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ENGINEERED TARGET SPECIFIC BASE EDITORS

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims the benefit of U.S. Provisional

5 Application No. 62/721,903, filed August 23, 2018; U.S. Provisional Application No.
62/733,696, filed October 31, 2018; U.S. Provisional Apphication No. 62/817,153,
filed March 12, 2019; and U 8. Provisional Application No. 62/867.565, filed hune

27,2019, the disclosures of which are hereby incorporated by reference in their

entireties.
10
SEQUENCE LISTING
[06062] The instant application contains a Sequence Listing which has been

submutted electronically in ASCH forroat and is hereby incorporated by reference in
its entirety. Said ASCI copy, created on August 20, 2019, is named 8325-0180-
15 S180-PCT SL.xt and 15 225,507 bytes in size.

TECHNICAL FIELD

{0003} The present disclosure is in the fields of polypeptide and genome
engineering.
20
BACKGROUND
[0004] Artificial nucleases, such as engineered zinc finger nucleases (ZFN},
transcription-activator like effector nucleases (FALENSs), the CRISPR/Cas svstem
with an engineered crRNA/tracr RNA (“single guide RNA"), also referred to as RNA
25 guided nucleases. and/or nucleases based on the Argonaute system are revolutionizing

the fields of medicine, biotechnology and agriculture. These molecular tools are
allowing the genetic manipulation {e.g. editing) of genomes in organisms to a level
never before possible. Artificial nucleases are capable of cleaving DNA such that
following such cleavage, the cell is forced to “heal” the break by either error-prone

30 non-homologous end joining (NHEI) or, in the presence of a substrate DNA with
homology to the regions flanking the cut site, by iusertion of the substrate DNA
through homology-directed repair (HDR). Both of these processes start with a double
sirand break (DSB) in the DNA.
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[0005] In some instances, engineered nucleases could possibly result in
unwanted consequences {e.g. transiocations, imversions and deletions) that way occur
due to the induction of multiple DSB in the chromosome of a genetically-edited cell.
For example, some evidence of chromosomal rearrangements including
5 translocations, tnversions and deletions have been observed following nuclease
treatment (Kosicki, ef al. (2018) Nar Biotechnol 36:765 and Shin, ef al. (2017) Nat
Comm dot:10.1038/ncomms 15646}, and more recently, there has been concern abouwt
induction of the p53 pathway following cleavage in some cells leading to apoptosis
using the CRISPR/Cas system (Thry, ef al. (2018} Nat Med 24:939-946 and
10 Haapaniemi, ef af. (2018) Naf Med 24:927-930). Also, HDR typically is very
inefficient in most eukaryotes, making gene correction difficult {Eid, ef al. (2018)
Riochem J 475.1955-1964}.
{6006} In addition, Cas® base editors such as AID-dCas9, APOBEC-dCas9
{e.g. APOBEC3G or APOBECI), BE2, BE3 and BE4 (see, e.g., Komor, ef gl (2016)
15 Nature 533:420-424; Komor, et al. {2017} Science Advances 3(8), eaao4774; Kim, et
al. (2017) Nat Biotechnol 35(43:371-376) can exhibit a lack of specificity (see Kim, ef
al. {2019) Nat Biotechnol 10.1038/341587-019-0050-1; Zuo, ef al. (2019) Science
DOL10.1126/science.aav9973}, rendering them unsuitable for a variety of purposes,
mcluding iz vive and ex vive therapeutic applications.
20 [B0607] Thus, there remains a need to accomplish genome (base) editing

without inducing a double strand break and with high specificity.

{3008} The present disclosure provides methods and compositions to
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selectively edit DNA in a cell {for example, a base editor), including editing (e.g, of a
single base} without making a double-siranded cut in the target DNA (e.g., the edited
genome). Such base editors can be cyiosine base editors ({CBEs) which change a C.G
1o a T:A or adenine base editors (ABEs) which change A:T to G:C. Furthermore,
because no double-stranded break is mduced, there are no free DNA ends in the

30 endogenous target and no translocations occur. Base editors as described herein can
be used for gene knock out {e.g, changing a regular codon mnto a stop codon, for
instance using a cytosine base editor and/or mutating a splice acceptor site using
either cyiosine or adenine base editors); introducing mutations {e.g., activating or

repressing mutations) into a control element {e.g., promoter region} of a gene;
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correcting (reversing) disease-causing mutations (such as point mutations); and/or
inducing mutations that that result in therapeutic benefits. The base editors as
described herein may be provided (to a cell for in vifro or ex vive uses or in vivo to a
subject) for base editing in polvpeptide and/or polynucleotide form. Among other
5 advantages, the base editors of the invention can (1) increase specificity due to the
additional DNA binding domain / fength of the binding stte an increased precision or
targeting density due to reduced PAM requirements.; (2) expand (relax) PAM
restrictions to allow targeting of sites not currently targetable; (3) increase editing
efficiency at poorly performing PAM sites; and/or (4) improve efficiency at target
10 sites targetable with non ZFP-anchored reagents and therefore supports a lower dose
which then also results in lower off-target activity.
{0609} Thus, described herein are base editing compositions comprising at
least one functional domain {e.g., a DNA destabilizing molecule such as anickase, a
protein and/or a nucleotide) and at least one DNA-binding domain {e.g. a zinc finger
15 protein). In certain embodiments, the base editing composition edits an adenine {A)
or cytidine () base in DNA, wherein the composition comprises: (1) at least one zing
finger protein (ZFP) DNA-binding domain; (2) at least one DNA destabilizing
molecule; and (3} at least one adenine or cytosine deaminase, wherein the
composition does not make a double-stranded cut in the DNA.
20 (0019} Any DNA destabilizing molecule may be used in the cormpositions
described herein in any combination, including but not limited to a Cas9 nickase, a
(Cas? protein {e.g., dCas) operably linked to a single guide RNA (sgRNA), any RNA
programmable systemy, a zinc finger nuclease nickase {(ZFN nickase), a TALEN

nickase, one or more proteios such as those shown mn Table A, and/or one more
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nuclectides {e.g. one or more peptide nucleic acids (PNAs), locked nucleic acids
(LN As) and/or bridged nucleic acids (BNAs)). In certain embodiments, the base
editing composition comprises more than one DNA destabilizing molecule, for
example one or more proteins {e.g.. Table A, nickases, etc.) and/or one or more
nucleotides. In certain embodiments, the composition comprises a ZFN nickase and
30 one or more additional proteins and/or nucleotide DNA destabilizing molecules {e.g,
one or ruore proteuns of Table A and/or one or more nucleotides as described herein).
In certain aspecis, the base editing composition does not comprise a Cas9 protein, but

may comprise other Cas protein (e.g.. non-Cas9 RNA programmable systems). In

(23
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certain embodiments, the DNA-destabilizing molecule comprises a zinc finger
nuclease (ZFN) nickase.

{0011} The at least one zine finger protein (£FP) DNA-binding domain of the
base editing composition may be operably linked to one or more of the other

5 components of the base editing composition, for example to one or more of the DNA

destabilizing molecules (e.g., to Cas9 nickase, dCas?, etc.) and/or to the at least one
adenine or cytosine deaminase. In certain embodiments, at least one ZFP DNA-
binding domain is operably linked to the adenine or ¢ytosine deaminase. In other
embodiments, the base editing composition comprises first and second ZFP DNA-

10 binding dorains, wherein the first ZFP DNA-binding domain is operably linked to
the Cas9 nickase. The ZFP DNA-binding domain may comprise 3, 4, 5, 6 or more
fingers and may bind to a target site on either side {57 or 3°) of the targeted base {0 be
edited. o certan emboduments, the ZFP binds to a target site that 1s 1 to 100 {or any
number therebetween) nucleotides on either side of the targeted base. In other

15  embodiments, the ZFP binds to a target site that is 1 to 50 (or any number
therebetween) nucleotides on either side of the targeted base.

{6612} Any adenine or cytosine deaminase can be used i the compositions
described herein, including wild-ty pe and/or evolved domains. In certain
embodiments, the adenine or cytosine deaminase is comprised of first and second

20 inactive domains that dimerize to form an active adenine or cylosine deaminase. In
certain embodiments, the first inactive domain of the adenine or cytosine deaminase is
operably linked to the Cas?9 nickase and the second inactive domain of the adenine or
cytosine deaminase is operably linked to a ZFP DNA-binding domain. In still further

embodunents, the adenine or cytosine deanunase and the ZFP DNA-binding doman
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are both operably linked to the Cas? nickase. In other embodimenis, the base editor
comprises first and second ZFP DNA-domains, the first ZFP operably linked to the
Cas9 nickase and the second ZFP DN A-binding domain operably linked to the
adenine or cytosine deaminase.

{00613} One or more polynucleotides encoding one or more base editing

30 composttions as described herein are also provided. The polynucleotides may be
carried on viral (e.g, AAV, Ad, etc.) and/or non-viral {e. g, plasnud, mRNA, etc))
vectors. Furthermore, a cell or population of cells comprising one or more

compositions and/or the one or more polynuclectides as described herein are also
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provided, as well as descendants of such cells, wherein the cells comprise an edited

base.
{0014} Also provided are methods of editing a base in a target DNA {e.g,

DNA double stranded endogenous gene or extrachromosomal (episomal} sequence}

5 using one or more of the compositions and/or polynucleotides as described herein. In
certain embodiments, the methods comprise: (1) editing a cytidine base ("C") to a
uracil base (U™, opticnally wherein the U is replaced with a thymidine base (“T7)
during DINA replication; (i1} editing an adenine base ("A™) to an inosine (T,
optionally wherein the 1 replaced with a guanine base ("G} during replication; and/or

10 (1) editing a CA or AC dinucleotide to a Ul or an fU. In other embodiments, the

editing in the cell results in: (i) changing a C:G base pair to an T:A base pair; (i1)
changing a C:G base pair to a G:C base pair; {iit) changing an AT base pair to a G:C
base pair; (iv) introduction of a stop codon; and/or (v) editing or creating a splicing
sequence. The methods may be used to correct any disease mutation {e.g., point

15 mutation), including in an exon or in an intron. wherein DNA in a chromosome or an

extrachromosomal episome in the cell or the subject is edited. The method may be
performed in virro, ex vivo, or in vivo.

{0015} in one aspect, described herein are compositions and sysiems
comprising a DNA-editing composttion {e.g2., a base editing composition, also

20 referred to herein as a base editing complex). The DNA-editing complex comprises at

least one functional domain and a DNA-binding domain. In certain embodiments, the
DNA-editing composition complex comprises a fusion molecule comprising a DNA-
binding domain and, in addition, at least one DNA destabilizing molecule such as a

nickase domain that roakes a single-stranded cut 1 double-stranded DNA (e.g, a
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DNA-nickase). In other embodiments, the DNA-editing composition {complex)
comprises muliple {(two or more) fusion molecules, for example a first catalytically
active fusion molecule comprising a nickase including a first DNA-binding domain
and nickase domain and a second catalytically inactive fusion molecule comprising a
second DNA-binding domain and opiionally one or more additional fuston molecules,
30 each comprising an additional DNA-binding domain and one or more functional
domains as described herein. In certain erabodiments, the base editor comprises a
composition as shown in any of Figures 1A through 1D In certain embodiments,
binding of the first and second {and optionally additional DNA binding domains}

results in base-editing, for example when the catalytically active and catalytically

94
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inactive fusion molecules dimerize. In some embodiments, the optional additional
DNA binding domains bind fo double stranded DNA, while in other ermnbodiments, the
DNA binding domains bind to single stranded DNA. In some embodiments, the DNA
nickase is a ZFN nickase, a TALEN nickase or a CRISPR/Cas nickase, in which at

5 least one functional (nickase} domain is operably linked to a DNA binding domain

(e.g a ZFP DNA binding domain, a TALE DNA binding doroain and a sgRNA for
use with a CRISPR/Cas systemy). In some embodiments, the DNA nickase {e.g,
fusion molecule) comprises a linker sequence between the nickase domain and the
DNA binding domain. The mickase domain{s) may be positioned on either side of the

10 DNA-binding domain, including at the N- or C~ternunal side of the fusion molecule
{(N- and/or C-terminal to0 DNA-binding domain}. In some embodiments, the linkers
are selected from a bacterial selection system from a large hinker library (>10e8
members). In some embodiments, the linkers range from four to 22 amino acid
residues. In some embodiments, the linkers allow for specific positioning of a

15 functional domain (for example a nickase domain) relative to a DNA binding domain
{for exarnple, linkage of the nickase domain to the N- or C- terminal side of the DNA
binding domain}. In some exaroples, the linker is selected using the method disclosed
in Paschon, er af. (2019) Nat Commun. 10:1133. One or more polynucleotides (e.g.,
constructs) encoding base editors (or components thereof) are also provided.

20 (0016} The DNA-editing complexes as described herein comprise one or more
functional domains, including, but not limited to, one or more adenine deaminase
domains, one or more cytidine deaminases, and/or one or more uracit DNA
glycosviase inhibitors. One or more functional domains may be included in the

catalytically active and/or the catalvtically inactive fusion molecule of the DNA-
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editing complexes described herein. In some embodiments, the cytidine deaminase is
an apolipoprotein B mRNA-editing complex 1 (APOBECT) domain. In some
embodiments, the cytidine deaminase is an Activation Tnduced Deaminase (AID). In
some embodiments, the deaminase is an adenine deaminase. In some embodiments,
the adenine deaminase is a wild-tvpe or muttated (evolved) TadA (iIRNA adenine

30 deaminase (see Gaudelli, ef ¢ {2017 Nature 551:464-471). In some emabodiments,
the adenine deamunase is ABE 7.8, ABE 7.9 or ABE 7.10 (Gaudelli, i5id) or ABEmax
(Koblan, er al. (2018) Nat Biotechnol. 36(9):843-846}. In some embodiments, the
deaminase {adenine or cytidine)} fumctional domain is assembled from two

polypeptides comprising operably linked zinc fingers {e.g., a split enzyme} or from
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one or more ZFPs operably linked to one part of the split enzyme and a Cas? nickase
operably linked to the other component of the split enzyme {see. e.g, Figure I1B). Tn
some ernbodiments, assernbly of the deaminase is driven by the binding of the
operably linked zinc fingers to DNA targets such that the polypeptides are positioned
5 1o allow assembly. In some embodiments, the base editor further comprises a uracil
DNA glvcosylase jnhibitor (UGH).
{0017} in one aspect, the base editor comprises a DN A-unwinding {also
referred to as DN A-destabilizing} system derived from a CRISPR system, for instance
a Cas9 (e.g.. naturally occurring and/or engineered Cas9) protein (e.g., nickase) or a
10 pon-Cas9 proten. In certain emboduments, the base editor 1s a Cas9 base editor
further comprises a zinc finger protein DNA-binding domain, which ZFP may be
operably linked to any component of the Cas9 protein {e.g., wild-type or engineered
nickase) 1o any orientation, for example a base editor comprising a ZFP (a ZFP
anchor) operably linked to the Cas9 protein, the sgRINA of the Cas® nickase or the
15 deamimase {wild-type or engineered {evolved) ABE or CBE}. In certain
embodiments, the ZFP is operably linked to the Cas9 domain of the base editor. In
certain embodiments, the base editor comprises the componends as shown in the Cas9
base editors of Figure 3.
[0018] In another aspect, the base editor does not comprise a DNA-unwinding
20 {DNA-destabilizing) element derived from a Cas9 protein (also referred to as “Cas9-
free™). In certain embodiments, the Cas9-free base editors of the invention comprise a
ZFP-deaminase fusion protein and a ZFN nickase, and optionally one or more DNA-
destabilizing factors. In certain ersbodiments, the DNA-destabilizing factoris a

proten {e.g., as shown in Table A} or an oligonucleotide {e.g., one or muore PNAs,
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LNAs and/or BNAs). The one or more non Cas9 DNA-destabilizing (unwinding)
factor(s} {e.g., proteins of Table A, LNAs, PNAs, BNAs, efc.) may be operably linked
10 any component of the base editor, for example either component of the ZFP-
deaminase fusion protein and/or any of the components of the ZFN nickase. In some
embodiments, the base editor comprises one or more protein and one or more

30 nucleotide DNA-destabilizing (unwinding) faciors. In still further embodiments, the
Cas9-free base editors described herein comprise one or more proteins derived from a
CRISPR system, which proteins are not Cas9 but have DNA-destabilizing

{(unwinding) properties.
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[0019] In certain embodiments, the base editor comprises one or more
nucleotide sequences, for example one or more DNA oligonucleotides, RNA
oligonucleotides, peptide nucleic acids (PN As), locked nucleic acids (LNAs) and/or
bridged nucleic acids (BNAs), which can be used to provide a single stranded DNA
5 substrate for base editors at the target site. This can be facilitated by e.g. duplex
invasion, triplex invasion or a tail~clarap (Quijano, ef al. (2017) Yale J. Biol and Med,
90:583-598; Pellestor and Paulasova (2004} Furopean J. Human Genetics 12:694-
700; Schleifman, ef al. (2011} Chem & Bio. 18:1189-1198). The structure of the one
or more nucleotide sequences of the base editor will vary in length; number and
10 position of DNA and/or RNA and/or LNA and/or LNA and/or BNA bases;
phosphorothioate bonds; other common modifications of these oligonucleotides
depending on the target sequence composition.
{66201 In certain embodiments, the base editor comprises one or more PNAs,
for example, gamma PNAs containing mini PEG substitutions and the gamima position
15 for enhanced binding, increased solubility and improved delivery (Bahal, ef al (2014)
Current Gene Ther. 14(5):331-342. In certain embodiments, the PNAs comprise one
or more O indicates 8-amino-2,6-dioxaoctancic acid hnkers and/or one or more
cytosines (C) or psendoisocytosine residues. Optionally, one or more lysine {Lvs)
residues are included in the PNA, for example on the N- and/or C-terminals of the
20 PNA sequence. In certain embodiments, 1, 2, 3, 4, 5 or more Lys residues are
included at one or both terminals of the PNA. In certain embodiments, two or more
PNAs are used in the base editor, for example in the same or reverse orientation
relative to each other. In certain ernbodiments, the PNA comprises one or more PNAs
as shown mn Figures 8B to 8E, mcluding but not himited to one or more PNAs of the
structure: N-Lys-Lys-Lys-NNNNNNNNNN-OQOO-NNNNNNNNNN-Lys-Lys-Lys-
C; N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNNNNNNN-Lys-Lys-Lys-
C; N-Lys-Lys-Lys-NNNNNNNNNN-GOO-NNNNNNNNNN-Lys-Lys-Lys-C; N-
Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C; and/or N-
Lys-Lys-Lys-NNNNNNNNNNNNNNN-Lys-Lys-Lys-C, where O indicates 8-amino-

B2
W

30 2,6-dioxaoctanoic acid linkers and C indicates cytosine. The Lys resides on the N-
and/or C-termmnals of the PNA sequence are optional and pseudoisocytosine be can
substituted for cytosine.

{0021} In other embodiments the base editor comprises one or more LNAs.

LNAs can include a stacking linker and 2°-glycylamino-LNA for improved
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performance (Geny, ef al. (2016) Nucleic Acids Res. 44(53.2007-2019}. In certain
embodiments, the LNA comprise one or more phosphorothioate bonds, optionally
between one or more LNA residues and/or DNA residues. In other embodiments, the
LNA comprises one or more Cholesterol-TEG, which may increase uptake into cells.
5 In certamn embodiments, the base editor comprises one or more LNAs as shown in
Figure 8F or &G, jucluding but not linuited o one or more LNAs of the structure: 5°-
NnNnNoNnNaNaNnNtctieinNoNnNnNaNaNaNoNnnNmNnnNanNn-3” (SEG 1D
NO:1) 5°-
WN*n*NaNnNaNnNoNoNtetomNaNaNoNoNaNaNaNooNooNoo N *N*n-37 (SEQ

10 1D NO:69); and/or 5°-
NaNaNaNaNnNanNaN{ctetnNaNaNoNnNoNaNaNonNonNnnNnnNn-Chol- TEG-3”
(SEQ ID NO:70), where LNA nucleotides are shown in uppercase; DNA nucleotides
are wn tower case; ~*” indicates phosphorothioate bonds; and Chol-TEG indicates 3°
Cholesterol-TEG for increased uptake into cells.

15 (0022} The components of the base-editing compositions described herein
may be included in any combination (one or more nickase domains, one or more
DNA-binding domains, one or roore functional domains, etc.) and these components
may be posttioned in any order relative to each other. In some embodiments, the
UG, eytidine and/or adenine deaminase is{are) N-terminal of the DNA-binding

20 domain of the catalytically mactive fusion molecule and/or N-termival to the nickase
domain of the catalytically active fusion molecule of the DNA-editing complex. In
some embodiments, cytidine and/or adenine deaminase and/or UGH is{are) C-terminal
of the DNA-binding domain of the catalytically inactive fusion molecule and/or C-

terrainal to the nickase domain of the catalvtically active fusion molecule. In some
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embodiments, the one or more UGHs, cytidine and/or adenine deaminase(s) is{are}
positioned between the DNA binding domain and the nickase domain(s} {(in the
catalytically active domain). In some embodiments, the {usion molecule comprises a
cytidine deaminase and an adenine deaminase domain or a UG, wherein the UG,
cytidine and adenine deaminases are positioned in any way with regard io the DNA-
30 binding domain, each other and/or the nickase domain (e.g., both N-ternunal {0 the
DNA-binding domain of the catalytically 1nactive fusion molecule in any order, both
C-terminal to the DNA-binding domain of the catalytically inactive fusion molecule
in any order, one N-terminal to the DN A-binding domain of the catalytically mactive

fusion molecule, one C-terminal to the DNA-binding domain of the catalytically
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inactive fusion molecule, N-terminal to the nickase domain and/or DNA-binding
domain of the catalvtically active fusion molecule, C~termnal to the nickase domain
and/or DNA-binding domain of the catalytically active fusion molecule, one C-
terminal to the nickase domain and/or DNA-binding domain of the catalytically active
5 fusion molecule, one N-terminal to the nickase domain and/or DN A-binding domain
of the catalyticallv active fusion molecule, between the nickase domain and the DNA-
binding domain of the catalytically active fusion molecule, etc.). Non-limiting
examples of configurations of onte or more fusion molecules of the base-editing
compositions are shown in the appended Figures and Examples. In some
10 embodiments, the UGL, cvtidine and/or adenine deamunase domains are linked to the
other members of the DNA-editing complex using linkers known in the art. One or
more polynucleotides encoding the base editors or components thereof are also
provided.
{0023} in stifl further aspects, the DNA-editing complex comprises one or
15 mwore functional domains comprising at least one uracii DNA glycosylase inhibitor
{e.g. UGIH) domain. The, which UGT domain(s) is{are) incorporated into the DNA-
editing coroplex io any way such that the DNA-editing complex is operable. In soroe
embodiments, the base editing complex comprises a bacteriophage Gam protein. In
some embodiments, the base editing complex comprises a deaminase, a nickase, a
20 UGH and/or a GAM protem. In some embodiments, the components of the base
editing complex are provided in one, two Or more gene expression Constructs
encoding one, two or more fusion proteins. In some embodiments, one or more uracil
DNA glycosylase inhibitor domain(s) is/are linked to the other members of the

complex using the linkers described above and known in the art. In some
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embodiments, a linker is used to link the uracil DNA glycosylase inhibitor to other
members of the complex wherein the linker is identified using the method disclosed in
Paschon, ef af. (2019) Nat Commun. 10:1133.

{0024} in some embodiments, the DN A-editing (base editing} complex further
comprises a molecule 1o assist in opening a double-strand DPNA helix. In some

30 embodiments, the molecule comprises an enzyme. In some embodiments, the enzyme
1s a helicase (for exaraple, Rec() helicases (WERN, BLM, RecQL4 and Rec(35, (see
Mo, ef al. {2018} Cancer Lett. 413:1-10), DNAZ2 (Jia, ef al. {2017y DNA Repair
{Amst}. 59:9-19} and anv other eukaryotic helicases including for example, FANCI,

XPD, XPB, RTEL1, and PIF1 (Brosh {2013) Nat Rev Canc 13{8):5342-558)). In some

10
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embodiments, the enzyme is a bacterial and/or a viral helicase. Exemplary viral
helicases mclude those encoded by the Myoviridae fanily of viruses (for example
gp41, Dda, UvsW, Geuoe o, and Ban); those encoded by the Podpviridae family of
viruses (for example 4B); those encoded by the Siphoviridae, Baculoviridae,
5 Herpesviridae, Polyomaviridae, Palillomaviridae and Poxviridae families (for
example, G40P, p143, UL3, ULY, Tag, E1, NPH-I, NPH-1I, A18R, and VETF), or any
other viral helicase known in the art (see e.g. Frick and Lam (2006) Curr Pharm Des
12¢11):1315-1338). In some embodiments, the helicase enzyme is a bacterial enzyme.
Exemplary bacterial helicases include the P. geruginosa SF4 DnaB-like helicase, or
10 the RecB and RecD> helicases that are part of the bacterial RecBCD complex in
bacteria such as £ cofi and H. pviori (Shadrick, ef al. (2013) J. Biomol Screen
18(7%:761-781}. In some embodiments, engineered or evolved variants of multimeric
helicases are used which result 1n monomeric helicase activity (see e.g. Brendza, er al.
(2003) PNAS 102(29):10076-70081}. In some embodiments, the molecule comprises

15 aCRISPR/Cas complex. In some embodiments, the CRISPR/Cas complex comprises
a guide RNA. In some emnbodiments, the complex comprises a Cas enzyme that is
catalytically defective in 1ts nuclease domains. In some embodiments, the complex
comprises a {as enzyme that is catalytically defective in one of iis muclease domains
{(for example a nickase). In some embodiments, the Cas enzyme is defective i i3

20 PAM recognition {Anders, ef ol {2014) Nafure 513(7519):569-573). In some
embodiments, the Cas enzyme has relaxed {expanded) PAM requirements as
compared to native PAM sequences (see for example Nishimasu, ef al. (2018) Science
361:1259-1262). In ceriain embodiments, the Cas base editor as described herein

exhibits relaxed (expanded) PAM requiremenis as compared to the NGG PAM
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sequence of SpCasY. In some embodiments, the molecule has helix-destabilizing
properties. Exemplary helix-destabilizing molecules include ICP8 from herpes
simplex virus type { {Boehmer and Lehman (1993) J Virol 67(23.711-715), Puralpha
(Darbinian, ef al. (2001} J Cell Biochem 80{4):589-95}, and calf thymus DNA helix-
destabilizing protein (Kohwi-Shigematsu, ef al. (1978} Proc Nati Acad Sci USA

30 75(10%:4689-93). In some embodiments, the molecule i3 involved in transceription
and/or P loop formatior/stabilization. Exeroplary roolecules of this class include
Rad51, Rad52, RPAL, RPAZ and RPA3, Exol, BLM, and HMGB! and HMGB2Z.
Other proteins that can be utilized mclude Bovin ROA and & coli RecA or E. coli

rad51. Other protein domains that may act as DNA helix destabilizers include the

i1
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Recl and Rec 1T domain from Cas9 or the Recll domain on its own, as well as any
other helix destabilizing region from Cas9. Other non-hmiting examples of suitable
protein domains for use in the base editors described herein are shown in Table A
[0025] In some embodiments, the molecule is a nucleic acid, including but not

5 limiied to oligonucleotides, PNAs, LNAs, BNAs and the like. In some embodiments,

the nucleic acid 15 a DNA with horoology to the region near the targeted editing. in
some embodiments, the nucleic acid is an RWNA with homology to the region near the
targeied editing. In some embodiments, the RWNA is modified. In some embodiments,
the fusion molecule coraprises amino acid linker sequences between one or more

10 domains of the fusion molecule. In some embodiments, the molecuie(s) used to assist
in opening a double-strand DNA helix is/are linked to the other members of the DNA-
editing complex using the linkers described above. In some embodimenis, the
molecule(s) used to assist n opening a double strand DNA helix s linked to the other
members of the DNA editing complex is identified using known methods.

15 [0026] In certain embodiments, the nucleic acid comprises a PNA, for
example a PNA comprising one or more O indicates 8-amino-2,6-dioxaoctanoic acid
linkers and/or one or more cytosines (C) or pseudoisocytosine residues. Optionally,
one or more lysine (Lvs) residues are included in the PNA, for example on the N-
and/or C-terminals of the PNA sequence. In certain embodiments, 1, 2, 3,4, Sor

20 more Lys residues are included at one or both termunals of the PNA. In certain

embodiments, two or more PINAs are used in the base editor, for example in the same

or reverse orientation relative 10 each other. In certain embodiments, the one or more

PNAs comprise: N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-

Lys~Lys-C; N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNNNNNNN-Lys-

Lys-Lys-C; N-Lys-Lys-Lys-NNNNNNNNNN-GOO-NNNNNNNNNN-Lys-Lys-Lys-

C:; N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C; and/or

N-Lys-Lys-Lys-WNNNNNNNNNNNNNNN-Lys-Lys-Lys-C (PNA #5), wherein G
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indicates 8-amino-2,6-dioxaoctanoic acid linkers and € indicates cytosine. The Lys
resides on the N- and/or C-terminals of the PNA sequence are optional and

30 pseudoisocytosine be can substituted for cytosine. See, also, Figures 8B to 8E.
{3027} In other embodiments the base editor comprises one or more LNAs.
LNAs can include a stacking linker and 2’-glycylanmuno-LNA for improved
performance {Geny, ef al. (2016} Nucleic Acids Res. 44(5):2007-2019. In certain

embodiments, the LNA comprise one or more phosphorothioate bonds, optionally
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between one or more LNA residues and/or DNA residues. In other embodiments, the
LNA comprises one or more Cholesterol-TEG, which may increase uptake into cells.
In certain erobodiments, the one or more LNAs comprise: 57~
NaNaNaNaNnNaNaN{ctetnNoNaNaNaNnNoNaNonMNonNonNnnNn-3” (SEQ ID
5 NO:y5-

NFANaNnNoNnNnNaNtctemNoNaNaNnNa NoNaNanNanNnnNan*N*n-3” (SEQ
D NO:69); and/or 5°-
NoNnNoNaNaNaNnNtcicinNoNoNaNaNaNaNoNonNnnNanNnnNn-Chol-TEG-3°
(SEQ ID NG:70), where LNA nucleotides are in uppercase; DNA nucleotides are n

10 lower case: “*7 indicates phosphorothioate bonds; and “Chol-TEG” indicates 3
Cholesterol-TEG for increased uptake into cells. See, also, Figures 8F and 8G.
{6628} These molecules may all be incorporated into the base editing system
described herein, and may act to mnerease editing efficiency, decrease off target base
editing, adjust the base editing window or alter the targeted type of nucleic acid base.

15 [0029] In some embodiments, functional domains as described herein are
included in single fusion molecule. Alternatively, DNA-editing complexes that
include multiple functional domains may be separated into separate fusion molecules
in any way. In some embodiments, one fusion molecule comprises a DNA binding
domain, a cytidine and/or adenine deaminase and a UG, while a second fusion

20 molecule comprises a nickase or half-nickase domain. In some embodiments, one
fusion molecule comprises a catalytically inactive (dead) £okt domain fused to a
DNA binding domain fused {o a deaminase domain, and the second fusion protein
comprises a half Fokl nickase protein, a DNA binding domain and a UGI domain. In

sorne erobodiments, one fusion protein coroprises a catalyvtically inactive (dead) Fokl
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domain fused to a deaminase domain fused to a UGI domain while a second fusion
molecule comprises a functional nickase protein. In some embodiments, the one or
more fuston proteins disclosed herein are fused in any order of domains within the
fusion molecule that is operable. In some embodiments, the nickase domain i1s a Cas
nickase domain, and in some embodiments, the nickase domain is a TALEN nickase
30 domain. In some embodiments, one or more of the functional domains are linked to
one or roore other members of the complex using the linkers described above. In
some embodiments, the one or more functional domains are linked o one or more
other members of the complex using linkers identified using the methods disclosed in

Paschon, er al. (2019} Nai Commun. 10:1133.
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[0030] The base editor(s) described herein may be encoded by one or more
polynucleotides. The one or more polynucleotides may be carried on viral vectors
{AAV, Ad, etc.). non-viral vectors {plasnud, mRNA, eic.) or combinations thereof. In
certain embodiments, one polynucleotide includes all the components of the base
5 editor while in other ersbodiments, the components of the base editor are carried by
two or more polyoucieotides (e.g., separate polynucieotides carrying split enzymes
and/or ZFPs).
{0031} In another aspect, described herein are methods of editing {e.g., gene
editing) of a DNA molecule using one or more DN A-editing complexes as described
10 herein. The methods described introducing one or more DNA-editing complexes into
a cell such that the DNA molecule is edited. The cell may be isolated or may be in
living subject (e.g., via intravenous or other administration to the subject}). In some
embodiments, the DNA molecule 1s a chromosome or an estrachromosomal episome
in a cell. In some embodiments, the chromosome or extrachromosomal episome
15 comprises a cytidine base {°C”) that is deaminated to a uracil base ("U”) by the fusion
protein disclosed herein. In some embodiments, the U is replaced with a thymidine
extrachromosomal episome comprises an adenine base {A”) that is deaminated to an
mosine {“T7) base by the fusion protein disclosed herein. In some embodiments, the |
20 is replaced with a guanine base (“G”) during replication. In some embodiments, the
chromosome or extrachromosomal episome comprises an adenine and a cytidine base
that are deaminated by the deaminases disclosed herein such that a CA or AC

dinucleotide is deaminated into a UT or an TU dinucleotide (Figure 1 for exemplary

svstems).
25 j0032) In some embodiments, the nickase domain is derived from a Fokl

DNA cleavage domain {see U.5. Patent Nos. 5,436,150; 8,703.489; 9,200,266; and
9,631,186). In some embodiments, the Fokl nickase comprises one of more mutations
as compared 1o a parental Fokl nickase. Mutations as described herein, include but are
not limited to, mutations that change the charge of the cleavage domain, for example
30 mutations of positively charged residues 1o non-positively charged residues {e.g.,
mutations of K and R residues (2. g, mutated to 8); N residues {e.g, to D), and Q
residues {e.g., to E), mutations 1o residues that are predicted to be close to the DNA
backbone based on molecular modeling and that show variation in 7okl homologs;

and/or mutations at other residues {e.g., U.S. Patent No. 8,623,618 and Guo, ef o/

14
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(2010) J. Mol Biol 400(1}.96-107). Nickases can be ZFN nickases, TALEN nickases
and CRISPR/Cas systems such as Cas nickases.
{3033} In some embodiments, the base editors comprise DNA-binding
domains {e.g., engineered nickase domains} comprising cleavage domains that are
5 derived from Foil or Foil homologues and comprise a mutation in one or more of
amino acid residues 416, 418, 422, 447, 448, 475, 479, 481 and/or 525, numbered
relative to the wild-type full length #0#1 as shown in SEQ D NO:3, or corresponding
restdues in 7okl homologues. In some embodiments, the cleavage half domains
derived from Fokl comprises a mutation n one or more of amino acid residoes 414-
10 426, 443-450, 467-488, 501-502, and/or 521-531, including one or more of 387, 393,
394, 398, 400, 416, 418, 422, 427, 434, 439, 441, 442, 444, 446, 448472, 473, 476,
478, 479, 480, 481, 487, 495, 497, 506, 516, 523, 525, 527, 529, 534, 559, 569, 570,
and/or 371, The mutations may include mutations fo residues found in natural
restriction enzy mes homologous 1o Fokl at the corresponding positions. In some
15  embodiments, the mutations are substitutions, for example substitution of the wild-
ty pe residue with any different amino acid, for example alanine {A), cysteine (C},
aspartic acid (D), glutanmic acid (E). histidine (H), phenvlalanine (F), glvcine (G),
asparagine (N}, serine {S) or threonine (T). In some embodiments, the okl nuclease
domain comprises a mutation at one or more of 416, 418, 422, 476, 447, 479, 481
20 and/or 5325 (numbered relative to wild-type, SEQ D NG:3). The nuclease domains
may also comprise one or more muations at positions 418, 432, 441, 448, 476, 481,
483, 486, 487, 490, 496, 499, 523, 527, 537, 538 and 559, including but not himited to
ELD, KKR, ELE, KKS. See, e.g, U.S. Patent No. 8,623,618, In some embodiments,
the cleavage domain includes mutations at one or more of the residues 419, 420, 425,

446, 447, 470, 471, 472, 475, 478, 480, 492, 500, 502, 521, 523, 526, 530, 536, 540,
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545, 573 and/or 574. In certain embodiments, the variant cleavage domains
described herein include mutations to the residues involved in nuclease dimerization
{dimerization domain mutations}, and one or more additional mutations; for example
to phosphate contact residues: e.g. dimerization mutants {such as ELD, KKR, ELE,
30 KKS, etc.) in combination with one, two, three, four, five, six or more mutations at
amno acid positions outside of the dimenization domain, for example n anino acid
residues that may participate in phosphate contact. In some embodiments, the
mutation at positions 416, 418, 422, 447, 448, 476, 479, 481 and/or 525 comprise

replacement of a positively charged amino actd with an uncharged or a negatively

oy
W



WO 2020/041249 PCT/US2019/047172

charged amino acid. In other embodiments, mutations at positions 446, 472 and/or
478 (and optionally additional residues for example in the dirnerization or catalvtic
domains) are made. lu some embodiments, the mutations comprise 1479 and/or
(3481 A mutations.
5 [0034] In some embodiments, the engineered cleavage half domain comprises

mutations n the dimerization domain, for example, amino acid residues 490, 537,
538, 499, 496 and 486 in addition to the muttations described herein. In some
embodiments, the invention provides fusion proteins wherein the engineered cleavage
half-domain comprises a polypeptide in which the wild-type Gln (@) residue at

10 position 486 is replaced with a Glu (E) residue, the wild-type Hle (1) restdue at position
499 is replaced with a Leu (L) residue and the wild-type Asn (N} residue at position
496 is replaced with an Asp (D) or a Ghu (E) residue ("ELD” or “ELE”) n addition 1o
one or more mutations described herein. In some embodiments, the engineerec
nickase half domains are derived from a wild-type Fokl or Fokl homologue cleavage

15 half domain and comprise mutations in the amino acid residues 490, 538 and 537,
numbered relative to wild-type Foil (SEQ 1D NQO:5) in addition to the one or more
mutations at amino acid residues 416, 418, 422, 447, 448, 476, 479, 481 or 525. In
some embodiments, the invention provides a fusion protein, wherein the engineerad
nickase hal{~domain comprises a polypeptide in which the wild-type Glu (E) residue

20 at position 490 is replaced with a Lys (K) residue, the wild-type e (1) residue at
posttion 538 is replaced with a Lys (i) residue, and the wild-type His (H) residue at
position 537 is replaced with a Lys (K} residue or an Arg (R) residue {("KKK” or
“KKR”) (see 1.8, Patent No. 8,962,281, incosporated by reference herein) in addition

to one or more mutations described herein (see U.S. Patent Publication No.

