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ENGINEERED TARGET SPECIFIC BASE EDITORS

CROSS-REFERENCE TO RELATED APPLICATIONS

{0001} The present application clatms the benefit of U.S. Provisional
Apphication No. 62/721,903, filed August 23, 2018; U8, Provisional Application No.
62/753,696, filed October 31, 2018; U.S. Provisional Application Mo, 62/817,153,
filed March 12, 2019; and U 8. Provisional Application No. 62/867 565, filed June

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

entireties.
SEQUENCE LISTING
(G002} The instant application contains a Sequence Listing which has been

submuited electronically m ASCH format and is hereby mcorporated by reference m
its entirety. Said ASCII copy, created on August 20, 2019, is named 8325-0180-
S180-PCT_SL.txt and is 225,507 bytes in size.

TECHNICAL FIELD

[3603] The present disciosure is in the fields of polypeptide and genome

engineenng.

€ GROUND

{0604} Artificial nucleases, such as engineered 7inc finger nucieases (ZFN},
transcription-activator like effector nucleases {TALENs), the CRISPR/Cas system
with an engineered crRNA/iracr 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 agniculture. These molecular tools are
allowing the genetic manipulation {e.g. editing) of genomes 1n 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
non-homologous end joining (NHEDF or, in the presence of a substrale DNA with
homology to the regions flanking the cut site, bv msertion 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 (€.g. translocations, inversions and deletions) that may occur
due to the induction of multiple DSB in the chromosome of a genetically-edited cell.
For example, some evidence of chromosomal rearrangements including
translocations, inversions and deletions have been observed following nuclease
treatment (Kosicki, ef al. (2018) Nat Biotechnol 36:765 and Shin, et al. (2017) Nat
Comm doi:10.1038/ncomms15646), and more recently, there has been concern about
induction of the p53 pathway following cleavage in some cells leading to apoptosis
using the CRISPR/Cas system (Ihry, et al. (2018) Nat Med 24:939-946 and
Haapaniemi, ef al. (2018) Nat Med 24:927-930). Also, HDR typically is very
inefficient in most eukaryotes, making gene correction difficult (Eid, et al. (2018)
Biochem J 475:1955-1964).

[0006] In addition, Cas9 base editors such as AID-dCas9, APOBEC-dCas9
(e.g. APOBEC3G or APOBEC1), BE2, BE3 and BE4 (see, e.g., Komor, et al. (2016)
Nature 533:420-424; Komor, et al. (2017) Science Advances 3(8), caao4774; Kim, et
al. (2017) Nat Biotechnol 35(4):371-376) can exhibit a lack of specificity (see Kim, et
al. (2019) Nat Biotechnol 10.1038/s41587-019-0050-1; Zuo, et al. (2019) Science
DOI:10.1126/science.aav9973), rendering them unsuitable for a variety of purposes,
including in vivo and ex vivo therapeutic applications.

[0007] Thus, there remains a need to accomplish genome (base) editing

without inducing a double strand break and with high specificity.

SUMMARY
[0007a] In one aspect, provided herein is one or more expression vectors for
expressing a system for editing an adenine or cytosine base in DNA, the system
comprising: (i) an adenosine or cytidine deaminase, wherein the deaminase is a dimer
comprising a first fusion protein comprising a first inactive domain of the deaminase
and a first ZFP DNA-binding domain, and a second fusion protein comprising a
second inactive domain of the deaminase and a second ZFP DNA-binding domain,
wherein the first and second inactive domains dimerize to form an active deaminase;
and (ii) a nickase fused to one or more ZFP DNA-binding domains.
[0007Db] In another aspect, provided herein is one or more expression vectors
for expressing a system for editing an adenine or cytosine base in DNA, the system

comprising: (i) an adenosine or cytidine deaminase fused to one or more zinc finger
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protein (ZFP) DNA-binding domains, and (ii) a zinc finger nuclease (ZFN) nickase,
wherein the ZFN nickase is a dimer comprising a first polypeptide comprising a
catalytically active nickase domain fused to a ZFP DNA-binding domain and a second
polypeptide comprising a catalytically inactive nickase domain fused to another ZFP
DNA-binding domain, wherein the first and second polypeptides dimerize to form an
active ZFN nickase.

[0007¢] In another aspect, provided herein is a kit for use in editing a base in
DNA, the kit comprising the one or more expression vectors as described herein,
optionally wherein the one or more expression vectors are one or more plasmid, viral,
or mRNA vectors.

[0007d] In another aspect, provided herein is a cell comprising the one or more
expression vectors as described herein, or a descendant of the cell wherein the cell
comprises an edited base.

[0007¢] In another aspect, provided herein is the one or more expression
vectors as described herein for use in a method of editing a base in a target DNA in a
cell, the method comprising providing to the cell said one or more expression vectors.
[00071] In yet another aspect, provided herein is use of the cell as described
herein or a descendant thereof in the manufacture of a medicament for treating a
disease in a subject in need thereof, wherein said cell or descendant thereof is to be
administered to the subject.

[0007g] In yet another aspect, provided herein is the cell as described herein or
a descendant thereof for use in therapy.

[0008] The present disclosure provides methods and compositions to
selectively edit DNA in a cell (for example, a base editor), including editing (e.g., of a
single base) without making a double-stranded cut in the target DNA (e.g., the edited
genome). Such base editors can be cytosine base editors (CBEs) which change a C:G
to a T:A or adenine base editors (ABEs) which change A:T to G:C. Furthermore,
because no double-stranded break is induced, there are no free DNA ends in the
endogenous target and no translocations occur. Base editors as described herein can
be used for gene knock out (e.g., changing a regular codon into a stop codon, for
instance using a cytosine base editor and/or mutating a splice acceptor site using
either cytosine 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 resuli in therapeutic benefits. The base editors as
described herein may be provided (to a cell for in vifro or ex vive uses or in vivoto a
subject) for base editing in polvpeptide and/or polynucleotide form. Among other
advantages, the base editors of the invention can {1) increase specificily due lo the
addiional DNA binding domain / fength of the binding site an increased precision or
targeting density due to reduced PAM requiremenis.: (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
sites targetable with non ZFP-anchored reagents and therefore supports a lower dose
which then also results in lower off-target activity.

[G609] Thus, described herein are base editing composilions 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 tinger
proiein). In certain embodiments, the base editing composition edits an adenine {A)
or cyiidine {C) base in DNA, wherein the composition comprises: (1} at least one zinc
finger protein (ZFP) DNA-binding domain; (2} at least one DNA destabilizing
molecule; and (3) at least one adenine or cytosine deaminase, wherein the
composifion does not make a double-siranded cut in the DNA.

6010} Any DNA destabilizing molecule mav be used in the compositions
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), anv RNA
programmable system, a zing finger nuclease nickase (FFN mickase), a TALEN
nickase, one or more proteins such as those shown n Table A, and/or one more
nucleotides {e.g.. one or more peptide nucleic acids (PN As), locked nucleic acids
{LNASs) and/or bridged nucleic acids (BNAs)). In certain embodimenis, the base
editing composition comprises more than ong DNA destabilizing molecule, for
example one or more proteins {e.g., Table A, nickases, etc.} and/or one or more
nucleotides. In ceriain embodiments, the composition comprises a ZFN nickase and
one or more additional proteins and/or nucleotide DNA destabilizing molecules (e.g.,
one or more proteins of Table A and/or one or more nucleotides as described herein).
In certain aspects, the base editing composition does not comprise a Cas9 protein, but

may comprise other Cas pr em {(e.g.. non-Cas® RNA programmable sysiems). In
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certain embodiments, the DNA-destabilizing molecule comprises a zinc finger
nuclease (ZFN) nickase.

