any of the mutations identified in ecTadA) can be

generated accordingly.

Adenosine deaminases

In some embodiments, a base editor described herein can comprise a deaminase domain
which includes an adenosine deaminase. Such an adenosine deaminase domain of a base editor
can facilitate the editing of an adenine (A) nucleobase to a guanine (G) nucleobase by
deaminating the A to form inosine (I), which exhibits base pairing properties of G. Adenosine
deaminase is capable of deaminating (i.e., removing an amine group) adenine of a
deoxyadenosine residue in deoxyribonucleic acid (DNA).

In some embodiments, the adenosine deaminases provided herein are capable of
deaminating adenine. In some embodiments, the adenosine deaminases provided herein are
capable of deaminating adenine in a deoxyadenosine residue of DNA. In some embodiments,
the adenine deaminase is a naturally-occurring adenosine deaminase that includes one or more
mutations corresponding to any of the mutations provided herein (e.g., mutations in ecTadA).
One of skill in the art will be able to identify the corresponding residue in any homologous
protein, e.g., by sequence alignment and determination of homologous residues. Accordingly,
one of skill in the art would be able to generate mutations in any naturally-occurring adenosine
deaminase (e.g., having homology to ecTadA) that corresponds to any of the mutations
described herein, e.g., any of the mutations identified in ecTadA. In some embodiments, the
adenosine deaminase is from a prokaryote. In some embodiments, the adenosine deaminase is
from a bacterium. In some embodiments, the adenosine deaminase is from Escherichia coli,
Staphylococcus aureus, Salmonella typhi, Shewanella putrefaciens, Haemophilus influenzae,
Caulobacter crescentus, or Bacillus subtilis. In some embodiments, the adenosine deaminase is
from E. coli.

The invention provides adenosine deaminase variants that have increased efficiency
(>50-60%) and specificity. In particular, the adenosine deaminase variants described herein are
more likely to edit a desired base within a polynucleotide and are less likely to edit bases that are
not intended to be altered (i.e., “bystanders”).

In particular embodiments, the TadA is any one of the TadA described in
PCT/US2017/045381 (WO 2018/027078), which 1s incorporated herein by reference in its

entirety.
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In some embodiments, the nucleobase editors of the invention are adenosine deaminase
variants comprising an alteration in the following sequence:
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH
AEIMALRQGGLVMONYRLIDATLY VIFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAA
GSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD  (also
termed TadA*7.10).

In particular embodiments, the fusion proteins comprise a single (e.g., provided as a
monomer) TadA*8 variant. In some embodiments, the TadA*8 is linked to a Cas9 nickase. In
some embodiments, the fusion proteins of the invention comprise as a heterodimer of a wild-
type TadA (TadA(wt)) linked to a TadA*8 variant. In other embodiments, the fusion proteins of
the invention comprise as a heterodimer of a TadA*7.10 linked to a TadA*8 variant. In some
embodiments, the base editor is ABES comprising a TadA*8 variant monomer. In some
embodiments, the base editor is ABE8 comprising a heterodimer of a TadA*8 variant and a
TadA(wt). In some embodiments, the base editor 1s ABE8 comprising a heterodimer of a
TadA*8 variant and TadA*7.10. In some embodiments, the base editor is ABE8 comprising a
heterodimer of a TadA*8 vanant. In some embodiments, the TadA*8 variant 1s selected from
Table 7. In some embodiments, the ABES is selected from Table 7. The relevant sequences
follow:

Wild-type TadA (TadA(wt)) or “the TadA reference sequence”
MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPTGRHDPTAHARE TMALR
QGGLVMONYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTGAAGSLMDVLHHPGMNH
RVEITEGILADECAALLSDFFRMRROETKAQKKAQSSTD

TadA*7.10:

MSEVEFSHEYW MRHALTLAKR ARDEREVPVG AVLVLNNRVI GEGWNRAIGL HDPTAHAEIM
ALRQGGLVMQ NYRLIDATLY VTFEPCVMCA GAMIHSRIGR VVFGVRNAKT GAAGSLMDVL
HYPGMNHRVE ITEGILADEC AALLCYFFRM PROVFNAQKK AQSSTD

In some embodiments, the adenosine deaminase comprises an amino acid sequence that
is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%,
at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to
any one of the amino acid sequences set forth in any of the adenosine deaminases provided
herein. It should be appreciated that adenosine deaminases provided herein may include one or
more mutations {e.g., any of the mutations provided herein). The disclosure provides any
deaminase domains with a certain percent identity plus any of the mutations or combinations
thereof described herein. In some embodiments, the adenosine deaminase comprises an amino
acid sequence thathas 1,2, 3,4,5,6,7,8 9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
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21,24, 25,26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, or more mutations compared to a reference sequence, or any of the adenosine
deaminases provided herein. In some embodiments, the adenosine deaminase comprises an
amino acid sequence that has at least 5, at least 10, at least 15, at least 20, at least 25, at least 30,
at least 35, at least 40, at least 45, at least 50, at least 60, at least 70, at least 80, at least 90, at
least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160, or at least
170 identical contiguous amino acid residues as compared to any one of the amino acid
sequences known in the art or described herein,

In some embodiments the TadA deaminase is a full-length £. coli TadA deaminase. For

example, in certain embodiments, the adenosine deaminase comprises the amino acid sequence:
MRRAFITGVFFLSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHD

PTAHAEIMALRQGGLVMONYRLIDATLYVILEPCVMCAGAMIHSRIGRVVEFGARDAKTGAAGSL
MDVLHHPGMNHRVE I TEGILADECAALLSDFFRMRROE TKAQKKAQSSTD,

It should be appreciated, however, that additional adenosine deaminases useful in the
present application would be apparent to the skilled artisan and are within the scope of this
disclosure. For example, the adenosine deaminase may be a homolog of adenosine deaminase
acting on tRNA (ADAT). Without limitation, the amino acid sequences of exemplary AD AT

homologs include the following:
Staphylococcus aureus TadA:

MGSHMTNDIYFMTLATEEAKKAAQLGEVPIGATIITKDDEVIARAHNLRETLOQPTAHARHTATE
RAAKVLGSWRLEGCTLYVILEPCVMCAGT IVMSRIPRVVYGADDPKGGCS5GS
IMNLLOOSNFNHRATVDKGVLKEACSTLLTTFFENLRANKKSTN

Bacillus subtilis TadA:

MTQDELYMKEAIKEAKKAEEKGEVPIGAVLVINGEI IARAHNLRETEQRS IAHAEMLVIDEACK
ALGTWRLEGATLYVTLEPCPMCAGAVVLSRVEKVVFGAFDPKGGCSGTLMNLLOEERFNHOQAEY
V5GVLEEECGGMLSAFFRELRKKKKAARKNLSE

Salmonella typhimurium (S. typhimurium) TadA:

MPPAFITGVISLSDVELDHEYWMRHALTLAKRAWDEREVPVGAVLVHNHRVIGEGWNREP IGRHD
PTAHAETIMALROQGGLVLONYRLLDTTLYVTLEPCVMCAGAMVHSRIGRVVEGARDAKTGAAGSL
IDVLHHPGMNHRVEI IEGVLRDECATLLSDFFRMRROE IKALKKADRAEGAGPAV

Shewanella putrefaciens (S. putrefaciens) TadA.:

162



10

15

20

25

30

WO 2020/168133 PCT/US2020/018193

MDEYWMOVAMOMARKAFRAAGEVPVGAVLVKDGQQIATGYNLSISQHDPTAHARE ILCLRSAGKKL
ENYRLLDATLY ITLEPCAMCAGAMVHSRIARVVYGARDEKTGAAGTVVNLLOHPAFNHOVEVTS
GVLAEACSAQLSRFFKRRRDEKKALKLAQRAQOQGIE

Haemophilus influenzae F3031 (H. influenzae) TadA:

MDAAKVRSEFDEKMMRYALELADKAEALGE IPVGAVLVDDARNI IGEGWNLSIVOSDPTAHARET
TALRNGAKNIQNYRLLNSTLYVTLEPCTMCAGATLHSRIKRLVFGASDYKTGAIGSREFHFFDDY
KMNHTLEITSGVLAEECSQKLSTFFOQKRREEKKIEKALLKSLSDK

Canlobacter crescentus (C. crescentus) TadA:

MRTDESEDQDHRMMRLATLDAARAAARAGETPVGAVILDPSTGEVIATAGNGPTAAHDPTAHART
AAMMRAAAAKLGNYRLTDLTLVVTLEPCAMCAGAISHARIGRVVEFGADDPKGGAVVHGPKEFFAQP
TCHWRPEVTGGVLADESADLLRGEFFRARRKAKT

Geobacter sulfurreducens (G. sulfurreducens) TadA:

MSSLKKTPIRDDAYWMGKAIREAAKAAARDEVPIGAVIVRDGAVIGRGHNLREGSNDPSAHAEM
TATROQAARRSANWRLTGATLYVTLEPCILMCMGAT TLARLERVVEGCYDPKGGAAGSLYDLSADP
RLNHOVRLSPGVCOEECGTMLSDFFRDLRRRKKAKATPALFIDERKVPPEP

An embodiment of £. Coli TadA {(ecTadA) includes the following;

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHARE TMALR
QGGLVMONYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNH
RVEITEGILADECAALLCYFFRMPROVEFNAQKKAQSSTD

In some embodiments, the adenosine deaminase is from a prokaryote. In some
embodiments, the adenosine deaminase is from a bacterium. In some embodiments, the
adenosine deaminase is from Escherichia coli, Staphylococcus aureus, Salmonella typhi,
Shewanella putrefaciens, Haemophilus influenzae, Canlobacter crescentus, or Bacillus subtilis.
In some embodiments, the adenosine deaminase is from Z. coli.

In one embodiment, a fusion protein of the invention comprises a wild-type TadA linked
to TadA7.10, which is linked to Cas9 nickase. In particular embodiments, the fusion proteins
comprise a single TadA7.10 domain {e.g., provided as a monomer). In other embodiments, the
ABE7.10 editor comprises TadA7.10 and TadA(wt), which are capable of forming heterodimers,

In some embodiments, the adenosine deaminase comprises an amino acid sequence that
is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%,
at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to
any one of the amino acid sequences set forth in any of the adenosine deaminases provided

herein. It should be appreciated that adenosine deaminases provided herein may include one or
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more mutations {e.g., any of the mutations provided herein). The disclosure provides any
deaminase domains with a certain percent identity plus any of the mutations or combinations
thereof described herein. In some embodiments, the adenosine deaminase comprises an amino
acid sequence thathas 1,2, 3,4,5,6,7,8 9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
21,24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, or more mutations compared to a reference sequence, or any of the adenosine
deaminases provided herein. In some embodiments, the adenosine deaminase comprises an
amino acid sequence that has at least 5, at least 10, at least 15, at least 20, at least 25, at least 30,
at least 35, at least 40, at least 45, at least 50, at least 60, at least 70, at least 80, at least 90, at
least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160, or at least
170 identical contiguous amino acid residues as compared to any one of the amino acid
sequences known in the art or described herein.

It should be appreciated that any of the mutations provided herein (e.g., based on the
TadA reference sequence) can be introduced into other adenosine deaminases, such as . coli
TadA (ecTadA), §. aureus TadA (saTadA), or other adenosine deaminases (e.g., bacterial
adenosine deaminases). It would be apparent to the skilled artisan that additional deaminases
may similarly be aligned to identify homologous amino acid residues that can be mutated as
provided herein. Thus, any of the mutations identified in the TadA reference sequence can be
made in other adenosine deaminases (e.g., ecTada) that have homologous amino acid residues.
It should also be appreciated that any of the mutations provided herein can be made individually
or in any combination in the TadA reference sequence or another adenosine deaminase.

In some embodiments, the adenosine deaminase comprises a D108X mutation in the
TadA reference sequence, or a corresponding mutation in another adenosine deaminase {(e.g.,
ecTadA), where X indicates any amino acid other than the corresponding amino acid in the
wild-type adenosine deaminase. In some embodiments, the adenosine deaminase comprises a
D108G, D108N, D108V, D108A, or D108Y mutation, or a corresponding mutation in another
adenosine deaminase.

In some embodiments, the adenosine deaminase comprises an A106X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A106V
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., wild type TadA or ecTadA).

In some embodiments, the adenosine deaminase comprises a E155X mutation in TadA

reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
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where the presence of X indicates any amino acid other than the corresponding amino acid in the
wild-type adenosine deaminase. In some embodiments, the adenosine deaminase comprises a
E155D, E155@G, or E155V mutation in TadA reference sequence, or a corresponding mutation in
another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises a D147X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where the presence of X indicates any amino acid other than the corresponding amino acid in the
wild-type adenosine deaminase. In some embodiments, the adenosine deaminase comprises a
D147Y, mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an A106X, E155X, or
D147X, mutation in the TadA reference sequence, or a corresponding mutation in another
adenosine deaminase (e.g., ecTadA), where X indicates any amino acid other than the
corresponding amino acid in the wild-type adenosine deaminase. In some embodiments, the
adenosine deaminase comprises an E155D, E155G, or E155V mutation. In some embodiments,
the adenosine deaminase comprises a D147Y.

For example, an adenosine deaminase can contain a D108N, a A106V, a E155V, and/or
a D147Y mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase (e.g., ecTadA). In some embodiments, an adenosine deaminase comprises
the following group of mutations (groups of mutations are separated by a ;") in TadA reference
sequence, or corresponding mutations in another adenosine deaminase (e.g., ecTadA): D108N
and A106V; D108N and E155V; D108N and D147Y; A106V and E155V; A106V and D147Y;
E155V and D147Y; D108N, A106V, and E155V; D108N, A106V, and D147Y; D108N, E155V,
and D147Y; A106V, E155V, and D 147Y; and D108N, A106V, E155V, and D147Y_ It should
be appreciated, however, that any combination of corresponding mutations provided herein can
be made in an adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of a H8X, T17X,
L18X, W23X L34X, W45X R51X, AS6X, ES9X, E85X, M94X, 195X, V102X, F104X,
A106X, R107X, D108X, K110X, M118X, N127X, A138X, F149X, M151X, R153X, Q154X,
1156X, and/or K157X mutation in TadA reference sequence, or one or more corresponding
mutations in another adenosine deaminase (e.g., ecTadA), where the presence of X indicates any
amino acid other than the corresponding amino acid in the wild-type adenosine deaminase. In
some embodiments, the adenosine deaminase comprises one or more of H8Y, T17S, L18E,
W23L, L34S, W45L, RS51H, AS6E, or A56S, E59G, E85K, or E85G, M94L, 195L, V102A,

F104L, A106V, R107C, or R107H, or R107P, D108G, or D108N, or D108V, or D108A, or
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D108Y, K110I, M118K, N127S, A138V, F149Y, M151V, R153C, Q154L, 1156D, and/or
K157R mutation in TadA reference sequence, or one or more corresponding mutations in
another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of a H8X,
D108X, and/or N127X mutation in TadA reference sequence, or one or more corresponding
mutations in another adenosine deaminase (e.g., ecTadA), where X indicates the presence of any
amino acid. In some embodiments, the adenosine deaminase comprises one or more of a H8Y,
D108N, and/or N127S mutation in TadA reference sequence, or one or more corresponding
mutations in another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of H8X, R26X,
M61X, L68X, M70X, A106X, D108X, A109X, N127X, D147X, R152X, Q154X, E155X,
K161X, Q163X, and/or T166X mutation in TadA reference sequence, or one or more
corresponding mutations in another adenosine deaminase (e.g., ecTadA), where X indicates the
presence of any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one or more of H8Y,
R26W, M611, L68Q, M70V, A106T, D108N, A109T, N127S, D147Y, R152C, Q154H or
Q154R, E155G or E155V or E1535D, K161Q, Q163H, and/or T166P mutation in the TadA
reference sequence, or one or more corresponding mutations in another adenosine deaminase
(e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one, two, three, four, five, or
six mutations selected from the group consisting of H8X, D108X, N127X, D147X, R152X, and
Q154X in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase (e.g., ecTadA), where X indicates the presence of any amino acid other
than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one, two, three, four, five, six, seven, or eight
mutations selected from the group consisting of H8X, M61X, M70X, D108X, N127X, Q154X,
E155X, and Q163X in the TadA reference sequence, or a corresponding mutation or mutations
in another adenosine deaminase (e.g., ecTadA), where X indicates the presence of any amino
acid other than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one, two, three, four, or five, mutations
selected from the group consisting of H8X, D108X, N127X, E155X, and T166X in TadA
reference sequence, or a corresponding mutation or mutations in another adenosine deaminase
(e.g., ecTadA), where X indicates the presence of any amino acid other than the corresponding

amino acid in the wild-type adenosine deaminase.
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In some embodiments, the adenosine deaminase comprises one, two, three, four, five, or
six mutations selected from the group consisting of H8X, A106X, D108X, mutation or
mutations in another adenosine deaminase, where X indicates the presence of any amino acid
other than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one, two, three, four, five, six, seven, or eight
mutations selected from the group consisting of H8X, R26X, L68X, D108X, N127X, D147X,
and E155X, or a corresponding mutation or mutations in another adenosine deaminase, where X
indicates the presence of any amino acid other than the corresponding amino acid in the wild-
type adenosine deaminase. In some embodiments, the adenosine deaminase comprises one, two,
three, four, or five, mutations selected from the group consisting of H8X, D108X, A109X,
N127X, and E155X in TadA reference sequence, or a corresponding mutation or mutations in
another adenosine deaminase (e.g., ecTadA), where X indicates the presence of any amino acid
other than the corresponding amino acid in the wild-type adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one, two, three, four, five, or
six mutations selected from the group consisting of H8Y, D108N, N127§, D147Y, R152C, and
Q154H in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase (e.g., ecTadA). In some embodiments, the adenosine deaminase
comprises one, two, three, four, five, six, seven, or eight mutations selected from the group
consisting of H8Y, M611, M70V, D108N, N1278S, Q154R, E155G and Q163H in TadA
reference sequence, or a corresponding mutation or mutations in another adenosine deaminase
(e.g., ecTadA). In some embodiments, the adenosine deaminase comprises one, two, three, four,
or five, mutations selected from the group consisting of H8Y, D108N, N127S, E155V, and
T166P in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase (e.g., ecTadA). In some embodiments, the adenosine deaminase
comprises one, two, three, four, five, or six mutations selected from the group consisting of
H8Y, A106T, D108N, N127S, E155D, and K161Q in TadA reference sequence, or a
corresponding mutation or mutations in another adenosine deaminase (e.g., ecTadA). In some
embodiments, the adenosine deaminase comprises one, two, three, four, five, six, seven, or eight
mutations selected from the group consisting of HSY, R26W, L68Q, D108N, N127S, D147Y,
and E155V in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase (e.g., ecTadA). In some embodiments, the adenosine deaminase
comprises one, two, three, four, or five, mutations selected from the group consisting of H8Y,
D108N, A109T, N127S, and E155G in TadA reference sequence, or a corresponding mutation

or mutations in another adenosine deaminase (e.g., ecTadA).
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Any of the mutations provided herein and any additional mutations (e.g., based on the
ecTadA amino acid sequence) can be introduced into any other adenosine deaminases. Any of
the mutations provided herein can be made individually or in any combination in TadA
reference sequence or another adenosine deaminase (e.g., ecTadA).

Details of A to G nucleobase editing proteins are described in International PCT
Application No. PCT/2017/045381 (W(2018/027078) and Gaudelli, NM., ef al.,
“Programmable base editing of AT to G+C in genomic DNA without DNA cleavage” Nature,
551, 464-471 (2017), the entire contents of which are hereby incorporated by reference.

In some embodiments, the adenosine deaminase comprises one or more corresponding
mutations in another adenosine deaminase (e.g., ecTadA). In some embodiments, the adenosine
deaminase comprises a D108N, D108G, or D108V mutation in TadA reference sequence, or
corresponding mutations in another adenosine deaminase (e.g., ecTadA). In some embodiments,
the adenosine deaminase comprises a A106V and D108N mutation in TadA reference sequence,
or corresponding mutations in another adenosine deaminase (e.g., ecTadA). In some
embodiments, the adenosine deaminase comprises R107C and D108N mutations in TadA
reference sequence, or corresponding mutations in another adenosine deaminase (e.g., ecTadA).
In some embodiments, the adenosine deaminase comprises a H8Y, D108N, N127S, D147Y, and
Q154H mutation in TadA reference sequence, or corresponding mutations in another adenosine
deaminase (e.g., ecTadA). In some embodiments, the adenosine deaminase comprises a HY,
D108N, N127S, D147Y, and E155V mutation in TadA reference sequence, or corresponding
mutations in another adenosine deaminase (e.g., ecTadA). In some embodiments, the adenosine
deaminase comprises a D108N, D147Y, and E155V mutation in TadA reference sequence, or
corresponding mutations in another adenosine deaminase (e.g., ecTadA). In some embodiments,
the adenosine deaminase comprises a H8Y, D108N, and N127S mutation in TadA reference
sequence, or corresponding mutations in another adenosine deaminase (e.g., ecTadA). In some
embodiments, the adenosine deaminase comprises a A106V, D108N, D147Y and E155V
mutation in TadA reference sequence, or corresponding mutations in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of a S2X, H8X,
149X, 184X, H123X, N127X, I156X and/or K160X mutation in TadA reference sequence, or
one or more corresponding mutations in another adenosine deaminase, where the presence of X
indicates any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one or more of S2A,
H8Y, I49F, L84F, H123Y, N1278, I156F and/or K160S mutation in TadA reference sequence,

or one or more corresponding mutations in another adenosine deaminase (e.g., ecTadA).
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In some embodiments, the adenosine deaminase comprises an L84X mutation adenosine
deaminase, where X indicates any amino acid other than the corresponding amino acid in the
wild-type adenosine deaminase. In some embodiments, the adenosine deaminase comprises an
L84F mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an H123X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an H123Y
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an I156X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an 1156F
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one, two, three, four, five,
six, or seven mutations selected from the group consisting of L84X, A106X, D108X, HI23X,
D147X, E155X, and [156X in TadA reference sequence, or a corresponding mutation or
mutations in another adenosine deaminase (e.g., ecTadA), where X indicates the presence of any
amino acid other than the corresponding amino acid in the wild-type adenosine deaminase. In
some embodiments, the adenosine deaminase comprises one, two, three, four, five, or six
mutations selected from the group consisting of S2X, 149X, A106X, D108X, D147X, and
E155X in TadA reference sequence, or a corresponding mutation or mutations in another
adenosine deaminase (e.g., ecTadA), where X indicates the presence of any amino acid other
than the corresponding amino acid in the wild-type adenosine deaminase. In some embodiments,
the adenosine deaminase comprises one, two, three, four, or five, mutations selected from the
group consisting of H8X, A106X, D108X, N127X, and K160X in TadA reference sequence, or
a corresponding mutation or mutations in another adenosine deaminase (e.g., ecTadA), where X
indicates the presence of any amino acid other than the corresponding amino acid in the wild-
type adenosine deaminase.

In some embodiments, the adenosine deaminase comprises one, two, three, four, five,
six, or seven mutations selected from the group consisting of L84F, A106V, D108N, H123Y,

D147Y, E155V, and I156F in TadA reference sequence, or a corresponding mutation or
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mutations in another adenosine deaminase (e.g., ecTadA). In some embodiments, the adenosine
deaminase comprises one, two, three, four, five, or six mutations selected from the group
consisting of S2A, I49F, A106V, D108N, D147Y, and E155V in TadA reference sequence.

In some embodiments, the adenosine deaminase comprises one, two, three, four, or five,
mutations selected from the group consisting of H8Y, A106T, D108N, N1278S, and K160S in
TadA reference sequence, or a corresponding mutation or mutations in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of a E25X,
R26X, R107X, A142X, and/or A143X mutation in TadA reference sequence, or one or more
corresponding mutations in another adenosine deaminase (e.g., ecTadA), where the presence of
X indicates any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises one or more of E25M,
E25D, E25A, E25R, E25V, E258, E25Y, R26G, R26N, R26Q, R26C, R26L, R26K, R107P,
R107K, R107A, R107N, R107W, R107H, R107S, A142N, A142D, A142G, A143D, A143G,
A143E, A143L, A143W, A143M, A143S, A143Q and/or A143R mutation in TadA reference
sequence, or one or more corresponding mutations in another adenosine deaminase (e.g.,
ecTadA). In some embodiments, the adenosine deaminase comprises one or more of the
mutations described herein corresponding to TadA reference sequence, or one or more
corresponding mutations in another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an E25X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an E25M,
E25D, E25A, E25R, E25V, E25S, or E25Y mutation in TadA reference sequence, or a
corresponding mutation in another adenosine deaminase {e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an R26X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises R26G, R26N,
R26Q, R26C, R26L, or R26K mutation in TadA reference sequence, or a corresponding
mutation in another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an R107X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an R107P,
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R107K, R107A, R107N, R107W, R107H, or R107S mutation in TadA reference sequence, or a
corresponding mutation in another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an A142X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A142N,
A142D, A142G, mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an A143X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A143D,
A143G, A143E, A143L, A143W, A143M, A1438S, A143Q and/or A143R mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises one or more of a H36X,
N37X, P48X, 149X, R51X, M70X, N72X, D77X, E134X, S146X, Q154X, K157X, and/or
K161X mutation in TadA reference sequence, or one or more corresponding mutations in
another adenosine deaminase (e.g., ecTadA), where the presence of X indicates any amino acid
other than the corresponding amino acid in the wild-type adenosine deaminase. In some
embodiments, the adenosine deaminase comprises one or more of H36L, N37T, N37S, P48T,
P48L, 149V, RS1H, R51L, M70L, N72S, D77G, E134G, S146R, S146C, Q154H, K157N,
and/or K161T mutation in TadA reference sequence, or one or more corresponding mutations in
another adenosine deaminase {e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an H36X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an H36L
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an N37X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an N37T, or
N378 mutation in TadA reference sequence, or a corresponding mutation in another adenosine

deaminase (e.g., ecTadA).
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In some embodiments, the adenosine deaminase comprises an P48X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an P48T, or
P48L mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an R51X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase, where X
indicates any amino acid other than the corresponding amino acid in the wild-type adenosine
deaminase. In some embodiments, the adenosine deaminase comprises an RS1H, or R51L
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an S146X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises an S146R, or
$146C mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an K157X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a K157N
mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an P48X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a P48S, P48T,
or P48 A mutation in TadA reference sequence, or a corresponding mutation in another
adenosine deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an A142X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a A142N
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mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an W23 X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a W23R, or
W23L mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In some embodiments, the adenosine deaminase comprises an R152X mutation in TadA
reference sequence, or a corresponding mutation in another adenosine deaminase (e.g., ecTadA),
where X indicates any amino acid other than the corresponding amino acid in the wild-type
adenosine deaminase. In some embodiments, the adenosine deaminase comprises a R152P, or
R52H mutation in TadA reference sequence, or a corresponding mutation in another adenosine
deaminase (e.g., ecTadA).

In one embodiment, the adenosine deaminase may comprise the mutations H36L, R51L,
L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, 1156F, and K157N_ In some
embodiments, the adenosine deaminase comprises the following combination of mutations

n o

relative to TadA reference sequence, where each mutation of a combination is separated by a "
and each combination of mutations is between parentheses:
(A106V_DI108N),

(R107C_D108N),

(H8Y _D108N NI127S D147Y_Q154H),

(H8Y _D108N NI127S D147Y_EI155V),
(D108N_D147Y_E155V),

(H8Y DI108N N1278),

(H8Y DI108N NI127S D147Y_Q154H),
(A106V_DI108N D147Y E155V),

(D108Q D147Y E155V),

(D108M_D147Y E155V),

(D108L_D147Y _EI155V),

(D108K_D147Y_E155V),

(D1081_D147Y_E155V),

(D108F_D147Y_E155V),

(A106V_DI108N D147Y),

(A106V _D108M D147Y EI155V),
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(ES9A_A106V D108N D147Y EI55V),

(ES9A cat dead A106V _D108N_D147Y E155V),

(L84F A106V D108N HI23Y D147Y E155V I156Y),

(L84F A106V D108N_HI23Y D147Y E155V I156F),

(D103A_D104N),

(G22P_D103A_D104N),

(D103A_D104N_S138A),

(R26G_L84F_A106V_R107H D108N_H123Y_A142N_A143D _D147Y _E155V_I156F),
(E25G R26G L84F A106V R107H D108N HI123Y Al142N A143D D147Y E155V
_T156F),

(E25D R26G L84F A106V R107K D108N HI123Y Al142N A143G D147Y E155V
1156F),

(R26Q L84F A106V D108N HI23Y A142N D147Y E155V I156F),
(E25M_R26G_L84F A106V_R107P_D108N_H123Y_A142N_A143D D147Y E155V
_1156F),

(R26C_L84F _A106V_R107H D10SN H123Y A142N D147Y E155V_I156F),
(L84F_A106V_D108N_H123Y_A142N_A143L_D147Y _E155V_I156F),

(R26G L84F A106V D108N HI23Y A142N D147Y E155V I156F),

(E25A_R26G L84F A106V R107N D108N HI23Y A142N Al43E D147Y E155V
_T156F),

(R26G L84F A106V R107H D108N HI123Y A142N Al143D D147Y EI155V 1156F),
(A106V_DI10SN A142N D147Y E155V),
(R26G_A106V_D108N_A142N_D147Y _E155V),
(E25D_R26G_A106V_R107K_DI10SN_A142N_A143G_D147Y _E155V),
(R26G_A106V_D108N_R107H_A142N_A143D D147Y E155V),

(E25D R26G A106V DI10SN A142N D147Y E155V),

(A106V _R107K _D108N_A142N D147Y E155V),

(A106V DI10SN A142N A143G D147Y E155V),

(A106V DI10SN A142N A143L D147Y E155V),
(H36L_RSIL_L84F A106V DI10SN H123Y S146C_D147Y E155V_I156F K157N),
(N37T_P48T M70L_L84F A106V_D108N_H123Y D147Y 149V _E155V_I156F),
(N37S_L84F_A106V_DI10SN H123Y D147Y E155V_I156F K161T),

(H36L_L84F A106V_D108N_H123Y D147Y_Q154H_E155V _I156F),

(N72S L84F A106V D108N HI123Y S146R D147Y E155V I156F),

(H36L P4SL L84F A106V D10SN H123Y E134G D147Y E155V 1156F),
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(H36L L84F A106V D108N H123Y D147Y E155V I156F K157N),

(H36L L84F A106V DI108N H123Y S146C D147Y E155V I156F),

(L84F A106V D108N _HI23Y S146R D147Y E155V I156F K161T),

(N37S R51H D77G L84F A106V D108N HI23Y D147Y EI155V I156F),
(RSIL_L84F A106V_DI10SN HI123Y D147Y E155V_I156F K157N),
(D24G_Q71R_L84F H96L A106V_D108N_HI123Y D147Y_E155V_I156F KI160E),
(H36L_G67V_L84F _A106V_D108N_H123Y S146T D147Y E155V_I156F),
(Q71L_L84F _A106V_D108N_H123Y_L137M_A143E D147Y _E155V_I156F),
(E25G L84F A106V D108N HI123Y D147Y E155V I156F Q159L),

(L84F A91T F1041 A106V D108N HI23Y D147Y E155V I156F),

(N72D L84F A106V D10SN HI123Y GI25A D147Y E155V 1156F),

(P48S_L84F S97C A106V D108N H123Y D147Y E155V I156F),

(W23G L84F A106V D10SN H123Y D147Y E155V I156F),
(D24G_P4SL_Q71R_L84F A106V_DI108N_H123Y D147Y E155V_I156F Q159L),
(L84F_A106V_D108N_H123Y A142N_D147Y E155V_I156F),

(H36L_RSIL_L84F A106V _DI10SN HI123Y A142N S146C_D147Y E155V _I156F
_K157N), (N37S_L84F _A106V_D108N_H123Y A142N _D147Y E155V_I156F KI161T),
(L84F A106V D108N D147Y E155V I156F),

(R51L_L84F Al06V D108N HI23Y S146C D147Y E155V I156F K157N K161T),
(L84F A106V D108N _HI23Y S146C D147Y E155V I156F K161T),

(L84F A106V D108N HI23Y S146C D147Y E155V I156F K157N K160E K161T),
(L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F K157N_K160E),
(R74Q _L84F A106V_DI10SN H123Y D147Y E155V_I156F),
(R74A_L84F_A106V_DI10SN H123Y D147Y E155V_I156F),
(L84F_A106V_D108N_H123Y D147Y_E155V_I156F),

(R74Q L84F A106V D108N HI23Y D147Y E155V I156F),

(L84F R98Q A106V D108N HI23Y D147Y EI155V I156F),

(L84F A106V D108N _HI23Y R129Q D147Y E155V I156F),

(P48S_L84F A106V DI0SN H123Y Al42N D147Y EI155V I156F),
(P48S_A142N),

(P48T 149V _L84F A106V_DI10SN_HI123Y A142N DI147Y _E155V_I156F L157N),
(P48T 149V _A142N),

(H36L_P48S_R5IL_L84F _A106V_D108N HI23Y $146C_D147Y_E155V_I156F K157N),
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(H36L P48S RSIL L84F A106V DI108N H123Y S146C _A142N D147Y E155V I156F
(H36L P48T 149V RS51L L84F A106V _DI108N HI123Y S146C D147Y E155V _I156F
_KI157N),
(H36L P48T 149V RS5SI1L L84F A106V _DI108N HI123Y A142N_S146C DI147Y E155V_
I156F K157N),
(H36L _P48A RS1L L84F A106V_DI108N HI123Y S146C DI147Y_E155V_I156F K157N),
(H36L _P48A RS51L _L84F A106V_DI108N HI123Y Al142N _S146C D147Y E155V_I156F
_KI157N),
(H36L P48A RSIL LB84F A106V _DI108N H123Y S146C_A142N D147Y E155V _1156F
_KI157N),
(W23L H36L P48A RS51L L84F A106V DI08N HI123Y S146C D147Y _E155V _I156F
_KI157N),
(W23R_H36L P48A RSIL L84F A106V DI108N H123Y S146C D147Y E155V _I156F
_KI157N),
(W23L_H36L P48A RS51L _L84F A106V_DI108N HI123Y S146R _DI147Y E155V _I156F
_K161T),
(H36L _P48A RS1L L84F A106V_DI108N HI123Y S146C D147Y R152H _E155V_I156F
_KI157N),
(H36L P48A RSIL L84F A106V _DI108N HI123Y S146C D147Y RI152P E155V I156F
_KI157N),
(W23L H36L P48A RS5S1L L84F A106V _DI108N HI123Y S146C D147Y RI152P E155V
_T156F K157N),
(W23L _H36L P48A RS5S1L_L84F A106V _DI108N HI123Y Al42A S146C D147Y_E155V
_T156F K157N),
(W23L _H36L P48A RS5S1L _184F A106V _DI108N HI123Y Al142A S146C D147Y R152P
_E155V_I156F K157N),
(W23L H36L P48A R51L L84F A106V DI08N HI123Y S146R D147Y E155V I156F
_K161T),
(W23R_H36L P48A RSIL L84F A106V DI108N H123Y S146C D147Y R152P E155V
_T156F K157N),
(H36L _P48A RS1L L84F A106V_DI108N HI123Y Al142N _S146C _D147Y R152P E155V
_I156F K157N).

In certain embodiments, the fusion proteins provided herein comprise one or more
features that improve the base editing activity of the fusion proteins. For example, any of the

fusion proteins provided herein may comprise a Cas9 domain that has reduced nuclease activity.
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In some embodiments, any of the fusion proteins provided herein may have a Cas9 domain that
does not have nuclease activity (dCas9), or a Cas9 domain that cuts one strand of a duplexed
DNA molecule, referred to as a Cas9 nickase (nCas9).

In some embodiments, the adenosine deaminase is TadA*7.10. In some embodiments,
TadA*7.10 comprises at least one alteration. In particular embodiments, TadA*7.10 comprises
one or more of the following alterations or additional alterations to TadA*7.10: Y147T, Y147R,
Q1548, Y123H, V82§, T166R, and Q154R. The alteration Y123H is also referred to herein as
HI123H (the alteration H123Y in TadA*7.10 reverted back to Y123H (wt)). In other
embodiments, the TadA*7.10 comprises a combination of alterations selected from the group of’
Y147T + Q154R; Y147T + Q1548S; Y147R + Q1548S; V828 + Q15485; V828 + Y147R; V82S +
Q154R; V82S + Y123H, I76Y + V82S; V82S + Y123H + Y147T, V82S + Y123H + Y147R,
V82S + Y123H + Q154R; Y147R + Q154R +Y123H, Y147R + Q154R +I76Y, Y147R +
Q154R + T166R;, Y123H + Y147R + Q154R + [76Y, V82S + Y123H + Y147R + Q154R,; and
176Y + V825 + Y123H + Y147R + Q154R. In particular embodiments, an adenosine deaminase
variant comprises a deletion of the C terminus beginning at residue 149, 150, 151, 152, 153,
154, 155, 156, and 157

In other embodiments, a base editor of the invention is a monomer comprising an
adenosine deaminase variant (e.g., TadA*8) comprising one or more of the following
alterations: Y147T, Y147R, Q1548S, Y123H, V828, T166R, and/or Q154R, relative to TadA7.10
or the TadA reference sequence. In other embodiments, the adenosine deaminase variant
(TadA*8) is a monomer comprising a combination of alterations selected from the group of’
Y147T + Q154R; Y147T + Q154S; Y147R + Q1548; V82S + Q1548S; V82S + Y147R; V82S +
Q154R; V828 + Y123H; I76Y + V82S; V82S + Y123H + Y147T; V82S + Y123H + Y147R;
V82S + Y123H + Q154R; Y147R + Q154R +Y123H; Y147R + Q154R +176Y; Y147R +
QI154R + T166R; Y123H + Y147R + Q154R + I76Y; V828 + Y123H + Y147R + Q154R; and
I76Y + VB82S + Y123H + Y147R + Q154R. In other embodiments, a base editor is a
heterodimer comprising a wild-type adenosine deaminase and an adenosine deaminase variant
(e.g., TadA*8) comprising one or more of the following alterations Y147T, Y147R, Q15485,
Y123H, V828, T166R, and/or Q154R, relative to TadA7.10 or the TadA reference sequence. In
other embodiments, the base editor is a heterodimer ¢comprising a TadA*7.10 domain and an
adenosine deaminase variant domain (e.g., TadA*8) comprising a combination of alterations
selected from the group of: Y147T + Q154R; Y147T + Q154S; Y147R + Q1548 V828 +
Q154S; V828 + Y147R; V82S + Q154R; V82S + Y123H; 176Y + V82§, V82S + Y123H +
Y147T; V82S + Y123H + Y147R; V82S + Y123H + Q154R; Y147R + Q154R +Y123H,
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Y147R + Q154R +176Y; Y147R + Q154R + T166R;, Y123H + Y147R + Q154R + I76Y, V828
+Y123H+ Y147R + Q154R; and I76Y + V82S + Y123H + Y147R + Q154R, .

In one embodiment, an adenosine deaminase is a TadA*8 that comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
MSEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALR
QGGLVMONYRLIDATLYVTFEPCVMCAGAMTHSRIGRVVEGVRNAKTGAAGSIMDVLHY PGMNH
RVEITEGILADECAALLCTFFRMPROVEFNAQKKAQSSTD

In some embodiments, the TadA*8 is a truncated. In some embodiments, the truncated
TadA*8 ismissing 1, 2,3, 4,5 ,6,7,8, 9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 N-terminal
amino acid residues relative to the full length TadA*8. In some embodiments, the truncated
TadA*8 is missing 1, 2,3,4,5.,6,7,8,9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 C-terminal
amino acid residues relative to the full length TadA*8. In some embodiments the adenosine
deaminase variant is a full-length TadA*8.

In some embodiments the TadA*8 is TadA*8.1, TadA*8.2, TadA*83, TadA*84,
TadA*8 5, TadA*86, TadA*87, TadA*88, TadA*89, TadA*810, TadA*8.11, TadA*8.12,
TadA*8.13, TadA*8.14, TadA*8.15, TadA*8.16, TadA*8.17, TadA*8.18, TadA*8.19,
TadA*8.20, TadA*8.21, TadA*8.22, TadA*8.23, TadA*8.24.

In one embodiment, a fusion protein of the invention comprises a wild-type TadA is linked
to an adenosine deaminase variant described herein (e.g., TadA*8), which is linked to Cas9
nickase. In particular embodiments, the fusion proteins comprise a single TadA*8 domain (e.g.,
provided as amonomer). In other embodiments, the base editor comprises TadA*8 and Tad A{wt),
which are capable of forming heterodimers. Exemplary sequences follow:
TadA(wt), “the TadA reference sequence”™:
MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTAHAE IMALRQGGLVM
QNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTGAAGSLMDVLHHPGMNHRVE ITEGILADE
CAALLSDFFRMRRQETKAQKKAQSSTD
TadA*7.10;
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVE ITEGILADE
CAALLCYFFRMPROVENAQKKAQSSTD
TadA*8:
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
ONYRLIDATLYVITFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCTEFEFRMPROVENAQKEAQSSTD,

In some embodiments, the adenosine deaminase comprises an amino acid sequence that

is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%,
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at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to
any one of the amino acid sequences set forth in any of the adenosine deaminases provided
herein. It should be appreciated that adenosine deaminases provided herein may include one or
more mutations {e.g., any of the mutations provided herein). The disclosure provides any
deaminase domains with a certain percent identity plus any of the mutations or combinations
thereof described herein. In some embodiments, the adenosine deaminase comprises an amino
acid sequence thathas 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22,
21,24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,
49, 50, or more mutations compared to a reference sequence, or any of the adenosine
deaminases provided herein. In some embodiments, the adenosine deaminase comprises an
amino acid sequence that has at least 5, at least 10, at least 15, at least 20, at least 25, at least 30,
at least 35, at least 40, at least 45, at least 50, at least 60, at least 70, at least 80, at least 90, at
least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160, or at least
170 identical contiguous amino acid residues as compared to any one of the amino acid
sequences known in the art or described herein,

In particular embodiments, a TadA*8 comprises one or more mutations at any of the
following positions shown in bold. In other embodiments, a TadA*8 comprises one or more

mutations at any of the positions shown with underlining:

MSEVEFSHEY WMRHALTLAK RARDEREVPV GAVLVLNNRV IGEGWNRATIG 5° LHDPTAHAET
MALRQGGLVM QNYRLIDATL YVTFEPCVMC AGAMIHSRIG 10¢ RVVEGVRNAK TGAAGSLMDV
LHYPGMNHRV EITEGILADE CAALLCYFFR 150 MPRQVFNAQK KAQSSTD

For example, the TadA*8 comprises alterations at amino acid position 82 and/or 166
(e.g., V82§, T166R) alone or in combination with any one or more of the following Y147T,
Y147R, Q1548, Y123H, and/or Q154R, relative to TadA7.10 or wtTadA, or a corresponding
sequence thereof. In particular embodiments, a combination of alterations are selected from the
group of: Y147T + Q154R; Y147T + Q154S; Y147R + 1548, V82S + Q1548S; V82§ +
Y147R; V828 + Q154R; V828 + Y123H; I76Y + V82S; V828 + Y123H + Y147T; V82S +
Y123H + Y147R; V828 + Y123H + Q154R; Y147R + Q154R +Y123H; Y147R + Q154R +
I76Y; Y147R + Q154R + T166R; Y123H + Y147R + Q154R +I76Y; V82S + Y123H + Y147R
+ Q154R; and I76Y + V82S + Y123H + Y147R + Q154R.

In some embodiments, the adenosine deaminase is TadA*8, which comprises or consists

essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
MSEVEFSHEY WMRHALTLAK BFEARDEREVPV GAVLVLNNRY IGEGWNRAIG LHDPTAHAET
MALRQGGLVM QNYRLIDATL YVITFEPCVMC AGAMIHSRIG

RVVEGVRNAK TGAAGSLMDV LHYPGMWNHRV EITEGILADE CAALLCTEFR
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MPRQVFNAQK KAQSSTD

In some embodiments, the TadA*8 1s truncated. In some embodiments, the truncated
TadA*8 ismissing 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 N-terminal
amino acid residues relative to the full length TadA*8. In some embodiments, the truncated
TadA*8 is missing 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 C-terminal
amino acid residues relative to the full length TadA*8. In some embodiments the adenosine
deaminase variant is a full-length TadA*8.

In one embodiment, a fusion protein of the invention comprises a wild-type TadA is
linked to an adenosine deaminase variant described herein (e.g., TadA*8), which is linked to
Cas9 nickase. In particular embodiments, the fusion proteins comprise a single TadA*8 domain
(e.g., provided as a monomer). In other embodiments, the base editor comprises TadA*8 and

TadA(wt), which are capable of forming heterodimers.

Additional Domains

A base editor described herein can include any domain which helps to facilitate the
nucleobase editing, modification or altering of a nucleobase of a polynucleotide. In some
embodiments, a base editor comprises a polynucleotide programmable nucleotide binding
domain (e.g., Cas9), a nucleobase editing domain (e.g., deaminase domain), and one or more
additional domains. In some embodiments, the additional domain can facilitate enzymatic or
catalytic functions of the base editor, binding functions of the base editor, or be inhibitors of
cellular machinery (e.g., enzymes) that could interfere with the desired base editing result. In
some embodiments, a base editor can comprise a nuclease, a nickase, a recombinase, a
deaminase, a methyltransferase, a methylase, an acetylase, an acetyltransferase, a transcriptional
activator, or a transcriptional repressor domain.

In some embodiments, a base editor can comprise an uracil glycosylase inhibitor (UGI)
domain. In some embodiments, cellular DNA repair response to the presence of U: G
heteroduplex DNA can be responsible for a decrease in nucleobase editing efficiency in cells. In
such embodiments, uracil DNA glycosylase (UDG) can catalyze removal of U from DNA in
cells, which can initiate base excision repair (BER), mostly resulting in reversion of the U:G pair
to a C:G pair. In such embodiments, BER can be inhibited in base editors comprising one or
more domains that bind the single strand, block the edited base, inhibit UGI, inhibit BER,
protect the edited base, and /or promote repairing of the non-edited strand. Thus, this disclosure
contemplates a base editor fusion protein comprising a UGI domain.

In some embodiments, a base editor comprises as a domain all or a portion of a double-
strand break (DSB) binding protein. For example, a DSB binding protein can include a Gam
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protein of bacteriophage Mu that can bind to the ends of DSBs and can protect them from
degradation. See Komor, A C., ef al., “Improved base excision repair inhibition and
bacteriophage Mu Gam protein yields C:G-to-T: A base editors with higher efficiency and
product purity” Science Advances 3:eaao4774 (2017), the entire content of which is hereby
incorporated by reference.