25 2018/0087072).
{0035} In some embodiments, fusion molecules comprising a DNA binding

domain and an engineered Fokl or homologue thereof cleavage half-domain as
described herein that produce an artificial nuclease are provided. In some
embodiments, the DNA-binding domain of the fusion molecule is a zinc finger

30 binding domain {for example, an engineered zinc finger binding domain, ZFP). In
some embodiments, the one or more of the zinc fingers are linked together using
linkers identified using the methods disclosed in Paschon, er /., supra. In some
embodiments, the DNA-binding domain is a TALE DNA-binding domain (TALE).

In some embodiments, the DNA binding domain comprises a DNA binding molecule
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(e.g. guide RNA) and a catalytically inactive Cas or Cpfl (aso known as Casl2a}
protein {(for example dCas% or dCpfl). In some embodiments, the DNA binding
domain comprises a ZFP fused to a catalytically inactive Cas (dCas) protein. In some
embodiments, the ZFP-dCas fusion protein comprises mutations to alter the PAM
5 specificity. In some embodiments, the ZFP-dCas protein is not dependent on PAM
recognition to specifically bind to a DNA sequence. In some embodiments, the DNA
binding domain comprises a TALE fused to a dCas protein. In some embodiments,
the TALE-dCas fusion protein comprises nutations to alter the PAM specificity. In
some embodiments, the TALE-dCas protein is not dependent on PAM recoguaition to
10 specifically bind to a DNA sequence. In any of the above emabodiments, the linkers
used 1o link the DNA binding domain {for example, ZFP, TALE or guide RNA and
Cas systemy) 1o the engineered Fokl or homologue thereof are identified using the
methods known in the art. See, e.g, Paschon, er al. (2019) Nat Commun. 10:1133.
{06636} in some embodiments, the DNA-editing complex edits specific DNA
15 bases in a double stranded DNA. In some embodiments, the edits are made in a DNA
molecule within a cell. In some embodiments, the DNA is in a chromosome in a cell.
In some embodiments, the editing resulis in the change froma C:G base pairto a T:A
base pair. In some embodiments, the editing results in a change from a C:(3 base pair
to a G:C base pair. In some embodiments, the editing results in a change froma AT
20 base pair to a G:C base pair. In some embodiments, the editing is done in an exon. In
some embodiments, the editing results in the introduction of a stop codon (for
example TAA, TAG, TGA). In some embodiments, the base editing results in the
knock-out of gene expression of a targeted gene. Tn some embodiments, the editing is
done in a sequence encoding a splicing sequence (for exanple, a U2 splice sequence
wherein a 5 consensus sequence is G T A/G A/C/T G T/G/A/C A/G/T/IC (V/IC/G/A)y
(SEQ ID NO:73) and the 37 consensus sequence is {T/Cho T/C/A/G C/T A G(SEQ
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ID NGO:74); and a Ul2 sphice sequence wherein a 3” consensus sequence is GAT A
TCTT/C and a3’ consensus sequence is (T/G/A/Gr T/A/C/G(T/IC/A/GR C/T A
G/C, see Turnunen, ef al. {2013} Wiley Interdiscip Rev RNA. 4(1):61-76}. In some
30 embodiments, anew splicing sequence is created. In some embodiments, a splicing
sequence is altered such that it no longer functions as a splicing sequence. In some
embodiments, alteration of a splicing sequence causes exon skipping. In some
embodiments, a sequence is altered such that a rare codon in created. In some

embodiments, base editing causes correction of a point mutation in a DNA sequence

o
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such that a gene associated with a disease is corrected. Non-limiting examples of
base editing for treatment and/or prevention of disease include editing of JAKZ such
that the V617F version is no longer expressed (thereby reducing activation of this
gene which leads to unconirolled blood cell production); base editing to knock out or
5 repress other cancer genes such as BCR/ABL; base editing of A1AT; and the like.
Exemplary diseases that may be treated include sickle cell disease, hemophilia, cystic
fibrosis, phenylketonuria, Tay-Sachs, color blindness, Fabry disease, Friedreich’s
ataxia, prostate cancer, and many others.
{3637} In some embodiments, the base editing complexes as disclosed herein
10 act on RNA molecules. In some embodiments, the base editors utilize an RNA-
specific deaminase such as ADARZ (adenosine deaminase acting on RNA type 2) (see
Cox, et ol (2017} Science 358(6366):1019-1027).
{6038} Also disclosed herein are cells coraprising any of the compositions
(base-editing compositions and/or one or more polvnucleotides encoding these
15 compostiions) as well as cells descended from these cells that have been modified by
the methods and compositions disclosed herein. In some embodiments, the cell is a
bacterial cell or a eukaryotic cell. In some embodiments, the cells comprise a base~
editor complex and a base-editor complex induced DNA or RNA modification. The
modified cells, and any cells derived from the modified cells do not necessarily
20 comprise the base editor complex of the disclosure more than fransiently, but the
genomic modifications mediated by such base editor complexes remain.
{0639} In yet another aspect, methods for targeted editing of cellular
chromatin in a region of interest; methods of treating infection; and/or methods of

treating disease are disclosed herein. These methods maybe practiced in vitro, ex vivo
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or in vivo or a combination thereof. The methods involve editing cellular chromatin at
a predetermined region of interest in cells by expressing a base editing complex as
described herein {for example fusion polypeptides and optionally any associated
nucleic acids in which one or more fusion polypeptide(s) comprise the engineered
nickases as disclosed herein). In certain embodiments, the targeted editing of the on-
30 target sile is found in 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%,
60%, 65%, 70%, 75%. 80%, 85%, 90%, 95% or 100% of the cells.

{0040} The base editing complex as disclosed herein can be used in methods
for targeted editing of cellular chromatin in a region of interest. Cells include

cultured cells, cell lines, cells in an organism, cells that have been removed from an
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organism for treatment in cases where the cells and/or their descendants will be
returned to the organism after treatment, and cells removed {rom an organism,
maodified using the fusion molecules of the invention, and then returned to the
organism in a method of treatment (cell therapy). A region of interest in cellular
chromatin can be, for example, a genomuc sequence or portion thereof,

{60411 A fusion molecule can be expressed in a cell, e g., by delivering the
fusion molecule to the cell as a polypeptide, or by delivering a polynucleotide
encoding the fusion molecule to a cell, wherein the polynucleotide, if DNA, is
transcribed and is translated, to generate the fusion molecule. Further, if the
polynucleotide 1s an mRNA encoding the fusion molecule, following delivery of the
mRNA {o the cell, the mRNA is translated, thus generating the fusion molecule.
{6042} In other aspects of the invention are provided methods and
compositions for increasing base editing specificity. In somse embodiments, methods
are provided for increasing overall on-target editing specificity by decreasing off-
target editing activity. In some embodiments, methods are provided for decreasing
indel formation associated with base editing. Tn some embodiments, the engineered
nickase components (nickase partoers, for exarople a catalytically inactive ZFN
pariner and a catalytically active ZFN partner that form a ZFN nickase) of an
engineered base editing complex are used to contact a cell, where each nickase pariner
of the complex is given in a ratio to the other pariner other than one to one. In some
embodiments, the ratio of the two partnersis givenata 1.2, 1:3, 1:4, 1:5, 1:6, 1.8, 1.9,
1:10 or 1:20 ratio, or any value therebeiween. In other embodiments, the ratio of the
two pariners is greater than 1:30. Tn some aspects, each partner is delivered to the cell
as an ToRNA or 15 delivered m a viral or non-viral vector where different quantities of
mRNA or vector encoding each partner are delivered. In further embodiments, each
pariner of the nuclease complex may be comprised on a single viral or non-viral
vector, but is deliberately expressed such that one partner is expressed at a higher or
lower value that the other, ultimately delivering the cell a ratio of cleavage half
domains that is other than one to one. In some embodiments, each cleavage half
domain is expressed using different promoters with different expression efficiencies.
In some embodiments, the two cleavage domains are delivered to the cell using a viral
or non-viral vector where both are expressed from the same open reading frame, but
the genes encoding the two partners are separated by a sequence {e.g. self-cleaving

2A sequence or IRES) that results in the 3° partner being expressed at a lower rate,
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such that the ratios of the two partners are 1.2, 1.3, 1:4, 1.5, 1:6, 1:8, 1:9, 1110 or 1:20
ratio, or any value therebetween. In other emboduments, the two partners are
deploved at a ratio that 1s chosen {o be different from 1:1.
0043} In another aspect, described herein is a population of cells produced
5 using one or more base editors as described herein. In certain embodiments, more
than 5%-20% (or any value therebetween), preferably more than 20%, even more
preferably more than 50% and even more preferably between 80% and 100% of the
cells include the modification to the targeted base (e.g., are base edited cells). In still
further embodiments, the edited cells exinbit few or no off-target edits (unintended
10 edits anywhere in the genome) and/or bystander {editing events in close proxinuty, for
example 1-20 (or any value therebetween) nucleotides on either side of the intended
target base, for example within the protospacer region of Cas9) mutations. Tsolated
populations of base edited cells as described herein can be used for ex vive treatment
of disease in a subject and/or can be further manipulated ex vivo (e g., via further
15 rounds of base ediling as described herein) prior to use as an ex vive treatment. In
addition, base editing can be conducted in vivo such that the disease or condition is
treated in the subject following correction of the disease-related mutations in vivo,
{0044} in some embodiments, the nickase pariners are fused to additional
active domains. In some embodiments, the additional domains include one or more
20 exemplary domains selected from one or more deaminases {for example A specific or
C spectfic), a UGI domain, a helicase, and a GAM domain. In another aspect,
described herein is a kit comprising a base editing complex as deseribed herein or one
or more polynucleotide(s) encoding one or more base editing complex proteins as

described herewn; ancillary reagents; and optionally instructions and suitable

25  containers.
[0045] These and other aspects will be readily apparent to the skilled artisan in
light of disclosure as a whole.
BRIEF DESCRIPTION OF THE DRAWINGS
30 [0046] Figures 1A through 1D are schematics depicting exemplary DNA-

editing systems and coroplexes. Figure 1A shows systens comprising one
catalytically mactive {indicated by “X”} fusion molecule comprising a DNA-binding
domain {(e.g., ZFP, TALE, sgRNA) and one catalytically active nickase fusion

molecule (indicated by the scissors), also comprising a DNA-binding domain (e.g,
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ZFP, TALE, sgRINA). The catalytically active and inactive fusion molecules dimerize
upon binding of the DNA-binding domains to their respective larget sites and,
following binding, edit the target DNA (e.g, base editing). Figure I A also shows
complexes comprising two UGI domains. Figure 1B shows further exemplary Cas®

5  and Cas9-free systems for base editing. The top panel shows a base editor that

functions via dimerization of the components of any adenosine or ¢ytosine deaminase
domains. The bottom panel of Figure 1B shows various embodiments of ABE and
CBE base editors as described herain. Figure 1C shows another embodiment of a
base editor as described herein comprising a Cas9 DNA destabilizing molecule (e.g.,

10 RNA programmable systero comprising dCasY operably linked to a sgRNA),
optionally linked to a ZFP anchor; a ZFP-deaminase fusion protein; and a ZFN
nickase. In certain embodiments, the ZFN nickase is not present and the DNA
destabilizing molecule comprises any RNA-~programmable molecule. The schematic
shows the ZFN nickase on the opposite side of the Cas? nickase from the ZFP-

15  deaminase fusion protein but it will be apparent the ZFN nickase and ZFP-deaminase
can both be 37 or §7 to the CasY nickase. Figure 1D shows further Cas9-free (also
referred to as non-Cas9) base editing systems. The triangle mmdicates where nicking
occurs and “PNA” refers to peptide nucleic acid;, “LNA” refers to locked nucleic acid
and “BNA” refers to bridged nucleic acid. The nucleotides in these base editors (e.g.,

20 DNA ohgonucleotides, RNA oligonucleotides, peptide nucleic acids (PNAs), locked
nucleic acids (LNAs) and/or bridged nucleic acids (BN As}) can provide a single
stranded DNA substrate for base editors at the target site.

{6047} Figure 2 15 a schematic showing DNA targeted by an exemplary

adenine base editor. The drawing shows the DNA sequence near the A1AT Z

B2
W

mutation with a wildtype mRMA protospacer and PAM aligned on top (SEQ 1D
NO:78). To the right of the protospacer is shown the DNA targets of several different
ZFPs. As shown, for ABE requiring a PAM sequence the target for base editing (also
referred to as the base editing window) is typically 13-16 nucleotides from the PAM
sequence and may be 3, 4, 5, 6, 7 or more nucleotides in size (shown in Figure is base
30 editing window of 4 nucleotides) (SEQ ID NG:77).

{3048} Figures 3A and 3B are schematics depicting exemplary ZFP base
editors. Figure 3A shows exemplary ZFP adenine base editors. The top panel shows
an exemplary editor with the indicated components. The middle panel shows an

exemplary ABE that uses two £. coli (RN A-~specific adenosine deaminases (tadA),
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where one is the wild type sequence and the other is an evolved sequence (Gaudelli, ef
af. 2017 Nature S51(7681).464-471)). The TadA domains are attached to each
other and to the SPCas9 sequence using the linker shown (SEQ ID NO:2). The
SpCas9 used is a VRVRFRR variant with a known relaxed PAM requirement (see

5 Nishimasu, ef al. {2018} Science 361:1239-1262). The Cas9 sequence is then linked to
a ZFP DNA binding domain, where the linker used (SEQ 1D NO:3) can comprise two
LS sequences and three HA tags. Cas?VR is also referred to as Cas9NG. Figure 3B
shows exemplary Cas9 and Cas9-free base editors as described herein. The following
abbreviations are used: “TadA” refers to wild-type adenine deaminase domain;

10 TadA* refers to an evolved {engineered) adenine deaminase domain; “7.87 7,97
“7.107 and “MAX" refer to evolved (engineered) adenine deaminase domains as
described in Gaudelli, ef ol (2017} Nature 551{7681}.464-471) and Koblan, ef al.
(2018) Nat Biofechnol. 36(9):843-846; “SpCas9 [PAMs: NGG]” refers to Cas9 from
Streptococcus pyogenes as described in Jinek, er al. (2012) Science 337(6096):816-

15 21 7SpXCas9-3.7 [PAMs: NGN, GAA & GAT|” refers to a Splas? variant with
broad PAM compatibility as described in Hu, ef ¢f. (2018} Nature 556(7699).57-63;
“SpCas9-NG [PAMs: NGN; NAN in vitro]” refers to a SpCas9 variant with relaxed
PAM requuirements as described in Nishimasu, ef al. (2018} Science 361{6408):1259-
1262; “ScCas9 [PAMs: TGT, .17 refers to a $plas9 ortholog with minimal PAM

20 specificity as described in Chatterjee, ef ¢/, (2018) Sci ddv 4(10).eaau0766. dot:
10.1126/sciadv.aau0766; “NO CASY” means this domain is not present (Cas9-free
base editor);, “SF ZFP” refers to a five-finger ZFP; “6F ZFP” refers to a six finger
ZEP;, “>6F ZFP” refers to a ZFP having more than 6 fingers; “ZFP RQ7 and “(... )"
refers to modified ZFPs as described in Miller, er a/. (2019} Nature Bintechnology

37(8):945-952
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{60491 Figure 4 1s a schematic depicting adenine bases that lie within the
editing window (SEQ 1D NO:4) that are analvzed for targeting by the adenine base
editor.
{0050} Figures 5A through SF are schematics depict exemplary cytidine base
30 editor construct. Figures 5A and 5B show base editor constructs comprising
sequences encoding two UGH proteins linked to a ZFP DNA binding domain, further
linked to sequences encoding either the APOBECT (Figure 5A) or AlD (Figure 5B)
cvtidine enzymes capable of deaminating C nucleotides to U. Figures 5C and 5D

depict two cytidine base editor constructs which lack the UGH domains of the

b2
b2
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constructs of Figures 5A and 5B. Figures 5E and 5F depict two constructs that uttlize
sequences encoding a Foil nickase. These constructs can be used as a pair where the
sequences encoding the cytiding base editor are linked to a ZFP DNA binding domain
which is then linked to a FoiI catalytically inactive nuclease domain. The second
5 construct (Figure 5F) comprises sequences encoding two UGT domains linked to a
ZFP DNA binding domain which is linked to sequences encoding a catalytically
active Fokl nuclease domain. The pair may be constructed in any manner to make an
active base editor wherein the active and inactive Fokl domains may be on either of
the two pariner constructs, and the UGH sequences and the cytidine base editor
10 sequence can be on either partner.
{0051} Figures 6A and 6B depict {two exemplary adenine base editors. Figure
GA shows a construct comprising sequences encoding two TadA domains, one wild
type and one evolved, and linked to a ZFP DNA binding domain.  As shown in Figure
6B, in some variations, the construct further comprises a catalytically inactive #okl
15 domain.
{6052} Figures 7A through 7C illustrate base editing of the JAK2 V617F
target. Figure 7A shows the wildtype DNA double stranded sequence on the left
(SEG 1D N({:30) with the encoded valine (V) indicated on top. The middle sequence
shows the mutated DNA double strand sequence (SEQ ID NG:31) where the mutant
20 phenylalamne (F) is indicated on the top. At the right is shown two possible base
edited outcomes (SEQ 1D NO:32 and 33) where the edited nucleotides are shown in
bold with the changes to either a serine (5) or a proline (P) at the top. Figure 7B
shows the DNA sequence (SEQ ID NG:34) surrounding the JAK2 V617F muiation,

with the two closest PAM sites indicated.  Figure 7B discloses the protein sequence
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as SEQ 1D NO:79. Figure 7C shows exemplary results with the indicated base editors
in K562 cells without the V61 7F mutation. Other AT pairs within the base editing
window were used to evaluate the activity of the tested base editors. ABEmax-
Cas9NG indicates a Cas9NG nickase fused to ABEmax. ABEmax-Cas? was anchored
with 7 different ZFPs (shown are ZFP 2, ZFP 4, ZFP 6 and ZFFP 7). Figure 7C shows
30 the results for three different PAM sites (AAT, TAA, AAA; see Figure 78) on the
left. Here, both the ABEmax expression constructs as well as the corresponding
sgRNAs were supplied as plasmid DNA {600 ng each). The ZFP anchored ABEmax-
CasONG constructs show increased efficiency for all three PAM sites (approx. 2x for

the AAT and AAA PAM sites; approx. 12x for the TAA PAM sife). The base editors
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for the AAT and TAA PAM sites were also tested at a higher dose {800 ng plasmid
DNA) and show similar results. ZFP 6 vesults in approx. 2.5x higher activity for the
AAT PAM site and ZFP 2 results in approximately 17x higher activity for the TAA
PAM site.

5 [00653] Figures 8A through 3G are schematics showing exemplary base
editors comprising nucleotides (e.g., DNA oligonucleotides, RNA oligonucleotides,
peptide nucleic acids (PNAs), locked nucleic acids (LNAs) and/or bridged nucleic
acids {(BNAs) used to provide a single stranded DNA substrate for base editors at the
target stte as shown in Figure 1D). Figure 8A depicts the targeted base 1o be edited

10 ("X”) before (left side) and after (right side} contact with the nucleotide-containing

single stranded substrate of the base editor. Figure 8B depicts an exemplary PNA
{(PNA#1) for use in a base editor as described herein, the PNA having the structure:
N-Lys-Lys-Lys-NNNNNNNNNN-GOO-NNNNNNNNNN-Lys-Lys-Lys-C. Figure
8C depicts an exemplary PNA (PNA#2) or use in a base editor as described herein,

15 the PNA having the structure: N-Lys-Lys-Lys-NNNNNNNNNN-OO0-

NNNNNNNNNNNNNNN-Lys-Lys-Lys-C. Figure 8D depicts an exemplary
embodument i which the base editor comprises 2 PNAs (PNA #3 baving the structure
N-Lys-Lys-Lys-NNNNNNNNNN-GOO-NNNNKNNNNNN-Lys-Lys-Lys-C and PNA
#4 having the structure N-Lys-Lys-Lys-NNNNNNNNNN-COO-NNNNNNNNNN-
20 Lys-Lys-Lys-C in reverse orientations relative to each other. Figure 8E depicts an
exemplary embodiment in which the PNA comprises the structure N-Lys-Lys-Lys-
NNNNNNNNNNNNNNN-Lys-Lys-Lys-C (PNA #5). In Figures 8B through 8E, O
indicates 8-amino-2,6-dioxaoctanoic acid linkers and C indicates ¢yiosine. The Lys

resides on the N- and/or C~terminals of the PNA sequence are optional and
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pseudoisocytosine be can substituted for cytosine. Figures 8F and 8G depict
exemplary embodiments of a base editor comprising an LNA. Figure 8F shows an
exemplary LNA (LNA#1) (SEQ 1D NO:80). Exemplary LNA#1 sequences include
ENA#la 5
NaNnNaNaNnNnNnNicicinNoNnNaNnNaNaNaNonNnnNnnNnnNn-3™ (SEQ 1D
30 NG LNA#iIb:  5-
N*p*NoNaNnNaNoNoNcteinNaNnNoNoNoNaNnNonNonNooNan ¥ N*n-3° (SEQ
ID NO:69), and LNA#Ic: 5
NaNaNaNaNnNaNaN{ctetnNaNaNoNoNoNoNaNanNenNnnNnnNn-Chol- TEG-3”

(SEQ ID NO:70). Figure 8G shows an exemplary embodiment in which the base
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editor comprises 2 LNAs, shown in reverse orientation with respect to each other

(LNA#2: 5 -NonNoNnNnNpictetNoNnNnNaNn-3° (SEQ [D NG:71) and LNA#3:

57 -NoNoNoNnNnictetNoNaNnNaNp-3” (SEQ 1D NG:72)). In Figures 8F and 8G,

LNA nucleotides are in uppercase; DNA nucleotides are in lower case; “*” indicates
5 phosphorothicate bonds; and “Chol-TEG” indicates 3” Cholesterol-TEG for increased

uptake into cells.

DETAHLED DESCRIPTION

{3054} Artificial mucleases, such as engineered zine finger nucleases (ZFN},

10 transcription-activator like effector nucleases (TALENSs), the CRISPR/Cas svstem
with an engineered crRNA/tracr RNA (“single guide RNA’), also referred to as RNA
guided nucleases, and/or nucleases based on the Argonaute system are revolutionizing
the fields of medicine, biotechnology and agriculture. These molecular tools are
allowing the genetic manipulation {e.g. editing) of genomes in organisms to a level

15 never before possible. Artificial nucleases are capable of cleaving DNA such that
following such cleavage, the cell is forced to “heal’ the break by either error-prone
non-homologous end joining (NHEJ) or. in the presence of a substrate DNA with
homology 1o the regions flanking the cut site, by msertion of the substrate DNA
through homology-directed repair (HDR). Both of these processes start with a double

20 sirand break (DSB) in the DNAL
{60551 Described herein are compositions {svstems) and methods for base
editing that do not use a double-stranded cut for genetic modification. Base editing
essentially relies on altering the identity of a specific base in a DNA strand and

nvolved site-specific modification of the DNA base along with manipulation of the

[38]
W

DNA repair machinery to avoid repair of the edited base. It is generally accomplished
by using a system to open up the DNA double helix such that there are regions of
single stranded DNA present. Next, the bases themselves are acted on by base
modifying enzymes such as deaminases to change the nucleoside structure. For
example, the Activation Induced Deaminase {AID) and apolipoprotein B mRNA

30 editing enzyme catalytic polypeptide-like famuly proteins (APOBECs) are cytidine
deaminases critical to antibody diversification and innate immunity against
retroviruses. These enzymes convert cytidings (C} to uracils (U in DNA. If DNA

replication occurs before uracil repair, the replication machinery will treat the uraci

|38
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as thymine (T), leading to a C:G to T: A base pair conversion (Yang, ef al. (2016) Na¢
Commun doi 10.1038/mcomms13330) so the system can be used to generate Cto T
point mutations,
{0056} Any of the base editors as described herein can be used for targeted
5 base editing for any use, including but not limited to gene knockout (e.g, alteration of
a hase to produce a stop codon in place of a regular codon; alteration of abasen a
splice acceptor site); introduction of mutations in control (promoter) regions of a gene
to activate or repress gene expression; and/or correction of disease-causing mutations
by reversing a point mutation. Cells and cell lines comprising the base editors and/or
10 targeted changes made by base editors (but no longer comprising the base editors
themselves) are also provided.
{6057} The base editors of the present invention provide unexpectedly
supertor editing efficiencies and/or specificity as compared currently used based

editors.

General

{3058] Practice of the methods, as well as preparation and use of the

compositions disclosed herein employ, unless otherwise indicated, conventional

techmiques in molecular biology, biochemistry, chromatin structure and analysis,
20 computational chemustry, cell culture, recombinant DNA and related fields as are
within the skill of the art. These techniques are fully explained in the literature. See,
for example, Sambrook e/ o/ MOLECULAR CLONING: A LABORATORY
MANUAL, Second edition, Cold Spring Harbor Laboratory Press, 1989 and Third
edition, 2001, Ausubel et o/, CURRENT PROTOCOLS IN MOLECULAR
BIOLOGY, John Wiley & Sons, New York, 1987 and periodic updates; the series
METHODS IN ENZYMOLOGY, Academic Press, San Diego, Wolffe,
CHROMATIN STRUCTURE AND FUNCTION, Third edition, Academic Press, San
Diego, 1998, METHODS IN ENZYMOLOGY, Vol 304, “Chromatin” (P.M.
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Wassarman and A, P. Woilfe, eds.), Academic Press, San Dego, 1999, and
30 METHODS IN MOLECULAR BICLOGY, Vol 119, “Chromatin Protocols” (P.B.

Becker, ed.) Humana Press, Totowa, 1999

b2
-



WO 2020/041249 PCT/US2019/047172

Befinitions
{3059} The terms “nucleic acid,” “polynucieotide,” and “oligonucleotide” are used
interchangeably and refer to a deoxyribonucleotide or ribonucleotide polymer, m linear or
circular conformation, and in either single- or double-stranded form. For the purposes of
5 the present disclosure, these terms are not to be construed as limiting with respect to the
length of a polymer. The terms can encompass known analogues of natural nucleotides, as
well as nucleotides that are modified in the base, sugar and/or phosphate moieties {e.g.,
phosphorothioate backbones). In general, an analogue of a particelar nucleotide has the
same base-pairing specificity; i.e., an analogue of A will base~pair with T.

>3

10 [0068] The terms “polypeptide.” “peptide,” and “protein” are used interchangeably
to refer to a poly mer of amino acid residues. The term also applies to amino acid
polymers in which one or more amino acids are chemical analogues or modified
derivatives of a corresponding naturally-occurring anuno acids.

{0063 ] “Binding” refers o a sequence-specific, non-covalent interaction

15 between macromolecules (e.g., between a protein and a nucleic acid). Not all
components of a binding interaction need be sequence-specific (e.g., contacts with
phosphate residues in a DNA backbone), as long as the interaction as a whole is
sequence-specific. Such interactions are generally characterized by a dissociation
constartt {Kq) of 10 M7 or lower. “Affinity” refers 10 the strength of binding:

20 increased binding affinity being correlated with alower Ka. “Non-specific binding”
refers to, non-covalent interactions that occur between any molecule of interest {e.g.
an engineered miclease) and a macromolecule {e.g. BDNA} that are not dependent on-
target sequence.

{0862] A “binding protein” is a protein that is able to bind nov-covalently to
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another molecule. A binding protein can bind to, for example, a DNA molecule (a DNA-
binding protein}, an RNA molecule (an RN A-binding protein} and/or a protein molecule (a
protein-binding protein). In the case of a protein-binding protein, it can bind to itself (io
form homodimers, homotrimers, efc.} and/or it can bind to one or more molecules of a
different protein or proteins. A binding protein can have more than one type of binding

30 activity. For example, zinc {inger proteins have DNA-binding, RNA-binding and protein-
binding activity. In the case of an RNA-guided nuclease system, the RNA guide 18
heterologous to the nuclease component (Cas9 or Cfpl) and both may be engineered.
{06063} A “DNA binding molecule” is a molecule that can bind (o DNA. Such

DNA binding molecule can be a polypeptide, a domain of a protein, a domain within a

3]
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larger protein or a polvnucleotide. In some embodiments, the polynucleotide is DNA,
while in other embodiments, the polynucleotide is RNA. In some embodiments, the DNA
binding molecule 15 a protein domain of a nuclease {(e.g. the Fokl domain), while in other
embodiments, the DNA binding molecule is a guide RNA component of an RNA-guided
nuclease (e.g. Cas? or Cpfl}). DNA-binding molecules can comprise a protein, or a domain
within a larger protein, that binds DNA 1o a sequence-specific manner, for example
through onre or more zinc fingers or through interaction with one or more ZFP recognition
helix regions of a zinc finger protein (ZFP) or the RVDs of a TALE. DNA-binding
molecules also include single guide RNA (sgRNA}) of a CRISPR/Cas systerm and/or DNA-
binding doroains of a Ttago systern. The term zinc finger DNA binding protein is often
abbreviated as zine finger protein or ZFP.

[0064] A “zinc finger DNA binding protein” (or binding domain) is a prolein, or a
dornain within a larger protemn, that binds DNA in a sequence-specific manner through one
or more zinc fingers, which are regions of amino acid sequence within the binding domain
whose structure is stabilized through coordination of a zinc ton. The term zinc finger
DNA binding protein is often abbreviated as zine finger protein or ZFP.

{3065} A “TALE DNA binding domain” or “TALE” is a polypeptide

comprising one or more TALE repeat domains/units. The repeat domains are

imvolved in binding of the TALE 1o its cognate target DNA sequence. A single

“repeat unit” {also referred to as a “repeat”™) is typically 33-33 anuno acids in length

and exhibits at least some sequence homology with other TALE repeat sequences

within a naturally occurring TALE protein. See, e.g., U.S. Patent No. 8,586,526,
incorporated by reference herein in s entirety.

{3066} DINA-binding domains can be “engineered” {0 bind to a predetermined
nucleotide sequence, for example via engineering {altering one or more amino acids)

of the recognition helix region of a naturally occurring zinc finger protein or by
engineering of the amino acids involved in DNA binding (the “repeat variable

diresidue”™ or RVD region). Therefore, engineered zinc finger proteins or TALE

proteins are proteins that are non-naturally occurring. Non-limiting examples of

methods for engineering zinc finger proteins and TALEs are design and selection. A
designed protein is a protein not oceurring it nature whose design/coruposition results
principally from rational criteria. Rational criteria for design include application of
substitution rules and computerized algorithms for processing information in a

database storing information of existing ZFP or TALE designs and binding data. See,
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for example, U.S. Patent Nos. 8,586,526; 6,140,081, 6,453 .242; and 6,534,261 see
also International Patent Publication Nog. W 98/53058; W( 98/53059,

WO 98/33060; WO 02/016536; and WO 03/016496.

0067} A “selected” zinc finger protein, TALE protein or CRISPR/Cas system

5 s not found in nature whose production results primartly from an empirical process

such as phage display, interaction trap, rational design or hybrid selection. Seeeg,
U.S. Patent Nos. 5.789.538: 5.925.523; 6,007,988: 6.013.453; and 6,200,759 and
International Patent Publication Nos. WO 95/19431; WO 96/06166;, W 98/53057.
WO 98/54311, WO 00/27878, WO 01/60970; WO 01/88197; and WO 02/099084.

10 [0068} “TtAgo™ 1s a prokaryotic Argonaute protein thought to be involved in
gene silencing. TtAgo is derived from the bacteria Thermus thermophilus. See, e.g.
Swarts, ef af. (2014) Nature S07(7491).258-261; Swarts, ef /. (2012) PLoS One
7(4y.e35888,; G. Sheng, ef al. (2013) Proc. Natl. Acad. Sci. US A 111, 652) A
“TtAgo systeny” is all the components required including e g. guide DNAs for

15 cleavage by a TtAgo enzyme.

{3069} “Cleavage” refers to the breakage of the covalent backbone of a DNA
molecule. Cleavage can be inutiated by a variety of methods including, but not himited
1o, enzymatic or chemical hydrolysis of a phosphodiester bond. Both single-stranded
cleavage and double-stranded cleavage are possible, and double-siranded cleavage

20 can occur as a result of two distinet single-stranded cleavage events. DNA cleavage
can result in the production of either blunt ends or staggered ends. In certain
embodiments, fusion polvpeptides are used for targeted double-stranded DNA
cleavage.