(0011} The at least one zinc finger protein (£FP) DNA-binding domain of the
base editing composition may be operably linked {o one or more of the other
components of the base editing composition, for example (o one or more of the DNA
destabilizing molecules {e.g.. to Cas9 nickase, dCas9, etc.) and/or 1o the at least one
adenine or cviosine deaminase. In certain embodiments, at least one ZFP DNA-
binding domain is operably linked to the adenine or cytosine deaminase. In other
embodiments, the base editing composition comprises {irst and second ZFP DNA-

10 binding domains, wherein the first ZFP DN A-binding domain is operably hinked to
the Cas9 nickase. The ZFP DNA-binding domain may comprise 3, 4, 5, 6 or more
fingers and may bind (o 3 target site on either side (57 or 37} of the targeted base 1o be
edited. Tn certain embodiments, the ZFP binds to a target site that 1s 1 to 100 (or any
number therebatween) nucleotides on either side of the targeted base. In other

15 embodimenis, the ZFP binds to a target site that is T 1o 50 (or any number
therebetween) nuclectides on etther side of the targeted base,

[00612] Any adenine or cytosine deaminase can be used n 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 cytosine deaminase. In
certain embodiments, the first inactive domain of the adenine or cytosine deaminase s
operably linked to the Cas9 nickase and the second inactive domain of the adenine or
cyiosine deaminase is operably hinked to a2 ZFP DNA-binding domain. In still further

embodiments, the adenine or cvtosine deanunase and the ZFP DNA-binding domain

W

are both operably linked to the Cas9 nickase. In other embodiments, the base editor

b2

comprises first and second ZFP DNA-domains, the first ZFP operably linked to the
Cas9 nickase and the second ZFP DNA-bindine domain operably linked to the
adenine or cytosine deaminase,
{0613} One or more polynucieotides encoding one or more base editing

30 compositions as described herein are also provided. The polynucleotides may be
carried on viral {e.g. AAV, Ad, etc.) and/or non-viral {2 g, plasnuid, mRNA, efc)
vectors. Furthermore, a cell or population of cells comprising one or more

compositions and/or the one or more polynucieotides as described herein are aiso



1

2

b2

0

0

W

0

WO 2020/041249 PCT/US2019/047172

provided, as well as descendants of such cells, wherein the cells comprise an edited
base.

(0014} Also provided are methods of editing a base 0 atarget DNA (e.g,
DMNA double stranded endogenous gene or extrachromosomal (episomal} sequence)
using one or more of the compositions and/or polynucleotides as described herein.  In
certain embodiments, the methods comprise: (1) editing a cytidine hase (“C"}to a
uracil base ("U™), optionally wherein the U is replaced with a thymidine base (“T7)
during DNA replication; (i1} editing an adenine base (“A”) to an nosine {17},
optionally wherein the I replaced with a guanine base ("G} during replication; and/or
(1) editing a CA or AC dinucleotide to a Ul or an [U. In other embodiments, the
editing i the cell results in: (i) changing a C.G base pair to an T: A base pair; (i)
changing a C:G base pair to a G:C base pair; (iit) changing an AT base pair to a &:C
base pair; (iv} introduction of a stop codon; and/or (v) editing or creating a splicing
seguence. The methods may be used 1o correct any disease mutation (e.g., point
mutation), including in an exon or in an infron. wherein DNA in a chromosome or an
extrachromosomal episome in the cell or the subject s edited. The method may be
performed in vitro, ex vivo, or in vivo.

[3615] In one aspect, described herem are comp  ons and systems
comprising a DNA-editing composilion {e.g., a base editing composition, also
referred to herein as a base editing complex). The DNA-editing complex comprises at
{east one functional domain and a DN A-binding domain. In certain embodiments, the
DNA-editing composition complex comprises a fusion molecule comprising a DNA-
binding domain and, in addition, al least one DNA destabilizing molecule such as a
nickase domain that makes a single-stranded cut in double-stranded DNA 2.z, a
DNA-nickase). In other embodiments, the DNA-editing composition (complex)
comprises multiple (iwo 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 compnsing a
second DNA-binding domain and optionally one or more additional fusion molecules,
each comprising an additional DNA-bimding domain and one or more functional
domains as described herein. In certain embodiments, the base editor comprises a
compostiion as shown in any of Figures 1 A 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 catalvtically active and catalytically
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imnactive fusion molecules dimerize. In some embodiments, the optional additional
DNA binding domains bind o double siranded DNA, while in other emnbodiments, the
DNA binding domains bind to single siranded DNA. In some embodiments, the DNA
nickase is a ZFN nickase, a TALEN nickase or a CRISPR/Cas nickase, in which at
least one functional (nickase) domain 1s operably hinked to a DNA binding domaim
{e.g a ZFP DNA binding domain, a TALE DNA binding domain and a sgRNA for
use with a CRISPR/Cas svstem). In some embodiments, the DNA nickase {e.g.,
fusion molecuie) comprises a linker sequence between the nickase domain and the
DNA binding domain. The nickase domain{s) may be positioned on etther side of the

10 DNA-binding domain, including at the N- or C~ternunal side of the fusion molecule
(N~ and/or C-terminal to DNA-binding domain}. In some embodiments, the linkers
are selected from a bacterial seleclion systermn from a large linker hibrary (>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 exarople, linkage of the nickase domain to the N- or C- terminal side of the DNA
binding domain}. In some exaroples, the linker 1s selected using the method disclosed
int Paschon, ef al. (2019} Natr Commun. 10:1133. One or more polynucleotides (e g.,
construcis) encoding base edilors (or components thereof) are also provided.

20 [9016] The DNA-editing complexes as described herein comprise one or more
functional domains, including, but not himited to, one or more adenine deaminase
domains, one or more cytiding deaminases, and/or one or more uracii DNA
glycosviase inhibitors. One or more functional domains may be included in the

catalvtically active and/or the catalvtically inactive fusion molecule of the DNA-

b2
W

editing complexes described herein. In some embodiments, the cytidine deanunase is
an apolipoprotein B mRNA-editing complex 1 (APOBECT) domain. In some
embodiments, the cytiding deaminase is an Activation Tnduced Deaminase (AID). In
some embodiments, the deaminase 15 an adenine deaminase. In some embodiments,
the adenine deaminase is a wild-type or mutated (evolved) TadA (iRNA adenine

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

polypeptides comprisi  p ably linked zinc fingers (e.g., a split enzvroe) 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 1B). In
some embodiments, assermbly of the deaminase is driven by the binding of the
operably linked zinc fingers to DNA targets such that the polypeptides are posttioned
to allow assembly. In some embodiments, the base editor further comprises a uracil
DNA glveosylase inhibitor (UGH).
10017} 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} ora

10 non-Cas9 protein. In certain embodiments, the base editor 1s a Cas®9 base editor
further comprises a zinc finger protein DNA-binding domain, which ZFP may be
operably hinked to any component of the CasY protein {e.g., wild-type or engineered
mickase) in any orientation, for example a base editor comprising a ZFP {a ZFP
anchor) operably linked to the Cas9 protein, the sgRNA of the Cas9 nickase or the

15 deanmumase {wild-type or engineered (evolved) ABE or CBE)}. In cerfain
embodiments, the ZFP is operably linked 1o the Cas9 domain of the base editor. In
certain embodiments, the base editor comprises the componenis as shown in the Cas9
base editors of Figure 3.
[6018] 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-deamimase fusion protein and a ZFN nickase, and optionally one or more DNA-
destabilizing factors. In certain ernbodiments, the DNA-destabilizing factoris a

protein {e.g.. as shown in Table A) or an ohigonucleotide (. g, one or more PNAs,

b2
W

LINAs and/or BNAs) The one or more non Cas9 DNA-destabilizing (unwinding)
factor(s} {e.g., proteins of Table A, LNAs, PNAs, BNAs, etc.) may be operably linked
10 any component of the base editor, {for example either component of the ZFP-
dearminase 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) factors. In sull further embodiments, the
Cas9-free base editors described herein coraprise one or more proteins derived from a
CRISPR system, which proteins are not Cas9 but have DNA-destabilizing

(unwinding} properties.
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[0619] In certain embodiments, the base editor comprises one or more
nucleotide sequences, {or example one or more DNA oligonucleotides, RNA
oligonucleotides, peptide nucleic acids (PNAs), locked nucleic acids (LNAs) and/or
bridged nucleic acids (BNAs), which can be used to provide a single stranded DNA
subsirate for base editors at the target site. This can be facilitaied by e.g. duplex
movasion, triplex invasion or a tail-clarmp (Quijano, ef af. (2017) Yale J. Biol and Med.
90:583-398; Pellestor and Paulasova (2004} Eurapean J. Human Genetics 12:694-
700; Schleifman, ef al {2011} Chem & Fio. 13:1189-1198}).  The structure of the one
or more nucleotide sequences of the base editor will vary in length; nomber and

10 posttion 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
30201 In certain embodiments, the base editor comprises one or more PNAs,
for example, gamma PNAs containing miniPEG substitutions and the gamma position

15  for enhanced binding

o0

increased solubility and improved delivery (Bahal, ef a/. {2014}
Current Gene Ther. 14(5):331-342. In certain embodimenis, the PNAs comprise one
or more O mdicates 8-amino-2,6~-dioxaoctancic acid linkers and/or one or more
cyvtosines () or pseudoisocytosine residues. Optionally, one or more lysine {Lvs}
residues are included m the PNA, for example on the N- and/or C-ierminals of the

20 PMNA 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 gach other. In certain embodiments, the PNA comprises one or more PNAs

as shown mn Figures 8B to 8E, including but not himited to one or more PNAs of the
structure; N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-

C; N-Lys-Lys-Lys-NNNNNNNNNN-OOQ-NNNNNNNNNNNNNNN-Lys-Lys-Lys-

C; N-Lys-Lys-Lys-NNNNNNNNNN-QOO-NNNNNNNNNN-Lys-Lys-Lys-C; N-

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

Lys-Lys-Lys-NNNNNNNNNNNNNNN-Lys-Lvs-Lys-C, where O indicates §-amino-

b2
W

30 2.6-dioxaoctanoic acid linkers and C indicates ¢ytosing. The Lys resides on the N-
and/or C-terminals of the PNA sequence are optional and pseudoisocytosine be can
substituted for cyiosine.