Additionally, in some embodiments, a Gam protein can be fused to an N terminus of a
base editor. In some embodiments, a Gam protein can be fused to a C-terminus of a base editor.
The Gam protein of bacteriophage Mu can bind to the ends of double strand breaks (DSBs) and
protect them from degradation. In some embodiments, using Gam to bind the free ends of DSB
can reduce indel formation during the process of base editing. In some embodiments, 174-
residue Gam protein is fused to the N terminus of the base editors. See. Komor, AC. et al.,
“Improved base excision repair inhibition and bacteriophage Mu Gam protein yields C.G-to-T:A
base editors with higher efficiency and product purity” Science Advances 3:eaao4774 (2017).
In some embodiments, a mutation or mutations can change the length of a base editor domain
relative to a wild type domain. For example, a deletion of at least one amino acid in at least one
domain can reduce the length of the base editor. In another case, a mutation or mutations do not
change the length of a domain relative to a wild type domain. For example, substitution(s) in
any domain does/do not change the length of the base editor.

In some embodiments, a base editor can comprise as a domain all or a portion of a
nucleic acid polymerase (NAP). For example, a base editor can comprise all or a portion of a
eukaryotic NAP. In some embodiments, a NAP or portion thereof incorporated into a base
editor 15 a DNA polymerase. In some embodiments, a NAP or portion thereof incorporated into
a base editor has translesion polymerase activity. In some embodiments, a NAP or portion
thereof incorporated into a base editor is a translesion DNA polymerase. In some embodiments,
a NAP or portion thereof incorporated into a base editor 1s a Rev7, Revl complex, polymerase
iota, polymerase kappa, or polymerase eta. In some embodiments, a NAP or portion thereof
incorporated into a base editor is a eukaryotic polymerase alpha, beta, gamma, delta, epsilon,
gamma, eta, iota, kappa, lambda, mu, or nu component. In some embodiments, a NAP or
portion thereof incorporated into a base editor comprises an amino acid sequence that is at least
75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, or 99 5% identical to a nucleic acid

polymerase (e.g., a translesion DNA polymerase).

BASE EDITOR SYSTEM
Use of the base editor system provided herein comprises the steps of: (a) contacting a

target nucleotide sequence of a polynucleotide (e.g., double- or single stranded DNA or RNA) of
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a subject with a base editor system comprising a nucleobase editor (e.g., an adenosine base
editor) and a guide polynucleic acid (e.g., gRNA), wherein the target nucleotide sequence
comprises a targeted nucleobase pair; (b) inducing strand separation of said target region; (c)
converting a first nucleobase of said target nucleobase pair in a single strand of the target region
to a second nucleobase; and (d) cutting no more than one strand of said target region, where a
third nucleobase complementary to the first nucleobase base 1s replaced by a fourth nucleobase
complementary to the second nucleobase. It should be appreciated that in some embodiments,
step (b) is omitted. In some embodiments, said targeted nucleobase pair is a plurality of
nucleobase pairs in one or more genes. In some embodiments, the base editor system provided
herein is capable of multiplex editing of a plurality of nucleobase pairs in one or more genes. In
some embodiments, the plurality of nucleobase pairs is located in the same gene. In some
embodiments, the plurality of nucleobase pairs is located in one or more genes, wherein at least
one gene is located in a different locus.

In some embodiments, the cut single strand (nicked strand) is hybridized to the guide
nucleic acid. In some embodiments, the cut single strand is opposite to the strand comprising
the first nucleobase. In some embodiments, the base editor comprises a Cas9 domain. In some
embodiments, the first base 1s adenine, and the second baseisnota G, C, A, or T. In some
embodiments, the second base is inosine.

Base editing system as provided herein provides a new approach to genome editing that
uses a fusion protein containing a catalytically defective Streptococcus pyogenes Cas9, an
adenosine deaminase, and an inhibitor of base excision repair to induce programmable, single
nucleotide (C—T or A—G) changes in DNA without generating double-strand DNA breaks,
without requiring a donor DNA template, and without inducing an excess of stochastic
insertions and deletions.

Provided herein are systems, compositions, and methods for editing a nucleobase using a
base editor system. In some embodiments, the base editor system comprises (1) a base editor
(BE) comprising a polynucleotide programmable nucleotide binding domain and a nucleobase
editing domain (e.g., a deaminase domain) for editing the nucleobase; and (2) a guide
polynucleotide (e.g., guide RNA) in conjunction with the polynucleotide programmable
nucleotide binding domain. In some embodiments, the base editor system comprises an
adenosine base editor (ABE). In some embodiments, the polynucleotide programmable
nucleotide binding domain is a polynucleotide programmable DNA binding domain. In some
embodiments, the polynucleotide programmable nucleotide binding domain is a polynucleotide
programmable RNA binding domain. In some embodiments, the nucleobase editing domain is

a deaminase domain. In some embodiments, a deaminase domain can be an adenine deaminase
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or an adenosine deaminase. In some embodiments, the adenosine base editor can deaminate
adenine in DNA. In some embodiments, ABE comprises an evolved TadA variant.

Details of nucleobase editing proteins are described in International PCT Application
Nos. PCT/2017/045381 (W0Q2018/027078) and PCT/US2016/058344 (W(02017/070632), each
of which 1s incorporated herein by reference for its entirety. Also see Komor, A.C., et al,
“Programmable editing of a target base in genomic DNA without double-stranded DNA
cleavage” Nature 533, 420-424 (2016); Gaudelli, N M., et al., “Programmable base editing of
AsT to G+C in genomic DNA without DNA cleavage” Nature 551, 464-471 (2017); and Komor,
A.C, et al., “Improved base excision repair inhibition and bacteriophage Mu Gam protein yields
C:G-to-T: A base editors with higher efficiency and product purity” Science Advances
3:eaa04774 (2017), the entire contents of which are hereby incorporated by reference.

In some embodiments, a single guide polynucleotide may be utilized to target a
deaminase to a target nucleic acid sequence. In some embodiments, a single pair of guide
polynucleotides may be utilized to target different deaminases to a target nucleic acid sequence.

The nucleobase components and the polynucleotide programmable nucleotide binding
component of a base editor system may be associated with each other covalently or non-
covalently. For example, in some embodiments, the deaminase domain ¢an be targeted to a
target nucleotide sequence by a polynucleotide programmable nucleotide binding domain. In
some embodiments, a polynucleotide programmable nucleotide binding domain can be fused or
linked to a deaminase domain. In some embodiments, a polynucleotide programmable
nucleotide binding domain can target a deaminase domain to a target nucleotide sequence by
non-covalently interacting with or associating with the deaminase domain. For example, in
some embodiments, the nucleobase editing component, e.g., the deaminase component can
comprise an additional heterologous portion or domain that is capable of interacting with,
associating with, or capable of forming a complex with an additional heterologous portion or
domain that is part of a polynucleotide programmable nucleotide binding domain. In some
embodiments, the additional heterologous portion may be capable of binding to, interacting
with, associating with, or forming a complex with a polypeptide. In some embodiments, the
additional heterologous portion may be capable of binding to, interacting with, associating with,
or forming a complex with a polynucleotide. In some embodiments, the additional heterologous
portion may be capable of binding to a guide polynucleotide. In some embodiments, the
additional heterologous portion may be capable of binding to a polypeptide linker. In some
embodiments, the additional heterologous portion may be capable of binding to a polynucleotide
linker. The additional heterologous portion may be a protein domain. In some embodiments,

the additional heterologous portion may be a K Homology (KH) domain, a MS2 coat protein
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domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a steril alpha motif, a
telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding motif and Sm7 protein,
or an RNA recognition motif.

A base editor system may further comprise a guide polynucleotide component. It should
be appreciated that components of the base editor system may be associated with each other via
covalent bonds, noncovalent interactions, or any combination of associations and interactions
thereof. In some embodiments, a deaminase domain can be targeted to a target nucleotide
sequence by a guide polynucleotide. For example, in some embodiments, the nucleobase editing
component of the base editor system, e.g., the deaminase component, can comprise an additional
heterologous portion or domain (e.g., polynucleotide binding domain such as an RNA or DNA
binding protein) that is capable of interacting with, associating with, or capable of forming a
complex with a portion or segment (e.g., a polynucleotide motif) of a guide polynucleotide. In
some embodiments, the additional heterologous portion or domain (e.g., polynucleotide binding
domain such as an RNA or DNA binding protein) can be fused or linked to the deaminase
domain. In some embodiments, the additional heterologous portion may be capable of binding
to, interacting with, associating with, or forming a complex with a polypeptide. In some
embodiments, the additional heterologous portion may be capable of binding to, interacting
with, associating with, or forming a complex with a polynucleotide. In some embodiments, the
additional heterologous portion may be capable of binding to a guide polynucleotide. In some
embodiments, the additional heterologous portion may be capable of binding to a polypeptide
linker. In some embodiments, the additional heterologous portion may be capable of binding to a
polynucleotide linker. The additional heterologous portion may be a protein domain. In some
embodiments, the additional heterologous portion may be a K Homology (KH) domain, a MS2
coat protein domain, a PP7 coat protein domain, a SfMu Com coat protein domain, a sterile
alpha motif, a telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding motif and
Sm7 protein, or a RNA recognition motif.

In some embodiments, a base editor system can further comprise an inhibitor of base
excision repair (BER) component. It should be appreciated that components of the base editor
system may be associated with each other via covalent bonds, noncovalent interactions, or any
combination of associations and interactions thereof. The inhibitor of BER component may
comprise a base excision repair inhibitor. In some embodiments, the inhibitor of base excision
repair can be a uracil DNA glycosylase inhibitor (UGI). In some embodiments, the inhibitor of
base excision repair can be an inosine base excision repair inhibitor. In some embodiments, the
inhibitor of base excision repair can be targeted to the target nucleotide sequence by the

polynucleotide programmable nucleotide binding domain. In some embodiments, a
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polynucleotide programmable nucleotide binding domain can be fused or linked to an inhibitor
of base excision repair. In some embodiments, a polynucleotide programmable nucleotide
binding domain can be fused or linked to a deaminase domain and an inhibitor of base excision
repair. In some embodiments, a polynucleotide programmable nucleotide binding domain can
target an inhibitor of base excision repair to a target nucleotide sequence by non-covalently
interacting with or associating with the inhibitor of base excision repair. For example, in some
embodiments, the inhibitor of base excision repair component can comprise an additional
heterologous portion or domain that is capable of interacting with, associating with, or capable
of forming a complex with an additional heterologous portion or domain that is part of a
polynucleotide programmable nucleotide binding domain. In some embodiments, the inhibitor
of base excision repair can be targeted to the target nucleotide sequence by the guide
polynucleotide. For example, in some embodiments, the inhibitor of base excision repair can
comprise an additional heterologous portion or domain (e.g., polynucleotide binding domain
such as an RNA or DNA binding protein) that i1s capable of interacting with, associating with, or
capable of forming a complex with a portion or segment (e.g., a polynucleotide motif) of a guide
polynucleotide. In some embodiments, the additional heterologous portion or domain of the
guide polynucleotide (e.g., polynucleotide binding domain such as an RNA or DNA binding
protein) can be fused or linked to the inhibitor of base excision repair. In some embodiments,
the additional heterologous portion may be capable of binding to, interacting with, associating
with, or forming a complex with a polynucleotide. In some embodiments, the additional
heterologous portion may be capable of binding to a guide polynucleotide. In some
embodiments, the additional heterologous portion may be capable of binding to a polypeptide
linker. In some embodiments, the additional heterologous portion may be capable of binding to a
polynucleotide linker. The additional heterologous portion may be a protein domain. In some
embodiments, the additional heterologous portion may be a K Homology (KH) domain, a MS2
coat protein domain, a PP7 coat protein domain, a StMu Com coat protein domain, a sterile
alpha motif, a telomerase Ku binding motif and Ku protein, a telomerase Sm7 binding motif and
Sm7 protein, or a RNA recognition motif.

In some embodiments, the base editor inhibits base excision repair (BER) of the edited
strand. In some embodiments, the base editor protects or binds the non-edited strand. In some
embodiments, the base editor comprises UGI activity. In some embodiments, the base editor
comprises a catalytically inactive inosine-specific nuclease. In some embodiments, the base
editor comprises nickase activity. In some embodiments, the intended edit of base pair is
upstream of a PAM site. In some embodiments, the intended edit of base pairis 1, 2,3, 4, 5, 6,

7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides upstream of the PAM site. In
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some embodiments, the intended edit of base-pair is downstream of a PAM site. In some
embodiments, the intended edited base pairis 1, 2,3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15, 16,
17, 18, 19, or 20 nucleotides downstream stream of the PAM site.

In some embodiments, the method does not require a canonical (e.g., NGG) PAM site.
In some embodiments, the nucleobase editor comprises a linker or a spacer. In some
embodiments, the linker or spacer is 1-25 amino acids in length. In some embodiments, the
linker or spacer is 5-20 amino acids in length. In some embodiments, the linker or spacer is 10,
11, 12,13, 14, 15, 16, 17, 18, 19, or 20 amino acids in length.

In some embodiments, the base editing fusion proteins provided herein need to be
positioned at a precise location, for example, where a target base is placed within a defined
region (e.g., a “deamination window”). In some embodiments, a target can be within a 4 base
region. In some embodiments, such a defined target region can be approximately 15 bases
upstream of the PAM. See Komor, A C, ef al., “Programmable editing of a target base in
genomic DNA without double-stranded DNA cleavage” Nature 533, 420-424 (2016); Gaudelli,
N.M,, et al., “Programmable base editing of A*T to G+C in genomic DNA without DNA
cleavage” Nature 551, 464-471 (2017); and Komor, A.C., et al., “Improved base excision repair
inhibition and bacteriophage Mu Gam protein yields C:G-to-T: A base editors with higher
efficiency and product purity” Science Advances 3:eaao4774 (2017), the entire contents of
which are hereby incorporated by reference.

In some embodiments, the target region comprises a target window, wherein the target
window comprises the target nucleobase pair. In some embodiments, the target window
comprises 1- 10 nucleotides. In some embodiments, the target windowis 1,2, 3,4,5,6, 7,8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides in length. In some embodiments, the
intended edit of base pair is within the target window. In some embodiments, the target window
comprises the intended edit of base pair. In some embodiments, the method is performed using
any of the base editors provided herein. In some embodiments, a target window is a
deamination window. A deamination window can be the defined region in which a base editor
acts upon and deaminates a target nucleotide. In some embodiments, the deamination window is
withina 2, 3,4, 5, 6, 7, 8,9, or 10 base regions. In some embodiments, the deamination window
i$5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 bases upstream of
the PAM.

The base editors of the present disclosure can comprise any domain, feature or amino
acid sequence which facilitates the editing of a target polynucleotide sequence. For example, in
some embodiments, the base editor comprises a nuclear localization sequence (NLS). In some

embodiments, an NLS of the base editor is localized between a deaminase domain and a
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polynucleotide programmable nucleotide binding domain. In some embodiments, an NLS of the
base editor 1s localized C-terminal to a polynucleotide programmable nucleotide binding
domain.

Other exemplary features that can be present in a base editor as disclosed herein are
localization sequences, such as cytoplasmic localization sequences, export sequences, such as
nuclear export sequences, or other localization sequences, as well as sequence tags that are
useful for solubilization, purification, or detection of the fusion proteins. Suitable protein tags
provided herein include, but are not limited to, biotin carboxylase carrier protein (BCCP) tags,
myc-tags, calmodulin-tags, FLAG-tags, hemagglutinin (HA)-tags, polyhistidine tags, also
referred to as histidine tags or His-tags, maltose binding protein (MBP)-tags, nus-tags,
glutathione-S-transferase (GST)-tags, green fluorescent protein (GFP)-tags, thioredoxin-tags, S-
tags, Softags (e.g., Softag 1, Softag 3), strep-tags, biotin ligase tags, FIAsH tags, V5 tags, and
SBP-tags. Additional suitable sequences will be apparent to those of skill in the art. In some
embodiments, the fusion protein comprises one or more His tags.

Non-limiting examples of protein domains which can be included in the fusion protein
include deaminase domains {e.g., adenosine deaminase), a uracil glycosylase inhibitor (UGI)
domain, epitope tags, and reporter gene sequences.

Non-limiting examples of epitope tags include histidine (His) tags, V5 tags, FLAG tags,
influenza hemagglutinin (HA) tags, Myc tags, VSV-G tags, and thioredoxin (Trx) tags.
Examples of reporter genes include, but are not limited to, glutathione-5-transferase (GST),
horseradish peroxidase (HRP), chloramphenicol acetyltransferase (CAT) beta-galactosidase,
beta-glucuronidase, luciferase, green fluorescent protein {GFP), HcRed, DsRed, cyan
fluorescent protein (CFP), yellow fluorescent protein { YFP), and autofluorescent proteins
including blue fluorescent protein (BFP). Additional protein sequences can include amino acid
sequences that bind DNA molecules or bind other cellular molecules, including, but not limited
to, maltose binding protein (MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4
DNA binding domain fusions, and herpes simplex virus (HSV) BP16 protein fusions.

In some embodiments, the adenosine base editor (ABE) can deaminate adenine in DNA.
In some embodiments, ABE is generated by replacing APOBEC1 component of BE3 with
natural or engineered £. coli TadA, human ADAR2, mouse ADA, or human ADAT?2. In some
embodiments, ABE comprises evolved TadA variant. In some embodiments, the ABE is ABE
1.2 {TadA*-XTEN-nCas9-NLS). In some embodiments, TadA* comprises A106V and D108N
mutations.

In some embodiments, the ABE is a second-generation ABE. In some embodiments, the

ABE is ABE2.1, which comprises additional mutations D147Y and E155V in TadA*
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(TadA*2.1). In some embodiments, the ABE is ABE2.2, ABE2.1 fused to catalytically
inactivated version of human alkyl adenine DNA glycosylase (AAG with E125Q mutation). In
some embodiments, the ABE is ABE2.3, ABE2 1 fused to catalytically inactivated version of E.
coli Endo V (inactivated with D35A mutation). In some embodiments, the ABE is ABE2.6
which has a linker twice as long (32 amino acids, (SGGS)2-XTEN-(SGGS)2) as the linker in
ABE2.1. In some embodiments, the ABE is ABE2.7, which is ABE2.1 tethered with an
additional wild-type TadA monomer. In some embodiments, the ABE is ABE2 8, which is
ABEZ2.1 tethered with an additional TadA*2.1 monomer. In some embodiments, the ABE is
ABE2 9, which is a direct fusion of evolved TadA (TadA*2.1) to the N-terminus of ABE2.1. In
some embodiments, the ABE is ABE2.10, which is a direct fusion of wild type TadA to the N-
terminus of ABE2.1. In some embodiments, the ABE is ABE2.11, which is ABE2.9 with an
inactivating ES9A mutation at the N-terminus of TadA* monomer. In some embodiments, the
ABE is ABE2.12, which is ABE2.9 with an inactivating E5S9A mutation in the internal TadA*
monomer,

In some embodiments, the ABE is a third generation ABE. In some embodiments, the
ABE is ABE3.1, which is ABE2.3 with three additional TadA mutations (L84F, H123Y, and
1156F).

In some embodiments, the ABE is a fourth generation ABE. In some embodiments, the
ABE is ABE4 3, which 1s ABE3 1 with an additional TadA mutation A142N (TadA*4.3).

In some embodiments, the ABE is a fifth generation ABE. In some embodiments, the
ABE is ABES 1, which is generated by importing a consensus set of mutations from surviving
clones (H36L, R51L, S146C, and K157N} into ABE3.1. In some embodiments, the ABE is
ABES.3, which has a heterodimeric construct containing wild-type E. coli TadA fused to an
internal evolved TadA*. In some embodiments, the ABE is ABE5.2, ABES 4, ABES.S,
ABES5.6, ABES 7, ABES 8, ABES.9, ABES.10, ABES. 11, ABE5 12, ABES 13, or ABES. 14, as
shown in below Table 6. In some embodiments, the ABE is a sixth generation ABE. In some
embodiments, the ABE is ABE6.1, ABE6.2, ABE6.3, ABE6.4, ABE6.5, or ABE6.6, as shown
in below Table 6. In some embodiments, the ABE is a seventh generation ABE. In some
embodiments, the ABE is ABE7.1, ABE7 2, ABE7.3, ABE7.4, ABE7.5, ABE7.6, ABE7.7,
ABE7.8, ABE 7.9, or ABE7.10, as shown in Table 6 below.

Table 6. Genotypes of ABEs

23|26|36|37(48|49(51(72|84|87|105(108(123(125(142{145]147]152|155|156(157(161
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ABEO.2 |W|R | H|N|P RIN|JL|[S|A|D(H|G|[A|[S|D|JR]JE|I[K]|K
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23|26|36|37(48|49(51(72|84|87|105(108(123(125(142{145]147]152|155|156(157(161
ABEG.3 WIR|L[IN]|S LIN[F|S|V|IN]JY|G|A|C|Y|R|V]|F]|N]K
ABE6.4 WIR|L[IN]|S LIN[F|S|V|IN]JY|]G|IN|C|Y|R|V|F|N]K
ABEG.5 WIR|LIN|JI|V]L|IN[F|S|VIN|Y|G|A|C|[Y|[R[V]|F|NI[K
ABE6G.6 WIR|LIN|T|IV]|L|IN[F|S|V|IN|Y|G|N|C[Y|[R[V]F|NI|K
ABE7.1 W|R|L[NJA LIN[F|S|V|IN]JY|G|A|C|Y|R|V|F|N]K
ABE7.2 W|R|L[NJA LIN[F|S|V|IN]JY|]G|IN|C|Y|R|V|F|N]|K
ABE7.3 lJR|L[NJA LIN[F|S|V|IN]JY|G|A|C|Y|R|V]|F|N]K
ABE7.4 RIR|L|N[A LIN[F|S|V|IN]JY|G|A|C|Y|R|V]|F|N]K
ABE7.5 W|R|L[NJA LIN[F|S|V|IN]JY|G|A|C|Y|H|V]|F|N]K
ABE7.6 W|R|L[NJA LIN[T|S|V|IN]JY|G|A|C|Y|P|V ]I ]|N]K
ABE7.7 LIR|L{NJA LIN[F|S|V|IN]JY|G|A|C|Y|P|V]|F|N]|K
ABE7.3 lJR|L[NJA LIN[F|S|V|IN]JY|G|IN|C|Y|R|V]|F|N]K
ABE7.9 LIR|L|[N|A LIN[F|S|V|IN]JY|]G|IN|C|Y|P|V]|F|N]K
ABE7.10 |R|R|L|NJ|A LIN[F|S|V|IN]JY|G|A|C|Y|P|V]|F|N]|K

In some embodiments, the base editor is an eighth generation ABE (ABE8). In some
embodiments, the ABE8 contains a TadA*8 variant. In some embodiments, the ABES has a
monomeric construct containing a TadA*8 variant (“ABE8.x-m”). In some embodiments, the
ABES is ABE8.1-m, which has a monomeric construct containing TadA*7.10 with a Y147T
mutation (TadA*8.1). In some embodiments, the ABES is ABE8.2-m, which has a monomeri¢
construct containing TadA*7.10 with a Y147R mutation {TadA*8.2). In some embodiments,
the ABES8 1s ABE8 3-m, which has a monomeric construct containing TadA*7.10 with a Q1548
mutation (TadA*8.3). In some embodiments, the ABE8 is ABE8 4-m, which has a monomeric
construct containing TadA*7.10 with a Y123H mutation (TadA*8.4). In some embodiments,
the ABES i1s ABE8.5-m, which has a monomeric construct containing TadA*7.10 with a V828
mutation (TadA*8.5). In some embodiments, the ABE8 is ABE8.6-m, which has a monomeric
construct containing TadA*7.10 with a T166R mutation (TadA*8.6). In some embodiments, the
ABES is ABE8.7-m, which has a monomeric construct containing TadA*7.10 with a Q154R
mutation (TadA*8.7). In some embodiments, the ABES is ABE8.8-m, which has a monomeri¢
construct containing TadA*7.10 with Y147R, Q154R, and Y 123H mutations (TadA*8.8). In
some embodiments, the ABES is ABE8 9-m, which has a monomeric construct containing
TadA*7.10 with Y147R, Q154R and I76Y mutations (TadA*8.9). In some embodiments, the
ABES is ABES8 10-m, which has a monomeric construct containing TadA*7.10 with Y147R,
Q154R, and T166R mutations (TadA*8.10). In some embodiments, the ABES8 is ABE8.11-m,
which has a monomeric construct containing TadA*7.10 with Y147T and Q154R mutations

(TadA*8.11). In some embodiments, the ABES i1s ABE8 12-m, which has a monomeric

190



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

construct containing TadA*7.10 with Y147T and Q1548 mutations (TadA*8.12). In some
embodiments, the ABES8 is ABE8.13-m, which has a monomeric construct containing
TadA*7.10 with Y123H (Y 123H reverted from H123Y), Y147R, Q154R and I76Y mutations
(TadA*8.13). In some embodiments, the ABES is ABES8.14-m, which has a monomeric
construct containing TadA*7.10 with [76Y and V82S mutations (TadA*8.14). In some
embodiments, the ABES is ABE8.15-m, which has a monomeri¢ construct containing
TadA*7 10 wath V82§ and Y147R mutations (TadA*8.15). In some embodiments, the ABES8 15
ABES.16-m, which has a monomeric construct containing TadA*7 10 with V828, Y123H
(Y123H reverted from H123Y) and Y147R mutations (TadA*8.16). In some embodiments, the
ABES is ABES8 17-m, which has a monomeric construct containing TadA*7.10 with V82S and
Q154R mutations (TadA*8.17). In some embodiments, the ABES i1s ABES.18-m, which has a
monomeric construct containing TadA*7.10 with V82S, Y123H (Y 123H reverted from H123Y)
and Q154R mutations (TadA*8.18). In some embodiments, the ABES is ABES.19-m, which
has a monomeric construct containing TadA*7.10 with V828, Y123H (Y 123H reverted from
H123Y), Y147R and Q154R mutations {TadA*8.19). In some embodiments, the ABES is
ABES.20-m, which has a monomeric construct containing TadA*7.10 with 176Y, V82S, Y123H
(Y123H reverted from H123Y), Y147R and Q154R mutations (TadA*8 20). In some
embodiments, the ABES8 is ABE8.21-m, which has a monomeric construct containing
TadA*7.10 with Y147R and Q1548 mutations (TadA*8.21). In some embodiments, the ABE8
is ABE8.22-m, which has a monomeric construct containing TadA*7.10 with V828 and Q1548
mutations (TadA*8.22). In some embodiments, the ABES is ABE8.23-m, which has a
monomeric construct containing TadA*7 10 with V82S and Y123H (Y 123H reverted from
H123Y) mutations (TadA*8.23). In some embodiments, the ABES8 is ABE8 24-m, which has a
monomeric construct containing TadA*7 10 with V82S, Y123H (Y 123H reverted from H123Y),
and Y147T mutations {TadA*8.24).

In some embodiments, the ABES has a heterodimeric construct containing wild-type £.
coli TadA fused to a TadA*8 variant (“ABE8 x-d”). In some embodiments, the ABES is
ABES 1-d, which has a heterodimeric construct containing wild-type £. coli TadA fused to
TadA*7.10 with a Y147T mutation (TadA*8.1). In some embodiments, the ABES i1s ABES.2-d,
which has a heterodimeric construct containing wild-type . coli TadA fused to TadA*7 10 with
a Y147R mutation (TadA*8 2). In some embodiments, the ABE8 1s ABES8 3-d, which has a
heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10 with a Q1548
mutation (TadA*8.3). In some embodiments, the ABES is ABE8.4-d, which has a
heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10 with a Y123H

mutation (TadA*8.4). In some embodiments, the ABE8 is ABE8 5-d, which has a
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heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10 with a V82§
mutation (TadA*8.5). In some embodiments, the ABE8 is ABE8 6-d, which has a
heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10 with a T166R
mutation (TadA*8.6). In some embodiments, the ABE8 is ABE8.7-d, which has a
heterodimeric¢ construct containing wild-type E. coli TadA fused to TadA*7.10 with a Q154R
mutation (TadA*8.7). In some embodiments, the ABES is ABES.8-d, which has a
heterodimeric¢ construct containing wild-type E. coli TadA fused to TadA*7.10 with Y147R,
Q154R, and Y123H mutations (TadA*8.8). In some embodiments, the ABE8 1s ABES8 9-d,
which has a heterodimeric construct containing wild-type £. coli TadA fused to TadA*7.10 with
Y147R, Q154R and I76Y mutations (TadA*8 9). In some embodiments, the ABES is ABES8.10-
d, which has a heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10
with Y147R, Q154R, and T166R mutations (TadA*8.10). In some embodiments, the ABES is
ABES 11-d, which has a heterodimeric construct containing wild-type £. coli TadA fused to
TadA*7.10 with Y147T and Q154R mutations (TadA*8.11). In some embodiments, the ABES
is ABE8.12-d, which has heterodimeric construct containing wild-type E. coli TadA fused to
TadA*7.10 with Y147T and Q1548 mutations (TadA*8.12). In some embodiments, the ABES
is ABE8.13-d, which has a heterodimeric construct containing wild-type £. cofi TadA fused to
TadA*7.10 with Y123H (Y 123H reverted from H123Y), Y147R, Q154R and I76Y mutations
(TadA*8.13). In some embodiments, the ABES is ABES8.14-d, which has a heterodimeric
construct containing wild-type £ coli TadA fused to TadA*7.10 with I76Y and V82S mutations
(TadA*8.14). In some embodiments, the ABES is ABES8.15-d, which has a heterodimeric
construct containing wild-type E. coli TadA fused to TadA*7.10 with V82S and Y147R
mutations (TadA*8.15). In some embodiments, the ABE8 is ABE8.16-d, which has a
heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10 with V828§,
Y123H (Y 123H reverted from H123Y) and Y147R mutations {TadA*8.16). In some
embodiments, the ABES8 is ABE8.17-d, which has a heterodimeric construct containing wild-
type E. coli TadA fused to TadA*7.10 with V828 and Q154R mutations (TadA*8.17). In some
embodiments, the ABES8 is ABE8.18-d, which has a heterodimeric construct containing wild-
type E. coli TadA fused to TadA*7.10 with V82S, Y123H (Y123H reverted from HI123Y) and
Q154R mutations {TadA*8.18). In some embodiments, the ABES is ABE8.19-d, which has a
heterodimeric construct containing wild-type E. coli TadA fused to TadA*7.10 with V828§,
Y123H (Y 123H reverted from H123Y), Y147R and Q154R mutations (TadA*8.19). In some
embodiments, the ABES is ABE8 20-d, which has a heterodimeric construct containing wild-
type E. coli TadA fused to TadA*7.10 with 176Y, V828, Y123H (Y 123H reverted from

H123Y), Y147R and Q154R mutations (TadA*8.20). In some embodiments, the ABES is
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ABES 21-d, which has a heterodimeric construct containing wild-type £. coli TadA fused to
TadA*7.10 with Y147R and Q1548 mutations (TadA*8.21). In some embodiments, the ABE8
is ABE8.22-d, which has a heterodimeric construct containing wild-type £. coli TadA fused to
TadA*7.10 with V828 and Q1548 mutations (TadA*8.22). In some embodiments, the ABES8 is
ABES.23-d, which has a heterodimeric construct containing wild-type E. coli TadA fused to
TadA*7.10 with V828 and Y123H (Y 123H reverted from H123Y) mutations {TadA*8 23). In
some embodiments, the ABE8 1s ABE8 24-d, which has a heterodimeric construct containing
wild-type E. coli TadA fused to TadA*7 10 with V82S, Y123H (Y 123H reverted from H123Y),
and Y 147T mutations (TadA*8 24).

In some embodiments, the ABES has a heterodimeric construct containing TadA*7.10
fused to a TadA*8 variant (“ABE8 x-7"). In some embodiments, the ABES8 is ABE8.1-7, which
has a heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with a Y147T
mutation (TadA*8.1). In some embodiments, the ABE8 is ABE8 2-7, which has a
heterodimeri¢ construct containing TadA*7.10 fused to TadA*7.10 with a Y147R mutation
(TadA*8.2). In some embodiments, the ABES is ABE8.3-7, which has a heterodimeric
construct containing TadA*7.10 fused to TadA*7.10 with a Q154S mutation (TadA*8.3). In
some embodiments, the ABES i1s ABE8 4-7, which has a heterodimeric construct containing
TadA*7.10 fused to TadA*7.10 with a Y123H mutation (TadA*8.4). In some embodiments, the
ABES is ABES8.5-7, which has a heterodimeric construct containing TadA*7.10 fused to
TadA*7.10 with a V828 mutation (TadA*8.5). In some embodiments, the ABES is ABES.6-7,
which has a heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with a T166R
mutation (TadA*8.6). In some embodiments, the ABES is ABES.7-7, which has a
heterodimeri¢ construct containing TadA*7.10 fused to TadA*7.10 with a Q154R mutation
(TadA*8.7). In some embodiments, the ABES is ABE8.8-7, which has a heterodimeric
construct containing TadA*7.10 fused to TadA*7 10 with Y147R, Q154R, and Y123H
mutations (TadA*8.8). In some embodiments, the ABES is ABE8.9-7, which has a
heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with Y147R, Q154R and
I76Y mutations (TadA*8.9). In some embodiments, the ABES is ABE8.10-7, which has a
heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with Y147R, Q154R, and
T166R mutations (TadA*8.10). In some embodiments, the ABES is ABE8.11-7, which has a
heterodimeri¢ construct containing TadA*7.10 fused to TadA*7.10 with Y147T and Q154R
mutations (TadA*8.11). In some embodiments, the ABE8 is ABE8.12-7, which has a
heterodimeri¢ construct containing TadA*7.10 fused to TadA*7.10 with Y147T and Q1548
mutations (TadA*8.12). In some embodiments, the ABES is ABE8.13-7, which has a

heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with Y123H (Y123H
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reverted from H123Y), Y147R, Q154R and I76Y mutations (TadA*8.13). In some
embodiments, the ABES8 is ABE8.14-7, which has a heterodimeric construct containing
TadA*7.10 fused to TadA*7.10 with I76Y and V82S mutations (TadA*8.14). In some
embodiments, the ABES8 is ABE8.15-7, which has a heterodimeric construct containing
TadA*7 10 fused to TadA*7.10 with V82S and Y 147R mutations {TadA*8.15). In some
embodiments, the ABES is ABE8. 16-7, which has a heterodimeric construct containing
TadA*7 10 fused to TadA*7.10 with V82S, Y123H (Y 123H reverted from H123Y) and Y147R
mutations (TadA*8.16). In some embodiments, the ABE8 is ABE8.17-7, which has a
heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with V828 and Q154R
mutations (TadA*8.17). In some embodiments, the ABES is ABE8.18-7, which has a
heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with V828, Y123H (Y123H
reverted from H123Y) and Q154R mutations (TadA*8.18). In some embodiments, the ABES is
ABES 19-7, which has a heterodimeric construct containing TadA*7.10 fused to TadA*7.10
with V82S, Y123H (Y123H reverted from H123Y), Y147R and Q154R mutations (TadA*8 19).
In some embodiments, the ABE8 1s ABE8.20-7, which has a heterodimeric construct containing
TadA*7.10 fused to TadA*7.10 with I76Y, V82S, Y123H (Y123H reverted from H123Y),
Y147R and Q154R mutations (TadA*8.20). In some embodiments, the ABES is ABE8 21-7,
which has a heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with Y147R and
Q1548 mutations (TadA*8.21). In some embodiments, the ABES is ABE8.22-7, which has a
heterodimeric construct containing TadA*7.10 fused to TadA*7.10 with V82S and Q1548
mutations (TadA*8.22). In some embodiments, the ABES is ABE8.23-7, which has a
heterodimeri¢ construct containing TadA*7.10 fused to TadA*7.10 with V82S and Y123H
(Y123H reverted from H123Y) mutations (TadA*8.23). In some embodiments, the ABES is
ABES.24-7, which has a heterodimeric construct containing TadA*7.10 fused to TadA*7.10
with VB82S, Y123H (Y 123H reverted from H123Y), and Y147T mutations (TadA*8 24

In some embodiments, the ABE is ABE8.1-m, ABE8.2-m, ABE8 3-m, ABES8.4-m,
ABES 5-m, ABES.6-m, ABE8.7-m, ABES.8-m, ABE8.9-m, ABE8.10-m, ABES8.11-m,
ABES 12-m, ABE8.13-m, ABES 14-m, ABE8.15-m, ABE8.16-m, ABE8.17-m, ABES8.18-m,
ABES 19-m, ABE8.20-m, ABES8 21-m, ABE8.22-m, ABES8 23-m, ABE8 24-m, ABES8.1-d,
ABES.2-d, ABES 3-d, ABE8.4-d, ABEB.5-d, ABE8 6-d, ABE8.7-d, ABES8 8-d, ABE8.9-d,
ABES.10-d, ABE8.11-d, ABE8.12-d, ABE8 13-d, ABE8 14-d, ABE8 15-d, ABE8 16-d,
ABES.17-d, ABES.18-d, ABE8.19-d, ABE8 20-d, ABE8 21-d, ABEB 22-d, ABE8 23-d, or
ABE8.24-d as shown in Table 7 below.

Table 7: Base Editors — ABESs
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ABES Name Aden?sine Adenosine Deaminase Description
Deaminase

ABES.1-m TadA*8.1 Monomer_TadA*7.10 + Y147T

ABES.2-m TadA*8.2 Monomer_TadA*7.10 + Y147R

ABE8.3-m TadA*8.3 Monomer_TadA*7.10 + Q1545

ABEZ.4-m TadA*8.4 Monomer_TadA*7.10 + Y123H

ABES8.5-m TadA*8.5 Monomer_TadA*7.10 + V825

ABE8.6-m TadA*8.6 Monomer_TadA*7.10 + T166R

ABE8.7-m TadA*8.7 Monomer_TadA*7.10 + Q154R

ABEB.8-m TadA*8.8 Monomer_TadA*7.10 + Y147R_Q154R_Y123H

ABE8.9-m TadA*8.9 Monomer_TadA*7.10 + Y147R_Q154R_|76Y
ABES.10-m TadA*8.10 Monomer_TadA*7.10 + Y147R_Q154R_T166R
ABES8.11-m TadA*8.11 Monomer_TadA*7.10 + Y147T_Q154R
ABES8.12-m TadA*8.12 Monomer_TadA*7.10 + Y147T_Q1545
ABES8.13-m TadA*38.13 Monomer_TadA*7.10 + Y123H_Y147R_Q154R_I76Y
ABES.14-m TadA*8.14 Monomer_TadA*7.10 + 176Y_V382S
ABES8.15-m TadA*8.15 Monomer_TadA*7.10 + V825_Y147R
ABES8.16-m TadA*8.16 Monomer_TadA*7.10 + V82S5_Y123H_Y147R
ABE8.17-m TadA*8.17 Monomer_TadA*7.10 + V825_Q154R
ABES8.18-m TadA*8.18 Monomer_TadA*7.10 + V825_Y123H_Q154R
ABES8.19-m TadA*8.19 Monomer_TadA*7.10 + V825_Y123H_Y147R_Q154R
ABES.20-m TadA*8.20 Monomer_TadA*7.10 + 176Y_V825_Y123H_Y147R_Q154R
ABES8.21-m TadA*8.21 Monomer_TadA*7.10 + Y147R_Q1545
ABE8.22-m | TadA*8.22 Monomer_TadA*7.10 + V825_Q1545
ABES8.23-m TadA*38.23 Monomer_TadA*7.10 + V82S_Y123H
ABES8.24-m TadA*8.24 Monomer_TadA*7.10 + V82S_Y123H_Y147T

ABES.1-d TadA*8.1 Heterodimer_(WT) + (TadA*7.10 + Y147T)

ABES.2-d TadA*8.2 Heterodimer_(WT) + (TadA*7.10 + Y147R)

ABES.3-d TadA*8.3 Heterodimer_(WT) + (TadA*7.10 + Q1545)

ABES.4-d TadA*8.4 Heterodimer_(WT) + (TadA*7.10 + Y123H)

ABES.5-d TadA*8.5 Heterodimer_(WT) + (TadA*7.10 + V825)

ABES.6-d TadA*8.6 Heterodimer_{WT) + (TadA*7.10 + T166R)

ABES.7-d TadA*8.7 Heterodimer_(WT) + (TadA*7.10 + Q154R)}

ABES.8-d TadA*3.8 Heterodimer_{WT) + (TadA*7.10 + Y147R_Q154R_Y123H)

ABES.9-d TadA*8.9 Heterodimer_(WT) + (TadA*7.10 + Y147R_Q154R_I76Y)
ABES.10-d | TadA*8.10 Heterodimer_(WT) + (TadA*7.10 + Y147R_Q154R_T166R)
ABE8.11-d | TadA*8.11 Heterodimer (WT) + (TadA*7.10 + Y147T_Q154R)
ABE8.12-d | TadA*8.12 Heterodimer (WT) + (TadA*7.10 + Y147T_Q154S)
ABES.13-d | TadA*8.13 Heterodimer_(WT) + (TadA*7.10 + Y123H_Y147T_Q154R_I76Y)
ABES.14-d | TadA*8.14 Heterodimer_(WT) + (TadA*7.10 + I76Y_V825)
ABE8.15-d | TadA*8.15 Heterodimer (WT) + (TadA*7.10 + V825_ Y147R)
ABE3.16-d | TadA*8.16 Heterodimer_(WT) + (TadA*7.10 + V82S_Y123H_Y147R)
ABES.17-d | TadA*8.17 Heterodimer_(WT) + (TadA*7.10 + V825_Q154R)
ABE8.18-d | TadA*8.18 Heterodimer_{WT) + (TadA*7.10 + V825_Y123H_Q154R}
ABE8.19-d | TadA*8.19 Heterodimer_{(WT) + (TadA*7.10 + V825_Y123H_Y147R_Q154R}
ABES.20-d | TadA*8.20 | Heterodimer (WT) + (TadA*7.10 + 176Y_V82S_Y123H_Y147R_Q154R)
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ABES Name Aden?sine Adenosine Deaminase Description
Deaminase
ABE8.21-d | TadA*8.21 Heterodimer_{WT) + (TadA*7.10 + Y147R_Q1545)
ABES8.22-d TadA*8.22 Heterodimer_(WT} + (TadA*7.10 + V825_Q1545)
ABES8.23-d TadA*8.23 Heterodimer_{WT) + (TadA*7.10 + V825_Y123H)
ABES.24-d TadA*8.24 Heterodimer_(WT) + (TadA*7.10 + V82S_Y123H_Y147T)

In some embodiments, base editors (e.g., ABE8) are generated by cloning an adenosine
deaminase variant (e.g., TadA*8) into a scaffold that includes a circular permutant Cas9 (e.g.,
CPS5 or CP6) and a bipartite nuclear localization sequence. In some embodiments, the base
editor (e.g., ABE7.9, ABE7.10, or ABES) 15 an NGC PAM CP5 variant (5. pyrogenes Cas9 or
spVRQR Cas9). In some embodiments, the base editor {e.g., ABE7.9, ABE7.10, or ABES8)is an
AGA PAM CPS5 variant (3. pyrogenes Cas9 or spVRQR Cas9). In some embodiments, the base
editor (e.g., ABE7.9, ABE7.10, or ABES) is an NGC PAM CP6 variant (5. pyrogenes Cas9 or
spVRQR Cas9). In some embodiments, the base editor (e.g. ABE7.9, ABE7.10, or ABES8) is an
AGA PAM CP6 variant (5. pyrogenes Cas9 or spVRQR Cas9).

In some embodiments, the ABE has a genotype as shown in Table 8 below.

Table 8. Genotypes of ABEs

23|26|36(37|48|49|51(72(34|87|105(108]|123|125(142|145(147|152|155]|156(157|16]
ABE7.9 LIR[L|N|A LIN[F|S|V|N]JY|GIN|C|[Y|[P|V]F|N
ABE7.10 |R|R|L|N|A LIN[F|S|V|IN]JY|G|[A|C|Y|P|V]F|N

As shown in Table 9 below, genotypes of 40 ABES8s are described. Residue positions in
the evolved E. coli TadA portion of ABE are indicated. Mutational changes in ABES are shown
when distinct from ABE7.10 mutations. In some embodiments, the ABE has a genotype of one
of the ABEs presented in Table 9 below.

Table 9. Residue Identity in Evolved TadA

23 36 48 51 Y6 82 34 106 108 123 146 147 152 154 155 156 157 166
ABE7.10 R L A L 1 v F v N Y C Y P Q v F N T
ABE8.1-m T
ABEB.2-m R
ABEB.3-m S
ABE3.4-m H
ABEB.5-m 5
ABEB.6-m R
ABEB.7-m R
ABEB.8-m H R R
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23 3% 48 51 76 32 84 106 108 123 146 147 152 154 155 156 157 156
ABEB.9-m Y R R
ABE3.10-m R R R
ABE3.11-m T R
ABE3.12-m T S
ABEZ.13-m Y H R R
ABEZ.14-m Y S
ABE8.15-m 5 R
ABE3.16-m 5 H R
ABE3.17-m 5 R
ABE3.13-m 5 H R
ABE3.19-m 5 H R R
ABEB.20-m Y S H R R
ABE8.21-m R S
ABE3.22-m S S
ABE3.23-m 5 H
ABE3.24-m S H T
ABES.1-d T
ABES.2-d R
ABES.3-d S
ABES.4-d H
ABES.5-d 5
ABESB.6-d R
ABES.7-d R
ABES.8-d H R R
ABES.9-d Y R R
ABEZ.10-d R R R
ABEZ.11-d T R
ABEZ.12-d T S
ABEB.13-d Y H R R
ABEZ.14-d Y S
ABEB.15-d 5 R
ABE8.16-d 5 H R
ABEZ.17-d 5 R
ABEZ.18-d 5 H R
ABEZ.19-d 5 H R R
ABEB.20-d Y S H R R
ABEZ.21-d R S
ABES.22-d S S
ABEZ.23-d S H
ABEZ.24-d S H T

In some embodiments, the base editor is ABE8.1, which comprises or consists

essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
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ABES8.1 Y147T CP5 NGC PAM_monomer

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM
QNYRLIDATLYVIFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCTEFRMPROVENAQKKAQS STDSGGSSGGSSGSETPGTSESATPESSGGSSGGSEIGKATAKYFE
YSNIMNFFKTEI TLANGEIRKRPLIETNGE TGEIVWDKGRDFATVREKVLEMPOVNIVEKKTEVQTGGFSKE
SILPKRNSDKLIARKKDWDPKKYGGFMQPTVAY SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNP
IDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAKFLOKGNELALPSKYVNFLYLASHYEKLKGS
PEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNL
GAPRAFKYFDTTIARKEYRSTKEVLDATLIHQSI TGLYETRIDLSQLGGDGGSGGSGGSGGESGGSGGSGE
MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLKRTARR
RYTRREKNRICYLOE IFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPTIFGNIVDEVAYHEKY PTIYHLRK
KLVDSTDKADLRLIYLATAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKA
ILSARTL.SKSRRLENLIAQLPGEKKNGLFGNLIATL.SLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLT.A
QIGDOYADLFLAAKNLSDATLLSDILRVNTEI TKAPLSASMIKRYDEHHODLTLLKAT.VRQOLPEKYKE I
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSI PHQITHLGELH
AITRRQEDFY PFLKDNREKIEKILTFRI PYYVGPLARGNSRFAWMTRESEETITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKATVDLLFKTNREVT
VEQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLEKTYAHLFDDKVMEKQLKRRRY TGWGRLSREKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDD
SLTFREDIQKAQVESGQGDSLHEHIANLAGS PAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTT
QKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY Y LONGRDMYVDQELDINRLSDYDVDH
IVPQSFLKDDSIDNKVLTRSDKNRGKSDNV PSEEVVEEMKNYWRQLLNAKL I TQORKFDNLTKAERGGLSE
LDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVI TLKSKLVSDFRKDFQFYKVRE INN
YHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYRKVYDVREMIAKSEQEGADKRTADGSEFESPKKKRKV™*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italics sequence denotes a linker sequence,
and the underlined sequence denotes a bipartite nuclear localization sequence.