{0870] A “cleavage half~domain” is a polypeptide sequence which, in
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conjunction with a second polypeptide (either identical or different) forms a complex
having cleavage activity {preferably double-strand cleavage activity). The terms “first

59 C¢

and second cleavage half-domaing;” “+ and — cleavage half-domains™ and “right and
eft cleavage half-domains™ are used interchangeably to refer to pairs of cleavage half-
domains that dimerize. The term “cleavage domain” is used interchangeably with the
30 term “cleavage half-domaimn.” The term “Fokl cleavage domain”™ includes the Fokl
sequence as shown in SEQ 1D NO:5 as well as any Foki homologues.
{007} An “engineered cleavage half-domain” is a cleavage half-domain that
has been modified so as to form obligate heterodimers with another cleavage hal{~

domain {(e.g., another engineered cleavage half-domain).
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{0072} The term “editing™ as used herein refers to a process wherein a
nucleotide base is modified as compared {o the imitial {e. g, wild-type) base at the
same position. Base editing {(e.g., targeted point mutations) will necessarily reproduce
the change in any mRNA that is transcribed from the edited DNA. Adenine and
5 cytidine deaminases remove an amino group from their respective nucleotide targets,
converting thero into tnosine and uridine respectively. During DNA repair or
replication, inosine is recognized as guanine and uridine is recognized as thymine by
polymerase enzymes, resulting in conversion of an AT base pair into a (:C base pair,
or C.(3 base pair into a T: A base pair in the double stranded DNA that has been
10 edited. The “base editing window” refers to any bases that are subject to editing by
the base editors as described herein may be any distance from any component of the
editing system, typically within a region that is accessible following binding of at
least one component of the base editing svstem to the target DNA. Base editors
requiring a PAM sequence {¢.g, Cas9Y-containing editors) typically have a base
15 editing window of 3, 4, 5, 6, 7 or more nucleotides that can be 13-16 or more
nucleotides from the PAM sequence. Base editors as described herein can be used for
targeted base editing for any use, including but not limited to gene knockout (e.g.,
alieration of a base to produce a stop codon in place of a regular codon; alteration of a
base in a splice acceptor site); miroduction of mutations in control {promoter) regions
20 of a gene 1o activate or repress gene expression; and/or correction of disease-causing
mutations by reversing a point mutation. Cell lines comprising the base editors and/or
targeied changes made by base editors {but no longer comprising the base editors
themselves).

{3673} The term “sequence” refers to a nucleotide sequence of anv length,
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which can be DNA or RNA; can be linear, circular or branched and can be either
single-stranded or double stranded. The term “transgene” refers {o a nucleotide
sequence that is inserted inlo a genome. A transgene can be of any length, for
example between 2 and 100,000,000 nucleotides in length (or any integer value
therebetween or thereabove}, preferably between about 100 and 100,000 nucleotides
30 inlength (or any integer therebetween), more preferably between about 2000 and
20,000 nucleotides in length (or any value therebetween) and even more preferable,
between about 5 and 15 kb (or any value therebetween).

{6074} A “chromosome” is a chromatin complex comprising all or a portion

of the genome of a cell. The genome of a cell is often characterized by its karyotype,

30
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which is the collection of all the chromosomes that comprise the genome of the cell.
The genome of a cell can comprise one or more chromosomes.

{3075] An “episome” 1s a replicating nucleic acid, nucleoprotein complex or
other structure comprising a nucleic acid that is not part of the chromosomal
karyotype of a cell. Examples of episomes include plasmids, minicircles and certain
viral genorses. The liver specific coustructs described herein may be episomally
maintained or, alternatively, may be stably integrated mto the cell.

[0876] An “expgenous” molecide is a molecule that is not normally present in
a cell, but can be ntroduced into a cell by one or more genetic, biochemical or other
methods. “Normal presence in the cell” is deternuned with respect to the particular
developmental stage and environmental conditions of the cell. Thus, for example, a
molecule that is present only during embryonic development of muscle 1s an
exogenous molecule with respect to an adult rouscle cell. Siroilarly, a moolecule
induced by heat shock is an exogenous molecule with respect to a non-heat-shocked
cell. An exogenous molecule can comprise, for example, a functioning version of a
malfunctioning endogenous molecule or a malfunctioning version of a normally-
functioning endogenous molecule.

{6077} An exogenous molecule can be, among other things, a small molecule,
such as is generated by a combinatorial chemistry process, or a macromolecule such
as a protein, nucleic acid, carbohydrate, lipid, glycoprotein, hipoprotein,
polysaccharide, any modified derivative of the above molecules, or any complex
comprising one of more of the above molecules. Nucleic acids include DNA and
RNA, can be single- or double-stranded; can be linear, branched or circular; and ¢can
be of any length. Nucleic acids include those capable of forming duplexes, as well as
triplex-forming nucleic acids. See, for example, U.S. Patent Nos. 5,176,996 and
5,422,251 Proteins include, but are not limited to, DNA-binding proteins,
transcription factors, chromatin remodeling factors, methylated DNA binding
proteins, polymerases, methylases, demethylases, acetylases, deacetylases, kinases,
phosphatases, ligases, deubiquitinases, integrases, recombinases, ligases,
topoisomerases, gyrases and helicases.

{3078} An exogenous molecuie can be the same type of molecule as an
endogenous molecule, e. g, an exogenous protein or nucleic acid. For example, an
exogenous nucleic actd can comprise an infecting viral genome, a plasmid or episome

imtroduced mnto a cell, or a chromosome that is not normally present in the cell.
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Methods for the introduction of exogenous molecules into cells are known to those of
skill in the art and include, but are not limited to, hipid-mediated transfer (i.e.,
liposomes, including neutral and cationic lipids), electroporation, direct injection, cell
fusion, particle bombardment, calcium phosphate co-precipitation, DEAE-dextran-
mediated transfer and viral vector-mediated transfer. An exogenous molecule can also
be the same type of molecule as an endogenous molecule but denved from a different
species than the cell is derived from. For example. a human nucleic acid sequence
may be introduced into a cell line originally derived from a mouse or hamster.
Methods for the introduction of exogenous molecules into plant cells are known to
those of skill in the art and include, but are not lirvited to, protoplast transformation,
stlicon carbide (e.g., WHISKERS™), 4grodacterium-mediated transformation, lipid-
mediated transfer (7.e., liposomes, including neutral and cationic lipids),
electroporation, direct injection, cell fusion, particle bombardment (e.g , using a “gene
gun’}, calcium phosphate co-precipitation, DEAE-dextran-mediated transfer and viral
vector-mediated transfer.

{6079} By contrast, an “endogenous” molecule is one that is normally present
in a particular cell at a particular developmental stage under particular environmental
conditions. For example, an endogenous nucleic acid can comprise a chromosome,
the genome of a mutochondrion, chloroplast or other organelle, or a naturally-
occurring episomal nucleic acid. Additional endogenous molecules can include
proteins, for example, transcription factors and enzymes.

{0089} As used herein, the term “product of an exogenous nucleic acid”
includes both polynucleotide and polypeptide products, for exarple, franscription
products (polynucleotides such as RNA) and translation products {polvpeptides).
{0081} A “fusion” molecule is a molecule in which two or more subunit
molecules are linked, preferably covalently. The subunit molecules can be the same
chemical type of molecule, or can be different chemical types of molecules.
Examples of fusion molecules include, but are not limited to, fusion proteins {for
example, a fusion between a protein DNA-binding domain and a cleavage domain},
fusions between a polynucleotide DNA-binding domain (e.g.. sgRMNA) operatively
associated with a cleavage domain, and fusion nucleic acids (for example, a nucleic
acid encoding the fusion protein).

{06082} Expression of a fusion protein in a cell can result from delivery of the

fusion protein to the cell or by delivery of a polynucleotide encoding the fusion
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protein to a cell, wherein the polvnucleotide is transcribed, and the transcript is
translated, to generate the fusion protein. Trans-splicing, polypeptide cleavage and
polypeptide ligation can also be involved in expression of a protein in a cell. Methods
for polvmucleotide and poly peptide delivery to cells are presented elsewhere in this
5 disclosure.
{6083] A “split enzyme” 18 an enzyme that has been split into two or moore
inactive polypeptide chains and then reassembled into an operable enzvme. The
assembly of the split enzyme into an active protein often is driven by proximity where
each mactive polypeptide chain i3 fused to other molecules that are capable of
10 bringing the tnactive chains physically together so that they can assemble,
overcoming the entropic costs of fragmentation. The fused molecules can be other
proteins that interact with each other, or any type of molecules that interact etther with
each other or with a coromon higand, such that the interaction causes the asserubly of
the polypeptides that make up the split enzyme. See for example Shekhawat and
15 Ghosh 2011) Curr Opin Chem Biol 15(63.789-797.
{3084} A “gene” for the purposes of the present disclosure, includes a DNA
region encoding a gene product (see iifra), as well as all DNA regions which regulate
the production of the gene product, whether or not such regulatory seqguences are
adjacent to coding and/or transcribed sequences. Accordingly, a gene includes, bui is
20 not necessanly limited to, promoter sequences, ternunators, translational regulatory
sequences such as ribosome binding sites and internal ribosome entry sites, enhancers,
stlencers, insulators, boundary elements, replication origins, matrix attachment sites
and locus control regions.

[{B085] “Gene expression” refers to the conversion of the information
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contained in a gene, into a gene product. A gene product can be the direct
transcriptional product of a gene (e.g., mRNA, {RNA, rRNA| antisense RNA,
ribozyme, structural RNA or any other type of RNA) or a protein produced by
translation of an mRNA. Gene products also include RNAs which are modified, by
processes such as capping, polyadenylation, methylation, and editing, and proteins

30 modified by, for example, methylation, acetylation, phosphorylation, ubiquitination,
ADP-ribosylation, myvnstilation, and glvcosylation.

{0086} “Modulation” of gene expression refers to a change in the activity of a
gene. Modulation of expression can include, but ts not limited to, gene activation and

gene repression. Genome editing (e.g., cleavage, alteration, inactivation, random
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mutation) can be used to modulate expression. Gene inactivation refers to any
redaction in gene expression as compared o a cell that does not include a ZFP, TALE
or CRISPR/Cas systerm as described herein. Thus, gene inactivation may be partial or
complete.

5  [06087] A “region of interest” is any region of cellular chromatin, such as, for
example, a gene or a non-coding sequence within or adjacent to a geve, m which it 1s
desirable to bind an exogenous molecule. Binding can be for the purposes of targeted
DINA cleavage and/or targeted recombination. A region of interest can be presentin a
chromosore, an episome, an organellar genome (e.g., mitochondrial, chloroplast), or

10 aninfecting viral genome, for example. A region of interest can be within the coding
region of a gene, within {ranscribed non-coding regions such as, for example, leader
sequences, trailer sequences or introns, or within non-transcribed regions, either
upstrears or downstream of the coding region. A region of juterest can be as small as
a single nucleotide pair or up to 2,000 nucleotide pairs in length, or any integral value

15 of nucleotide pairs.

{038} “Eukaryotic” cells include, but are not limited to, fungal cells {such as
veast), plant cells, animal cells, mammalian cells and human cells (e.g, T-cells),
including stem cells (ploripotent and multipotent).

{60891 The terms “operative linkage” and “operatively linked” {or “operably

20 linked”) are used mnterchangeably with reference 1o a juxtaposition of two or more
components (such as sequence elements}), in which the components are arranged such
that both components function normally and allow the possibility that at least one of
the components can mediate a function that is exerted upon at least one of the other

components. By way of illusiration, a transcriptional regulatory sequence, such as a
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promoter, is operatively linked to a coding sequence if the transcriptional regulatory
sequence controls the level of transcription of the coding sequence in response to the
presence or absence of one or more transcriptional regulatory factors. A
transcriptional regulatory sequence is generally operatively linked in cis with a coding
sequence, but need not be directly adjacent to it. For example, an enhancer is a

30 wanscriptional regulatory sequence that is operatively hinked to a coding sequence,
even though they are not contiguous.

{0090} A “functional fragment” of a protein, polypeptide or nucleic acid is a
protein, polypeptide or nucleic acid whose sequence is not identical to the full-length

protein, polypeptide or nucleic acid, vet retains the same function as the full-length
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protein, polvpeptide or nucleic acid. A functional fragment can possess more, fewer,

or the same number of residues as the corresponding native molecule, and/or can

contain one of more arimno acid or nucleotide substitutions. Methods for determuning

the function of a nucleic acid or protein {e.g., coding function, ability to hybridize to
5  another nucleic acid, enzymatic activity assavs) are well-known in the art.

{60911 A polvnucleotide “vector” or “construct” 15 capable of transferring

gene sequences 1o target cells. Typically, “vector construct,” “expression vector,”

2% <

“expression construct,” “expression casseite,” and “gene transfer vector” mean any
nueleic acid construct capable of directing the expression of a gene of interest and

10 which can transfer gene sequences to target cells. Thus, the term includes cloning, and
expression vehicles, as well as integrating vectors.
{6692} The terms “subject” and “patient” are used interchangeably and refer to
mammals such as human patients and non-human primates, as well as experimental
animals such as rabbits, dogs. cats, rats, mice, and other animals. Accordingly, the

15 term “subject” or “patient” as used herein means any mammalian patient or subject to
which the expression cassettes of the invention can be administered. Subjects of the
present mvention include those with a disorder.
{0093} The terms “treating” and “treatment” as used herein refer o reduction
in severity and/or frequency of symptoms, elimination of symptoms and/or underlyving

20 cause, prevention of the occurrence of sympioms and/or their underlving cause, and
improvement or remediation of damage. Cancer, monogenic diseases and graft versus
host disease are non-limiting examples of conditions that may be treated using the
compositions and methods described herein,

{3094} “Chromatin” is the nucleoprotein structure comprising the cellular
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genome. Cellular chromatin comprises nucleic acid, primarily DNA, and protein,
including histones and non-histone chromosomal proteins. The majority of
eukaryotic cellular chromatin exists in the form of nucleosomes, wherein a
nucleosome core comprises approximately 150 base pairs of DNA associated with an
octamer comprising two each of histones H2A, H2B, H3 and H4; and linker DNA (of
30 variable length depending on the organism) extends between nucleosome cores. A
molecule of hustone HI is generally associated with the linker DNA. For the purposes
of the present disclosure, the term “chromatin” is meant to encompass all types of
cetfular nucleoprotein, both prokaryotic and eukaryotic. Cellular chromatin includes

both chromosomal and episomal chromatin,
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[0095] An “accessible region” is a site in cellular chromatin in which a target
stle present in the nucleic acid can be bound by an exogenous mwolecule which
recognizes the target site. Without wishing fo be bound by any particular theory, it is
believed that an accessible region is one that is not packaged into a nuclegssomal
5 siructure. The distinct structure of an accessible region can often be detected by s
sensitivity to chemical and enzymatic probes, for example, nucleases.
{0096} A “target site” or “target sequence” is a nucleic acid sequence that
defines a portion of a nucleic acid to which a binding molecule will bind, provided
sufficient conditions for binding exist. For example, the sequence 5°-GAATTC-37 18
10 atarget site for the Eco RI restriction endonuclease. Au “intended” or “on-target”
sequence 1s the sequence to which the binding molecule is intended to bind and an
“unintended” or “off-target” sequence includes any sequence bound by the binding
molecule that 15 not the intended target.
{6697} The termss “DNA destabilizing molecule” and “DNA unwinding

>

15 molecule” are used interchangeably to refer to any molecule {e.g., protein, nucleotide,
small molecule, ete.) that aid in increasing the accessibility of {e.g., by exposing} the
base targeted by the base editor. The term mcludes, but is not limited to, nickases,
oligonucleotides {LNAs, PNAs, BNAs, efc.), RNA-programmable systems (e.g., Cas

proteins operably linked to sgRNAs), and other proteins {(e.g., Table A).

20
Base Editors
{0098} The base editing compositions (systems} described herein can directly
change the identity of individual DNA base pairs without inducing double-stranded
breaks. Thus, the base editors are not reliant on the DNA repair pathway preference
25  tothetarget cell. Furthermore, because there is no double-stranded break made in the

target DNA, there are no free DNA ends and, accordingly, no translocations.
{06991 The base editors described herein may be cytosine based editors
(CBEs), which change a C.G pair to a T:A pair or adenine base editors {ABEs), which
change an AT pair to a G:C pair. These base editors can be used for inactivation

30 {gene knock out) for example by tuming regular codons into stop codons {e.g., using a
cytosine base editor) and/or by mutating splice acceptor sites using either cytosine or
adenine base editors. In addition, base editors as described herein can be used for

aliering control (e.g., promoter regions) of a gene to activate or repress expression of
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the gene. Furthermore, base editing can be used to correct mutations, particularly
disease~causing mutations,
[0160] Subsequent to the development of the first APOBEC-dCas? base
editors, a second base editor called BEZ was developed in which uracil DNA
5  glycosylase (UGH) was added. Base excision repair is the cell’s primary response (o
G:U mismatches and is inttiated by excision of the uracil by uracil N-glycosylase
(UNG). In an effort to protect the edited G:U intermediate from excision by UNG, a
83--amino acid uraci! glycosylase inhibitor (UGI) was directly added to the C
terminus of catalvtically dead Cas9 (dCas9) resulting in an increase n efficiency
10 (Komor, er al. (2017} Science Advances 3(8).eaaod774). In the early versions of base
editors, a dead Cas9 was typically used such that the DN A replication machinery was
used 1o carry out the final conversion of the nucleotide base opposite the edited base.
In addition, Cas nickases have used to create a nick on the strand opposite of the one
comprising the edited base. The creation of the nick attracts the DNA repair
15 machinery such that the region downstream of the nick is excised and replaced using
the edited strand as atemplate. The cytidine base editor BE3 used a Cas that was a
nickase, Cas9 DI0OA, which also increased efficiency (Kim, ef ol (2017) Nar
Biotechnol 35(4):371-376). In yet another variant, the BE4 system uses two UG
domains, at both the N- and C-terminal ends of the complex for even greater
20 efficiency. Another cytidine deanunase system relies on the activation-induced
cytidine deaminase {AID) in combination with a nickase Cas9 (“target-AlD™),
[010%] When the base editor interacts with the DNA, the Cas-based editors
require a PAM sequence to interact with, and then the window for activity (base

editing window) 1s typically 13-16 bases from the 57 end of the PAM sequence (see,
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also, Figure 2). The activity window of the different editing systems described above
vary. The targei-AID system edits bases farther from the PAM sequence while the
BE4 system edits those nearer to the PAM. Base editors have also been constructed
based on the Cpfl CRISPR system (Fid, ef ¢/, ibid). In addition, the BE4
configuration of base editors has been developed using both S. pvogenes and 8.

30 awreus derived CRISPR systems (BE4 and SaBE4 respectively). Therefore, Cas9
base editing systems are linuted by the availability of a PAM sequence appropriately
spaced from the target site {as the distance can significantly impact efficiency and/or

specificity of the based editors} and/or the distance of the PAM sequence from the
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base editing window (as shown in Figure 2A, 13-16 bases between the target base
{e.g., A)and the 5" end of the NGG PAM.
[0162] Thus. prior to the present invention, Cas9 base editors were known to
induce genome-wide off-target effects as well as bystander effects {unintended edits
5 near the targeted base). See, e.g., Zuo, ef al. (2019) Science 364(6437).289-292; Jin,
et al. {2019) Science 364(6437%:292-295; Gruenewald, ef ¢l (2019) Nature
569%7756).433-437.
{0103} Additional base editor configurations have included the use of a GAM
protein from bacteriophage Mu. In some instances, indels (insertions and deletions)
10 have been observed as a result of some types of base editing. Because some base
editors nick the strand opposite a U, cleavage of the glvcosidic bond by UNG,
followed by processing of the resulting apurinic or apyrimidinic site by AP lyvase
maght result in a double stranded DNA break (DSB), potentially resulting in indel
formation. The Gam protein of bacteriophage Mu binds to the ends of DSBs and
15 protects them from degradation thus using Gam to bind the free ends of DSB may
reduce indel formation during the process of base editing (Komor, ef a/. (2016)
Nature 533:420-424; Komor, et al. (2017) Science Advances 3(8)). In addition to the
cyiidine deaminase editors, base editors have been developed with synthetic
adenosine dearminases, which convert the adenine base into inosine (adenine base
20 editors: “ABEs”, see Gaudelll, er ol (2017) Narure 551(7681).464-471). Inosine can
base pair with cytidine and subsequently corrected to guanine, thereby converting A
into G, or AT into G:C.
{3194} As described above, base editors as described heremn can further

comuprise molecutes that “open up” the DNA helix to expose the targeted base within
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a single stranded region of the DNA. Commonly known molecules that can
accomplish this include but are not limited to DNA helicases, helix-destabilizing
molecules and the bacterial DnaA protein, single-strand DNA binding proteins, triplex
forming oligonucleotides or oligonucleotides.

[0105] In certain embodiments, the base editor comprises a protein domain

30 that aids in unwinding {opening up) of the DNA helix to expose the targeted base for

editing. Non-himiting examples of suttable proteins are shown in Table A
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Table A

Protein
Name

Oroanism

Protein Sequence

ROAT

Bovine

MSKSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDC
VVMRDPNTEKRSRGFGFVTYATVEEVDAAMNARPHKVDGRY
VEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEEHHLRDYFE
QYGKIEVIEIMTDRGSGKKRGFAFVIFDDHDSVDKIVIOQKYHT
VNGHNCEVRKALSKQEMASASSSQRGRESGSGNFGGGROGGGF
GGNDNFGRGOGNFSGRGGFGGSRGGGGY GGSGDGYNGFGND
GSNFGGGGSYNDFONYNNQSSNFGPMKGOGNFGGRSSGPYGG
GGOYFAKPRNOQGGYGGSSSSSSYGSGRRF (SEQ 1D NO:35)

UvsW

BPT4

MDIKVHFHDFSHVRIDCEESTFHELRDFFSFEADGYRFNPRFR
YGNWDGRIRLLDYNRLLPFGLVGQIKKFCDNFGYKAWIDPQI
NEKEELSRKDFDEWLSKLEIYSGNKRIEPHWYQKDAVFEGLY
NRRRILNLPTSAGK SLIQALLARYYLENYEGKILIVPTTALTT
QMADDFVDYRLFSHAMIKKIGGGASKDDKYKNDAPVVVGT
WQTVVKQPKEWFSQFGMMMNDECHLATGKSISSTISGLNNC
MFKFGLSGSLRDGK ANIMOQY VGMFGEIFKPVTTSKLMEDGQ
VTELKINSIFLRYPDEFTTKLK GKTYQEEIKIITGLSKRNKWIA
KLAIKLAQKDENAFVMFKHVSHGK AIFDLIKNEY DK VY Y VSG
EVDTETRNIMKTLAENGKGITTVASY GVFSTGISVKNLHHVVL
AHGVESKIIVLQTIGRVLRKHGSKTIATVWDLIDSAGVEPKSA
NTKKKYVHLNYLLKHGIDRIQRY ADEKFNY VMK TVNLISFGP
LEKKMLLEFKQFLYEASIDEFMGKIASCQTLEGLEELEAYYKK
RVKETELKDTDDISVRDALAGKRAELEDSDDEVEESF (SEQ 1D
NO:36)

RECDL

D radivdurans

MSAALPAEPFRVSGGVNKVRFRSDTGFTVMSATLRNEQGEDP
DATVIGVMPPLDVGDTFSAEVEMEEHREYGYQYRVVNMVLE
AMPADLSEEGVAAYFEARVGGVGKVLAGRIAKTFGAAAFDL
LEDDPOKFLOVPGITESTLHKMVSSWSQOQGLERRLLAGLOGL
GLTINQGAQRAVKHFGADALDRLEKDLFTLTEVEGIGFLTADK
LWQARGGALDDPRRLTAAAVY ALQLAGTQAGHSFLPRSRAE
KGVVHYTRVTPGQARLAVETAVELGRLSEDDSPEFAAEAAA
TGEGRIYLPHVLRAEKKLASLIRTLLATPPADGAGNDDWAVP
KKARKGLSEEQASVLDCQLAGHRLVVLTGGPGTGKSTTTKAY
ADLAESLGLEVGLCAPTGEKAARRLGEVTGRTASTVHRLLGY
GPOGFRHENHBLEPAPYDLLIVDEVSMMGDALMLSLLAAVPPG
ARVLLVGDTDOQLPPVDAGLPLLALAQAAPTIKLTOVYROAAK
NPUOQAAHGLLHGEAPAWGDKRLNLTEIEPDGGARRVALMVR
ELGGPGAVQVLTPMRKGPLGMDHILNYHBLOALFNPGEGGVRI
AEGEARPGDTVVQTENDYNNEIFNGTLGMVLEAEGARLTVD
FDGNVVELTGAELFNLOLGYALTVHRAQGSEWGTVLGVLHE
AHMPMLSRNLVYTALTRARDRFFSAGSASAWCOIAAARCREA
RNTALLERIRAH (SEQ 1D NO:37)

E. coli

MAIDENEKQKALAAALGOQIEKQFOGKGSIMRLGEDRSMDVETIS
TGSLSLDIALGAGGLPMGRIVEIYGPESSGKTTLTLOVIAAAQR
EGETCAFIDAEHALDPIYARKLGVDIDNLLCSQPDTGEQALET
CDALARSGAVDVIVVDSVAALTPRAEIEGEIGDSHMGLAARM
MSQAMRKLAGNLKQSNTLLIFINQGIRMKIGVMFGNPETTTGG
NALKFYASVRLDIRRIGAVKEGENVVGSETRVEKVVENKIAAP
FKOAEFQILYGEGINFYGELVDLGVKEKLIEKAGAWY SYKGE
KIGOQGKANATAWLKDNPETAKEIEKKVRELLLSNPNSTPDES
VDDSEGVAETNEDF (SEQ 1D NO:38)
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E. coli

MSDVAETLDPLRLPLOGERLIEASAGTGKTFTIAALYLRLLLG
LGGSAAFPRPLTVEELLYVVTFTEAATAELRGRIRSNIHELRIAC
LRETTDNPLYERLLEEIDDKAQAAQWLLLAERQMDEAAVFTI
HGFCQRMLNLNAFESGMLFEQQLIEDESLLRYQACADFWRR
HCYPLPREIAQVVFETWKGPQALLRDINRYLQGEAPVIKAPPP
DDETLASRHAQIVARIDTVKQQWRDAVGELDALIESSGIDRR
KENRSNQAKWIDKISAWAEEETNS YQLPESLEKFSQRFLEDRT
KAGGETPRHPLFEAIDQLLAEPLSIRDLVITRALAEIRETVARE
KRRRGELGFDDMLSRLDSALRSESGEVLAAAIRTRFPVAMIDE
FQDTDPQQYRIFRRIWHHOPETALLLIGDPKQATY AFRGADIFT
YMKARSEVHAHYTLDTNWRSAPGMVNSVNKLFSQTDDAFM
FRETPFIPVKSAGKNQALRFVFKGETQPAMKMWLMEGESCGY
GDYQSTMAQVCAAQIRDWLOAGQRGEALLMNGDDARPVRA
SDISVLVRSRQEAAQVRDALTLLEIPSVYLSNRDSVFETLEAQE
MLWLLOAVMTPERENTLRSALATSMMGLNALDIETLNNDEH
AWDVVVEEFDGYRQIWRKRGVMPMLRALMSARNIAENLLA
TAGGERRLTDILHISELLQEAGTQLESEHALVRWLSQHILEPDS
NASSQOMRLESDKHLVQIVTIHKSKGLEY PLVWLPFITNFRVQ
EQAFYHDRHSFEAVLDLNAAPESYVDLAEAERLAEDLRLLYVA
LTRSVWHCSLGVAPLVRRRGDEKGDTDVHQSALGRLLOKGE
PODAAGLRTCIEALCDDDIAWQTAQTGDNQPWQVNDYSTAE
LNAKTLQRLPGDNWRVTSYSGLOORGHGIAQDLMPRLDVDA
AGVASVVEEPTLTPHQFPRGASPGTFLHSLFEDLDFTQPVDPEN
WVREKLELGGFESQWEPVLTEWITAVLQAPLNETGVSLSQLS
ARNKQVEMEFYLPISEPLIASQLDTLIRQFDPLSAGCPPLEFMQ
VRGMLKGFIDLVFRHEGRYYLLDYKSNWLGEDSSAYTOQAM
AAAMOAHRYDLQYQLYTLALHRYLRHRIADYDYEHHFGGVI
YLFLRGVDKEHPQQGIY TTRPNAGLIALMDEMFAGMTLEEA
(SEQ ID NO:39)

RecC

Focoli

MLRVYHSNRLDVLEALMEFIVERERLDDPFEPEMILVOSTGM
AQWLOMTLSQKFGIAANIDFPLPASFIWDMEVRVLPEIPKESA
FNKQSMSWKLMTLLPOQLLEREDFTLLRHYLTDDSDKRKLFQL
SSKAADLFDQYLVYRPDWLAQWETGHLVEGLGEAQAWQAP
LWKALVEYTHOLGQPRWHRANLYQRFIETLESATTCPPGLPS
RVFICGISALPPVYLQALQALGKHIEIHLLFTNPCRY YWGDIKD
PAYLAKLLTRQRRHSFEDRELPLFRDSENAGQLFNSDGEQDV
GNPLLASWGKLGRDYTYLLSDLESSQELDAFVDVTPDNLLHN]
QSDILELENRAVAGVNIEEFSRSDNKRPLDPLDSSITFHVCHSP
QREVEVLHDRLLAMLEEDPTLTPRDIYMYADIDSYSPFIQAV
FGSAPADRYLPY AISDRRARQSHPVLEAFISLLSLPDSRFVSED
VLALLDVPVLAARFDITEEGLRYLRQW VNESGIRWGIDDDNY
RELELPATGOHTWRFGLTRMLLGY AMESAQGEWQSVLPYDE
SSGLIAELVGHLASLLMQLNIWRRGLAQERPLEEWLPVCRDM
LNAFFLPDAETEAAMTLIEQQWQAHARGLGAQYGDAVPLSL
LRDELAQRLDQERISQRFLAGPVNICTLMPMRSIPFKVVCLLG
MNDGVYPROLAPLGFDLMSQKPKRGDRSRRDDDRYLFLEAL
ISAQQKLYISYIGRSIQDNSERFPSVLVQELIDYIGQSHYLPGDE
ALNCDESEARVKAHLTCLHTRMPFDPONYQPGERQSYAREW
LPAASQAGKAHSEFVQPLPFTLPETVPLETLQRFWAHPVRAFF
OMRLOVNFRTEDSEIPDTEPFILEGLSRYOQINQOQLLNALVEQD
DAERLFRRFRAAGDLPYGAFGEIFWETQCQEMQQLADRVIAC
ROPGOSMEIDLACNGVOQITGWLPQVOPDGLLRWRPSLLSVAQ
GMOQLWLEHLVYCASGGNGESRLFLRKDGEWRFPPLAAEQAL
HYLSQLIEGYREGMSAPLLVLPESGGAWLKTCYDAQNDAML
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DDDSTLOKARTRKFLQAYEGNMMVRGEGDDIWYQRLWRQLT
PETMEAIVEQSOQRFLLPLFRFNQS (SEQ 1D NO:40)

E. coli

MKLOKQLLEAVEHKQLRPLEVOFALTVAGDEHPAVTLAAAL
LSHDAGEGHVCLPLSRLENNEASHPLLATCVSEIGELOQNWEE
CLLASQAVSRGDEPTPMILCGDRLYLNRMWCNERTVARFFNE
VNHAIEVDEALLAQTLDKLFPVSDEINWOQKVAAAVALTRRIS
VISGGPGTGKTTTVAKLLAALIOMADGERCRIRLAAPTGKAA
ARLTESLGKALRQLPLTBEQEKKRIPEDASTLHRLULGAQPGSQR
LRHHAGNPLHLDVLVVDEASMIDLPMMSRLIDALPDHARVIF
LGDRDQLASVEAGAVLGDICAYANAGFTAERARQLSRLTGT
HVPAGTGTEAASLRDSLCLLOKSYRFGSDSGIGOLAAAINRG
DKTAVKTVFQODFTDIEKRLLOSGEDYIAMLEEALAGYGRYL
DLLQARAEPDLIIQAFNEYQLLCALREGPFGVAGLNERIEQFM
QOKRKIHRHPHSRWYEGRPVMIARNDSALGLENGDIGIALDR
GOGTRVWFAMPDONIKSVOPSRLPEHETTWAMTVHKSQGSE
FDHAALILPSOQRTPVVTRELVYTAVTRARRRLSLYADERILSA
AJATRTERRSGLAALFSSRE (SEQ ID NO:41)

RecQ

I coli

MAQAEVLNLESGAKQVLOQETFGYQQFRPGQEEIIDTVLSGRD
CLVVMPTGGGKSLCYQIPALLINGLTVVVSPLISLMEDOVDQ
LOANGVAAACLNSTQTREQQLEVMTGCRTGQIRLLYIAPERL
MLDNFLEHLAHWNPVLLAVDEAHCISOWGHDFRPEY AALGQ
LROQRFPTLPFMALTATADDTTRODIVRLLGLNDPLIQISSFDRP
NIRYMLMEKFRKPLDOQLMRYVOEQRGKSGHYCNSRAKVEDTA
ARLOSKGISAAAYHAGLENNVRADVQEKFQRDDLOIVVATYV
AFGMGINKPNVRFVVHEDIPRNIESYYQETGRAGRDGLPAEA
MLFYDPADMAWLRRCLEEKPOQGOLODIERHKLNAMGAFAE
AQTCRRLVLLNYFGEGROQEPCGNCDICLDPPKQYDGSTDACQH
ALSTIGRVNQRFGMGYVVEVIRGANNQRIRDYGHDKLKVYG
MGRDKSHEHWVSVIRQLIHLGLVTONIAQHSALOQLTEAARPY
LRGESSLOLAVPRIVALKPREAMOQKSFGGNYDRKLFAKERKLR
KSTADESNVPPYVVENDATLIEMAEQMPITASEMLSVNGYGM
RKLERFGKPFMALIRAHVDGDDEE (SEQ 1D NC:42)

Rep Delta
2B

E. coli

MRLNPGOQOQOAVEFVTGPCLVLAGAGSCGKTRVITNKIAHLIRG
CGYQARHIAAVTFINKAAREMKERVGOQTLGRKEARGLMIST
FHTLGUDHKREYAALGMKANESLFDDTDQUALLKELTEGLIE
DDKVLLOQLISTISNWENDLKTPAQAAAEAKGERDRIFAHCY
GLYDAHLKACNVLDFDDLILLPTLLLORNEEVRERWONKIRY
LLVDEYODTINTSQYELVKLLVGSRARFTVVGDDDQSIYSWR
GARPONLVLLSQDFPALKVIKLEQONYRSSGRILEKAANIEIANN
PHVFEKRLFSELGYGTELKVLSANNEEHEAERVTGELIAHHFY
NKTQYKDYAILYRGNHOQSRVFEKFLMONRIPYKISGGGGGGE
SEEELDQVOLMTLHASKGLEFPYVYMVYGMEEGFLPHOQSSIDE
DNIDEERRLAYVGITRACKELTFTLCKERRQYGELVRPEPSRF
LLELPOQDDLIWEQERKVYSAEERMOKGOSHLANLKAMMAA
KRGK (SEQ ID NO:43

UvrD

I coli

MDVSYLLDSLNDKQREAVAAPRSNLLVLAGAGSGKTRVLVH
RIAWLMSVENCSPY SIMAVTFTNEKAAAEMRHRIGOLMGTSQ
GGMWVGTFHGLAHRLLRAHHMDANLPODFQILDSEDQLRLL
KRLIKAMNLDEKQWPPROAMWYINSQKDEGLRPHHIQSYGN
PVEQTWOKVYQAYQEACDRAGLVDFAELLLRAHELWLNKP
HILQHYRERFTNILVDEFODTNNIQYAWIRLLAGDTGKVMIV
GDDDOSIY GWRGAQVENIQRFLNDFPGAETIRLEQNYRSTSNI
LSAANALIENNNGRLGKKLWTDGADGEPISLYCAFNELDEAR
FVVNRIKTWODNGGALAECAILYRSNAOQSRVLEEALLOASMP
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YRIYGOMRFFERQEIKDALSYLRUIANRNDDAAFERVYNTPTR
GIGDRTLDVVROTSRDROLTEWQACRELLOQEKALAGRAASA
LORFMELIDALAQGETADMPLHVOTDRVIKDSGLRTMYEQEK
GEKGQTRIENLEELVTATROFSYNEEDEDLMPLQAFLSHAAL
EAGEGQADTWODAVOLMTLHSAKGLEFPOVFIVOMEEGMFEP
SOMSLDEGORLEEERRLAYVGVTRAMOKLTLTYAETRRLYG
KEVYHRPSRFIGELPEECVEEVRLRATVSRPVSHOQRMGTPMY
ENDSGYKLGORVRHAKFGEGTIVNMEGSGEHSRLOVAFQGQ
GIKWLVAAYARLESV (SEQ ID NO:44)