[6621] In other embodiments the base editor comprises one or more LNAs.

LNAs can include a stackin linker and 2’-glycylamino-LNA for improved
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performance {(Geny, ef al. (2016} Nucleic Acids Res. 44(5%.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
LINA comprises one or more Cholesterol-TEG, which may increase uptake into cells.
In certain embodiments, the base editor comprises one or more LNAg as shown in
Figure 8F or 8@, including but not limited to one or more LNAs of the structure: 5'-
MNnNnNaMNoNnNaNnNtctictinNnNoNaNaNaNoNoNanNmNmNnnNn-3” (SEQ 1D
NGy 5
N¥*a¥NoNnNaNnNoNoNicieinNnNaNnNaNnNaNaNonNonNonNon*N*n-3° (SEQ
D NO:69); and/or 5°-
MNeNnNoiNnNaNaNoNictctnNnNaNaNnNoNaNoNonNonNnnNnnNn-Chol-TEG-37
(SEQ 1D NG 70), where LNA nucleotides are shown in uppercase; DNA nucleotides
are in lower case; “*” indicates phosphorothicate bonds; and Chol-TEG indicates 3
Cholesterol-TEG for increased uptake into cells.

0622} The components of the base-editing compositions described herein
may be mcluded 10 any combination (one or more nickase domains, one or more
DNA-binding domains, one or more functional domains, eic ) and these components
may be positioned in any order relative to each other. In some embodiments, the
UG, eytidine and/or adenine deaminase 1s{are) N-terminal of the DNA-binding
domain of the catalytically inactive {usion moelecule and/or N-terminal {0 the nickase
domain of the catalytically active fusion molecule of the DNA-editing complex. In
some embodiments, cyiidine and/or adenine deaminase and/or UGH is{are) C-terminal
of the DNA-binding domain of the catalvtically inactive fusion molecule and/or C-
terminal to the nickase domain of the catalytically active fusion molecule. In some
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}. Tn some embodiments, the fusion molecule comprises a
cytidine deaminase and an adenine deaminase domain or a UG, wherein the UG,
cytidine and adenine deaminases are positioned tn any way with regard to the DNA-
binding domain, each other and/or the nickase domain {e. g, both N-terminal {o the
DNA-binding domain of the catalytically mactive fusion molecule in anv order, both
C-terminal to the DNA-binding domain of the catalytically inactive fusion molecule
int any order, one N-terminal to the BDNA-binding domain of the catalytically inactive

fusion molecule, one C-terminal to the DNA-bindine domain of the catalytically
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mactive fusion molecule, N-terminal {o the nickase domain and/or DNA-binding
domain of the catalvtically active fusion molecule, C-terminal 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 catalvtically active
fusion molecule, one W-terminal to the nickase domain and/or DN A-binding domamn
of the catalytically active fusion molecule, between the nickase domain and the DNA-
hinding domain of the catalytically active fusion molecule, etc.). Non-himiting
examples of configurations of one or more fusion molecules of the base-editing
compostlions are shown n the appended Figures and Examples. In some
embodiments, the UGL, cytidine and/or adenine deanminase domains are o
other members of the DNA-editing complex using linkers known in the art. One or
more polynucleotides encodine the base editors or componenis thereof are also
provided.

10023] In still further aspects, the DNA-editing complex comprises one or
more functional domains comprising at least one uracil DNA glycosylase inhibiior
{e.g. UGH domain. The, which UGT domain(s) is{are) incorporated mto the DNA-
editing coraplex 1n 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, amckase, a
UGH and/or a GAM protein. Tn 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 domainds) 1s/are linked to the other members of the
complex using the linkers described above and known in the art. In some
embodiments, a linker is used to link the uracil DNA glycosyiase 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.

10024] In some embodiments, the DN A-editing (base editing)} complex further
comprises a molecule 1o assist in opening a double-strand DNA helix. In some
embodiments, the molecule comprises an enzyme. In some embodiments, the enzyme
is a helicase (for example, Rec(y helicases (WRN, BLM, RecQL4 and Rec(S, (see
Mo, et al. (2018} Cancer Lett. 413:1-10), DNA2 (hia, ef al (2017) DNA Repair
{Amst). 59:9-19) and any other eukarvotic helicases including for example, FANCI,

XPD, XPB, RTELL, and PIF1 (Brosh (2013} Nor Rev Cane 13{8}:542-558)). In some

10
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embodiments, the enzyme is a bacterial and/or a viral helicase. Exemplary viral
helicases imclude those encoded by the Myvoviridae famly of viruses (for example
gpd41, Dda, UvsW, Gene ¢, and Ban); those encoded by the Podpviridae fanuly of
viruses (for example 4B); those encoded by the Siphoviridae, Baculoviridae,
Herpesviridae, Polyomaviridae, Palillomaviridae and Poxviridae families (for
example, G40P, p143, ULS, ULY. 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 Phorm Des
12¢113:1315-1338). In some embodimenis, the helicase enzyme is a bacterial enzyme.
Exemplary bacterial helicases include the P. aeruginosa SF4 DnaB-like helicase, or

10 the RecB and RecDd helicases that are part of the bacterial RecBCD coroplex in
bacteria such as & coli and H. pviori (Shadrick, ef al. (2013)J. Biomol Screen
18(73.761-781). In some embodimenis, engineered or evolved variants of multimeric
helicases are used which result in monomeric helicase activity (see e.g. Brendza, er al.
(2005) PNAS 102(29):10076-70081). In some embodiments, the molecule comprises

15 a CRISPR/Cas complex. In some embodiments, the CRISPR/Cas complex comprises
a guide RNA. In some ersbodiments, the complex comprises a Cas enzyme that 1s
catalvtically defective in 1ts nuclease domains. In some embodiments, the complex
comprises a Cas enzyme that is catalytically defective in one of its nuclease domains
{(for example anickase). In some embodiments, the Cas enzyme is defective in s

20 PAM recognition {Anders, ef al (2014} Nature 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 af. {2018) Science
361:1259-1262). In certain embodiments, the Cas base eduior as described herein

exhibits relaxed (expanded) PAM requiremenis as compared to the NGG PAM

W

sequence of SpCas9. In some embodiments, the molecule has helix-destabilizing

b2

properties. Exemplary helix-destabulizing molecules include ICP8 from herpes
simplex virus type I (Boebmer and Lehman (1993) J Virol 67(2).711-715), Puralpha
(Darbinian, ef @/ (20013 J Cell Biochem 80(4):589-05), and calf thymus DNA helix-
destabilizing protein (Kohwi-Shigematsu, ef al. (1978) Proc Nail Acad Sct USA

30 75(10).4639-93). In some embodiments, the molecule is involved in transcripiion
and/or D loop formatior/stabilization. Exerplary molecules of this class include
Rad51, Rad52, RPAL RPAZ and RPA3, Exol, BLM, and HMGB] and HMGRB2.
Gther proteins thal can be utilized mclude Bovin ROAT and . coli RecA or E. coli

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

i1
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Recl and Ree I domat m Cas9 or the Recll domain on ifs own, as well as any
other helix destabilizing region from Cas9. Other non-himiting examples of suitable
protein domains for use m the base editors described herein are shown in Table A
[3625] In some embodimenis, the molecule 1s a nucleic acid, including but not
himiled to ohgonucleotides, PNAs, LNAs, BNAs and the like. In some embodiments,
the nucleic acid is a DNA with homology to the region near the targeted editing. In
some embodiments, the nucleic acid i1s an RNA with homology to the region near the
targeted editing. In some embodiments, the RNA is modified. In some embodiments,
the fusion molecule comprises amino acid hnker sequences between one or more

10 domains of the fusion molecule. In some embodiments, the molecule(s) used to assist
in opening a double-strand DN A helix is/are linked to the other members of the DNA-
editing complex using the linkers described above. In some embodiments, the
molecule(s) used to assist in opening a double strand DNA helix 15 linked to the other
members of the DNA editing complex is identified using known methods.