In some embodiments, the base editor is ABE8.1, which comprises or consists essentially

of the following sequence or a fragment thereof having adenosine deaminase activity:

pNMG-B335 ABES.1_Y147T_CP5_NGC PAM_monomer

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM
ONYRLIDATLYVIFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCTEFRMPROVENAQKKAQSSTDSGGSSGGSSGSET PGTSESAT PESSGGSSGGSEIGKATAKYFE
YSNIMNFFKTEI TLANGEIRKRPLIETNGE TGEIVWDKGRDFATVREKVLEMPOVNIVEKKTEVQTGGFSKE
SILPKRNSDKLIARKKDWDPKKYGGFMQPTVAY SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNP
IDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAKFLOKGNELALPSKYVNFLYLASHYEKLKGS
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PEDNEQKOLFVEQHKHYI.DEIIEQISEFSKRVILADANIDKVIL.SAYNKHRDKPIREQAFNI THLETLTNL
GAPRAFKYFDTTIARKEYRSTKEVLDATLIHOSI TGLYETRIDLSQLGGD GGSGGSGGSGGSGGSGESGE
MDKRYSIGLAIGTNSVGWAVITDEYKVPSKKFEKVLGNTDRHSIKENLIGALLFDSGETAEATRLKRTARR
RYTRREKNRICYLOEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRK
KLVDSTDRADI.RLIYLAT AHMIKFRGHFLIEGDLNPDNSDVDKLEIQLVOTYNQLFEENPTNASGVDAKA
ILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDNLLA
QIGDOYADLEFLAAKNLSDAILLSDILRVNTEI TKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEI
FFDQSKNGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRTFDNGSIPHQIHLGELH
AILRROEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEETITPWNFEEVVDKGASAQS
FIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTEVKYVTEGMRKPAFLEGEQRKKAIVDLLEFKTNREVT
VEKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLKTYAHLFDDKVMEQLKRRRY TGWGRLSRKLINGIRDRKQSGKTILDFLKSDGFANRNEFMQLIHDD
SLTFKEDIQKAQVSGQGDSLHEHIANLAGS PAIKKGILOTVKVVDELVKVMGRHKPENIVIEMARENQTT
QKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDH
IVPOQSFLEDDSIDNKVLTRSDEKNRGKSDNVPSEEVVEEKMENYWROLINAKLI TQRKFDNLTKAERGGLSE
LDKAGF IKRQIVETROITKHVAQTILDSRMNTRKYDENDKLTREVEVI TLKSKLVSDFREKDFOQFYKVRETNN
YHHAHDAY LNAVVGTALIKKY PKLESEFVYGDYKVYDVRKMIAKSEQEGADKRTADGSEFESPKKEKRKV ™

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italics sequence denotes a linker sequence,
and the underlined sequence denotes a bipartite nuclear localization sequence.

In some embodiments, the base editor is ABE8 14, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:

pNMG-357 ABES.14 with NGC PAM CP5

MSEVEFSHEYWMRHALTLAKRAWDEREVEPVGAVLVHNNRVIGEGWNRPIGRHDPTAHAEIMALRQGGLVM
ONYRLIDATLYVILEPCVMCAGAMTHSRIGRVVEFGARDAKTGAAGSTIMDVLHHPGMNHEVEITEGILADE
CAALLSDFFRMRROETIKAQKKAQSSTDGGSSGGS SGSETPGTSESATPRESSGGSSGGSMSEVEFSHEY WM
RHALTLAKEARDEREVPVGAVLVLNNRVIGEGWNRATGLHDFTAHAETMAT ROGGLVMONYRLIDATLYV
TFEPCVMCAGAMTHSRIGRVVEGVENAKTGAAGSTMDVLHY PGMNHRVEITEGILADECAATTL.CTFFREMFE
ROVFNAQOKKAQSSTDSGGSSGGESSGSET PGTSESAT PESSGGSSGGSEIGKATAKYFFYSNIMNFFKTET
TLANGEIRKRPLIETNGE TGEIVWDKGRDFATVRKVLSMPOVNIVEKKTEVOTGGFSKESILPKRNSDKLT
ARKKDWDPEKYGGFMOPTVAY SVLVVAKVEKGEKSKKLKSVKELLGI TIMERSSFEKNPIDFLEAKGYKEV
KKDLIITKLPKYSLFELENGRKRMLASAKFLOKGNELAT.PSKYVNFLYLASHY EKLKGS PEDNEQKQLFVE
QHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDEPIREQAENIIHLFTLTNLGAPRAFKYFDTT
IARKEYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD GG SGESGESGESGESGESGEMDERKYSIGLAIG
TNEVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLEKRTARRRY TRRENRICYL
QEIFSNEMAKVDDESFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP INASGVDAKAILSARLSKSRRL
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ENLIAQL.PGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKL.QLSKDTYDDDLDNLLAQT GDQYADLFLA
AKNLSDAILL.SDILRVNTEI TKAPLSASMIKRYDEHHODLTLLKATVRQQLPEKYKEIFFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKINREDLLRKOQRTFDNGSTI PHQIHLGELHATLRRQEDFYPF
LKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNFDENL
PNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVITVKQLKEDYFKKI
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMEKQLEKRRRY TGWGRLSRELINGIRDKQSGKTILDFLKSDGFANRNFMOLIHDDSLTFKEDIQKAQ
VE8GRQGDSLHEHIANLAGS PAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQENSRERMK
RIEEGIKELGSQILKEHPFVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSI
DNEVLTRSDKNRGKSDNVPSEEVVEEMKNYWRQLLNAKLI TOQRKFDNLTKAERGGLSELDKAGF IKRQLV
ETRQITKHVAQILDSRMNTKYDENDKLIREVKVI TLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAV
VGTALIKKYPKLESEFVYGDYRVYDVREMIAKSEQEGADKRTADGSEFESPKKKRKV™*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italics sequence denotes a linker sequence,
and the underlined sequence denotes a bipartite nuclear localization sequence.

In some embodiments, the base editor is ABE8.8-m, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES 8-m
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLYVLNNRVIGEGWNEAIGLHDPTAHAEIMALROQGGLVM
ONYRLIDATLYVTFEPCVMCAGAMIHERIGRVVEGVRNAKTGAAGSLMDVLHHPGMNHRVEITEGILADE
CAALLCREFRMPRRVENAQKEAQSSTDSGGSSGESSGSETPGTSESATPESSGGSSGGSDRKYSIGLAIG
TNSVGHAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLEKRTARRRY TRRENRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDEKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEI FFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSI PHQIHLGELHAILRRQEDFYPF
LKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNL
PNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKI
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPATIKKGILQOTVKVVDELVKVMGREKPEN IVIEMARENQTTOKGOKN SRERMK
RIEEGIKELGE2QILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFLEDDS 1
DNEVLTRSDENRGKESDNVEPSEEVVEEMKNYWRQLLNAKLI TQRKFDNLTKAERGGLSELDEAGEFIKRQLV
ETRQITKHVAQILDESRMNTKYDENDKLIREVKVITLKSKLVSDFREDFQFYKVREINNYHHAHDAYLNAV
VGTALIKKYPKLESEFVYGDYKVYDVREMIAKSEQEIGKATAKYFEYSNIMNFEFKTEI TLANGE IRKRPL
IETNGETGEIVWDKGRDFATVREVLSMPOVNIVEKKTEVQTGGEFSKES ILPKRNSDKLIARKKDWDPKKY G
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GFDSPTVAY SVLVVAKVEKGKSKKLKSVKELLGI TTMERSSFEKNPIDFLEAKGYKEVKKDLITKL.PKY S
LFELENGRKRMLASAGELOKGNELAT. PSKYVNFLYLASHY EKLKGS PEDNEQRKQLFVEQHKHYLDETTEQ
ISEFSKRVILADANIDKVILSAYNKHRDKPIREQAENI THLFTLTNLGAPAAFKY FDTTIDRKRY TSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPEKKKREV*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor i1s ABE8.8-d, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES.8-d
MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLYVHNNRVIGEGWNRP IGRHDPTAHAEIMALRQGGLVM
ONYRLIDATLYVILEPCVMCAGAMIHSRIGRVVEGARDARKTGAAGS LMDV LHHPGMNHRVEITEGILADE
CAALLSDEFRMRROEI KAQKKAQSSTDSGGESSGGSSGSETPFGTSESAT PESSGESSGESSEVEFSHEY WM
RHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALROGGLVMONYRLIDATLYV
TFEPCVMCAGAMIHSRIGRVVEFGVRNAKTGAAGELMDVLHHPGMNHRVEITEGILADECAALLCRFFRMP
REVENAQKKAQSSTDSGGSSGGESSGSET PGTSESATPESSGGESSGESDRKYSIGLAIGTNSVGWAVITDE
YEVPSKKFEVLGNTDRHSIKENLIGALLFDSGETAEATRLERTARRRY TRRENRICYLOE IFSNEMAKVD
DSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAY HEKY PTIY HLRKKLVDSTDKADLRLIYLALAHMIKF
RGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSD
ILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEIFFDQOSKNGYAGY IDGGASQEEFYK
FIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY PFLKDNREKIEKIL
TFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLL
YEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDY FKKIECFDSVEISGVE
DRFNASLGTYHDLLKI IKDKDFLDNEENED ILEDIVLTLTLFEDREMI EERLKTYAHLFDDKVMKQLKRR
RY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQL IHDDSLTFKED I QKAQVSGQGDSLHEH I
ANLAGSPAIKKGILOTVEVVDELVEVMGRHKPENIVIEMARENQTTORGOENSRERMEKRIEEGIKELGSQ
ILKEHPVENTOLONERKLY LY YLONGRDMYVDOQELDINRLSDYDVDHIVPOSFLEDDSIDNEVLTRSDENR
GKSDNVPSEEVVERKMENYWRQLLNAKLI TORKFDNLTKAERGGLSELDRAGFIKROQLVETRQITEHVAQT
LDSRMNTEYDENDKLIREVEVITLRSKLVSDFRKDFQEFYRVREINNYHHAHDAYLNAVVGTALIKKY PKL
ESEFVYGDYRVYDVREMIAKSEQE IGKATAKYFEFYSNIMNFFKTEI TLANGEIRKRPLIETNGETGE IVW
DEGRDFATVREVLESMPOVNIVEKTEVOTGGE SKESILPEKRNSDELIARKKDHDPERYGGFDSPTVAYSVL
VVARVEKGEKSKELEKSVRKELLGITIMERSSFERNPIDFLEARKGYKEVKRDLIIKLPRKYSLFELENGRERML
ASAGELORGNELALPSKYVNFLYLASHYEKLKGS PEDNEQRQLFVEQHKHYLDEITEQISEFSKERVILAD
ANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKY FDTTIDRKRY TSTKEVLDATLIHQSITG
LYETRIDLSQLGGDEGADKRTADGSEFESPKKKRKV*
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In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor is ABE8.13-m, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES.13-m
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
QNYRLYDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHEPGMNHRVE ITEGILADE
CAALLCRFFRMPRRVFNAQKKAQSSTDSGGSSGGSSGSETPGTSESAT PESSGGSSGGSDKKYSIGLAIG
TNSVGHAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLEKRTARRRY TRRENRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDEKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLELA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLEALVRQOLPEKYKEIFFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREKQRTFDNGES IPHQIHLGELHAILRRQEDFY PFE
LEKDNREKIEKILTFRIPYYVGPLARGNSREAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNEFDENL
PNERKVLPEKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNREKVTVKQLEKEDYFKKI
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPATIKKGILQOTVKVVDELVKVMGREKPEN IVIEMARENQTTOKGOKN SRERMK
RIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDH IVPQSFLKDDS I
DNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLI TQRKFDNLTKAERGGLSELDKAGF IKRQLV
ETRQITKHVAQILDSRMNTKYDENDKLIREVKVI TLKSKLVSDFRKDFQFYKVRE INNYHHAHDAYLNAV
VGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQE IGKATAKYFFYSNIMNFFKTEI TLANGE IRKRPL
IETNGETGE IVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESI LPKRNSDKLIARKKDWDPKKY G
GFDSPTVAY SVLVVAKVEKGKSKKLKSVKELLGI TIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKY S
LEFELENGRKRMLASAGELOKGNELALPSKYVNFLYLASHYEKLKGS PEDNEQKQLFVEQHKHYLDEIIEQ
ISEFSKRVILADANLDEVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRY TSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPRKKEREV *

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor is ABE8.13-d, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:

ABES 13-d
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MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNEVIGEGWNRPIGRHDPTAHAETMATROQGGLVM
ONYRLIDATLYVILEPCVMCAGAMTHSRIGRVVEFGARDAKTGAAGSTIMDVLHHPGMNHEVEITEGILADE
CAALLSDFFRMRROETIKAQOKKAQSSTDSGGSSGGSSGSETPGTSESAT PESSGGSSGGSSEVEFSHEY WM
RHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAETMATRQGGLVMONYRLYDATLYV
TFEPCVMCAGAMTIHSRIGRVVFGVRNAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAATL.CRFFRMP
RERVENAQKKAQSSTDSGGSSGGESSGSET PGTSESATPESSGGESSGESDRKYSIGLAIGTNSVGWAVITDE
YEVPSKKFKVLGNTDRHSIKKNLIGALLFDESGETAEATRLKRTARRRY TRRENRICYLQE IFSNEMAKVD
DESFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDESTDKADLRLIYLALAHMIKE
RGHFLIEGDLNPDNSDVDKLFIQLVOTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKK
NGLFGNLIALSLGLTPNFRKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOQYADLFLAAKNLEDAILLED
ILRVNTEITKAPLESASMIKRYDEHHODLTLLKALVRQOLPERKYKEIFFDOQSKNGYAGY IDGGASQEEFYK
FIKPILEKMDGTEELLVKLNREDLLREQRTFDNGEIPHOQIHLGELHAILRRQEDFYPFLEDNREKIEKIL
TEFRIPYYVGPLARGNSREFAWMTRESEETI TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLL
YEYFTVYNELTKVEKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVIVKQLKEDYFKKIECFDSVEISGVE
DRFNASLGTYHDLLKI TKDKDFIDNEENEDILED IVLTLTLFEDREMT EERLKTYAHLFDDKVMEQLKRR
RY TGWGRLERKLINGIRDKQSGKTILDFLKSDGFANRNFMOL THDDSLTFRED IQRAQVSGOGDSLHEHT
ANTAGSPATKKGILOTVKVVDELVEVMGREKPENIVIEMARENOTTORKGOKNSRERMKRIEEGIKELGSQ
ILKEHPVENTOQLONEKLY LY Y LONGRDMYVDQELDINRLSDYDVDH IVPQSFLKDDS IDNEKVLTRSDENR
GKSDNVPSEEVVEEMENYWROLINAKLI TORKFDNLTRKAERGGLSEIDKAGEF IKROILVETROITKHVAQT
LDSEMNTKYDENDKLIREVEVI TLKSKLVSDFREKDEFQFYKVREINNYHHAHDAY LNAVVGTALTKKY PKL
ESEFVYGDYKVYDVREMIAKSEQEIGKATAKYFFYSNIMNFFKTEI TLANGETRKRPLIETNGETGEIVIW
DKGRDFATVREVLSMPOVNIVKKTEVQTGGFSKESILPKRNSDEKLIARKKDWDPEKKYGGFDSPTVAY SVL
VVAKVERKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKEDLIIKLPKYSLFELENGRKRML
ASAGELOKGNELALPSKYVNFLYLASHYEKLKGS PEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILAD
ANLDEVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRY TSTKEVLDATLIHQSITG
LYETRIDLSQLGGDEGADKRTADGSEFESPKKKREV*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor is ABE8.17-m, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES8 17-m
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLYVLNNRVIGEGWNEAIGLHDPTAHAEIMALROQGGLVM
ONYRLIDATLY STFEPCVMCAGAMIHERIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCYFFRMPRRVFNAQKKAQSSTDSGGSSGGSSGSETPGTSESAT PESSGGSSGGSDKKY SIGLALG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
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LIYLATAHMIKFRGHFLIEGDLNPDNSDVDKLEIQLVOTYNQLFEENPITNASGVDAKAILSARLSKSRRL
ENLIAQTL.PGEKKNGLFGNLIATLSLGLTPNFKSNFDLAEDAKT OLSKDTYDDDLDNLIAQT GDOYADLFLA
AKNLSDATILLSDILRVNTEI TRAPLSASMIKRYDEHHODLTLLKAT.VROOLPEKYKEIFFDOQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKINREDLLRKORTFDNGSI PHOQTHLGELHATLRROQEDEY PF
LKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNFDENL
PNEKVLPKHSLLYEYFTVYNELTEVKYVTEGMRKPAFLEGEQKKAIVDLLEFKTNRKVTVEQLKEDYFKKI
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMEQLEKRRRY TGWGRLSREKLINGIRDEQSGKTILDFLKSDGFANRNFMOLIHDDELTFEKEDIQKAQ
VEGQGDSLHEHIANLAGE PAIKKGILQTVEVVDELVKVMGRHKPENIVIEMARENQTTOKGOENSRERMK
RIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDOQELDINRLSDYDVDHIVPQSFLEDDSI
DNEVLTRSDEKNRGEKSDNVPSEEVVEEMENYWRQLLNAKLI TQRKFDNLTEKAERGGLSELDEAGF IKRQLV
ETRQITKHVAQILDSRMNTKYDENDKLIREVEKVITLESKLVEDFRKDFQEFYKVRE INNYHHAHDAYLNAYV
VGTALIKKYPKLESEFVYGDYKVYDVREKMIAKSEQE IGKATARYFFYSNIMNFEFKTEI TLANGEIRKRPL
IETNGETGEIVWDKGRDFATVREVLEMPOVNIVKKTEVQTGGFSKESILPKRNSDELIARKKDWDPKEY G
GFDSPTVAY SVLVVAKVEKGKSKKLKSVKELLGI TTMERSSFEKNPIDFLEAKGYKEVKKDLITKL.PKY S
LFELENGRKRMLASAGELOKGNELAT. PSKYVNFLYLASHY EKLKGS PEDNEQRKQLFVEQHKHYLDETTEQ
ISEFSKRVILADANIDKVILSAYNKHRDKPIREQAENI THLFTLTNLGAPAAFKY FDTTIDRKRY TSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPEKKKREV*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor is ABE8.17-d, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES8.17-d
MSEVEFSHEYWMRHALTLAKRAWDEREVEPVGAVLVHNNRVIGEGWNRPIGRHDPTAHAETIMALR
QGGLVMONYRLIDATLYVTLEPCVMCAGAMTHSRIGRVVFGARDAKTGAAGSIMDVLHHPGMNH
RVEITEGILADECAALLSDFFRMRROEIKAQRKKAQSSTDSGGSSGESSGSETPGTSESATPESS
GGSSGGESSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHA
EIMALROQGGLVMONYRLIDATLYSTFEPCVMCAGAMIHSRIGRVVEFGVRNAKTGAAGSLMDVLH
YPGMNHRVEITEGILADECAALLCYFFRMPRRVFNAQKKAQSSTDSGGSSGGSSGSETPGTSES
ATPESS5GGS5GGSDRKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALL
FDSGETAEATRLKRTARRRY TRRKNRICYLQE IFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDRADLRLIYLALAHMIKFRGHFLIEGDLNPDNSD
VDKLFIQLVOTYNQLFEENPINASGVDAKATILSARLSKSRRLENLITAQLPGEKKNGLFGNLIAT,
SLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOQYADLEFLAAKNLSDAILLSDILRV

NTEITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKE IFFDQSKNGYAGY IDGGASQEEFR
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YKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHATLRRQEDFY PFLKDN
REKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNEFDK
NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKV TVKQL
KEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFED
REMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMOLIHDDSLTFKEDIQKAQVSGOGDSLHEHIANTLAGSPATKKGI LOQTVKVVDELVKVMGRHKP
ENIVIEMARENQTTQRKGORKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LYY LONGR
DMYVDQEIDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKEMKNYWR
QLLNAKLITOQRKFDNLTKAERGGLSE LDKAGFIKROQLVE TRQI TKHVAQILDSRMNTKYDENDK
LIREVRKVITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAY I NAVVGTALIKKY PKLESEFVYGD
YRKVYDVRKMIAKSEQE IGKATAKYFFYSNIMNFFKTE I TLANGE IRKRPLIE TNGE TGE IVWDK
GRDFATVRKVLSMPOVNIVKKTEVQTGGFSKE ST LPKRNSDKLIARKKDWDPKKY GGFDSPTVA
YSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKYSLF
ELENGRKRMLASAGELOKGNELALPSKYVNFLY LASHYEKLKGSPEDNEQKQLFVEQHKHYLDE
IIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENI IHLFTLTNLGAPAAFKYFDTTID
RKRYTSTKEVLDATLIHQSI TGLYETRIDLSQLGGDEGADKRTADGSEFESPEKKKREKV*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor is ABE8.20-m, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES 20-m
MSEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALR
QGGLVMONYRLYDATLY STFEPCVMCAGAMIHSRIGRVVEFGVRNAKTGAAGS LMDVLHHPGMNH
RVEITEGILADECAALLCRFFRMPRRVFNAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESS
GGSSGGSDKKYSIGLAIGTNSVGWAVI TDEYKVPSKKFKVLGNTDRHSTKKNLIGALLFDSGE T
ARATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNT
VDEVAYHEKYPTIYHLRKKLVDSTDRKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFEI
QLVOTYNQLFEENPINASGVDAKAI LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTP
NFKSNFDLAEDAKLQLSKD TYDDDLDNLLAQIGDQYADLEFLAAKNLSDAILLSDILRVNTEITK
APLSASMIKRYDEHHODLTLLKALVROQLPEKYKE IFFDQSKNGYAGY IDGGASQEEFYKFIKP
ILEKMDGTEELLVKLNREDLLREKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLEKDNREKIEK
ILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK
VLPKHSLLYEYFTVYNELTRVKYV TEGMRKPAFLSGEQKKAIVDLLFKTNREVTVRKQLKEDYFK
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KIECFDSVE I SGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEE
RLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT I LDFLKSDGFANRNFMQLIH
DDSLTFKED IQKAQVSGQGDSLHEHIANLAGSPAIKKGI LQTVKVVDE LVKVMGRHKPENIVIE
MARENQTTQKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY Y LONGRDMYVDQ
ELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAK
LI TQRKFDNLTKAERGGLSE LDKAGFTKRQLVE TRQT TKHVAQT LDSRMNTKYDENDKLIREVK
VITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAY LNAVVGTALIKKY PKLESEFVYGDYKVYDV
RKMIAKSEQE IGKATAKYFFYSNIMNFFKTE I TLANGE IRKRPLIE TNGE TGE IVWDKGRDFAT
VRKVLSMPQVNIVKKTEVQTGGFSKE S I LPKRNSDKLIARKKDWD PKKY GGFDSPTVAY SVLVV
AKVEKGKSKKLKSVKELLGI TIMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKYSLFELENGR
KRMLASAGE LOKGNE LALPSKYVNFLY LASHYEKLKGS PEDNEQKQLFVEQHKHYLDE I IEQIS
EFSKRVILADANLDKVLSAYNKHRDKPTIREQAENT IHLFTLTNLGAPAAFKYFDTTIDRKRY TS
TKEVLDATLIHQSITGLYE TRIDLSQLGGDEGADKRTADGSEFESPKKKRKV*

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, the base editor is ABE8.20-d, which comprises or consists
essentially of the following sequence or a fragment thereof having adenosine deaminase activity:
ABES 20-d
MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPTGRHDPTAHARE TMALR
QGGLVMONYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTGAAGSLMDVLHHPGMNH
RVEITEGILADECAALLSDFFRMRROE TKAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESS
GGSSGGSSEVEFSHEYWMRHALT LAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHA
ETMALRQGGLVMONYRLYDATLYSTFEPCVMCAGAMTIHSRIGRVVFGVRNAKTGAAGS LMDVLH
HPGMNHRVEITEGILADECAALLCRFFRMPRRVFNAQKKAQSSTDSGGSS5GGSSGSETPGISES
ATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVI TDEYKVPSKKFKVLGNTDRHS IKKNLIGALL
FDSGETAEATRLKRTARRRY TRRKNRICYLQE IFSNEMAKVDDSFFHRLEESFLVEEDKKHERH
PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDRADLRLIYLALAHMIKFRGHFLIEGDLNPDNSD
VDKLFIQLVOTYNQLFEENPINASGVDAKATILSARLSKSRRLENLITAQLPGEKKNGLFGNLIAT,
SLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOQYADLEFLAAKNLSDAILLSDILRV
NTEITKAPLSASMIKRYDEHHQDILTLI.KATVRQOLPEKYKE T FFDOQSKNGYAGY IDGGASQEEF
YKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFY PFLEKDN
REKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETI TPWNFEEVVDKGASAQSFIERMTNFDK
NLPNEKVLPKHSLLYEYFTVYNELTKVKYV TEGMRKPAFLSGEQRKKAIVDLLFKTNRKV TVEKQL
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KEDYFKKIECFDSVE I SGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFED
REMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN
FMQLIHDDSLTFKED IQKAQVSGQGDSLHEHIANLAGSPAIKKGI LQTVKVVDE LVKVMGRHKP
ENIVIEMARENQTTOKGOKNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGR
DMYVDQE LD INRLSDYDVDHIVPQSFLKDDS IDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR
QLLNAKLI TQRKFDNLTKAERGGLSE LDKAGFIKRQLVE TRQI TKHVAQI LDSRMNTKYDENDK
LIREVKVITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAY LNAVVGTALIKKY PKLESEFVYGD
YKVYDVRKMIAKSEQE I GKATAKYFFYSNIMNFFKTE I TLANGE ITRKRPLIE TNGE TGE IVWDK
GRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY GGFDSPTVA
YSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKYSLF
ELENGRKRMLASAGE LQKGNE LALPSKYVNFLY LASHYEKLKGS PEDNEQKQLFVEQHKHYLDE
IIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENT THLFTLTNLGAPAAFKYFDTTID
RKRY TSTKEVLDATLIHQSI TGLYE TRIDLSQLGGDE GADKRTADGSE FE S PKKKRKV *

In the above sequence, the plain text denotes an adenosine deaminase sequence, bold
sequence indicates sequence derived from Cas9, the italicized sequence denotes a linker
sequence, underlined sequence denotes a bipartite nuclear localization sequence, and double
underlined sequence indicates mutations.

In some embodiments, an ABES of the invention 1s selected from the following
sequences:

01. monoABES.1 bpNLS + Y147T

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVE ITEGILADE
CAALLCTFFRMPRQVFNAQKKAQS STDSGCGSSGGSSGSETPGTSESATPESSGGSSGGSDKKY SIGLATG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDS FFHRLEES FLVEEDKKHERHPT FGNIVDEVAY HEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQY ADLFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGY AGY
IDGGEASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKOQRTFDNGSIPHOQIHLGELHAILRROEDEYPFE
LKDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEET ITPWNFEEVVDRGASAQSFIERMTNEFDRNL
PNEKVLPKHSLLYEY FTVYNELTKVKYVIEGMRKPAFLIGEQKKAIVDLLEFKTNREVTVKQLKEDY FKKT
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDRVMEQLKRRRY TGWGRLSREKLINGIRDKQSGKT ILDEFLKSDGFANRNEFMOQLIHDDSLTFKEDIQKAQ
VIGOGDSLHEHIANTLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGORKNSRERMEK
RIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSEFLKDDST
DNKVLTRSDKNRGKSDNVPSEEVVKEMKNYWRQLLNAKL I TQRKFDNLTKAERGGLSELDKAGF TKRQLV

ETROITKHVAQILDSEMNTKY DENDELIREVEVITLEKSELVSDFREDEFQFYRKVREINNYHHAHDAY LNAY
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VGTALIKKYFPELESEFVYGDYREVYDVRKMIAKSEQETIGKATARKY FEFYSNIMNEFFKTEITLANGEIRKRPL
IETNGETGE IVWDEGRDFATVREVLSMPOVNIVERETEVOTGGEFSKESTILFEKRNSDKLIARKEDWDPKEY G
GEVSPTVAY SVLVVARVEKGKSKKLESVKELLGITIMERSSFEKNP IDFLEARGYKEVEKDLITKLPEY S
LFELENGRKRMLASARELOKGNELATLFPSKYVNFLY LASHY EKLKGSPEDNEQROLFVEOHKHYLDETITEQ
ISEFSKERVILADANLDKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTTIDREQY RSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPRKKEKREY

02. monocABES.1_bpNLS + Y147R

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRV IGEGWNRAIGLHDPTAHAEIMATRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCRFFRMPROVFNAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDKKY SIGLAIG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEIQLVQTYNQLFEENP INASGVDAKAILSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLEFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGSIPHQIHLGELHAILRRQEDEYPF
LKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET IT PWNFEEVVDKGASAQSFIERMTNFDKNL
PNEKVLPKHSLLYEYFTVYNELTKVKY VTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDY FKKI
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPEN IVIEMARENQTTQKGOKNSRERMK
RIEEGIKELGSQILKEHPVENTQLONEKLYLY YLONGRDMYVDQELDINRLSDY DVDHIVPQSFLKDDS I
DNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLV
ETRQITKHVAQILDSRMNTKY DENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAV
VGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKY FFYSNIMNFFKTEITLANGE IRKRPL
IETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYG
GFVSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYS
LFELENGRKRMLASARELQKGNELALPSKYVNFLYLASHY EKLKGSPEDNEQKQLEFVEQHKHYLDEI IEQ
ISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKY FDTT IDRKQYRSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPKKKRKY

03. monoABES.1 bpNLS + Q1548

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLYVLNNRVIGEGWNEAIGLHDPTAHAEIMALROQGGLVM
ONYRLIDATLYVITFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCY FFRMPRSVENAQKKAQSSTDSGGISGGSSGSETPGTSESATPESSGGISGGSDEKYSIGLAIG
THNSVGWAVITDEYKVPSKKEKVLGNTDRHSIKKNLIGALLEFDSGETAEATRLKRTARRRY TRRKNRICY L
QEIFSNEMAKVDDSFEFHRLEESFLVEEDKKHERHPIPGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
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LIYLATLAHMIKFRGHFLIEGDLNPDNSDVDELFIQLVOTYNOLFEENPINASGVDAKAILSARLSKSRRL
ENLTAQLPGEKKNGLEFGNLIALSLGLTPNFESNFDLAEDAKTLQLSKDTYDDDLDNLLAQTIGDQYADLFLA
AENLSDATLLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVROQOQLPERYKEIFFDQSKNGY AGY
IDGGASOQEEFYKFIKPILEKMDGTEELLVELNREDLLREQRT FDNGSTPHOQIHLGELHATLRRQEDFYFPF
LEDNRERIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPFWNFEEVVDKGASAQSFIERMTNEFDEKNL
PNERKVLPKHSLLYEYFTVYNELTKVKY VITEGMRKPAFLSGEQRKKATIVDLLFKTNREKVTVEQLKEDY FKKI
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDEVMKQLKRRRY TGWGRLSRELINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGOKNSRE RMEK
RIEEGIKELGSQILKEHPVENTQLONERLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDST
DNEVLTRSDENRGKSDNVPSEEVVEEMKNYWRQLLNAKLITQRKEFDNLTKAERGGLSEELDEKAGFIKRQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVEVITLESKLVSDEFRKDEFQFYKVREINNY HHAHDAYLNAY
VGTALIKKYPKLESEFVYGDYKVY DVREMIAKSEQEIGKATAKY FFYSNIMNEFKTEITLANGE IRKRPL
IETNGETGEIVWDKGRDFATVREVLSMPOVNIVKKTEVOTGGFSKESILPKRNSDEKLIARKKDWDPEKY G
GEVSPTVAY SVLVVARKVERGKSKKLESVKELLGITIMERSSFEKNPIDFLEARKGYKEVKKDLITKLPKY S
LFELENGRKRMLASARELOKGNELALPSKYVNFLYLASHY EKLKGSPEDNEQROLFVEQHKHYLDETTEQ
ISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENTITHLFTLTNLGAPAAFKY FDTTIDRKQYRSTKEV
ILDATLIHOSITGLYETRIDLSQLGGDEGADERTADGSEFESPEKKREV

04. monoABES.1 bpNLS + Y123H

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHHPGMNHRVE ITEGILADE
CAALLCYFFRMPRQVFNAQKKAQS STDSGCGSSGGSSGSETPGTSESATPESSGGSSGGSDKKY SIGLATG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDS FFHRLEES FLVEEDKKHERHPT FGNIVDEVAY HEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQY ADLFLA
AKNLSDATLLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKEI FFDQSKNGYAGY
IDGGEASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKOQRTFDNGSIPHOQIHLGELHAILRROEDEYPFE
LKDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEET ITPWNFEEVVDRGASAQSFIERMTNEFDRNL
PNEKVLPKHSLLYEY FTVYNELTKVKYVIEGMRKPAFLIGEQKKAIVDLLEFKTNREVTVKQLKEDY FKKT
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDRVMEQLKRRRY TGWGRLSREKLINGIRDKQSGKT ILDEFLKSDGFANRNEFMOQLIHDDSLTFKEDIQKAQ
VIGOGDSLHEHIANTLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGORKNSRERMEK
RIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSEFLKDDST
DNKVLTRSDEKNRGKSDNVPSEEVVRKEMENYWRQLLNAKLITQRKEDNLTKAERGGLSELDKAGE IKRQLV
ETRQITKHVAQILDSRMNTKYDENDKLIREVEVITLRKSKLVSDERKDEFQFYKVREINNY HHAHDAYLNAY
VGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKY FFYSNIMNFFKTEITLANGE TRKRPL
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IETNGETGE IVWDEGRDFATVREVLSMPOVNIVERETEVOTGGEFSKESTILFEKRNSDKLIARKEDWDPKEY G
GEVSPTVAY SVLVVARVEKGKSKKLESVKELLGITIMERSSFEKNP IDFLEARGYKEVEKDLITKLPEY S
LFELENGRKRMLASARELOKGNELATLFPSKYVNFLY LASHY EKLKGSPEDNEQROLFVEOHKHYLDETITEQ
ISEFSKERVILADANLDKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTTIDREQY RSTKEV
LDATLIHOSITGLY ETRIDLSQOLGGDEGADKRTADGSEFESFEKKREV

05. monoABES.1_bpNLS + V382§

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRV IGEGWNRATIGLHDPTAHAEIMATLRQGGLVM
QNYRLIDATLYSTFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCY FFRMPRQVEFNAQKKAQSSTDSGGSSGGISGSETPGTSESATPESSGGSSGGIDKKY SIGLALG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRY TRRENRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDT YDDDLDNLLAQIGDQYADLFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT FDNGSIPHQIHLGELHAILRRQEDFYPF
LKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNL
PNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKATIVDLLFKTNRKVTVKQLKEDY FKK T
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKT ILDFLKSDGFANRNFMQL ITHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPATKKGILQTVKVVDELVKVMGRHKPEN IVIEMARENQTTQKGQKN SRERMK
RIEEGIKELGSQILKEHPVENTQLONEKLYLY YLONGRDMYVDQELDINRLSDY DVDHIVPQSFLKDDS I
DNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLV
ETRQITKHVAQILDSRMNTKY DENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAY LNAV
VGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKY FFYSNIMNFFKTEITLANGE IRKRPL
IETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYG
GFVSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKY S
LFELENGRKRMLASARELQKGNELALPSKYVNFLYLASHY EKLKGSPEDNEQKQLEVEQHKHYLDEI IEQ
ISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLETLTNLGAPAAFKY FDTTIDRKQYRSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPKKKRKY

06. monocABES.1_bpNLS + T166R

MSEVEFSHEYWMRHALTLAKRARDEREVFVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCY FFRMPRQVFNAQKKAQSSRDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDKKY SIGLAIG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEIQLVQTYNQLFEENP INASGVDAKAILSARLSKSRRL
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FNLIAQLPGEKKNGLEFGNLIALSLGLTPNFESNFDLAEDAKTLOLSKDTYDDDLDNLLAQIGDQY ADLEFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKEI FFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRT FDNGSTPHOQIHLGELHATLRRQEDFYPF
LEDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNL
PNEKVLPKHSLLYEYFTVYNELTKVEYVTEGMREKPAFLSCGEQEKAIVDLLFKTNREVTVKQLEEDY FKK I
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDEVMKQLKRRRY TGWGRLSRELINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGOKNSRE RMEK
RIEEGIKELGSQILKEHPVENTQLONERLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDST
DNEVLTRSDENRGKSDNVPSEEVVEEMKNYWRQLLNAKLITQRKEFDNLTKAERGGLSEELDEKAGFIKRQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVEVITLESKLVSDEFRKDEFQFYKVREINNY HHAHDAYLNAY
VGTALIKKYPKLESEFVYGDYKVY DVREMIAKSEQEIGKATAKY FFYSNIMNEFKTEITLANGE IRKRPL
IETNGETGEIVWDKGRDFATVREVLSMPOVNIVKKTEVOTGGFSKESILPKRNSDEKLIARKKDWDPEKY G
GEFVSPTVAYSVLVVARKVEKGKSKKLKSVKELLGITIMERSSFERKNPIDFLEAKGY KEVKKDLIIKLEPKY 3
LFELENGRKRMLASARELOKGNELALPSKY VNFLY LASHY EKLKGSPEDNEQKQLEVEQHKHYLDEITEQ
ISEFSKRVILADANLDEVLSAYNKHRDKPIREQAENITHLFTLTNLGAPAAFKY FDTTIDREKQYRSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPEKKREV

07. monoABES.1 bpNLS + Q154R

MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLYVLNNRVIGEGWNEAIGLHDPTAHAEIMALROQGGLVM
QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVE ITEGILADE
CAALLCYFFRMPRRVFNAQKKAQS STDSGCGSSGGSSGSETPGTSESATPESSGGSSGGSDKKY SIGLATG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDS FFHRLEES FLVEEDKKHERHPT FGNIVDEVAY HEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQY ADLFLA
AKNLSDATLLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKEI FFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVELNREDLLRKQRT FDNGSTPHQTHLGELHAILRRQEDFYPF
LKDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEET ITPWNFEEVVDRGASAQSFIERMTNEFDRNL
PNEKVLPKHSLLYEY FTVYNELTKVKYVIEGMRKPAFLIGEQKKAIVDLLEFKTNREVTVKQLKEDY FKKT
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDRVMEQLKRRRY TGWGRLSREKLINGIRDKQSGKT ILDEFLKSDGFANRNEFMOQLIHDDSLTFKEDIQKAQ
VIGOGDSLHEHIANTLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGORKNSRERMEK
RIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSEFLKDDST
DNKVLTRSDEKNRGKSDNVPSEEVVRKEMENYWRQLLNAKLITQRKEDNLTKAERGGLSELDKAGE IKRQLV
ETRQITKHVAQILDSRMNTKYDENDKLIREVEVITLRKSKLVSDERKDEFQFYKVREINNY HHAHDAYLNAY
VGTALIKKYPKLESEFVYGDYKVYDVREMIAKSEQEIGKATARKY FFYSNIMNFFKTEITLANGE IRKRPL
TETNGETGE I VWDKGRDFATVREVLSMPQVNIVKKTEVQTGGFSKESTLPKRNS DKLI ARKKDWDPKKY G
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GEVSPTVAY SVLVVARVEKGKSKKLESVKELLGITIMERSSFEKNP IDFLEARGYKEVEKDLITKLPEY S
LFELENGRKRMLASARELOKGNELATLFPSKYVNFLY LASHY EKLKGSPEDNEQROLFVEOHKHYLDETITEQ
ISEFSKERVILADANLDKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTTIDREQY RSTKEV
LDATLIHOSITGLY ETRIDLSQOLGGDEGADKRTADGSEFESFEKKREV

08. monoABES.1_bpNLS + Y147R_QI54R_Y123H
MESEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE TMATLROQGGLVM
ONYRLIDATLYVTFEPCVMCAGAMTIHSEIGRVVFGVRNAKTGAAGSLMDVLHHPGMNHRVE ITEGILADE
CAALLCRFFRMPRRVIFNAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDEKEYSIGLATG
TNSVGWAVITDEYEVEPSKKFEVLGNTDREHS IKKNLIGALLFDSGETAEATRLEKRTARRRY TRRENRICYL
QEIFSNEMAEVDDSFFHRLEESFLVEEDKEHERHPIFGNIVDEVAYHEKY PTIYHLEEKELVDSTDEADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVOTYNQLFEENPINASGVDAKAILSARLSEKSRRL
ENLIAQLPGERKKNGLEFGHNLIALSLGLTPNFESNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLELA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVROQLPERKYKEIFFDQIKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVRELNREDLLRKQRTFDNGSIPHQIHLGELHAILRROQEDEYPFE
LEDNREKIEKILTFRIPYYVGPLARGNSREAWMTRKSEET ITPWNFEEVVDRGASAQSFIERMTNEDENL
PNERVLPRHSLLYEYEFTVYNELTRKVREYVIEGMREPAFLSGEQRKKAIVDLLEFKTNREVTVRQLKEDY FKKI
ECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDRVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKTILDEFLKSDGFANRNFMOQLIHDDSLTFKEDIQKAQ
VIGQGDSLHEHIANLAGSPAIKKGILOTVRVVDELVEVMGRHKPEN IVIEMARENQTTOKGOENSRERMEK
RIEEGIEKELGSQILKEHPVENTOLONEKLY LY YLONGRDMY VDOELDINRLSDYDVDHIVPOSFLEDDST
DNEVLTRSDENRGESDNVEPSEEVVKEMENYWROLLNAKLITORKFDNLTEARRGGLSELDKAGF IERQLV
ETROITEHVAQILDSREMNTRKY DENDELIREVEVITLESKLVSDFREDFQFYKVRETINNYHHAHDAY LNAV
VGTALIKKYPELESEFVYGDYEVY DVREMIAKSEQE IGKATARKY FFYSNIMNEFFETEITLANGETIRKEPL
IETNGETGEIVWDEGRDFATVREVLESMPOVNIVEETEVOTGGFSKESILPEKRNSDEKLTARKEDWDPKEKY G
GFVIPTVAY SVLVVARKVEKGKSEKLESVKELLGITIMERSSFERKNPIDFLEARKGYKEVEEDLITKLPKY S
LFELENGEKRMLASARELOKGNELALPSKYVNFLY LASHY EKLKGSPEDNEQRKOLFVEQHKHYLDETTEQ
ISEFSERVILADANLDEKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTT IDREQY RSTKEV
LDATLIHOSITGLYETRIDLSQLGGDEGADKRTADGSEFESPKKKREY

09. monoABES.1_bpNLS + Y147R_QI54R_176Y

MESEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE TMATLROQGGLVM
ONYRLYDATLYVTFEPCVMCAGAMTIHSEIGRVVFGVRNAKTGAAGSLMDVLEHY PGMNHRVE ITEGILADE
CAALLCRFFRMPRRVIFNAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDEKEYSIGLATG
THNSVGEWAVITDEYRVPSKKERKVLGNTDRHS IKENLIGALLEFDSGETAEATRLERTARRRYTRRENRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGHNIVDEVAYHERKY PTIYHLRKKLVDSTDREADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVOTYNQLFEENPINASGVDAKAILSARLSEKSRRL
ENLIAQLPGERKKNGLEFGHNLIALSLGLTPNFESNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLELA
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AKNLSDAILLSDILRVNTEITKAPLSASMIKRY DEHHQDLTLLKALVRQQLPEKYKEI FFDQSKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRT FDNGSTPHOQIHLGELHATLRRQEDFYPF
LEDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNL
PNEKVLPKHSLLYEYFTVYNELTKVEYVTEGMREKPAFLSCGEQEKAIVDLLFKTNREVTVKQLEEDY FKK I
ECFDSVEISGVEDRFNASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDEVMKQLKRRRY TGWGRLSRELINGIRDKQSGKT ILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGOKNSRE RMEK
RIEEGIKELGSQILKEHPVENTQLONERLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDST
DNEVLTRSDENRGKSDNVPSEEVVEEMKNYWRQLLNAKLITQRKEFDNLTKAERGGLSEELDEKAGFIKRQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVEVITLESKLVSDEFRKDEFQFYKVREINNY HHAHDAYLNAY
VGTALIKKYPKLESEFVYGDYKVY DVREMIAKSEQEIGKATAKY FFYSNIMNEFKTEITLANGE IRKRPL
IETNGETGEIVWDKGRDFATVREVLSMPOVNIVKKTEVOTGGFSKESILPKRNSDEKLIARKKDWDPEKY G
GEFVSPTVAYSVLVVARKVEKGKSKKLKSVKELLGITIMERSSFERKNPIDFLEAKGY KEVKKDLIIKLEPKY 3
LFELENGRERMLASARELOKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQKQLEFVEQHKHYLDEIIEQ
ISEFSKRVILADANLDEVLSAYNKHRDKPIREQAENITHLFTLTNLGAPAAFKY FDTTIDREKQYRSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPEKKREV

10. monoABES.1 bpNLS + Y147R_Q154R_T166R

MSEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALROQGGLVM
ONYRLIDATLYVIFEPCVMCAGAMIHSRIGRVVEGVRNAKTGAAGSLMDVLHY PGMNHRVEITEGILADE
CAALLCRFFRMPERVFNAQKKAQSSRDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDEKEY SIGLATG
TNSVGWAVITDEYEVPSERFEVLGNTDRHS IKKNLIGALLFDSGETAREATRLERTARRRY TRRENRICY L
OEIFSNEMAEVDDSFFHRLEESFLVEEDKEHERHPIFGNIVDEVAYHEKY PTIYHLEEELVDSTDEADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDELFIQLVOTYNQLFEENPINASGVDAKATLSARLSESRRL
ENLITAQLPGERKNGLFGNLIALSLGLTPNFESNFDLAEDAKLOLSKDTYDDDLDNLLAQTGDOYADLFLA
AFKNLSDATILLSDILRVNTEITKAPLSASMIKERY DEHHODLTLLEKALVROOLPEEYKEI FFDOSKNGY AGY
IDGGASQEEFYKFIKPILEKMDGTEELLYVELNEEDLLREQRT FDNGSTIPHOIHLGELHATLRROEDFYPF
LEDNEERIEEILTFRIPYYVGPLARGNSERFAWMTRKSEET ITPWNFEEVVDEKGASAQSFIERMTNEFDENL
PNERKVLPRHSLLYEYFTVYNELTRKVRYVIEGMRKPAFLSGEQRKEAIVDLLEFRKTNREVTVEKQLKEDY FKKI
ECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDEVMEQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLEKSDGFANRNFMOLIHDDSLTFKEDIQERAD
VIGOGDSLHEHIANLAGSPAIKKGILOTVKVVDELVEVMGRHKPEN IVIEMARENQTTORKGORKNSEE RMEK
RIEEGIKELGSQILKEHPVENTOLONERKLY LY YLONGRDMYVDOELDINRLSDYDVDHIVPQSFLEKDDS I
DNEVLTRSDENRGESDNVPSEEVVEEMENYWROLLNAKLITORKEFDNLTRAERGGLSELDRKAGE IKROQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVEKVITLRKSKLVSDEFRKDEQFYKVREINNY HHAHDAY LAV
VGTALIKKY PRKLESEFVYGDYKVY DVREMIAKSEQE IGKATARY FEFYSNIMNEFKTEITLANGEIRKRPL
IETNGETGEIVWDKGRDEPATVREVLSMPOVNIVKKTEVOTGGFSKESILPRKRNSDELIARKKDWDPEEY G
GFVSPTVAY SVLVVARKVERGKSKEKLESVKELLGITIMERSSFEKNPIDFLEAKGYKEVEKDLITKLPKEY S
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LFELENGRKRMLASARELOKGNELATLFPSKYVNFLY LASHY EKLKGSPEDNEQROLFVEOHKHYLDETITEQ
ISEFSKERVILADANLDKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTTIDREQY RSTKEV
LDATLIHOSITGLY ETRIDLSQOLGGDEGADKRTADGSEFESFEKKREV

11. monoABES.1_bpNLS + Y147T_QI154R
MESEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE TMATLROQGGLVM
ONYRLIDATLYVTFEPCVMCAGAMTIHSEIGRVVFGVRNAKTGAAGSLMDVLEHY PGMNHRVE ITEGILADE
CAALLCTFFRMPRRVIFNAQKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDEKEYSIGLATG
TNSVGWAVITDEYEVEPSKKFEVLGNTDREHS IKKNLIGALLFDSGETAEATRLEKRTARRRY TRRENRICYL
QEIFSNEMAEVDDSFFHRLEESFLVEEDKEHERHPIFGNIVDEVAYHEKY PTIYHLEEKELVDSTDEADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDELFIQLVOTYNQLFEENPINASGVDARKATILSARLSKSERL
ENLIAQLPGERKKNGLEFGHNLIALSLGLTPNFESNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLELA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVROQLPERKYKEIFFDQIKNGYAGY
IDGGASQEEFYKFIKPILEKMDGTEELLVRELNREDLLRKQRTFDNGSIPHQIHLGELHAILRROQEDEYPFE
LEDNREKIEKILTFRIPYYVGPLARGNSREAWMTRKSEET ITPWNFEEVVDRGASAQSFIERMTNEDENL
PNERVLPRHSLLYEYEFTVYNELTRKVREYVIEGMREPAFLSGEQRKKAIVDLLEFKTNREVTVRQLKEDY FKKI
ECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDRVMKOQLKRRRY TGWGRLSRKLINGIRDKOSGKTILDEFLKSDGFANRNFMOQLIHDDSLTFKEDIQKAQ
VIGQGDSLHEHIANLAGSPAIKKGILOTVRVVDELVEVMGRHKPEN IVIEMARENQTTOKGOENSRERMEK
RIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSELKDDST
DNEVLTRSDENRGESDNVEPSEEVVKEMENYWROLLNAKLITORKFDNLTEARRGGLSELDKAGF IERQLV
ETROITEHVAQILDSREMNTRKY DENDELIREVEVITLESKLVSDFREDFQFYKVRETINNYHHAHDAY LNAV
VGTALIKKYPELESEFVYGDYEVY DVREMIAKSEQE IGKATARKY FFYSNIMNEFFETEITLANGETIRKEPL
IETNGETGEIVWDEGRDFATVREVLESMPOVNIVEETEVOTGGFSKESILPEKRNSDEKLTARKEDWDPKEKY G
GFVIPTVAY SVLVVARKVEKGKSEKLESVKELLGITIMERSSFERKNPIDFLEARKGYKEVEEDLITKLPKY S
LFELENGEKRMLASARELOKGNELALPSKYVNFLY LASHY EKLKGSPEDNEQRKOLFVEQHKHYLDETTEQ
ISEFSERVILADANLDEKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTT IDREQY RSTKEV
LDATLITHOSITGLYETRIDLSQLGGDEGADERTADGSEFESPERKREY

12. monoABES.1_bpNLS + Y147T_Q1548

MESEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE TMATLROQGGLVM
ONYRLIDATLYVTFEPCVMCAGAMTIHSEIGRVVFGVRNAKTGAAGSLMDVLEHY PGMNHRVE ITEGILADE
CAALLCTFFRMPRSVINAQRKKAQSSTDSGGSSGGSSGSETPGTSESATPESSGGSSGGSDEKEYSIGLATG
TNSVGWAVITDEYEVEPSKKFEVLGNTDREHS IKKNLIGALLFDSGETAEATRLEKRTARRRY TRRENRICYL
QEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGHNIVDEVAYHERKY PTIYHLRKKLVDSTDREADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVOTYNQLFEENPINASGVDAKAILSARLSEKSRRL
ENLIAQLPGERKKNGLEFGHNLIALSLGLTPNFESNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLELA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVROQLPERKYKEIFFDQIKNGYAGY
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IDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLREQRT FDNGSTPHOQIHLGELHATLRRQEDFYPF
LEDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDKGASAQSFIERMTNFDKNL
PNEKVLPKHSLLYEYFTVYNELTKVEYVTEGMREKPAFLSCGEQEKAIVDLLFKTNREVTVKQLEEDY FKK I
ECFDSVEISGVEDRFNASLGTYHDLLKITKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDKVMEQLERRRYTGWGRLSRELINGIRDKQSGKT ILDFLEKESDGFANRNFMOLTHDDSLTFEKEDIQKAQ
VSGQGDSLHEHIANLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGOKNSRE RMEK
RIEEGIKELGSQILKEHPVENTQLONERLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDST
DNEVLTRSDENRGKSDNVPSEEVVEEMKNYWRQLLNAKLITQRKEFDNLTKAERGGLSEELDEKAGFIKRQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVEVITLESKLVSDEFRKDEFQFYKVREINNY HHAHDAYLNAY
VGTALIKKYPKLESEFVYGDYKVY DVREMIAKSEQEIGKATAKY FFYSNIMNEFKTEITLANGE IRKRPL
IETNGETGEIVWDKGRDFATVREVLSMPOVNIVKKTEVOTGGFSKESILPKRNSDEKLIARKKDWDPEKY G
GEFVSPTVAYSVLVVARKVEKGKSKKLKSVKELLGITIMERSSFERKNPIDFLEAKGY KEVKKDLIIKLEPKY 3
LFELENGRERMLASARELOKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQKQLEFVEQHKHYLDEIIEQ
ISEFSKRVILADANLDEVLSAYNKHRDKPTREQAENITHLEFTLTNLGAPAAFKY FDTTIDRKQYRSTKEY
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADGSEFESPEKKREV

13. monoABES.1 bpNLS + HI23Y123H Y147R_Q154R_I76Y

MSEVEFSHEYWMRHALTLAKRARDEREVEPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALROQGGLVM
ONYRLYDATLYVIFEPCVMCAGAM IHSRIGRVVEGVRNAKTGAAGSLMDVLHHPGMNHRVEITEGILADE
CAALLCREFRMPREVENAQRKEADSSTDEGGSSGGSSGSETPGTSESATPESSGGISGGSDEKRKYSIGLAIG
TNSVGWAVITDEYEVPSERFEVLGNTDRHS IKKNLIGALLFDSGETAREATRLERTARRRY TRRENRICY L
OEIFSNEMAEVDDSFFHRLEESFLVEEDKEHERHPIFGNIVDEVAYHEKY PTIYHLEEELVDSTDEADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDELFIQLVOTYNQLFEENPINASGVDAKATLSARLSESRRL
ENLITAQLPGERKNGLFGNLIALSLGLTPNFESNFDLAEDAKLOLSKDTYDDDLDNLLAQTGDOYADLFLA
AFKNLSDATILLSDILRVNTEITKAPLSASMIKERY DEHHODLTLLEKALVROOLPEEYKEI FFDOSKNGY AGY
IDGGASQEEFYKFIKPILEKMDGTEELLYVELNEEDLLREQRT FDNGSTIPHOIHLGELHATLRROEDFYPF
LEDNEERIEEILTFRIPYYVGPLARGNSERFAWMTRKSEET ITPWNFEEVVDEKGASAQSFIERMTNEFDENL
PNEEKVLPKHSLLYEYFTVYNELTKVEY VIEGMREPAFLSGEQREKATVDLLFKTNREVTVEKQLEEDY FKKT
ECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDEVMEQLKRRRY TGWGRLSRKLINGIRDKOSGKT ILDFLEKSDGFANRNFMOLIHDDSLTFKEDIQERAD
VIGOGDSLHEHIANLAGSPAIKKGILOTVKVVDELVEVMGRHKPEN IVIEMARENQTTORKGORKNSEE RMEK
RIEEGIKELGSQILKEHPVENTOLONERKLY LY YLONGRDMYVDOELDINRLSDYDVDHIVPQSFLEKDDS I
DNEVLTRSDENRGESDNVPSEEVVEEMENYWROLLNAKLITORKEFDNLTRAERGGLSELDRKAGE IKROQLY
ETRQITKHVAQILDSRMNTKYDENDKLIREVEKVITLRKSKLVSDEFRKDEQFYKVREINNY HHAHDAY LAV
VGTALIKKY PRKLESEFVYGDYKVY DVREMIAKSEQE IGKATARY FEFYSNIMNEFKTEITLANGEIRKRPL
IETNGETGEIVWDKGRDEPATVREVLSMPOVNIVKKTEVOTGGFSKESILPRKRNSDELIARKKDWDPEEY G
GEVSPTVAY SVLVVARVERKGESKKLKSVRELLGITIMERSSFERKNPIDFLEAKGY KEVEKKDLIIKLPEKY S
LFELENGRKRMLASARFELOKGNELALPSKY VNFLY LASHY EELKGSPEDNEQKQLFVEQHKHYLDEITEQ
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ISEFSKERVILADANLDKVLSAYNKHRDKPIREQAENTI THLFTLTNLGAPAAFKY FDTTIDREQY RSTKEV
LDATLIHOSITGLY ETRIDLSQOLGGDEGADKRTADGSEFESFEKKREV

14. monoABES.1 bpNLS + V828 + Q154R
MSEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRATGLHDPTAHAE IMALRQGGLVM
QNYRLIDATLYSTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY PGMNHRVE ITEGILADE
CAALLCYFFRMPRRVFNAQKKAQS STDSGCGSSGGSSGSETPGTSESATPESSGGSSGGSDKKY SIGLATG
TNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYL
QEIFSNEMAKVDDS FFHRLEES FLVEEDKKHERHPT FGNIVDEVAY HEKY PTIYHLRKKLVDSTDKADLR
LIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQY ADLFLA
AKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHODLTLLKALVRQOLPEKYKEIFFDOSKNGY AGY
IDGGEASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKOQRTFDNGSIPHOQIHLGELHAILRROEDEYPFE
LKDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEET ITPWNFEEVVDRGASAQSFIERMTNEFDRNL
PNEKVLPKHSLLYEY FTVYNELTKVKYVIEGMRKPAFLIGEQKKAIVDLLEFKTNREVTVKQLKEDY FKKT
ECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHL
FDDRVMEQLKRRRY TGWGRLSREKLINGIRDKQSGKT ILDEFLKSDGFANRNEFMOQLIHDDSLTFKEDIQKAQ
VIGOGDSLHEHIANTLAGSPAIKKGILOTVKVVDELVKVMGRHKPEN IVIEMARENQTTORGORKNSRERMEK
RIEEGIKELGSQILKEHPVENTQLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSEFLKDDST
DNKVLTRSDEKNRGKSDNVPSEEVVRKEMENYWRQLLNAKLITQRKEDNLTKAERGGLSELDKAGE IKRQLV
ETRQITEHVAQILDSRMNTKY DENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAY LNAV
VGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKY FFYSNIMNFFKTEITLANGE TRKRPL
TETNGETGE I VWDKGRDFATVREVLSMPQVNIVKKTEVQTGGFSKESTLPKRNS DKLI ARKKDWDPKKY G
GFVSPTVAY SVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNP IDFLEAKGYKEVKKDL I IKLPKY S
LFELENGRKRMLASARELQKGNELALPSKY VNFLYLASHY EKLKGSPEDNEQKQLFVEQHKHYLDETTEQ
ISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENT ITHLFTLTNLGAPAAFKY FDTTIDRKQYRSTKEV
LDATLIHQSITGLYETRIDLSQLGGDEGADKRTADG SEFESPEKKKRKY

In some embodiments, the base editor 15 a fusion protein comprising a polynucleotide
programmable nucleotide binding domain {e.g., Cas9-derived domain) fused to a nucleobase
editing domain (e.g., all or a portion of a deaminase domain). In certain embodiments, the
fusion proteins provided herein comprise one or more features that improve the base editing
activity of the fusion proteins. For example, any of the fusion proteins provided herein may
comprise a Cas9 domain that has reduced nuclease activity. In some embodiments, any of the
fusion proteins provided herein may have a Cas9 domain that does not have nuclease activity
(dCas9), or a Cas9 domain that cuts one strand of a duplexed DNA molecule, referred to as a
Cas9 nickase (nCas9).

In some embodiments, the base editor further comprises a domain comprising all or a
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portion of a uracil glycosylase inhibitor (UGI). In some embodiments, the base editor comprises
a domain comprising all or a portion of a uracil binding protein (UBP), such as a uracil DNA
glycosylase (UDG). In some embodiments, the base editor comprises a domain comprising all
or a portion of a nucleic acid polymerase. In some embodiments, a nucleic acid polymerase or
portion thereof incorporated into a base editor is a translesion DNA polymerase.

In some embodiments, a domain of the base editor can comprise multiple domains. For
example, the base editor comprising a polynucleotide programmable nucleotide binding domain
derived from Cas9 can comprise an REC lobe and an NUC lobe corresponding to the REC lobe
and NUC lobe of a wild-type or natural Cas9. In another example, the base editor can comprise
one or more of a RuvCI domain, BH domain, REC1 domain, REC2 domain, RuvCII domain, L1
domain, HNH domain, L2 domain, RuvCIII domain, WED domain, TOPO domain or CTD
domain. In some embodiments, one or more domains of the base editor comprise a mutation
(e.g., substitution, insertion, deletion) relative to a wild type version of a polypeptide comprising
the domain. For example, an HNH domain of a polynucleotide programmable DNA binding
domain can comprise an H840A substitution. In another example, a RuvCl domain of a
polynucleotide programmable DNA binding domain can comprise a D10A substitution.

Different domains {e.g., adjacent domains) of the base editor disclosed herein can be
connected to each other with or without the use of one or more linker domains (e.g., an XTEN
linker domain). In some embodiments, a linker domain can be a bond (e.g., covalent bond),
chemical group, or a molecule linking two molecules or moieties, e.g., two domains of a fusion
protein, such as, for example, a first domain (e.g., Cas9-derived domain) and a second domain
(e.g., an adenosine deaminase domain). In some embodiments, a linker is a covalent bond {(e.g.,
a carbon-carbon bond, disulfide bond, carbon-hetero atom bond, etc.). In certain embodiments,
a linker is a carbon nitrogen bond of an amide linkage. In certain embodiments, a linkeris a
cyclic or acyclic, substituted or unsubstituted, branched or unbranched aliphatic or
heteroaliphatic linker. In certain embodiments, a linker is polymeric (e.g., polyethylene,
polyethylene glycol, polyamide, polyester, etc.). In certain embodiments, a linker comprises a
monomer, dimer, or polymer of aminoalkanoic acid. In some embodiments, a linker comprises
an aminoalkanoic acid (e.g., glycine, ethanoic acid, alanine, beta-alanine, 3-aminopropanoic
acid, 4-aminobutanoic acid, S-pentanoic acid, etc.). In some embodiments, a linker comprises a
monomer, dimer, or polymer of aminohexanoic acid (Ahx). In certain embodiments, a linker is
based on a carbocyclic moiety (e.g., cyclopentane, cyclohexane). In other embodiments, a linker
comprises a polyethylene glycol moiety (PEG). In certain embodiments, a linker comprises an
aryl or heteroaryl moiety. In certain embodiments, the linker is based on a phenyl ring. A linker

can include functionalized moieties to facilitate attachment of a nucleophile {(e.g., thiol, amino)
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from the peptide to the linker. Any electrophile can be used as part of the linker. Exemplary
electrophiles include, but are not limited to, activated esters, activated amides, Michael
acceptors, alkyl halides, aryl halides, acyl halides, and isothiocyanates. In some embodiments, a
linker joins a gRNA binding domain of an RNA-programmable nuclease, including a Cas9
nuclease domain, and the catalytic domain of a nucleic¢ acid editing protein. In some
embodiments, a linker joins a dCas9 and a second domain (e.g., UGI, etc ).

Typically, a linker is positioned between, or flanked by, two groups, molecules, or other
moieties and connected to each one via a covalent bond, thus connecting the two. In some
embodiments, a linker is an amino acid or a plurality of amino acids {(e.g., a peptide or protein).
In some embodiments, a linker is an organic molecule, group, polymer, or chemical moiety. In
some embodiments, a linker is 2-100 amino acids in length, for example, 2, 3, 4, 5,6, 7, 8,9, 10,
11, 12,13, 14,15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 30-35, 35-40, 40-45,
45-50, 50-60, 60-70, 70-80, 80-90, 90-100, 100-150, or 150-200 amino acids in length. In some
embodiments, the linker is about 3 to about 104 {e.g., 5,6, 7, 8,9, 10, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43,
44, 45, 46, 47, 48, 49, 50, 55, 60, 65, 70, 75, 80, 85, 90, 95, or 100) amino acids in length.
Longer or shorter linkers are also contemplated. In some embodiments, a linker domain
comprises the amino acid sequence SGSETPGTSESATPES, which can also be referred to as the
XTEN linker. Any method for linking the fusion protein domains can be employed (e.g.,
ranging from very flexible linkers of the form (SGGS)n, (GGGS)n, (GGGGS)n, and (G)n, to
more rigid linkers of the form (EAAAK)n, (GGS)n, SGSETPGTSESATPES (see, ¢.g.,
Guilinger JP, Thompson DB, Liu DR. Fusion of catalytically inactive Cas9 to Fokl nuclease
improves the specificity of genome modification. Nat. Biotechnol. 2014; 32(6): 577-82; the
entire contents are incorporated herein by reference), or (XPh motif, in order to achieve the
optimal length for activity for the nucleobase editor. In some embodiments, nis 1,2, 3,4, 5, 6,
7,8,9,10, 11, 12, 13, 14, or 15. In some embodiments, the linker comprises a (GGS) motif,
wherein nis 1, 3, or 7. In some embodiments, the Cas9 domain of the fusion proteins provided
herein are fused via a linker comprising the amino acid sequence SGSETPGTSESATPES. In
some embodiments, a linker comprises a plurality of proline residues and is 5-21, 5-14, 5-9, 5-7
amino acids in length, e.g., PAPAP, PAPAPA, PAPAPAP, PAPAPAPA, P(AP)4, P(AP),
P(AP)o0 (see, e.g., Tan J, Zhang F, Karcher D, Bock R. Engineering of high-precision base
editors for site-specific single nucleotide replacement. Nat Commun. 2019 Jan 25;10(1):439;
the entire contents are incorporated herein by reference). Such proline-rich linkers are also

termed “rigid” linkers.
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A fusion protein of the invention comprises a nucleic acid editing domain. In some
embodiments, the deaminase is an adenosine deaminase. In some embodiments, the deaminase
is a vertebrate deaminase. In some embodiments, the deaminase is an invertebrate deaminase.

In some embodiments, the deaminase is a human, chimpanzee, gorilla, monkey, cow, dog, rat, or
mouse deaminase. In some embodiments, the deaminase 15 a human deaminase. In some

embodiments, the deaminase is a rat deaminase.

Linkers

In certain embodiments, linkers may be used to link any of the peptides or peptide
domains of the invention. The linker may be as simple as a covalent bond, or it may be a
polymeric linker many atoms in length. In certain embodiments, the linker is a polypeptide or
based on amino acids. In other embodiments, the linker is not peptide-like. In certain
embodiments, the linker is a covalent bond (e.g., a carbon-carbon bond, disulfide bond, carbon-
heteroatom bond, efc.). In certain embodiments, the linker is a carbon-nitrogen bond of an
amide linkage. In certain embodiments, the linker is a cy¢lic or acyclic, substituted or
unsubstituted, branched or unbranched aliphatic or heteroaliphatic linker. In certain
embodiments, the linker is polymeric (e.g., polyethylene, polyethylene glycol, polyamide,
polyester, e#c.). In certain embodiments, the linker comprises a monomer, dimer, or polymer of
aminoalkanoic acid. In certain embodiments, the linker comprises an aminoalkanoic acid (e.g.,
glycine, ethanoic acid, alanine, beta-alanine, 3-aminopropanoic acid, 4-aminobutanoic acid, 5-
pentanoic acid, efc.). In certain embodiments, the linker comprises a monomer, dimer, or
polymer of aminohexanoic acid (Ahx). In certain embodiments, the linker is based on a
carbocyclic moiety (e.g., cyclopentane, cyclohexane). In other embodiments, the linker
comprises a polyethylene glycol moiety (PEG). In other embodiments, the linker comprises
amino acids. In certain embodiments, the linker comprises a peptide. In certain embodiments,
the linker comprises an aryl or heteroaryl moiety. In certain embodiments, the linker is based on
a phenyl ring. The linker may include functionalized moieties to facilitate attachment of a
nucleophile (e.g., thiol, amino) from the peptide to the linker. Any electrophile may be used as
part of the linker. Exemplary electrophiles include, but are not limited to, activated esters,
activated amides, Michael acceptors, alkyl halides, aryl halides, acyl halides, and
isothiocyanates.

In some embodiments, the linker 1s an amino acid or a plurality of amino acids (e.g., a
peptide or protein). In some embodiments, the linker 1s a bond (e.g., a covalent bond), an
organic molecule, group, polymer, or chemical moiety. In some embodiments, the linker 1s
about 3 to about 104 (e.g., 5,6,7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,
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25,26, 27,28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50,
55, 60, 65, 70, 75, 80, 85, 90, 95, or 100) amino acids in length.

In some embodiments, the adenosine deaminase and the napDNADbp are fused via a
linker that is 4, 16, 32, or 104 amino acids in length. In some embodiments, the linker is about 3
to about 104 amino acids in length. In some embodiments, any of the fusion proteins provided
herein, comprise an adenosine deaminase and a Cas9 domain that are fused to each other viaa
linker. Various linker lengths and flexibilities between the deaminase domain (e.g., an
engineered ecTadA) and the Cas9 domain can be employed (e.g., ranging from very flexible
linkers of the form (GGGS)n, (GGGGS), and (G)n to more rigid linkers of the form (EAAAK)n,
(SGGS), SGSETPGTSESATPES (see, e.g., Guilinger JP, Thompson DB, Liu DR. Fusion of
catalytically inactive Cas9 to FoklI nuclease improves the specificity of genome modification.
Nat. Biotechnol. 2014; 32(6): 577-82; the entire contents are incorporated herein by reference)
and (XP)u) in order to achieve the optimal length for activity for the nucleobase editor. In some
embodiments, nis 1, 2,3,4,5,6,7,8,9, 10, 11, 12, 13, 14, or 15. In some embodiments, the
linker comprises a (GGS), motif, whereinn is 1, 3, or 7. In some embodiments, the adenosine
deaminase and the Cas9 domain of any of the fusion proteins provided herein are fused via a

linker {e.g., an XTEN linker) comprising the amino acid sequence SGSETPGTSESATPES.

Cas9 complexes with guide RNAs

Some aspects of this disclosure provide complexes comprising any of the fusion proteins
provided herein, and a guide RNA (e.g., a guide that targets a SCD mutation). Any method for
linking the fusion protein domains can be employed (e.g., ranging from very flexible linkers of
the form (GGGS)n, (GGGGS)n, and (G)a to more rigid linkers of the form (EAAAK)n, (SGGS)a,
SGSETPGTSESATPES (see, e.g., Guilinger JP, Thompson DB, Liu DR. Fusion of catalytically
inactive Cas9 to Fokl nuclease improves the specificity of genome modification. Nat.
Biotechnol. 2014; 32(6): 577-82; the entire contents are incorporated herein by reference) and
(XP)n) in order to achieve the optimal length for activity for the nucleobase editor. In some
embodiments, nis 1,2, 3,4,5,6,7, 8,9 10, 11, 12, 13, 14, or 15. In some embodiments, the
linker comprises a {GGS)y motif, whereinn is 1, 3, or 7. In some embodiments, the Cas9
domain of the fusion proteins provided herein are fused via a linker comprising the amino acid
sequence SGSETPGTSESATRES.

In some embodiments, the guide nucleic acid (e.g., guide RNA) is from 15-100
nucleotides long and comprises a sequence of at least 10 contiguous nucleotides that is

complementary to a target sequence. In some embodiments, the guide RNA is 15, 16, 17, 18, 19,
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20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, or 50 nucleotides long. In some embodiments, the guide RNA comprises a
sequence of 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39, or 40 contiguous nucleotides that is complementary to a target sequence. In some
embodiments, the target sequence is a DNA sequence. In some embodiments, the target
sequence is a sequence in the genome of a bacteria, yeast, fungi, insect, plant, or animal. In some
embodiments, the target sequence is a sequence in the genome of a human. In some
embodiments, the 3’ end of the target sequence 1s immediately adjacent to a canonical PAM
sequence (NGG). In some embodiments, the 3° end of the target sequence is immediately
adjacent to a non-canonical PAM sequence (e.g., a sequence listed in Table 1 or 5’NAA-3"). In
some embodiments, the guide nucleic acid (e.g., guide RNA) is complementary to a sequence
associated with sickle cell disease (SCD).

Some aspects of this disclosure provide methods of using the fusion proteins, or
complexes provided herein. For example, some aspects of this disclosure provide methods
comprising contacting a DNA molecule with any of the fusion proteins provided herein, and
with at least one guide RNA, wherein the guide RNA 15 about 15-100 nucleotides long and
comprises a sequence of at least 10 contiguous nucleotides that 1s complementary to a target
sequence. In some embodiments, the 3’ end of the target sequence is immediately adjacent to an
AGC, GAG, TTT, GTG, or CAA sequence. In some embodiments, the 3° end of the target
sequence is immediately adjacent to an NGA, NGCG, NGN, NNGRRT, NNNRRT, NGCG,
NGCN, NGTN, NGTN, NGTN, or 5" (TTTV) sequence.

It will be understood that the numbering of the specific positions or residues in the
respective sequences depends on the particular protein and numbering scheme used. Numbering
might be different, e.g., in precursors of a mature protein and the mature protein itself, and
differences in sequences from species to species may affect numbering. One of skill in the art
will be able to identify the respective residue in any homologous protein and in the respective
encoding nucleic acid by methods well known in the art, e.g., by sequence alignment and
determination of homologous residues.

It will be apparent to those of skill in the art that in order to target any of the fusion
proteins disclosed herein, to a target site, e.g., a site comprising a mutation to be edited, it is
typically necessary to co-express the fusion protein together with a guide RNA. As explained in
more detail elsewhere herein, a guide RNA typically comprises a tractrRNA framework allowing
for Cas9 binding, and a guide sequence, which confers sequence specificity to the Cas9:nucleic
acid editing enzyme/domain fusion protein. Alternatively, the guide RNA and tracrRNA may be

provided separately, as two nucleic acid molecules. In some embodiments, the guide RNA
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comprises a structure, wherein the guide sequence comprises a sequence that is complementary
to the target sequence. The guide sequence is typically 20 nucleotides long. The sequences of
suitable guide RNAs for targeting Cas9:nucleic acid editing enzyme/domain fusion proteins to
specific genomic target sites will be apparent to those of skill in the art based on the instant
disclosure. Such suitable guide RNA sequences typically comprise guide sequences that are
complementary to a nucleic sequence within 50 nucleotides upstream or downstream of the
target nucleotide to be edited. Some exemplary guide RNA sequences suitable for targeting any

of the provided fusion proteins to specific target sequences are provided herein.

Cas12 complexes with guide RNAs

Some aspects of this disclosure provide complexes comprising any of the fusion proteins
provided herein, and a guide RNA (e.g., a guide that targets a target polynucleotide for editing).

In some embodiments, the guide nucleic acid (e.g., guide RNA) is from 15-100
nucleotides long and comprises a sequence of at least 10 contiguous nucleotides that is
complementary to a target sequence. In some embodiments, the guide RNA is 15, 16, 17, 18, 19,
20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, or 50 nucleotides long. In some embodiments, the guide RNA comprises a
sequence of 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39, or 40 contiguous nucleotides that is complementary to a target sequence. In some
embodiments, the target sequence is a DNA sequence. In some embodiments, the target
sequence is a sequence in the genome of a bacteria, yeast, fungi, insect, plant, or animal. In
some embodiments, the target sequence is a sequence in the genome of a human. In some
embodiments, the 3’ end of the target sequence 1s immediately adjacent to a canonical PAM
sequence. In some embodiments, the 3” end of the target sequence is immediately adjacent to a
non-canonical PAM sequence.

Some aspects of this disclosure provide methods of using the fusion proteins, or
complexes provided herein. For example, some aspects of this disclosure provide methods
comprising contacting a DNA molecule with any of the fusion proteins provided herein, and
with at least one guide RNA, wherein the guide RNA is about 15-100 nucleotides long and
comprises a sequence of at least 10 contiguous nucleotides that 1s complementary to a target
sequence. In some embodiments, the 3" end of the target sequence is immediately adjacent to an
eg, TTN, DTTN, GTTN, ATTN, ATTC, DTTNT, WTTN, HATY, TTIN, TTTV, TTTC, TG,
RTR, or YTN PAM site.

It will be understood that the numbering of the specific positions or residues in the

respective sequences depends on the particular protein and numbering scheme used. Numbering
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might be different, e.g., in precursors of a mature protein and the mature protein itself, and
differences in sequences from species to species may affect numbering. One of skill in the art
will be able to identify the respective residue in any homologous protein and in the respective
encoding nucleic acid by methods well known in the art, e.g., by sequence alignment and
determination of homologous residues.

It will be apparent to those of skill in the art that in order to target any of the fusion
proteins disclosed herein, to a target site, e.g., a site comprising a mutation to be edited, it is
typically necessary to co-express the fusion protein together with a guide RNA. As explained in
more detail elsewhere herein, a guide RNA typically comprises a tractRNA framework allowing
for Cas12 binding, and a guide sequence, which confers sequence specificity to the
Casl2:nucleic acid editing enzyme/domain fusion protein. Alternatively, the guide RNA and
tracrRNA may be provided separately, as two nucleic acid molecules. In some embodiments,
the guide RNA comprises a structure, wherein the guide sequence comprises a sequence that is
complementary to the target sequence. The guide sequence is typically 20 nucleotides long.
The sequences of suitable guide RNAs for targeting Cas12:nucleic acid editing enzyme/domain
fusion proteins to specific genomic target sites will be apparent to those of skill in the art based
on the instant disclosure. Such suitable guide RNA sequences typically comprise guide
sequences that are complementary to a nucleic sequence within 50 nucleotides upstream or
downstream of the target nucleotide to be edited. Some exemplary guide RNA sequences
suitable for targeting any of the provided fusion proteins to specific target sequences are
provided herein.

The domains of the base editor disclosed herein can be arranged in any order as long as
the deaminase domain is internalized in the Cas12 protein. Non-limiting examples of a base
editor comprising a fusion protein comprising e.g., a Cas12 domain and a deaminase domain can
be arranged as follows:

NH2-[Cas12 domain]-Linker1-[ABE8]-Linker2-[Cas12 domain]-COOH,

NH2-[Cas12 domain]-Linker1-[ABE8]-[Cas12 domain]-COOH,

NH2-[Cas12 domain]-[ABE8]-Linker2-[Cas12 domain]-COOH,;

NH2-[Cas12 domain]-[ABE8]-[Cas12 domain]-COOH,

NH2-[Cas12 domain]-Linker1-[ ABE8]-Linker2-[Cas12 domain]-[inosine BER inhibitor]-
COOH;

NH2-[Cas12 domain]-Linker1-[ ABE8]-[Cas12 domain]-[inosine BER inhibitor]-COOH;
NH2-[Cas12 domain]-] ABE8]-Linker2-[Cas12 domain]-[inosine BER inhibitor]-COOH;;
NH2-[Cas12 domain]-[ABE8]-[Cas12 domain]-[inosine BER inhibitor]-COOH,
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NH2-[inosine BER inhibitor]-[Cas12 domain]-Linker1-[ ABE8]-Linker2-[Cas12 domain]-
COOH;

NH2-[inosine BER inhibitor]-[Cas12 domain]-Linkerl-[ ABE8]-[Cas12 domain]-COOH;
NH2-[inosine BER inhibitor]-[Cas12 domain]-[ ABE8]-Linker2-[Cas12 domain]-COOH,
NH2-[inosine BER inhibitor[NH2-[Cas12 domain]-[ ABE8]-[Cas12 domain]-COOH;

Additionally, in some cases, a Gam protein can be fused to an N terminus of a base
editor. In some cases, a Gam protein ¢an be fused to a C terminus of a base editor. The Gam
protein of bacteriophage Mu can bind to the ends of double strand breaks (DSBs) and protect
them from degradation. In some embodiments, using Gam to bind the free ends of DSB can
reduce indel formation during the process of base editing. In some embodiments, 174-residue
(Gam protein is fused to the N terminus of the base editors. See. Komor, A.C, et al., “Improved
base excision repair inhibition and bacteriophage Mu Gam protein yields C:G-to-T: A base
editors with higher efficiency and product purity” Science Advances 3:eaao4774 (2017). In
some cases, a mutation or mutations can change the length of a base editor domain relative to a
wild type domain. For example, a deletion of at least one amino acid in at least one domain can
reduce the length of the base editor. In another case, a mutation or mutations do not change the
length of a domain relative to a wild type domain. For example, substitution(s) in any domain
does/do not change the length of the base editor

In some embodiments, the base editing fusion proteins provided herein need to be
positioned at a precise location, for example, where a target base is placed within a defined
region (e.g., a “deamination window”). In some cases, a target can be within a 4-base region. In
some cases, such a defined target region can be approximately 15 bases upstream of the PAM.
See Komor, A.C., et al., “Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage” Nature 533, 420-424 (2016), Gaudelli, N.\M, et al.,
“Programmable base editing of AT to G+C in genomic DNA without DNA cleavage” Nature
551, 464-471 (2017), and Komor, A.C., et al., “Improved base excision repair inhibition and
bacteriophage Mu Gam protein yields C:G-to-T: A base editors with higher efficiency and
product purity” Science Advances 3:eaao4774 (2017), the entire contents of which are hereby
incorporated by reference.

A defined target region can be a deamination window. A deamination window can be
the defined region in which a base editor acts upon and deaminates a target nucleotide. In some
embodiments, the deamination window is withina 2, 3, 4, 5, 6, 7, 8, 9, or 10 base regions. In
some embodiments, the deamination window 15 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, or 25 bases upstream of the PAM.
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The base editors of the present disclosure can comprise any domain, feature or amino
acid sequence which facilitates the editing of a target polynucleotide sequence. For example, in
some embodiments, the base editor comprises a nuclear localization sequence (NLS). In some
embodiments, an NLS of the base editor is localized between a deaminase domain and a
napDNAbp domain. In some embodiments, an NLS of the base editor is localized C-terminal to
a napDNAbp domain.

Protein domains included in the fusion protein can be a heterologous functional domain.
Non-limiting examples of protein domains which can be included in the fusion protein include a
deaminase domain (e.g., adenosine deaminase), a uracil glycosylase inhibitor (UGI) domain,
epitope tags, and reporter gene sequences. Protein domains can be a heterologous functional
domain, for example, having one or more of the following activities: transcriptional activation
activity, transcriptional repression activity, transcription release factor activity, gene silencing
activity, chromatin modifying activity, epigenetic modifying activity, histone modification
activity, RNA cleavage activity, and nucleic acid binding activity. Such heterologous functional
domains can confer a function activity, such as modification of a target polypeptide associated
with target DNA (e.g., a histone, a DNA binding protein, etc.), leading to, for example, histone
methylation, histone acetylation, histone ubiquitination, and the like. Other functions and/or
activities conferred can include transposase activity, integrase activity, recombinase activity,
ligase activity, ubiquitin ligase activity, deubiquitinating activity, adenylation activity,
deadenylation activity, SUMOvylation activity, deSUMOylation activity, or any combination of
the above.

A domain may be detected or labeled with an epitope tag, a reporter protein, other
binding domains. Non-limiting examples of epitope tags include histidine (His) tags, V5 tags,
FLAG tags, influenza hemagglutinin (HA) tags, Myc tags, VSV-G tags, and thioredoxin (Trx)
tags. Examples of reporter genes include, but are not limited to, glutathione-5-transferase (GST),
horseradish peroxidase (HRP), chloramphenicol acetyltransferase (CAT) beta-galactosidase,
beta-glucuronidase, luciferase, green fluorescent protein (GFP), HcRed, DsRed, cyan
fluorescent protein (CFP), yellow fluorescent protein (YFP), and autofluorescent proteins
including blue fluorescent protein (BFP). Additional protein sequences can include amino acid
sequences that bind DNA molecules or bind other cellular molecules, including but not limited
to maltose binding protein (MBP), S-tag, Lex A DNA binding domain (DBD) fusions, GAL4
DNA binding domain fusions, and herpes simplex virus (HSV) BP16 protein fusions.

In some embodiments, BhCas12b guide polynucleotide has the following sequence
(where the T’s are replaced by uridines (U’s) in the actual gRNA):

BhCas12b sgRNA scaffold (underlined) + 20nt to 23nt guide sequence (denoted by Nn)
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SGTTCTGTCTTTTGGTCAGGACAACCGTCTAGCTATAAGTGCTGCAGGGTGTGAGA

AACTCCTATTGCTGGACGATGTCTCTTACGAGGCATTAGCACNNNNNNNNNNNNNN
NNNNNN-3’

In some embodiments, BvCas12b and AaCas12b guide polynucleotides have the
following sequences (where the T’s are replaced by uridines (U’s) in the actual gRNA):
BvCas12b sgRNA scaffold (underlined) + 20nt to 23nt guide sequence {(denoted by Nu)

S GACCTATAGGGTCAATGAATCTGTGCGTGTGCCATAAGTAATTAAAAATTACCCA
CCACAGGAGCACCTGAAAACAGGTGCTTGGCACNNNNNNNNNNNNNNNNNNNN-3’
AaCas12b sgRNA scaffold (underlined) + 20nt to 23nt guide sequence (denoted by Nn)

S GTCTAAAGGACAGAATTTTTCAACGGGTGTGCCAATGGCCACTTTCCAGGTGGCA
AAGCCCGTTGAACTTCTCAAAAAGAACGATCTGAGAAGTGGCACNNNNNNNNNNN
NNNNNNNNN-3’

Methods of using fusion proteins comprising adenosine deaminase variant and a Cas9
domain

Some aspects of this disclosure provide methods of using the fusion proteins, or
complexes provided herein. For example, some aspects of this disclosure provide methods
comprising contacting a DNA molecule encoding a mutant form of HBG with any of the fusion
proteins provided herein, and with at least one guide RNA, wherein the guide RNA is about 15-
100 nucleotides long and comprises a sequence of at least 10 contiguous nucleotides that is
complementary to a target sequence. In some embodiments, the 3* end of the target sequence is
immediately adjacent to a canonical PAM sequence (NGG). In some embodiments, the 3’ end
of the target sequence is not immediately adjacent to a canonical PAM sequence (NGG). In
some embodiments, the 3’ end of the target sequence 1s immecdhately adjacent to an AGC, GAG,
TTT, GTG, or CAA sequence. In some embodiments, the 3" end of the target sequence is
immediately adjacent to an NGA, NGCG, NGN, NNGRRT, NNNRRT, NGCG, NGCN, NGTN,
NGTN, NGTN, or 5’ (TTTV) sequence.

It will be understood that the numbering of the specific positions or residues in the
respective sequences depends on the particular protein and numbering scheme used. Numbering
might be different, e.g., in precursors of a mature protein and the mature protein itself, and
differences in sequences from species to species may affect numbering. One of skill in the art
will be able to identify the respective residue in any homologous protein and in the respective
encoding nucleic acid by methods well known in the art, e.g., by sequence alignment and

determination of homologous residues.
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It will be apparent to those of skill in the art that in order to target any of the fusion
proteins comprising a Cas9 domain and an adenosine deaminase variant (e.g., ABES), as
disclosed herein, to a target site, e.g., a site comprising a mutation to be edited, it is typically
necessary to co-express the fusion protein together with a guide RNA, e.g., an sgRNA. As
explained in more detail elsewhere herein, a guide RNA typically comprises a tractRNA
framework allowing for Cas9 binding, and a guide sequence, which confers sequence specificity
to the Cas9:nuclei¢ acid editing enzyme/domain fusion protein. Alternatively, the guide RNA
and tracrRNA may be provided separately, as two nucleic acid molecules. In some
embodiments, the guide RNA comprises a structure, wherein the guide sequence comprises a
sequence that 1s complementary to the target sequence. The guide sequence is typically 20
nucleotides long. The sequences of suitable guide RNAs for targeting Cas9:nucleic acid editing
enzyme/domain fusion proteins to specific genomic target sites will be apparent to those of skill
in the art based on the instant disclosure. Such suitable guide RNA sequences typically
comprise guide sequences that are complementary to a nucleic sequence within 50 nucleotides
upstream or downstream of the target nucleotide to be edited. Some exemplary guide RNA
sequences suitable for targeting any of the provided fusion proteins to specific target sequences

are provided herein.

Base Editor Efficiency

CRISPR-Cas9 nucleases have been widely used to mediate targeted genome editing. In
most genome editing applications, Cas9 forms a complex with a guide polynucleotide {(e.g.,
single guide RNA (sgRNA)) and induces a double-stranded DNA break (DSB) at the target site
specified by the sgRNA sequence. Cells primarily respond to this DSB through the non-
homologous end-joining (NHEJ) repair pathway, which results in stochastic insertions or
deletions (indels) that can cause frameshift mutations that disrupt the gene. In the presence of a
donor DNA template with a high degree of homology to the sequences flanking the DSB, gene
correction can be achieved through an alternative pathway known as homology directed repair
(HDR). Unfortunately, under most non-perturbative conditions, HDR is inefficient, dependent
on cell state and cell type, and dominated by a larger frequency of indels. As most of the known
genetic variations associated with human disease are point mutations, methods that can more
efficiently and cleanly make precise point mutations are needed. Base editing systems as
provided herein provide a new way to provide genome editing without generating double-strand
DNA breaks, without requiring a donor DNA template, and without inducing an excess of

stochastic insertions and deletions.
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The fusion proteins of the invention advantageously modify a specific nucleotide base
encoding a H comprising a mutation without generating a significant proportion of indels. An
“indel,” as used herein, refers to the insertion or deletion of a nucleotide base within a nucleic
acid. Such insertions or deletions can lead to frame shift mutations within a coding region of a
gene. In some embodiments, it is desirable to generate base editors that efficiently modify {(e.g.
mutate) a specific nucleotide within a nucleic acid, without generating a large number of
insertions or deletions (i.e., indels) in the nucleic acid. In certain embodiments, any of the base
editors provided herein are capable of generating a greater proportion of intended modifications
(e.g., mutations) versus indels.

In some embodiments, any of base editor systems provided herein result in less than
50%, less than 40%, less than 30%, less than 20%, less than 19%, less than 18%, less than 17%,
less than 16%, less than 15%, less than 14%, less than 13%, less than 12%, less than 11%, less
than 10%, less than 9%, less than 8%, less than 7%, less than 6%, less than 5%, less than 4%,
less than 3%, less than 2%, less than 1%, less than 0.9%, less than 0.8%, less than 0.7%, less
than 0.6%, less than 0.5%, less than 0.4%, less than 0.3%, less than 0.2%, less than 0.1%, less
than 0.09%, less than 0.08%, less than 0.07%, less than 0. 06%, less than 0.05%, less than
0.04%, less than 0.03%, less than 0.02%, or less than 0.01% indel formation in the target
polynucleotide sequence.

Some aspects of the disclosure are based on the recognition that any of the base editors
provided herein are capable of efficiently generating an intended mutation, such as a point
mutation, in a nucleic acid (e.g., a nucleic acid within a genome of a subject) without generating
a significant number of unintended mutations, such as unintended point mutations. In some
embodiments, any of the base editors provided herein are capable of generating at least 0.01% of
intended mutations (7.e. at least 0.01% base editing efficiency). In some embodiments, any of
the base editors provided herein are capable of generating at least 0.01%, 1%, 2%, 3%, 4%, 5%,
10%, 15%, 20%, 25%, 30%, 40%, 45%, 50%, 60%, 70%, 80%, 90%, 95%, or 99% of intended
mutations.

In some embodiments, the base editors provided herein are capable of generating a ratio
of intended mutations to indels that is greater than 1:1. In some embodiments, the base editors
provided herein are capable of generating a ratio of intended mutations to indels that is at least
1.5:1, at least 2:1, at least 2.5:1, at least 3:1, at least 3.5:1, at least 4:1, at least 4.5:1, at least 5:1,
at least 5.5:1, at least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at least 8:1, at least 10:1, at
least 12:1, at least 15:1, at least 20:1, at least 25:1, at least 30:1, at least 40:1, at least 50:1, at
least 100:1, at least 200:1, at least 300:1, at least 400:1, at least 5001, at least 600:1, at least

700:1, at least 800:1, at least 900:1, or at least 1000:1, or more.
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The number of intended mutations and indels can be determined using any suitable
method, for example, as described in International PCT Application Nos. PCT/2017/045381
(W02018/027078) and PCT/US2016/058344 (W02017/070632); Komor, AC., etal.,
“Programmable editing of a target base in genomic DNA without double-stranded DNA
cleavage” Nature 533, 420-424 (2016); Gaudelli, N M., et al., “Programmable base editing of
AsT to G+C in genomic DNA without DNA cleavage” Nature 551, 464-471 (2017); and Komor,
A C, et al., “Improved base excision repair inhibition and bacteriophage Mu Gam protein yields
C:G-to-T: A base editors with higher efficiency and product purity” Science Advances
3:eaa04774 (2017); the entire contents of which are hereby incorporated by reference.