RAPA

. coli

MPFTLGQRWISDTESELGLGTVVAVDARTVTLLFPSTGENRL
Y ARSDSPVTRYMENPGDTITSHDGWOQMQVEEVKEENGLLTYL
GTRLDTEESGY ALREVFLDSKLVFSKPQDRLFAGQIDRMDRF
ALRYRARKYSSEQFRMPY SGLRGQRTSLIPHQLNIAHDVGRR
HAPRVLLADEVGLGKTIEAGMILHQQLLSGAAERVLUVPETL
QHOWLVEMLRRFNLRFALFDDERY AEAQHDAYNPFDTEQLY
ICSLDFARRSKQRLEHLCEAEWDLLVVDEAHHLVWSEDAPSR
EYQAIEQLAEHVPGVLLLTATPEQLGMESHFARLRLLDPNRF
HDFAQFVEEQKNYRPVADAVAMLLAGNKLSNDELNMLGEM
IGEQDIEPLLOAANSDSEDAQSARQELVSMLMDRHGTSRVLF
RNTRNGVKGFPKRELHTIKLPLPTOYQTAIK VSGIMGARKSAE
DRARDMLY PERIYQEFEGDNATWWNFDPRVEWLMGYLTSH
RSQKVLVICAKAATALQLEQVLREREGIRAAVFHEGMSIIERD

AAAWFAEEDTGAQVLLCSEIGSEGRNFQFASHMVMFDILPFN
PDLLEQRIGRLDRIGQAHDIQIHVPYLEK TAQSVLVRWYHEGL
DAFEHTCPTGRTIYDSVYNDLINYLASPDQTEGFDDLIKNCRE
QHEALKAQLEQGRDRLLEIHSNGGEKAQALAESIEEQDDDTN
LIAFAMNLFDIGINQDDRGDNMIVLTPSDHMLVPDFPGLSED
GITITFDREVALAREDAQFITWEHPLIRNGLDLILSGDTGSSTIS
LLKNKALPVGTLLVELLY VVEAQAPKQLQULNRFLPPTPVRML
LDKNGNNLAAQVEFETFNRQLNAVNRHTGSKLVNAVQQDV
HAILQLGEAQIEKSARALIDAARNEADEKLSAELSRLEALRAV
NPNTRDDELTAIESNRQQVMESLDOAGWRLDALRLIVVTHQ
(SEQ ID NO:45)

RECG

£ coli

MKGRLLDAVPLSSLTGVGAALSNKLAKINLHTVODLLLHLPL
RYEDRTHLYPIGELLPGVY ATVEGEVLNCNISFGGRRMMTCO
ISDGSGILTMRFFNFSAAMKNSLAAGRRVLAYGEAKRGKYGA
EMIHPEYRVQGDLSTPELQETLTPVYPTTEGVKQATLRKLTD
QALDLLDTCAIEELLPPELSQGMMTLPEALRTLHRPPPTLOLS
DLETGOHPAQRRLILEELLAHNLSMLALRAGAQRFHAQPLSA
NDTLKNKLLAALPFKPTGAQARVVAEIERDMALDVPMMRLY
QGDVGSGKTLVAALAALRAIAHGKQVALMAPTELLAEQHAN
NFRNWFAPLGIEVGWLAGKQKGKARLAQQEAIASGQVQMIV
GTHAIFOQEQVOFNGLALVUDEQHRFGVHORLALWEK GQQOQG
FHPHOLIMTATPIPRTLAMTAYADLDTSVIDELPPGRTPVTTV
ATPDTRRTDIIDRVHHACITEGRQAYWVCTLIEESELLEAQAAE
ATWEELKLALPELNVGLVHGRMKPAEKQAVMASFKQGELH
LLVATTVIEVGVDVPNASLMIENPERLGLAQLHOLRGRVGR
GAVASHCVLLYKTPLSKTAQIRLOVLRDSNDGFVIAQKDLEIR
GPGELLGTROTGNAEFKVADLLRDQAMIPEVORLARHIHERY
POOAKALIERWMPETERYSNA (SEQ ID NO:46)

DnaA

£ coli

MSLSLWQQOCLARLQDELPATEFSMWIRPLOAELSDNTLALYA
PNRFVLDWVRDKYLNNINGLLTSFCGADAPQLRFEVGTKPVT
QTPQAAVTSNVAAPAQVAQTQPQRAAPSTRSGWDNVPAPAE
PTYRSNVNVKHTFDNFVEGKSNQLARAAARQVADNPGGAY
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NPLFLYGGTGLGKTHLLHAVGNGIMARKPNAKVVYMHSERF
VQDMVKALQNNAIEEFKRY YRSVDALLIDDIQFFANKERSQE

EFFHTFNALLEGNQQILTSDRYPKEINGVEDRLKSRFGWGLT

VAIEPPELETRVAILMKKADENDIRLPGEVAFFIAKRLRSNVRE
LEGALNRVIANANFTGRAITIDFVREALRDLLALQEKLVTIDNT
QKTVAEYYKIKVADLLSKRRSRSVARPROMAMALAKELTNH
SLPEIGDAFGGRDHTTVLHACRKIEQLREESHDIKEDFSNLIRT
LSS (SEQ ID NO:4T)

HMGBI

H. sapiens

MOKGDPKKPRGKMSSYAFFVQTCREEHKKKHPDASVNESEFR
SKKCSERWKTMSAKEKGKFEDMAKADEARYEREMKTYIPPK
GETKKKFKDPNAPKRPPSAFFLFCSEYRPRIKGEHPGLSIGDY
AKKLGEMWNNTAADDKOQPYEKKAAKLKEKYEKDIAAYRAK
GKPDAAKKGVVKAEKSKKKKEEEEDEEDEEDEEEEEDEEDE
DEEEDDDDE (SEQ 1D NO:48)

HMGB2

H. sapiens

MGKGDPNKPRGEMSSY AFFVQTCREEHKKKHPDSSYNFAEF
SKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNY VPP
KODKKGKKKDPNAPKRPPSAFFLFCSEHRPKIKSEHPGLSIGD
TAKKLGEMWSEQSAKDKQPYEQRKAAKLKEKYEKDIAAYRA
KGKSEAGKKGPGRPTGSKKKNEPEDEEEEEEEEDEDEEEEDE
DEE (SEQ ID NO:49)

RFA1

H. sapiens

MVGQLSEGATAAIMOKGDTNIKPILOQVINIRPITTGNSPPRYRL
LMSDGLNTLASFMLATQLNPLVEEEQLSSNCYVCQIHRFIVNTL
KDBGRRVVILMELEVLESAEAVGVKIGNPVPYNEGLGQPOVAP
PAPAASPAASSRPOPONGSSGMGSTVSKAYGASKTFGKAAGP
SLSHTSGGTQSKVVPIASLTPYQSKWTICARVTNKSQIRTWSN
SRGEGKLFSLELVDESGEIRATARNEQVDEFFPLIEVNKVYYF
SKGTLKIANKQFTAVEKNDYEMTENNETSVMPCEDDHHLPTY
QFDFTGIDDLENKSKDSLVDIIGICKSYEDATKITVRSNNREVA
KRNMIYEMDTSGKYVTATLWGEDADKFDGSROPVLAIKGARY
SPBFGGRELSVLSSSTHANPDIPEAYKLRGWFDAEGQALDGVSI
SDLESGGVOGOSNTNWKTLYEVESENLGQGDKPDYFSSVATY
VYLRKENCMYQACPTQDCNKKVIDQONGLYRCEKCDTEERPN
FKYRMILSVNIADFOQENOQWVTCFQESAEAILGONAAYLGELK
DENEQAFEEVFQNANFRSFIFRVRVKVETYNDESRIKATVMD
VEPVDYREYGRRLVMSIRRSALM (SEQ ID NO:5S0)

RFA2

H. sapiens

MWNSGFESYGSSSYGGAGGYTOQSPGOFGSPAPSQAEKKSRAR
AQHIVPCTISQLLSATLVDEVFRIGNVEISQVTIVGIIRHAEKAP
TNIVYKIDDMTAAPMDVROQWVDTDDTSSENTVVPPETYVKY
AGHLRSFONKKSLVAFKIMPLEDMNEFTTHILEVINAHMVLS
KANSQPSAGRAPISNPGMBEAGNFGONSFMPANGLTVAQNQ
VINLIKACPRPEGLNFODLENGLKHMSVSSIKQAVDFLSNEG
HIYSTVDBDHFKSTDAE (3EQ ID NO:31)

RFA3

H. sapiens

MVDMMDLPRSRINAGMLAQFIDKPVCFVGRLEKIHPTGKMET
LSDGEGKNGTIELMEPLDEEISGIVEVVGRVTAKATILCTSYV
QFKEDSHPFDLGLYNEAVKIHDFPOFYPLGIVQHD (SEQ ID
NO:52)

RADS1

H. sapiens

MAMOMOLEANADTSVEEESFGPQPISRLEQCGINANDVKKLE
EAGFHTVEAVAYAPKKELINIKGISEAKADKILAFEAARLVPM

GFTTATEFHOQRRSEIIQITTGSKELDKLLOGGIETGSITEMFGEF
RTGKTQICHTLAVTCQLPIDRGGGEGEAMYIDTEGTFRPERLL
AVAERYGLSGSDVLDNVAY ARAFNTDHQTQLLY QASAMMY
ESRYALLIVDSATALYRTDYSGRGELSARQMHLARFLRMLLR
LADEFGVAVVITNOVVAQVDGAAMFAADPKKPIGGNITAHAS
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TTRLYLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAK
D (SEQ ID NO:53)

RADS2

H. sapiens

MSGTEEAILGGRDSHPAAGGGSVLCFGQCQYTAEEYQAIQKA
LRORLGPEYISSRMAGGGQKVCYIEGHRVINLANEMFGYNG
WAHSITQONVDFVDLNNGKFY VGVCAFVRVQLKDGSYHED
VGYGVSEGLKSKALSLEKARKEAVTDGLKRALRSFGNALGN
CILDKDYLRSLNKLPRQLPLEVDLTKAKRQDLEPSVEEARYNS
CRPNMALGHPQLQOQVTSPSRPSHAVIPADQDCSSRSLSSSAVE
SEATHOQRKLROKQLOQQFRERMEKQOVRVSTPSAEKSEAARP
APPVTHSTPVTVSEPLLEKDFLAGVTQELIKTLEDNSEKWAVT
PDAGDGVVKPSSRADPAQTSDTLALNNOMVTONRTPHSVCH
QKPQAKSGSWDLQTY SADQRTTGNWESHRKSODMKKRKYD
PS (SEQ ID NO:54)

BLM

H. sapiens

MAAVPONNLOEQLERHSARTLNNKLSLSKPEFSGFTFKKETS
SONNVEVINVSVAKTPYVLRNKDVNVTEDFSFSEPLPNTTNQQ
RVKDFFKNAPAGOETORGGSKSLLPDFLOTPKEVVCTTONTP
TVEKSRDTALKKLEFSSSPDSLSTINDWDDMDDEFDTSETSKSF
VIPPOSHFVRVSTAQKSKKGKRNFFKAQLYTTNTVKTDLPPP
SSESEQIDLTEEQKDDSEWLSSDVICIDDGPIAEVHINEDACGES
DSLKTHLEDERDNSEKKKNLEEAELHSTEKVPCIEFDDDDYD
TDFVPPSPEEIISASSSSSKCLSTLKDLDTSDRKEDVLSTSKDLL
SKPEEMSMQELNPETSTDCDARQISLOQOGLIHVMEHICKLIDTI
PDDKLKLLDCGNELLOQRNIRRKLLTEVDFNKSDASLLGSLW
RYRPDSLDGPMEGDSCPTGNSMKELNFSHLPSNSVSPGDCLL
TTTLGKTGFSATRKNLFERPLFNTHLOQKSFVSSNWAETPRLGK
KNESSYFPGNVLTSTAVKDONKHTASINDLERETQPSYDIDNF
DIDDFDDDDDWEDIMHNLAASKSSTAAYQPIKEGRPIKSVSER
LSSAKTDCLPVSESTAQNINFSESIONYTDKSAQNLASRNLKHE
RFQSLSFPHTKEMMEKIFHKKFGLHNFRTNOLEAINAALLGED
CFILMPTGGGKSLCYQLPACVSPGVTVVISPLRSLIVDOQVOEL
TSLPHPATYLTGDKTDSEATNIYLOLSKKDPHKLLYVTPEKICA
SNRLISTLENLYERKLLARFVIDEAHCVSQWCHDFRODYKRM
NMLROKFPSVPVMALTATANPRVOQKDILTOQLKILRPOVFESMS
FNRHENLKYYVEPKKPKKVAFDCLEWIRKHHPYDSGIITYCLSR
RECDTMADTLORDGLAALAYHAGLSDSARDEVOQOQKWINGD
GCQVICATIAFGMGIDKPDVRFVIHASLPKSVEGY YQESGRAG
RDGEISHCLLFYTYHDVTRLKRLIMMEKDGNHHTRETHFNNL
YSMVHYCENITECRRIQLLAYFGENGFNPDFCKKHPDVSCDN
CCKTKDYKTRDVTDDVKSIVREVOEHSSSQGMRNIKHVGPSG
RFTMNMLVDIFLGSKSAKIQSGIFGKGSAYSRHNAERLFKKLI
LEDKILDEDLYINANDQAIAY VMLGNKAQTVLNGNLKVDFME
TENSSSVKEQKALVAKVSQREEMVKECLGELTEVCKSLGKY
FGVHYFNIFNTVTLKKLAESLSSDPEVLLQIDGVTEDKLEKYG
AEVISVLOKYSEWTSPAEDSSPGISLSSSROPORSAAEELDEERP
VESHYFASKTRNERKREKMPASQRSKKRETASSGSKAKGGS
ATCRKISSKTKSSSHGSSSASHTSQATSGANSKLGIMAPPKPIN
RPFLKPSYAFS (SEQ ID NC:55)

EXO1

H. sapiens

MGIQGLLOFIKEASEPTHVRKYKGOVVAVDTYCWLHKGATIAC
AEKLEAKGEPTDRY VGFCMKFVNMLLSHGIKPILVFDGCTLES

KKEVERSRRERRQANLLKGKQULREGKVSEARECFTRRINITH
AMAHKVIKAARSQGVDCLVAPYEADAQLAYLNKAGIVQAIIT
EDSDLLAFGCKKVILKMBDOQFGNGLEIDQARLGMCROLGDVF

TEEKFRYMCILSGCDYLSSLRGIGLAKACKVLRLANNPDIVEY
IKEKIGHYLKMNITVPEDYINGFIRANNTFLYQLVFDPIKRKLIPL
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NAYEDDVDPETLSY AGQYVDDSIALOIALGNKDINTFEQIDDY
NPDTAMPAHSRSHSWDDKTCOKSANVSSIWHRNYSPRPESGT
VADAPQLKENPSTVGVERVISTRGLNLPRKSSIVKRPRSAELSE
DDLLSQYSLSFTKKTKKNSSEGNKSLSFSEVFVPDLYNGPTNK
KSVSTPPRTRNKFATFLOQREKNEESGAVVVPGTRSRFFCSSDST
DCVENKVSIQPLDETAVTDKENNLHESEYGDQEGKRLYVDTDY
ARNSSDDIPNNHIPGDHIPDKATVRTDEESYSFESSKFTRTISPP
TLGTLRSCEFSWSGGLGDESRTPSPSPSTALQOFRRKSDSPTSLP
ENNMSDVSQLKSEESSDDESHPLREEACSSQSOESGEFSLOSS
NASKLSQCSSKDSDSEESDCNIKLLDSQSDOTSKLRLSHFSKK
DTPLRNKVPGLYKSSSADSLSTTKIKPLGPARASGLSKKPASI(
KRKHHNAENKPGLOIKLNELWKNFGFKKDSEKLPPCKKPLSP
VREDNIQLTPEAEEDIFNKPECGRVORAIFQ (SEQ TD NO:36)

RECO!

H. sapiens

MASVSALTEELDSITSELHAVEIQIQELTERQOELIQKKKVLTK
KIKQCLEDSDAGASNEYDSSPAAWNKEDFPWSGKVKDILON
VEKLEKFRPLOLETINVTMAGKEVFLYMPTGGGKSLCYQLPA
LCSDGFTLVICPLISLMEDQLMVLKQLGISATMLNASSSKEHV
KWVHAEMVNKNSELKLIY VTPEKIAKSKMFMSRLEKAYEAR
RETRIAVDEVHCCSOWGHDFRPDYKALGILKROFPNASLIGLT
ATATNHVLTDAQKILCIEKCFTFTASFNRPNLYYEVRQKPSNT
EDFIEDIVKLINGRYKGQSGHYCFSQKDSEQVTVSLONLGTHA
GAYHANLEPEDKTTVHRKWSANEIQVVVATVAFGMGIDKPD
VRFVIHHSMSKSMENY YOESGRAGRDDMKADCILYYGFGDIF
RISSMVVMENVGOQOKLYEMVSYCONISKCRRVLMAQHFDEV
WNSEACNKMCDNCCKDSAFERKNITEY CRDLIKILKQAEELN
EKLTPLKLIDSWMGKGAAKLRVAGYVAPTLPREDLEKIIAHF
LIQQYLKEDY SFTAYATISYLKIGPKANLLNNEAHAITMOQVTK
STONSFRAESSQTCHSEQGDKKMEEKNSGNFQKKAANMLQQ
SGSKNTGAKKRKIDDA (S8EQ ID NO:37)

ERCC2

H. sapiens

MKLNVDGLLVYFPYDYIYPEQFSYMRELKRTLDAKGHGVLE
MPSGTGKTVSLLALIMAYQRAYPLEVTKLIYCSRTVPEIEKVIE
ELRKLLNFYEKQEGEKLPFLGLALSSRKNLCIHPEVTPLRFGK.
DVDGKCHSLTASY VRAQYQHDTSLPHCRFYEEFDAHGREVP
LPAGIYNLDDLKALGRRQGWCPYFLARYSILHANVVVYSYH
YLLDPKIADLVSKELARKAVVVEDEAHNIDNVCIDSMSYNLT
RRTLDRCQGNLETLQKTVLRIKETDEQRLRDEYRRLVEGLRE
ASAARETDAHLANPVLPDEVLQEAVPGSIRTAEHFLGFLRRLL
EYVKWRLRVQHVVQESPPAFLSGLAQRVCIQRKPLRFCAERL
RSLLHTLEITDLADFSPLTLLANFATLVSTY AKGFTHIEPFDDR
TPTIANPILHFSCMDASLAIKPVFERFQSVIITSGTLSPLDIY PKI
LDFHPVTMATFTMTLARVCLCPMIGRGNDQVAISSKFETRED
IAVIRNYGNLLLEMSAVVPDGIVAFFTSYQYMESTVASWYEQ
GILENIQRNKLLFIETQDGAETSVALEKYQEACENGRGAILLS
VARGKVSEGIDFVHHYGRAVIMFGVPYVYTQSRILKARLEYL
RDQFQIRENDFLTFDAMRHAAQCVGRAIRGKTDY GLMVFAD
KRFARGDKRGKLPRWIQEHLTDANLNLTVDEGVQVAKYFLR
OMAQPFHREDQLGLSLLSLEQLESEETLKRIEQIAQQL (SEQ
1D NO:58)

ERCC3

H. sapiens

MGERDRADRDKKKSRKRHYEDEEDDEEDAPGNDPQEAVES
AAGKQVDESGTKVDEYGAKDYRLOMPLKDDHTSRPLW VAP
DGHIFLEAFSPVYKYAQDFLVAIAEPVCRPTHVHEYKLTAYSL
YAAVSVGLOTSDITEYLRKLSKTGVPDGIMOFIKLCTVEYGKY
KLVEKHNRYFVESCHPDVIQHLLQDPVIRECRLRNSEGEATEL
ITETFTSKSAISKTAESSGGPSTSRYTDPQGKSDIPMDLEDEYE
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QMDKDEEEEEETQTVSFEVKOQEMIEELQKRCIHLEYPLLAEY
DFRNDSYNPDINIDLKPTAVLRPYQEK SLRKMFGNGRARSGVI
VLPCGAGKSLYVGVTAACTVRKRCLVLGNSAVSVEQWKAQFK
MWSTIDDSQICRFTSDAKDKPIGCSVAISTY SMLGHTTKRSWE
AERVMEWLKTQEWGLMILDEVHTIPAKMFRRVLTIVQAHCK
LGLTATLVREDDKIVDLNFLIGPKLYEANWMELQNNGYIAKV
QCAEVWCPMSPEFYREY VAIK TKKRILLY TMNPNKFRACQFL
[KFHERRNDKIVFADNVFALKEY AIRLNKPY1Y GPTSQGERM
QILONFKHNPKINTIFISK VGDTSFDLPEANVLIQISSHGGSRRQ
EAQRLGRVLRAKKGMVAEEYNAFFYSLVSQDTQEMAYSTKR
QRFLVDOQGYSFKVITKLAGMEEEDLAFSTKEEQQOQLLOKVLA
ATDLDAEEEVVAGEFGSRSSQASRRFGTMSSMSGADDTVYM
EYHSSRSKAPSKHYHPLFKRFRK (SEQ ID NO:59)

WRN

H. sapiens

MSEKKLETTAQORKCPEWMNVONKRCAVEERKACVREKSVF
EDDLPFLEFTGSIVYSYDASDCSFLSEDRISMSLSDGDVVGEDM
EWPPLYNRGKLOKVALIQLCVSESKCYLFHVSSMSVEPQGLK
MLLENKAVKKAGVGIEGDQWKLLRDEDIKLKNFVELTDVAN
KKLECTETWSLNSLVKHLLGEQLLKDKSIRCSNWSKFPLTED
QKLYAATDAYAGFHYRNLEILDDTVQRFAINKEEEILLSDMN
KOUTSISEEVMDLAKHLPHAFSKLENPRRVBILLKDISENLYSL
RRMIGSTNIETELRPSNNLNLLSFEDSTTGGVQQKOIREHEVLI
HVEBETWDPTLDHLAKHDGEDVLGNKVERKEDGFEDGVED
NKLEENMERACLMSLDITEHELQILEQQSQEEYLSDIAYKSTE
HLSPNDNENDTSYVIESDEDLEMEMLKHLSPNDNENDTSY VI
ESDEDLEMEMLKSLENLNSGTVEPTHSKCLKMERNLGLPTKE
EEEDDENEANEGEEDDDKDFLWPAPNEEQVTCLKMYFGHSS
FKPVOWKVIHSVLEERRDNVAVMATGYGKSLCFOYPPVY VG
KIGLVISPLISLMEDQVLOLEMSNIPACFLGSAQSENVLTDIKL
GKYRIVYVTPEYCSGNMGLLQOQLEADIGITLIAVDEAHCISEW
GHDFRDSFRKLGSLKTALPMVPIVALTATASSSIREDIVRCLNL
RNPQITCTGFDRPNLYLEVRRKTGNILOQDLOPFLVETSSHWEF
EGPTHYCPSRKMTOQOVTGELRKENLSCGTYHAGMSFSTRKDI
HHRFVRDEIQCVIATIAFGMGINKADIRQVIHY GAPKDMESYY
QEIGRAGRDGLQSSCHVLWAPADINLNRHLLTEIRNEKFRLY
KLXKMMAKMEKYLHSSRCRROQULSHFEDKOVQKASLGIMGTE
KCCDNCRSRLDHCYSMBDSEDTSWDFGPQAFKLLSAVDILGE
KFGIGLPILFLRGSNSQRLADQYRRHSLFGTGKDOTESWWIKA
FSROQLITEGFLVEVSRYNKFMKICALTKEKGRNWLHKANTESO
SLILOANEELCPKKLLLPSSKTVSSGTKEHCYNQVPVELSTEK
KSNLEKLYSYKPCDKISSGSNISKKSIMVOQSPEKAY SSSQPVIS
AQEQETQIVLYGKLVEARQKHANKMDVPPAILATNKILVDM
AKMRPTTVENVKRIDGVSEGKAAMLAPLLEVIKHFCQTNSVQ
TDLFSSTKPQEEQKTSLVAKNKICTLSQSMAITYSLFQEKKMP
LEKSIAESRILPLMTIGMHLSQAVKAGCPLDLERAGLTPEVQKH
ADVIRNPPYNSDMSKISLIRMLVPENIDTYLIHMAIEHLKHGPD
SGLOPSCDVNKRRCFPGSEEICSSSKRSKEEVGINTETSSAERK
RRLPYWFAKGSDTSKKLMDKTKRGGLES (SEQ 1D NO:6O)

RECQS

H. sapiens

MSSHHTTFPFDPERRVRSTLKKVFGFDSFKTPLOESATMAVY

KGNEKDVFVCMPTGAGKSLCYQLPALLAKGITIVVSPLIALIOD
QVDHLLTLEVRVSSLNSKLSAQERKELLADLEREKPQTKILY!
TPEMAASSSFOPTLNSLVSRHLLSYLVVDEAHCVSQWGHDFR
PDYLRLGALRSRLGHAPCVALTATATPQVQEDVFAALHLKKP
VAIFKTPCFRANLFYDVOFKELISDPYGNLKDFCLKALGOEAD
KGLSGCGIVYCRTREACEQLAIELSCRGVNAKAYHAGLKASE
RTILVONDWMEEKVPVIVATISFGMGVDKANVRFVAHWNIAK
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SMAGYYQESGRAGRDGKPSWCRLYYSRNDRDOQVSFLIRKEV
AKLQEKRGNEASDKATIMAFDALVTFCEELGCRHAAIAKYFG
DALPACAKGCDHCONPTAVRRRLEALERSSSWSKTCIGPSQG
NGFDPELYEGGRKGYGDFSRYDEGSGGSGDEGRDEAHEKREW
NLFYQROMOLRKGKDPKIEEFVPPDENCPLKEASSRRIPRLTY
KAREHCLRLLEEALSSNROSTRTADEADLRAKAVELEHETFR
NAKVANLYKASVLKKVADIHRASKDGOPYDMGGSAKSCSA
QAEPPEPNEYDIPPASHVY SLKPKRVGAGFPKGSCPFQTATEL
METTRIREQAPQPERGGEHEPPSRPCGLLDEDGSEPLPGPRGE
VPGGSAHY GGPSPEKKAKSSSGGSSLAKGRASKKOQOQLLATAA
HKDSOSIARFFCRRVESPALLASAPEAEGACPSCEGVOQGPPMA
PEKYTGEEDGAGGHSPAPPQTEECLRERPSTCPPRDQGTPEV(Q
PTPAKDTWKGKRPRSQOQENPESQPOQKRPRPSAKPSVVAEVKG
SVSASEQGTLNPTAQDPFQLSAPGVSLKEAANVVVKCLTPFY
KEGKFASKELFKGFARHLSHLUTQKTSPGRSVKEEAQNLIRHF
FHGRARCESEADWHGLCGPOR (SEQ ID NO:61)

RECO4

H. sapiens

MERLRDVRERLOAWERAFRRORGRRPSQDDVEAAPEETRAL
YREYRTLKRTTGQAGGGLRSSESLPAAAEEAPEPRCWGPHLN
RAATKSPOSTPGRSROGSVPDY GQRLKANLKGTLOAGPALGR
RPWPLGRASSKASTPKPPGTGPVPSFAEKVSDEPPQLPEPQPRP
GRLOHLOASLSQRLGSLDPGWLQRCHSEVPDFLGAPKACRPD
LGSEESQLLIPGESAVLGPGAGSQGPEASAFQEVSIRVGSPOPS
SSGGEKRRWNEEPWESPAQVQQESSQAGPPSEGAGAVAVEE
DPPGEPVQAQPPOPCSSPSNPRY HGLSPSSQARAGKAEGTAPL
HIFPRLARHDRGNY VRLNMKQKHY VRGRALRSRLLRKQAW
KOKWRKKGECFGGGGATVITKESCFLNEQFDHWAAQCPRP
ASEEDTDAVGPEPLVPSPOQPVPEVPSLDPTVLPLYSLGPSGQLA
ETPAEVFQALEQLGHQAFRPGOERAVMRILSGISTLLVLPTGA
GKSLOCYQLPALLYSRRSPCLTLYVSPLLSLMDDOVSGLPPCLK
AACTHSGMTRKORESVLOKIRAAQVHVLMLTPEALVGAGGL
PPAAQLPPVAFACIDEAHCLSQWSHNFRPCYLRVCKVLRERM
GVHCFLGLTATATRRTASDVAQHLAVAEEPDLHGPAPVPTNL
HLSVSMDRDTDOALLTLLOGKRFQNLDSITYCNRREDTERIA
ALLRTCLHAAWVPGSGGRAPKTTAEAYHAGMCSRERRRVOQR
AFMOGOLRVVVATVAFGMGLDRPDVRAVLHLGLPPSFESYV
QAVGRAGRDGOPAHCHLFLOPQGEDLRELRRHVHADSTDFL
AVKRLVORVFPACTCTCTRPPSEQEGAVGGERPVPKYPPQEA
EQLSHQAAPGPRRVCMGHERALPIQLTVQALDMPEEAIETLL
CYLELHPHHWLELLATTYTHCRLNCPGGPAQLQALAHRCPPL
AVCLAQQLPEDPGOGSSSVEFDMVKLVDSMGWELASVRRAL
CQLOWDHEPRTGVRRGTGVLVEFSELAFHLRSPGDLTAEEKD
QICDFLYGRVQARERQALARLRRTFQAFHSVAFPSCGPCLEQ
ODEERSTRLKDLLGRYFEEEEGQEPGGMEDAQGPEPGQARLQ
DWEDQVRCDIRQFLSLRPEEKFSSRAVARIFHGIGSPCYPAQY
YGODRRFWRKYLHLSFHALVGLATEELLQVAR (SEQ ID
NO:62)

HELQ

H. sapiens

MDECGSRIRRRVSLPKRNRPSLGCIFGAPTAAELVPGDEGKEE
EEMVAENRRRKTAGVLPVEVQPLLLSDSPECLVLGGGDTNPD
LLRHMPTDRGVYGDOPNDSEVDMEGDYDSFTENSFIAQVDDLE
QKYMOQLPEHKEKHATDFATENLCSESIKNRKLSITTIGNLTELQT
DKHTENQSGYEGVTIEPGADLLYDVPSSQAIYFENLONSSNDL
GDHSMKERDWESSSHNTVNEELPHNCIEQPOONDESSSKVRT
SSDMNRRKSIKDHLENAMTGNAKAQTPIFSRSKQLKDTLLSE
EINVAKKTVESSSNDLGPFYSLPSKVRDLY AQFKGIEKLYEWQ
HTCLTLNSVOERKNLIYSLPTSGGKTLVAEILMLOELLCCRED
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VLMILPYVAIVOEKISGLSSFGIELGFFVEEY AGSKGRFPPTKR

REKESLYIATIEKGHSLYNSLIETGRIDSLGLVVVDELHMIGEG
SRGATLEMTLAKILYTSKTTOUGMSATLNNVEDLOKFLOAEY
YTSCFRPVELKEYLKINDTIYEVDSKAENGMTFSRLLNYKYSD
TLKKMDPDHLVALVTEVIPNYSCLVFCPSKKNCENVAEMICK
FLSKEYLKHKEKEKCEVIKNLEKNIGNGNLCPVLKRTIPFGVAY
HHSGLTSDERKLLEEAYSTGVLCLFTCTSTLAAGVNLPARRVE
LRAPYVAKEFLKRNQYKOMIGRAGRAGIDTIGESILILOQEKDK
QOVLELITKPLENCYSHLVQEFTEGIQTLFLSLIGLKIATNLDDI
YHFMNGTFFOVQORKVLLKEKSEWEITVESLERYLTEKGLLOKD
TIYKSEEEVOYNFHITKLGRASFKGTIDLAYCDILYRDLKKGL

EGLVLESLLHLIYLTTPYDLVSQUNPDWMIYFROFSQLSPAEQ
NYAAILGVSESFIGKKASGOAIGKKVDENVVNRLYLSFVLYT

LLKETNIWTVSEKFNMPRGYIONLLTGTASFSSCVLHFCEELE

EFWVYRALLVELTRKLTYCVKAELIPLMEVTGVLEGRAKQL

YSAGYKSLMHLANANPEVLVRTIDHLSRROAKOQIVSSAKMLL
HEKAEALQEEVEELLRLPSDFPGAVASSTDEA (SEQ ID NG:63)

ICPs

H. simplex

METKPKTATTIKVPPGPLGYVYARACPSEGIELLALLSARSGD
SDVAVAPLVVGLTVESGFEANVAVVVGSRTTGLGGTAVSLK
LTPSHYSSSVYVFHGGRHLDPSTQAPNLTRLCERARRHFGFSD
YTPRPGDLKHETTGEALCERLGLDPDRALLYLVVTEGFKEAV
CINNTFLHLGGSDKVTIGGAEVHRIPVYPLQLFMPDFSRVIAEP
FNANHRSIGEKFTYPLPFFNRPLNRLLFEAVVGPAAVALRCRN
VDAVARAAAHLAFDENHEGAALPADITFTAFRASQGKTPRGG
RDGGGKGAAGGFEQRLASVMAGDAALALESIVSMAVFDEPP
TDISAWPLFEGQDTAAARANAVGAYLARAAGLVGAMVEFSTN
SALHLTEVDDAGPADPKDHSKPSFYRFFLVPGTHVAANPQVD
REGHVVPGFEGRPTAPLYGGTQEFAGEHLAMLCGFSPALLAK
MLEYLERCDGAVIVGROEMDVFRY VADSNQTDYPCNLCTED
TRHACVHTTLMRLRARHPKFASAARGAIGVFGTMNSMYSDC
DVLONYAAFSALKRADGSETARTIMQETYRAATERVMAELE
TLQYVDOAVPTAMGRLETHTNREALHTVVNNVRQVVDREY
EQLMRNLVEGRNFKFRDGLGEANHAMSLTLDPYACGPCPLL
QLLGRRSNLAVYQDLALSQCHGVFAGQSVEGRNFRNQFQPY
LRRRVMDMFNNGFLSAKTLTVALSEGAAICAPSLTAGQTAPA
ESSFEGDVARVTLGFPKELRVKSRVLFAGASANASEAAKARY
ASLOSAYQKPDKRVDILLGPLGFLLKQFHAAIFPNGKPPGSNQ
PNPQWFWTALQRNQLPARLLSREDIETIAFIKKFSLDY GAINFI
NLAPNNVSELAMYYMANQILRYCDHSTYFINTLTAIIAGSRRP
PSVQAAAAWSAQGGAGLEAGARALMDAVDAHPGAWTSME
ASCNLLRPVMAARPMVVLGLSISKYYGMAGNDRVFQAGNW
ASLMGGKNACPLLIFDRTRKFVLACPRAGFVCAASSLGGGAH
ESSLCEQLRGIISEGGAAVASSVFVATVKSLGPRTQQLOIEDW
LALLEDEYLSEEMMELTARALERGNGEWSTDAALEVAHEAE
ALVSQLGNAGEVFNFGDFGCEDDNATPFGGPGAPGPAFAGR
KRAFHGDDPFGEGPPDKKGDLTLDML (SEQ ID NO:64)

RAD23

S cerevisiae

MTDVEGYQPKSKGKIFPDMGESFFS5DEDSPATDAEIDENYD
DNRETSEGRGERDTGAMVTGLKKPRKKTKSSRHTAADSSMN
OMDAKDKALLODTNSDIPADFVPDSVSGMFRSHDFSYLRLRP
DHASRPLWISPSDGRILESFSPLAEQAQDFLVTIAEPISRPSHIH
EYKITAYSLYAAVSVGLETDDISVLDRLSKVPVAESHNFIKGA
TISYGKVKLVIKHNRYFVETTQADILOMLLNDSVIGPLRIDSD
HOVQPPEDVLQOQOLOQTAGKPATNVNPNDVEAVESAVIGGE
NEREEEDDDIDAVHSFEIANESVEVVKKRCQEIDYPVLEEYDF
RNDHRNPDLDIDLKPSTOIRPYQEKSLSKMFGNGRARSGHVLE
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CGAGKTLVGITAACTIKKSVIVLCTSSVSVMQWRQOFLQWCT
LOPENCAVFTSDNKEMFQTESGLVVSTY SMVANTRNRSHDS
QKVMDFLTGREWGFILDEVHVVPAAMFRRVVSTIAAHAKLG
LTATLVREDDKIGDLNFLIGPKLYEANWMELSQKGHIANVQC
AEVWCPMTAEFYQEYLRETARKRMLL YIMNPTKFQACQFLIQ
YHERRGDKHVFSDNVYALQEY ALKMGKPFTY GSTPQOERMN
ILQNFQYNDQINTIFLSK VGDTSIDLPEATCLIQISSHY GSRRQE
AQRLGRILRAKRRNDEGFNAFFYSLVSKDTQEMY YSTKROQAF
LVDQGYAFKVITHLHGMENIPNLAYASPRERRELLQEVLLKN
EEAAGIEVGDDADNSYGRGSNGHKRFKSKAVRGEGSLSGLA
GGEDMAYMEYSTNKNKELKEHHPLIRKMY YKNLKK (SEQ ID
NO:65)