15 [6026] In certain embodiments, the nucleic acid comprises a PNA, for
example a PNA comprising one or more O indicates 8-amino-2,6-dioxaoctanocic acid
linkers and/or one or more cytosmes () 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 PNA sequence. Tn cerlain embodiments, 1,2, 3, 4, S or

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

embodiments, two or more PNAS are usad in the base editor, for example in the same

or reverse orientation relative 1o each other. In certain embodiments, the one or more

PNAs comprise: N-Lys-Lys-Lys-NNNNNNNNNN-QOO-NNNNNNNNNN-Lys-

Lys-Lys-C; N-Lys-Lys-Lys-WNNNNNNNNN-OGO-NNNNNNNNNNNNNNN-Lys-

Lys-Lys-C: N-Lys-Lys-Ly s-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-

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

N-Lys-Lys-Lys-INNNNNNNNNNNNNNN-Lys-Lys-Lys-C (PNA #5), wherein O

b2
W

indicates 8~-amino-2, 6-dioxaoctanoic acid linkers and € indicates cvtosine, The Lys
resides on the N- and/or C-ierminals of the PNA sequence are optional and

30 pseudoisocytosine be can substituted for cytosine. See. also, Figures 8B (o 8E.
(00271 In other embodiments the base editor comprises one or more LNAs,
LNAs can include a stacking linker and 2°-glvcylamino-LNA for improved
performance {Geny, ef &f. (2016} Nucleic Acids Res. 44(5y:2007-2019. In cerain

embodiments, the LNA comprise one or more phosphorothioate bonds, optionally
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between one or more LNA restdues and/or DNA residues. In other embodiments, the
LNA comprises one or more Cholesterol-TEG, which may ncrease uptake into cells,
In certain erabodiments, the one or more LNAs comprise: 57~
MNoNnNoiNnNaNoNoNictctnNnNaNaNaNaNoNnNonNmNonNnnNn-3° (SEQ 1D
NGy 50-

NFE¥AFNnNoMNoNnNnNnNictci NoNaNnNaNn NoNo NinNmNmNon*N*n-3” (SEQ
HI NO:69); and/or 5°-
NnNnNoNaNnNoNnNicictnNaNaoNoNaNaNoNaNmniNanNnnNnnNn-Chol-TEG-3°
(SEQ ID NG:70), where LN A nucleotides are in uppercase; DNA nucleotides are in
lower case; “*” indicates phosphorothioate bounds; 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 increase editing efficiency, decrease off target base
editing, adjust the base editing window or alter the targeted type of nucleic acid base.
[0629] in some embodiments, functional domains as described herein are
mcluded 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 ¢ytidine and/or adenine deaminase and a UGH, while a second fusion
molecule comprises a nickase or half-nickase domaim. In some embodiments, one
fusion molecule comprises a catalytically mactive {dead) fokt domain fused 1o a
DNA binding domain fused to a deaminase domain, and the second fusion protein
comprises a half Fokl nickase protein, a DNA binding domain and a UGI domain. Tn
some ernbodiments, one fusion protein coruprises a catalvtically inactive (dead) Fokl
domain fused to a deaminase domain fused to a UGH domain while a second fusion
molecule comprises a functional nickase protein. In some embodiments, the one or
more fuston proteins disclosed herein are {used in any order of domains within the
fusion molecule that is operable. In some embodiments, the nickase domain is a Cas
nickase domain, and in some embodiments, the nickase domain is a TALEN nickase
domain. In some embodiments, ong or more of the funchional domains are hinked {0
one or more other members of the complex using the linkers described above. In
some embodiments, the one or more functional domains are linked to one or more
other members of the complex using linkers identified using the methods disclosed in

Paschon, ef al (2019} Nat Commun. 10:1133.
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0630} The base editor(s) described herein may be encoded by one or more
polynucleotides. The one or more polynuclectides may be carried on viral vectors
(AAV, Ad, etc.). non-~viral vectors {plasnud, mRNA, etc.) or combinations thereof In
certain embodiments, one polynucieotide includes all the components of the base
editor while in other emsbodiments, the components of the base editor are carried bv
two or more polyonucleotides {e.g., separate polvnuciectides carrying sphit enzymes
and/or ZFPs).
0631} in another aspect, described herein are methods of editing {¢.g., gene
editing) of a DNA molecule using one or more DNA-editing complexes as described

10 herein. The methods described introducing one or more DN A-editing complexes into
a cell such that the DNA molecule 1s edited. The cell may be 1solated or may be in
hving subject {e.g., via intravenous or other administration to the subject). In some
embodiments, the DNA molecule is a chromosome or an extrachromosomal episome
in acell. Insome embodiments, the chromosome or exirachromosomal episome

15 comprises a cyiidine base {“C™) that is deaminated 1o a uracii base (“U”) by the fusion
proiein disclosed herein. In some embodiments, the U is replaced with a thymidine
base (“T7) during DNA replication. In some embodiments, the chromosome or
extrachromosomal episome comprises an adenine base {“A”) that 1s deaminated to an
mosine (“T7) base by the fusion protein disclosed heretn. Tn some embodiments, the |

20 is replaced with a guanine base ("G”) during replication. In some ernbodiments, 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
dinuclectide is deamimaled into a U or an TU dinucleotide (Figure 1 for exemplary

svstems).

W

10032} In some embodiments, the nickase domain 1s derived from a Fnkl

DNA cleavage domain {see U.8. Patent Nos. 5,436,150; 8,703,489, 9,200,266, and

b2

9,631,186}, In some embodiments, the Fokl nickase comprises one or more mutations
as compared to a parental Fokl nickase. Mutations ag described herein, include but are
not limited to, mutations that change the charge of the cleavage domain, for example
30 mutations of postvely charged residues to non-positively charged residues (e.g.,
mutations of K and R vesidues {e. g, mutated to 8); N residues {e.g, to D), and Q
residues {e.z., to E), mutations to residues that are predicted to be close to the DNA
backbone based on molecular modeling and that show variation i Fokl homologs;

and/or mutations at other residues {e.g., U.S. Palent No. 8,623,618 and Guo, ef o/,
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(2010) J. Mol Biol 4006{13:96-107). Nickases can be ZFN nickases, TALEN nickases
and CRISPR/Cas systems such as Cas nickases.
[0033] in some embodiments, the base editors comprise DNA-binding
domains {e.g., engineered nickase domains} comprising cleavage domains that are
derived from Fokl or Fokl homologues and comprise a mutation in one or more of
amino acid residues 416, 418, 422, 447, 448, 476, 479, 481 and/or 5323, nummbered
relative to the wild-type full length /o4 as shown in SEQ [ NO:3, or corresponding
residues i Fokd homologues. In some embodiments, the cleavage half domains
derived from Fokl comprises a mutation n one or more of amino acid residues 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, 448, 472, 473, 476,
478, 479, 480, 481, 487, 495, 497, 506, 516, 523, 525, 527, 529, 334, 559, 569, 570,
and/or 571, The mutations may include mutations fo residues found in natural
restriction enzy mes homologous to Fokl at the corresponding positions. In some

15 embodimenis, the mutations are substitutions, for example substitution of the wild-
ty pe residue with any different amino acid, for example alanine {A), cvsteine (C),
aspartic acid (D), glutanuc acid (£}, histidine (H), pheoylalanine (F), glycine (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 523 (numbered relative to wild-type, SEQ 1D NO:5). The nuclease domains
may also comprise one or more nmHations 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. Palent 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, 321, 523, 526, 530, 536, 540,

b2
W

545,573 and/or 574, In certain embodiments, the variant cleavage domains
described herem imclude mudations to the residues mvolved 1o nuclease dimerization
{(dimerization domain mutations}, and one or more additional mutations; for example
to phosphate coniact residuss; e.g. dimenzation mutants {such as ELD, KKR, ELE,
30 KKS, etc.) in combination with ong, two, three, four, five, six or more mutations at
amino acid positions outside of the dimerization domain, for example in anuno 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 acid with an uncharged or a negatively