In some embodiments, to calculate indel frequencies, sequencing reads are scanned for
exact matches to two 10-bp sequences that flank both sides of a window in which indels can
occur. If no exact matches are located, the read 1s excluded from analysis. If the length of this
indel window exactly matches the reference sequence the read is classified as not containing an
indel. If the indel window 1s two or more bases longer or shorter than the reference sequence,
then the sequencing read is classified as an insertion or deletion, respectively. In some
embodiments, the base editors provided herein can limit formation of indels in a region of a
nucleic acid. In some embodiments, the region is at a nucleotide targeted by a base editor or a
region within 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleotides of a nucleotide targeted by a base editor.

The number of indels formed at a target nucleotide region can depend on the amount of
time a nucleic acid (e.g., a nucleic acid within the genome of a cell) 1s exposed to a base editor.
In some embodiments, the number or proportion of indels is determined after at least 1 hour, at
least 2 hours, at least 6 hours, at least 12 hours, at least 24 hours, at least 36 hours, at least 48
hours, at least 3 days, at least 4 days, at least 5 days, at least 7 days, at least 10 days, or at least
14 days of exposing the target nucleotide sequence (e.g., a nucleic acid within the genome of a
cell} to a base editor. It should be appreciated that the characteristics of the base editors as
described herein can be applied to any of the fusion proteins, or methods of using the fusion
proteins provided herein,

In some embodiments, the base editors provided herein are capable of limiting formation
of indels in a region of a nucleic acid. In some embodiments, the region is at a nucleotide
targeted by a base editor or a region within 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleotides of a nucleotide
targeted by a base editor. In some embodiments, any of the base editors provided herein are
capable of limiting the formation of indels at a region of a nucleic acid to less than 1%, less than
1.5%, less than 2%, less than 2.5%, less than 3%, less than 3.5%, less than 4%, less than 4.5%,
less than 5%, less than 6%, less than 7%, less than 8%, less than 9%, less than 10%, less than

12%, less than 15%, or less than 20%. The number of indels formed at a nucleic acid region
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may depend on the amount of time a nucleic acid (e.g., a nucleic acid within the genome of a
cell) is exposed to a base editor. In some embodiments, any number or proportion of indels is
determined after at least 1 hour, at least 2 hours, at least 6 hours, at least 12 hours, at least 24
hours, at least 36 hours, at least 48 hours, at least 3 days, at least 4 days, at least 5 days, at least 7
days, at least 10 days, or at least 14 days of exposing a nucleic acid (e.g., a nucleic acid within
the genome of a cell) to a base editor,

Some aspects of the disclosure are based on the recognition that any of the base editors
provided herein are capable of efficiently generating an intended mutation in a nucleic acid (e.g.
a nucleic acid within a genome of a subject) without generating a significant number of
unintended mutations. In some embodiments, an intended mutation is a mutation that is
generated by a specific base editor bound to a gRNA, specifically designed to alter or correct a
HBG mutation. In some embodiments, any of the base editors provided herein are capable of
generating a ratio of intended mutations to unintended mutations (e.g., intended
mutations:unintended mutations) that is greater than 1:1. In some embodiments, any of the base
editors provided herein are capable of generating a ratio of intended mutations to unintended
mutations that is at least 1.5:1, at least 2:1, at least 2.5:1, at least 3:1, at least 3.5:1, at least 4:1,
atleast 4.5:1, at least 5:1, at least 5.5:1, at least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at
least 8:1, at least 10:1, at least 12:1, at least 15:1, at least 20:1, at least 25:1, at least 30:1, at least
40:1, at least 50:1, at least 100:1, at least 150:1, at least 200:1, at least 250:1, at least 500:1, or at
least 1000:1, or more. It should be appreciated that the characteristics of the base editors
described herein may be applied to any of the fusion proteins, or methods of using the fusion

proteins provided herein.

Multiplex Editing

In some embodiments, the base editor system provided herein is capable of multiplex
editing of a plurality of nucleobase pairs in one or more genes. In some embodiments, the
plurality of nucleobase pairs is located in the same gene. In some embodiments, the plurality of
nucleobase pairs is located in one or more gene, wherein at least one gene is located in a
different locus. In some embodiments, the multiplex editing can comprise one or more guide
polynucleotides. In some embodiments, the multiplex editing can comprise one or more base
editor system. In some embodiments, the multiplex editing can comprise one or more base
editor systems with a single guide polynucleotide. In some embodiments, the multiplex editing
can comprise one or more base editor systems with a plurality of guide polynucleotides. In
some embodiments, the multiplex editing can comprise one or more guide polynucleotide with a

single base editor system. In some embodiments, the multiplex editing can comprise at least one
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guide polynucleotide that does not require a PAM sequence to target binding to a target
polynucleotide sequence. In some embodiments, the multiplex editing can comprise at least one
guide polynucleotide that requires a PAM sequence to target binding to a target polynucleotide
sequence. In some embodiments, the multiplex editing can comprise a mix of at least one guide
polynucleotide that does not require a PAM sequence to target binding to a target polynucleotide
sequence and at least one guide polynucleotide that require a PAM sequence to target binding to
a target polynucleotide sequence. It should be appreciated that the characteristics of the
multiplex editing using any of the base editors as described herein can be applied to any of
combination of the methods of using any of the base editor provided herein. It should also be
appreciated that the multiplex editing using any of the base editors as described herein can
comprise a sequential editing of a plurality of nucleobase pairs.

In some embodiments, the plurality of nucleobase pairs is in one more genes. In some
embodiments, the plurality of nucleobase pairs is in the same gene. In some embodiments, at
least one gene in the one more genes is located in a different locus.

In some embodiments, the editing 1s editing of the plurality of nucleobase pairs in at least
one protein coding region. In some embodiments, the editing is editing of the plurality of
nucleobase pairs in at least one protein non-coding region. In some embodiments, the editing is
editing of the plurality of nucleobase pairs in at least one protein coding region and at least one
protein non-coding region.

In some embodiments, the editing is in conjunction with one or more guide
polynucleotides. In some embodiments, the base editor system can comprise one or more base
editor system. In some embodiments, the base editor system can comprise one or more base
editor systems in conjunction with a single guide polynucleotide. In some embodiments, the
base editor system can comprise one or more base editor system in conjunction with a plurality
of guide polynucleotides. In some embodiments, the editing is in conjunction with one or more
guide polynucleotide with a single base editor system. In some embodiments, the editing is in
conjunction with at least one guide polynucleotide that does not require a PAM sequence to
target binding to a target polynucleotide sequence. In some embodiments, the editing is in
conjunction with at least one guide polynucleotide that require a PAM sequence to target
binding to a target polynucleotide sequence. In some embodiments, the editing is in conjunction
with a mix of at least one guide polynucleotide that does not require a PAM sequence to target
binding to a target polynucleotide sequence and at least one guide polynucleotide that require a
PAM sequence to target binding to a target polynucleotide sequence. It should be appreciated
that the characteristics of the multiplex editing using any of the base editors as described herein

can be applied to any of combination of the methods of using any of the base editors provided
231



WO 2020/168133 PCT/US2020/018193

herein. It should also be appreciated that the editing can comprise a sequential editing of a

plurality of nucleobase pairs.
Introduction of gene edits for treating sickle cell disease

Exemplary guide RNA spacer sequences and nucleobase changes are provided in Table
10 below.

232



WO 2020/168133

PCT/US2020/018193

Table 10, Introduction of Gene Regulator Edits

Nucleotide Base
Gene gRNA Spacer Sequence PAM
change Editor
HBGI?2 ¢. =198 T>C ABE GUGGGGAAGGGGCCCCCAAG AGG
HBGI?2 ¢. =198 T>C ABE AUUGAGAUAGUGUGGGGAAG GGG
HBGI?2 c. -198 T=C ABE CAUUGAGAUAGUGUGGGGAA GGG
HBGI?2 c. -198 T=C ABE GCAUUGAGAUAGUGUGGGGA AGG
HBGI?2 c. -198 T=C ABE GUGGGGAAGGGGCCCCCAAG AGG
CBE
c -114 ~-102
HBGI?2 and/or | GCUAUUGGUCAAGGCAAGGC TGG
deletion
ABE
CBE
c. =114 ~ =102
HBGI?2 _ and/or | CAAGGCUAUUGGUCAAGGCA AGG
deletion
ABE
CBE
c -114 ~-102
HBGI?2 and/or | CUUGUCAAGGCUAUUGGUCA AGG
deletion
ABE
CBE
c -114 ~-102
HBGI?2 and/or | CUUGACCAAUAGCCUUGACA AGG
deletion
ABE
CBE
c. =114 ~ -102
HBGI?2 and/or | GUUUGCCUUGUCAAGGCUAU TGG
deletion
ABE
CBE
c -114 ~-102
HBGI?2 and/or | UGGUCAAGUUUGCCUUGUCA AGG
deletion
ABE
HBGI?2 ¢. =198 T>C ABE UGGGGAAGGGGCCCCCAAGA GGA
HBGI?2 ¢. =198 T>C ABE GUGUGGGGAAGGGGCCCCCA AGA
HBGI?2 c. =175 T>C ABE UCAGACAGAUAUUUGCAUUG AGA
HBGI?2 ¢ -175 T=C ABE UUUCAGACAGAUAUUUGCAU TGA
CBE
c -114 ~-102
HBGI?2 and/or | CUUGCCUUGACCAAUAGCCU TGA
deletion
ABE
CBE
c. =114 ~ -102
HBGI?2 _ and/or | UAGCCUUGACAAGGCAAACU TGA
deletion ABE
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CBE
¢.-90 BCL11A
HBGI1/2 o and/or | CAAACUUGACCAAUAGUCUU AGA
binding
ABE
HBGI2 ¢ -198 T>C ABE UGUGGGGAAGGGGCCCCCAA GAGGAT
¢. =202 C>T, -201
CBE
C>T, -198 T>C, -
HBGI2 and/or | GGGCCCCUUCCCCACACUAU CTCAAT
197 C>T, -196
ABE
C>T, -195 C>G
HBGI1/2 ¢. =175 T>C ABE CAGACAGAUAUUUGCAUUGA GATAGT
HBGI1/2 ¢. =175 T>C ABE UUUCAGACAGAUAUUUGCAU TGAGAT
CBE
¢ -114 ~-102
HBGI1/2 _ and/or | GCCUUGACAAGGCAAACUUG ACCAAT
deletion
ABE
CBE
c -114 ~-102
HBGI2 and/or | UUGACAAGGCAAACUUGACC AATAGT
deletion
ABE
CBE
¢.-90 BCL11A
HBGI1/2 and/or | UGACCAAUAGUCUUAGAGUA TCCAGT
binding
ABE
HBGI1/2 ¢. =175 T>C ABE AGACAGAUAUUUGCAUUGAGAUA | TTT

METHODS FOR EDITING NUCLEIC ACIDS

Some aspects of the disclosure provide methods for editing a nucleic acid. In some

embodiments, the method i1s a method for editing a nucleobase of a nucleic acid molecule
encoding a HBG (e.g., a base pair of a double-stranded DNA sequence). In some embodiments,
the method comprises the steps of a) contacting a target region of a nucleic acid (e.g., a double-
stranded DNA sequence) with a complex comprising a base editor and a guide nucleic acid (e.g.,
gRNA), b) inducing strand separation of said target region, ¢) converting a first nucleobase of
said target nucleobase pair in a single strand of the target region to a second nucleobase, and d)
cutting no more than one strand of said target region using the nCas9, where a third nucleobase
complementary to the first nucleobase base is replaced by a fourth nucleobase complementary to
the second nucleobase. In some embodiments, the method results in less than 20% indel
formation in the nucleic acid. It should be appreciated that in some embodiments, step b is
omitted. In some embodiments, the method results in less than 19%, 18%, 16%, 14%, 12%,
10%, 8%, 6%, 4%, 2%, 1%, 0.5%, 0.2%, or less than 0.1% indel formation. In some
embodiments, the method further comprises replacing the second nucleobase with a fifth
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nucleobase that is complementary to the fourth nucleobase, thereby generating an intended
edited base pair (e.g., G*C to A*T). In some embodiments, at least 5% of the intended base pairs
are edited. In some embodiments, at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or 50%
of the intended base pairs are edited.

In some embodiments, the ratio of intended products to unintended products in the target
nucleotide is at least 2:1, 5:1, 10:1, 20:1, 30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1, 100:1, or
200:1, or more. In some embodiments, the ratio of intended mutation to indel formation is
greater than 1:1, 10:1, 50:1, 100:1, 500:1, or 1000:1, or more. In some embodiments, the cut
single strand (nicked strand) is hybridized to the guide nucleic acid. In some embodiments, the
cut single strand is opposite to the strand comprising the first nucleobase. In some
embodiments, the base editor comprises a dCas9 domain. In some embodiments, the base editor
protects or binds the non-edited strand. In some embodiments, the intended edited base pair is
upstream of a PAM site. In some embodiments, the intended edited base pairis 1, 2, 3, 4, 5, 6,
7,8,9,10, 11,12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides upstream of the PAM site. In
some embodiments, the intended edited base pair is downstream of a PAM site. In some
embodiments, the intended edited base pairis 1,2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, or 20 nucleotides downstream stream of the PAM site. In some embodiments, the
method does not require a canonical (e.g., NGG) PAM site. In some embodiments, the
nucleobase editor comprises a linker. In some embodiments, the linker 1s 1-25 amino acids in
length. In some embodiments, the linker 1s 5-20 amino acids in length. In some embodiments,
linkeris 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 amino acids in length. In one embodiment,
the linker 15 32 amino acids in length. In another embodiment, a “long linker” 1s at least about
60 amino acids in length. In other embodiments, the linker is between about 3-100 amino acids
in length. In some embodiments, the target region comprises a target window, wherein the
target window comprises the target nucleobase pair. In some embodiments, the target window
comprises 1-10 nucleotides. In some embodiments, the target window is 1-9, 1-8, 1-7, 1-6, 1-5,
1-4, 1-3, 1-2, or 1 nucleotides in length. In some embodiments, the target window i1s 1, 2, 3, 4,
5,6,7,8 9 10,11,12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides in length. In some
embodiments, the intended edited base pair 1s within the target window. In some embodiments,
the target window comprises the intended edited base pair. In some embodiments, the method is
performed using any of the base editors provided herein.

In some embodiments, the disclosure provides methods for editing a nucleotide (e.g.,
SNP in the gene encoding HBG). In some embodiments, the disclosure provides a method for
editing a nucleobase pair of a double-stranded DNA sequence. In some embodiments, the

method comprises a) contacting a target region of the double-stranded DNA sequence with a
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complex comprising a base editor and a guide nucleic acid (e.g., gRNA), where the target region
comprises a target nucleobase pair, b) inducing strand separation of said target region, ¢)
converting a first nucleobase of said target nucleobase pair in a single strand of the target region
to a second nucleobase, d) cutting no more than one strand of said target region, wherein a third
nucleobase complementary to the first nucleobase base is replaced by a fourth nucleobase
complementary to the second nucleobase, and the second nucleobase is replaced with a fifth
nucleobase that is complementary to the fourth nucleobase, thereby generating an intended
edited base pair, wherein the efficiency of generating the intended edited base pair is at least 5%.
It should be appreciated that in some embodiments, step b is omitted. In some embodiments, at
least 5% of the intended base pairs are edited. In some embodiments, at least 10%, 15%, 20%,
25%, 30%, 35%, 40%, 45%, or 50% of the intended base pairs are edited. In some
embodiments, the method causes less than 19%, 18%, 16%, 14%, 12%, 10%, 8%, 6%, 4%, 2%,
1%, 0.5%, 0.2%, or less than 0.1% indel formation. In some embodiments, the ratio of intended
product to unintended products at the target nucleotide is at least 2:1, 5:1, 10:1, 20:1, 30:1, 40:1,
50:1, 60:1, 70:1, 80:1, 90:1, 100:1, or 200:1, or more. In some embodiments, the ratio of
intended mutation to indel formation is greater than 1:1, 10:1, 50:1, 100:1, 500:1, or 1000:1, or
more. In some embodiments, the cut single strand is hybridized to the guide nucleic acid. In
some embodiments, the cut single strand is opposite to the strand comprising the first
nucleobase. In some embodiments, the intended edited base pair is upstream of a PAM site. In
some embodiments, the intended edited base pairis 1,2,3,4,5,6,7,8,9, 10,11, 12, 13, 14, 15,
16, 17, 18, 19, or 20 nucleotides upstream of the PAM site. In some embodiments, the intended
edited base pair is downstream of a PAM site. In some embodiments, the intended edited base
pairis 1,2,3,4,5,6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides downstream
stream of the PAM site. In some embodiments, the method does not require a canonical (e.g.,
NGG) PAM site. In some embodiments, the linker is 1-25 amino acids in length. In some
embodiments, the linker is 5-20 amino acids in length. In some embodiments, the linker is 10,
11,12, 13, 14, 15, 16, 17, 18, 19, or 20 amino acids in length. In some embodiments, the target
region comprises a target window, wherein the target window comprises the target nucleobase
pair. In some embodiments, the target window comprises 1-10 nucleotides. In some
embodiments, the target window is 1-9, 1-8, 1-7, 1-6, 1-5, 1-4, 1-3, 1-2, or | nucleotides in
length. In some embodiments, the target window is 1,2, 3, 4,5,6,7,8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, or 20 nucleotides in length. In some embodiments, the intended edited base pair
occurs within the target window. In some embodiments, the target window comprises the
intended edited base pair. In some embodiments, the nucleobase editor is any one of the base

editors provided herein.
236



10

15

20

25

30

WO 2020/168133 PCT/US2020/018193

Expression of Fusion Proteins in a Host Cell

Fusion proteins of the invention comprising an adenosine deaminase variant may be
expressed in virtually any host cell of interest, including but not limited to bacteria, yeast, fungi,
insects, plants, and animal cells using routine methods known to the skilled artisan. For
example, a DNA encoding an adenosine deaminase of the invention can be cloned by designing
suitable primers for the upstream and downstream of CDS based on the ¢cDNA sequence. The
cloned DNA may be directly, or after digestion with a restriction enzyme when desired, or after
addition of a suitable linker and/or a nuclear localization signal ligated with a DNA encoding
one or more additional components of a base editing system. The base editing system is
translated in a host cell to form a complex.

A DNA encoding a protein domain described herein can be obtained by chemically
synthesizing the DNA, or by connecting synthesized partly overlapping oligoDNA short chains
by utilizing the PCR method and the Gibson Assembly method to construct a DNA encoding the
full length thereof. The advantage of constructing a full-length DNA by chemical synthesis or a
combination of PCR method or Gibson Assembly method is that the codon to be used can be
designed in CDS full-length according to the host into which the DNA is introduced. In the
expression of a heterologous DNA, the protein expression level is expected to increase by
converting the DNA sequence thereof to a codon highly frequently used in the host organism.
As the data of codon use frequency in host to be used, for example, the genetic code use
frequency database (http://www kazusa.or jp/codon/index.html) disclosed in the home page of
Kazusa DNA Research Institute can be used, or documents showing the codon use frequency in
each host may be referred to. By reference to the obtained data and the DNA sequence to be
introduced, codons showing low use frequency in the host from among those used for the DNA
sequence may be converted to a codon coding the same amino acid and showing high use
frequency.

An expression vector containing a DNA encoding a nucleic acid sequence-recognizing
module and/or a nucleic acid base converting enzyme can be produced, for example, by linking
the DNA to the downstream of a promoter in a suitable expression vector.

As the expression vector, Escherichia coli-derived plasmids (e.g., pBR322, pBR325,
pUCI12, pUC13); Bacillus subtilis-derived plasmids (e.g., pUB110, pTP5, pC194); yeast-derived
plasmids (e.g., pSH19, pSH15); insect cell expression plasmids (e.g., pFast-Bac); ammal cell
expression plasmids (e.g., pAl-11, pXTI1, pRc¢/CMV, pRc/RSY, pcDNAI/Neo), bacteriophages

such as .lamda phage and the like, insect virus vectors such as baculovirus and the like (e.g.,
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BmNPV, AcNPV); animal virus vectors such as retrovirus, vaccinia virus, adenovirus and the
like, and the like are used.

As the promoter, any promoter appropriate for a host to be used for gene expression can
be used. In a conventional method using DSB, since the survival rate of the host cell sometimes
decreases markedly due to the toxicity, it is desirable to increase the number of cells by the start
of the induction by using an inductive promoter. However, since sufficient cell proliferation can
also be afforded by expressing the nucleic acid-modifying enzyme complex of the present
invention, a constitution promoter can also be used without limitation.

For example, when the host is an animal cell, SR alpha. promoter, SV40 promoter, LTR
promoter, CMV (cytomegalovirus) promoter, RSV (Rous sarcoma virus) promoter, MoMuLV
(Moloney mouse leukemia virus) LTR, HSV-TK (simple herpes virus thymidine kinase)
promoter and the like are used. Of these, CMV promoter, SR.alpha. promoter and the like are
preferable.

When the host is Escherichia coli, trp promoter, lac promoter, recA promoter,
lamda P _sub L promoter, lpp promoter, T7 promoter and the like are preferable.

When the host is genus Bacillus, SPO1 promoter, SPO2 promoter, penP promoter and
the like are preferable.

When the host is a yeast, Gal1/10 promoter, PHOS5 promoter, PGK promoter, GAP
promoter, ADH promoter and the like are preferable.

When the host is an insect cell, polyhedrin promoter, P10 promoter and the like are
preferable.

When the host 1s a plant cell, CaM V35S promoter, CaMV 198 promoter, NOS promoter
and the like are preferable.

As the expression vector, besides those mentioned above, one containing enhancer,
splicing signal, terminator, polyA addition signal, a selection marker such as drug resistance
gene, auxotrophic complementary gene and the like, replication origin and the like on demand
can be used.

An RNA encoding a protein domain described herein can be prepared by, for example,
transcription to mRNA in a vitro transcription system known per se by using a vector encoding
DNA encoding the above-mentioned nucleic acid sequence-recognizing module and/or a nucleic
acid base converting enzyme as a template.

A fusion protein of the invention can be intracellularly expressed by introducing an
expression vector containing a DNA encoding a nucleic acid sequence-recognizing module

and/or a nucleic acid base converting enzyme into a host cell, and culturing the host cell.
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As the host, genus Escherichia, genus Bacillus, yeast, insect cell, insect, animal cell and
the like are used.

As the genus Escherichia, Escherichia coli K12.cndot DHI1 [Proc. Natl. Acad. Sci. USA,
60, 160 (1968)], Escherichia coli IM103 [Nucleic Acids Research, 9, 309 (1981)], Escherichia
coli JA221 [Journal of Molecular Biology, 120, 517 (1978)], Escherichia coli HB101 [Journal
of Molecular Biology, 41, 459 (1969)], Escherichia coli C600 [Genetics, 39, 440 (1954)] and
the like are used.

As the genus Bacillus, Bacillus subtilis M 1114 [Gene, 24, 255 (1983)], Bacillus subtilis
207-21 [Journal of Biochemistry, 95, 87 (1984)] and the like are used.

As the yeast, Saccharomyces cerevisiae AH22, AH22R sup.-, NA87-11A, DKD-5D,
20B-12, Schizosaccharomyces pombe NCYC1913, NCYC2036, Pichia pastoris KM71 and the
like are used.

As the insect cell when the virus is AcNPV, cells of cabbage armyworm larva-derived
established line (Spodoptera frugiperda cell; St cell), MG1 cells derived from the mid-intestine
of Trichoplusia ni, High Five TM. cells derived from an egg of Trichoplusia ni, Mamestra
brassicae-derived cells, Estigmena acrea-derived cells and the like are used. When the virus is
BmNPV, cells of Bombyx mori-derived established line (Bombyx mori N ¢ell; BmN cell) and the
like are used as insect cells. As the Sf cell, for example, Sf9 cell (ATCC CRL1711), Sf21 cell
[all above, In Vivo, 13, 213-217 (1977)] and the like are used.

As the insect, for example, larva of Bombyx mori, Drosophila, cricket and the like are
used [Nature, 315, 592 (1985)].

As the amimal cell, cell lines such as monkey COS-7 cell, monkey Vero cell, Chinese
hamster ovary (CHO) cell, dhfr gene-deficient CHO cell, mouse L cell, mouse AtT-20 cell,
mouse myeloma cell, rat GH3 cell, human FL cell and the like, pluripotent stem cells such as
iPS cell, ES cell and the like of human and other mammals, and primary cultured cells prepared
from various tissues are used. Furthermore, zebrafish embryo, Xeropus oocyte and the like can
also be used.

As the plant cell, suspend cultured cells, callus, protoplast, leaf segment, root segment
and the like prepared from various plants (e.g., grain such as rice, wheat, corn and the like,
product crops such as tomato, cucumber, eggplant and the like, garden plants such as carnation,
Eustoma russellionum and the like, experiment plants such as tobacco, arabidopsis thaliana and
the like, and the like) are used.

All the above-mentioned host cells may be haploid {monoploid), or polyploid (e.g.,
diploid, triploid, tetraploid and the like). In the conventional mutation introduction methods,

mutation is, in principle, introduced into only one homologous chromosome to produce a hetero
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gene type. Therefore, desired phenotype is not expressed unless dominant mutation occurs, and
homozygosity inconveniently requires labor and time. In contrast, according to the present
invention, since mutation can be introduced into any allele on the homologous chromosome in
the genome, desired phenotype can be expressed in a single generation even in the case of
recessive mutation, which is extremely useful since the problem of the conventional method can
be solved.

An expression vector ¢an be introduced by a known method (e.g., lysozyme method,
competent method, PEG method, CaCl: coprecipitation method, electroporation method, the
microinjection method, the particle gun method, lipofection method, Agrobacterium method and
the like) according to the kind of the host.

Escherichia coli can be transformed according to the methods described in, for example,
Proc. Natl. Acad. Sci. USA, 69, 2110 (1972), Gene, 17, 107 (1982) and the like.

The genus Bacillus can be introduced into a vector according to the methods described
in, for example, Molecular & General Genetics, 168, 111 (1979) and the like.

A vyeast can be introduced into a vector according to the methods described in, for
example, Methods in Enzymology, 194, 182-187 (1991), Proc¢. Natl. Acad. Sci. USA, 75, 1929
(1978) and the like.

An insect cell and an insect can be introduced into a vector according to the methods
described in, for example, Bio/Technology, 6, 47-55 (1988) and the like.

An animal cell can be introduced into a vector according to the methods described in, for
example, Cell Engineering additional volume 8, New Cell Engineering Experiment Protocol,
263-267 (1995) (published by Shyjunsha), and Virology, 52, 456 (1973).

A cell introduced with a vector can be cultured according to a known method according
to the kind of the host.

For example, when Escherichia coli or genus Bacillus is cultured, a liquid medium is
preferable as a medium to be used for the culture. The medium preferably contains a carbon
source, nitrogen source, inorganic substance and the like necessary for the growth of the
transformant. Examples of the carbon source include glucose, dextrin, soluble starch, sucrose
and the like; examples of the nitrogen source include inorganic or organic substances such as
ammonium salts, nitrate salts, com steep liquor, peptone, casein, meat extract, soybean cake,
potato extract and the like; and examples of the inorganic substance include calcium chloride,
sodium dihydrogen phosphate, magnesium chloride and the like. The medium may contain
yeast extract, vitamins, growth promoting factor and the like. The pH of the medium is

preferably about 5- about 8.
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As a medium for culturing Escherichia coli, for example, M9 medium containing
glucose, casamino acid [Journal of Experiments in Molecular Genetics, 431-433, Cold Spring
Harbor Laboratory, New York 1972] is preferable. Where necessary, for example, agents such
as 3 beta.-indolylacrylic acid may be added to the medium to ensure an efficient function of a
promoter. Escherichia coli 1s cultured at generally about 15- about 43°C. Where necessary,
aeration and stirring may be performed.

The genus Bacillus is cultured at generally about 30- about 40°C. Where necessary,
aeration and stirring may be performed.

Examples of the medium for culturing yeast include Burkholder minimum medium
[Proc. Natl. Acad. Sci. USA, 77, 4505 (1980)], SD medium containing 0.5% casamino acid
[Proc. Natl. Acad. Sci. USA, 81, 5330 (1984)] and the like. The pH of the medium is preferably
about 5- about 8. The culture 1s performed at generally about 20°C.-about 35°C. Where
necessary, aeration and stirring may be performed.

As a medium for culturing an insect cell or insect, for example, Grace's Insect Medium
[Nature, 195, 788 (1962)] containing an additive such as inactivated 10% bovine serum and the
like as appropnate and the like are used. The pH of the medium is preferably about 6.2 to about
6.4. The culture is performed at generally about 27°C. Where necessary, aeration and stirring
may be performed.

As a medium for culturing an animal cell, for example, minimum essential medium
(MEM) containing about 5- about 20% of fetal bovine serum [Science, 122, 501 (1952)],
Dulbecco's modified Eagle medium (DMEM) [Virology, 8, 396 (1959)], RPMI 1640 medium
[The Journal of the American Medical Association, 199, 519 (1967)], 199 medium [Proceeding
of the Society for the Biological Medicine, 73, 1 (1950)] and the like are used. The pH of the
medium is preferably about 6- about 8. The culture 1s performed at generally about 30°C.-about
40°C. Where necessary, aeration and stirring may be performed.

As a medium for culturing a plant cell, for example, MS medium, LS medium, B5
medium and the like are used. The pH of the medium is preferably about 5- about 8. The culture
is performed at generally about 20°C-about 30°C. Where necessary, aeration and stirring may be
performed.

When a higher eukaryotic cell, such as animal cell, insect cell, plant cell and the like is
used as a host cell, a DNA encoding a base editing system of the present invention (e.g.,
comprising an adenosine deaminase variant) 15 introduced into a host cell under the regulation of
an inducible promoter (e.g., metallothionein promoter (induced by heavy metal ion), heat shock
protein promoter (induced by heat shock), Tet-ON/Tet-OFF system promoter (induced by

addition or removal of tetracycline or a derivative thereof), steroid-responsive promoter
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(induced by steroid hormone or a derivative thereof) etc ), the induction substance is added to
the medium (or removed from the medium) at an appropriate stage to induce expression of the
nucleic acid-modifying enzyme complex, culture is performed for a given period to carry out a
base editing and, introduction of a mutation into a target gene, transient expression of the base
editing system can be realized.

Prokaryotic cells such as Escherichia coli and the like can utilize an inducible promoter.
Examples of the inducible promoter include, but are not limited to, lac promoter {induced by
IPTG), cspA promoter (induced by cold shock), araBAD promoter (induced by arabinose) and
the like.

Alternatively, the above-mentioned inductive promoter can also be utilized as a vector
removal mechanism when higher eukaryotic cells, such as animal cell, insect cell, plant cell and
the like are used as a host cell. That is, a vector is mounted with a replication origin that
functions in a host cell, and a nucleic acid encoding a protein necessary for replication {(e.g.,
SV40 on and large T antigen, orniP and EBNA-1 etc. for animal cells), of the expression of the
nucleic acid encoding the protein is regulated by the above-mentioned inducible promoter. As a
result, while the vector 1s autonomously replicatable in the presence of an induction substance,
when the induction substance is removed, autonomous replication is not available, and the
vector naturally falls off along with cell division (autonomous replication is not possible by the

addition of tetracycline and doxycycline in Tet-OFF system vector).

DELIVERY SYSTEM
Nucleic Acid-Based Delivery of a Nucleobase Editors and gRNAs

Nucleic acids encoding nucleobase editors according to the present disclosure ¢an be
administered to subjects or delivered into cells in vifro (e.g., hematopoietic stem cells,
hematopoietic cells, embryonic stem cells, induced pluripotent stem cells (1IPSCs), organoids,
and cells 7r vivo (e.g., bone marrow) by art-known methods or as described herein. In one
embodiment, nucleobase editors are selectively delivered to cells (e.g., hematopoietic cells or
their progenitors, hematopoietic stem cells, and/or induced pluripotent stem cells). In other
embodiments, nucleic acids encoding nucleobase editors are delivered to hematopoietic cells or
their progenitors, hematopoietic stem cells, and/or induced pluripotent stem cells comprising
mutations in the beta-globin gene, HBB (e.g., HbS). Such cells can be used to assay the
functional effects of HBB editing. In one embodiment, the effect of an altered HBB 1s examined
in a red blood cell where restoration of normal red blood cell morphology indicates the presence

of functional HBB. In one embodiment, nucleobase editors can be delivered by, e.g., vectors
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(e.g., viral or non-viral vectors), non-vector-based methods (e.g., using naked DNA, DNA
complexes, lipid nanoparticles), or a combination thereof.

Nucleic acids encoding nucleobase editors can be delivered directly to cells (e.g.,
hematopoietic cells or their progenitors, hematopoietic stem cells, and/or induced pluripotent
stem cells) as naked DNA or RNA, for instance by means of transfection or electroporation, or
can be conjugated to molecules (e.g., N-acetylgalactosamine) promoting uptake by the target
cells. Nucleic acid vectors, such as the vectors described herein can also be used.

Nugcleic acid vectors can comprise one or more sequences encoding a domain of a fusion
protein described herein. A vector can also comprise a sequence encoding a signal peptide (e.g.,
for nuclear localization, nucleolar localization, or mitochondrial localization), associated with
(e.g., inserted into or fused to) a sequence coding for a protein. As one example, a nucleic acid
vectors can include a Cas9 coding sequence that includes one or more nuclear localization
sequences {(¢.g., a nuclear localization sequence from SV40), and a adenosine deaminase variant
(e.g., ABES).

The nuclei¢ acid vector can also include any suitable number of regulatory/control
elements, e.g., promoters, enhancers, introns, polyadenylation signals, Kozak consensus
sequences, or internal ribosome entry sites (IRES). These elements are well known in the art.
For hematopoietic cells suitable promoters can include [FNbeta or CD45.

Nucleic acid vectors according to this disclosure include recombinant viral vectors.
Exemplary viral vectors are set forth herein. Other viral vectors known in the art can also be
used. In addition, viral particles can be used to deliver genome editing system components in
nucleic acid and/or peptide form. For example, "empty" viral particles can be assembled to
contain any suitable cargo. Viral vectors and viral particles can also be engineered to incorporate
targeting ligands to alter target tissue specificity.

In addition to viral vectors, non-viral vectors can be used to deliver nucleic acids
encoding genome editing systems according to the present disclosure. One important category of
non-viral nucleic acid vectors are nanoparticles, which can be organic or inorganic.
Nanoparticles are well known in the art. Any suitable nanoparticle design can be used to deliver
genome editing system components or nucleic acids encoding such components. For instance,
organic {e.g. lipid and/or polymer) nanoparticles can be suitable for use as delivery vehicles in
certain embodiments of this disclosure. Exemplary lipids for use in nanoparticle formulations,

and/or gene transfer are shown in Table 11 below.

Table 11
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Lipids Used for Gene Transfer
Lipid Abbreviation Feature
1,2-Dioleoyl-sn-glycero-3-phosphatidylcholine DOPC Helper
1,2-Dioleoyl-sn-glycero-3-phosphatidylethanolamine DOPE Helper
Cholesterol Helper
N-[1-(2,3-Dioleyloxy)prophyl JN,N,N-trimethylammonium DOTMA Cationic
chloride
1,2-Dioleoyloxy-3-trimethylammonium-propane DOTAP Cationic
Dioctadecylamidoglycylspermine DOGS Cationic
N-(3-Aminopropyl)-N,N-dimethyl-2,3-bis(dodecyloxy)-1- GAP-DLRIE Cationic
propanaminium bromide
Cetyltrimethylammonium bromide CTAB Cationic
6-Lauroxyhexyl ornithinate LHON Cationic
1-(2,3-Dioleoyloxypropyl)-2,4,6-trimethylpyridinium 20c¢ Cationic
2,3-Dioleyloxy-N-[2{sperminecarboxamido-ethyl]-N,N- DOSPA Cationic
dimethyl-1-propanaminium trifluoroacetate
1,2-Dioleyl-3-trimethylammonium-propane DOPA Cationic
N-(2-Hydroxyethyl)-N,N-dimethyl-2,3-bis(tetradecyloxy)-1- MDRIE Cationic
propanaminium bromide
Dimyristooxypropyl dimethyl hydroxyethyl ammonium bromide  DMRI Cationic
3B-[N-(N',N'-Dimethylaminoethane)-carbamoyl]cholesterol DC-Chol Cationic
Bis-guanidium-tren-cholesterol BGTC Cationic
1,3-Diodeoxy-2-(6-carboxy-spermyl)-propylamide DOSPER Cationic
Dimethyloctadecylammonium bromide DDAB Cationic
Dioctadecylamidoglicylspermidin DSL Cationic
rac-[(2,3-Dioctadecyloxypropyl ) (2-hydroxyethyl)]- CLIP-1 Cationic
dimethylammonium chloride
rac-[2(2,3-Dihexadecyloxypropyl- CLIP-6 Cationic
oxymethyloxy)ethyl]trimethylammoniun bromide
Ethyldimyristoylphosphatidylcholine EDMPC Cationic
1,2-Distearyloxy-N,N-dimethyl-3-aminopropane DSDMA Cationic
1,2-Dimyristoyl-trimethylammonium propane DMTAP Cationic
0,0'-Dimyristyl-N-lysyl aspartate DMKE Cationic
1,2-Distearoyl-sn-glycero-3-ethylpho sphocholine DSEPC Cationic
N-Palmitoyl D-erythro-sphingosyl carbamoyl-spermine CCS Cationic
N-t-Butyl-NO-tetradecyl-3-tetradecylaminopropionamidine diCl4-amidine Cationic
Octadecenolyoxy[ethyl-2-heptadecenyl-3 hydroxyethyl] DOTIM Cationic
imidazolinium chloride
N1 -Cholesteryloxycarbonyl-3,7-diazanonane-1,9-diamine CDAN Cationic
2-(3-[Bis(3-amino-propyl}-amino]propylamino)-N- RPR209120 Cationic
ditetradecylcarbamoylme-ethyl-acetamide
1,2-dilinoleyloxy-3-dimethylaminopropane DLinDMA Cationic
2,2-dilinoleyl-4-dimethylaminoethyl-[ 1,3 ]-dioxolane DLin-KC2- Cationic
DMA
dilinoleyl-methyl-4-dimethylaminobutyrate DLin-MC3- Cationic
DMA
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Table 12 lists exemplary polymers for use in gene transfer and/or nanoparticle

formulations.

Table 12
Polymers Used for Gene Transfer

Polymer Abbreviation
Poly(ethylene)glycol PEG
Polyethylenimine PEI
Dithiobis (succinimidylpropionate) DSP
Dimethyl-3,3'-dithiobispropionimidate DTBP
Poly(ethylene imine)biscarbamate PEIC
Poly(L-lysine) PLL
Histidine modified PLL
Poly(N-vinylpyrrolidone) PVP
Poly(propylenimine) PPI
Poly(amidoamine) PAMAM
Poly(amidoethylenimine) SS-PAEI
Triethylenetetramine TETA
Poly(B-aminoester)
Poly(4-hydroxy-L-proline ester) PHP
Poly(allylamine)
Poly(a-[4-aminobutyl]-L-glycolic acid) PAGA
Poly(D,L-lactic-co-glycolic acid) PLGA
Poly(N-ethyl-4-vinylpyridinium bromide)
Poly(phosphazene)s PPZ
Poly(phosphoester)s PPE
Poly(phosphoramidate)s PPA
Poly(N-2-hydroxypropylmethacrylamide) pHPMA
Poly (2-(dimethylamino)ethyl methacrylate) pDMAEMA
Poly(2-aminoethyl propylene phosphate) PPE-EA
Chitosan
(Galactosylated chitosan
N-Dodacylated chitosan
Histone
Collagen
Dextran-spermine D-SPM

Table 13 summarizes delivery methods for a polynucleotide encoding a fusion protein

described herein.

Table 13
Delivery into Type of
Non-Dividing Duration of Genome Molecule
Delivery  Vector/Mode Cells Expression Integration Delivered
Physical (e.g., YES Transient  NO Nucleic Acids

electroporation,
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Delivery into Type of
Non-Dividing Duration of Genome Molecule
Delivery  Vector/Mode Cells Expression Integration Delivered
particle gun,
Calcium
Phosphate
transfection
Viral Retrovirus NO Stable YES RNA
Lentivirus YES Stable YES/NO with RNA
modification
Adenovirus YES Transient  NO DNA
Adeno- YES Stable NO DNA
Associated
Virus (AAV)
Vaccinia Virus  YES Very NO DNA
Transient
Herpes Simplex YES Stable NO DNA
Virus
Non-Viral Cationic YES Transient  Depends on Nucleic Acids
Liposomes what is and Proteins
delivered
Polymeric YES Transient  Depends on Nucleic Acids
Nanoparticles what is and Proteins
delivered
Biological Attenuated YES Transient  NO Nucleic Acids
Non-Viral Bacteria
Delivery  Engineered YES Transient ~ NO Nucleic Acids
Vehicles  Bacteriophages
Mammalian YES Transient ~ NO Nucleic Acids
Virus-like
Particles
Biological YES Transient ~ NO Nucleic Acids
liposomes:
Erythrocyte
Ghosts and
Exosomes

In another aspect, the delivery of genome editing system components or nucleic acids
encoding such components, for example, a nucleic acid binding protein such as, for example,
Cas9 or variants thereof, and a gRNA targeting a genomic nucleic acid sequence of interest, may
be accomplished by delivering a ribonucleoprotein (RNP) to cells. The RNP comprises the
nucleic acid binding protein, e¢.g., Cas9, in complex with the targeting gRNA. RNPs may be
delivered to cells using known methods, such as electroporation, nucleofection, or cationic lipid-
mediated methods, for example, as reported by Zuris, J A. et al., 2015, Nat. Biotechnology,
33(1).73-80. RNPs are advantageous for use in CRISPR base editing systems, particularly for

cells that are difficult to transfect, such as primary cells. In addition, RNPs can also alleviate
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difficulties that may occur with protein expression in cells, especially when eukaryotic
promoters, e.g., CMYV or EF1A, which may be used in CRISPR plasmids, are not well-
expressed. Advantageously, the use of RNPs does not require the delivery of foreign DNA into
cells. Moreover, because an RNP comprising a nucleic acid binding protein and gRNA complex
is degraded over time, the use of RNPs has the potential to limit off-target effects. In a manner
similar to that for plasmid-based techniques, RNPs can be used to deliver binding protein {e.g.,
Cas9 variants) and to direct homology directed repair (HDR).

A promoter used to drive base editor coding nucleic acid molecule expression can
include AAV ITR. This can be advantageous for eliminating the need for an additional
promoter element, which can take up space in the vector. The additional space freed up can be
used to drive the expression of additional elements, such as a guide nucleic acid or a selectable
marker. ITR activity is relatively weak, so it can be used to reduce potential toxicity due to over
expression of the chosen nuclease.

Any suitable promoter can be used to drive expression of the base editor and, where
appropriate, the guide nucleic acid. For ubiquitous expression, promoters that can be used
include CMV, CAG, CBh, PGK, SV40, Ferritin heavy or light chains, etc. For brain or other
CNS cell expression, suitable promoters can include: Synapsinl for all neurons, CaMKIIalpha
for excitatory neurons, GAD67 or GAD65 or VGAT for GABAergic neurons, etc. For liver cell
expression, suitable promoters include the Albumin promoter. For lung cell expression, suitable
promoters can include SP-B. For endothelial cells, suitable promoters can include ICAM. For
hematopoietic cells suitable promoters can include IFNbeta or CD45. For Osteoblasts suitable
promoters can include OG-2.

In some embodiments, a base editor of the present disclosure is of small enough size to
allow separate promoters to drive expression of the base editor and a compatible guide nucleic
acid within the same nucleic acid molecule. For instance, a vector or viral vector ¢can comprise a
first promoter operably linked to a nucleic acid encoding the base editor and a second promoter
operably linked to the guide nucleic acid.

The promoter used to drive expression of a guide nucleic acid can include: Pol 111
promoters such as U6 or H1 Use of Pol II promoter and intronic cassettes to express gRNA
Adeno Associated Virus (AAV).

In some aspects, the disclosure relates to the viral delivery of a nucleobase editor
targeting a ABB mutation using, for example, a viral vector. Exemplary viral vectors include
retroviral vectors (e.g. Maloney murine leukemia virus, MML-V), adenoviral vectors (e.g.
AD100), lentiviral vectors (HIV and FIV-based vectors), herpesvirus vectors (e¢.g. HSV-2), and

adenoc-associated viral vectors.
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Viral Vectors

A base editor described herein can therefore be delivered with viral vectors. In some
embodiments, a base editor disclosed herein can be encoded on a nucleic acid that is contained
in a viral vector. In some embodiments, one or more components of the base editor system can
be encoded on one or more viral vectors. For example, a base editor and guide nucleic acid can
be encoded on a single viral vector. In other cases, the base editor and guide nucleic acid are
encoded on different viral vectors. In either case, the base editor and guide nucleic acid can
each be operably linked to a promoter and terminator. The combination of components encoded
on a viral vector can be determined by the cargo size constraints of the chosen viral vector.

The use of RNA or DNA viral based systems for the delivery of a base editor takes
advantage of highly evolved processes for targeting a virus to specific cells in culture or in the
host and trafficking the viral payload to the nucleus or host cell genome. Viral vectors can be
administered directly to cells in culture, patients {(ir vivo), or they can be used to treat cells in
vitro, and the modified cells can optionally be administered to patients (ex vivo). Conventional
viral based systems could include retroviral, lentivirus, adenoviral, adeno-associated and herpes
simplex virus vectors for gene transfer. Integration in the host genome is possible with the
retrovirus, lentivirus, and adeno-associated virus gene transfer methods, often resulting in long
term expression of the inserted transgene. Additionally, high transduction efficiencies have
been observed in many different cell types and target tissues.

Viral vectors can include lentivirus (e.g., HIV and FIV-based vectors), Adenovirus (e.g.,
AD100), Retrovirus {e.g., Maloney murine leukemia virus, MML-V), herpesvirus vectors {e.g.,
HSV-2), and Adeno-associated viruses (AAVs), or other plasmid or viral vector types, in
particular, using formulations and doses from, for example, U.S. Patent No. 8,454,972
(formulations, doses for adenovirus), U.S. Patent No. 8,404,658 (formulations, doses for AAV)
and U.S. Patent No. 5,846,946 (formulations, doses for DNA plasmids) and from clinical trials
and publications regarding the clinical trials involving lentivirus, AAV and adenovirus. For
example, for AAV, the route of administration, formulation and dose can be as in U.S. Patent
No. 8,454,972 and as in clinical trials involving AAV. For Adenovirus, the route of
admimstration, formulation and dose can be as in U.S. Patent No. 8,404,658 and as in clinical
trials involving adenovirus. For plasmid delivery, the route of administration, formulation and
dose can be as in U.S. Patent No. 5,846,946 and as in clinical studies involving plasmids. Doses
can be based on or extrapolated to an average 70 kg individual (e.g. a male adult human), and
can be adjusted for patients, subjects, mammals of different weight and species. Frequency of

administration 1s within the ambit of the medical or veterinary practitioner (e.g., physician,
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veterinarian), depending on usual factors including the age, sex, general health, other conditions
of the patient or subject and the particular condition or symptoms being addressed. The viral
vectors can be injected into the tissue of interest. For cell-type specific base editing, the
expression of the base editor and optional guide nucleic acid can be driven by a cell-type
specific promoter.