RAD3

S cerevisiae

MKFYIDDLPVLFPYPKIYPEQYNYMCDIKKTLDVGGNSILEMP
SGTGKTVSLLSLTIAYOMHY PEHRKIIYCSRTMSEIEKALVELE
NLMDYRTKELGYQEDFRGLGLTSRKNLCLHPEVSKERKGTV
VDEKCRRMTNGOAKRKLEEDPEANVELCEYHENLYNIEVED
YLPKGVFSFEKLLKYCEEKTLCPYFIVRRMISLONIIYSYHYLL
DPKIAERVSNEVSKDSIVIFDEAHNIDNVCIESLSLDLTTDALR
RATRGANALDERISEVRKVDSQKLODEY EKLVOGLHSADILT
DOEEPFVETPVLPQDLLTEAIPGNIRRAEHFVSFLKRLIEYLKT
RMKVLHVISETPKSFLOHLKQLTFIERKPLRFCSERLSLLVRTL
EVTEVEDFTALKDIATFATLISTYEEGFLLITEPYEIENAAVPNPI
MRFTCLDASIAIKPVFERFSSVIITSGTISPLDMYPRMLNFKTVL
QKSYAMTLAKKSFLPMITKGSDQVAISSRFEIRNDPSIVRNYG
SMLVEFAKITPDGMVVFFPSYLYMESIVSMWOTMGILDEVW
KHKLILVETPDAQETSLALETYRKACSNGRGAILLSVARGKVS
EGIDFDHQYGRTVLMIGIPFQYTESRILKARLEFMRENYRIREN
DFLSFDAMRHAAQCLGRVLRGKDDYGVMVLADRRFSRKRS
QLPKWIAQGLSDADLNLSTDMAISNTROQFLRTMAQPTDPKDG
EGVSVWSYEDLIKHONSRKDQGGFIENENKEGEQDEDEDEDI
EMQ (SEQ ID NO:66)

Cas9® Reclf

8. pyogenes

DVDKEFIQLVOTYNQLFEENPINASGVDAKAILSARLSKSRRL

ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQ
LSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRY
(SEQ 1D NO:67)

Cas9 Recl
Recll Recl

S pyogenes

DDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY
HLRKKELVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNS
DVDEKLFICLVOTYNQLFEENPINASGVDAKAILSARLSKSRRL
ENLIAQLPGEKKNGLFOGNLIALSLGLTPNFKSNFDLAEDAKLQ
LSKDTYDDDLDNLLAGIGDOYADLFLAAKNLSDAILLADILRY
NTEITKAPLSASMIKRYDEHHQDLTLLKALVRQOLPEKYKEIF
FDOQSKNGY AGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLN
REDLLRKOQRTFDNGSIPHOIHLGELHAILRROQEDFYPFLEDNR
EXKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNEEEY
VDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNE
LTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQOL
KEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD
NEENEDILEDIVLTLTLFEDREMIEERLKTYAHELFDDKVMEQL
KRERYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNF
MOLIHDDSLTFKEDIOK AQVSGOGD (SEQ 1D NG:68)

[0106]

In certain embodiments, the base editor {e.g,, a Cas-free base editor)

comprises one or more DNA oligonucleotides, one or more RNA oligonucleotides
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and/or one or more synthetic oligonucleotides including one or more peptide nucleic
acids (PNA), one or more locked nucleic acids (LNA) and/or one or more bridged
nucleic acids (BNA). See, e.g, Figure 1D, See, e.g, Nielsen, ef al. (1991) Science
254:1497-1500 and Bahal, er al. {2014} Curr Gene Ther. 14(5).331-342 regarding

5 PNA; Moreno, ef al. (2013) Nucleic Acid Res. 41(5%.3257-3273 and Geny, ef /.
(2016) Nucleic Acid Res. 44(5%.2007-2019 regarding LNA; and Rahman, er ¢/ (2007)
Nucleosides Nucleotides Nucleic Acids 26{10-12):1625-1628 regarding BNA.
{0107} In certain embodiments, the Cas9-free base editors of the invention
comprise a ZFP-deaminase fusion protein and a ZFN nickase, and optionally one or

10 more DNA-destabilizing factors. To certain embodiments, the DNA-destabilizing
factor is a protein {e.g., as shown in Table A) or an oligonucleotide {(e.g, an LNA,
PNA or BNA}. In other embodiments, the Cas9-free base editors comprise non-Cas9
CRISPR protemns with DNA destabilizing (unwinding) properties, including any Cas9
equivalents such as Casi2a (including a full length or truncated Casi2 protein). In

15 other embodiments, the Cas9-free base editors do not comprise any elements from a
CRISPR system. The one or more non-Cas9 DNA-destabilizing (unwinding)
factor(s) (e.g.. proteins of Table A, LNAs, PNAs, BNAs, ete.) moay be operably linked
to any component of the base editor, for example either component of the ZFP-
deaminase fusion protein and/or any of the components of the ZFN nickase.

20 (0108} In certain embodimends, the base editor comprises one or more
nucleotide sequences, for example one or more DNA oligonucleotides, RNA
oligonucleotides, peptide nucleic acids (PNAs), locked nucleic acids {LINAs) and/or
bridged nucletc acids (BNAg), which can be used to provide a single stranded DNA

substrate for base editors at the target site. This can be facilitated by e.g. duplex

B2
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invasion, triplex invasion or a tail-clamp (Quijano, er al. (2017} Yale J. Biol and Med.
90:583-598; Pellestor and Pauvlasova (2004) European J. Human Genetics 12.694-
700; Schieifman, ef af. (2011) Chem & Bio. 1&8:1189-1198. The structure of the one
or more nuciectide sequences of the base editor will vary in length; number and
position of DNA and/or RNA and/or LNA and/or LNA and/or BNA bases;

30 phosphorothioate bonds; other common modifications) of these oligonucleotides
depending on the target sequence cornposition.

{0109} In certain embodiments, the base editor comprises one or more PNAs,
for examplegarnma PNAs contaiming miniPEG substitidions and the gamma position

for enhanced binding, mncreased solubility and improved delivery (Bahal, ef ol (2014)
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Current Gene Ther. 14(5):331-342. In certain embodiments, the PN As comprise one
or more O mdicates 8-amino-2,6-dioxaoctancic acid hnkers and/or one or more
cytosines (C) or pseudoisocytosine residues. Optionally, one or more lysine (Lys)
residues are included in the PNA, for example on the N- and/or C-terminals of the
5  PNA sequence. In certain embodiments, 1, 2, 3, 4, 5 or more Lys residues are
mcluded at one or both terminals of the PNA. In certain embodiments, two or more
PN As are used in the base editor, for example in the same or in reverse orientation
relative to each other. In certain embodiments, the one or more PNAs have the
structure; N-Lys-Lys-Ly s-NNNNNMNNNNN-QOO-NNNNNNNNNN-Lys-Lys-Lys-
10 C; N-Lys-Lys-Lys-NNNNNNNNNN-GOO-NNNNNNNNNNNNNNN-Lys-Lys-Lys-
C; N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C; N-
Lys-Lys-Lys-NNNNNNNMNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C; and/or N-
Lys-Lys-Lys-NNINNNNNNNNNNNNN-Lys-Lys-Lys-C, whereunt O indicates 8-
amino-2.6-dioxaoctanoic acid linkers and C indicates cyvtosine. The Lys resides on the
15 N-and/or C-terminals of the PNA sequence are optional and pseudoisocviosine be
can substituled for cytosine. In the certain embodiments, the one or more PNAs
conprises one or more PNAs as shown in Figures 8B to 8E.
{0110} in other embodiments the base editor comprises one or more LNAs.
LNAs can include a stacking linker and 2’-glycylamino-LNA for improved
20 performance {Geny, ef af. {2016) Nucleic Acids Res. 44(3):2007-2019. In certain
embodiments, the LNA comprise one or more phosphorothioate bonds, optionally
between one or more LNA residues and/or DNA residues. In other embodiments, the
LNA comprises one or more Cholesterol-TEG, which may increase uptake into cells.
In certain erabodiments, the one or more LNAs have the following structure: 5°-
NuNnNnNnNaNnNaNictietmNnNaNoNoNnNnNaMNonNonNmmNnnNn-3” (SEQ 1D
NO:1), 5°-
NAFNaNnNaNaNaNaNicteinNaNaNaNaNoNoNnNnnNnnNanNon*N*n-37 (SEQ
D NO:69); and/or 57-
NaNaNnNaNaNaNnNicicinNoNnNaNaNaNaNnNonNnnNanNnnNn-Chol-TEG-3°

B2
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30 (SEQID NOG:70), where LNA nuclectides are in uppercase; DNA nucleotides are in
lower case; “*7 indicates phosphorothioate bonds; and “Chol-TEG” ndicates 3°
Cholesterol-TEG (see, e.g., Bijsterbosch, ef al. (2000} Nucleic Acids Res. 28:2717-
2725, Bysterbosch, ef al. (2002} J. Pharmacol. Exp. Ther. 302:619-626; Manoharan

(2002) Antisense Nucleic Acid Drug Dev 12:103-28; M. Manoharan (2004) Curr Opin

W
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“hem Biol §:570-9) for increased uptake into celis. In certain embodiments, the base
editor comprises one or more LNAs as shown in Figure 8F or Figure 8G.
{0113} The one or more DNA destabilizing factors may be providec
independently from and/or with a base editor {e.g.. ABE and/or UBE) and/or a
5  nickase. In certain embodiments, the DNA de-stabilizing factor(s) is{are) fused to the
ZFP and/or ZFN uvickase in any ortentation {e.g, N- and/or C-terounal). The DNA
destabilizing factor(s} can bind within a kb window of the base editor target site.
[0112] In certain embodiments, described herein is a base editing system
comprising a base editor (e.g., a Cas9 adenine or cytosine base editor) and one or
10 more additional DNA-binding domains (e.g., ZFPs, TALEs, additional sgRNA) that
specifically binds to a target site near (RANGE) the base editor. In certain
embodiments, the Cas9-containing base editing system comprises: a Cas9 nickase and
one or more DNA-binding molecules (2.g., ZFPs) that serve to anchor the CasY
nickase and/or position one or more components of the base editor in relation to the
15 other components, thereby increasing specificity and/or efficiency of base editing.
The one or more DN A-binding molecudes (e g, ZFP anchor(s}) typically bindto a
target site within 1-50 (or any value therebetween) nucleotides of the base editor (e. g,
CasY or Cas9-free base editor) and/or targeted base. The DNA-binding molecule may
bind 57 and/or 3° 1o the base editor and/or {argeted base. In cerlain embodiments, the
20 Cas9 base editor as described heremn comprises two more ZFP domains, for example a
ZFP domain operably linked to a deaminase domain or component thereof and a ZFP
anchor domain. See, e.g.. Figure 1B. In certain embodiments, the at least one DNA-
binding domain binds to a target site 57 of the base editor, optionally on the same or

different strand as bound by the base editor. See, e.g. Figure 1B, bottom right
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schematic; Figure 3; and Figure 7A for exemplary embodiments in which one or more
additional ZFP anchors are used and specifically binds to a target site 5° of the base
editor of the system and on the same strand as bound by the base editor. The
inclusion of one or more ZFP anchors can increase efficiency and/or specificity of the
base editor, for example in some cases, 2-fold to S-fold (or any value therebetween),
30 10-fold to 100-fold {or any value therebetween), or more than 100-fold as compared
to base editors not including a ZFP anchor.

{0113} In other embodiments, described herein is a base editing system
comprising: (1) a Cas9 nickase {e.g., comprising a catalvtically inactive monomer of

an adenosine deaminase); (2) an anchor DN A-binding domain (e.g.. ZFP) that

W
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specifically binds o a target site 5™ or 3 1o the Cas9 nickase; and (3) a non-Cas9
nickase {e.g., a ZFP-nickase) cornprising a catalytically inactive monorer of the
adenosine deaminase and a DNA-binding doroain (e.g., ZFP) that binds to a target site
5" or 3” to the Cas9 nickase. Upon dimerization of the A deaminase monomers of the
5 Cas9 nickase and non-Cas9 nickase {e.g., ZFN nickase} dimerize form a functional
deaminase. The anchor DNA-binding domain and non-Cas9 nickase may bind on the
same or different strands of the target and/or on the same (5™ or 3°} or different {one
on 57 and one on 37) sidas of the Cas9 nickase. In certain embodiments, the anchor
DNA-binding domain and the non-Cas9 nickase bind to opposite strands on opposite

10 sides of the Cas9 nickase. See, e.g., Figure 1B, top schematics.

{0114} In other embodiments, described herein is a base editing system
comprising: (1) a Cas9 nickase; (2) an optional anchor DNA-binding domain {(e.g.,
ZFP) that specifically binds to a target site 5 or 37 to the Cas9 nickase; and (3) anon-
Cas9 nickase {e.g., a ZFP-nickase) comprising an A or C deaminase. The anchor

15 DPNA-binding domain and non-Cas9 nickase may bind on the same or different
strands of the target and/or on the same (57 or 37} or different (one on $™ and one on
37) sides of the Cas9 nickase. In certain erabodiments, the anchor DNA-binding
domain and the non-Cas? nickase base editor bind to opposite strands on opposiie
sides of the Cas9 nickase. See, e.g., Figure 1B, bottom middie schematic.

20 (0115} In other emabodiments, described herein is a base editing syster
comprising: (1} a Cas? protein {e.g., dCasY) operably linked to a sgRNA,; (2) an
optional anchor DNA-binding domain {e.g., ZFP anchor} that specifically binds to a
target site 57 or 3° to the Cas? nickase; (3) a fusion protein comprising a ZFP operably
linked to an A or € deaminase, which fusion protein is 3” or 5 to the Cas9 protein;

and (43 a ZFN nickase that binds 3” or 57 of the Cas9 protein and/or the ZFP. The
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anchor DNA-binding domain and non-Cas9 protein may bind on the same or different
strands of the target and/or on the same {57 or 37) or different {one on 37 and one on
37y sides of the Cas9 protein. In certain embodiments, the ZFP of the ZFP-deaminase
fusion protein and the optional anchor ZFP bind to oppostte strands. See, e g, Figure
30 1C. In further embodiments, the base editor does not comprise a ZFN nickase.

{3116} The Cas9 base editors described herein provide surprising and
unexpected advantages in terms of PAM sequences that may be used for efficient and
targeted base editing, including expanding {relaxing}) the available PAM sequence for

base editors comprising sgRNAs.
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0117} Also described herein are base editors (ABEs or UBEs) that do not
comprise a Cas9 base editor {e.g., tack a CasY nickase or Cas9 protemn). See, e.g.,
Figure 1 A through Figure 1D,
{6118} In certain embodiments, the base editor comprises: (1) a non-Cas9

5 nickase, for example a ZFN nickase comprising a pair of ZFNs (ZFP operably linked
1o a nuclease domain) in which one of the nuclease domains of the pair is catalytically
inactive (see, e.g, U.S. Patent Nos. 8,703,4%9; 9,200,266; 2,631,186; and
10,113,2073; and (2} a ZFP base editor comprising a ZFP operably linkedtoan A or C
deaminase. See, e.g, Figure 1B, bottom left schematic.

10 j0119} in other embodiments, the base editor comprises a DNA destabilizing
molecule comprising any RNA-programmable molecule. In certain embodiments, the
DNA destabilizing molecule comprises an RNA-programmable molecule comprising
Cas protemn {2.g., dCas9) and sgRNA. fu other embodiments, the RNA-
programinable molecule is not a Cas9 protein {e.g.. Cpfl (also known as Casi2a),

15 C2cl, C2¢2 (also known as Cas13a), C2¢3, Casl, Cas2, Cas4, CasX and CasY); and
an adenosine or cylosine deaminase. Optionally, the base editor further comprises at
least one ZFP DNA-binding domain {e.g., any combination of a ZFP DNA-binding
domain operably linked to the adenosine or cytosine deaminase; a ZFP anchor on
either side of the DNA destabilizing molecule; and/or a ZFN nickase).

20 (0129} In other embodiments, the Cas9-{ree base editor comprises a ZFN
nickase, and ABE or CBE {e.g operably linked to a ZFP} and one or more DNA
destabilizing molecules that makes the target base accessible {e.g., unwinds the
DNA). See, e.g., Figure 1D, Non-limiting examples of DNA destabilizing

(imwinding) molecules include protein domains as shown in Table A and nucleic

25  acids, including LNAs and/or PNAs as shown in Figure 8. The ZFN nickase may
include one or more mutations in the catalytically active and/or catalytically inactive
Fok domains and/or one or more mutations to the ZFP backbone. See, eg, U.S.
Patent Publication No. 2018/0087072. In certain embodiments, the base editors as
described herein may be Cas9-free bui may inchude non-Cas9 CRISPR proteins.

30 [B121} Any of the Cas9-free (e.g., ZFP) base editors may further comprise {or

recrutt) one or more additional DNA destabilizing factors (e.g, DNA helicases, helix-
destabilizing molecules and the bacterial DnaA protein, single-strand DNA binding
proteins, oligonucleotides, etc.}, for example if further unwinding of the DNA

augments base editor function by increasing accessibility of the target. The one or
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more DNA destabilizing factors can be associated with the nickase and/orthe Aor €
deaminase-containing molecule. In certain embodiments, the DNA destabilizing
factor (e.g.. DNA oligo) is associated with the ZFN nickase as depicied in Figure 1D,
{0122} In other embodiments, described herein is a base editing system

5 comprising: (1) at least one DNA destabilizing molecule {e.g., non-Cas9 protein); (2)
an optional DNA-~binding domain (e. g, ZFN anchor) that specifically binds to a target
stte 57 or 37 to the DNA destabilizing molecule; and (3) a fusion protein comprising a
ZFP operably linked to an A or C deaminase, which fusion protein is 3” or 5’ to the
DNA-destabilizing molecule.

10 [0123] CasY-free base editors offer several surprising and unexpected
advantages over Cas? base editors including, but not himited {o: (i} No Cas9
dependent off-target effects as we can build ZFNs with 99% or more cutting
efficiency (no off-target effects); (i) elinunating PAM restrictions as ZFPs can target
essentially any sequence in the human genome; (iti) reducing and/or eliminating

15 bystander mutations (e.g., within the target window) prevalent with current Cas9 base
editors; and/or (iv) facilitate AAV delivery {known to be functional in vivo) due to
reduced construct size.

{0124} Thus, cas9-free base editors provide significant advantages over
conventional Cas9 base editors including but not himited to: target specificity;

20 versatility; control or elimination of bvstander nutations; and ease of delivery. In

erms of target specificity, Cas9-free ZFP base editors can be designed that are 99%
efficient at editing with few or no off-target effects, whereas Cas9 base editors exhibit
higher rates of off-target effects. Similarly, non-Cas9 ZFP base editors control

(reduce) or eliminate bystander mutations as seen with Cas9 base editors.

25 Furthermore, whereas the selection of target sites for non-Cas® ZFP base editors is
limited by PAM requirements, Cas? free ZFP base editors can target essentially any
target sequence). In addition, due o the reduced construct size of non-Cas9 bagse
editors, they can be delivered using AAV vectors, thereby greatly expanding
therapeutic (in vivo} uses.

30 [8128) In certain embodiments, the base editors {(base editing systems})

described herein include a single base to be changed (target base) within: (1) the base
editing window and/or (2) bases between the base editing window and the 5” end of
the PAM sequence infervening. See, also Figure 2. The opening of the DNA editing

window leaves other non-target bases (adenines and/or cytosines) open for potential
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modification by base editors. This means that although the target may be 13-16
nucleotides away from the 5° end of the PAM sequence, targeted bases {e.g., adenines
or cytosines) present in those intervening nucleotides and/or in the base editing
window may also be altered. Such non-targeted mutations, also referred to as
5 “bystander” mutations, which may be undesirable in the base editing process. In
some situations, bystander mutations may be avoided by choosing a PAM sequence
that do not comprise the base to be targeted {(an adenine for adenine base editors or
cytidine for cytidine base editor) in the editing window. Alternatively, and/or in
addition to selection of a PAM sequences, the present invention reduces or ehiminates
10 bystander mutations by using a base editor as described herein comprising a ZFP
anchor paired with a ZFN nickase functional domains, eliminating the PAM
requirement, and allowing the user to place the editor at any optimal location.
{3126} In some embodiments, disclosed herein are corplexes {systems}
comprising a variety of fusion proteins. In some embodiments, Cas proteins can be
15 fused to alternate DNA binding domains to increase the specificity of binding of the
fusion protein to a DNA {see Bolukbashi, ef of. (2018) Nar Methods 12(12}:1150-
1156} For example, ZFP, TtAgo and TALE DNA binding domains may be fused to a
dCas. In some embodiments, the dCas comprises mutations to alter PAM specificity
(see Gao, ef al. (2017 Nature Biotechnology 35:789-792; Virgimjus Siksnys (2016)
20 Mol Cell 61:793) or to alter the requirement for PAM recognition. In some

embodiments, the base editor lacks a Cas nuclease.
{0127} Potential targets for this approach are many. Non-limiting examples of
base editing for treatment and/or prevention of disease editing of gene involved in

exemplary diseases that may be treated include sickle cell disease, hemophilia, cystic

25 fibrosis, phenviketonuria, Tay-Sachs, color blindness, Fabry disease, Friedreich’s
ataxia, prostate cancer, and many others.
[3128] Thus, the base editing systems as described herein may be used to alter
expression of any disease-associate gene. In certain embodiments, the gene is
assoctated with a cancer, for example, the JAK2 VA17F mutation. This mutation

30 plays acritical role in the expansion of myeloproliferative neoplasms. JAK2

transduces cvtokine and growth factor signals from membrane-bound receptors
through phosphorylation of the STAT family of transcription factors. The V617F

mutation leads to constitutive tyrosine phosphorylation activity and promotes
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cytokine hypersensitivity {James, ef a/. (2005) Nature 434:1144-1148) and the ability
to drive celis to proliferate in the absence of cytokines (Zhao, er al (2003} .J. Bio!
Chem 280 (24).22788-22792). For some JAK2 V617F disorders (e.g. primary
myelofibrosis), the only cure is hematopoigtic cell transplant, however current
5 approaches are often associated with disease relapse and graft versus host disease
(Byme, ef gl. (2018) Ther Avd Hematol 3(9).251-239). Editing of a subject’s
hematopoietic stem cells/progenitor cells (HSC/PC) to remove the nutation may
allow successfid treatment of these diseasas.
{3129} In certain embodiments, base targets an alpha-1 antitrypsin (within the
10 SERPINA locus). Mutations in the locus that cause an autosomal recessive
deficiency in the A1 AT protein are associated with both liver and lung disease. The
PiZ mutation, one of the most common deficiency alleles in people of Northern
Europe descent, results in only about 10-20% of the A1AT protein being produced.
This mutation is caused by a single mutation in exon 5, leading to a glutamine
15 substitution at amine acid position 342 for a lysine where a G at position 1096 in the
DNA is an A in the mutated gene sequence (reviewed in Fregonese and Stolk (2008)

Orphanet J Rare Dis 3:16).

DNA-binding molecules/domains
20 (0139} Described herein are corpostiions comprising one or more DNA-
binding molecules/domains that specifically bind to a target site in any gene or locus
of inferest. Any DNA-binding molecules/domains can be used in the compositions
and methods disclosed herein, including but not limited to a zinc finger DN A-binding

domain, a TALE DNA binding domain, the DNA-binding portion {guide or sgRNA)
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of a CRISPR/Cas nuclease, and/or a DNA-binding domain from a meganuclease.
{0133} In certain embodiments, the base editors described herein comprise a
zinc finger protein DNA-binding domain. Preferably, the zinc finger protein is non-
naturally occurring in that it is engineered to bind to a target stte of choice. See, for
example, Beerli, er ol (2002) Naiure Biotechnol 20:135-141; Pabo, ef al. (2001) Ann.
30 Rev. Biochem. 70:313-340; Isalan, ef al. {2001} Nature Biotechnol. 19:656-660;
Segal, ef al. (2001) Curr. Opin. Biotechnol 12:632-637; Choo, ef al. {2000) Curr.
Opin. Struct. Biol. 10:411-416; U.S. Patent Nos. 6,453,242; 6,534,261, 6,599,692;
6,503,717: 6.689,558: 7,030.215; 6.,794.136: 7.067.317; 7,262,054 7,070,934
7,361,635 and 7,253,273 and U.S. Patent Publication Nos. 2005/0064474;

W
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2007/0218528,; and 2005/0267061, all incorporated herein by reference in their
entireties. In certain embodiroents, the DNA-binding domain comprises a zine finger
protein disclosed in U.S. Patent Publication No. 2012/0060230, incorporated by
reference in its entirety herein.

5 [8132] An engineered zine finger binding domain can have a novel binding
specificity. compared to a naturally-occurring zinc finger protein. Engineering
methods include, but are not limited to, rational design and various fypes of selection.
Rational design includes, for example, using databases comprising triplet (or
quadruptet) nucleotide sequences and mdividual zine finger amine acid sequences, in

10 which each triplet or quadruplet nucleotide sequence is associated with one or more

aming acid sequences of zinc fingers which bind the particular triplet or quadruplet
sequence. See, for example, U.S. Patent Nos. 6,453,242 and 6,534,261, incorporated
by reference herein in their entireties.

{6133} Exemplary selection methods, including phage display and two-hybrid

15 svstems, are disclosed in U.5. Patent Nos. 5,789,538; 5,925,523; 6,007 988;

6,013,453, 6,410,248, 6,140,466, 6,200,759; and 6,242,568, as well as International
Patent Publication Nos. WO 98/37186; W 98/53057: WO 00/27878; and

/(3 01/88197 and GB 2,338,237, In addition, enhancement of binding specificity for
zinc finger binding domains has been described, for example, in U.S. Patent No.

20 6,794,136

{0134} in addition, as disclosed in these and other references, zine finger
domains and/or multi-fingered zinc finger proteins may be linked together using any
suttable linker sequences, including for example, linkers of 5 or more amino acids in

length. See, also, U.S. Patent Nos. 6,479,626; 6,903,185; and 7,153,949 for
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exemplary linker sequences 6 or more amino acids in length. The proteins described
herein may include any combination of suitable linkers between the individual zinc
fingers of the protein. In addition, enhancement of binding specificity for zinc finger
binding domains has been described, for exarmple, in U.8. Patent No. 6,794,136,
[0135] Selection of target sites; ZFPs and methods for design and construction
30 of fusion proteins (and polynucleotides encoding same) are known to those of skill in
the art and described in detail in U.S. Patent Nos. 6,140,081 5,789,538, 6,453,242,
6.534,261; 5,925.523; 6,007,988 6.013.453; and 6,200.759; and International Patent
Publication Nos. W0 95/19431; WQ 96/06166; WO 98/53057;, WO 98/54311;

W
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WO 00/27878;, WG 01/60970; WO 01/88197, WQ 02/099084; W 98/53058;

WO 98/53059; WG 98/53060; WO 02/016536; and WO (3/016496,

{3136} In addition, as disclosed in these and other references, zine finger
domains and/or mudti-fingered zinc finger proteins may be linked together using any

5 suitable linker sequences, including for example, linkers of 5 or more amino acids in

length. See, also, U.S. Patent Nos. 6,.479,626; 6,903,183; and 7,153,949 for
exemplary Hinker sequences 6 or more amino acids in length. The proteins described
herein may include any combination of suitable linkers between the individual zinc
fingers of the protein.

10 (0137} Usually, the ZFPs include at least three fingers. Certain of the ZF¥Ps
include four, five, six or more fingers. The ZFPs that include three fingers typically
recognize a target site that includes 9 or 10 nucleotides; ZFPs that include four fingers
typically recognize a target site that includes 12 to 14 nucleotides; while ZFPs having
six fingers can recognize target sites that include 1€ to 21 nucleotides. The ZFPs can

15 also be fusion proteins that include one or more regulatory domains, which domains
can be transcriptional activation or repression domains.

{0138] in some embodiments, the DNA-binding domain may be derived from
anuclease. For example, the recognition sequences of homing endonucleases and
meganucleases such as I-Scel, I-Ceul, PI-Pspl, PT-Sce, 1-ScelV, I-Csad, I-Panl, I-

20 Scell, I-Ppal, 1-5celll, I-Crel, I-Tevl, I-Tevll and {-Tevill are known. See also U.S.
Patent No. 5,420.032; U.S. Patent No. 6,833,252; Belfort, ef ol (1997) Nucleic Acids
Res. 25:3379-3388; Dujon, ef al. (1989) Gene 82:115-118,; Perler, ef al. {1994}
Nucleic Acids Res. 22, 1125-1127; Jasin (1996) Trends Genet. 12:224-228; Gimble, ef
al. {1996) J. Mol. Biol. 263:163-180; Argast, ef al. {1998).0 Aol Biol 280:345-353

B2
W

and the New England Biolabs catalogue. In addition, the DNA-binding specificity of
homing endonucleases and meganucleases can be engineered to bind non-natural
target sites. See, for example, Chevalier, ef ¢f. {2002) Molec. Cell 10:893-903;
Epinat, er al. (2003} Nucleic Acids Res. 31:2952-2962; Ashworth, ef al. {2006} Natre
441:656-659; Paques, ef al. {2007) Current Gene Therapy 7:49-66; U.8. Patent

30 Publication No. 2007/0117128.

{0139] in certain emboduments, the zinc finger proten used with the voutant
cleavage domains described herein comprises one or more mutations (substitutions,
deletions, and/or insertions) 1o the backbone regions {e.g., regions outside the 7-amino

acid recognition helix region numbered -1 to 6), for example at one or more of
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positions -14, -9 and/or -5. The wild-type residue at one or more these positions may
be deleted, replaced with any amino acid residue and/or include on or more additional
residues. In some embodiments, the Arg (R) at position -5 is changed to a Tyr (YY),
Asp (N}, Glu (E}, Leu (L}, Gln {Q3), or Ala{A}). In other embodiments, the Arg (R} at

5 position (-9) 1s replaced with Ser (8), Asp (N}, or Glu (E}. In further embodiments,
the Arg (R) at position {-14)} 1s replaced with Ser (8) or Gln (). In other
embodiments, the fusion polypeptides can comprise mutations in the zing finger DNA
binding domain where the amino acids at the (-3}, (-9} and/or {-14} positions are
changed to any of the above histed amino acids in any combination.

10 [0148] In other embodiments, the DNA binding domain comprises an
engineered domain from a Transcriptional Activator-Like {TAL) effector (TALE)
similar to those derived from the plant pathogens Xanthomonas (see Boch, ef al.
(2009) Science 326:1509-1512 and Moscou and Bogdanove (2009) Science 326:1501)
and Ralstonia (see Heuer, ef al. (2007) Applied and Environmental Microbiology

15 73(13):4379-4384); U.S. Patent Publication Nos. 2011/0301073 and 2011/0145%40.
The plant pathogenic bacteria of the genus Xanthomonas are known to ¢cause many
diseases in iroportant crop plants. Pathogenicuty of Xanthomonas depends on a
conserved type HI secretion (T38) system which injects more than 25 different
effector proteins into the plant cell. Among these injected proteins are franscription

20 activator-like effectors (TALE) which minuc plant transcriptional activators and
manipulate the plant transcriptome (see Kay, ef al. (2007) Science 318:648-651).
These proteins contain a DNA binding domain and a transcriptional activation
domain. One of the most well characterized TALEs is AviBs3 from Xanthomonas
campestgris pv. Vesicatoria (see Bonas, ef al. (1989) Mol Gen Genet 218:127-136

and International Patent Publication No. W0 2010/079430). TALEs containa
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centralized domain of tandem repeats, each repeat containing approximately 34 amino
acids, which are key to the DNA binding specificity of these proteins. In addition,
they contain a nuclear focalization sequence and an acidic transcriptional activation
domain (for a review see Schormack 8., ef al. (2006) J Plani Physiol 163(3). 256-272).
30 In addition, in the phytopathogenic bacteria Ralstonia solanacearum two genes,
designated brgll and hpx17 have been found that are homologous to the AviBs3
family of Xanthomonas in the R solanacearum biovar 1 strain GM1I1000 and in the
biovar 4 strain RS1000 (See Heuer, ef of. (2007) Appl and Envir Micro 73{13}.4379-

4384). These genes are 98 9% identical 1o nucleotide sequence to each other but differ
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by a deletion of 1,575 base pairs in the repeat domain of hpx17. However, both gene
products have less than 40% sequence identity with AvrBs3 family proteins of
Xanthomonas.
{0141} Specificity of these TAL effectors depends on the sequences found in
5 the tandem repeats. The repeated sequence comprises approximately 102 base pairs
and the repeats are typically 91~100% homologous with each other (Bonas, ef g/,
ihidy. Polvmorphism of the repeats is usually located at positions 12 and 13 and there
appears to be a one-to-one correspondence between the identity of the hypervariable
diresidues (the repeat varable diresidue or RVD region)} at positions 12 and 13 with
10 the identity of the contiguous nucleotides in the TAL-effector’s target sequence (see
Moscou and Bogdanove (2009) Science 326:1501 and Boch, ef al. (2009) Science
326:1309-1512). Experimentally, the natural code for BNA recognition of these
TAlL-effectors has been determined such that an HD sequence at posttions 12 and 13
(Repeat Variable Diresidue or RV D) leads to a binding to cytosine (), NG binds to
15 T,Nito A C, Gor T,NN binds to A or G, and ING binds to T. These DNA binding
repeats have been assembled into proteins with new combinations and nurmbers of
repeats, to make artificial transcription factors that are able to wnteract with new
sequences and activate the expression of a non-endogenous reporter gene in plant
cells (Boch, e al., ibid). Engineered TAL proteins have been linked to a Foil
20 cleavage half domain to yvield a TAL effector domain nuclease fusion (TALEN),
including TALENs with atypical RVDs. See, e g, U.S. Patent No. 8,586,526,
{0142} In some embodiments, the TALEN comprises an endonuclease (e. g,
Fokly cleavage domain or cleavage half-domain, In other embodiments, the TALE-

nuclease is a mega TAL. These mega TAL nucleases are fusion proteins comprising
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a TALE DNA binding domain and a meganuclease cleavage domain. The
megamiclease cleavage domain is active as a monomer and does not require
dimerization for activity. (See Boissel ef al. (2013) Nucl Acid Res: 1-13, dot:
10.1093/nar/gkt1224).