[
(i
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charged amino acid. In other embodiments, mutations at positions 446, 472 and/or
478 (and optionally additional residues for example in the dimerization or catalvtic
domains} are made. In some embodiments, the mutations comprise 1479(3 and/or
(3481 A mutations.
[0034] In some embodiments, the engineered cleavage half domain comprises
mutations m the dimerization domain, for example, amino acid residues 490, 337,
538, 499, 496 and 486 in addition 1o the mutations 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 {Q) residue at

10 posttion 486 is replaced with a Ghu (E) residue, the wild-type Tle (I} residue at position
499 is replaced with a Leu (L) residue and the wild-type Asn (N} residue at position
496 15 replaced with an Asp (D) or a Ghu (E) residue ("ELD” or “ELE”) in addition {0
one or more mutations described herein. Tn some embodiments, the engineered
nickase half domains are dertved from a wild-tvpe 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 Fokl (SEQ 1D NO:3) 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 engineered
nickase half~domain comprises a polypeptide in which the wild-type Glu (E) residue

20 at position 490 15 replaced with a Lys (K) residue, the wild-type He (1) residue at
position 538 1s replaced with a Lys (K) residue. and the wild-type His {H) residue at
posttion 537 is replaced with a Lys (K) residue or an Arg (R) residue ("KKK” or
“KEKR7) (see UK. Palent No. 8,962,281, mcorporated by reference herein) in addition
to one or more mutations described herein {see U.S. Patent Publication No.

2018/0087072}.

b2
W

[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 zine finger binding domain, ZFP). In
some embodiments, the one or more of the zinc fingers are inked together using
linkers identified using the methods disclosed in Paschon, ef af., 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 catalvtically inactive Cas or Cpfl {(also known as CasliZa}
protein (for example dCas9 or dCptl). 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
specificity. In some embodiments, the ZFP-dCas protein is not dependent on PAM
recognition to specifically bind to a DNA sequence. In some ernbodiments, the DNA
binding domain comprises a TALE fused to a dCas protein. In some embodiments,
the TALE-dCas fusion protein comprises mutations to alter the PAM specificity. In
some embodiments, the TALE-dCas protein 1s not dependent on PAM recoguition to
specifically bind to a DNA sequence. In any of the above embodiments, the linkers
used 1o link the DNA binding domain (for example, ZFP, TALE or guide RNA and
Cas systemy) to the engineered Fokl or homologue thereot are identified using the
methods known in the art. See, e.g., Paschon, er al. (2019) Nat Compmun. 10:1133,
106336} in some embodiments, the DNA-editing complex edits specific DNA
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 s 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:( base pair
1o a G:C base pair. In some embodiments, the editing results in a change froma AT
base pair to a :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. In some embodiments, the editing is
done in a sequence encoding a splicing sequence (for example, a U2 splice sequence
wherein a 5° consensus sequence s G T A/G A/C/T G T/G/A/C A/GT/IC (T/IC/IG/AR
(SEQ D NG 73) and the 37 consensus sequence 18 {T/Che T/C/A/G C/T A G (SEQ
D NO:74); and a U2 splice sequence wherein a 57 consensus sequence is GAT A
TCTT/C and a3 consensus sequence is (T/G/A/Gr T/A/C/G(FV/C/A/IGR C/T A
G/C, see Turunen, ef af. {2013} Wiley Interdiscip Rev RNA. 4(1}:61-76). In some
embodiments, a new splicing sequence 1s created. In some embodiments, a splicing
sequence is altered such that 1t no longer fimctions as a splicing sequence. In some
embodiments, alteration of a splicing sequence causes exon skipping. In some
embodiments, a sequence 1s allered such that a rare codon in created. In some

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

-
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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 mclude editing of JAKZ such
that the V61 7F version is no longer expressed (thereby reducing activation of this
gene which leads to uncontrolled blood celi production); base editing 1o knock out or
repress other cancer genes such as BCR/ABL; base editing of AIAT; and the hike.
Exemplarv 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.

06371 In some embodiments, the base editing complexes as disclosed herein
act on RNA molecules. In some embodimenis, the base edifors uttlize an RNA-
specific deaminase such as ADAR2 (adenosine deaminase acting on RNA tvpe 2) (see
Cox, ef af. (2017 Science 358(63663:1019-1027).

[3038] Also disclosed herein are cells comprising any of the compositions
{base-editing compositions and/or one or more polvnucleotides encoding these
compositions} as well as cells descended from these cells that have been modified by
the methods and compositions disclosed herein. In some embodiments, the cell i3 a
bacterial cell or a eukarvotic cell. In sorme 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 necessanily
comprise the base editor complex of the disclosure more than transiently, but the
genomic modifications mediated by such base editor complexes remain.

[0639] in vet another aspect, methods for largeted editing of cellular
chromatin 1 a region of nterest; methods of treating infection; and/or methods of
treating disease are disclosed herein. These methods maybe practiced in vitro, ex vivo
or in vivo or a combination thereof. The methods involve editing celtular chromatin at
a predetermined region of inferest 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 {argeted editing of the on-
target stie is found in 3%, 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 lings, cells in an organism, cells that have been removed from an

18
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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 celiular
chromatin can be, for example, a genomic sequence or portion thereof,

[6041] A fusion molecule can be expressed in a cell, e.g., by delivering the
fusion molecuie 1o 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 transiated, (o generate the fusion molecule. Further, if the

10 polynucleotide is an mRNA encoding the fusion molecule, following delivery of the
mRNA to the cell, the mRNA is translated, thus generating the fusion molecule.
00421 In other aspecis of the invention are provided methods and
compositions for increasing base editing specificity. In some embodiments, methods
are provided for increasing overall on-target editing specificity by decreasing off-

1§ target editing activity. In some embodiments, methods are provided for decreasing
mdel formation associaled with base editing. Tn some embodiments, the enginesred
nickase components (nickase partoners, for exarople a catalvtically inactive ZFN
partner and a catalytically active ZFN partner that form a ZFN nickase)} of an
engineered base ediling complex are used to contact a cell, where each mickase pariner

20 of the complex is given in a ratio 1o the other partner other than one to one. In some
embodiments, the ratio of the two parinersis givenata 1:2, 1:3, 1:4, 1:5, 1.6, 1.8, 1.9,
1:10 or 1:20 ratio, or any value therebetween. 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 raRNA or 1s delivered 1 a viral or non-viral vector where different quantities of

W

mRNA or vector encoding each partner are delivered.  In further embodiments, each

b2

partner 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 g higher or
fower 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

30 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 37 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:€, 1:9, 1110 or 1.20
ratio, or any vahue therebetween. In other embodiments, the two partners are
deploved at a ratio that 1s chosen to be different from 1:1.
[3043] In another aspect, described herein is a population of cells produced
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 sull
further embodiments, the ediled cells exhubit few or no off-target edits (unintended

10 edits anywhere in the genome) and/or bystander {editing events in close proximuty, for
example 1-20 (or any valoe therebetween) nucleotides on either side of the intended
target base, for example within the protospacer region of Cas9) mutations. Isolated
populations of base edited celis as described herein can be used for ex vive treatment
of disease in a subject and/or can be further manipulated ex vivo (2. g., via further

15 rounds of base editing as described herein) prior to use as an ex vive treatment. In
addition, base editing can be conducted in vive such that the disease or condition s
treated in the subject following correction of the disease-related mutations in vivo.
[3044] 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 deanunases (for exaraple A specific or
C specific), a UGH domain, a helicase, and a GAM domain. In another aspect,
described herein 1s a kit compnising a base editing complex as described herein or one
or more polynucleotide{s) encoding one or more base editing complex proteins as

described heren; ancillary reagents; and optionally instructions and suitable

25 contamers.
[3045] These and other aspects will be readily apparent to the skilled arlisan in
hight of disclosure as a whole.
BRIEF DESCRIPTION OF THE DRAWINGS
30 [0846] Figures 1A through 1D are schematics depicting exemplary DNA-

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

molecule (indicated by the scissors), also comprising a DNA-binding domain {e.g.,
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ZFP, TALE, sgRNA). The catalytically active and inactive fusion molecules dimerize
upon binding of the DN A-bindimg domains to their respective larget sites and,
tollowing binding, edit the target DNA {e.g.. base editing). Figure | A also shows
complexes comprising two UGI domains. Figure 1B shows further exemplary Cas®
and Cas9-free systems for base editing. The top panel shows g base editor that
functions via dimenization of the components of any adenosine or cyiosine deaminase
domains. The bottom panel of Figure 18 shows vanous embodiments of ABE and
{BE base editors as described hergin. Figure 1C shows another embodiment of a
base editor as described herein comprising a Cas9 DNA desiabilizing molecule (e g,

10 RNA programmable systern comprising dCas? 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 1s 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 57 1o the Cas9 nickase. Figure 1D shows further Cas9-free (also
referred to as non-Cas9) base editing systems. The triangle indicates where nicking
oceurs and “PNA” refers {0 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 ohigonucleotides, RNA oligonucleotides, peptide nucleic acids (PNAs), locked
nucleic acids (LLNAs) and/or bridged nucleic acids (BN As}) can provide a single
stranded DNA substrate for base editors at the target site.