The tropism of a retrovirus can be altered by incorporating foreign envelope proteins,
expanding the potential target population of target cells. Lentiviral vectors are retroviral vectors
that are able to transduce or infect non-dividing cells and typically produce high viral titers.
Selection of a retroviral gene transfer system would therefore depend on the target tissue.
Retroviral vectors are comprised of cis-acting long terminal repeats with packaging capacity for
up to 6-10 kb of foreign sequence. The minimum cis-acting LTRs are sufficient for replication
and packaging of the vectors, which are then used to integrate the therapeutic gene into the
target cell to provide permanent transgene expression. Widely used retroviral vectors include
those based upon murine leukemia virus (MuL V), gibbon ape leukemia virus {GaL V), Simian
Immuno deficiency virus (SIV), human immuno deficiency virus (HIV), and combinations
thereof (See, e.g., Buchscher ef al., J. Virol. 66:2731-2739 (1992); Johann et al., J. Virol.
66:1635-1640 (1992);, Sommnerfelt ez al., Virol, 176:58-59 (1990); Wilson et al., J. Virol.
63:2374-2378 (1989); Miller et al., J. Virol. 65:2220-2224 (1991); PCT/US94/05700).

Retroviral vectors, especially lentiviral vectors, can require polynucleotide sequences
smaller than a given length for efficient integration into a target cell. For example, retroviral
vectors of length greater than 9 kb can result in low viral titers compared with those of smaller
size. In some aspects, a base editor of the present disclosure is of sufficient size so as to enable
efficient packaging and delivery into a target cell via a retroviral vector. In some embodiments,
a base editor 15 of a size s0 as to allow efficient packing and delivery even when expressed
together with a guide nucleic acid and/or other components of a targetable nuclease system.

In applications where transient expression is preferred, adenoviral based systems can be
used. Adenoviral based vectors are capable of very high transduction efficiency in many cell
types and do not require cell division. With such vectors, high titer and levels of expression
have been obtained. This vector can be produced in large quantities in a relatively simple
system. Adeno-associated virus (“AAV”) vectors can also be used to transduce cells with target
nucleic acids, e.g., in the in vitro production of nucleic acids and peptides, and for ##2 vivo and ex
vivo gene therapy procedures (See, e.g., West ef al., Virology 160:38-47 (1987), U.S. Patent No.
4,797,368, WO 93/24641; Kotin, Human Gene Therapy 5:793-801 (1994); Muzyczka, J. Clin.
Invest. 94:1351 (1994). The construction of recombinant AAV vectors is described in a number

of publications, including U.S. Patent No. 5,173,414; Tratschin ef al., Mol. Cell. Biol. 5:3251-
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3260 (1985); Tratschin, ef al., Mol. Cell. Biol. 4:2072-2081 (1984); Hermonat & Muzyczka,
PNAS 81:6466-6470 (1984), and Samulski ez a/., J. Virol. 63:03822-3828 (1989).

AAYV is a small, single-stranded DNA dependent virus belonging to the parvovirus
family. The 4.7 kb wild-type (wt) AAV genome is made up of two genes that encode four
replication proteins and three capsid proteins, respectively, and 1s flanked on either side by 145-
bp inverted terminal repeats (ITRs). The virion is composed of three capsid proteins, Vpl, Vp2,
and Vp3, produced in a 1:1:10 ratio from the same open reading frame but from differential
splicing (Vpl) and alternative translational start sites {Vp2 and Vp3, respectively) Vp3 is the
most abundant subunit in the virion and participates in receptor recognition at the cell surface
defining the tropism of the virus. A phospholipase domain, which functions in viral infectivity,
has been identified in the unique N terminus of Vpl.

Similar to wt AAV, recombinant AAV (rAAV) utilizes the cis-acting 145-bp ITRs to
flank vector transgene cassettes, providing up to 4.5 kb for packaging of foreign DNA.
Subsequent to infection, rAAV can express a fusion protein of the invention and persist without
integration into the host genome by existing episomally in circular head-to-tail concatemers.
Although there are numerous examples of rAAV success using this system, in vitro and in vivo,
the limited packaging capacity has limited the use of AAV-mediated gene delivery when the
length of the coding sequence of the gene is equal or greater in size than the wt AAV genome.

Viral vectors can be selected based on the application. For example, for in vivo gene
delivery, AAV can be advantageous over other viral vectors. In some embodiments, AAV
allows low toxicity, which can be due to the purification method not requiring ultra-
centrifugation of cell particles that can activate the immune response. In some embodiments,
AAYV allows low probability of causing insertional mutagenesis because it doesn't integrate into
the host genome. Adenoviruses are commonly used as vaccines because of the strong
immunogenic response they induce. Packaging capacity of the viral vectors can limit the size of
the base editor that can be packaged into the vector.

AAYV has a packaging capacity of about 4.5 Kb or 4.75 Kb including two 145 base
inverted terminal repeats (ITRs). This means disclosed base editor as well as a promoter and
transcription terminator can fit into a single viral vector. Constructs larger than 4.5 or 4 75 Kb
can lead to significantly reduced virus production. For example, SpCas9 is quite large, the gene
itself 1s over 4.1 Kb, which makes it difficult for packing into AAV. Therefore, embodiments of
the present disclosure include utilizing a disclosed base editor which is shorter in length than
conventional base editors. In some examples, the base editors are less than 4 kb. Disclosed base
editors can be less than 4 5 kb, 4 4 kb, 43 kb, 4.2 kb, 4.1 kb, 4 kb, 3.9 kb, 3.8 kb, 3.7 kb, 3.6 kb,
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3.5kb,3.4kb,33kb,32kb,3.1kb,3kb,2.9kb,28kb, 2.7 kb, 2.6 kb, 2.5 kb, 2 kb, or 1.5 kb.
In some embodiments, the disclosed base editors are 4.5 kb or less in length.

An AAV canbe AAV1, AAV2 AAV5 or any combination thereof. One can select the
type of AAV with regard to the cells to be targeted; e.g., one can select AAV serotypes 1, 2, 5 or
a hybrid capsid AAV1, AAV2, AAVS or any combination thereof for targeting brain or
neuronal cells; and one can select AAV4 for targeting cardiac tissue. AAVS is useful for
delivery to the liver. A tabulation of certain AAV serotypes as to these cells can be found in
Grimm, D. et al, J. Virol. 82: 5887-5911 (2008)).

Lentiviruses are complex retroviruses that have the ability to infect and express their
genes in both mitotic and post-mitotic cells. The most commonly known lentivirus is the human
immunodeficiency virus (HIV), which uses the envelope glycoproteins of other viruses to target
a broad range of cell types.

Lentiviruses can be prepared as follows. After cloning pCasES10 (which contains a
lentiviral transfer plasmid backbone), HEK293FT at low passage {(p=5) were seeded in a T-75
flask to 50% confluence the day before transfection in DMEM with 10% fetal bovine serum and
without antibiotics. After 20 hours, media is changed to OptMEM (serum-free) media and
transfection was done 4 hours later. Cells are transfected with 10 pg of lentiviral transfer
plasmid (pCasES10) and the following packaging plasmids: 5 pg of pMD2.G (VSV-g
pseudotype), and 7.5 pg of psPAX2 (gag/pol/rev/tat). Transfection can be done in 4 mL
OptiMEM with a cationic lipid delivery agent (50 ul Lipofectamine 2000 and 100 ul Plus
reagent). After 6 hours, the media is changed to antibiotic-free DMEM with 10% fetal bovine
serum. These methods use serum during cell culture, but serum-free methods are preferred.

Lentivirus can be purified as follows. Viral supernatants are harvested after 48 hours.
Supernatants are first cleared of debris and filtered through a 0.45 pm low protein binding
(PVDF) filter. They are then spun in an ultracentrifuge for 2 hours at 24,000 rpm. Viral pellets
are resuspended in 50 pl of DMEM overnight at 4° C. They are then aliquoted and immediately
frozen at -80°C.

In another embodiment, minimal non-primate lentiviral vectors based on the equine
infectious anemia virus (EIAV) are also contemplated. In another embodiment,
RETINOSTAT®, an equine infectious anemia virus-based lentiviral gene therapy vector that
expresses angiostatic proteins endostatin and angiostatin that is contemplated to be delivered via
a subretinal injection. In another embodiment, use of a self-inactivating lentiviral vector is
contemplated.

Any RNA of the systems, for example a guide RNA or a base editor-encoding mRNA,

can be delivered in the form of RNA. Base editor-encoding mRNA can be generated using 77
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vitro transcription. For example, nuclease mRNA can be synthesized using a PCR cassette
containing the following elements: T7 promoter, optional kozak sequence (GCCACC), nuclease
sequence, and 3° UTR such as a 3 UTR from beta globin-polyA tail. The cassette can be used
for transcription by T7 polymerase. Guide polynucleotides (e.g., gRNA) can also be transcribed
using in vitro transcription from a cassette containing a T7 promoter, followed by the sequence
“GG”, and guide polynucleotide sequence.,

To enhance expression and reduce possible toxicity, the base editor-coding sequence
and/or the guide nucleic acid can be modified to include one or more modified nucleoside e.g.
using pseudo-U or 5-Methyl-C.

The small packaging capacity of AAV vectors makes the delivery of a number of genes
that exceed this size and/or the use of large physiological regulatory elements challenging.
These challenges can be addressed, for example, by dividing the protein(s) to be delivered into
two or more fragments, wherein the N-terminal fragment is fused to a split intein-N and the C-
terminal fragment is fused to a split intein-C. These fragments are then packaged into two or
more AAV vectors. As used herein, "intein" refers to a self-splicing protein intron {e.g.,
peptide) that ligates flanking N-terminal and C-terminal exteins (e.g., fragments to be joined).
The use of certain inteins for joining heterologous protein fragments is described, for example,
in Wood ef al., J. Biol. Chem. 289(21); 14512-9 (2014). For example, when fused to separate
protein fragments, the inteins IntN and IntC recognize each other, splice themselves out and
simultaneously ligate the flanking N- and C-terminal exteins of the protein fragments to which
they were fused, thereby reconstituting a full-length protein from the two protein fragments.
Other suitable inteins will be apparent to a person of skill in the art.

A fragment of a fusion protein of the invention can vary in length. In some embodiments,
a protein fragment ranges from 2 amino acids to about 1000 amino acids in length. In some
embodiments, a protein fragment ranges from about 5 amino acids to about 500 amino acids in
length. In some embodiments, a protein fragment ranges from about 20 amino acids to about 200
amino acids in length. In some embodiments, a protein fragment ranges from about 10 amino
acids to about 100 amino acids in length. Suitable protein fragments of other lengths will be
apparent to a person of skill in the art.

In one embodiment, dual AAV vectors are generated by splitting a large transgene
expression cassette in two separate halves (5" and 3’ ends, or head and tail), where each half of
the cassette is packaged in a single AAV vector (of <5 kb). The re-assembly of the full-length
transgene expression cassette is then achieved upon co-infection of the same cell by both dual
AAYV vectors followed by: (1) homologous recombination (HR) between 5’ and 3 genomes

(dual AAYV overlapping vectors), (2) ITR-mediated tail-to-head concatemerization of 5' and 3
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genomes (dual AAV frans-splicing vectors); or (3) a combination of these two mechanisms
(dual AAV hybrid vectors). The use of dual AAV vectors in vivo results in the expression of
full-length proteins. The use of the dual AAV vector platform represents an efficient and viable

gene transfer strategy for transgenes of >4.7 kb in size.

Inteins

In some embodiments, a portion or fragment of a nuclease {(e.g., Cas9) is fused to an
intein. The nuclease can be fused to the N-terminus or the C-terminus of the intein. In some
embodiments, a portion or fragment of a fusion protein is fused to an intein and fused to an
AAYV capsid protein. The intein, nuclease and capsid protein can be fused together in any
arrangement (e.g., nuclease-intein-capsid, intein-nuclease-capsid, capsid-intein-nuclease, etc.).
In some embodiments, the N-terminus of an intein is fused to the C-terminus of a fusion protein
and the C-terminus of the intein is fused to the N-terminus of an AAV capsid protein. Inteins
(intervening protein) are auto-processing domains found in a variety of diverse organisms,
which carry out a process known as protein splicing. Protein splicing is a multi-step
biochemical reaction comprised of both the cleavage and formation of peptide bonds. While the
endogenous substrates of protein splicing are proteins found in intein-containing organisms,
inteins can also be used to chemically manipulate virtually any polypeptide backbone.

In protein splicing, the intein excises itself out of a precursor polypeptide by cleaving
two peptide bonds, thereby ligating the flanking extein (external protein) sequences via the
formation of a new peptide bond. This rearrangement occurs post-translationally (or possibly co-
translationally). Intein-mediated protein splicing occurs spontaneously, requiring only the
folding of the intein domain.

About 5% of inteins are split inteins, which are transcribed and translated as two separate
polypeptides, the N-intein and C-intein, each fused to one extein. Upon translation, the intein
fragments spontaneously and non-covalently assemble into the canonical intein structure to carry
out protein splicing in trans. The mechanism of protein splicing entails a series of acyl-transfer
reactions that result in the cleavage of two peptide bonds at the intein-extein junctions and the
formation of a new peptide bond between the N- and C-exteins. This process is initiated by
activation of the peptide bond joining the N-extein and the N-terminus of the intein. Virtually
all inteins have a cysteine or serine at their N-terminus that attacks the carbonyl carbon of the C-
terminal N-extein residue. This N to O/S acyl-shift is facilitated by a conserved threonine and
histidine (referred to as the TXXH motif), along with a commonly found aspartate, which results
in the formation of a linear (thio)ester intermediate. Next, this intermediate is subject to trans-

(thio)esterification by nucleophilic attack of the first C-extein residue (+1), which is a cysteine,
253



10

15

20

25

30

35

WO 2020/168133

serine, or threonine. The resulting branched (thio)ester intermediate is resolved through a unique

PCT/US2020/018193

transformation: cyclization of the highly conserved C-terminal asparagine of the intein. This

process is facilitated by the histidine (found in a highly conserved HNF motif) and the

penultimate histidine and may also involve the aspartate. This succinimide formation reaction

excises the intein from the reactive complex and leaves behind the exteins attached through a

non-peptidic linkage. This structure rapidly rearranges into a stable peptide bond in an intein-

independent fashion.

In some embodiments, an N-terminal fragment of a base editor (e.g., ABE, CBE) is fused

to a split intein-N and a C-terminal fragment is fused to a split intein-C. These fragments are

then packaged into two or more AAV vectors. The use of certain inteins for joining

heterologous protein fragments is described, for example, in Wood et al., J. Biol. Chem.

289(21); 14512-9 (2014). For example, when fused to separate protein fragments, the inteins

IntN and IntC recognize each other, splice themselves out and simultaneously ligate the flanking

N- and C-terminal exteins of the protein fragments to which they were fused, thereby

reconstituting a full-length protein from the two protein fragments. Other suitable inteins will be

apparent to a person of skill in the art.

In some embodiments, an ABE was split into N- and C- terminal fragments at Ala, Ser,

Thr, or Cys residues within selected regions of SpCas9. These regions correspond to loop

regions identified by Cas9 crystal structure analysis. The N-terminus of each fragment is fused

to an intein-N and the C- terminus of each fragment is fused to an intein C at amino acid

positions S303, T310, T313, S355, A456, S460, A463, T466, S469, T472, T474, C574, 8577,

A589, and S590, which are indicated in Bold Capitals in the sequence below,
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Use of Nucleobase Editors to Target HBB Mutations

The suitability of nucleobase editors that target a /BB mutation is evaluated as described
herein. In one embodiment, a single cell of interest (e.g., hematopoietic cells or their
progenitors, hematopoietic stem cells, and/or induced pluripotent stem cells comprising a /BB
mutation) is transduced with a base editing system together with a small amount of a vector
encoding a reporter {e.g., GFP). These cells can be immortalized human cell lines, such as
293T, K562 or U20S. Alternatively, primary cells (e.g., human) may be used. Such cells may be
relevant to the eventual cell target.

Delivery may be performed using a viral vector. In one embodiment, transfection may
be performed using lipid transfection (such as Lipofectamine or Fugene) or by electroporation.
Following transfection, expression of GFP can be determined either by fluorescence microscopy
or by flow cytometry to confirm consistent and high levels of transfection. These preliminary
transfections can comprise different nucleobase editors to determine which combinations of
editors give the greatest activity.

The activity of the nucleobase editor is assessed as described herein, i.e., by sequencing
the genome of the cells to detect alterations in a target sequence. For Sanger sequencing,
purified PCR amplicons are cloned into a plasmid backbone, transformed, miniprepped and
sequenced with a single primer. Sequencing may also be performed using next generation
sequencing techniques. When using next generation sequencing, amplicons may be 300-500 bp
with the intended cut site placed asymmetrically. Following PCR, next generation sequencing
adapters and barcodes (for example Illumina multiplex adapters and indexes) may be added to
the ends of the amplicon, e.g., for use in high throughput sequencing (for example on an
Ilumina MiSeq).

The fusion proteins that induce the greatest levels of target specific alterations in initial
tests can be selected for further evaluation.

In particular embodiments, the nucleobase editors are used to target polynucleotides of
interest. In one embodiment, a nucleobase editor of the invention is delivered to cells (e.g.,

hematopoietic cells or their progenitors, hematopoietic stem cells, and/or induced pluripotent
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stem cells) in conjunction with a guide RNA that is used to target a /BB mutation within the
genome of a cell, thereby altering the HBB mutation.

The system can comprise one or more different vectors. In an aspect, the base editor is
codon optimized for expression the desired cell type, preferentially a eukaryotic cell, preferably
a mammalian cell or a human cell.

In general, codon optimization refers to a process of modifying a nucleic acid sequence
for enhanced expression in the host cells of interest by replacing at least one codon (e.g. about or
more than about 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or more codons) of the native sequence with
codons that are more frequently or most frequently used in the genes of that host cell while
maintaining the native amino acid sequence. Various species exhibit particular bias for certain
codons of a particular amino acid. Codon bias (differences in codon usage between organisms)
often correlates with the efficiency of translation of messenger RNA (mRNA), which is in turn
believed to be dependent on, among other things, the properties of the codons being translated
and the availability of particular transfer RNA (tRNA) molecules. The predominance of
selected tRNAs in a cell is generally a reflection of the codons used most frequently in peptide
synthesis. Accordingly, genes can be tailored for optimal gene expression in a given organism
based on codon optimization. Codon usage tables are readily available, for example, at the
“Codon Usage Database™ available at www kazusa.orjp/codon/ (visited Jul. 9, 2002), and these
tables can be adapted in a number of ways. See, Nakamura, Y, ¢z a/. "Codon usage tabulated
from the international DNA sequence databases: status for the year 2000" Nucl. Acids Res.
28:292 (2000). Computer algorithms for codon optimizing a particular sequence for expression
in a particular host cell are also available, such as Gene Forge (Aptagen; Jacobus, Pa ), are also
available. In some embodiments, one or more codons {e.g. 1, 2, 3, 4, 5, 10, 15, 20, 25, 50, or
more, or all codons) in a sequence encoding an engineered nuclease correspond to the most
frequently used codon for a particular amino acid.

Packaging cells are typically used to form virus particles that are capable of infecting a
host cell. Such cells include 293 cells, which package adenovirus, and psi.2 cells or PA317
cells, which package retrovirus. Viral vectors used in gene therapy are usually generated by
producing a cell line that packages a nucleic acid vector into a viral particle. The vectors
typically contain the mimimal viral sequences required for packaging and subsequent integration
into a host, other viral sequences being replaced by an expression cassette for the
polynucleotide(s) to be expressed. The missing viral functions are typically supplied in trans by
the packaging cell line. For example, AAV vectors used in gene therapy typically only possess
ITR sequences from the AAV genome which are required for packaging and integration into the

host genome. Viral DNA can be packaged in a cell line, which contains a helper plasmid
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encoding the other AAV genes, namely rep and cap, but lacking ITR sequences. The cell line
can also be infected with adenovirus as a helper. The helper virus can promote replication of the
AAYV vector and expression of AAV genes from the helper plasmid. The helper plasmid in
some cases is not packaged in significant amounts due to a lack of ITR sequences.
Contamination with adenovirus can be reduced by, e.g., heat treatment to which adenovirus 1s

more sensitive than AAV.

Pharmaceutical Compositions

Other aspects of the present disclosure relate to pharmaceutical compositions comprising
any of the base editors, fusion proteins, or the fusion protein-guide polynucleotide complexes
described herein. The term “pharmaceutical composition,” as used herein, refers to a
composition formulated for pharmaceutical use. In some embodiments, the pharmaceutical
composition further comprises a pharmaceutically acceptable carrier. In some embodiments, the
pharmaceutical composition comprises additional agents (e.g., for specific delivery, increasing
half-life, or other therapeutic compounds).

As used here, the term “pharmaceutically-acceptable carrier” means a pharmaceutically-
acceptable material, composition or vehicle, such as a liqud or solid filler, diluent, excipient,
manufacturing aid (e.g., lubricant, talc magnesium, calcium or zinc stearate, or steric acid), or
solvent encapsulating material, involved in carrying or transporting the compound from one site
(e.g., the delivery site) of the body, to another site (e.g., organ, tissue or portion of the body). A
pharmaceutically acceptable carrier is “acceptable” in the sense of being compatible with the
other ingredients of the formulation and not injurious to the tissue of the subject {(e.g.,
physiologically compatible, sterile, physiologic pH, etc.).

Some nonlimiting examples of materials which can serve as pharmaceutically-acceptable
carriers include: (1) sugars, such as lactose, glucose and sucrose; (2) starches, such as corn
starch and potato starch; (3) cellulose, and its derivatives, such as sodium carboxymethyl
cellulose, methylcellulose, ethyl cellulose, microcrystalline cellulose and cellulose acetate, (4)
powdered tragacanth; (5) malt; (6) gelatin; (7) lubricating agents, such as magnesium stearate,
sodium lauryl sulfate and talc; (8) excipients, such as cocoa butter and suppository waxes; (9)
oils, such as peanut oil, cottonseed oil, safflower oil, sesame oil, olive oil, ¢corn oil and soybean
oil; (10) glycols, such as propylene glycol; (11) polyols, such as glycerin, sorbitol, mannitol and
polyethylene glycol (PEG), (12) esters, such as ethyl oleate and ethyl laurate; (13) agar; (14)
buffering agents, such as magnesium hydroxide and aluminum hydroxide; (15) alginic acid; (16)
pyrogen-free water; (17) isotonic saline; (18) Ringer's solution; (19) ethyl alcohol; (20) pH

buffered solutions, (21) polyesters, polycarbonates and/or polyanhydrides; (22) bulking agents,
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such as polypeptides and amino acids (23) serum alcohols, such as ethanol, and (23) other non-
toxic compatible substances employed in pharmaceutical formulations. Wetting agents, coloring
agents, release agents, coating agents, sweetening agents, flavoring agents, perfuming agents,

preservative and antioxidants can also be present in the formulation. The terms such as

LTS LTS LTS

“excipient,” “carrier,” “pharmaceutically acceptable carrier,” “vehicle” or the like are used
interchangeably herein.

Pharmaceutical compositions can comprise one or more pH buffering compounds to
maintain the pH of the formulation at a predetermined level that reflects physiological pH, such
as in the range of about 5.0 to about 8.0. The pH buffering compound used in the aqueous liquid
formulation can be an amino acid or mixture of amino acids, such as histidine or a mixture of
amino acids such as histidine and glycine. Alternatively, the pH buffering compound is
preferably an agent which maintains the pH of the formulation at a predetermined level, such as
in the range of about 5.0 to about 8.0, and which does not chelate calcium ions. Illustrative
examples of such pH buffering compounds include, but are not limited to, imidazole and acetate
ions. The pH buffering compound may be present in any amount suitable to maintain the pH of
the formulation at a predetermined level.

Pharmaceutical compositions can also contain one or more osmotic modulating agents,
i.e., a compound that modulates the osmotic properties (e.g., tonicity, osmolality, and/or osmotic
pressure) of the formulation to a level that is acceptable to the blood stream and blood cells of
recipient individuals. The osmotic modulating agent can be an agent that does not chelate
calcium ions. The osmotic modulating agent can be any compound known or available to those
skilled in the art that modulates the osmotic properties of the formulation. One skilled in the art
may empirically determine the suitability of a given osmotic modulating agent for use in the
inventive formulation. Illustrative examples of suitable types of osmotic modulating agents
include, but are not limited to: salts, such as sodium chloride and sodium acetate; sugars, such as
sucrose, dextrose, and mannitol; amino acids, such as glycine, and mixtures of one or more of
these agents and/or types of agents. The osmotic modulating agent(s) may be present in any
concentration sufficient to modulate the osmotic properties of the formulation.

In some embodiments, the pharmaceutical composition is formulated for delivery to a
subject, e.g., for gene editing. Suitable routes of administrating the pharmaceutical composition
described herein include, without limitation: topical, subcutaneous, transdermal, intradermal,
intralesional, intraarticular, intraperitoneal, intravesical, transmucosal, gingival, intradental,
intracochlear, transtympanic, intraorgan, epidural, intrathecal, intramuscular, intravenous,
intravascular, intraosseus, periocular, intratumoral, intracerebral, and intracerebroventricular

administration.
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In some embodiments, the pharmaceutical composition described herein is administered
locally to a diseased site (e.g., tumor site). In some embodiments, the pharmaceutical
composition described herein is administered to a subject by injection, by means of a catheter,
by means of a suppository, or by means of an implant, the implant being of a porous, non-
porous, or gelatinous material, including a membrane, such as a sialastic membrane, or a fiber.

In other embodiments, the pharmaceutical composition described herein is delivered in a
controlled release system. In one embodiment, a pump can be used (see, e.g., Langer, 1990,
Science 249: 1527-1533; Sefton, 1989, CRC Crit. Ref. Biomed. Eng. 14:201; Buchwald et al.,
1980, Surgery 88:507, Saudek et al, 1989, N. Engl. J. Med. 321:574). In another embodiment,
polymeric materials can be used. (See, e.g., Medical Applications of Controlled Release (Langer
and Wise eds., CRC Press, Boca Raton, Fla., 1974), Controlled Drug Bioavailability, Drug
Product Design and Performance (Smolen and Ball eds., Wiley, New York, 1984); Ranger and
Peppas, 1983, Macromol. Sci. Rev. Macromol. Chem. 23:61. See also Levy et al., 1985, Science
228: 190; During et al., 1989, Ann. Neurol. 25:351; Howard et ah, 1989, J. Neurosurg. 71: 105.)
Other controlled release systems are discussed, for example, in Langer, supra.

In some embodiments, the pharmaceutical composition is formulated in accordance with
routine procedures as a composition adapted for intravenous or subcutaneous administration to a
subject, e.g., a human. In some embodiments, pharmaceutical composition for administration by
injection are solutions in sterile isotonic use as solubilizing agent and a local anesthetic such as
lignocaine to ease pain at the site of the injection. Generally, the ingredients are supplied either
separately or mixed together in unit dosage form, for example, as a dry lyophilized powder or
water free concentrate in a hermetically sealed container such as an ampoule or sachette
indicating the quantity of active agent. Where the pharmaceutical is to be admimstered by
infusion, it can be dispensed with an infusion bottle containing sterile pharmaceutical grade
water or saline. Where the pharmaceutical composition is administered by injection, an ampoule
of sterile water for injection or saline can be provided so that the ingredients can be mixed prior
to administration.

A pharmaceutical composition for systemic administration can be a liquid, e.g., sterile
saline, lactated Ringer's or Hank's solution. In addition, the pharmaceutical composition can be
in solid forms and re-dissolved or suspended immediately prior to use. Lyophilized forms are
also contemplated. The pharmaceutical composition can be contained within a lipid particle or
vesicle, such as a liposome or microcrystal, which is also suitable for parenteral administration.
The particles can be of any suitable structure, such as unilamellar or plurilamellar, so long as
compositions are contained therein. Compounds can be entrapped in “stabilized plasmid-lipid

particles” (SPLP) containing the fusogenic lipid dioleoylphosphatidylethanolamine (DOPE), low
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levels (5-10 mol%o) of cationic lipid, and stabilized by a polyethyleneglycol (PEG) coating
(Zhang Y. P. et ah, Gene Ther. 1999, 6: 1438-47). Positively charged lipids such as N-[1-(2,3-
dioleoyloxi)propyl]-N,N,N-trimethyl-amoniummethylsulfate, or “DOTARP,” are particularly
preferred for such particles and vesicles. The preparation of such lipid particles is well known.
See, e.g., U.S. Patent Nos. 4,880,635; 4,906,477, 4,911,928, 4,917,951, 4,920,016; and
4,921,757, each of which is incorporated herein by reference.

The pharmaceutical composition described herein can be administered or packaged as a
unit dose, for example. The term “unit dose” when used in reference to a pharmaceutical
composition of the present disclosure refers to physically discrete units suitable as unitary
dosage for the subject, each unit containing a predetermined quantity of active material
calculated to produce the desired therapeutic effect in association with the required diluent; i.e.,
carrier, or vehicle.

Further, the pharmaceutical composition can be provided as a pharmaceutical kit
comprising {a) a container containing a compound of the invention in lyophilized form and (b) a
second container containing a pharmaceutically acceptable diluent (e.g., sterile used for
reconstitution or dilution of the lyophilized compound of the invention. Optionally associated
with such container(s) can be a notice in the form prescribed by a governmental agency
regulating the manufacture, use or sale of pharmaceuticals or biological products, which notice
reflects approval by the agency of manufacture, use or sale for human administration.

In another aspect, an article of manufacture containing materials useful for the treatment of
the diseases described above is included. In some embodiments, the article of manufacture
comprises a container and a label. Suitable containers include, for example, bottles, vials,
syringes, and test tubes. The containers can be formed from a variety of materials such as glass
or plastic. In some embodiments, the container holds a composition that is effective for treating
a disease described herein and can have a sterile access port. For example, the container can be
an intravenous solution bag or a vial having a stopper pierceable by a hypodermic injection
needle. The active agent in the composition is a compound of the invention. In some
embodiments, the label on or associated with the container indicates that the composition is used
for treating the disease of choice. The article of manufacture can further comprise a second
container comprising a pharmaceutically-acceptable buffer, such as phosphate-buffered saline,
Ringer's solution, or dextrose solution. It can further include other materials desirable from a
commercial and user standpoint, including other buffers, diluents, filters, needles, syringes, and
package inserts with instructions for use.

In some embodiments, any of the fusion proteins, gRNAs, and/or complexes described

herein are provided as part of a pharmaceutical composition. In some embodiments, the
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pharmaceutical composition comprises any of the fusion proteins provided herein. In some
embodiments, the pharmaceutical composition comprises any of the complexes provided herein.
In some embodiments, the pharmaceutical composition comprises a ribonucleoprotein complex
comprising an RNA-guided nuclease (e.g., Cas9) that forms a complex with a gRNA and a
cationi¢ lipid. In some embodiments pharmaceutical composition comprises a gRNA, a nucleic
acid programmable DNA binding protein, a cationic lipid, and a pharmaceutically acceptable
excipient. Pharmaceutical compositions can optionally comprise one or more additional
therapeutically active substances.

In some embodiments, compositions provided herein are administered to a subject, for
example, to a human subject, in order to effect a targeted genomic modification within the
subject. In some embodiments, cells are obtained from the subject and contacted with any of the
pharmaceutical compositions provided herein. In some embodiments, cells removed from a
subject and contacted ex vivo with a pharmaceutical composition are re-introduced into the
subject, optionally after the desired genomic modification has been effected or detected in the
cells. Methods of delivering pharmaceutical compositions comprising nucleases are known, and
are described, for example, in U.S. Pat. Nos. 6,453,242; 6,503,717; 6,534,261, 6,599,692,
6,607,882, 6,689,558; 6,824,978; 6,933,113; 6,979,539, 7,013,219, and 7,163,824, the
disclosures of all of which are incorporated by reference herein in their entireties. Although the
descriptions of pharmaceutical compositions provided herein are principally directed to
pharmaceutical compositions which are suitable for administration to humans, it will be
understood by the skilled artisan that such compositions are generally suitable for administration
to animals or organisms of all sorts, for example, for veterinary use.

Modification of pharmaceutical compositions suitable for administration to humans in
order to render the compositions suitable for administration to various animals is well
understood, and the ordinarily skilled veterinary pharmacologist can design and/or perform such
modification with merely ordinary, if any, experimentation. Subjects to which administration of
the pharmaceutical compositions is contemplated include, but are not limited to, humans and/or
other primates, mammals, domesticated animals, pets, and commercially relevant mammals such
as cattle, pigs, horses, sheep, cats, dogs, mice, and/or rats; and/or birds, including commercially
relevant birds such as chickens, ducks, geese, and/or turkeys.

Formulations of the pharmaceutical compositions described herein can be prepared by
any method known or hereafter developed in the art of pharmacology. In general, such
preparatory methods include the step of bringing the active ingredient(s) into association with an
excipient and/or one or more other accessory ingredients, and then, if necessary and/or desirable,

shaping and/or packaging the product into a desired single- or multi-dose unit. Pharmaceutical
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formulations can additionally comprise a pharmaceutically acceptable excipient, which, as used
herein, includes any and all solvents, dispersion media, diluents, or other liquid vehicles,
dispersion or suspension aids, surface active agents, isotonic agents, thickening or emulsifying
agents, preservatives, solid binders, lubricants and the like, as suited to the particular dosage
form desired. Remington’s The Science and Practice of Pharmacy, 21st Edition, A. R. Gennaro
(Lippincott, Williams & Wilkins, Baltimore, MD, 2006; incorporated in its entirety herein by
reference) discloses various excipients used in formulating pharmaceutical compositions and
known techniques for the preparation thereof. See also PCT application PCT/US2010/055131
(Publication number W02011/053982 A8, filed Nov. 2, 2010), incorporated in its entirety
herein by reference, for additional suitable methods, reagents, excipients and solvents for
producing pharmaceutical compositions comprising a nuclease.

Except insofar as any conventional excipient medium is incompatible with a substance or
its derivatives, such as by producing any undesirable biological effect or otherwise interacting in
a deleterious manner with any other component(s) of the pharmaceutical composition, its use 1s
contemplated to be within the scope of this disclosure.

The compositions, as described above, can be administered in effective amounts. The
effective amount will depend upon the mode of administration, the particular condition being
treated, and the desired outcome. It may also depend upon the stage of the condition, the age
and physical condition of the subject, the nature of concurrent therapy, if any, and like factors
well-known to the medical practitioner. For therapeutic applications, it is that amount sufficient
to achieve a medically desirable result.

In some embodiments, compositions in accordance with the present disclosure ¢an be
used for treatment of any of a variety of diseases, disorders, and/or conditions. In some

embodiments the compositions can be used for treatment of SCD and symptoms thereof.

Kits

Various aspects of this disclosure provide kits comprising a base editor system. In one
embodiment, the kit comprises a nucleic acid construct comprising a nucleotide sequence
encoding a nucleobase editor fusion protein. The fusion protein comprises a deaminase (e.g.,
adenosine deaminase) and a nucleic acid programmable DNA binding protein (napDNAbp). In
some embodiments, the kit comprises at least one guide RNA capable of targeting the HBB. In
some embodiments, the kit comprises a nucleic acid construct comprising a nucleotide sequence
encoding at least one guide RNA capable of targeting the BB,

The kit provides, in some embodiments, instructions for using the kit to edit one or more

mutations (e.g., mutations in /BB). The instructions will generally include information about
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the use of the kit for editing nucleic acid molecules. In other embodiments, the instructions
include at least one of the following: precautions; warnings; clinical studies, and/or references.
The instructions may be printed directly on the container (when present), or as a label applied to
the container, or as a separate sheet, pamphlet, card, or folder supplied in or with the container.
In a further embodiment, a kit can comprise instructions in the form of a label or separate insert
(package insert) for suitable operational parameters. In yet another embodiment, the kit can
comprise one or more containers with appropriate positive and negative controls or control
samples, to be used as standard(s) for detection, calibration, or normalization. The kit can
further comprise a second container comprising a pharmaceutically-acceptable buffer, such as
(sterile) phosphate-buffered saline, Ringer's solution, or dextrose solution. It can further include
other materials desirable from a commercial and user standpoint, including other buffers,

diluents, filters, needles, syringes, and package inserts with instructions for use.

Fusion proteins with Internal Insertions

Provided herein are fusion proteins comprising a heterologous polypeptide fused to a
nucleic acid programmable nucleic acid binding protein, for example, a napDNAbp. A
heterologous polypeptide can be a polypeptide that is not found in the native or wild-type
napDNADbp polypeptide sequence. The heterologous polypeptide can be fused to the napDNAbp
at a C-terminal end of the napDNAbp, an N-terminal end of the napDNAbp, or inserted at an
internal location of the napDNAbp. In some embodiments, the heterologous polypeptide is
inserted at an internal location of the napDNAbp.

In some embodiments, the heterologous polypeptide is a deaminase or a functional
fragment thereof. For example, a fusion protein can comprise a deaminase flanked by an N-
terminal fragment and a C-terminal fragment of a Cas9 or Casl2 (e.g., Cas12b/C2cl),
polypeptide. The deaminase in a fusion protein can be an adenosine deaminase. In some
embodiments, the adenosine deaminase is a TadA (e.g., TadA7 10 or TadA*8). In some
embodiments, the TadA i1s a TadA*8. TadA sequences (e.g., TadA7.10 or TadA*8) as described
herein are suitable deaminases for the above-described fusion proteins.

The deaminase can be a circular permutant deaminase. For example, the deaminase can
be a circular permutant adenosine deaminase. In some embodiments, the deaminase is a circular
permutant TadA, circularly permutated at amino acid residue 116 as numbered in the TadA
reference sequence. In some embodiments, the deaminase is a circular permutant TadA,
circularly permutated at amino acid residue 136 as numbered in the TadA reference sequence.

In some embodiments, the deaminase is a circular permutant TadA, circularly permutated at

amino acid residue 65 as numbered in the TadA reference sequence.
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The fusion protein can comprise more than one deaminase. The fusion protein can
comprise, for example, 1, 2, 3, 4, 5 or more deaminases. In some embodiments, the fusion
protein comprises one deaminase. In some embodiments, the fusion protein comprises two
deaminases. The two or more deaminases in a fusion protein can be an adenosine deaminase.
cytidine deaminase, or a combination thereof, e.g., as described in PCT/US19/44935. The two
or more deaminases can be homodimers. The two or more deaminases ¢an be heterodimers.
The two or more deaminases can be inserted in tandem in the napDNAbp. In some
embodiments, the two or more deaminases may not be in tandem in the napDNAbp.

In some embodiments, the napDNADbp in the fusion protein is a Cas9 polypeptide or a
fragment thereof. The Cas9 polypeptide can be a variant Cas9 polypeptide. In some
embodiments, the Cas9 polypeptide is a Cas9 nickase (nCas9) polypeptide or a fragment thereof.
In some embodiments, the Cas9 polypeptide is a nuclease dead Cas9 (dCas9) polypeptide or a
fragment thereof. The Cas9 polypeptide in a fusion protein can be a full-length Cas9
polypeptide. In some cases, the Cas9 polypeptide in a fusion protein may not be a full length
Cas9 polypeptide. The Cas9 polypeptide can be truncated, for example, at a N-terminal or C-
terminal end relative to a naturally-occurring Cas9 protein. The Cas9 polypeptide can be a
circularly permuted Cas9 protein. The Cas9 polypeptide can be a fragment, a portion, or a
domain of a Cas9 polypeptide, that is still capable of binding the target polynucleotide and a
guide nucleic acid sequence.

In some embodiments, the Cas9 polypeptide is a Streptococcus pyogenes Cas9 (SpCas9),
Staphylococcus aureuns Cas9 (SaCas9), Streptococcus thermophilus 1 Cas9 (St1Cas9), or
fragments or variants thereof.

The Cas9 polypeptide of a fusion protein can comprise an amino acid sequence that is at
least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% 1dentical to a naturally-
occurring Cas9 polypeptide.

The Cas9 polypeptide of a fusion protein can comprise an amino acid sequence that is at
least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%%, at least 99%, or at least 99.5% identical to the Cas9 amino

acid sequence set forth below (called the “Cas9 reference sequence” below):
MDKKYSIGLDIGTNSVGWAVITDEYKVEPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARR

RYTRREKNRICYLOQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPI FGNIVDEVAYHEKY PTIYHLREK
KLVDSTDEADLRLIYLALAHMIKFRGHEFLIEGDLNPDNSDVDELEIQLVQTYNQLFEENP INASGVDAKA
ILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDNLLA
QIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHOQDLTLLEALVRQOQLPEKYKET

264



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

FFDOSENGYAGY IDGGASQEEFYKFIKPILEKMDGTEELLVELNREEDLLEREQRT FDNGSIPHOTIHLGELH
ATTLRERQEDFYFFLEDNRERIERKILTFRIPYYVGPLARGNSRFAWMTRKSEET ITPWNFEEVVDEGASAQS
FIEEMTNFDENLPNERKVLPRKHSLLYEY FTVYNELTKVEY VT EGMEEFAFLSGEQRKATVDLLFKTNREVT
VEQLKEDY FERIECFDSVEISGVEDRFNASLGTYHDLLEI TKDKDFLDNEENEDILEDIVLTLTLFEDRE
MIEERLETYAHLFDDEVMEQLERRRY TGWGRLSRELINGIERDEQSGET ILDEFLESDGFANRNEFMOLTHDD
SLTFREDIQKAQVSGOGDSLHEHIANTIAGSPATKKGILOTVEVVDELVEKVMGRHIKPENTIVIEMARENQTT

QRGQRNSRERMKRIEEGIKELGSQILKEHPVENTQLONERKLY LY YLONGRDMYVDQELDINRLSDY DVDH

IVPOQSFLKDDSIDNKVLTRSDENRGKSDNVPSEEVVERKMENYWRQLLNAKLITQREKFDNLTKAERGGLSE

LDKAGETKRQLVETROITKHVAQILDSRMNTEKYDENDKLTI REVEVITLESKLVSDEFREDFQEY KVRE TNIY
YHHAHDAYLNAVVGTALIKKYPKLESEEVYGDYKVY DVREMIAKSEQE IGKATAKY FEYSNIMNEFKTET
TLANGETRERPLIETNGETGEIVWDKGRDFATVREVLSMPOVNIVEKRKTEVOTGGFSKESILPKRNSDKLT

ARKKDWDPKKYGGFDSPTVAY SVLVVAKVERKGKSKKLEKSVKELLGITIMERSSFEKNPIDFLEAKGYKEV
KKDLIIKLPKYSLFELENGRKRMLASAGELOQKGNELALPSKYVNEFLYLASHY EKLKGSPEDNEQRQLEVE
QHKHYLDEIIEQISEFSKRVILADANLDEKVLSAYNKHRDKPIREQAENI IHLETLTNLGAPARFKY FDTT

IDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (single underline: HNH domain; double
underline: RuvC domain)

In some embodiments, the napDNADbp in the fusion protein is a Cas12 polypeptide, e.g.,
Casl12b/C2cl, or a fragment thereof. The Casl2 polypeptide can be a variant Cas12
polypeptide.

The heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp (e.g.,
Cas9 or Casl2 (e.g., Cas12b/C2c1)) at a suitable location, for example, such that the napDNAbp
retains its ability to bind the target polynucleotide and a guide nucleic acid. A deaminase {(e.g.,
adenosine deaminase) can be inserted into a napDNAbp without compromising function of the
deaminase (e.g., base editing activity) or the napDNAbp (e.g., ability to bind to target nucleic
acid and guide nucleic acid). A deaminase (e.g., adenosine deaminase) can be inserted in the
napDNADbp at, for example, a disordered region or a region comprising a high temperature factor
or B-factor as shown by crystallographic studies. Regions of a protein that are less ordered,
disordered, or unstructured, for example solvent exposed regions and loops, can be used for
insertion without compromising structure or function. A deaminase (¢.g., adenosine deaminase)
can be inserted in the napDNAbp in a flexible loop region or a solvent-exposed region. In some
embodiments, the deaminase (e.g., adenosine deaminase) is inserted in a flexible loop of the
Cas9 or the Cas12b/C2cl polypeptide.

In some embodiments, the insertion location of a deaminase (e.g., adenosine deaminase)
is determined by B-factor analysis of the crystal structure of Cas9 polypeptide. In some
embodiments, the deaminase (e.g., adenosine deaminase) is inserted in regions of the Cas9

polypeptide comprising higher than average B-factors (e.g., higher B factors compared to the

265



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

total protein or the protein domain comprising the disordered region). B-factor or temperature
factor can indicate the fluctuation of atoms from their average position (for example, as a result
of temperature-dependent atomic vibrations or static disorder in a crystal lattice). A high B-
factor (e.g., higher than average B-factor) for backbone atoms can be indicative of a region with
relatively high local mobility. Such a region can be used for inserting a deaminase without
compromising structure or function. A deaminase (e.g., adenosine deaminase) can be inserted at
a location with a residue having a Ca atom with a B-factor that is 50%, 60%, 70%, 80%, 90%,
100%, 110%, 120%, 130%, 140%, 150%, 160%, 170%, 180%, 190%, 200%, or greater than
200% more than the average B-factor for the total protein. A deaminase (e.g., adenosine
deaminase) can be inserted at a location with a residue having a Ca atom with a B-factor that is
50%, 60%, 70%, 80%, 90%, 100%, 110%, 120%, 130%, 140%, 150%, 160%, 170%, 180%,
190%, 200% or greater than 200% more than the average B-factor for a Cas9 protein domain
comprising the residue. Cas9 polypeptide positions comprising a higher than average B-factor
can include, for example, residues 768, 792, 1052, 1015, 1022, 1026, 1029, 1067, 1040, 1054,
1068, 1246, 1247, and 1248 as numbered in the above Cas9 reference sequence. Cas9
polypeptide regions comprising a higher than average B-factor can include, for example,
residues 792-872, 792-906, and 2-791 as numbered in the above Cas9 reference sequence,

A heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp at an
amino acid residue selected from the group consisting of: 768, 791, 792, 1015, 1016, 1022,
1023, 1026, 1029, 1040, 1052, 1054, 1067, 1068, 1069, 1246, 1247, and 1248 as numbered in
the above Cas9 reference sequence, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the heterologous polypeptide is inserted between amino
acid positions 768-769, 791-792, 792-793, 1015-1016, 1022-1023, 1026-1027, 1029-1030,
1040-1041, 1052-1053, 1054-1055, 1067-1068, 1068-1069, 1247-1248, or 1248-1249 as
numbered in the above Cas9 reference sequence or corresponding amino acid positions thereof.
In some embodiments, the heterologous polypeptide is inserted between amino acid positions
769-770, 792-793, 793-794, 1016-1017, 1023-1024, 1027-1028, 1030-1031, 1041-1042, 1053-
1054, 1055-1056, 1068-1069, 1069-1070, 1248-1249, or 1249-1250 as numbered in the above
Cas9 reference sequence or corresponding amino acid positions thereof. In some embodiments,
the heterologous polypeptide replaces an amino acid residue selected from the group consisting
of: 768, 791, 792, 1015, 1016, 1022, 1023, 1026, 1029, 1040, 1052, 1054, 1067, 1068, 1069,
1246, 1247, and 1248 as numbered in the above Cas9 reference sequence, or a corresponding
amino acid residue in another Cas9 polypeptide. It should be understood that the reference to
the above Cas9 reference sequence with respect to insertion positions is for illustrative purposes.