{0143} In still further embodiments, the nuclease comprises a compact

30 TALEN. These are single chain fusion proteins linking a TALE DNA binding
domain to a Tevi nuclease domain. The fusion protein can act as either a nickase
localized by the TALE region, or can create a double strand break, depending upon
where the TALE DNA binding domain is located with respect to the Tevl nuclease

domain (see Beurdeley, et al. (2013} Nat Conun: 1-8 DOL10.1038/mcomms2782). In
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addition, the nuclease domain may also exhibit DNA-binding functionality. Any
TALENs may be used in combination with additional TALENs {e.g., one or more
TALENs (¢TALENS or Fokl-TALENs) with one or more mega-TALEs.
[3144] In addition, as disclosed in these and other references, zinc finger
5 domains and/or multi-fingered zine finger proteins or TALEs mayv be linked together
using any suitable linker sequences, including for exanmple, linkers of 5 or more
amino acids in length. See, also, U.S. Patent Nos. 6,479.626; 6,903,185; and
7,153,949 for exemplary linker sequences 6 or more amino acids in length. The
proteins described herein may include any combination of suitable binkers between
10 the individual zinc fingers of the protewn. In addition, enhancerent of binding
specificity for zinc finger binding domains has been described, for example, in U.S.
Patent No. 6,794,136,
{3145} In certain embodiments, the base editor comprises a DNA-binding
domain that is part of a CRISPR/Cas nuclease system, including a single guide RNA
15 (sgRNA} DNA binding molecude that binds to DNA. See, e.g, U.S. Patent No.
8,697.359 and 11.S. Patent Publication Nos. 2015/0056705 and 2015/0159172. The
CRISPR {clustered regularly interspaced short palindromic repeats) locus, which
encodes RNA components of the system, and the cas {CRISPR-associated) locus,
which encodes proteins (Jansen, ef o/, (2002) Mol Microbiol. 43:1565-1575;
20 Makarova, ef al. (2002) Nucleic Acids Res. 30:482-496; Makarova, ef al. (2006} Biol.
Direct 1.7, Haft, er al. (2005} PLoS Comput. Biol. 1:e60) make up the gene sequences
of the CRISPR/Cas nuclease system. CRISPR loct in microbial hosts contain a
combination of CRISPR-associated (Cas) genes as well as non-coding RNA elements

capable of programmung the specificity of the CRISPR-mediated vucleic acid

25 cleavage.
[0146] In some embodiments, the DNA binding domain is part of a TtAgo

systern (see Swarts, ef al. (2014} Naiure 507(7491):258-261; Swarts, ef al. (2012}
PLoS One 7(43:e35888; Sheng, er al., ibid). In eukaryotes, gene silencing is
mediated by the Argonaute (Ago) family of proteins. In this paradigm, Ago is bound
30 tosmall (19-31 nt) RNAs. This protein-RNA silencing complex recognizes target
RNAs via Watson-Crick base pairing between the sroall RNA and the target and
endonucleclytically cleaves the target RNA (Vogel (2014) Science 344.972-973). In
conirast, prokaryotic Ago proteins bind to small single-stranded DNA fragments and

likely function to detect and remove foreign {often viral) DNA (Yuan, ef al. (2005}

C
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Mol Cell 19:405; Glovnikov, er af. (2013 Mol Cell 51, 594; Swarts, ef al. (2014)
Nature 507(74911.258-261, Swarts, ef al. (2012} PLoS One 7(4):e35883). Exemplary
prokaryotic Ago proteins include those from Aquifex aeclicus. Rhodobacter
Sphaeroides, and Thermus thermophilus.

5 (8147} One of the most well-characterized prokaryotic Ago protein is the one
from 7. thermophilus (TtAgo; Swarts, ef al. (2014) Nature S07(7491).258-261;
Swarts, ef al. (2012) PLoS One 7(4):¢35888). TtAgo associates with either 15 nt or
13-25 nt single-stranded DNA fragments with 5' phosphate groups. This “guide
DNA” bound by TtAgo serves to direct the protein-DNA complex to bind a Watson-

10 Crick complementary DNA sequence m a third-party molecule of DNA. Once the
sequence information in these guide DINAs has allowed identification of the target
DNA, the TtAgo-guide DNA complex cleaves the target DNA. Such a mechanism is
also supported by the structure of the TtAgo-guide DNA conplex while bound fo its
target DNA (G. Sheng, er al., ibid). Ago from Rhodobacter sphaeroides (RsAgo) has

15 similar properties {Olovnikov, ef /., ibid).

[3148] Exogenous guide DNAs of arbitrary DNA sequence can be loaded onto
the TtAgo protein {Swarts, er al. {2014) Nature 507(7491).258-261; Swarts, ef a.
(20123 PLoS One 7(4).e35888). Since the specificity of TtAgo cleavage is directed by
the guide DNA, a TtAgo-DNA complex formed with an exogenous, investigator-

20 specified guide DNA will therefore direct TtAgo target DNA cleavage to a
complementary investigator-specified target DNA. In this way, one may create a
targeted double-strand break in DNA. Use of the TiAgo-guide DNA system {or
orthologous Ago-guide DNA systems from other organisms) allows for targeted

cleavage of genomic DNA within cells. Such cleavage can be either single- or double-

B2
W

stranded. For cleavage of mammalian genomic DNA, it would be preferable to use of
a version of TtAgo codon optimized for expression in mammalian cells. Further, it
might be preferable to treat cells with a TtAgo-DNA complex formed in vitro where
the TtAgo protein is fused to a cell-penetrating peptide. Further, it might be preferable
to use a version of the TtAgo protein that has been altered via mutagenesis to have

30 improved activity at 37°C. Ago-RNA-mediated DNA cleavage could be used to affect
a panoply of outcomes including gene knock-out, targeted gene addition, gene
correction, targeted gene deletion using techniques standard in the art for exploitation

of DNA breaks.
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[0149] Thus, any DNA-binding molecule/domain can be used. In certain
embodiuments, the base editors described herein are Cas9 base editors that include a
sgRNA DNA-binding domain (e.g.. as a part of a Cas9 nickase) and optionally, one or
more ZFP DNA-binding domains (referred to as “ZFP anchors™), which ZFP{s} can

5 increase base editing efficiency and/or specificity. Non-lumiting examples of Cas9

base editors including ZFP anchors are shown in Figure 1B and Figure 3.
e R

Fusion molecules

{01590} The DNA-editing complexes described herein can inclade one or more

10 fusion rmoolecules comprising DNA-binding domains {e.g., ZFPs or TALESs,
CRISPR/Cas components such as single guide RINAS) as described herein and a
heterologous (funcitional) domain {or functional fragment thereof) are also provided.
{06151} Common domains include, 2.2., transcription factor domains
(activators, repressors, co-activators, co-repressors), silencers, oncogenes {e.g., myc,

15 jun, fos, myb, max, mad, rel, ets, bel, myb, mos family members etc.); DNA repair
enzymes and their associated factors and modifiers; helicases, double strand DNA
binding proteins, DNA rearrangement enzymes and their associated factors and
modifiers; chromatin associated proteins and their modifiers {e.g. kinases, acetviases
and deaceiviases); and DNA modifving enzymes (e.g., methyltransferases,

20 topoisomerases, helicases, ligases, kinases, phosphatases, deaminases, polymerases,
endonucleases) and their associated factors and modifiers. U S. Patent Publication
WNos. 2005/0064474; 2006/0188987; and 2007/0218528 for details regarding fusions
of DNA-binding domains and nuclease cleavage domains, incorporated by reference

n thetr entireties herein,
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[0152] Fusion molecules are constructed by methods of cloning and
biochemical conjugation that are well known to those of skill in the art. Fusion
molecules comprise a DNA-binding domain and a functional domain {for example, a
helicase and/or deanwnase and/or a GUI and/or GAM). Fusion molecules also
optionally comprise nuclear focalization signals {such as, for example, that from the
30 SV40 mediom T-antigen) and epitope tags (such as, for example, FLAG and
hemagglutirun}. Fusion proteins (and nucleic acids encoding them) are designed such
that the transiational reading frame is preserved among the components of the fusion.
[0153] Fusions between a polypeptide component of a functional domain (ora

functional fragment thereof) on the one hand, and a non-protein DNA-binding domain
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(e.g., antibiotic, intercalator, minor groove binder, nucleic acid) on the other, are

consirucied by methods of biochemical conjugation known to those of skill in the art.
See, for example, the Pierce Chenucal Corapany {Rockford, 1) Catalogue. Methods
and compositions for making fusions between a minor groove binder and a
5  polypeptide have been described. Mapp, ef al. (2000) Proc. Natl. Acad. Sci. USA
97:3930-3935. Furthermore, single guide RNAs of the CRISPR/Cas system
associate with functional domains to form active transcriptional regulators and
nucleases.
{3154} n certain embodiments, the target site for the DN A-binding domain s
10 present in an accessible region of cellular chroroatin, Accessible regions can be
determined as described, for example, in U.8. Patent Nos. 7,217,509 and 7,923,542,
If the target site is not present in an accessible region of cellular chromatin, one or
more accessible regions can be generated as described in U.S. Patent Nos. 7,785,792
and 8,071,370, In additional embodiments, the DN A-binding domain of a fusion
15 molecule is capable of binding to cellular chromatin regardless of whether s target
stle is in an accessible region or not. For example, such DNA-binding domaius are
capable of binding to linker DNA and/or nucleosomal DNA. Exaroples of this type of
“pioneer” DNA binding domain are found in certain steroid receptor and in
hepatocyte nuclear factor 3 (HNF3) (Cordingley, er af. (1987) Cell 48:261-270; Pina,
20 eral {19903 Cell 60:719-731; and Cusillo, et al. {1998y EMRBO J. 17:244-254).
[0155] The fusion molecule may be formmlated with a pharmaceutically
acceptable carrier, as is known to those of skill in the art. See, for example,
Remington's Pharmaceutical Sciences, 17th ed., 1983; and U.S. Patent Nos. 6,453,242

and 6,534.261.
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0156} The functional component(s)/domain(s} of a fusion molecule can be
selected from any of a variety of different components capable of mfluencing the
sequence of a gene once the fusion molecule binds to a target sequence via its DNA
binding domain. Hence, the functional component can include, but 15 not limited to,
various deaminases, UGI, GAM, helicases etc. In certain embodiments, the

30 functional domain comprises one or more cvtidine deaminases {e.g., an apolipoprotein
B raRNA-editing complex 1 (APOBEC1) domain and/or an Activation Induced
Deaminase (ALD}). In other embodiments, the functional domain comprises one or
adenine deaminases {e.g., a mutated TadA ({RINA adenine deaminase (see Gaudelli, ef

al. 2017y Nature 551:464-471)). In still further embodiments, the functional domamn

Ch
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comprises at least one uracil DNA glycosylase inhibitor {e.g. UGI) domain. In some
embodiments, the base editing complex comprises a deaminase, a nickase, a UGI
and/or a GAM protein. The functional domain(s) mav be positioned with respect 1o
the DNA-binding domain (and/or nickase when included in the catalytically active
5 fusion molecule) in any way including but not limited to N-terminal (in any order
when nultiple functional domains are present), C-terminal (in any order when
multiple functional domains are present}, eic.
{0157} In some embodiments, the BDNA-editing (base editing)} complex further
comprises a molecule to assist in opemng or destabilizing a double strand DNA helix.
10 In some embodiments, the molecule comprises an enzyme. In some erobodiments,
the enzyvme is a helicase {for example, Rec(} helicases (WRN, BLM, RecQL4 and
Rec(33, {see Mo, ef al. (2018) Cancer Lett. 413:1-10), DNAZ (Jia, et al. (2017) DNA
Repair {Amst). 59:9-19) and any other eukarvotic helicases including for example,
FANCJ, XPD, XPB, RTEL1, and PIF1 (Brosh (2013) Nar Rev Canc 13(8):542-558)).
15 Insome embodiments, the enzy me 15 a bacterial and/or a viral helicase. Exemplary
viral helicases include those encoded by the Myovindae family of viruses (for
exarnple gp4 1, Dda, UvsW, Gene «, and Ban): those encoded by the Podpviridae
family of viruses {for example 4B}; those encoded by the Siphoviridae, Baculoviridae,
Herpesviridae, Polvomaviridae, Paliflomaviridae and Poxviridae families (for
20 example, G40P, p143, ULS, UL9, Tag, E1, NPH-I, NPH-1, A18R, and VETF), or any
other viral helicase known in the art (see e.g. Frick and Lam (2006) Curr Pharm Des
12(11):1315-1338). In some embodiments, the helicase enzyme is a bacterial enzyme.
Exemplary bacterial helicases include the P. aeruginosa SF4 DinaB-like helicase, or

the RecB and ReeD helicases that are part of the bacterial RecBCD complex in
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bacteria such as E coli and H. pylori (Shadrick, ez af. (2013) J. Biomol Screen
18(73.761-781}. In some embodiments, the molecule comprises a CRISPR/Cas
complex. In some embodiments, the CRISPR/Cas complex comprises a guide RNA.
In some embodiments, the complex comprises a Cas enzyme that is catalytically
defective in one of the nuclease domains. In some embodiments, the Cas enzyme is
30 defective in its PAM recognition {Anders, ef o/, {2014} Nature S13(7519):569-573).
In some embodiments, the molecule has helix-destabilizing properties. Exemplary
helix-destabilizing molecules include ICP8 from herpes simplex virus type |
{(Boechmer and Lehman (1993) J Virol 67(2).711-715), Puralpha (Darbinian, ef al.
2001y J Cell Biochem §0(4):589-95), and calf thvows DNA helix-destabilizing

o)
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protein (Kohwi-Shigematsu, ef ¢l {1978} Proc Natl Acad Sci USA 75(10).4689-93).
In some embodiments, the molecule is a nucleic acid. In somwe embodiments, the
nucleic acid is a DNA with homology to the region near the targeted editing. In some
embodiments, the nucleic acid is an RNA with homology to the region near the
5 targeted editing. Tn some embodiments, the RNA is modified. In some embodiments,
the fusion molecule comprises amino acid linker sequences between one or more
domains of the fusion molecule.
[0158] The DNA-editing complexes described herein can inclade 1, 2, 3, 4 or
more fusion molecules as described herein. In certain embodiments, the DNA-editing
10 complex corprises 2 fusion molecules: a first fusion molecule that s a catalytically
active nickase (catalytically active) comprising a DNA-binding domain and nickase
domain and a second catalytically inactive fusion molecule comprising a DNA-
binding domaun and one or roore functional domains (cytidine deaminase, adenine
deaminase, and/or UGI, etc.). Typically, the fusion molecules are “partners” in that
15 the two DNA-binding domains bind to target sites such that the two fusion molecules
dimerize to effect DNA editing. In other embodiments, the DNA-ediling complex
comprises 3 or more fusion molecules: a first fusion molecule that is a catalytically
active nickase comprising a DNA-binding domain and a nickase domain; a second
catalytically mactive fusion molecule comprising a DNA-binding domain (e.g., that is
20 apartner and ditaerizes with the first fusion molecule); and a third fusion molecule
comprising a DNA-binding domain and one or more functional domains as described

herein.

Mickase Domains
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[0159] in certain embodiments, the fusion protein comprises a DNA-binding
binding domain and cleavage (nuclease) domain, preferably a nickase domain. As
such, gene editing can be achieved using a nuclease, for example an engineered
nickase. Engineered nuclease technology is based on the engineering of naturally
occurring DINA-binding proteins. For example, engineering of homing endonucleases
30 with tatlored DNA-binding specificities has been described. Chames, ef o/, (2005)
Nucieic Acids Res 33(20):e178; Amould, er al. (20006) J. Mol Biol. 355.443-458. In
addition, engineering of ZFPs has also been described. See, e.g., U.S. Patent Nos.

6,534,261; 6,607 882; 6,824,978; 6,979,539; 6,933,113, 7,163,824; and 7.013,219.
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[0160] In addition, ZFPs and/or TALEs have been fused to nuclease domains
to create ZFNs and TALENs — a functional entity that is able to recognize its intended
nucleic acid target through its engineered (ZFP or TALE} DNA binding domain and
cause the DNA to be cut near the DNA binding site via the nuclease activity. See,

5 eg., Kim, ef @l {1996) Proc Nat'l Acad Sci US4 93(3):1156-1160. More recently,
such nucleases have been used for genome modification in a variety of organisms.
See. e.g., U.S. Patent Nos. 9,255.250; 9,200,266, 9.045,763; 9.005.973; 8,956.828;
8,945 868; 8.703,489; 8.586,526: 6,534,261, 6,599,692; 6.503.717; 6,689,558,
7,067,317, 7,262,054, 7,888,121, 7,972,854, 7,914,796, 7,951,925, 8,110,379,

10 8,409,861; U.S. Patent Publication Nos. 2003/0232410; 2005/0208489;
2005/0026157; 2005/0064474; 2006/0063231; 2008/(159996; 2010/00218264;
2012/0017290; 201 1/0265198; 2013/0137104; 2013/0122591; 2013/0177983;
2013/0177960; and 2015/005670S.

{0163} Thus, the methods and compositions described herein are broadly

15  applicable and may involve any nuclease of interest. Non-limiting examples of
nucleases include meganucleases, TALENs and zinc finger nucleases. The nuclease
may comprise heterologous DNA-binding and cleavage domaius (e.g., zinc finger
nucleases; meganuclease DNA-binding domains with heterologous cleavage domains)
or, alternatively, the DNA-binding domain of a naturally-occurring nuclease may be

20 altered to bind to a selected target site {e.g., a meganuclease that has been engineered
1o bind to site different than the cognate binding site).

[0162] In any of the nucleases described herein, the nuclease can comprise an
engineered TALE DNA-binding domain and a nuclease domain {e.g., endonuclease

and/or meganuclease domain), also referred to as TALENs. Methods and
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compositions for engineering these TALEN proteins for robust, site specific
interaction with the target sequence of the user’s choosing have been published (ses
U.8. Patent No. 8,586,526). In some embodiments, the TALEN comprises an
endonuclease (e.g., Fokl) cleavage domain or cleavage half-domain. In other
embodiments, the TALE-nuclease is a mega TAL. These mega TAL nucleases are

30 fusion proteins comprising a TALE DNA binding domain and a meganuclease
cleavage domain. The meganuclease cleavage domain is active as a monomer and
does not require dimerization for activity. {See Boissel, ef al. (2013} Nucl Acid Res -
13, doi:10.1093/nar/gkt1224). In addition, the nuclease domain may also exhibit

DNA-binding functionality.
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[0163] In still further embodiments, the nuclease comprises a compact
TALEN (cTALEN). These are single chain fusion proteins linking a TALE DNA
binding doroain to a Tevl nuclease domain. The fusion protein can act as either a
nickase localized by the TALE region, or can create a double strand break, depending

5 upon where the TALE DNA binding domain is located with respect to the Tevl

nuclease domain (see Beurdeley, ef al. (2013) Nar Comm: 1-8
DOL10.1038/ncomms2782). Any TALENSs may be used in combination with
additional TALENs (e.g., one or more TALENs (¢TALENs or Fokl-TALENs) with
one or more mega-1TALs) or other DN A cleavage enzymes.

10 [0164] In certain embodiments, the nuclease comprises a meganuclease
{homing endonuclease} or a portion thereof that exhibiis cleavage activity. Naturally-
occurring meganucleases recognize 15-40 base-pair cleavage sites and are commonly
grouped into four fanulies: the LAGLIDADG faroly ("LAGLIDADG" disclosed as
SEQ ID NO:75), the GIY-YIG family, the His-Cyst box family and the HNH family.

15  Exemplary homing endonucleases include I-Scel, I-Ceul, PI-Pspl, PI-8ce, I-ScelV, I-
Csml, I-Pani, 1-Scell, I-Ppol, I-Scelll, I-Crel, I-Tevl, I-Tevil and [-Teviil. Their
recognition sequences are known. See also U.S. Patent No. 5,420,032; U.S. Patent
No. 6,833,252; Belfort, ef al. (1997) Nucleic Acids Res. 25:3379-3388; Dujon, ef a/.
{1989) Gene 82:115-118; Perler, ef al. (1994) Nucleic Acids Res. 22:1123-1127; Jasin

20 (1996) Trends Genet. 12:224-228; Ginable, ef al. (1996) .. Mol. Biol 263:163-180;
Argast, ef al. {1998} Aol Biol. 280:345-353 and the New England Biolabs
catalogue.

{3165} DNA-binding domains from naturally-occurring meganucleases,

primvarily from the LAGLIDADG famly ("LAGLIDADG" disclosed as SEQ 1D
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NO:75}, have been used to promote site-specific genome modification in plants, veast,
Drosophila, mammalian cells and mice, but this approach has been limited to the
modification of either homologous genes that conserve the meganuclease recognition
sequence (Monet, er al. (1999) Biochem. Biophysics. Res. Common 255:88-93) or to
pre-engineered genomes into which a recognition sequence has been introduced

30 (Rouie, ef al (1994) Mol Cell. Biol 14:8096-106; Chilton, ef al. (2003) Plant
Physiology 133:956-65; Puchta, ef al. (1996) Proc. Natl. Acad. Sci. USA 93:5055-60;
Rong, er al. (2002) Genes Dev. 16:1568-81; Gouble, ef al. (2006} .J. Gene Med.
B(5¥616-622}. Accordingly, attempts have been made {o engineer meganucleases to

exhibit novel binding specificity at medically or biotechnologically relevant sites

69



WO 2020/041249 PCT/US2019/047172

(Porteus, ef al. {2005} Nat. Biotechnol. 23:967-73; Sussman, ef a/. (2004).J Mol Biol.
342:31-41; Epinat, er al. (2003) Nucleic Acids Res. 31:.2952-62; Chevalier, ef o/,
(2002) Molec. Cell 10:895-903; Epinat, ef al. (2003) Nucleic Acids Res. 31.2952-
2962, Ashworth, ef al. {2006} Nature 441.656-659; Paques, ef al. (20073 Current
5 Gene Therapy 7:49-66; 1.5, Patent Publication Nos. 2007/0117128; 2006/0206949;

2006/0153826, 2006/0078552; and 2004/0002092). In addition, naturally-occurring
or engineered DNA-binding domains from meganucleases can be operably linked
with a cleavage domain from a heterologous nuclease {e.g., Fokl) and/or cleavage
domains frorn meganucieases can be operably linked with a heterologous DNA-

10 binding dorain (e.g.. ZFP or TALE).
{0166} In other embodiments, the nuclease is a zinc finger nuclease (ZFN) or
TALE DNA binding domain-nuclease {usion {TALEN). ZFNs and TALENSs
comprise a DNA binding domain (zinc finger protemn or TALE DNA binding domain)
that has been engineered to bind to a target site in a gene of choice and cleavage

15 domain or a cleavage half-domain {e.g., from a restriction and/or meganuclease as
described herein).
{6167} As described in detail above, zine finger binding domains and TALE
DNA binding domains can be engineered to bind to a sequence of choice. See, for
example, Beerli, et ol (2002) Nature Biotechnol. 20:135-141; Pabo, ef al. (2001) 4nn.

20 Rev. Biochem. 70:313-340; Isalan, ef al. (2001) Nature Biotechnol. 19:656-660;
Segal, er al. (2001) Curr. Opin. Biotechnol. 12:632-637; Choo, ef al. (2000) Curr.
Opin. Struct. Biol. 10:411-416. An engineered zinc finger binding domain or TALE
protein can have a novel binding specificity, compared to a naturally -occurring

protemn. Engiueering roethods include, but are not luuted to, rational design and
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various types of selection. Rational design includes, for example, using databases
comprising triplet (or quadruplet) nucleotide sequences and individual zinc finger or
TALE amuno acid sequences, in which each triplet or quadruplet nucleotide sequence
is associated with one or more amino acid sequences of zing fingers or TALE repeat
unnits which bind the particolar triplet or quadruplet sequence. See, for example, U.S.
30 Palent Nos. 6,453,242 and 6,534,261, incorporated by reference herein in their
entireties.

[01638] Selection of target sites; and methods for design and construction of

fusion proteins (and polynucleotides encoding same) are known to those of skill in the
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art and described in detail in U.S. Patent Nos. 7,888,121 and 8 409,861, incorporated
by reference in their entireties herein,

{3169} In addition, as disclosed in these and other references, zine finger
domains, TALEs and/or multi-fingered zinc finger proteins may be linked together
using any suitable linker sequences, including for example, linkers of 5 or more
amino acids in length. See, e.g., U.S. Patent Nos. 6,479,626; 6,903,185; and
7,153,949 for exemplary linker sequences 6 or more amino acids in length. The
proteins described herein may include any combination of suitable linkers between
the individual zinc fingers of the protein. See, also, U.S. Patent No. 8,772,453,
{3178} Thus, nucleases such as ZFNs, TALENs and/or meganucleases can
comprise any DNA-binding domain and anv nuclease (cleavage) domain (cleavage
domain, cleavage half-domain). As noted above, the cleavage domain may be
heterologous to the DNA-binding domain, for exarople a zinc finger or TAL-effector
DNA-binding domain and a cleavage domain from a nuclease or a meganuclease
DNA-binding domain and cleavage domain from a different nuclease. Heterologous
cleavage domains can be obtained {rom any endonuclease or exonuclease. Exemplary
endonucleases from which a cleavage domain can be derived include, but are not
limited to, restriction endonucleases and homing endonucleases. See, for example,
2002-2003 Catalogue, New England Biolabs, Beverly, MA; and Belfort, ef a/. {1997}
Nucleic Acids Res. 23:3379-3388. Additional enzymes which cleave DNA are known
(e.g.. 51 Nuclease; mung bean nuclease; pancreatic DNase [; micrococcal nuclease;
veast HO endonuclease; see also Linn, er o/, (eds.) Nucleases, Cold Spring Harbor
Laboratory Press, 1993). One or more of these enzyes (or functional fragments
thereof} can be used as a source of cleavage domains and cleavage half-domains.
{0171} Similarly, a cleavage half-domain can be derived from any nuclease or
portion thereof, as set forth above, that requires dimerization for cleavage activity. In
general, two fusion protemns are required for cleavage if the fusion proteins comprise
cleavage half-domains. Alternatively, a single protein cormprising two cleavage half-
domains can be used. The two cleavage half-domains can be derived from the same
endonuclease (or functional fragments thereof), or each cleavage half-domain can be
derived from a different endonuclease (or functional fragments thereof). In addition,
the target sites for the two fusion proteins are preferably disposed, with respect to
each other, such that binding of the two fusion proteins to their respective target sites

places the cleavage half-domains in a spatial orientation to each other that altows the
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cleavage half-domains to form a functional cleavage domain, e.g., by dimerizing.
Thus, in certain embodiments, the near edges of the target sties are separated by 5-10
nucleotides or by 15-18 nucleotides. However, any integral number of nucleotides or
nuclectide pairs can intervene between two target sites (e.g., from 2 to 50 nuclectide
pairs or more). o general, the site of cleavage lies between the target sites.

{6172} Restriction endonucleases (restriction enzymes) are present in many
species and are capable of sequence-specific binding to DNA (at a recognition site),
and cleaving DNA at or near the site of binding. Certain restriction enzymes {e.g.,
Type HIS) cleave DNA at sites removed from the recognition site and have separable
binding and cleavage domains. For example, the Type HS enzvine Fokl catalyzes
double-stranded cleavage of DNA, at 9 nucleotides from iis recognition site on one
strand and 13 nucleotides from its recognition site on the other. See, for example,
U.S. Patent Nos. 5,356,802; 5,436,150; and 5,487,994; as well as Li, ef af. (1992)
Proc. Natl. Acad. Sci. USA 89:4275-4279; L4, et al. (1993) Proc. Natl Acad. Sci. USA
90:2764-2768; Kim, ef al. {1994a} Proc. Natl. Acad. Sci. 17S4 91:883-887; Kim, ef al.
(1994b}.J. Biol. Chem. 269:31,978-31,982. Thus, in one embodiment, fusion proteins
comuprise the cleavage domain (or cleavage balf-doroain) from at least one Type US
restriction enzyme and one or more zinc finger binding domains, which may or may
not be engineered.

[3173] An exemplary Type 118 restriction enzyme, whose cleavage domain s
separable from the binding domain, is #ofl. This particular enzyme is active as a
dimer. Bitinaite, ef /. (1998} Proc. Natl Acad. Sci. USA 95:10,570-10,575.
Accordingly, for the purposes of the present disclosure, the portion of the Fo4l
enzyme used in the disclosed fusion proteins is considered a cleavage half-domain.
Thus, for targeted double-stranded cleavage and/or targeted replacement of cellular
sequences using zinc finger-Fo41 fusions, two fusion proteins, sach comprising a Fokl
cleavage half~domain, can be used to reconstitute a catalvtically active cleavage
domain. Alternatively, a single polypeptide molecule containing a zinc finger binding
domain and two Foil cleavage half-domains can also be used. Parameters for
targeted cleavage and targeted sequence alteration using zinc finger-Fokl fusions are
provided elsewhere in this disclosure.

[0174] A cleavage domain or cleavage half-domain can be any portion of a
protein that retains cleavage activity, or that retains the ability to mudtimerize (e.g.,

dimerize} to form a functional cleavage domain.

3
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[0175] Exemplary Type HS restriction enzvmes are described in International
Patent Publication No. WO 07/014275, incorporated herein in it entirety. Additional
resiriction enzymes also contain separable binding and cleavage domains, and these
are contemplated by the present disclosure. See, for example, Roberts, ef a/. (2003)
5 Nucleic Acids Res. 31:418-420.
{6176} In certain embodiments, the cleavage domain is a Fokd cleavage
domain. The full-length #okl sequence is shown below. The cleavage domain is
shown in italics and undertining {positions 384 to 579 of the full- length protein)
where the holo protein sequence is described below (SEQ 1D NG:5):

10 MVSKIRTFGWVYONPGKFENLKRVVQVEFDRNSKVHNEVKNIKIPTLYVKESKIQ
KELVAIMNOQHDLIYTYKELVUGTGTSIRSEAPCDANQATIADQUGNEKGYIDNW
SSDGFLRWAHALGFIEYINKSDSFVITDVGLAYSKSADGS AIEKEILIEAISSYPP
AIRILTLLEDGOQHLTKFDLGKNLGFSGESGFTSLPEGILLDTLANAMPR DK GEI
RNNWEGSSDEKYARMIGGWLDKELEGLVKOQGKKEFIIPTEGKPDNKEFISHAFKIT

15 GEGLKVLRRAKGSTRFTRVPKRVYWEMLATNLTDKEYVRTRRALILEILIKA
GSLKIEQIODNLKKLGFDEVIETIENDIKGLINTGIFIEIKGRFY QLKDHILQFVIP
NRGVTKOLYVESELEEKKSELRHKILK Y VPHEYIELIEIARNSTODRILEMEVMEFEM
KVYGYRGKHIGGSREPDGAIYTVGSPIDYGVIVDTEAYSGOGYNLPIGUADEMORYV
EENOTRNKHINENEWWE VY PSSV TEFRFLIVSGHERGNYRAQLTRINHITNCNGA

20 VLISVEELLIGGEMIEAGTLTLEEVRREFNNGEINE

{6177} Cleavage half domains derived from #okl may comprise a mutation in
one or more of amino acid residues as shown in SEQ ID N(O:5. Mutations include
substitutions (of a wild-type amino acid residue for a different residue, insertions {of
25 one or more amino actd residues) and/or deletions (of one or more amino acid
residues). In certain embodiments, one or more of residues 414-426, 443-450, 467-
488, 501-502, and/or 521-531 (numbered relative to SEQ 1D NO:5) are mutated since
these residues are located close to the DNA backbone in a molecular model of a ZFN
bound to its target site described m Miller, ef al. (2007) Nar Biotechnol 25.778-784),
30 In certain embodiments, one or more residues at positions 416, 422, 447, 448, and/or
525 are mutated. Tn certain embodiments, the mutation comprises a substitution of a
wild-type residue with any different residue, for example an alarune (A) residue, a
cysteine (C) residue, an aspartic acid {D) residue, a glutamic acid (E) residue, a
histidine (H} residue, a phenvlalanine (F) residue, a glycine {G) residue, an asparagine
35 (N)residue, a serine {§) residue or a threonine (T} residue. In other embodiments, the
wild~type residue at one or more of positions 416, 418, 422, 446, 448, 476, 479, 480,

481, and/or 525 are replaced with any other residues, including but not limited to,
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R416D, R416E, S418E, S418D, R422H, S446D, K448A, N476D, 1479, 14797,
G4AB0D, Q481A, Q481E, KS235, K525A, N327D, R416E+R4Z2H, R416D+R422H,
R416E+K448A, R416D+R4A22H, K448A+1479Q, K448A+(Q481 A K448A+KS25A.
{6178} In certain embodiments, the cleavage domain comprises one or more
5  engineered cleavage half-domain (also referred to as dimerization domain mutants)
that nunimize or prevent homodimerization, as described, for exarople. in U.S. Patent
Nos. 7.914,796; 8,034,598 and 8,623,618; and U.S. Patent Publication No.
2011/0201055, the disclosures of all of which are incorporated by reference in their
entireties herein. Amino acid residues at positions 446, 447, 479, 483, 434, 486, 487,
10 490, 491, 496, 498, 499, 500, 531, 534, 537, and 538 of Fokd (numbered relative to
SEQ 1D NG:5) are all targets for influencing dimerization of the Fokl cleavage half-
domains. The mutations may include mutations to residues found in natural restriction
enzymes horoologous to Fokl. In a preferred embodiment, the mutation at positions
416, 422, 447 448 and/or 525 (numbered relative to SEQ 1D NO:5) comprise
15 replacement of a positively charged amino acid with an uncharged or a negatively
charged amino acid. In another embodiment, the engineered cleavage half domain
comprises mutations in amuno acid residues 499, 496 and 486 10 addition to the
ations in one or more amino acid residues 416, 422, 447, 448, or 525, all
numbered relative to SEQ ID NG5
20 [6179] Any mickase domain can be used in the DNA-~editing complexes
described herein. Nickases comprise mutations in a catalytic domain to render a
nuclease unable to make a full double strand break, but instead result in the partial
cleavage, “nicking” of a double stranded DNA. Tn embodiments in which two or

more cleavage domains are necessary o nick the target, typically at least one of the

B2
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cleavage domains (e.g., cleavage half-domains) includes one more muiations 1o its
catalytic domain, which renders the nuclease inactive {e.g., catalytically inactive half
domain). Catalytically inactive cleavage domains for producing nickases include but
not are not limited to mutated Fokl and/or dCas proteins. See, e.g., U.S. Patent Nos.
9,522,936, 9,631,186, 9,200,266; and 8,703,489 and Guillinger, ef al. (2014) Nature
30 Biotech. 32(6):577-582; Cho, et al. {2014) Genome Res. 24(11.132-141}. These
catalvtically mactive cleavage domain may, in combination with a catalytically active
domain act as a nickase to make a single-stranded cut. Additional nickases are also
known in the art, for example, McCaffery, ef a/. (2016) Nucleic Acids Res. 44(2yel .
doi:10.1093/nar/gkv873. Epub 2015 Oct 19,

~2
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{0180} In certain embodiments, the nickase comprises a nuclease nickase that
comprises a catalytically inactive Foil cleavage domain, for example a zinc finger
nuclease (ZFN) nickase or a TAL-effector domain (TALEN) nickase. Non-limiting
examples of amino acids that can be mutated in the catalytic domain of 7okl includes

5 amino acid residues 450, 467 and/or 469 (as determuned relative to wild-type}. In

certain embodiments, one or more point mutations are roade v the catalyvtic domain of
one member of the obligate heterodimer so as {o inactivate the catalytic activity of the
cleavage half-domain. For instance, position 450 may be mutated from D to N,
posttion 467 may be mutated from D 1o A; and posifion 469 may be mutated from K

10 to A. Other anuno acids may be substituted at these or other positions. See, e.g., U.S.
Patent Nos. 9,522,936, 9,631,186, 8,703,489 and 9,200,266 and Guillinger, ef ol
(2014) Nature Biotech. 32(6).577-582; Cho, ef ¢f. {2014} Genome Res. 24{1):132-
141). The catalytically inactive cleavage domain may, in cornbination with a
catalytically active domain act as a nickase to make a single-siranded cut. Additional

15 nickases are also known in the art, for example, McCaffery, ef ol (2016) Nucleic
Acids Res. 44(2).el1. doi:10.1093/nar/gkv878. Epub 2015 Oct 19. Any nuclease
(e.g., ZFN or TALEN or CRISPR/Cas nuclease) can become a nickase by using
cleavage domains that make a single-stranded cut in place of the cleavage domains in
nucleases that make double stranded cuts.