006471 Figure 2 13 a schemalic showing DNA {argeted by an exemplary

adenine base edutor. The drawing shows the DNA sequence near the ATAT Z

W

nutation with a wildtype mRNA protospacer and PAM aligned on top (SEQ 1D

b2

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 targel for base editing (also
referred to as the base editing window) is tvpically 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:773.
{0048} 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 middie panel shows an

exemplary ABE that uses two E. coli tRNA-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 2017y Nature SS1(7681).464-471}). The TadA domains are attached to each
other and to the $PCasY sequence using the hnker shown (SEQ 1D NG:2). The
SpCas9 used 1s a VRVRFRR variant with a known relaxed PAM requirement {see
Nishimasu, ef al. {2018} Science 361:1259-1262). The Cas9 sequence 1s 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 deanvinase domain; “7.87 7.9
“7.107 and “MAX” refer to evolved (engineered) adenine deaminase domains as
described in Gaudelli, er af. (2017} Nature 5351{76811464-471) and Koblan, ef o/,
(2018) Nat Biotechnol. 36(9).843-846; “SpCas9 [PAMs: NGG]” refers to Cas9 from
Streptococcus pvogenes as described in Jinek, ef of. (2012) Science 337(60963.816-

15 21 "SpX{as9-3.7 [PAMSs: NGN, GAA & GAT|” refers to a Splas9 variant with
broad PAM compatibility as described in Hu, ef /. (2018) Nature 556(7699).57-63;
“SpCas9-NG [PAMs: NGN; NAN in vitro]” refers 1o a SpCas9 variant with relaxed

AM requirements as describad in Nishimasu, ef o/ (2018) Science 361{6408):1259-
1262; “ScCas9 [PAMs: TGT, ... ] refers to a SpCas9 ortholog with mimimal PAM

20 specificity as described in Chatterjee, ef al. (2018) Soi Adv 4(10).eaan0766. dot:
10.1126/sc1adv.aaud766; “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 1o a ZFP having more than 6 [ingers; “ZFP RQ 7 and (... )
refers to modified ZFPs as described in Miller, er al. (2019} Nature RBiotechnology

37(8):945-952

b2
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00491 Figure 415 a schematic depicting adenine bases that hie w  n the
editing window {(SEQ 1D NO:4) that are analvzed for targeting by the adenine base
editor.
[0050] Figures 54 through 5F are schematics depict exemplary cytidine base
30 editor construct. Figures 3A and 5B show base editor constructs comprising
sequences encoding two UGH proteins hinked to a ZFP DNA binding domain, further
linked to sequences encoding either the APOBEC1 (Figure 5A) or AlD {(Figure 5B}
cyvtidine 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 SB. Figures 5E and 3F depict two constructs that utilize
sequences encoding a Fokl nickase. These constructs can be used as a pair where the
sequences encoding the cytidine base editor are linked to a ZFP DNA binding domain
which is then linked to a Foll catalytically inactive nuclease domain. The second
construct (Figure SF) comprises sequences encoding bwo UGH domains linked to a
ZFP DNA binding domain which is linked to sequences encoding a catalvucally
active Fokl nuclease domain. The pair may be constructed in any manner to make an
active base editor wherein the active and inactive Fotl domains may be on either of
the two partner consiructs, and the UGH sequences and the ¢viidine base editor

10 sequence can be on either partner.
[30651] Figures 6A and 6B depict two exemplary adenine base editors. Figure
6A 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
68, in some variations, the construct further comprises a catalvtically inactive Fokl

15 domain.
[0052] Figures 7A through 7C illusirate base editing of the JAK2 VOITF
target. Figure 7A shows the wildtype DNA double stranded sequence on the left
(SEQ ID NG:30) with the encoded valine {V) indicated on top. The middie sequence
shows the mutated DNA double strand sequence (SEQ ID NG:31) where the mulant

20 phenvialanine (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 n
bold with the changes to either a serine (5) or a proline {P) at the top. Figure 7B
shows the DNA sequence (SEQ 1D NG:34) surrounding the JAK2 V617F mutation,

with the two closest PAM sites indicated. Figure 7B discloses the protein sequence

W

as SEQ 1D NO:79. Figure 7C shows exemplary results with the indicated base editors

b2

in K562 cells without the V61 7F mutation. Other AT pairs within the base editing
window were used to evaluate the activity of the lested base editors. ABEmax-
Cas9NG indicates a CasING nickase fused 1o ABEmax. ABEmax-Cas® was anchored
with 7 different ZFPs (shown are ZFP 2, ZFP 4, ZFP 6 and ZFP 7). Figure 7C shows
30 the results for three different PAM sites {AAT, TAA, AAA; see Figure 7B} on the
left. Here, both the ABEmax expression constructs as well as the corresponding
seRNAs 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 site). The base editors
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for the AAT and TAA PAM sites were also tested al a higher dose {800 ng plasimd
DNA) and show similar results. ZFP 6 results in approx. 2.5% higher activity for the
AAT PAM site and ZFP 2 resulis in approximately 17x higher activity for the TAA
AM site.
[0053] Figures 8A through 86 are schemalics 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 (BN As) used {o provide a single stranded DNA substrate for base editors at the
target site as shown in Figure 1D). Figure 8A depicts the targeted base {0 be ediled
10 ("X7) before (left side) and atter (right side) contact with the nucleotide~-contamin
ingle stranded substrate of the base editor. Figure 8B depicis an exemplary PNA
(PMA#1) for use in a base editor as described herein, the PNA having the structure;
N-Lys-Lys-Lys-NNNNNNNNNN-OOO-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-OOO-
NNNNNNNNNNNNNNN-Lys-Lys-Lys-C. Figure 8D depicts an exemplary
embodiment in which the base editor comprises 2 PNAs (PNA #3 having the structure
N-Lys-Lys-Ly s-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C and PNA
#4 having the structure N-Lys-Lys-Lys-NNNNNNNNNN-QOO-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
mdicates 8-amino-~2,6-dioxaocianoic acid linkers and € indicates cytosine. The Lys

resides on the N- and/or C~terminals of the PNA sequence are optional and

W

pseudoisocytosine be can substituted for cytosine. Figures 8F and &G depict

b2

exemplary embodiments of a base editor comprising an LNA. Figure 8F shows an
exemplary LNA (LNA#D) (SEQ 1D NO:80). Exemplary LNA#1 sequences mclude
LNA#la 5
NoNaNaNaNnNaNnNtctctinNnNonNaNaNaNoNoNanNnnNmNnnNn-3" (SEQ D
30 NGO LNA#Ib:  5°-
NFEpFNnNaNnNaNnNoNtetetmNnNaNoNaNnNaNnNon NonNoo N *N¥n-37 (SEQ
D NO:69); and LNA#lc: 5
MNeNnNoiNnNaNoNoNictctinNnNaNaNnNoNaNoNoaNonNnnNnnNn-Chol-TEG-3°

(SEQ 1D 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 -NoNoNnNaNnicictNoNnNnNaNp-3° (SEQ ID NG:71) and LNA#3;
S-NoNoNnNnNntctctNoNnNnNnNn-3” (SEQ 1D NG:72)). In Figures 8F and 8G,
LNA nucleotides are in uppercase; DNA nucleotides are i lower case; ™ indicates
phosphorothioate bonds; and “Chol-TEG” indicates 37 Cholesterol-TEG for increased

uptake into cells,

DETALED DESCRIPTION

[0054] Artificial nucleases, such as engineered 7inc finger nucleases (ZFN),
transcription-activator like effector nucleases (TALENS), the CRISPR/Cas svstem
with an engineered crRINA/iracr 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 mampulation {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
non-homologous end joiring (NHEDY) or, in the presence of a substrate DNA wuh
homology to the regions flanking the cut site, bv insertion of the substrate DNA
through homology-directed repair (HDR). Both of these processes start with a double
sirand break (DSB) in the DNA.