The insertions as discussed herein are not limited to the Cas9 polypeptide sequence of the above
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Cas9 reference sequence, but include insertion at corresponding locations in variant Cas9
polypeptides, for example a Cas9 nickase (nCas9), nuclease dead Cas9 (dCas9), a Cas9 variant
lacking a nuclease domain, a truncated Cas9, or a Cas® domain lacking partial or complete HNH
domain.

A heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp at an
amino acid residue selected from the group consisting of: 768, 792, 1022, 1026, 1040, 1068, and
1247 as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue
in another Cas9 polypeptide. In some embodiments, the heterologous polypeptide is inserted
between amino acid positions 768-769, 792-793, 1022-1023, 1026-1027, 1029-1030, 1040-
1041, 1068-1069, or 1247-1248 as numbered in the above Cas9 reference sequence or
corresponding amino acid positions thereof. In some embodiments, the heterologous
polypeptide is inserted between amino acid positions 769-770, 793-794, 1023-1024, 1027-1028,
1030-1031, 1041-1042, 1069-1070, or 1248-1249 as numbered in the above Cas9 reference
sequence or corresponding amino acid positions thereof. In some embodiments, the
heterologous polypeptide replaces an amino acid residue selected from the group consisting of:
768, 792, 1022, 1026, 1040, 1068, and 1247 as numbered in the above Cas9 reference sequence,
or a corresponding amino acid residue in another Cas9 polypeptide.

A heterologous polypeptide (e.g., deaminase) can be inserted in the napDNAbp at an
amino acid residue as described herein, or a corresponding amino acid residue in another Cas9
polypeptide. In an embodiment, a heterologous polypeptide (e.g., deaminase) can be inserted in
the napDNAbp at an amino acid residue selected from the group consisting of: 1002, 1003,
1025, 1052-1056, 1242-1247, 1061-1077, 943-947, 686-691, 569-578, 530-539, and 1060-1077
as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. The deaminase (e.g., adenosine deaminase) can be inserted at the N-
terminus or the C-terminus of the residue or replace the residue. In some embodiments, the
deaminase (e.g., adenosine deaminase) is inserted at the C-terminus of the residue.

In some embodiments, an adenosine deaminase (e.g., TadA) is inserted at an amino acid
residue selected from the group consisting of: 1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026,
768, 1067, 1248, 1052, and 1246 as numbered in the above Cas9 reference sequence, or a
corresponding amino acid residue in another Cas9 polypeptide. In some embodiments, an
adenosine deaminase (e.g., TadA) is inserted in place of residues 792-872, 792-906, or 2-791 as
numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. In some embodiments, the adenosine deaminase is inserted at the N-
terminus of an amino acid selected from the group consisting of: 1015, 1022, 1029, 1040, 1068,

1247, 1054, 1026, 768, 1067, 1248, 1052, and 1246 as numbered in the above Cas9 reference
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sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In some
embodiments, the adenosine deaminase is inserted at the C-terminus of an amino acid selected
from the group consisting of: 1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026, 768, 1067, 1248,
1052, and 1246 as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the adenosine deaminase 1s
inserted to replace an amino acid selected from the group consisting of: 1015, 1022, 1029, 1040,
1068, 1247, 1054, 1026, 768, 1067, 1248, 1052, and 1246 as numbered in the above Cas9
reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 768 as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine
deaminase) is inserted at the N-terminus of amino acid residue 768 as numbered in the above
Cas9 reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the C-terminus of
amino acid residue 768 as numbered in the above Cas9 reference sequence, or a corresponding
amino acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g.,
adenosine deaminase) 1s inserted to replace amino acid residue 768 as numbered in the above
Cas9 reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 791 or is inserted at amino acid residue 792, as numbered in the above Cas9
reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the N-terminus of
amino acid residue 791 or is inserted at the N-terminus of amino acid 792, as numbered in the
above Cas9 reference sequence, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the
C-terminus of amino acid 791 or is inserted at the N-terminus of amino acid 792, as numbered in
the above Cas9 reference sequence, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted to
replace amino acid 791, or is inserted to replace amino acid 792, as numbered in the above Cas9
reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1016 as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine
deaminase) is inserted at the N-terminus of amino acid residue 1016 as numbered in the above

Cas9 reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
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some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the C-terminus of
amino acid residue 1016 as numbered in the above Cas9 reference sequence, or a corresponding
amino acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g.,
adenosine deaminase) is inserted to replace amino acid residue 1016 as numbered in the above
Cas9 reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1022, or is inserted at amino acid residue 1023, as numbered in the above Cas9
reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the N-terminus of
amino acid residue 1022 or is inserted at the N-terminus of amino acid residue 1023, as
numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is
inserted at the C-terminus of amino acid residue 1022 or is inserted at the C-terminus of amino
acid residue 1023, as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine
deaminase) is inserted to replace amino acid residue 1022, or is inserted to replace amino acid
residue 1023, as numbered in the above Cas9 reference sequence, or a corresponding amino acid
residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1026, or is inserted at amino acid residue 1029, as numbered in the above Cas9
reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the N-terminus of
amino acid residue 1026 or is inserted at the N-terminus of amino acid residue 1029, as
numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is
inserted at the C-terminus of amino acid residue 1026 or is inserted at the C-terminus of amino
acid residue 1029, as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine
deaminase) is inserted to replace amino acid residue 1026, or is inserted to replace amino acid
residue 1029, as numbered in the above Cas9 reference sequence, or corresponding amino acid
residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1040 as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine

deaminase) is inserted at the N-terminus of amino acid residue 1040 as numbered in the above
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Cas9 reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the C-terminus of
amino acid residue 1040 as numbered in the above Cas9 reference sequence, or a corresponding
amino acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g.,
adenosine deaminase) is inserted to replace amino acid residue 1040 as numbered in the above
Cas9 reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1052, or is inserted at amino acid residue 1054, as numbered in the above Cas9
reference sequence, or a corresponding amino acid residue in another Cas9 polypeptide. In
some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at the N-terminus of
amino acid residue 1052 or is inserted at the N-terminus of amino acid residue 1054, as
numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is
inserted at the C-terminus of amino acid residue 1052 or 1s inserted at the C-terminus of amino
acid residue 1054, as numbered in the above Cas9 reference sequence, or a corresponding amino
acid residue in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine
deaminase) is inserted to replace amino acid residue 1052, or is inserted to replace amino acid
residue 1054, as numbered in the above Cas9 reference sequence, or a corresponding amino acid
residue in another Cas9 polypeptide.

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1067, or is inserted at amino acid residue 1068, or is inserted at amino acid residue
1069, as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue
in another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase)
is inserted at the N-terminus of amino acid residue 1067 or is inserted at the N-terminus of
amino acid residue 1068 or is inserted at the N-terminus of amino acid residue 1069, as
numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is
inserted at the C-terminus of amino acid residue 1067 or is inserted at the C-terminus of amino
acid residue 1068 or is inserted at the C-terminus of amino acid residue 1069, as numbered in
the above Cas9 reference sequence, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted to
replace amino acid residue 1067, or is inserted to replace amino acid residue 1068, or is inserted
to replace amino acid residue 1069, as numbered in the above Cas9 reference sequence, or a

corresponding amino acid residue in another Cas9 polypeptide.

270



10

15

20

25

30

35

WO 2020/168133 PCT/US2020/018193

In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted at amino
acid residue 1246, or is inserted at amino acid residue 1247, or is inserted at amino acid residue
1248, as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue
in another Cas9 polypeptide. In some embodiments, the deaminase (¢.g., adenosine deaminase)
is inserted at the N-terminus of amino acid residue 1246 or is inserted at the N-terminus of
amino acid residue 1247 or is inserted at the N-terminus of amino acid residue 1248, as
numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is
inserted at the C-terminus of amino acid residue 1246 or is inserted at the C-terminus of amino
acid residue 1247 or is inserted at the C-terminus of amino acid residue 1248, as numbered in
the above Cas9 reference sequence, or a corresponding amino acid residue in another Cas9
polypeptide. In some embodiments, the deaminase (e.g., adenosine deaminase) is inserted to
replace amino acid residue 1246, or is inserted to replace amino acid residue 1247, or is inserted
to replace amino acid residue 1248, as numbered in the above Cas9 reference sequence, or a
corresponding amino acid residue in another Cas9 polypeptide.

In some embodiments, a heterologous polypeptide (e.g., deaminase) is inserted in a
flexible loop of a Cas9 polypeptide. The flexible loop portions can be selected from the group
consisting of 530-537, 569-570, 686-691, 943-947, 1002-1025, 1052-1077, 1232-1247, or 1298-
1300 as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue
in another Cas9 polypeptide. The flexible loop portions can be selected from the group
consisting of: 1-529, 538-568, 580-685, 692-942, 948-1001, 1026-1051, 1078-1231, or 1248-
1297 as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue
in another Cas9 polypeptide.

A heterologous polypeptide (e.g., adenine deaminase) can be inserted into a Cas9
polypeptide region corresponding to amino acid residues: 1017-1069, 1242-1247, 1052-1056,
1060-1077, 1002 — 1003, 943-947, 530-537, 568-579, 686-691,1242-1247, 1298 — 1300, 1066-
1077, 1052-1056, or 1060-1077 as numbered in the above Cas9 reference sequence, or a
corresponding amino acid residue in another Cas9 polypeptide.

A heterologous polypeptide (e.g., adenine deaminase) can be inserted in place of a
deleted region of a Cas9 polypeptide. The deleted region can correspond to an N-terminal or C-
terminal portion of the Cas9 polypeptide. In some embodiments, the deleted region corresponds
to residues 792-872 as numbered in the above Cas9 reference sequence, or a corresponding
amino acid residue in another Cas9 polypeptide. In some embodiments, the deleted region
corresponds to residues 792-906 as numbered in the above Cas9 reference sequence, or a

corresponding amino acid residue in another Cas9 polypeptide. In some embodiments, the
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deleted region corresponds to residues 2-791 as numbered in the above Cas9 reference sequence,
or a corresponding amino acid residue in another Cas9 polypeptide. In some embodiments, the
deleted region corresponds to residues 1017-1069 as numbered in the above Cas9 reference
sequence, or corresponding amino acid residues thereof.

Exemplary internal fusion base editors are provided in Table 14A below and are also
described in PCT/US20/16285.

Table 14A: Insertion loci in Cas9 proteins

BE ID Modification Other ID
IBEOO1 | Cas9 TadA ins 1015 ISLAYO1
IBEOD2 | Cas9 TadA ins 1022 ISLAYO2
IBEOQ3 | Cas9 TadA ins 1029 ISLAYO3
IBEOO4 | Cas9 TadA ins 1040 ISLAY04
IBEQQS | Cas9 TadA ins 1068 ISLAY05
IBEQQO6 | Cas9 TadA ins 1247 ISLAY06
IBEOO7 | Cas9 TadA ins 1054 ISLAYO?
IBEOQOS | Cas9 TadA ins 1026 ISLAYOS
IBEOD9 | Cas9 TadA ins 768 ISLAY09
IBEO20 | delta HNH TadA 792 ISLAY20
IBEO21 | M-term fusion single TadA helix truncated 165-end | ISLAY21
IBEO29 | TadA-Circular Permutant 116 ins1067 ISLAY29
IBEO31 | TadA- Circular Permutant 136 ins1248 ISLAY31
IBEO32 | TadA- Circular Permutant 136ins 1052 ISLAY32
IBEO35 | delta 792-872 TadA ins ISLAY35
IBED36 | delta 792-906 TadA ins ISLAY36
IBEO43 | TadA-Circular Permutant 65 ins1246 ISLAY43
IBEO44 | TadA ins C-term truncate 2791 ISLAY44

A heterologous polypeptide (e.g., deaminase) can be inserted within a structural or
functional domain of a Cas9 polypeptide. A heterologous polypeptide (e.g., deaminase) can be
inserted between two structural or functional domains of a Cas9 polypeptide. A heterologous
polypeptide (e.g., deaminase) can be inserted in place of a structural or functional domain of a
Cas9 polypeptide, for example, after deleting the domain from the Cas9 polypeptide. The
structural or functional domains of a Cas9 polypeptide can include, for example, RuvC I, RuvC
II, RuvC III, Recl, Rec2, PI, or HNH.

In some embodiments, the Cas9 polypeptide lacks one or more domains selected from
the group consisting of: RuvC I, RuvC II, RuvC III, Recl, Rec2, PI, or HNH domain. In some
embodiments, the Cas9 polypeptide lacks a nuclease domain. In some embodiments, the Cas9
polypeptide lacks an HNH domain. In some embodiments, the Cas9 polypeptide lacks a portion
of the HNH domain such that the Cas9 polypeptide has reduced or abolished HNH activity.
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In some embodiments, the Cas9 polypeptide comprises a deletion of the nuclease
domain, and the deaminase is inserted to replace the nuclease domain. In some embodiments,
the HNH domain is deleted and the deaminase is inserted in its place. In some embodiments,
one or more of the RuvC domains is deleted and the deaminase is inserted in its place.

A fusion protein comprising a heterologous polypeptide can be flanked by a N-terminal
and a C-terminal fragment of a napDNAbp. In some embodiments, the fusion protein comprises
a deaminase flanked by a N- terminal fragment and a C-terminal fragment of a Cas9
polypeptide. The N terminal fragment or the C terminal fragment can bind the target
polynucleotide sequence. The C-terminus of the N terminal fragment or the N-terminus of the C
terminal fragment can comprise a part of a flexible loop of a Cas9 polypeptide. The C-terminus
of the N terminal fragment or the N-terminus of the C terminal fragment can comprise a part of
an alpha-helix structure of the Cas9 polypeptide. The N- terminal fragment or the C-terminal
fragment can comprise a DNA binding domain. The N-terminal fragment or the C-terminal
fragment can comprise a RuvC domain. The N-terminal fragment or the C-terminal fragment
can comprise an HNH domain. In some embodiments, neither of the N-terminal fragment and
the C-terminal fragment comprises an HNH domain.

In some embodiments, the C-terminus of the N terminal Cas9 fragment comprises an
amino acid that is in proximity to a target nucleobase when the fusion protein deaminates the
target nucleobase. In some embodiments, the N-terminus of the C terminal Cas9 fragment
comprises an amino acid that is in proximity to a target nucleobase when the fusion protein
deaminates the target nucleobase. The insertion location of different deaminases can be
different in order to have proximity between the target nucleobase and an amino acid in the C-
terminus of the N terminal Cas9 fragment or the N-terminus of the C terminal Cas9 fragment.
For example, the insertion position of an ABE can be at an amino acid residue selected from the
group consisting of: 1015, 1022, 1029, 1040, 1068, 1247, 1054, 1026, 768, 1067, 1248, 1052,
and 1246 as numbered in the above Cas9 reference sequence, or a corresponding amino acid
residue in another Cas9 polypeptide.

The N-terminal Cas9 fragment of a fusion protein (i.e. the N-terminal Cas9 fragment
flanking the deaminase in a fusion protein) can comprise the N-terminus of a Cas9 polypeptide.
The N-terminal Cas9 fragment of a fusion protein can comprise a length of at least about: 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, or 1300 amino acids. The N-terminal
Cas9 fragment of a fusion protein can comprise a sequence corresponding to amino acid
residues: 1-56, 1-95, 1-200, 1-300, 1-400, 1-500, 1-600, 1-700, 1-718, 1-765, 1-780, 1-906, 1-
918, or 1-1100 as numbered in the above Cas9 reference sequence, or a corresponding amino

acid residue in another Cas9 polypeptide. The N-terminal Cas9 fragment can comprise a
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sequence comprising at least: 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5%
sequence identity to amino acid residues: 1-56, 1-95, 1-200, 1-300, 1-400, 1-500, 1-600, 1-700,
1-718, 1-765, 1-780, 1-906, 1-918, or 1-1100 as numbered in the above Cas9 reference
sequence, or a corresponding amino acid residue in another Cas9 polypeptide.

The C-terminal Cas9 fragment of a fusion protein (i e. the C-terminal Cas9 fragment
flanking the deaminase in a fusion protein) can comprise the C-terminus of a Cas9 polypeptide.
The C-terminal Cas9 fragment of a fusion protein can comprise a length of at least about: 100,
200, 300, 400, 500, 600, 700, 800, 900, 1000, 1100, 1200, or 1300 amino acids. The C-terminal
Cas9 fragment of a fusion protein can comprise a sequence corresponding to amino acid
residues: 1099-1368, 918-1368, 906-1368, 780-1368, 765-1368, 718-1368, 94-1368, or 56-1368
as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue in
another Cas9 polypeptide. The N-terminal Cas9 fragment can comprise a sequence comprising
at least: 85%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at
least 96%, at least 97%, at least 98%, at least 99%, or at least 99 5% sequence identity to amino
acid residues: 1099-1368, 918-1368, 906-1368, 780-1368, 765-1368, 718-1368, 94-1368, or 56-
1368 as numbered in the above Cas9 reference sequence, or a corresponding amino acid residue
in another Cas9 polypeptide.

The N-terminal Cas9 fragment and C-terminal Cas9 fragment of a fusion protein taken
together may not correspond to a full-length naturally occurring Cas9 polypeptide sequence, for
example, as set forth in the above Cas9 reference sequence.

The fusion protein described herein can effect targeted deamination with reduced
deamination at non-target sites (e.g., off-target sites), such as reduced genome wide spurious
deamination. The fusion protein described herein can effect targeted deamination with reduced
bystander deamination at non-target sites. The undesired deamination or off-target deamination
can be reduced by at least 30%, at least 40%, at least 50%, at least 60%, at least 70%, at least
80%, at least 90%, at least 95%, or at least 99% compared with, for example, an end terminus
fusion protein comprising the deaminase fused to a N terminus or a C terminus of a Cas9
polypeptide. The undesired deamination or off-target deamination can be reduced by at least
one-fold, at least two-fold, at least three-fold, at least four-fold, at least five-fold, at least tenfold,
at least fifteen fold, at least twenty fold, at least thirty fold, at least forty fold, at least fifty fold,
at least 60 fold, at least 70 fold, at least 80 fold, at least 90 fold, or at least hundred fold,
compared with, for example, an end terminus fusion protein comprising the deaminase fused to

a N terminus or a C terminus of a Cas9 polypeptide.
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In some embodiments, the deaminase (e.g., adenosine deaminase) of the fusion protein
deaminates no more than two nucleobases within the range of an R-loop. In some embodiments,
the deaminase of the fusion protein deaminates no more than three nucleobases within the range
of the R-loop. In some embodiments, the deaminase of the fusion protein deaminates no more
than 2, 3,4, 5,6, 7, 8, 9, or 10 nucleobases within the range of the R-loop. An R-loop is a three-
stranded nucleic acid structure including a DNA RNA hybrid, a DNA:DNA or an RNA: RNA
complementary structure and the associated with single-stranded DNA. As used herein, an R-
loop may be formed when a target polynucleotide is contacted with a CRISPR complex or a
base editing complex, wherein a portion of a guide polynucleotide, e.g. a guide RNA, hybridizes
with and displaces with a portion of a target polynucleotide, ¢.g. a target DNA. In some
embodiments, an R-loop comprises a hybridized region of a spacer sequence and a target DNA
complementary sequence. An R-loop region may be of about 5, 6,7, 8,9, 10, 11, 12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,
42,43, 44, 45, 46, 47, 48, 49, or 50 nucleobase pairs in length. In some embodiments, the R-
loop region is about 20 nucleobase pairs in length. It should be understood that, as used herein,
an R-loop region is not limited to the target DNA strand that hybridizes with the guide
polynucleotide. For example, editing of a target nucleobase within an R-loop region may be to a
DNA strand that comprises the complementary strand to a guide RNA, or may be to a DNA
strand that is the opposing strand of the strand complementary to the guide RNA. In some
embodiments, editing in the region of the R-loop comprises editing a nucleobase on non-
complementary strand (protospacer strand) to a guide RNA in a target DNA sequence.

The fusion protein described herein can effect target deamination in an editing window
different from canonical base editing. In some embodiments, a target nucleobase i1s from about
1 to about 20 bases upstream of a PAM sequence in the target polynucleotide sequence. In some
embodiments, a target nucleobase is from about 2 to about 12 bases upstream of a PAM
sequence in the target polynucleotide sequence. In some embodiments, a target nucleobase is
from about 1 to 9 base pairs, about 2 to 10 base pairs, about 3 to 11 base pairs, about 4 to 12
base pairs, about 5 to 13 base pairs, about 6 to 14 base pairs, about 7 to 15 base pairs, about 8 to
16 base pairs, about 9 to 17 base pairs, about 10 to 18 base pairs, about 11 to 19 base pairs,
about 12 to 20 base pairs, about 1 to 7 base pairs, about 2 to 8 base pairs, about 3 to 9 base pairs,
about 4 to 10 base pairs, about 5 to 11 base pairs, about 6 to 12 base pairs, about 7 to 13 base
pairs, about 8 to 14 base pairs, about 9 to 15 base pairs, about 10 to 16 base pairs, about 11 to 17
base pairs, about 12 to 18 base pairs, about 13 to 19 base pairs, about 14 to 20 base pairs, about
1 to 5 base pairs, about 2 to 6 base pairs, about 3 to 7 base pairs, about 4 to 8 base pairs, about 5

to 9 base pairs, about 6 to 10 base pairs, about 7 to 11 base pairs, about 8 to 12 base pairs, about
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9 to 13 base pairs, about 10 to 14 base pairs, about 11 to 15 base pairs, about 12 to 16 base pairs,
about 13 to 17 base pairs, about 14 to 18 base pairs, about 15 to 19 base pairs, about 16 to 20
base pairs, about 1 to 3 base pairs, about 2 to 4 base pairs, about 3 to 5 base pairs, about 4 to 6
base pairs, about 5 to 7 base pairs, about 6 to 8 base pairs, about 7 to 9 base pairs, about 8 to 10
base pairs, about 9 to 11 base pairs, about 10 to 12 base pairs, about 11 to 13 base pairs, about
12 to 14 base pairs, about 13 to 15 base pairs, about 14 to 16 base pairs, about 15 to 17 base
pairs, about 16 to 18 base pairs, about 17 to 19 base pairs, about 18 to 20 base pairs away or
upstream of the PAM sequence. In some embodiments, a target nucleobase is about 1, 2, 3, 4, 5,
6,7,8,9,10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, or more base pairs away from or upstream of
the PAM sequence. In some embodiments, a target nucleobaseisabout 1,2,3,4,5,6,7,8,0r9
base pairs upstream of the PAM sequence. In some embodiments, a target nucleobase is about
2, 3, 4, or 6 base pairs upstream of the PAM sequence.

The fusion protein can comprise more than one heterologous polypeptide. For example,
the fusion protein can additionally comprise one or more UGI domains and/or one or more
nuclear localization signals. The two or more heterologous domains can be inserted in tandem.
The two or more heterologous domains can be inserted at locations such that they are not in
tandem in the NapDNAbp.

A fusion protein can comprise a linker between the deaminase and the napDNAbp
polypeptide. The linker can be a peptide or a non-peptide linker. For example, the linker can be
an XTEN, (GGGS)n, (GGGGS)n, (G)n, (EAAAK)n, (GGS)n, SGSETPGTSESATPES. In some
embodiments, the fusion protein comprises a linker between the N-terminal Cas9 fragment and
the deaminase. In some embodiments, the fusion protein comprises a linker between the C-
terminal Cas9 fragment and the deaminase. In some embodiments, the N-terminal and C-
terminal fragments of napDNAbp are connected to the deaminase with a linker. In some
embodiments, the N-terminal and C-terminal fragments are joined to the deaminase domain
without a linker. In some embodiments, the fusion protein comprises a linker between the N-
terminal Cas9 fragment and the deaminase but does not comprise a linker between the C-
terminal Cas9 fragment and the deaminase. In some embodiments, the fusion protein comprises
a linker between the C-terminal Cas9 fragment and the deaminase but does not comprise a linker
between the N-terminal Cas9 fragment and the deaminase.

In other embodiments, the N- or C-terminal fragments of the Cas12 polypeptide
comprise a nuclei¢ acid programmable DNA binding domain or a RuvC domain. In other
embodiments, the fusion protein contains a linker between the Cas12 polypeptide and the
catalytic domain. In other embodiments, the amino acid sequence of the linker is GGSGGS or

GSSGSETPGTSESATPESSG. In other embodiments, the linker is a rigid linker. In other
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embodiments of the above aspects, the linker is encoded by GGAGGCTCTGGAGGAAGC or
GGCTCTTCTGGATCTGAAACACCTGGCACAAGCGAGAGCGCCACCCCTGAGAGCTC
TGGC.

Fusion proteins comprising a heterologous catalytic domain flanked by N- and C-
terminal fragments of a Cas9 or Casl2 polypeptide are also useful for base editing in the
methods as described herein. Fusion proteins comprising Cas9 or Cas12 and one or more
deaminase domains, e.g., adenosine deaminase, or comprising an adenosine deaminase domain
flanked by Cas9 or Cas12 sequences are also useful for highly specific and efficient base editing
of target sequences. In an embodiment, a chimeric Cas9 or Cas12 fusion protein contains a
heterologous catalytic domain inserted within a Casl2 polypeptide.

In various embodiments, the catalytic domain has DNA modifying activity (e.g.,
deaminase activity), such as adenosine deaminase activity. In some embodiments, the adenosine
deaminase is a TadA (e.g., TadA7.10). In some embodiments, the TadA is a TadA*8. In other
embodiments, the fusion protein contains one or more catalytic domains. In other embodiments,
at least one of the one or more catalytic domains is inserted within the Cas12 polypeptide or is
fused at the Cas12 N- terminus or C-terminus. In other embodiments, at least one of the one or
more catalytic domains 1s inserted within a loop, an alpha helix region, an unstructured portion,
or a solvent accessible portion of the Cas12 polypeptide. In other embodiments, the Cas12
polypeptide 1s Cas12a, Casl2b, Casl2c¢c, Casl2d, Casl2e, Casl2g, Casl2h, or Cas12i. In other
embodiments, the Cas12 polypeptide has at least about 85% amino acid sequence identity to
Bacillus hisashii Cas12b, Bacillus thermoamylovorans Casl2b, Bacillus sp. V3-13 Cas12b, or
Alicyclobacillus acidiphilus Cas12b. In other embodiments, the Casl2 polypeptide has at least
about 90% amino acid sequence identity to Bacillus hisashii Cas12b, Bacillus
thermoamylovorans Casl2b, Bacillus sp. V3-13 Casl2b, or Alicyclobacillus acidiphilus Cas12b.
In other embodiments, the Cas12 polypeptide has at least about 95% amino acid sequence
identity to Bacillus hisashii Cas12b, Bacillus thermoamylovorans Casl2b, Bacillus sp. V3-13
Casl2b, or Alicyclobacillus acidiphilus Cas12b. In other embodiments, the Cas12 polypeptide
contains or consists essentially of a fragment of Bacilius hisashii Cas12b, Bacillus
thermoamylovorans Cas12b, Bacillus sp. V'3-13 Casl2b, or Alicyclobacillus acidiphilus Cas12b.

In other embodiments, the catalytic domain is inserted between amino acid positions
153-154, 255-256, 306-307, 980-981, 1019-1020, 534-535, 604-605, or 344-345 of BhCas12b
or a corresponding amino acid residue of Cas12a, Casl2¢, Casl2d, Casl2e, Casl2g, Casl2h, or
Casl12i. In other embodiments, the catalytic domain is inserted between amino acids P153 and
S154 of BhCas12b. In other embodiments, the catalytic domain is inserted between amino acids

K255 and E256 of BhCas12b. In other embodiments, the catalytic domain is inserted between
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amino acids D980 and G981 of BhCas12b. In other embodiments, the catalytic domain is
inserted between amino acids K1019 and L1020 of BhCas12b. In other embodiments, the
catalytic domain is inserted between amino acids F534 and P535 of BhCas12b. In other
embodiments, the catalytic domain is inserted between amino acids K604 and G605 of
BhCas12b. In other embodiments, the catalytic domain is inserted between amino acids H344
and F345 of BhCas12b. In other embodiments, catalytic domain is inserted between amino acid
positions 147 and 148, 248 and 249, 299 and 300, 991 and 992, or 1031 and 1032 of BvCas12b
or a corresponding amino acid residue of Cas12a, Casl2¢, Casl2d, Casl2e, Casl2g, Casl2h, or
Casl2i. In other embodiments, the catalytic domain is inserted between amino acids P147 and
D148 of BvCas12b. In other embodiments, the catalytic domain is inserted between amino
acids G248 and (G249 of BvCas12b. In other embodiments, the catalytic domain is inserted
between amino acids P299 and E300 of BvCas12b. In other embodiments, the catalytic domain
is inserted between amino acids G991 and E992 of BvCas12b. In other embodiments, the
catalytic domain is inserted between amino acids K1031 and M1032 of BvCas12b. In other
embodiments, the catalytic domain is inserted between amino acid positions 157 and 158, 258
and 259, 310 and 311, 1008 and 1009, or 1044 and 1045 of AaCas12b or a corresponding amino
acid residue of Cas12a, Casl2¢, Casl2d, Casl2e, Casl2g, Casl2h, or Cas12i. In other
embodiments, the catalytic domain is inserted between amino acids P157 and G158 of
AaCasl2b. In other embodiments, the catalytic domain is inserted between amino acids V258
and G259 of AaCas12b. In other embodiments, the catalytic domain is inserted between amino
acids D310 and P311 of AaCas12b. In other embodiments, the catalytic domain is inserted
between amino acids G1008 and E1009 of AaCas12b. In other embodiments, the catalytic
domain is inserted between amino acids G1044 and K1045 at of AaCas12b.

In other embodiments, the fusion protein contains a nuclear localization signal (e.g., a
bipartite nuclear localization signal). In other embodiments, the amino acid sequence of the
nuclear localization signal is MAPKKKRK VGIHGVPAA. In other embodiments of the above
aspects, the nuclear localization signal is encoded by the following sequence:

ATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCCACGGAGTCCCAGCAGCC.
In other embodiments, the Cas12b polypeptide contains a mutation that silences the catalytic
activity of a RuvC domain. In other embodiments, the Cas12b polypeptide contains D574A,
D829A and/or D952A mutations. In other embodiments, the fusion protein further contains a
tag (e.g., an influenza hemagglutinin tag).

In some embodiments, the fusion protein comprises a napDNAbp domain (e.g., Cas12-
derived domain) with an internally fused nucleobase editing domain (e.g., all or a portion of a

deaminase domain, e.g., an adenosine deaminase domain). In some embodiments, the
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napDNADbp is a Cas12b. In some embodiments, the base editor comprises a Cas12 domain (e.g.,
a BhCas12b domain, a BvCas12b domain, or an AACas12b domain) with an internally fused
TadA*8 domain inserted at the loci provided in the below Table 14B.

Table 14B: Insertion loci in Cas12b proteins

BhCas12b Insertion site Inserted between aa
position 1 153 PS
position 2 255 KE
position 3 306 DE
position 4 980 DG
position 5 1019 KL
position 6 534 FP
position 7 604 KG
position 8 344 HF
BvCasl2b Insertion site Inserted between aa
position 1 147 PD
position 2 248 GG
position 3 299 PE
position 4 991 GE
position 5 1031 KM
AaCasl2hb Insertion site Inserted between aa
position 1 157 PG
position 2 258 VG
position 3 310 DP
position 4 1008 GE
position 5 1044 GK

By way of nonlimiting example, an adenosine deaminase (¢.g., ABE8.13) may be
inserted into a BhCas12b to produce a fusion protein (e.g., ABE8 13-BhCas12b) that effectively
edits a nucleic acid sequence, such as a nucleic acid sequence comprising a single nucleotide
polymorphism (SNP) associated with sickle cell disease (SCD). In an embodiment the nucleic
acid sequence encodes an HBB polypeptide.

Exemplary, yet nonlimiting, fusion proteins are described in U.S. Provisional
Application Nos. 62/852,228 and 62/852,224, the contents of which are incorporated by

reference herein in their entireties.

The practice of the present invention employs, unless otherwise indicated, conventional

techniques of molecular biology (including recombinant techniques), microbiology, cell biology,
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biochemistry and immunology, which are well within the purview of the skilled artisan. Such
techniques are explained fully in the literature, such as, “Molecular Cloning: A Laboratory
Manual”, second edition (Sambrook, 1989); “Oligonucleotide Synthesis” (Gait, 1984), “Animal
Cell Culture” (Freshney, 1987); “Methods in Enzymology” “Handbook of Experimental
Immunology” (Weir, 1996); “Gene Transfer Vectors for Mammalian Cells” (Miller and Calos,
1987); “Current Protocols in Molecular Biology” {Ausubel, 1987); “PCR: The Polymerase
Chain Reaction”, (Mullis, 1994}, “Current Protocols in Immunology” (Coligan, 1991). These
techniques are applicable to the production of the polynucleotides and polypeptides of the
invention, and, as such, may be considered in making and practicing the invention. Particularly
useful techniques for particular embodiments will be discussed in the sections that follow.

The following examples are put forth so as to provide those of ordinary skill in the art
with a complete disclosure and description of how to make and use the assay, screening, and
therapeutic methods of the invention, and are not intended to limit the scope of what the

inventors regard as their invention.

EXAMPLES
Example 1: Adenosine Base Editors with Increased Editing Efficiency

Base editing systems that include a Tad7.10-dCas9 fusion proteins are capable of editing
a target polynucleotide with approximately 10-20% efficiency, but for uses requiring higher
efficiency their use may be limited. In an effort to identify adenine base editors having
increased efficiency and specificity, constructs comprising the adenosine deaminase TadA 7.10
were mutagenized by error prone PCR and subsequently cloned into an expression vector
adjacent to a nucleic acid sequence encoding dCas9, a nucleic acid programmable DNA binding
protein (FIG. 1A). The expression vectors comprising the adenosine deaminase variants were
co-transtormed into competent bacterial cells with a selection plasmid encoding
chloramphenicol resistance (CamR} and spectinomycin resistance (SpectR) and having a
kanamycin resistance gene that was rendered nonfunctional by two point mutations {evolution
round 7 strategy) (FIG. 1B). The cells were selected for restoration of kanamycin resistance,
which was a read out for adenosine deaminase activity. In subsequent rounds of selection, the
expression vectors were co-transformed into competent cells with a plasmid encoding
chloramphenicol resistance (CamR} and spectinomycin resistance (SpectR) and having a
kanamycin resistance gene that was rendered nonfunctional by three point mutations (evolution
round 8 strategy) (FI1G. 1C).

An inactivated kanamycin resistance gene nucleic acid sequence is provided below:;
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ccggaattgccagctggggegccetetggtaaggttgggaagcecctgecaaagtaaactggatggetttcet
tgcecgccaaggatcetgatggegcaggggatcaagatetgatcaagagacaggatgaggatecctttegeAT
GATCGAATAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTAGGTEGEAGCGCCTATTCGGCTATGACTGG
GCACARACAGACAATCGGCTGCTCTGATGCCGCCGTGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTT
TTGTCAAGACCGACCTGTCCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGC
CACGACGGGCGTTCCTTGCGCAGCTGTGUTCGACGTTGTCACTGARGCGGGARAGGGACTGGCTGCTATTG
GGCGARAGTGCCGEGEGGCAGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGARRGTATCCATCATGGLTG
ATGCAATGCGGCGEGCTGCATACGLCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGARACATCGCAT
CGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGT CGATCAGGATGATCTGGACGAAGAGCATCAGGGG
CTCGCGCCAGCCGARACTGTTCGCCAGGLUTCAAGGCGLUGCATGCCCGACGGCGAGGATCTCGTCGTGACCC
ATGGCGATGCCTGCTTGCCGAATATCATGGTGGARAATGGCCGCTTTTCTGGATTCATTAACTGTGGCCG
GCTGGGTGTGGCEGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGAAGAGCTTGGCGEGC
GAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATC
GCCTTCTTGACGAGTTCTTCTAA

In the above sequence, lower case denotes the kanamycin resistance promoter region,
bold sequence indicates targeted inactivation portion (Q4* and W15%), the italicized sequence
denotes the targeted inactive site of kanamycin resistance gene (D208N), and the underlined
sequences denote the PAM sequences.

Again, the cells were plated onto a series of agarose plates with increasing kanamycin
concentration. As shown in FIG. 2, adenosine deaminase variants having efficient base editing
activity were able to correct the mutations present in the kanamycin resistance gene and were
selected for further analysis. Adenosine deaminase variant base editors showing efficient base
editing in bacterial cells are described in Table 14. Mammalian expression vectors encoding
base editors comprising the selected adenosine deaminase variants were generated.

Hek293T cells expressing a 3-globin protein associated with sickle cell disease that
contains an E6V (also termed E7V) mutation were used to test the editing efficiency of the
adenosine deaminase variants (FIGs. 3A and 3B). These cells termed “Hek293T/HBBE6V™
cells were transduced using lentiviral vectors expressing a base editing system that includes a
fusion protein comprising the ABESs listed in Table 15. The ABES8s were generated by cloning
an adenosine deaminase variant into a scaffold that included a circular permutant Cas9 and a
bipartite nuclear localization sequence. Circular permutant Cas9s are known in the art and
described, for example, in Qakes ez al., Cell 176, 254-267, 2019. These sequences are provided
herein below.

Upregulation of fetal hemoglobin is a therapeutic approach to overcoming sickle cell
disease. FIG. 3A shows a therapeutically relevant site for upregulation of fetal hemoglobin.

Editing adenosines at residues 5 and 8 can significantly reduce BCL11A binding, thereby
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increasing expression of fetal hemoglobin. Referring to FIG. 3A, the ABESs exhibited
approximately 2 — 3 fold more base editing activity than the base editor ABE7 10.

Table 15: Novel Adenine Base Editors ABES

plasmid ID description function
230 ABES.1 monomer_TadA*7.10 + Y147T
281 ABES.2 monomer_TadA*7.10 + Y147R
282 ABES.3 monomer_TadA*7.10 + Q1545
283 ABES.4 monomer_TadA*7.10 + Y123H
284 ABES.5 monomer_TadA*7.10 + V825
285 ABES.6 monomer_TadA*7.10 + T166R
286 ABES.7 monomer_TadA*7.10 + Q154R
287 ABES8.8 monomer_ Y147R_Q154R_Y123H
288 ABE8.9 monomer_ Y147R_Q154R_176Y
289 ABE&.10 monomer_ ¥147R_Q154R_T166R
290 ABER&.11 monomer_ Y147T_Q154R
291 ABE8.12 monomer_ Y147T_Q1545
292 ABE3.13 monomer_H123Y123H_ Y147R_Q154R_I76Y
293 ABES&.14 heterodimer_TadA*7.10 + ¥147T
294 ABEB.15 heterodimer_TadA*7.10 + Y147R
295 ABEB.16 heterodimer_TadA*7.10 + Q1545
296 ABE8.17 heterodimer_TadA*7.10 + Y123H
297 ABEB8.13 heterodimer_TadA*7.10 + V825
298 ABEB.19 heterodimer_TadA*7.10 + T166R
299 ABES&.20 heterodimer_TadA*7.10 + Q154R
300 ABE&.21 heterodimer_ Y147R_Q154R_Y123H
301 ABE8.22 heterodimer_ ¥147R_Q154R_|76Y
302 ABEB.23 heterodimer_ Y147R_Q154R_T166R
303 ABE&.24 heterodimer_ ¥147T_Q154R
3204 ABE&.25 heterodimer_ ¥147T_Q1545

Referring to FIG. 4, the ABES8s were introduced into Hek293T/HBBEGV cells along with 18,
19, 20, 21, or 22 nucleotide guide RNAs targeting the polynucleotide encoding HBB E6V. The
ABES editors showed increased editing efficiency when fused to circular permutant (Cp)-Cas9.
In total, 40 different ABES constructs (Table 16) and three ABE7.10 constructs were tested for
editing activity in Hek293T/HBBEG6V cells. The sequence of exemplary constructs follows. To
evaluate the specificity of editing, target and unintended or bystander mutations were monitored
(FIG. 5). Unintended editing of an adenosine in codon 5 was silent. However, unintended
editing of codon 9 resulted in a serine to proline mutation. Referring again to FIG, §, multiple

ABESs showed increased editing efficiency and specificity compared to the ABE7.10 editors,
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and none of the editors had significant bystander editing that led to the serine to proline
missense mutation.

Further analysis of selected ABES8s and an ABE7.10 control was carried out in fibroblast
cells containing the sickle cell mutation. As shown in FIG. 6, the ABES editors had increased
base editing activity compared to the ABE7.10. ABES 18 showed approximately 70%
efficiency. The selected ABES editors also displayed unprecedented specificity. Importantly,
the average INDEL formation for all ABES editors was less than 0.1%.
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Table 16:
plal.f»: id description function
335 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE3.1 monomer_TadA*7.10 + Y147T
336 NGC PAM CP5 variant (S. pyogrouns Cas9)_ABES.2 monomer_TadA*7.10 + Y147R
337 NGC PAM CP5 variant (S. pyogenes Cas9)_ABES.3 monomer_TadA*7.10 + Q1545
338 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.4 monomer_TadA*7.10 + Y123H
339 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.5 monomer_TadA*7.10 + V825
340 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.6 monomer_TadA*7.10 + T166R
341 NGC PAM CP5 variant {S. pyogenes Cas9)_ABEB.7 monomer_TadA*7.10 + Q154R
342 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.8 monomer_Y147R_Q154R_Y123H
343 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.9 monomer_ Y147R_Q154R_I76Y
344 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.10 | monomer_ Y147R_Q154R_T166R
345 NGC PAM CP5 variant (S. pyogenes Cas9)_ABES.11 monomer_Y147T_Q154R
346 NGC PAM CP5 variant (S. pyogenes Cas9)_ABES.12 monomer_ Y147T_Q1545
monomer_H123Y123H_
347 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.13 ¥147R_Q154R_I76Y
monomer_deletion at TadA7.10*
343 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 149
monomer_deletion at TadA7.10*
349 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 150
monomer_deletion at TadA7.10*
350 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 151
monomer_deletion at TadA7.10*
351 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 152
monomer_deletion at TadA7.10*
352 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 153
monomer_deletion at TadA7.10*
353 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 154
monomer_deletion at TadA7.10*
354 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 155
monomer_deletion at TadA7.10*
355 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE7.10 residue 156
monomer_deletion at TadA7.10*
356 NGC PAM CP5 variant [S. pyogenes Cas9)_ABE7.10 residue 157
357 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.14 | heterodimer_TadA*7.10 + Y147T
358 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.15 | heterodimer_TadA*7.10 + Y147R
359 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.16 [ heterodimer_TadA*7.10 + Q1545
360 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.17 | heterodimer_TadA*7.10 + Y123H
361 P5 variant (. z}t/ac)cgg::: EasQ)_ABEB.lB heterodimer_TadA™7.10 + V825
362 NGC PAM CPS variant (S. pyogenes Cas9)_ABES.19 heterodimer_TadA*7.10 + T166R
363 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.20 | heterodimer_TadA*7.10 + Q154R
364 NGC PAM CP5 variant (S. pyogenes Cas9)_ABES.21 | heterodimer_Y147R_Q154R_Y123H
365 NGC PAM CP5 variant {S. pyogenes Cas9)_ABES.22 | heterodimer_ Y147R_Q154R_I76Y
366 NGC PAM CP5 variant (S. pyogenes Cas9)_ABE8.23 | heterodimer_Y147R_Q154R_T166R
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367 NGC PAM CP5 variant (S. pyogenes Cas9)_ABES.24 heterodimer_ Y147T_Q154R
368 NGC PAM CP5 variant (S. pyogenes Cas9)_ABES.25 heterodimer_ Y147T_Q154S
heterodimer_H123Y123H_
369 NGC PAM CP5 variant (S, pyogenes Cas9)_ABES.26 Y147R_Q154R_I76Y
heterodimer_deletion at TadA7.10*
370 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 149
heterodimer_deletion at TadA7.10*
371 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 150
heterodimer_deletion at TadA7.10*
372 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 151
heterodimer_deletion at TadA7.10*
373 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 152
heterodimer_deletion at TadA7.10*
374 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 153
heterodimer_deletion at TadA7.10*
375 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 154
heterodimer_deletion at TadA7.10*
376 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 155
heterodimer_deletion at TadA7.10*
377 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 156
heterodimer_deletion at TadA7.10*
378 NGC PAM CP5 variant (S, pyogenes Cas9)_ABE7.10 residue 157
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Example 2: Adenine Base Editors for the Treatment of Hematological Disorders

Sickle cell disease (SCD) affects approximately 100,000 patients in the United States.
Individuals carrying both the SCD mutation and mutations that cause persistence of fetal
hemoglobin (HPFH) do not typically present with sickle cell pathologies due to persistent fetal
hemoglobin (HbF) levels. Higher HbF levels correlate with greater benefit for individuals with
blood disease, such as reduction in disease symptoms and improved overall health. A Tto C
mutation at the -198 position in the HGB promoter causes HPFH by interference of binding to y-
globulin repressor proteins, such as BCL11A,

ABES constructs were evaluated in human hematopoietic stem cells (HSC). Ex vivo
manipulation and/or editing of HSCs prior to administration to patients as a cell therapy is a
promising approach for the treatment of hematological disorders. It has been previously
demonstrated that ABEs can introduce a T to C substitution at the -198 position of the promoter
region of HBG1/2 (Gaudelli, N. M. e al. Programmable base editing of A*T to G*C in genomic
DNA without DNA cleavage Nature 551, 464-471, doi:10.1038/nature24644 (2017)). This
naturally occurring allele yields Hereditary Persistence of Fetal Hemoglobin (HPFH) resulting in
increased levels of y-globin into adulthood, which can mitigate the defects in £-globin seen in
sickle cell disease and -thalassemia (Wienert, B. ez /. KLF1 drives the expression of fetal
hemoglobin in British HPFH. Blood 130, 803-807, doi:10.1182/blood-2017-02-767400 (2017)).
With the goal of reproducing the HPFH phenotype and evaluating the clinical relevance of
ABES, CD34+ hematopoietic stem c¢ells were isolated from two donors and transfected with
mRNA encoding ABES editors and end-modified sgRNA placing the target A at position 7
within the protospacer.