20 (0183} Fokl domains may also mclude one or more additional mutations. In
certain embodiments, the compositions described herein include engineered cleavage
half-domains of 7okl that form obligate heterodimers as described, for example, in
11.S. Patent Nos. 7,914,796; 8.034,59%; 8,961 .281; and 8,623,618; UJ.S. Patent
Publication Nos. 2008/0131962 and 2012/0040398. Thus, in one preferred

W

embodiment, the invention provides fusion proteins wherein the engineered cleavage

b2

half-domain comprises a polypeptide in which the wild-type Gln (Q) residue at
position 486 is replaced with a Glu (E) residue, the wild-type He (I} residue at posttion
499 1s replaced with a Leu (L) residue and the wild-type Asn {N) residue at position
496 1s replaced with an Asp (D) or a Glu (E) residue (“ELD” or “ELE") in addition to
30 one or more mutations at positions 416, 422, 447, 448, or 525 {numbered relative to
SEQ ID NG:5). In another embodiment, the engineered cleavage half domains are
derived from a wild-type #0ofl cleavage half domain and comprise mutations in the
amino acid residues 490, 538 and 537, numbered relative to wild-type #okl (SEQ ID

N5} in addition o the one or more multations at amino acid residues 416, 422, 447,
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448, or 525. In a preferred embodiment, the invention provides a fusion protein,
wherein the engineered cleavage half-domain comprises a polypeptide in which the
wild-type Glu (E) residue at position 490 1s replaced with a Lys (K) residue, the wild-
tvpe He (1) residue at position 538 is replaced with a Lyvs (K residue, and the wild-

5 type His () residue at position 537 1s replaced with a Lys (K) residue or an Arg (R)
restdue ("KKEK” or “KKR”) (see U S. 8,962,281, mcorporated by reference herein) in
addition to one or more mutations at positions 416, 422, 447, 448 or 525. See, e.g.,
.S, Patent Nos. 7,914,796; 8,034,598; and 8,623,618, the disclosures of which are
ncorporated by reference in its entivety for all purposes. In other embodiments, the

10 engineered cleavage half domain comprises the “Sharkey™ and/or “Sharkey

mutations™ {see Guo, ef a/. {2010} J. Mol Biol 400{1}.96-107).

[3182] In other ernbodiments, the nickases as described herein comprise
engineered cleavage hatf doroains are derived froro a wild-type Fokl cleavage half
domain and comprise mutations in the amino acid residues 490, and 538, numbered

15 relative to wild-type Fokl or a Fokl homologue in addition to the one or more

mutations at amino acid residues 416, 422, 447, 448, or 525, In preferred
embodiments, the invention provides a fusion protein, wherein the engineered
cleavage half-domain comprises a polypeptide in which the wild-type Glu (E) residue
at position 490 is replaced with a Lys (K) residue, and the wild-type He (I) residue at

20 position 338 1s replaced with a Lys (K) residue ("KK.) in addition to one or more

mutations at positions 416, 422, 447, 448 or 525, In other preferred embodiments,

the description provides a fusion protein, wherein the engineerad cleavage half-
domain comprises a polypeptide in which the wild-type Gln {Q) residue at position

486 15 replaced with an Glu (E) residue, and the wild-type le (I) residue at position

499 is replaced with a Leu (L) residue ("EL”) (See U.S. Patent No. 8,034,598,

B2
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incorporated by reference herein} in addition to one or more mutations at positions
416,422, 447, 448, or 325,
{0183} in some aspects, the description provides a tusion protein wherein the
engineered cleavage half-domain comprises a polypeptide in which the wild-type

30 amino acid residue at one or more of positions 387, 393, 394, 398, 400, 402, 416, 422,
427, 434, 439, 441, 447, 448, 469, 487, 495, 497, 506, 516, 525, 529, 534, 559, 569,
570, 571 in the £okl catalytic domain are mutated. In some embodiments, the one or
more mutations alter the wild type amino acid from a positively charged residue to a

neutral residue or a negatively charged residue. In any of these embodiments, the
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mutants described may also be made in a Fekl domain comprising one or more
additional mutations. In preferred embodiments, these additional mutations are in the
dimerization domain, e.g. at positions 418, 432, 441, 481, 483, 486, 487, 490, 496,
499, 523,527, 537, 538 and/or 559. Non-limiting examples of mutations include
5 mutations {(e.g., substitutions) of the wild-type residues of any cleavage domain (e.g.,
Fokl or homologue of Fokl) at positions 393, 394, 398, 416, 421, 422, 442, 444, 472,
473, 478, 480, 525 or 530 with any amino acid residue (e.g., K393X, K394X, R398X,
R4168, D421X, R422X, K444X, 8472X G473X, 8472, PAT8X, G480X, K525X, and
AS30X, where the first residue depicts wild-type and X refers 1o any amino acid that
10 is substituted for the wild-type residue). In some embodiments, Xis E, D, H, A, K. §,
T, D or N. Other exemplary mutations include S418E, 84180, 5446D, K448A,
14794, 14797, Q481 A, Q48IN, Q481E, AS30E and/or A330K wherein the amino
acid residues are numbered relative to full length Fokl wild-type cleavage domain and
homologues thereof. 1n certain embodiments, combinations may imnclude 416 and
15 422, a mutation at position 416 and K448A, K448A and 1479Q, K448A and Q481A
and/or K448 A and a mutation at position 525, In one embodiment, the wild-residue at
position 416 may be replaced with a Glu (E) residue (R416E), the wild-type residue at
position 422 is replaced with a His (H) residue (R422H), and the wild-type residue at
position 525 is replaced with an Ala (A) residue. The cleavage domains as described
20 herein can further include additional mutations, includimg but not limated to at
positions 432, 441, 483, 486, 487, 490, 496, 499, 527, 537, 538 and/or 559, for
example dimerization domain mutants {e.g., ELD, KKR} and or nickase mutants
{mutations to the catalytic domain). The cleavage half-domains with the mutations

described herein form heterodimers as known in the art.
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{0184} Nucleases may be assembled in vivo at the nucleic acid target site
using so-called “split-enzyme™ technology (see e.g. U.S. Patent Publication No.
2009/0068164). Components of such split envymes may be expressed etther on
separate expression constructs, or can be linked in one open reading frame where the
individual components are separated, for example, by a self-cleaving 2A peptide or
30 IRES sequence. Components may be individual zinc finger binding domains or
domains of a meganuclease nucleic acid binding doroain.

[0185] Nucleases (e.g., ZFNs and/or TALENSs} can be screened for activity
prior to use, for example in a yeast-based chromosomal system as described in as

described in U.S. Patent No. 8,563,314,

3
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[0186] In addition to or instead of ZFN or TALEN nickases, the DNA-editing
complexes may comprise a CRISPR/Cas nickase, Non-hmiting examples of
CRISPR/Cas nickases are described in U.S. Patent Nos. 9,840,713; 9,770,489,
9,567 604: 8.932.814: 8 889,356: 8.697,359: §.771.945; 8.795,965; 8.865,406;

5 8,871,445; 8,889,356, 8,895,308, 8.906,616; 8,932,814, 8,945,839; 8,945 839,
8,999,641; 10,000,772 and the like.
{0187} The CRISPR {clustered regularly interspaced short palindromic
repeats) locus, which encodes RNA components of the system, and the Cas (CRISPR-
associated) locus, which encodes proteins (Jansen, ef al. (2002} Mol Microbiol.

10 43:1565-1575; Makarova, ef al. (2002) Nucleic Acids Res. 30: 482-496; Makarova, ef
al. {2006) Biol. Direct 1.7, Haft, ef ol {2005) PLoS Comput. Biol. 1.e60} make up the
gene sequences of the CRISPR/Cas nuclease system. CRISPR loci in microbial hosts
contain a combination of CRISPR-associated (Cas) genes as well as non-coding RNA
elements capable of programming the specificity of the CRISPR-mediated nucleic

15 acid cleavage.

{3188} The Type H CRISPR is one of the most well characierized sysiems and
carries out targeted DNA double-strand break in four sequential steps. First, two nou-
coding RNA, the pre-crRINA array and tracrRNA, are transcribed from the CRISPR
locus. Second, tractRNA hybridizes (o the repeat regions of the pre~-ctRNA and

20 mediates the processing of pre-crRNA 1uto mature crRNAs contaming individual
spacer sequences. Third, the mature crRNA:tracrRINA complex directs Cas® to the
target DNA via Watson-Crick base-pairing between the spacer on the crRNA and the
protospacer on the target DNA next to the protospacer adjacent motif (PAM), an

additional requirement for target recognition. Finally, CasY mediates cleavage of
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target DNA to create a double-stranded break within the protospacer. Activity of the
CRISPR/Cas system comprises of three steps: (i) insertion of alien DNA sequences
into the CRISPR array to prevent future attacks, in a process called “adaptation’, (i1)
expression of the relevant proteins, as well as expression and processing of the array,
followed by (i1} RNA-mediated interference with the alien nucleic acid. Thus, in the
30 bacterial cell, several of the so-called *Cas” proteins are involved with the natural
function of the CRISPR/Cas system and serve roles in functions such as insertion of
the alien DNA etc.

{3189} Initially, Cas makes extensive contacts with the ribose-phosphate

backbone of the guide RN A, preordering the 10-nt RNA seed sequence required for

3
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initial DNA interrogation. In addition to the preordered seed sequences, the PAM-
interacting sites of the Cas protein R1333 and R1335, which are responsible for 5'-
NGG-3' PAM recognition and disordered in the apo structure lacking the guide, are
prepositioned prior to making contact with target DNA, indicating that sgRNA
5  loading enables Cas to form a DNA recogunition—competent structure. Once Cas binds
its guide RNA, the conmplex is ready to search for complementary target DNA sites.
Target search and recogniiion require both complementary base pairing between the
20-nt spacer sequence and a protospacer in the target DNA, as well as the presence of
conserved PAM sequence adjacent {o the target site. The PAM sequence s crucial for
10 the discrinunation between self and non-self sequences. Single-molecule experiments
have demonstrated that Cas initiates the target DNA search process by probing for a
proper PAM sequence before interrogating the flanking DNA for potential guide
RNA complementarity. Target recogrition occurs through three-dunensional
collisions, in which Cas rapidly dissociates from DNA that does not contain the
15 appropriate PAM sequence, and dwell time depends on the complementarity between
guide RNA and adjacent DNA when a proper PAM is present. Once Cas has found a
target site with the appropriate PAM, it triggers local DNA melting at the PAM-
adjacent nucleation site, followed by RNA strand invasion to form an RNA-DNA
hybrid and a displaced DNA strand (termed R-loop) from PAM-proximal to PAM-
20 distal ends. The PAM duplex is nestled n a positively charged groove between the
alpha-helical recognition (REC) lobe the nuclease (NUC) lobe containing the
conserved HNH and the split RuvC nuclease domains, with the PAM-containing
nontarget strand residing mainly in the C-terminal domain (CTD). The first base in

the PAM sequence, denoted as N, remains base paired with its countterpart but does
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not interact with Cas. The conserved PAM GG dinucleotides are directly read out in
the major groove by base-specific hydrogen-bonding interactions with two arginine
restdues (R1333 and R1335) that are focated in a B-hairpin of the CTD. In addition to
base-specific contacts with GG dinucleotides, Cas’s CTD makes numerous hydrogen-
bonding interactions with the deoxyribose-phosphate backbong of the PAM-

30 contaming nontarget DNA strand. However, no direct contact has been observed
between Cas and target-strand nucleotides coroplementary to the PAM (Jiang and
Doudna (2017} Annual Review of Biophysics 46:505-529). In some embodiments, the
Cas disclosed in the methods and compositions of the invention is PAM agnostic. In

some embodiments, posttions R1333 and R1335 as disclosed above comprise
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mutations to alter PAM recognition (Anders, ef af. (2014) Nature 513(7519):569-
573).
{3190} In some embodiments, the CRISPR-Cpf! system is used. The
CRISPR-Cpft system, identified in Francisella spp., is a class 2 CRISPR-Cas system
5 that mediates robust DNA interference in human cells. Although functionally
conserved, Cpfl and Cas® differ in many aspects including in thewr guide RNAs and
substrate specificity (see Fagerlund, er ol (2015) Genom Bio 16:251). A major
difference between Cas9 and Cpfl proteins is that Cpfl does not utilize tracrRNA,
and thus requires only a crRNA. The FnCpfl orRNAs are 42—-44 nucleotides long (19-
10 nucleotide repeat and 23-25-nucleotide spacer) and contain a single stem-loop, which
tolerates sequence changes that retain secondary structure. In addition, the Cpfl
crRNAs are significantly shorter than the ~100-nuclectide engineered sgRNAs
required by Cas9, and the PAM requirements for FoCptl are 3'-TTN-3" and 5'-CTA-3'
on the displaced strand. Although both Cas9 and Cpf! make double sirand breaks in
15 the target DNA, Cas9 uses its RuvC- and HNH-like domains to make bhunt-ended
cuts within the seed sequence of the guide RNA, whereas Cpfl uses a RuvC-like
domain to produce staggered cuts outside of the seed. Because Cpfl makes staggered
cuts away from the critical seed region, NHEF will not disrupt the target site, therefore
ensuring that Cpfl can continue to cut the same site unti} the desired HDR
20 recombination event has taken place. Thus, in the methods and compositions
described herein, it is understood that the term ““Cas” includes both Cas® and Cipl
proteins. Thus, as used herein, a “CRISPR/Cas system™ refers both CRISPR/Cas
and/or CRISPR/Cpl systems, including both nuclease, nickase and/or transcription

factor systems.
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{0191} In some embodiments, other Cas proteins may be used. Some
exemplary Cas proteins include Cas9, Cpfl (also known as Cas12a), C2el, C2¢2 (also
known as Casi3a), C2¢3, Casi, Cas?, Cas4, CasX and Casy; and include engineered
and natural variants thereof (Burstein, ef al. (2017} Nature 542:237-241) for example
HF 1/spCas (Kleinstiver, ef al. {2016} Nature 529:490-495; Cebnian-Serrano and

30 Davies (2017 Mamm Genome 28({7).247-261); split Cas9 systems {Zeische, ef al.
(2013} Nar Biotechnol 33(2):139-142), trans-spliced Cas® based on an intein-extein
system (Troung, ef al. {2015} Nucl Acid Res 43(13}:6450-8); mini-SaCas9 (Ma, ef /.
(2018 ACS Svnth Biol 7(4y.978-985). Thus, in the methods and compositions

described herein, it 15 understood that the term ““Cas” includes all Cas variani
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proteins, both natural and engineered. Thus, as used herein, a “CRISPR/Cas system”
refers to any CRISPR/Cas system, including both nuclease, nickase and/or
transcription factor systems.

{0192} In certain embodiments, Cas protein may be a “functional derivative”
of a naturally oceurring Cas protein. A “functional derivative”™ of a native sequence
polypeptide 15 a compound having a qualitative biological property in coromon with a
native sequence polypeptide. “Functional derivatives™ include, but are not limited to,
fragments of a native sequence and derivatives of a native sequence polvpeptide and
its fragments, provided that they have a biological activity in common with a
corresponding native sequence polypeptide. A biological activity conternplated herein
is the ability of the functional derivative to hvdrolyze a DNA substrate into fragments.
The term “denivative” encompasses both amino acid sequence variants of polypeptide,
covalent modifications, and fusions thereof such as derivative Cas proteins. Suitable
derivatives of a Cas polypeptide or a fragment thereof inchude but are not linuted to
mutants, fusions, covalent modifications of Cas protein or a fragment thereof. Cas
protein, which includes Cas protein or a fragment thereof, as well as derivatives of
Cas protein or a fragroent thereof, rmay be obtainable from a cell or svunthesized
chemically or by a combination of these two procedures. The cell may be a cell that
naturally produces Cas protein, or a cell that naturally produces Cas protein and is
genetically engineered to produce the endogenous Cas protein at a higher expression
fevel or to produce a Cas protein from an exogenously introduced nucleic acid, which
nucleic acid encodes a Cas that is same or different from the endogenous Cas. In some
case, the cell does not naturally produce Cas protein and is genetically engineered to
produce a Cas protein. In some embodiments, the Cas protein is a small Cas9

ortholog for delivery via an AAVY vector (Ran, ef ol (2015} Nature 510:186).

Delivery
{0193} The DNA-editing complexes {or component molecules thereof)
described herein may be delivered to a target cell by any suitable means, including,
for example, by injection of the protein and/or mRNA components. Delivery may be
to 1solated cells (which in turn may be administered to a living subject for ex vivo cell
therapy ) or a living subject via any suitable means. Delivery of gene editing
molecules to cells and subjects are known in the art.

[3194] Suitable cells include but not limited to eukaryotic and prokarvotic

81
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cells and/or cell lines. Won-limiting examples of such cells or cell lines generated
from such cells include T-cells, COS, CHO (e.g., CHO-S, CHO-K1, CHO-DG44,
CHO-DUXBI L, CHO-DUKX, CHOKISY), VERO, MDCK, WI38, V79, BI4AF28-
G3, BHK, HakK. NS0, SP2/0-Ag14, HeLa, HEK293 (e.g., HEK293-F, HEK293-H,

5  HEK293-T), and perC6 cells as well as insect cells such as Spodoprera fugiperdo (81},
or fungal cells such as Saccharomyces, Pichia and Schizosaccharomycees. In certain
embodiments, the cell line 15 a CHO-K 1, MDCK or HEK293 cell line. Suntable cells
also include stem cells such as, by way of example, embryonic stem cells, induced
pluripotent stem cells (iPS cells), hematopoietic stem cells, neuronal stem cells and

10 mesenchyal ster cells.

{0195} Methods of delivering proteins as described herein are deseribed, for
example, in U.S. Patent 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.

15 [0196] DNA-editing complexes as described herein may also be delivered
using vectors containing sequences encoding one or more of the components (e.g.,
fusion molecules). Additionally, additional nucleic acids (e.g., donors) also may be
delivered via these vectors. Any vector sysiems may be used including, but not
limited to, plasmud vectors, retroviral vectors, lentiviral vectors, adenovirus vectors,

20 poxvirus vectors; herpesvirus vectors and adeno-associated virus vectors, ete. See,
also, U.S. Patent Nos. 6,534.261: 6.607,882; 6.824.97%; 6,933,113; 6,979,539;
7,013,219; and 7,163,824, incorporated by reference herein in their entireties.
Furthermore, it will be apparent that any of these vectors may comprise one or more

DNA-binding protein-encoding sequences and/or additional nucleic acids as
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appropriate. Thus, when one or more DNA-binding proteins as described herein are
introduced into the cell, and additional DNAs as appropriate, they may be carried on
the same vector or on different vectors. When multiple vectors are used, each vector
may comprise a sequence encoding one or multiple DNA-binding proteins and
additional nueleic acids as desired. Conventional viral and non-viral based gene

30 transfer wethods can be used to introduce nucleic acids encoding engineered DNA-
binding proteins in cells (e.g., manumalian cells) and target tissues and to co-introduce
additional nucleotide sequences as desired. Such methods can also be used to
administer nucleic acids {e.g., encoding DNA-binding proteins and/or donors) to cells

in vitro. In certain embodiuments, nucleic acids are admunistered for i vivo or ex vivo
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gene therapy uses. Non-viral vector delivery systems include DNA plasmids, naked
nueleic acid, and nucleic acid complexed with a delivery vehicle such as a liposome
or poloxarner. Viral vector delivery systems mclude DNA and RNA viruses, which
have either episomal or integrated genomes afler delivery to the cell. For a review of
5  gene therapy procedures, see Anderson (1992) Scierice 256:808-813; Nabel & Felgner
(1993) ZIBTECH 11:211-217; Mitan & Caskey (1993) 7IRTECH 11:162-166; Dillon
(1993) 7IBTECH 11:167-175; Miller (1992) Nature 357:455-460; Van Brunt (1988)
Biotechnology 6(10):1149-1154; Vigne (1995) Restorative Neurology and
Neuroscience 8:35-36; Kremer & Perricaudet (1995) British Medical Bulletin
10 51(1):31-44; Haddada, ef ¢/, in Current Topics in Microbiology and Immunology
Doerfler and Bohm {eds.) (1995} and Yy, ef /. (1994) Gene Therapy 1.13-26.
{3197} Methods of non-viral delivery of nucleic acids include electroporation,
lipofection, nucroinjection, biolistics, virosomes, liposomes, inwnunoliposoroes,
polycation or lipid:nucleic acid conjugates, naked DNA, mRNA, artificial virions, and
15  agent-enhanced uptake of DNA. Sonoporation using, e.g., the Sonitron 2000 system
{Rich-Mar) can also be used for delivery of nucleic acids. In a preferred embodiment,
one or roore nucleic acids are delivered as mRNA. Also preferred is the use of
capped mRINAS 1o increase translational efficiency and/or mRNA stability.
Especially preferred are ARCA (anti-reverse cap analog) caps or varianis thereof. See
20 U.S. Patent Nos. 7,074,596 and 8,153,773, mncorporated by reference herein.
{0198} Additional exemplary mucleic acid delivery systems include those
provided by Amaxa Biosystems {Cologne, Germany ), Maxeyte, Inc. (Rockville,
Maryland), BTX Molecudar Delivery Systems (FHolliston, MA) and Copemicus
Therapeutics Inc, (see for example U 8. Patent No. 6,008,336). Lipofection is
described ine.g., U.S. Patent Nos. 5,049,386, 4,946,787, and 4,%97,355) and
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lipofection reagents are sold commercially (e g., Transfectam™, Lipofectin™, and
Lipofeciaming™ RNAIMAX). Cationic and neutral lipids that are suitable for
efficient receptor-recognition lipofection of polynuclectides include those of Felgner,
International Patent Publication Nos. W 91/17424 and WO 91/16024. Delivery can
30 be to cells (ex vivo administration) or target tissues (in vivo administration),
{3199} The preparation of lipidinucleic acid complexes, including targeted
liposomes such as immunolipid complexes, is well known to one of skill in the art
(see, e.g., Crvstal {1995} Science 270:404-410; Blaese, ef al. (1995} Cancer Gene

Ther. 2:291-297; Behr, ef al. (1994) Rioconjugate Chem. 5:382-389; Remw, ef af.
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(1994) Bioconjugate Chem. 5.647-634; Gao, ef al. {1995} Gene Therapy 2:710-722;
Abmad, ef af. (1992) Cancer Res. 52:4817-4820; U.S. Patent Nos. 4,186,183;
4.217,344; 4235 871 4.261,975: 4.485.054; 4,501,728; 4.774,083: 4,837.028; and
4,946,787).
5 [0200] Additional methods of delivery include the use of packaging the
nucleic acids to be delivered into EnGenelC deliverv vehicles (EDVs). These EDVs
are specifically delivered to target tissues using bispectfic antibodies where one arm
of the antibody has specificity for the target tissue and the other has specificity for the
EDV. The antibody brings the EDVs to the target cell surface and then the EDV is
10 brought into the cell by endocytosis. Once in the cell, the contents are released (see
MacDiarmid, ef al. {2009} Nature Biotechnology 27(7).643).
[62601] The use of RNA or DNA viral based systems for the delivery of
nucleic acids encoding engineered DN A-binding proteins, and/or donors (e.g. CARs
or ACTRs) as desired takes advantage of highly evolved processes for targeting a

15 wirus to specific cells in the body and trafficking the viral payload to the nucleus.
Viral vectors can be administered directly to patients {in vivo) or they can be used to
treat cells m vitro and the modified celis are admanistered to patients {ex vivo).
Conventional viral based systems for the delivery of nucleic acids include, but are not
lumited to, retroviral, lentivirus, adenoviral, adeno-associated, vaccinia and herpes

20 simplex virus vectors for gene transfer. Integration in the host genotne is possible

with the retrovirus, lentivirus, and adeno-associated virus gene transter 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.
25 j0202) 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
depends on the target tissue. Retroviral vectors are comprised of cis-acting long

30 terminal repeats with packaging capacity for up to 6-10 kb of foreign sequence. The
minimum cis-acting L'TRs are sufficient for rephication 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 (MulV), gibbon ape leukemia virus {GaLV), Simian
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Immunodeficiency virus (8IV), human immuncdeficiency virus {(HIV), and
combinations thereof (see, e.g., Buchscher, ef al. (1992} J. Virol 66:2731-2739;
Johann, er al. (1992} J. Virol. 66:1635-1640; Sommerfelt, ef o/ (1990) Virol. 176:58-
359, Wilson, ef ¢l (19893 J. Virol 63:2374-2378; Miller, er af. (1991} J. Virol.
5 65:2220-2224; International Patent Publication No. WO 94/26377).

[06203] in apphications in which 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 fiter and high levels of expression have been obtained. This vector can

10 be produced in large quantities in a relatively simple system.  Adeno-associated virus
(“AAV”} vectors are also used to transduce cells with target nucleic acids, e.g., in the
in vitre production of nucleic acids and peptides, and for in vive and ex vivo gene
therapy procedures (see, e.g., West, er al. {1987) Virology 160:38-47; U.S. Patent No.
4,797,368; International Patent Publication No. WO 93/24641; Kotin (1994) Human

15 Gene Therapy 5:793-801; Muzycrka (1994) J. Ciin. Invesi. 94:1351. Construction of
recombinant AAV vectors are described in a number of publications, including U.S.
Patent No. 5,173,414; Tratschin, et af. (1985) Mol Cell. Biol. 3:3251-3260; Tratschin,
ef af. (1984} Mol. Cell. Biol. 4:2072-2081; Hermonat & Muzyczka (1984) PNAS USA
81:6466-6470; and Samudski, er of. (1989 J Virol 63:03822-3828.

20 (0204} At least six viral vector approaches are currently available for gene

transfer in clinical trials, which utilize approaches that involve complementation of

defective vectors by genes inserted into helper cell lines to generate the transducing

agent.

{6205] pLASN and MFG-S are exaroples of retroviral vectors that bave been

used in clinical trials (Dunbar, ef o/, (1995) Blood 85:3048-305; Kohn, ef ¢/, (1995}

Nat. Med. 1:1017-102; Malech, ef al. (1997} PNAS 1TISA 9422 12133-12138).
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PA317/pLASN was the first therapeutic vector used 1n a gene therapy trial. (Blaese, ef
al. {1995} Science 270:475-480). Transduction efficiencies of 50% or greater have
been observed for MFG-58 packaged vectors. (Ellem, er al. {1997} Immunol

30 Immunother. 44(1):.10-20; Dranoff, ef af. {1997} Hum. Gene Ther. 1:111-2.
{3206} Recombinant adeno-associated virus vectors (rAAV} are a promising
alternative gene delivery svstem based on the defective and nonpathogenic parvovirus
adeno-associated type 2 virus. All vectors are derived from a plasmud that retaing

only the AAV 145 bp inverted terminal repeats flanking the transgene expression

o]
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cassette. Efficient gene transfer and stable transgene delivery due to integration into
the genomes of the transduced cell are key features for this vector system. (Wagner, ef
al. {1998) Lancer 351(9117):1702-3, Kearns, ef al. (1996} Gene Ther. 9:748-55).
Other AAV serotypes, including AAV], AAV3, AAV4, AAVS, AAVG, AAVS,

5  AAVBEZ AAVY and AAVrh10 and pseudotyped AAV such as AAVZ/8, AAV2/S and
AAV2/6 can also be used in accordance with the present invention. Replication-
deficient recombinant adenoviral vectors (Ad) can be produced at high titer and
readily infect a number of different cell types. Most adenovirus vectors are
engineered such that a transgene replaces the Ad Ela, E1b, and/or E3 genes;

10 subsequently the replication defective vector can be propagated i human 293 cells
that supply deleted gene function in trans. Ad vectors can transduce muidtiple tvpes of
tissues i vivo, including nondividing, differentiated cells such as those found in liver,
kidney and muscle. Conventional Ad vectors have a large carrving capacity. An
example of the use of an Ad vector in a clinical trial involved polynucleotide therapy

15 for antitumor immunization with imtramuscular injection {(Sterman ef al. {1998} Hum.
Gene Ther. 7:1083-1089). Additional examples of the use of adenovirus vectors for
gene transfer in chinical trials include Rosenecker, ef af. (1996) Infection 24(1):5-10;
Sterman, ef af. (1998) Hum. Gene Ther. 9(7):1083-1089; Welsh, ef al. {1995) Hum.
Gene Ther. 2:205-218; Alvares, ef ol (1997) Hum. Gene Ther. 5:597-613; Topf, et al.

20 {1998) Gene Ther. 5:507-513; Sterman, ef af. (1998) Hum. Gene Ther. 7:1083-1089.
{0207} Packaging cells are used to form virus particles that are capable of
infecting a host cell. Such cells include 293 ¢cells, which package adenovirus, and w2
cells or PA317 cells, which package retrovirus. Viral vectors used in gene therapy are

usually generated by a producer cell line that packages a nucleic acid vector into a
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viral particle. The vectors typically contain the minimal viral sequences required for
packaging and subsequent integration into a host {if applicable), other viral sequences
being replaced by an expression cassette encoding the protein to be expressed. The
missing viral functions are supplied in trans by the packaging cell line. For example,
AAV vectors used in gene therapy tvpically only possess inveried terminal repeat

30 (ITR}sequences from the AAV genome which are required for packaging and
integration mnto the host genome. Viral DNA 1s packaged n a cell line, which
contains a helper plasmid encoding the other AAV genes, namely rep and cap, but
lacking TTR sequences. The cell line is also imfected with adenovirus as a helper. The

helper virus promotes replication of the AAV vector and expression of AAV genes
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from the helper plasmid. The helper plasmid is not packaged in significant amounts
due to a tack of ITR sequences. Contamination with adenovirus can be reduced by,
e.g., heat treatment to which adenovirus is more sensitive than AAV.
{3208} In many gene therapy applications, it is desirable that the gene therapy
5 wvector be delivered with a high degree of specificity to a particular tissue type.
Accordingly, a viral vector can be modified to have specificity for a given cell type by
expressing a ligand as a fusion protein with a viral coat protein on the outer surface of
the virus. The ligand is chosen to have affinity for a receptor known to be present on
the cell tvpe of interest. For example, Han, er af. (1995) Proc. Natl. Acad. Sci. US4
10 92:9747-9751, reported that Moloney murine leukenia virus can be modified to
express human heregulin fused to gp70, and the recombinant virus infects certain
human breast cancer cells expressing human epidermal growth {acior receptor. This
principle can be extended to other virus-target cell pairs, in which the target cell
expresses a recepior and the virus expresses a fusion protein comprising a ligand for
15 the cell-surface receptor. For example, filamentous phage can be engingered to
display antibody fragments {(e.g., FAB or Fv} having specific binding affinity for
virtually any chosen cellular receptor. Although the above description applies
primarily to viral vectors, the same principles can be applied to nonviral vectors.
Such vectors can be engineered to contain specific uptake sequences which favor
20 uptake by specific target cells.
{0209} Delivery methods for CRISPR/Cas systems can comprise those
methods described above. For example, in animal models, in vitro transcribed Cas
encoding mRNA or recombinant Cas protein can be directly mnjected into one-cell

stage erobryos using glass needles to genorne-edited animals. To express Cas and
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guide RNAs in cells in vitro, typically plasmids that encode them are transfecied into
cells via lipofection or electroporation. Also, recombinant Cas protein can be
complexed with in vitro transcribed guide RNA where the Cas-guide RNA
ribonucieoprotein is taken up by the cells of interest (Kim, er af. (2014) Genome Res
24(6):1012). For therapeutic purposes, Cas and guide RNAs can be delivered by a

30 combination of viral and non-viral technmiques. For example, mRNA encoding Cas
may be delivered via nanoparticle delivery while the guide RNAs and anv desired
transgene or repair template are delivered via AAV (Yin, ef o/, (2016} Nar Biotechnol
34(33:328).

[6210] Gene therapy vectors can be delivered in vivo by admimistration {0 an

e}
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individual patient {subject}, typically by systemic administration (2.g., intravenous,
intraperifoneal, intramuscular, subdermal, or intracranial infusion) or topical
application, as described below. Alternatively, vectors can be delivered to cells ex
vivo, such as cells explanted from an individual patient {e.g., lymphocytes, bone
5 marrow aspirates, tissue biopsy) or universal donor hematopoietic stem cells,
followed by re-iruplantation of the cells into a patient, usually after selection for cells
which have incorporated the vector.
[021%] Ex vivo cell transfection for diagnostics, research, transplant or for
gene therapy (e.g., via re-infusion of the transfected cells into the host organism) is
10 well known to those of skill in the art. In a preferred embodiment, cells are isolated
from the subject organism, transfected with a DNA-binding proteins nucleic acid
{gene or cDNA), and re-infused back into the subject organism (e.g., patient}.
Vartous cell types suitable for ex vivo transfection are well known to those of skill in
the art (see, e.g., Freshney, ef a/., Culture of Animal Cells, A Manual of Basic
15 Technigque (3rd ed. 1994)) and the references cited therein for a discussion of how to
isolate and culture cells from patients).
{0212} In one embodiment, ster cells are used in ex vivo procedures for cell
transfection and gene therapy. The advantage to using stem cells is that theyv can be
differentiated into other cell types in vitro, or can be introduced inio a mammal (such
20 as the donor of the cells) where they will engraft in the bone marrow. Methods for
differentiating CD34+ cells in vitro into clinically important immune cell tvpes using
cytokines such a GM-CSF, IFN-y and TNF-g¢ are known (see Inaba, ef o/ (1992 J.
Exp. Med. 176:1693-1702).

{3213} Stem cells are isolated for transduction and differentiation using

25  known methods. For example, stem cells are isolated from bone marrow cells by
panning the bone marrow cells with antibodies which bind unwanted cells, such as
CD4+ and CD8+ (T cells), CD45+ (panB cells), GR-1 (granulocytes), and lad
(differentiated antigen presenting cells) {see Inaba, er a/. (1992} J. Exp. Med.
176:1693-1702).

30 (0214 Stem cells that have been modified may also be used in some

embodiments. For example, neuronal stem cells that have been made resistant to
apoptosis may be used as therapeutic compostiions where the stem cells also contain
the ZFP TFs of the invention. Resistance 1o apoptosis may come about, for example,

by knocking out BAX and/or BAK using BAX- or BAK-specific ZFNs {see, U.S.
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Patent No. 8,597.912) in the stem cells, or those that are disrupted in a caspase, again
using caspase-6 specific ZFNs for example.
{0215} Vectors (e.g., retroviruses, adenoviruses, liposomes, etc.) containing
therapeutic DNA-binding proteins {or nucleic acids encoding these proteins} can also
5  be administered directly {0 an orgamism for transduction of cells in vivo.
Alternatively, naked DNA can be administered. Adnunisiration is by any of the
routes normally used for introducing a molecule into ultimate contact with blood or
tissue cells including, but not Hmited to, injection, infusion, topical application and
electroporation. Suilable methods of administering such nuclete acids are available
10 and well known to those of skill in the art, and, although more than one route can be
used to administer a particular composition, a particulas route can often provide a
more immediate and more effective reaction than another route.
{6216} Methods for introduction of DNA into hematopoietic stem cells are
disclosed, for example, in U.S. Patent No. 5,928,638, Vectors useful for introduction
15 of transgenes into hematopoietic stem cells, e.g., CD34+ cells, include adenovirus
Type 35.
{6217} Vectors suttable for introduction of fransgenes into immune cells {e.g.,
T-cells) include non-integrating lentivirus vectors. See, for example, Ory, ef al.
{(1996) Proc. Natl. Acad. Sci. US4 93:11382-11388; Dull, ef al. (1998).J Virel
20 T2:8463-8471; Zuffery, ef al. {1998) J. Virol. T2:9873-9880; Follenzi, et ¢/, (2000)
Naiure Genetics 25.217-222.
[0218] Pharmaceutically acceptable carriers are determined in part by the
particular composition being admunisiered, as well as by the particular method used to

admuanister the composttion. Accordingly, there is a wide variety of suitable
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formulations of pharmaceutical compositions avatlable, as described below (see. e.g.,
Remington’s Pharmaceutical Sciences, 17th ed., 1989).

[6219] As noted above, the disclosed methods and compositions can be used
in any type of cell including, but not limited to, prokaryotic cells, fungal cells,
Archaeal cells, plant cells, insect cells, animal cells, veriebrate cells, mammalian cells
30 and human cells, including T-cells and stem cells of any type. Suitable cell lines for
protemn expression are known to those of skill in the art and include, but are not
limited to COS, CHO {e.g., CHO-S, CHO-KI, CHO-DG44, CHO-DUXBI11), VERO,
MDCK, WI38, V79, B14AF28-(3, BHK, Hak, NSO, 5P2/0-Agl4, HeLa, HEK293
{e.g., HEK293-F, HEK293-H, HEK293-T), perC6, insect cells such as Spodoptera
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fugiperda (Sf), and fungal cells such as Saccharomyces, Pichia and
Schizosaccharomyces. Progeny, variants and derivatives of these cell hines can also

be used.