[3055] Described heremn are composttions {svstems) and methods tor 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
involved site-specific modification of the DNA base along with manipulation of the
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. Nexd, 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
editing enzyme catalytic polypeplide-like famuly proteins (APOBECs) are cvtidine
deaminases critical to antibody diversification and mnate iromunity against
retroviruses. These enzymes convert cytidines {(C) to uracils () in DNA. If DNA

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

PCT/US2019/047172
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), leading to a C:G to T: A base pair conversion {(Yang, ef al. (2016) Nat
Conpmun doi 10.1038/mcommis13330) so the system can be used to generate Cto T
point mutations.
[3056] Any of the base editors as described herein can be used for targeted
base editing for any use, including bul not limited to gene knockoul (e g, alteration of
a base to produce a stop codon in place of a regular codon; alteration of abase in a
splice acceptor site); introduction of mutations in control {promoter) regions of a gene
to activaie 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.
66571 The base editors of the present invention provide unexpectedly
superior editing efficiencies and/or specificity as compared currently used based

editors.

General

[B058] Practice of the methods, as well as preparation and use of the

compositions disclosed herein employ, uniess otherwise indicated, conventional

techmques i 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 er al , 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,

b2
W

Wassarman and A, P. Wolffe, eds.), Academic Press, San Erego, 1999, and
30 METHODS IN MOLECULAR BIOLOGY Vol 119, “Chromatin Protlocols” (P.B.

Becker, ed.) Humana Press, Totowa, 1999.
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Definitions
[B059] The terms “nucleic acid,” “polynuclectide,” and “oligonucleotide” are used
interchangeably and refer to a deoxyribonucleotide or nibonwucleotide polymer, in linear or
circular conformation, and in either single- or double-stranded form. For the purposes of
the present disclosure, these lerms are not (o be consirued as limiting with respect (o 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. 2.,
phosphorothioate backbones). In general, an analogue of a particular nucleotide has the
same base-pairing specificity; i.e., an analogue of A will base-pair with T,
[3060] The terms “polypeptide,” “peptide,” and “protein” are used interchangeably
o refer to a polymer 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 naturallv-occurring anuno acids.
10061] “Binding” refers 1o a sequence-specific, non-covalent interaction
between macromolecules (e.g., between a protein and a nucleic acid). Not all
components of a binding mteraction need be sequence-specific {e.g., contacis with
phosphate residues in a DNA backbone), as long as the interaction as a whole s
sequence-specific. Such interactions are generally characterized by a dissociation
constant (Ka) of 10°° M or lower. “Affinity” refers (o the sirength of binding:
mcreased binding affinity being correlated with a lower Ka. “Non-specific binding”
refers to. non-covalent interactions that occur between any molecule of interest {e.g.
an engineered nuclease} and a macromolecule {e.g. DNA) that are not dependent on-
targel sequence.
(0062} A “binding protemn” is a protein that is able to bind non-covalently to
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 (1o
form homodimers, homotrimers, efc.} and/or 1t can bind to one or more molecules of a
different protein or proteins. A binding protein can have more than one type of binding
activity. For example, zinc finger proteins have DNA-binding, RNA-binding and protein-
binding activity. In the case of an RNA-guided nuclease svstem, the RNA guide 15
heterologous to the nuclease component (Cas9 or Cfpl) and both may be engineered.
[0063] A “DNA binding molecule™ is a molecule that can bind 1o DNA. Such

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

b2
~2
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larger protein or a polynucleotide. In some embodiments, the polvnucieotide is DNA,
while in other embodiments, the polyvnucleotide 1s RNA. In some embodiments, the BNA
binding roolecule is a protein domain of a nuclease {e.g. the Fokl dorsain). while in other
embodiments, the DNA binding molecule is a guide RNA component of an RNA-guided
nuclease (e.g. Cas? or Cpf1). DNA-binding molecules can comprise a protein, or a domam
within a larger protein, that binds DNA 10 a sequence-specific manner, for example
through one 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 system and/or DNA-
binding domains 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 bindin - o 1 saprotem, ora
doroain within a larger protein, 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 s stabilized through coordination of a zinc ton. The term zinc finger
DNA binding protein is often abbreviated as zinc 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

mvolved in binding of the TALE {0 1ts cognate target DNA sequence. A single

“repeat umit” (also referred to as a “‘repeat”) is typically 33-35 anuno acids in length

and exhibits at least some sequence homology with other TALF 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] DNA-binding domains can be “engineered” to 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 bv
engineering of the amino acids involved in DNA binding (the “repeat variable

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

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

methods for engineering zine finger proteins and TALEs are design and selection. A
designed protein is a protein not occurring in nature whose design/coraposition resulis
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 Nos. W 98/53038; W( 98/53059;

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

36671 A “selected” zinc finger proiein, TALFE protein or CRISPR/Cas system
is not found in nature whose production results primantly from an empirical process
such as phage display, interaction trap, rational design or hybrid selection. Seee g,
U.S. Patent Nos. 5.7%9,538: 5,925.523: 6,007 988: 6.013.453; and 6,200.759: and
International Patent Publication Nos. W 95/19431; WO 96/06166;, W 98/53057,
WO 98/54311; WO 00/27878;, WO 01/60070;, WO 01/88197; and W 02/099084.

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

15 cleavage by a TtAgo enzyme.

[0069] “Cleavage” refers to the breakage of the covalent backbone of a DNA
molecule. Cleavage can be initiated by a variety of methods including, but not himitec
o, enzvmatic 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 distinct single-stranded cleavage events. DNA cleavage
can result in the production of either blunt ends or staggered ends. In certain
embodiments, fusion polypeptides are used for targeted double-stranded DNA
cleavage.

{0078} A “cleavage half~domain” is a po ypeptide sequence which, 1

W

conjunction with a second polypeptide {etther identical or different) forms a complex

b2

having cleavage activity (preferably double-sirand cleavage activity). The terms “first

39 G4

and second cleavage half~domains,” “+ and — cleavage half~domains™ and “right and
left 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-domain.” The term “Fokl cleavage domain™ includes the Fokl
sequence as shown in SEQ 1D NO:5 as well as any #okf homologues.
[0071] An “engineered cleavage half-domain™ is a cleavage half-domain that
has been modified so as to form obligate heterodimers with another cleavage half-

domoain (e g., another engineered cleavage half-domain).
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0672} The term “editing” as used herein refers 1o a process wherein a
nucleotide base 1s modified as compared {o the mtial {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
cytidine deaminases remove an amino group from their respective nucleotide targets,
converting ther into nosine and uridine respectively. During DNA repair or
replication, inosine s recognized as guanine and uridine is recognized as thyvmine by
polymerase enzy mes, resulting in conversion of an AT base pair inio a G:C base pair,
or C:{s 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 editin v
the base editors as described herein may be any distance from any component of the
editing system, typically within a region that 1s accessible following binding of at
least one component of the base editing svstem to the target DNA. Base editors
requiring a PAM sequence (e.g., CasY-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 limmted to gene knockout {e g,
alieration of a base 1o produce a stop codon in place of a regular codon; alteration of a
base 10 a splice acceptor site); introduction 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
targeted changes made by base editors (but no longer comprising the base editors
themselves).

{0073} The term “sequence” refers to a nucleotide sequence of any length,

W

which can be DNA or RNA; can be linear, circular or branched and can be either

b2

single-stranded or double stranded. The term “transgene” refers {o a nucleotide
sequence that is inserted into 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 100,600 nucieotides
30 inlength (or any mteger 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).
[0074] A “chromosome” is a chromatin complex comprising all or a portion

of the genome of a cell. The genome of a cell 1s often characterized by iis 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.

[0075] An “episome” is a replicating nucleic acid, nucleoprotein complex or
other structure comprising a nucleic acid that is not part of the chromosomal
karvotype of a cell. Examiples of episomes include plasmids, mianicircles and certain
viral genomes. The hiver specific constructs described herein may be episomally
maintained or, alternatively, may be stably integrated into the cell.

(0676} An “exogenous” molecide is a molecule that is not normally present in
a cell, but can be wniroduced into a cell by one or more genetic, biochemical or other
methods. “Normal presence in the cell” is determuned with respect to the particular
developmental stage and environmental conditions of the cell. Thus, for example, a
molecule that is present only during embrvorie development of ruscle is an
exogenous molecule with respect to an adult rouscle cell. Sirmlarly, a roolecule
induced by heat shock is an exogenous molecule with respect 10 a non-heat-shocked
cell. An exogenous molecule can comprise, for example, a functioning version of a
matfunctioning endogenous molecule or a malfunctioning version of a normally-
functioning endogenous molecule.