The average ABES editing efficiencies at the -198 HBG1/2 promoter target site were 2-3
times higher than either ABE7.10 construct at early time points (48h), and 1.3-2-fold higher than
ABE7.10 at the later time (144h) (FIG. 7B; FIGs. 8A and 8B, FIG. 9). FIG. 7A schematically
shows the HBG1/2 promoter target site. FIG, 7C shows that ABES editing in CD34+ cells
yielded an approximately 1 4-fold increase in y-globin formation in differentiated erythrocytes
(ABES.13-d resulted in 55% y-globin/a-globin expression). These kinetic distinctions are
clinically important for ex vivo therapies in which cell culturing must be kept to a minimum
prior to administration of cell therapy.

Next, the amount of y-globin protein produced following ABE treatment and erythrocyte
differentiation was quantified by UPLC (FIGs. 10-30). A 3.5-fold average increase in % y-
globin/a-globin expression was observed in erythrocytes derived from the ABES treatment
groups when compared to mock treated cells and about a 1.4-fold increase was observed when

ABES 13-d was compared to levels achieved with ABE7.10-m/d (FIG. 7B).
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The editing efficiencies and on-target editing (e.g., at nucleotide position 9G in the sickle
cell (HbS) allele) by ABES editors is further demonstrated in FIGs. 37, 40, 43A, 43B, 44A and
44B.

It is predicted that >20% HDF 1s required to ameliorate symptoms of sickle cell disease,
and fS-thalassemia patients are likely to require even higher minimum levels (see e.g., Canver,
M. C. & Orkin, S. H. Customizing the genome as therapy for the beta-hemoglobinopathies.
Blood 127, 2536-2545, doi:10.1182/blood-2016-01-678128 (2016), Fitzhugh, C. D. et al,,
Blood, 130, 1946-1948, doi:10.1182/blood-2017-03-772392 (2017)). The y-globin levels
observed following ABES treatment surpassed this threshold for HbF level.

Overall, ABE8s recreated a naturally-occurring hereditary persistence of fetal
hemoglobin (HPFH}) allele at the promoter of the y-globin genes HBG1 and HBG2, achieving
editing efficiencies of up to 60% in human CD34+ cell cultures and a corresponding
upregulation of gamma globin expression in differentiated erythrocytes. (FIGs. 34A. 34B. 3SA-
35C)

Example 3: Complementary Base Editing Approaches for the Treatment of Sickle Cell
Disease and Beta thalassemia (f-thalassemia)

Sickle cell disease (SCD) and Beta thalassemia are disorders of beta globin production
and function that lead to severe anemia and significant disease complications across a multitude
of organ systems. Autologous transplantation of hematopoietic stem cells engineered through
the upregulation of fetal hemoglobin (HbF) or correction of the beta globin gene have the
potential to reduce disease burden in patients with beta hemoglobinopathies. Base editing is a
recently developed technology that enables precise modification of the genome without the
introduction of double strand DNA breaks.

Gamma globin gene promoters were comprehensively screened with cytosine and
adenine base editors (ABE) for the identification of alterations that would derepress HbF. Three
regions were identified that significantly upregulated HbF, and the most effective nucleotide
residue conversions are supported by natural variation seen in patients with hereditary
persistence of fetal hemoglobin (HPFH). ABEs have been developed that significantly increase
the level of HbF following nucleotide conversion at key regulatory motifs within the HBG1 and
HBG2 (HBG1/2) promoters. CD34+ hematopoietic stem and progenitor cells (HSPC) were
purified at clinical scale and edited using a process designed to preserve self-renewal capacity.
Editing at two independent sites with different ABEs reached 94 percent and resulted in up to 63
percent gamma globin by UPLC (FIGs. 31A-31E). The levels of HbF observed should afford

protection to the majority of SCD and B-thalassemia patients based on clinical observations of
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HPFH and non-interventional therapy that links higher HbF dosage with milder disease (Ngo ez
al., 2011 Brit J Hem, Vol. 156(2):259-264, Musallam et al , 2012 Blood). Accordingly, in the
HPFH approach described here, base editing is used to recreate single base changes in the
regulatory region of both gamma globin genes (HBG1 and HBG2) that disrupt repressor binding
and lead to increased expression of fetal hemoglobin (HbF). Beta-thalassemia or sickle cell
disease patients naturally harboring these variants are often asymptomatic or experience a milder
form of the disease. Base editing followed by in vitro erythroid differentiation of CD34+ cells
from both healthy donors and sickle trait donors led to HbF levels of greater than 60%, which is

expected to be clinically relevant.

Hb G-Makassar

Directly correcting the Glu6Val mutation of SCD has been a recent goal of genetic
therapies designed for the SCD population. Current base editing technology cannot yet convert
mutations like those that result from the A-T transversion in sickle beta globin; however, ABE
variants have been designed to recognize and edit the opposite stranded adenine residue of
valine. This results in the conversion of valine to alanine and the production of a naturally
occurring variant known as Hb G-Makassar. Beta globin with alanine at this position does not
contribute to polymer formation, and patients with Hb G-Makassar are asymptomatic in that
they present with normal hematological parameters and red blood cell morphology.

ABE base editors, such as the ABES8s described herein (see, e.g., Table 7, Table 14 and
FIGs. 36A-36C; 37-39) were used to directly convert the sickle cell disease-causing point
mutation (E6V) into an asymptomatic, naturally-occurring variant (E6A), also known as Hb G-
Makassar. Individuals harboring the Hb G-Makassar variant do not have polymerization
(sickling) and are otherwise asymptomatic. SCD patient fibroblasts edited with these ABE
variants achieve up to 70 percent conversion of the target adenine (FIG. 32A). CD34+ cells
from healthy donors were then edited with a lead ABE variant, targeting a synonymous mutation
in an adjacent proline that resides within the editing window and serves as a proxy for editing
the SCD mutation. The average editing frequency was 40 percent (FIG. 32B). In addition,
greater than 50% of base editing at position 9G was achieved at 96 hours post-electroporation.
(FIG. 40, FIGs. 43A and 43B; and FIGs, 44A and 44B). Donor myeloid chimerism
documented at these levels in the allogeneic transplant setting exceeds the 20 percent that is
required for reversing the sickle phenotype (Fitzhugh et a/, 2017 Blood).

Following base editing of the HbS target site with base editors comprising adenosine
deaminase variants, e.g., ABES, as described herein using cells (CD34+) from an SCD patient

sample (homozygous or heterozygous HbSS samples) and analysis of the edited sample by
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UHPLC, distinct peaks delineated the Hb-G-Makassar variant globin from the HbS globin
variant (FIGs. 41A, 45, 46A and 47), which resulted from direct conversion of the sickle cell
disease-causing point mutation (E6V) into an asymptomatic, naturally-occurring variant (E6A)
in the cells. Based on molecular weights in an edited heterozygous sample, the different beta
globin (Hb) variants that corresponded to the Val=> Ala substitution were distinguishable by
UHPLC. LC-MS analysis of the edit peak also showed the presence of the distinct beta globin
variants. (FIGs. 41B, 46B and 47B). The UHPLC and LC-MS analyses detected editing from
the mutant HbS sickle cell point mutation (E6V) to the asymptomatic Hb G-Makassar variant
(E6A), thus demonstrating successful editing of a pathogenic sickle cell variant (HbS) to the
asymptomatic, nonpathogenic Hb G-Makassar variant.

For HPFH editing studies, a suitable gRNA sequence (5’ to 3') is represented by the
following sequence:
mCsmUsmUsGACCAATAGCCUUGACAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAG
UCCGUUAUCAACUTUGAAAAAGUGGCACCGAGUCGGUGCUsmUsmUsml
In the above sequence, modifications are as follows: “mC” is 2'-O-methylcytidine; “mU” is 2'-
O-methyluradine; and “s” indicates position of a phosphorothiocate. It will be appreciated that
the code for modifications is not standard. Accordingly, separate codes are typically used for
the Makassar and the HPFH sgRNA guide sequences. Alternatively, the HPFH sequence with
the same nomenclature as that of the Makassar sequence is as follows:
CsususGACCAAUAGCCUUGACAGUUUUAGAGCUAGAAAUAGCAAGUUAAAAUAAGGCUAGUCC
GUUAUCAACUUGAAARAGUGGCACCGAGUCGGUGCUsUusUusU
The target sequence, including edited bases 5 and 8 (in bold) and PAM:

213 14 (56|78 |9 (101112131415 (16 (17|18 |19 (20 |PAM
CITITIG|IA|IC|C|A|A|T |A |G |C|C (T[T |G |A |C|A [|AGG

n

Example 4: Reduction of HbS and upregulation of HbF in SCD CD34+ cells

CD34+ cells from a patient having SCD were transfected with ABE8.8 mRNA and
sgRNA (HBG1/2, 50 nM) using electroporation. Edited cells were differentiated to erythroid
cells in vitro. The editing rate at HBG1/2 promoters was measured by Next-Genome
Sequencing (NGS). 16.5% editing by the ABE8.8 base editor was observed at 48 hours post
differentiation, and 89.2% editing was measured on day 14 post differentiation (FIG. 34A). The
breakdown of bystander editing at 48 hours and on day 14 post-differentiation is also shown
(FIG. 34B).

The functional readout of HbF upregulation and HbS downregulation in SCD CD34+
cells subjected to editing is shown in FIGS. 35A-35D. Edited SCD CD34+ cells were
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differentiated to erythroid cells and globin levels were analyzed on day 18 post differentiation.
Globin levels in erythroid cells differentiated from unedited SCD CD34+ cells were assessed by
UHPLC. FIG. 35B shows globin levels in erythroid cells differentiated from edited SCD
CD34+ cells. 63.2% of y globin level was detected in erythroid cells differentiated from edited
SCD CD34+ cells versus unedited cells (FIG. 35C). S globin was reduced from 86% to 32.9%
differentiated from edited SCD CD34+ cells versus unedited cells (FIG. 35D). The
upregulation of fetal hemoglobin is an approach that is advantageous for the treatment of SCD

as well as beta-thalassemia.

Example 5: Materials and Methods
General Methods:
All cloning was conducted via USER enzyme (New England Biolabs) cloning methods (see
Geu-Flores ef al., USER fusion: a rapid and efficient method for simultaneous fusion and
cloning of multiple PCR products. Nucleic Acids Res 35, €55, doi:10.1093/nar/gkm 106 (2007))
and templates for PCR amplification were purchased as bacterial or mammalian codon
optimized gene fragments (GeneArt). Vectors created were transformed into Mach T1®
Competent Cells (ThermoFisher Scientific) and maintained at -80 C for long-term storage. All
primers used in this work were purchased from Integrated DNA Technologies and PCRS were
carried out using either Phusion U DNA Polymerase Green MultiPlex PCR Master Mix
(ThermoFisher) or Q5 Hot Start High-Fidelity 2x Master Mix (New England Biolabs). All
plasmids used in this work were freshly prepared from 50 mL of Mach1 culture using
ZymoPURE Plasmid Midiprep (Zymo Research Corporation) which involves an endotoxin
removal procedure. Molecular biology grade, Hyclone water (GE Healthcare Life Sciences) was
used in all assays, transfections, and PCR reactions to ensure exclusion of DNAse activity.
Amino acid sequences of sgRNAs used for Hek293T mammalian cell transfection are
provided in Table 17 below. The 20-nt target protospacer is shown in bold font. When a target
DNA sequence did not start with a ‘G,” a “G’ was added to the 5’ end of the primer since it has
been established that the human U6 promoter prefers a ‘G’ at the transcription start site (see
Cong, L. et al., Multiplex genome engineering using CRISPR/Cas systems. Science 339, §19-
823, doi:10.1126/science 1231143 (2013)). The pFYF sgRNA plasmid described previously

was used as a template for PCR amplification.

Table 17: Sequences of sgRNAs used for Hek293T mammalian cell transfection.

Site RNA protospacer sequence Cas9 scaffold PAM

I | GAACACAAAGCAUAGACUGC | S. pyogenes . NGG
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2 GGGAAAGACCCAGCAUCCGU S. pyogenes NGG
3 GCUCCCAUCACAUCAACCGG S. pyogenes NGG
4 GGUGAGUGAGUGUGUGCGUG S. pyogenes NGG
3 GGCUUCAGGUUCUAAAUGAG S. pyogenes NGG
6 GCAGAGAGUCGCCGUCUCCA S. pyogenes NGG
7 GUGUAAGACCUCAAAAGCAC S. pyogenes NGG
8 GAUGAGAAGGAGAAGUUCUU S. pyogenes NGG
9 GAGGACAAAGUACAAACGGC S. pyogenes AGA
10 GUCACCACAGGGAAGCUGGG S. pyogenes TGA
11 GCUCUCAGGCCCUGUCCGCA S. pyogenes CGT
12 GAGCAAAUACCAGAGAUAAG S. pyogenes AGA
13 GAUCAGGAAAUAGAGCCACA S pvogenes GGC
14 GCCCAUCCCUGAGUCCAGCG S. pyogenes AGC
13 GAACACGAAGACAUCUGAAGGUA S qureus TTGAAT
16 GAUUUACAGCCUGGCCUUUGGGG S aureus TCGGGT
17 GGAGAGAAAGAGAAGUUGAUUG S. aureus ATGGGT
18 GAGGGUGAGGGAUGAGAUAAUG S. aureus ATGAGT
19 GGUGGAGGAGGGUGCAUGGGGU S. anreus CAGAAT
20 GCUGUUGCAUGAGGAAAGGGAC S qureus TAGAGT
HEK2 GAACACAAAGCAUAGACUGC S. pyogenes CGG
HEK3 GGCCCAGACUGAGCACGUGA S. pyogenes TGG
HEK 4 GGCACUGCGGCUGGAGGUGG S, pvogenes GGG
LDLR GCAGAGCACUGGAAUUCGUCA S. pyogenes GGG

sgRNA scaffold sequences are as follows:

S. pyogenes:

GUUUUAGAGCUAGAANTAGCAAGUUARAAAUARAGGCUAGUCCGUUAUCAACUUGAARAAGUGGCA

CCGAGUCGGUGC

S. aureuns:

GUUUUAGUACUCUGUAADGAARAATUACAGAAUCUACUARAACAAGGCAAAADGCCGUGUUUAUC

UCGUCAACUUGUUGGCGAGA

Generation of input bacterial TadA* libraries for directed evolution

The TadA*8.0 library was designed to encode all 20 amino acids at each amino acid

position in the TadA*7.10 open reading frame (Gaudelli, N. M. et o/, Programmable base
editing of A*T to G*C in genomic DNA without DNA cleavage. Nature 551, 464-471,
doi:10.1038/nature24644 (2017)). Each TadA*8.0 library member contained about 1-2 new

coding mutations and was chemically synthesized and purchased from Ranomics Inc (Toronto,
Canada). The TadA*8.0 library was PCR amplified with Phusion U Green MultiPlex PCR

Master Mix and USER-assembled into a bacterial vector optimized for ABE directed evolution
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(Gaudelli, N. M. et a/., Programmable base editing of A*T to G*C in genomic DNA without
DNA cleavage. Nature 551, 464-471, doi:10.1038/nature24644 (2017)).

Bacterial evolution of TadA variants

Directed evolution of ABE containing the TadA*8 library was conducted as previously
described (Gaudelli, N. M. et al., Programmable base editing of A*T to G*C in genomic DNA
without DNA cleavage. Nature 551, 464-471, doi:10.1038/nature24644 (2017)) with the
following changes: 1) E. coli 10 betas (New England Biolabs) were used as the evolution host;
and 11) survival on kanamycin relied on correction of three genetic inactivating components (e.g.
survival required reversion of two stop mutations and one active site mutation in kanamycin).
The kanamycin resistance gene sequence contains selection mutations for ABES8 evolution.
After overnight co-culturing of selection plasmid and editor in 10 beta host cells, the library
cultures were plated on 2xYT-agar medium supplemented with plasmid maintenance antibiotic
and increasing concentrations of selection antibiotic, kanamycin (64-512 ug/mL). Bacteria were
allowed to grow for 1 day and the TadA*8 portion of the surviving clones were Sanger
sequenced after enrichment. Identified TadA*8 mutations of interest were then were then

incorporated into mammalian expression vector via USER assembly.

General HEK293T and RPMI-8226 mammalian culture conditions

Cells were cultured at 37 °C with 5% CO2. HEK293T cells [CLBTx013, American Type
Cell Culture Collection (ATCC)] were cultured in Dulbecco’s modified Eagles medium plus
Glutamax (10566-016, Thermo Fisher Scientific) with 10% (v/v) fetal bovine serum (A31606-
02, Thermo Fisher Scientific). RPMI-8226 (CCL-155, ATCC) cells were cultured in RPMI-
1640 medium (Gibco) with 10% (v/v) fetal bovine serum (Gibco). Cells were tested negative for

mycoplasma after receipt from supplier.

Hek293T plasmid transfection and gDNA extraction

HEK293T cells were seeded onto 48-well well Poly-D-Lysine treated BioCoat plates
(Corning) at a density of 35,000 cells/well and transfected 18-24 hours after plating. Cells were
counted using a NucleoCounter NC-200 (Chemometec). To these cells were added 750 ng of
base editor or nuclease control, 250 ng of sgRNA, and 10 ng of GFP-max plasmid (Lonza)
diluted to 12.5 uL total volume in Opti-MEM reduced serum media (ThermoFisher Scientific).
The solution was combined with 1.5 L of Lipofectamine 2000 (ThermoFisher) in 11 ¢L of
Opti-MEM reduced serum media and left to rest at room temperature for 15 min. The entire

25 L mixture was then transferred to the pre-seeded Hek293T cells and left to incubate for
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about 120 h. Following incubation, media was aspirated and cells were washed two times with
250 uL of 1x PBS solution {ThermoFisher Scientific) and 100 uL of freshly prepared lysis
buffer was added (100 mM Tris-HCI, pH 7.0, 0.05% SDS, 25 ug/mL Proteinase K (Thermo
Fisher Scientific). Transfection plates containing lysis buffer were incubated at 37 °C for 1 hour

and the mixture was transferred to a 96-well PCR plate and heated at 80 °C for 30 min.

Analysis of DNA and RNA off-target editing for ABE architecture and ABES constructs

HEK293T cells were plated on 48-well poly-D-lysine coated plates (Corning) 16 to 20
hours before lipofection at a density of 30,000 cells per well in DMEM + Glutamax medium
(Thermo Fisher Scientific) without antibiotics. 750 ng nickase or base editor expression plasmid
DNA was combined with 250ng of sgRNA expression plasmid DNA in 15 ul OPTIMEM +
Glutamax. This was combined with 10 pl of lipid mixture, comprising 1.5 pl Lipofectamine
2000 and 8.5 pul OPTIMEM + Glutamax per well. Cells were harvested 3 days after transfection
and either DNA or RNA was harvested. For DNA analysis, cells were washed once in 1X PBS,
and then lysed in 100 pl QuickExtract™ Buffer (Lucigen) according to the manufacturer’s
instructions. For RNA harvest, the MagMAX™ mirVana™ Total RNA Isolation Kit (Thermo
Fisher Scientific) was used with the KingFisher™ Flex Purification System according to the
manufacturer’s instructions.

Targeted RNA sequencing was performed largely as previously described (see Rees, H.
A. et al., Analysis and minimization of cellular RNA editing by DNA adenine base editors. Sci
Adv §, eaax5717, doi:10.1126/sciadv.aax5717 (2019)). cDNA was prepared from the isolated
RNA using the SuperScript IV One-Step RT-PCR System with EZDnase (Thermo Fisher
Scientific) according to the manufacturer’s instructions. The following program was used: 58 °C
for 12 min, 98°C for 2 min, followed by PCR cycles which varied by amplicon: for CTNNBI1
and IP90: 32 cycles of [98°C for 10 sec, 60°C for 10 sec, 72°C for 30 sec] and for RSL1D1 35
cycles of [98°C for 10 sec; 58°C for 10 se¢; 72°C for 30 sec]. No RT controls were run
concurrently with the samples. Following the combined RT-PCR, amplicons were barcoded and
sequenced using an Illumina Miseq as described above. The first 125nt in each amplicon,
beginning at the first base after the end of the forward primer in each amplicon, was aligned to a
reference sequence and used for mean and maximum A-to-I frequencies in each amplicon
(FIGs. 33A and 33B).

Oft-target DNA sequencing was performed using previously published primers (see
Komor, A. C. ef al., Programmable editing of a target base in genomic DNA without double-
stranded DNA cleavage. Nature 533, 420-424, doi:10.1038/nature17946 (2016); Rees, H. A. e?
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al., Analysis and minimization of cellular RNA editing by DNA adenine base editors. Sci Adv §,
eaax5717, doi:10.1126/sciadv.aax5717 (2019)) listed in Table 18 below using a two-step PCR
and barcoding method to prepare samples for sequencing using Illumina Miseq sequencers as
above.

Table 18: HTS Primers used to amplify genomic sites:

Primer Name Sequence
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTHNNNNCCAGCCCCATCTGTC
fivd_site |1
- = ARACT
. TGGAGTTCAGACGTGTGCTCTTCCGATCTTGAATGGATTCCTTGGAAACAAT
rev_site 1 GA
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTGAGGGAGAGCCGTG
fwd_site 2
TAGTT
mv;ﬁw_z TGGAGTTCAGACGTGTGCTCTTCCGATCTGCCTCTCAARGTGCT GGGAT
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCCATCAGGCTCTCAG
fwd_site_3 CTCRG
IE(}ﬂQ} TGGAGTTCAGACGTGTGCTCTTCCGATCTCTCGTGGGTTTGTGGTTGC
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTHNNNGCCCATTCCCTCTTT
fwd_site 4
AGCCA
mv;ﬁw_4 TGGAGTTCAGACGETGTGCTCTTCCGATCTGAGCCGTTCCCTCTTTGCTA
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNAACCTGTGTGACACT
fwd_site 5 TGGOR
IE(}ﬂQ} TGGAGTTCAGACGTGTGCTCTTCCGATCTGTCTGGCCCAAGATCACACA
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTHNNCACGGATARAGACGCT
fivd_site 6
- = GGGA
mv;ﬁw_6 TGGAGTTCAGACGTGTGCTCTTCCGATCTGGGGETCCCAGETGCTGAC
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNTTGATTGTCTCCTTTG
fwd_site 7 ceae
rev site 7 TGGAGTTCAGACGTGTGCTCTTCCGATCTTGACCCAGTGTTTGATAGATCAG
v sl
e T
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTHNNNCACCCCTTCAGTCCAT
fivd_site 8
- = GCTT
mv;ﬁw_g TGGAGTTCAGACGTGTGCTCTTCCGATCTTCTGATGGGGAGGAACGAGT
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCAGCTCAGCCTGAGT
fwd_site 9 J—
rev_site 9 TGGAGTTCAGACGTGTGCTCTTCCGATCTGCCCACCOTAGTCATTGGAG
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTHNNNNGTCAGAGGGACACAC
fwd site 10
- = TGTGG
mvﬁnqjo TGGAGTTCAGACGTGTGCTCTTCCGATCTCACACTCACTCACCCACACA
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTGT GTGGGTGAGTGA
fwd site 11
— = GTGTG
rev_site_11 TGGAGTTCAGACGTGTGCTCTTCCGATCTCACCAAGGTTCACAGCCTGA
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Sequence

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTTGTCTCTGCCTGTA

fwd_site_12 GeTGE
mv_mw_lz TGGACGTTCAGACGTGTGCTCTTCCGATCTCGCTCTGGGCTTCATCTTCA
. ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNHNNTGSGGATTATGGETGET
twd site 13
— - GAGCC
mV_ﬂU[J3 TGGAGTTCAGACGTGTGCTCTTCCGATCTTGCCTTCCTCCTCTCTCTCC
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTGCAGACCAGATTCG
fwd site 14
- = GAGAR
leﬂﬁﬁqj4 TGGAGTTCAGACGTGTGCTCTTCCGATCTGTTCAGTTTCCAGGGGGETCC
. ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNNNTCCGCACAGCCTTAG
twd site 15
— - TTCAA
wv_ﬂE_IS TGGAGTTCAGACGTGTGCTCTTCCGATCTAACTTGAAGAGACGGCAGCA
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCCCCCAGCTACAGAR
fwd site 16
- = AGGTC
mvjﬁqj6 TGGAGTTCAGACGTGTGCTCTTCCGATCTATTTCCACCGCAARAATGECC
. ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNNNTCACTTCAGCCCAGS
twd site 17
— - AGTAT
wv_ﬂm_l? TGGAGTTCAGACGTGTGCTCTTCCGATCTTGTGTATGGT GAGAGGTAGGGA
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGT CTGAGGTCACACA
fwd_site_18 TGS
mvjﬁqJS TGGAGTTCAGACGTGTGCTCTTCCGATCTCTGAGAGCAGGGACCACATC
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGGGAGGTGGAGAGAG
twd site 19
— = GATGT
. TGGAGTTCAGACGTGTGCTCTTCCGATCTACTCTTCCTGAGGTCTAGGAACC
rev_site_19 o
. ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNNNCCCTGTTCCTAAASC
twd site 20
— — CCACC
. TGGACGTTCAGACGTGTGCTCTTCCGATCTACTCTCTGGTTCTGTTTGTGGECC
rev_site 20 a
fwd CTNNBI ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNATT TGATGGAGTTGE
wa_ ACATGGCC
EW_CTNNBI TGGAGTTCAGACGTGTGCTCTCCAGCTACTTGTTCTTGAGTGAAGSG
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTGGCTTTCCAAATCA
fwd RSLIDI
— GTGGETC
mv_RSLlDl TGGACGTTCAGACGTGTGCTCTTCCGATCTCTCATAAGCTTAGACCAACAAGC
ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCTGGTTGACCAATCT
fwd IP90
- GTGGETG
myJP90 TGGAGTTCAGACGTGTGCTCTCTGUGTCTGGATCAGGTACG

twd HEK293 site?

off1

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGT GTGGAGAGTGAGT
AAGCCA

rev HEK293_site2_

offl

TGGAGTTCAGACGTGTGCTCTTCCGATCTACGGTAGGATGATTTCAGGCA
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fwd_HEK293 _site2

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCACARAGCAGTGTAG

_off2 CTCAGG

rev. HEK293 site2 | TGGAGTTCAGACGTGTGCTCTTCCGATCTTTT TTGGTACTCGAGTGTTATTC
off2 AG

fwd HEK293 site3 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTCCCCTGTTGACCTG
_offl GAGAR

re"—HEE{%fglj’—S‘te?’— TGGAGTTCAGACGTGTGCTCTTCCGATCTCACTGTACTTGCCCTGACCA

fwd HEK293 site3 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTTGGTGTTGACAGGG
off? AGCAR

"e"—HEKgéz’—S‘tez’— TGGAGTTCAGACGTGTGCTC TTCCGATC TCTGAGATGTGGGCAGARGGG
O

fwwd HEK293 site3 | ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNNNTGAGAGGGAARCAGAA
_off3 GGGCT

re"'—HEIgé?—S‘te?’— TGGAGTTCAGACGTGTGCTCTTCCGATCTGTCCARAAGGCCCAAGAACCT

fwd HEK293 site3 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTCCTAGCACTTTGGA
_oftd4 AGGTCG

"e"—HEKgfiz’—S‘tez’— TGGAGTTCAGACGTGTGCTCTTCCGATC TGCTCATCTTAATCTGCTCAGCC
O

fwd HEK293 site3 | ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNNNARAGGRAGCAGCTCTT
_offs CCTGG

re"'—HEIgé?—S‘te?’— TGGAGTTCAGACGTGTGCTCTTCCGATCTGTCTGCACCATCTCCCACAR

fwd HEK293 site4 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGGCATGGCTTCTGAG
offl ACTCA

rev. HEK293 sited | TGGAGTTCAGACGTGTGCTCTTCCGATCTGTCTCCCTTGCACTCCCTGTCTT
offl T

fwd HEK293 site4 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTT TGGCAATGGAGGC
_off2 ATTGG

re"—HEIj?fgz3—5‘te4— TGGAGTTCAGACGTGTGCTCTTCCGATCTGARGAGGCTGCCCATGAGAG

fwwd HEK293 sited4 | ACACTCTTTCCCTACACGACGCTCTTCCGATC TNNNNGGTCTGAGGCTCGAA
off3 TCCTG

"e"—HEEégz’—S‘te“— TGGAGTTCAGACGTGTGCTC TTCCGATC TCTGTGSCCTCCATATCCCTG

fwd HEK293 site4 | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTT TCCACCAGAACTC
_off4 AGCCC

re"—HEijfiz’—S‘te“— TGGAGTTCAGACGTGTGCTCTTCCGATCTCCTCGETTCCTCCACAACAC

fwwd HEK293 sited | ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNCACGGGRAGGACAGG
off3 AGARG

re"—HEIgég3—5‘te4— TGGAGTTCAGACGTGTGCTC TTCCGATC TGCAGGGGAGGGATARAGCAG

fwd_HEK site_3

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGGARNCGCCCATGCA
ATTAGTC

rev_HEK_ site_3

TGGAGTTCAGACGTGTGCTCTTCCGATCTCTTGTCARCCAGTATCCCGGTG

fwd HEK site 2

ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNTGAATGGATTCCTTG
GAARCAATG

rev_HEK site 2

TGGAGTTCAGACGTGTGCTCTTCCGATCTCCAGCCCCATCTGTCARACT

296



10

WO 2020/168133 PCT/US2020/018193

Primer Name Sequence
ﬁNdJ{EK;ﬂKLﬂ TGGAGTTCAGACGTGTGCTCTTCCGATCTTCCTTT CAACCCGARACGGAG
. ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGCTGGTCTTCTTTCC
rev_HEK site_4 | ~oqoc
fwd LDLR ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNGCCCTGCTTCTTTTT
— CTCTGGT
rev. LDLR TGGAGTTCAGACGETGTGCTCTTCCGATCTACCATTAACGCAGCCAACTTCA
fwd TRAC ACACTCTTTCCCTACACGACGCTCTTCCGATCTCATGAGGTCTATGGACTTC
wa_ ARGAGCAA
TGGAGTTCAGACGTGTGCTCTTCCGATCTCATCATTGACCAGAGCTCTGGEC
Rev TRAC
- AGAR
fwd CBLB ACACTCTTTCCCTACACGACGCTCTTCCGATCTGCACTTACCAGCATTACTT
— CCTAAACC
TGGAGTTCAGACGETGTGCTCTTCCGATCTATGGGCTCCACTTTTCAGCTCTG
Rev_CBLB TAR
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTTCAGGCACATGTAG
fwd_CD7
- AGGGEA
TGGAGTTCAGACGTGTGCTCTTCCGATCTACCGCCTGCAGCTGTCGGACACT
Rev CD7
- GGCA
ACACTCTTTCCCTACACGACGCTCTTCCGATCTAARAGATGAGTATGCCTGC
fwd B2M
— CGTG
TGGAGTTCAGACGTGTGCTCTTCCGATCTCAGATTGTTTATAT CAGATGGEA
Rev B2M
= TGGGE
ACACTCTTTCCCTACACGACGCTCTTCCGATCTATGCAAGTTTGGTCCTGAG
fwd_CIITA ceoTOCE
TGGAGTTCAGACGTGTGCTCTTCCGATCTGATGTCGGGTTCCCTGCGCTCTGC
Rev CIITA A
ACACTCTTTCCCTACACGACGCTCTTCCGATCTCCAGGGACTGAGGGTGGAR
fwd PDCD1
— GGTCC
RE{JWDCDI TGGAGTTCAGACGTGTGCTCTTCCGATCTACCTCCGCCTGAGCAGTGGAGARA

mRNA production for ABE editors used in CD34+ cells

All adenine base editor mRNA was generated using the following synthesis protocol.
Editors were cloned into a plasmid encoding a dT7 promoter followed by a 5"UTR, Kozak
sequence, ORF, and 3’UTR. The dT7 promoter carries an inactivating point mutation within the
T7 promoter that prevents transcription from circular plasmid. This plasmid templated a PCR
reaction (Q5 Hot Start 2X Master Mix), in which the forward primer corrected the SNP within
the T7 promoter and the reverse primer appended a polyA tail to the 3’ UTR. The resulting PCR
product was purified on a Zymo Research 25 ng DCC column and used as mRNA template in
the subsequent in vitro transcription. The NEB HiScribe High-Yield Kit was used according to
the instruction manual, but with full substitution of N1-methyl-pseudouridine for uridine and co-
transcriptional capping with CleanCap AG (Trilink). Reaction cleanup was performed by

lithium chloride precipitation. Primers used for amplification can be found in Table 18.
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The Cas9 mRNA used here was purchased from Trilink (CleanCap Cas? mRNA 5moU)

and the CBE mRNA used in the whole genome sequencing experiment was generated in-house.

Table 19: Primers used for ABES T7 in vitro transcription reactions

Name Sequence

fwd_IVT | TCGAGCTCGGTACCTAATACGACTCAC

FErrrrerrrerr e erer e rreevrereerrervrrreerrrererrr
rev_IVT rrrrrrerrrrer e rrrrrrerrrrrrrrrrrerrereerrrrrrrrrrrrerrr
CTTCCTACTCAGGCTTTATTCAAAGACCA

CD34+ cell preparation

Mobilized peripheral blood was obtained and enriched for Human CD34+ HSPCs and
frozen in single-use aliquots (HemaCare, MOO1F-GCSF/MOZ-2). The CD34+ cells were thawed
and put into X-VIVO 10 (Lonza) containing 1% Glutamax {Gibco), 100ng/mL of TPO
(Peprotech), SCF (Peprotech) and Flt-3 (Peprotech) and cultured for 48 hours prior to

electroporation.

Electroporation of CD34+ cells

48 hours post thaw, the cells were centrifuged to remove the X-VIVO 10 medium and
washed in MaxCyte buffer (HyClone) with 0.1% HSA (Akron Biotechnologies). The cells were
then resuspended in cold MaxCyte buffer at 1,250,000 cells per mL and split into multiple 20puL
aliquots. The ABE mRNA (0.15 4M) and -198 HBG1/2 sgRNA (4.05 uM) were then aliquoted
as per the experimental conditions and raised to a total of SpL in MaxCyte buffer. 20pL of cells
was the added into the SpL. RNA mixture in groups of 3 and loaded into each chamber of an
0C25x3 MaxCyte cuvette for electroporation. After receiving the charge, 25uL. was collected
from the chambers and placed in the center of the wells in a 24-well untreated tissue culture
plate. The cells recovered for 20 minutes in an incubator (37°C, 5% CQO2). After the 20 minute
recovery, X-VIVO 10 medium containing 1% Glutamax, 100ng/mL of TPO, SCF and Flt-3 was
added to the cells for a concentration of 1,000,000 cells per mL. The cells were then left to

further recover in an incubator (37°C, 5% CO») for 48hrs.

Erythrocyte differentiation post ABE electroporation
Following 48 h post electroporation rest (day O of culture), the cells were centrifuged and
moved to “Phase 17 IMDM media (ATCC) containing 5% human serum, 330pug/mL transferrin
(Sigma), 10pg/mL human insulin (Sigma), 2U/mL heparin sodium (Sigma), 3U/mL EPO
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(Peprotech), 100ng/mL SCF (Peprotech), 5pg/mL IL3 and 50uM hydrocortisone (Sigma) at
20,000 cells per mL. On day 4 of culture, the cells were fed 4x volume of the same media. On
day 7, the cells were spun down and moved to “Phase 2” IMDM media containing 5% human
serum (Sigma), 330ug/mL transferrin, 10pg/mL human insulin, 2U/mL heparin sodium, 3U/mL
EPO and 100ng/mL SCF at 200,000 cells per mL. On day 11, cells were centrifuged and moved
to “Phase 3”7 IMDM media containing 5% human serum, 330pg/mL of transferrin, 10pg/mL
human insulin, 2U/mL of heparin sodium and 3U/mL of EPQO at 1,000,000 cells per mL. On day
14, the cells were centrifuged and resuspended in the same media as used on day 11, but at
5,000,000 cells per mL. On day 18, the differentiated red blood cells were collected in 500,000
cell aliquots, washed once in 500uL DPBS (Gibco) and frozen at -80°C for 24 hours before
UHPLC processing.

Preparation of red blood cell sample for UHPLC analysis

Frozen red blood cell pellets were thawed at room temperature. Pellets were diluted to a
final concentration of 5 x 10* cells/uL with ACK lysis buffer. Samples were mixed by pipette
and incubated at room temperate for 5 min. Samples were then frozen in at -80°C for 5 min,
allowed to thaw, and mixed by pipette prior to centrifugation at 6,700g for 10 min. The
supernatant was carefully removed (without disturbing cell debris pellet), transferred to a new

plate in which a 10-fold dilution in ultrapure water was done for UHPLC analysis.

Ultra-high performance liquid chromatography (UHPLC) Analysis

Reverse-phase separation of globin chains was performed using a UHPLC system
configured with a binary pump and UV detector (Thermo Fisher Scientific, Vanquish Horizon).
The Waters AQUITY Peptide BEH C18 VanGuard pre-column (2.1 x 5 mm, 1.7 um beads, 300
A pore size) followed by ACQUITY Peptide BEH C18 Column (2.1 x 150 mm, 1.7 pm beads,
300 A pore size) (Waters Corp) were used for the separation with a column temperature of 60
°C. Elution was performed using 0.1% trifluoroacetic acid (TFA) in water (A) and 0.08% TFA
in acetonitrile (B) with a flow rate of 0.25 mL/min. Separation of the globin chains was
achieved using a linear gradient of 40-52%B 0-10 min; 52-40%B 10-10.5 min; and 40%B to 12
min. Sample injection volume was 10uL. UV spectra at a wavelength of 220nm with a data
rate of SHz was collected throughout the analysis. Globin chain identities were confirmed

through LC/MS analysis of hemoglobin standards.
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Genomic DNA extraction for CD34+ cells

Following ABE electroporation (e.g., 48h later), an aliquot of cells was cultured in X-
VIVO 10 media (Lonza) containing 1% Glutamax (Gibco), 100ng/mL of TPO (Peprotech), SCF
(Peprotech) and Flt-3 (Peprotech). Following 48 h and 144 h post culturing, 100,000 cells were
collected and centrifuged. 50 pL of Quick Extract (Lucigen) was added to the cell pellet and the
cell mixture was transferred to a 96-well PCR plate (Bio-Rad). The lysate was heated for 15
minutes at 65°C, followed by 10 minutes at 98°C. The cell lysates were stored at -20°C.

Other Embodiments

From the foregoing description, it will be apparent that variations and modifications may
be made to the invention described herein to adopt it to various usages and conditions. Such
embodiments are also within the scope of the following claims.

The recitation of a listing of elements in any definition of a variable herein includes
definitions of that variable as any single element or combination (or subcombination) of listed
elements. The recitation of an embodiment herein includes that embodiment as any single
embodiment or in combination with any other embodiments or portions thereof.

All publications, patents, and patent applications mentioned in this specification are herein
incorporated by reference to the same extent as if each individual publication, patent, or patent
application was specifically and individually indicated to be incorporated by reference. Absent
any indication otherwise, publications, patents, and patent applications mentioned in this

specification are incorporated herein by reference in their entireties.
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CLAIMS

1. A method for editing a hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter in a
cell, the method comprising contacting the cell with a guide RNA and a fusion protein
comprising a polynucleotide programmable DNA binding domain and an adenosine deaminase
domain, wherein the adenosine deaminase domain comprises an arginine (R) or a threonine (T)
at amino acid position 147 of SEQ ID NO: 2, wherein the adenosine deaminase domain has at
least 95% sequence identity to the amino acid sequence of SEQ ID NO: 2, wherein said guide
RNA targets said fusion protein to effect a deamination of a nucleobase of the HBG1/2 promoter

in the cell.

2. The method of claim 1, wherein the adenosine deaminase domain comprises an arginine

(R) at amino acid position 147 of said amino acid sequence.

3. The method of claim 1, wherein the adenosine deaminase domain further comprises one

or more of the following alterations: Q154S, Y123H, and Q154R.

4. The method of claim 1, wherein the adenosine deaminase domain comprises a
combination of alterations selected from the group consisting of:

Y147T and Q154R;

Y147T and Q154S;

Y147R and Q154S;

Y147R, V82S and Q154S;

Y 147T, V82S and Q154S;

V8&2S and Y147R;

Y147R, V82S and Q154R;

Y147T, V82S and Q154R;

Y147R, V82S and Y123H;

Y147T, V82S and Y123H;

Y147R, 176Y and V82S;

Y147T, 176Y and V82S;

V828, Y123H, and Y147T;
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V82S, Y123H, and Y147R;

Y147R, V82S, Y123H, and Q154R;
Y147T, V82S, Y123H, and Q154R;
Y147R, Q154R, and Y123H;

Y147R, Q154R, and 176Y;

Y147R, Q154R, and T166R;

Y123H, Y147R, Q154R, and 176Y;
V82S, Y123H, Y147R, and Q154R; and
176Y, V82S, Y123H, Y147R, and Q154R.

5. The method of claim 1, wherein the adenosine deaminase domain comprises Y 147R,

Q154R, and Y123H.

6. The method of claim 1, wherein the fusion protein comprises a heterodimer comprising a

wild-type adenosine deaminase domain and the adenosine deaminase domain of claim 1.

7. The method of claim 1, wherein deamination of the nucleobase creates a poly-G stretch

of 10-nt in the hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter.

8. The method of claim 1, wherein deamination of the nucleobase disrupts repressor

binding to the hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter.

9. The method of claim 1, wherein deamination of the nucleobase effects an increase in

gamma globin expression.

10. The method of claim 1, wherein the polynucleotide programmable DNA binding domain

comprises a Cas9 domain.

11. The method of claim 10, wherein the Cas9 domain comprises a dead Cas9 (dCas9) or a

nickase Cas9 (nCas9).

12. The method of claim 11, wherein the Cas9 domain is capable of programable DNA
binding and is selected from the group consisting of a Streptococcus pyogenes Cas9 (SpCas9),

Staphylococcus aureus Cas9 (SaCas9), and a Streptococcus thermophilus 1 Cas9 (St1Cas9).
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13. The method of claim 11, wherein the Cas9 domain comprises an amino acid sequence

having at least 85% amino acid sequence identity to the amino acid sequence of SEQ ID NO: 1.

14. The method of claim 1 wherein the adenosine deaminase domain comprises a truncated
TadAS8 comprising a deletion of 1, 2, 3,4, 5, 6, 7, or 8 N-terminal or C-terminal amino acid

residues relative to a full length TadA8 comprising the amino acid sequence of SEQ ID NO: 17.

15. The method of claim 1, wherein the polynucleotide programmable DNA binding domain

comprises the amino acid sequence of SEQ ID NO: 3.

16. A method of producing a red blood cell, or progenitor thereof, comprising:
(a) introducing into a red blood cell progenitor:

(1) a fusion protein, or a polynucleotide encoding said fusion protein,
wherein said fusion protein comprises the fusion protein of claim 1, and

(i1) one or more guide polynucleotides, wherein said one or more guide
polynucleotides target said fusion protein to effect an AT to G+C alteration of a
nucleobase of the hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter
region; and

(b) differentiating the red blood cell progenitor into a red blood cell.

17. A method for editing a hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter in a
cell, the method comprising contacting the cell with a guide RNA and a fusion protein
comprising a polynucleotide programmable DNA binding domain and an adenosine deaminase
domain, wherein the adenosine deaminase domain comprises an arginine (R) or a threonine (T)
at amino acid position 147 of SEQ ID NO: 2, wherein the adenosine deaminase domain has at
least 90% sequence identity to the amino acid sequence of SEQ ID NO: 2, wherein said guide
RNA targets said fusion protein to effect a deamination of a nucleobase of the HBG1/2
promoter in the cell, wherein the method comprises introducing a AT to G+C alteration at

position -198 of the HBG1/2 promoter.

18. The method of claim 17, wherein the adenosine deaminase domain comprises an arginine

(R) at amino acid position 147 of said amino acid sequence.
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19. The method of claim 17, wherein the adenosine deaminase domain further comprises one

or more of the following alterations: Q154S, Y123H, and Q154R.

20. The method of claim 17, wherein the adenosine deaminase domain comprises a
combination of alterations selected from the group consisting of:
Y147T and Q154R;
Y 147T and Q154S;
Y147R and Q154S;
Y147R, V82S and Q154S;
Y147T, V82S and Q154S;
V82S and Y147R,;
Y147R, V82S and Q154R;
Y147T, V82S and Q154R;
Y147R, V82S and Y123H;
Y147T, V82S and Y123H;
Y147R, 176Y and V82S;
Y147T,176Y and V82S;
V82S, Y123H, and Y 147T;
V82S, Y123H, and Y147R;
Y147R, V828, Y123H, and Q154R;
Y147T, V82S, Y123H, and Q154R;
Y147R, Q154R, and Y123H;
Y147R, Q154R, and I76Y;
Y147R, Q154R, and T166R;
Y123H, Y147R, Q154R, and 176Y;
V8&2S, Y123H, Y147R, and Q154R; and
176Y, V82S, Y123H, Y147R, and Q154R.

21. The method of claim 17, wherein the adenosine deaminase domain comprises Y 147R,

Q154R, and Y123H.

22. The method of claim 17, wherein the fusion protein comprises a heterodimer comprising

a wild-type adenosine deaminase domain and the adenosine deaminase domain of claim 17.
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23. The method of claim 17, wherein deamination of the nucleobase creates a poly-G stretch

of 10-nt in the hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter.

24, The method of claim 17, wherein deamination of the nucleobase disrupts repressor

binding to the hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter.

25. The method of claim 17, wherein deamination of the nucleobase effects an increase in

gamma globin expression.

26.  The method of claim 17, wherein the polynucleotide programmable DNA binding

domain comprises a Cas9 domain.

27. The method of claim 26, wherein the Cas9 domain comprises a dead Cas9 (dCas9) or a
nickase Cas9 (nCas9).

28. The method of claim 27, wherein the Cas9 domain is capable of programable DNA
binding and is selected from the group consisting of a Streptococcus pyogenes Cas9 (SpCas9),
Staphylococcus aureus Cas9 (SaCas9), and a Streptococcus thermophilus 1 Cas9 (St1Cas9).

29. The method of claim 27, wherein the Cas9 domain comprises an amino acid sequence

having at least 85% amino acid sequence identity to the amino acid sequence of SEQ ID NO: 1.

30. The method of claim 17 wherein the adenosine deaminase domain comprises a truncated
TadA8 comprising a deletion of 1, 2, 3, 4, 5, 6, 7, or 8 N-terminal or C-terminal amino acid

residues relative to a full length TadA8 comprising the amino acid sequence of SEQ ID NO: 17.

31.  The method of claim 17, wherein the polynucleotide programmable DNA binding

domain comprises the amino acid sequence of SEQ ID NO: 3.

32. A method of producing a red blood cell, or progenitor thereof, comprising:
(a) introducing into a red blood cell progenitor:
(1) a fusion protein, or a polynucleotide encoding said fusion protein,

wherein said fusion protein comprises the fusion protein of claim 17, and
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(i1) one or more guide polynucleotides, wherein said one or more guide
polynucleotides target said fusion protein to effect an AT to G+C alteration of a
nucleobase of the hemoglobin subunit gamma 1 and/or 2 (HBG1/2) promoter
region; and

(b) differentiating the red blood cell progenitor into a red blood cell.
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