5 Applications
[06220] Use of engineered DNA base editor complexes i treatroent and
prevention of disease provides a significant development in medicine. The methods
and compositions described herein serve to increase the specificity of these novel
tools to ensure that the desired target sites will be the primary place of editing.

10 [0223) Exermplary genetic diseases that may be {reated and/or prevented by
the compositions and methods described herein inchide, but are not limited to,
achondroplasia, achromatopsia, acid maltase deficiency, adenosine deaminase
defictency (OMIM No.102700), adrenoleukodystrophy, aicardi svndrome, alpha-1
antitrypsin deficiency, alpha-thalassemia, androgen insensitivity syndrome, apert

15 syndrome, arthythmogenic right ventricular, dysplasia, ataxia telangiciasia, barth
svadrome, beta~-thalassemia, blue rubber bleb nevus syndrome, canavan disease,
chronic granulomatous diseases (CGD), et du chat syndrome, cystic fibrosis,
dercum’s disease, ectodermal dysplasia, fanconi anemua, fibrodysplasia ossificans
progressive, fragile X syndrome, galactosemis, Gaucher’s disease, generalized

20 gangliosidoses {e.g., GM1), hemochromatosis, the hemoglobin C mutation in the 6th

codon of beta-globin (HbC}), hemophilia, Huntington’s disease, Hurler Syndrome,

hypophosphatasia, Klinefleter svndrome, Krabbes Disease, Langer-Giedion

Svadrome, leukocyie adhesion deficiency (LAD, OMIM No. 116920},

leukodystrophy, long QT syndrome, Marfan syndrome, Moebius syndrome,
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mucopolysaccharidosis (MPS}, nail patella syndrome, nephrogenic diabetes insipdius,
neurofibromatosis, Neimann-Pick disease, osteogenesis imperfecta, phenylketonuria
(PKJ). porphyria, Prader-Willi syndrome, progeria, Proteus syndrome,
retinoblastoma, Rett syndrome, Rubinstein-Taybi syndrome, Sanfilippo syndrome,
severe combined immunodeficiency {(SCID), Shwachman syndrome, sickle cell

30 disease (sickle cell anemua), Smuith-Magenis syndrome, Stickier svndrome, Tay-Sachs
disease, Throrabocytopenia Absent Radius (TAR) syndrome, Treacher Collins
syndrome, trisony, tuberous sclerosis, Turner’s syndrome, urea cvcle disorder, von
Hippel-Landau disease, Waardenburg syndrome, Williams syndrome, Wilson's

disease, Wiskott-Aldrich syndrome, X-linked lymphoproliferative syndrome (XLP,
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OMIM No. 308240).

{6222} Additional exemplary diseases that can be treated by targeted DNA
base editing include acquired immunodeficiencies, lysosomal storage diseases (e.g.,
Gaucher’s disease, GM]1, Fabry disease and Tay-Sachs disease},

5 mucopolysaccahidosis (e.g. Hunter’s disease, Hurler’s disease), hemoglobinopathies
(e.g.. sickle cell diseases, HbC, g-thalassemia, f~thalassernia) and hemophilias.
{0223} Such methods also allow for treatment of infections (viral or bacterial)
in a host (e.g., by blocking expression of viral or bacterial receptors, thereby
preventing infection and/or spread in a host orgamsmy) to treal genetic diseases.

10 j0224} Targeted base editing can also be used to treat viral infections in a host.
Additionally, targeted cleavage of genes encoding receptors for viruses can be used to
block expression of such receptors, thereby preventing viral infection and/or viral
spread in a host organism.  Targeted mutagenesis of genes encoding viral receptors
{e.g.. the CCRS and CXCR4 receptors for HIV} can be used to render the receptors

15 unable to bind to virus, thereby preventing new infection and blocking the spread of
existing infections. See, U.S. Patent Publication No. 2008/015996. Non-limiting
exarnples of viruses or viral receptors that may be targeted include herpes simplex
virus (HSV}, such as HSV-1 and HSV-2, varicella zoster virus (VZV), Epstein-Barr
virus {EBV} and cytomegalovirus (CMV), HHV6 and HHV7. The hepatitis family of

20 wviruses includes hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus
(HCV}, the delta hepatitis virus (HDV), hepatitis E virus (HEV) and hepatitis G virus
(HGV). Other viruses or their receptors may be targeted, including, but not limited to,
Picornaviridae {(e.g., polioviruses, etc.}; Caliciviridae; Togavindae {e.g., rubella virus,

dengue virus, eic.); Flaviviridae; Coronaviridae; Reoviridae; Birnavindae,
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Rhabodoviridae {(e.g., rabies virus, etc.}; Filoviridae; Paramyxoviridae (e.g., mumps
virus, measles virus, respiratory svneytial virus, etc.}; Orthomyxoviridae {e.g.,
influenza virus types A, B and C, eic.}; Bunyaviridae; Arenaviridae; Retroviradag;
lentiviruses {e.g., HFLV-I; HTLV-1I; HIV-1 (also known as HTLV-HI, LAV, ARV,
hTLR, etc.) HIV-H); simian immunodeficiency virus (SIV}, human papillomavirus

30 (HPV), influenza virus and the tick-borne encephalitis viruses. See, e.g. Virology, 3rd
Edition (W. K. Joklik ed. 1988); Fundamental Virology, 2nd Edition (B. N. Fields and
D. M. Knipe, eds. 1991}, for a description of these and other viruses. Receptors for
HIV, for example, include CCR-5 and CXCR-4. As noted above, the compositions

and methods described herein can be used for gene modification, gene correction, and

a1
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gene disruption.

{3225} The compositions and methods described herein can also be applied to
stem cell based therapies, including but not limited to editing that results in:
correction of somatic cell mutations; disruption of dominant negative alleles;

5 disruption of genes required for the entry or productive infection of pathogens into
cells; enhanced tissue engineening, for example, by editing gene activity to promote
the differentiation or formation of functional tissues; and/or disrupting gene activity to
promote the differentiation or formation of functional tissues; blocking or inducing
differentiation, for example, by editing genes that block differentiation to promote

10 stem cells to differentiate down a specific lineage pathway Cell types for this

procedure include but are not limited to, T-cells, B cells, hematopoietic stem cells,
and embryonic stem cells. Additionally, induced pluripotent stem cells (iPSC) may
be used which would also be generated from a patient’s own somatic cells. Therefore,
these stem cells or their derivatives (differentiated cell types or tissues) could be

15 potentially engrafted into any person regardless of their origin or histocompatibility.

{3226} The composttions and methods can also be used for somatic cell
therapy, therebv allowing production of stocks of cells that have been modified to
enhance their biological properties. Such cells can be infused info a variety of
patients, independent of the donor source of the cells and their histocompatibility to

20 the recipient.

{0227} in addition to therapeutic applications, the DNA-editing complexes
described herein can be used for crop engineering, cell line engineering and the
consiruction of disease models. The obligate heterodimer cleavage half-domains

provide a straightforward means for improving nuclease properties.
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[0228] The engineered DNA-editing complexes described can also be used in
gene modification protocols requiring simultansous cleavage at multiple targets at
once. Editing at two targets would require cellular expression of two DN A-editing
complexes, and is preferably achieved using nickases comprising cleavage domains in
each complex that do not interact {dimerize) with cleavage domains in the other

30 complex.

EXAMPLES
Exampie I: Preparation of ZFPs

{62291 ZFPs targeted to specific target sites are designed and incorporated into
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10

20

plasmid vectors essentially as described in Umov, er af. (2005) Nature
435(7042).646-651, Perez, et al. (2008} Nature Biotechnology 26(7}. B08-816, and
International Patent Publication Nos. WO 2016/183298 and WO 2017/106528.
TALEs and sgRNA to specific sites are also developed, as described in U.S. Patent
Nos. 8,586,526 and 9,873,894,

6230] One exernplary target for base editing is the SERPINA locus which
encodes Alpha-1 antitrypsin (A1AT). Mutations in the locus that cause an autosomal
recessive deficiency in the ATAT protein are associated with both liver and hung
disease. The PiZ mutation, one of the most common deficiency alleles in people of
Northern European descent, results in only about 10-20% of the A1 AT protein being
produced. This mutation is caused by a single mutation in exon 5, leading to a
glutamine substitution at amino acid position 342 for a lvsine where a G at position
1096 in the DNA 1s an A in the mutated gene sequence (reviewed in Fregonese and
Stolk (2008} Orphanet J Rare Dis 3:16.

{0231} Another exemplary target is the JAK2 V617F mutation. Editing of the
V617F 1o form another mutation can result in a less activating JAK2Z. For example,
the V617L, VO17P and V6178 mutations have been shown 1o be less activating than
V617F (Dusa, ef al. (2008) J Biol Chem 283(19):12941-12948).

{62321 Thus, several zinc finger proteins (ZFPs) were made that target the
area near the mutations in ATAT (see Figure 2). The design of the #FPs are shown

below in Table 1A (ATAT) and Table 1B (JAK2).

Table 1A: Exemplary ZFP designs for AIAT
3RS #,Target Design
T1 72 F3 74 F& T
STAALSY
{(SEQ ID N/A
NO:14)
TAGAGG DRSHLAR STAALSY
CCATacccatgtct (3EQ ID {(SEQ ID N/A
a NO:12) NO:14)
0 ID NGC:6)
78485 .
QSAHRRN HSATLKY
(SEQ ID {SEQ ID
NO:13) NO:18)
ONAHRKT TSSNRAV
(SEQ 1D Q
NC:16) NO: 12 NO:19) NG:14) NC:17)
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OBAHRKN
(SEQ TD

NO'LQ‘

78482

CATGLLTTTA
CATacccat
; ID NO:8)

TOATLAE
(5EQ ID
NO:

OSAHRKN
(SEQ ID
NO:13)

STAALSY
(SEQ ID
NO:14)

SNONLTT
ID

18)

NO:

ONAHRKT
(SEQ ID
NO:19)

STAALSY
(SEQ ID
NO:14;

PSLA’

ST | DRSTR
Ip | (SEQ ID
21y | wo:z22y

TK

SB3Y
o,o(, i"’\‘l‘"ff rrT
GCCATaccca

SNONLTT
(3EQ ID
NO:16)

QSAHRKN
(SEQ ID
NO:13)

STAALSY
{(SEg¢ ID
NO:14)

DRETRTK

ONAHRKT
(SEQ ID

NGC:19)

STAALSY

(SEQ ID

TSSNRAV

RSDALST ;

oo TT L (SEQ ID
{SEQ II N \
s NC:223}
NO:21)

DSSHRTR

(SEQ ID N/A

(SEQ ID
NC:24)

macaT an | o aNRAY
q9Ge \TG-TTTT IR JD'M?.A: T ~>'.\IRAV\ »
ACA EQ ] {(SEQ ID { (SEQ ID < N/A
AGAgY ,ataccca . R A P
99 NO:13) NG:17) NC:20) NC:233
DRSDLSR { RSTHLVR

Q I N/A

ERGTLAR
(SEQ ID
NO:26)

pzd
<
o

Table 1B: Exemplary ZFP designs for JAK2

i, Target

Design

g

[y

F2

F5

ZFPp2

(SEQ ID

NO:82)

caAATGCTTGTGA | QSSDLSR | LKWNLRT | RSDNLAR | WQ3SLIV SGNRTT
GAAAGCTtgetea | (SEQ ID (3EQ ID | (SEQ ID (SEQ ID (SEQ ID
(SEQ ID O B2) NO:83) | NO:S4) NO:85) NO:86)
NO: 81
ZF NA
at GCTTGTCAGAR RSDNLAR | WOSSLIV | OSSDLSR | OSGNRTT
AGCTtgctcatoa (SEQ ID | (SEQ ID | (8EQ ID | (SEQ ID N/A
(SEQ ID NO:84) | NO:85) NO:82) NO:856)
NO:87)
ZENG
CctTGTGAGAAAGC | RSDNLAR | WOSSLI OSSDLSR | QSGNRTT | TNONRIT | RSANLTR
TLGCTCAT A (SEQ ID (3EQ LD (8EQ ID | (SEQ ID | (SEQ ID | (SEQ ID
NO:84) NO:86) 1

NC: 89} NOC: 93}

NC:92Z)

RSANLTR
\-:)1‘;55
NO: u;

TNONRIT
(SEQ ID
NO:89)

N/A
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{6233} Base edifors cornprising several different combinations are constructed
using standard protocols. Different combinations include editors that comprise one or
more deaminases, helicases, selected DNA binding domains {(ZFP, TALE, sgRNA},

5 dCas, mickase (ZFNs, TALENs, CRISPR/Cas) complexes, UG, GAM etc. The
combinations include complexes comprising the selected domains fused sequentially
or wherein the combinations are supplied as separate fusion proteins. Any linker is
used between the domains.

{3234} The combinations are assembled into expression constructs for
10 transfection into cells or for use w the production of mRNAs m vitro. These mRNAs
can then be introduced into the cells by methods known in the art {e.g.,

electroporation). Cells without the targeted mutation are used as controls.

Exampie 2: Adenine Base Editors
15 [0235] Adenine base editors were constructed using Cas9 variants with
relaxed PAM requirements (SpCasSVRVRFRR DI10A; Nishimasu, ef al. (2018)
Science 361:1259-1262 or xCas9, see Hu, ef a/. (2018) Narure 556:57-63) hnked to a
ZFP DNA binding domain that targeted the mutated A1AT PiZ mutation on the C-
terminal side of the molecule. A series of ZFP DNA binding domains (see Example
20 1) that were designed to bind to the adjacent DNA region were incorporated into the
base editor (see Figures 2 and 7). The ZFP was attached to the Cas9 using a linker
comprising 3 HA peptides and two nuclease localization sequences (NLS). The
sequence of the linker was:
GTGGPKKERKVYPYDVPDYAGYPYDVPDYAGSYPYDVPDYAGSAAPAAKK
KKELDFESE (SEG ID NO:3) (see Bolukbasi, ef gl {2015} Nar Methods 12{12):1150-
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1156). The Cas9 was then linked to two £ coll TadA adenine deaminases
(“ecTadA”; Kim, ef al. (2006) Biochemistry 45:6407-6416) on the N terminal side. In
the construct, one of the TadA proteins was a wild type protein while the other was an
evolved version {Gaudelli, ef al. (2017) Nature 551:464). A serine-glycine rich linker

30 was used twice between the Cas9 and TadA subunits and comprised the sequence:
SGGSSGGSSGSETPGTSESATPESSGGSSGGS (SEQ 1D NO:2). A schematic of
the adenine base editor {ABE) is shown in Figure 3A. In some instances, other types
of adenine deaminases are used. For example, in some constructs, the ABE7 10

deaminase or the ABEmax adenine deaminase (Roblan, ef /. {2018} Nat Biotechnol.

2
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36(9):843-846) 1s used.

{3236} To target the JAKZ V61 7F mutation, CasONG adenine base editors

targeting the JAKZ gene near the mutation site are made using the TAA or AAT or

AAA PAM sites located upstream of the nmudation site (see, Figures 7A through 7C).
5  ZFP DNA binding domains are fused to the base editor as described above and used

to edit HSC/PC. ZFP sequences are shown in Table 1B. Aoy hinkers can be used

between the fingers and/or between the ZFP and the base editor.

{0237} The results show successtul editing at the target locus. Figwre 7A

shows base editing to cause a change in the amino acid sequence to aserine (S} or a

10 proline {(P). Both of these variants have been shown to be less activating than the
phenylalanine mutant (¥} (see Dusa, ef o/, (2008} J Biol Chem 283(19):12941-8}.
[6238] Cells (e.g., K562 cells) are transfected with expression vectors (for
example plasmids or viral vectors) comprising the base editors, or the cells are
electroporated using the mRNAs encoding the base editors as described above.

15 Transfected cells are harvested and the genomic DNA is isolated. On-target and off-
target genomic regions of interest are amplified by PCR amplification according to
the standard methods in the art. Sequences are evaluated for base editing and for the
presence of indels.

{32391 The adenine base editor (ABE) was tested on the ATAT locus as

20 described above on K562 cells where 800ng of plasmid DNA encoding the base
editor was used per 200,000 cells. Experiments were also performed in K562 cells
without the Z and that A nucleotides in close proximity to the disease-causing
mutations were used as a proxy to measure activity. 72 hours after transfection using

an Amasa device (according to manufacturer’s protocols), cells were harvested and
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subject to Miseq analysis (Hlumina) to analvze any editing that may have occurred.
Figure 4 tllustrates the A bases that could be targeted within the editing window of the
complex, where the presence of a G at these positions would indicale that the A based
editing had occurred.

{06246} Three different clones of each construct comprising the variant ZFP

30 domains were tested. The results are shown below in Table 2 (note that the terms

“CasOVRVYRFRR”, “Cas9VR” and “CasONG” are used interchangeably ):
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Table 2: Adenine base editing at A1AT locus

Al A5 A8 AL0 ALl Alz Alp AZC
%G UG UG UG UG UG UG %G

sgRNA_only_rl 0.03 012 005 011 006 022 011 0.03
sgRNA_only 12 0.08 0.08 0.07 003 007 015 014 005
sgRNA_only_t3 0.07 007 006 009 008 006 023 004
sgRNA_only_rd 005 004 008 006 006 024 017 002
ABE_CasSVR_D10A_ri 007 051 010 004 007 022 017 005
ABE_CasSVR_D10A_r2 004 045 012 006 003 020 013 004
ABE_CasBVR_D10A_r3 008 053 007 008 003 020 015 004
ABE_Cas9VR_DI0A_rd 0.04 056 013 004 002 017 014 0.03
ABE_Cas9VR_D10A_SGMO_SBS_78474

1) 0.06 261 014 006 006 021 012 0.09
ABE_CasOVR_D10A_SGMO_SBS_78474
{2}
ABE_CasSVR_D10A_SGMO_SBS_78474
{3}
ABE_CasOVR_D10A_SGMO_SBS_78475
{1}
ABE_Cas9VR_D10A_SGMO_585_78475
{2}
ABE_CasSVR_D10A_SGMO_SBS_78475
{3}
ABE_CasSVR_D10A_SGMO_SBS_78476
{1}
ABE_CasBVR_D10A_5GMO_SBS_78476
{2}
ABE_CasBVR_D10A_SGMO_SBS_78476
{3)
ABE_CasSVR_D10A_SGMO_SBS_78477
{1}
ABE_Cas9VR_D10A_SGMO_SBS_78477
{2}
ABE_Cas9VR_D10A_SGMO_SBS 78477
{3}
ABE_CasOVR_D10A_SGMO_SBS_78480
{1}
ABE_CasBYR_D10A_SGMO_SBS_78480
{2)
ABE_Cas9VR_D10A_SGMO_SBS5_78480
{3)
ABE_CasOVR_D10A_SGMO_SBS_78481
{1}
ABE_CasSVR_D10A_SGMO_SBS_78481
{2}
ARE_CasOVR_D10A_SGMO_SBS_78481
{3)
ABE_Cas9VR_D10A_SGMO_585_78482
{1}
ABE_CasSVR_D10A_SGMO_SBS_78482
{2}
ABE_Cas9VR_D10A_SGMO_585_78482
{3}

0.04 283 019 019 011 028 015 005

NA NA NA NA NA NA NA NA

005 028 006 007 002 027 017 008

010 003 013 003 010 018 021 007

007 041 015 006 005 019 013 010

007 110 0.07 012 002 015 012 005

0.05 122 015 008 005 015 019 011

0.06 083 012 007 006 014 018 005

008 150 0.08 004 003 015 010 003

007 140 020 007 008 016 (.15 011

006 1.03 011 010 006 024 017 001

003 164 013 006 004 013 014 007

009 161 012 004 008 026 012 003

0.08 142 010 008 008 025 012 006

NA - NA  NA  NA  NA  NA  NA NA

006 391 0.07 008 008 027 015 003

0.06 3.05 010 012 007 027 014 0.0

007 093 014 008 003 026 021 006

005 134 0.4z 012 006 020 021 008

NA NA  NA NA  NA NA  NA NA

2
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?iE;E_CasﬁvR__DmA__SGMO_SES_?S&SB W A A A A NA L NA NA
é‘;zucaﬁwR"Dm““SGMO"S&sJM% 0.08 125 009 008 003 020 019 0.05
é!;i_tasﬁvR_Di@A_SGMO_SBS_?S&SE 009 086 014 008 008 018 017 004
g?ﬁmcaswkwbmAﬁGMO}BSﬁM“ 007 248 005 010 007 024 017 006
‘;;?EDCESWR“DIMDSGM0“585"73434 0.08 247 015 006 004 022 014 004
g?ﬁmcaswkﬁmAﬁGMO“SBSJMM 000 206 013 007 008 027 011 003
ﬁﬁ-caswmmmmsemQ"SBSJMSS 0.08 108 0.06 010 004 021 015 0.03
ﬁiﬁaﬂva_m%ﬁﬁmGMSESJMES 0.07 105 011 010 002 025 012 0.06
é?ﬁ-caszmDmA“sGMQ"SBSJMSS 0.05 061 011 005 003 016 018 0.04
ﬁ?EmCasQVR"DEOAMSGMO,_S%"?&‘;% A NA WA NA NA NA NA NA
?;;E—C“WR—DWLSGMD—S BS. 78486 1500 233 020 010 007 023 018 005
é‘;ﬁcagwRﬁmAMSGMO"SgSJM% 011 203 014 012 005 013 019 0.06
Sﬁs_Casgvsun10A_5<3M0§85j$483 A NA NA NA NA NA NA NA
?‘gﬁwcaSQVR—DNA_SGMOjaS—mmg 0.04 167 012 008 006 022 013 0407
‘;?&C&SWR“DEGA"SGMO“SSSJM% 0.10 132 008 007 009 023 018 002
{1}, {2} and (3} represent individual clones. NA = Clone did not pass Sanger sequencing QC and
was not tested.

{0241} Rows labeled “sgRNA only™ are those comprising guide RNA only,
“ABE Cas9VR DI0A” are the complexes lacking the ZFP DNA binding domain.

As can be seen from the data, targeted editing of the adenive in position AS increased
in the presence of some of the ZFP DNA binding domains as compared to the editing
complex lacking the ZFP domain. The native ABE-Cas? fusion construct without
ZFP resulted in ~0.5% base editing while ABE-Cas9-ZFP fusion constructs showed at
least 7-fold higher base editing efficiencies in this dataset.

[0242] In these experiments, studies were done using the xCas or the CasING
proteins linked to the ABEmax or the ABE7.10 adenine deaminases. The guide
RNAs used were either the TGT PAM or the AGT PAM. Results showed base
editing efficiencies of 5 to 10-fold or more as compared {o base editors lacking the
ZFP DNA binding domain (ZFP anchor).

{3243} Further experiments were carried out using alternate versions of the
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adenine deaminases including use of ABE 7.9 and ABE 7.8 and showed comparable
results.
[0244] For base editing of the JAKZ V61 7F mutant, expetumental conditions
were the same as described above, including experiments performed in K562 cells
5 without the V61 7F mutation but A nucleotides in close proximuty to the disease-
causing mutations were used as a proxy to measure activity. Targeted PAM
sequences are shown in Figure 7B. Studies were done using various combinations of
the xCas or the CasONG proteins linked to ABEmax {see, e g, Figure 3B).
[0245] Results showed that the presence of the ZFP anchor ioproved editing
10 and relaxed the PAM requirervents, including showing activity at AAT and TAA
PAM sequences. Notably, base editors with TAA PAM sequences are inactive at this
site without the ZFP domain. See, e.g., exemplary results as shown in Figure 7C.
[0246] Additional experiments are performed for additional disease-relatec
point muttations and higher base editing specificity and/or activity is achieved in the
15 presence of a ZFP anchor domain. Furthermore, depending on the targeted base to be
edited, any PAM sequence can be used, including but not limited to NAN {e.g.,
TAA), AAT, NGG (TGG)L NGT (e.g, TGT or AGT).

Example 3: Cytidine base editors

20 (62471 A cytidine base editor to convert C nucleotides to U is constructed
using the apolipoprotein B mRNA editing enzyme, catalytic polyvpeptide-like
{(APOBEC) protein {Yang, ef /. (2017} J Genet Genomics 44(9).423-437). In
particular, cytidine base editors are made using a cytidine deaminase such as

Apolipoprotein B mRNA editing enzvioe, catalytic polypeptide 1 or APOBEC-1. The

B2
W

Activation-induced cyiidine deaminase, also known as AICDA and AID, encoded by
the AICDA gene, may also be included in cytidine deaminase base editors as
described herein,

{0248} 1t 1s thought that the cellular repair response to U:G heteroduplex DNA
invokes the activity of a uracil DNA glycosylase (LDG) that cataly zes the removal of
30 Ufrom DNA and initiates base-excision repair with reversion of the UG pairto a
C:G pair, decreasing the efficiency of base editing. Thus, cyvtidine base editors can
have a uraci! glycosylase inhibitor (UGH) fused to the editor to block endogenous
UDG activity (Komor, ef al. (2016} Nature S33(7603).420-424). Cytiding base

editors are constructed using a ZFP DNA binding domain linked to an APOBEC! or
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B-cell-specific activation-induced cytidine deaminase (AID} enzyme (Kescu and Adh
(2016) Nat Methods 13(12).983). The cytidine base editors are attached to a DNA
binding dornain such as ZFP.
[3249] In some embodiments, the editors further comprise a UGT dimer (see,
5  Figures SA through 5F). The UGH dimer 1s atiached to the ZFP DNA binding domain
using a hinker such as a L0 (LRGS, SEQ 1D NG:76) or N7a (SGTPHEVGVY'TL,
SEQ ID NO:28, see U.S. Patent Publication No. 2017/0218349). The AID or
APOBEC] s attached to the ZFP via a linker such as LO or a sequence such as
SGGGLGST (SEQ ID NO:29, Yang, ef al. (2016) Nat Comimnin
10 DOL10.1038mcommsi3330).
{6250} Cytidine base editors are also constructed without the UGH domains.
Some editors are constructed to be used as a pair where one partner comprises a
cytidine editor inked to a ZFP livked to a catalvtically inactive Fokd nickase domam.
The second pariner comprises the active Fok domain such that the two Fok half
15 domains can pair and act to create a nick. The cvtidine editor domain can be on either

half as can a UGT dimer assembly.

Example 4: Additional base editors

{62531 Additional ABE and/or CBE are constructed and tested.
20 (0282 In particular, experimenis were performed using an adenine base editor

comprising {1} a Cas9 nickase, optionally operably linked to a ZFP anchor; and (2} a
ZFP operably linked io an ABE domain {e.g, evolved ABE domain). See, e.g,

Figure 1B, bottom muddle panel.

{3253} Results showed that these base editors were effective in targeted

25  editing of the disease-related mutation.
[0254] In addition, experiments are performed with an ABE base editor
comprising: (1) a dCas9 proteim operably linked to a single guide RNA, optionally
operably linked to a ZFP anchor; (2) a ZFP operably linked to ann ABE domain {e.g.,
evolved ABE domain); and (3) a ZFN nickase. See, e.g., Figure 1C.

30 [B258] Results show that base editors including a ZFN nickase increased base

editing efficiency as compared to dCas9 base editors.

Example 5: Cas9-Free Base Editors

[6256] Cas9-free base editors are also constructed and evaluated. Constructs
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include base editors with two TadA domain are used as described above, optionally
where one is wild type and one is evolved, and these may be hinked to a ZFP DNA
binding doroain. This asserobly 15 used alone, or roay then can be linked to a
catalytically inactive Fokl nickase domain. When used in combination with another
5 wvector comprising an active £kl domain, the adenine base editor has nicking activity
1o prevent correction of the base edit. Other non-Cas base editors made are shown in
Figure 1D.
{0257} A non-Cas base editor comprising a DNA destabilizing or unwinding
factor 1s also constructed and tested above. The DNA destabilizing factor is fused {o
10 the N~ or C-termunus of a ZFP and/or ZFN nickase (see Figure 1D} or introduced
independently from the ZFP and/or nickase.
[3258] In particular, base editors are shown in Figure 1T are generated. These
base editors include a ZFP-deanunase fusion protein and a ZFN nickase. In addition,
these editors include a DNA-destabilizing factor, optionally linked by its 3" end or 57
15 endto a ZFP of the ZFN nickase.
[03259] In particular, base editors are constructed that include one or more
protein DNA-destabilizing factors as shown in Table A {(e.g., helicases; factors
involved in D-loop formation during DSB repair (e.g. Rad51, Rad52, RPAL, RPA2,
RPA3, etc.}; and/or helix-destabilizing proteins (e.g. ICP8, Puralpha or calf-thyrus
20 DNA helix-destabilizing protein), with or without one or more CRISPR proteins {e.g,
non-Cas® proteins)).
{0260} Altemnatively, or in addition to, the DNA-destabilizing proteins, base
editors are consiructed that include one or more peptide nucleic acids (PNAs); locked

nucleic acids (LNAs) and/or bridged nucleic acids (BNA). In particular, base editors

25  comprising one or more nucleotides are constructed and tested. Base editors
comprising PNAs and/or LNAs are constructed as described herein (see, also, Figure
1D and Figure 8).
{0261} Results show that Cas9-free base editors edit their target sites.

30
{3262} All patents, patent applications and publications mentioned herein are

hereby incorporated by reference in their entirety.
{6263} Although disclosure has been provided in some detail by way of

ilfustration and example for the purposes of clarity of understanding, 1t will be
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apparent 1o those skilled in the art that various changes and modifications can be
practiced without departing from the spirit or scope of the disclosure. Accordingly,

the foregoing descriptions and examples should not be construed as lumiting.
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CLAIMS

What 1s claimed s

i A composition for editing an adenine {A) or cytiding (C) base in BNA,
5 the composition comprising:

at Jeast one zinc finger protein (ZFP) DNA-binding domain;

at feast one DNA destabilizing molecule;

and at least one adenine or cytosine deaminase,;

wherein the composition does not make a double-stranded cut in the DNA.
10

2. The composition of claim 1, wherein the DN A-destabilizing molecule

is a Cas9 nickase or a Cas9 proiein operably linked to a single guide RNA (sgRNA).

3. The composition of claim 1, wherein the composition does not

15 comprise a Cas9 protein.

4. The composition of any of the preceding claims, wherein the DNA-

destabilizing molecule is a zinc finger nuclease (ZFN) nickase.
20 5. The composition of any of the preceding claims, wherein the at least
one ZFP DNA-binding domain is operably linked to the Cas9 nickase or an

inactivated Cas9 protein {dCas9).

6. The composttion of any of the preceding claims, comprising first and

B2
W

second ZFP DNA-binding domains, wherein the first ZFP DNA-binding domain is

operably linked to the Cas9 nickase.
7. The composition of any of the preceding claims, wherein the adenine
of cylosing deaminase is comprised of first and second inactive domains that dimerize

30 to form an active adenine or cvtosine deaminase.

8. The composition of any of the preceding claims, wherein the first

inactive domain of the adenine or cvtosine deaminase is operably hinked io the Cas9
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nickase and the second inactive domain of the adenine or cytosine deaminase is

operably linked to the second ZFP DNA-binding domain.

9. The composition of claim 2, wherein the adenine or eytosine
5 deamunase and the ZFP DNA-binding domam are operably linked to the Cas9

nickase,

16. The composition of claim 2, comprising first and second ZFP DNA-
domains, the first ZFP operably linked to the Cas9 nickase and the second ZFP DNA-

10 binding domain operably linked to the adenine or cytosine deaminase.

11, The composition of any of the preceding claims, wherein the at least

one ZFP DNA-binding domain is operably linked to the adenine or cytosine

deaminase.
15
12. The composttion of any of the preceding claims, further comprising a
ZFN nickase.
13 The composition of any of the preceding claims, wherein the DNA

20 destabilizing factor comprises at least one protein and/or at least one nucleotide.

14. The composition of claim 13, wherein the DNA destabilizing factor

comprises a protein.

25 15. The composition of claim 14, wherein the DNA destabilizing factor
comprises a {as protein and/or a protein as shown in Table A
16. The composition of claim 13, wherein the DNA destabilizing
nucleotide comprises an oligonucleotide.
30

17. The composttion of claim 16, wherein the oligonucleotide conprises a
peptide mucleic acid (PNA); a locked nucleic acid (ENA) and/or a bridged nucleic

acid (BNA).
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18. The composition of claim 17, wherein the PNA comprises: N-Lys-Lys-
Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C; N-Lys-Lys-Lys-
NNNNNNNNNN-GOO-NNNNNNNNNNNNNNN-Lvs-Lys-Lys-C: N-Lys-Lys-Lys-
NNNNNNNNNN-GOO-NNNNNNNNNN-Lys-Lvs-Lys-C; N-Lys-Lys-Lys-

5 NNNNNNNNNN-QOO-NNNNNNNNMNN-Lys-Lys-Lys-C; and/or N-Lys-Lys-Lys-
NNNNNNNNNNNNNNN-Lys-Lys-Lvs-C, where O indicates 8-amuno-2,6-

dioxacctanoic acid linkers; C indicates cytosine and the Lys residues are optional.

19, The composttion of claim 17, wherein the LNA comprises: 5°-
10 NoNaNnNaNoNoNaNictieimNnNaNoNnNnNnNaNooNonNmNnnNn-3" (SEQ D
NO:1Y), 57
N FNaNnNoNnNnNaNictenNaNaNaNaNoNaNaNonNanNanNin* N*n-3” (SEQ
D NG:6Y), and/or 5°-
NnNnNoNnNaNaNnNtcticinNoNoNnNaNaNoNaNnnNnnNanNnnNn-Chol-TEG-3°
15 (SEQ ID NG:70), where LNA nucleotides are shown in uppercase; DNA nucleotides

are in lower case; ™" indicaies phosphorothioate bonds.

20.  One or more polynucleotides encoding one or more compositions

according to any of the preceding claims.

20
21 A cell comprising one or more compositions according to any of
claims 1 to 19 or the one or more polynucleotides according to claim 20, or a
descendant of the cell wherein the cell comprises an edited base.
25 22. A method of editing a base in a target DNA in a cell, the method
comprising providing to the cell a composition according to any of claims 1 to 19 or
the one or more polynucleotides of claim 20.
23. The method of claim 22, wherein the editing comprises:
30 () editing a cytidine base (“C”) to a uracil base (“U™), optionally wherein

the U is replaced with a thymidine base (“T7) during DNA replication;
(it} editing an adenine base ("A”) to an inosine {"17), optionally wherein
the I replaced with a guanime base (“(”) during replication; and/or

(1)  editing a CA or AC dinucleotide to a UT or an TU.
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24. The method of claim 22, wherein the editing in the cell resulis n:
1) changing a C:(G base pair to an T: A base pair;
(it} changing a {:G base pair to a G:C base pair;
5 (1)  changing an A:T base pair to a G:C base pair;
(iv)  introduction of a stop codon; and/or
{v} editing or creating a splicing sequence.

25. The method of claim 24, wherein the editing corrects a disease mutation,

10
26. The method of claim 22, wherein an exon is edited.
27. Akt for use in editing a base in a target DNA, the kit comprising one or
more polynucleotides of claim 20.
15
28, Use of one or more compositions according to any of claims 1 to 19 or
the one or more polynucieotides of claim 20 for editing a target DNA molecule in an
isolated cell or a subject, optionally wherein DNA in a chromosome or an
extrachromosomal episome in the cell or the subject s edited.
20
29 The use of claim 2, wherein the editing comprises:
{ivy  editing a cyiidine base (“C”) to a uracil base {(“U™), optionally wherein
the U is replaced with a thymidine base (“T™} during DNA replication;
(v} editing an adenine base {“A”) to an inosine (“17), optionally wherein
25 the 1 replaced with a guanine base ("G} during replication; and/or
(vi)  editing a CA or AU dinucleotide to a Ul or an IU.
30. The use of claim 28 or claim 29, wherein the editing in the cell or subject
results in:
30 {(vi)  changing a C.( base pair to an T: A base pair;

(vity changimg a C:G base pair to a G:C base pair;
(viti) changing an A:T base pair to a G:C base pair;
(ix)  introduction of a stop codon; and/or

(x} editing or creating a splicing sequence.
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31, The use of any of claims 28 {0 30, wherein an exon is edifed.
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