{66771 An exogenous molecule can be, among other things, a small molecule,
such as is generated by a combinatorial chenustry process, or a macromolecule such
as a protein, nucleic acid, carbohydrate, lipid, glycoprotein, hipoprotein,
polvsaccharide, anyv modified derivative of the above molecules, or any complex
comprising one or more of the above molecules. Nucleic acids include DNA and
RNA, can be single~ or double-stranded; can be hinear, branched or circudar, and can
be of anv length. Nucleic acids inciude 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,
franseription factors, chromatin remodeling factors, methylated DNA binding
proteins, polymerases, methylases, demethylases, acetviases, deacetylases, kinases,
phosphatases, ligases, denbiquitinases, integrases, recombinases, ligases,
topoisomerases, gyrases and helicases.

[B078] An exogenous molecule can be the same type of molecule as an
endogenous molecule, e.g . an exogenous protein or nucleic acid. For example, an
exogenous nucleic acid can comprise an infecting viral genome, a plasmid or episome

miroduced into a cell, or a chromosome that 1s not normally present in the cell.

31
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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 Himited to, lipid-mediated transfer (i e,
liposoroes, including neutral and cationic lipids), eleciroporation, direct injection, cell
fuston, 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 invio a cell line originally derived from a mouse or hamster,
Meithods for the introduction of expgenous molecules inte plant cells are known (o

10 those of skill in the art and include, but are not imited to, protoplast wransformation,
silicon carbide (e.g., WHISKERS™), 4grobacterium-mediated transformation, hipid-
mediated transfer (i.e.. liposomes, including neutral and cationic Hipids),
electroporation, direct ijection, cell fusion, particle bombardment (e. g , using a “gene
gun 3, calcium phosphate co-precipitation, DEAE-dextran-mediated transfer and viral

15 vector-mediated transfer.
{30791 By contrast, an “endogenous” molecule 15 one that is normally present
n 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 milochondrion, chloroplast or other organelle, or a naturally-

20 occurring episomal nucleic acid.  Additional endogenous molecules can include
proteins, for example, transcription factors and enzymes.
{0080} As used herein, the term “product of an exogenous nucleic acid”
mcludes both polynuclestide and polypeptide products, for example, iranscription

products {polynucleotides such as RNA) and translation products (polvpeptides).

W

0081] A “fusion” molecule 15 a molecule in which two or more subunit

b2

molecules are linked, preferably covalently. The subumit molecules can be the same
chemical type of molecule, or can be different chemucal types of molecules.
Fxamples of fusion molecules include, but are not limited to, fusion proteins {for
example, a fusion between a protein DNA-binding domain and a cleavage domainj},
30 fusions between a polynucieotide DN A-binding domain {e.g.. sgRNA) operatively
associated with a cleavage domain, and fusion nucleic acids (for example, a nucleic
acid encoding the fusion protein).
[3082] Expression of a fusion protein in a cell can result from delivery of the

fusion pro o the cell or by delivery of a polynuclectide encodine the fusion
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protein to a cell, wherein the polvmucleotide is transertbed, and the transcript 13
transiated, (o generate the {usion prolein. Trans-sphicing, polypeptide cleavage and
polypeptide higation can also be involved in expression of a protein in a cell. Methods
for polvmucleotide and polypeptide delivery to cells are presented elsewhere in this
disclosure.
(60831 A “split enzyme” 15 an enzyme that has been split into two or more
inactive polypeptide chains and then reassembled into an operable enzyme. The
assembly of the split enzyme into an active protein often is driven by proximity where
each inactive polypeptide chain 15 fused to other molecules that are capable of

10 bringing the inactive 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 coramon ligand, such that the jnteraction causes the assernbly 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,
[0084] A “gene” for the purposes of the present disclosure, includes a DNA
region encoding a gene product (see infra), as well as all DNA regions which regulate
the production of the gene product, whether or not such regulatory sequences are
adjacent to coding and/or transcribed sequences. Accordingly, a gene includes, but 15

20 notnecessarily lirnited to, promoter sequences, ternunators, translational regulatory
seqguences such as ribosome binding sites and internal ribosome entry sites, enhancers,
stiencers, insulators, boundary elements, replication origins, matrix attachment siles
and locus control regions.

[B085] “(ene expression” refers to the conversion of the information

W

contained In g gene, into a gene product. A gene product can be the direct

b2

transeriptional product of a gene (e.g., mRNA, tRNA, rRNA, antisense RNA,
ribozyme, siructural RN A or any other type of RNA) or a protein produced by
transiation 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, phosphorvlation, ubiquitination,
ADP-ribosylation, nvristilation, and glveosylation.
[0086] “Modulation” of gene expression refers to a change in the activity of a
gene. Modulation of expression can include, but is not limited to, gene activation and

gene repression. Genome editing {e. g, cleavage, alleration, inactivation, random
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mutation) can be used to modulate expression. Gene inactivation refers to any
reduction in gene expression as compared 1o a cell that does not include a ZFP, TALE

or CRISPR/Cas svstem as described herein. Thus, gene tnactivation roay be partial or

complete.
[GG87] A “region of interest” 1s any region of cellular chromatin, such as, for

example, a gene or a non-coding sequence within or adjacent to a gene, in which it 1s
desirable to bind an exogenous molecule. Binding can be for the purposes of targeted
DNA cleavage and/or targeted recombination. A region of interest can be presentin a
chromosore, an episome, an organellar genome (e.g., mutochondrial, chloroplast), or
10 an infecting viral genome, for example. A region of mterest can be within the coding
region of a gene, within transcribed non-coding regions such as, for example, leader
sequences, traller sequences ot introns, or within non-transcribed regions, either
upstream or downstream of the coding region. A region of interest 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.
[B088] “Eukaryotic” cells inchude, but are not limited to, fungal cells (such as
veast), plant cells, animal cells, marmmalian cells and human cells (e.g, T-cells),
including stem cells (pluripotent and multipotent).
[0089] The terms “operative linkage” and “operatively linked” {or “operably
20 hnked”) are used interchangeably with reference to 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 ai least one of the other

components. By way of illustration, a transcriptional regulatory sequence, such as a

W

promoter, is operatively linked to a coding sequence if the transcriptional regulatory

b2

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 direcily adjacent {o it. For example, an enhanceris a

30 transcriptional regulatory sequence that i1s operatively hnked 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 1s not identical to the full-length

protein, polypeptide or nucleic acid, vet retains the sarse function as the full-length
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protemn, polypeptide 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 or more amino acid or nucleotide substitutions. Methods for deternining
the function of a nucleic acid or protein {e.g , coding function, ability {o hybridize 1o
another nucleic acid, enzymatic activity assays) are well-known in the art.

[6091] A polyvnucleotide “vector” or “construct” 15 capable of transferring

93 wg

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

b

“expression construct,” “expression cassette,” and “gene transfer vector” mean any
nucleic 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 veciors.
00921 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 {o
which the expression cassettes of the invention can be adminmstered. Subjecis of the
present mvention include those with a disorder.
[3693] The terms “treating” and “treatment” as used herein refer {o reduction
i severity and/or frequency of symptoms, elimination of symptoms and/or underlving

20 cause, prevention of the occurrence of symptoms and/or their underlying 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
compostiions and methods described herein,

(0094} “Chromatin™ 15 the nucleoprotein structure comprising the cellular

W

genome. Cellular chromatin comprises nucleic acid, primarily DINA, and protain,

b2

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 130 base pairs of DNA associated with an
octamer comprising two each of histones HZA, H2B, H3 and H4, and linker DNA {(of
30 variable length depending on the organism) estends between nucleosorne cores. A
malecule of lustone HI s generally associated with the linker DNA. For the purposes
of the present disclosure, the term “chromatin” is meant to encompass all types of
celiular nucleoprotein, both prokarvotic and eukarvotic. Cellular chromatin inclhudes

both chromosomal and episomal chromatin,

G2
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[0095] An “accessible region™ is a site in cellular chromatin in which a target
stie present in the nocleic acid can be bound by an exogenous molecule which
recognizes the target site. Without wishing to be bound by any particular theory, it 1s
believed that an accessible region is one that is not packaged into a nucleosomal
structure. The distingt structure of an accessible region can ofien be delected by it
sensitivity to chernical and enzymatic probes, for example, nucleases.

10096] 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’ -GAATT(C-37 15
a taroet site for the Eco RI restriction endonuclease. An “intended” or “on-target”
sequence is 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 is not the intended target.

166971 The terms “DNA destabilizing molecule” and “DNA unwinding
molecule”™ are used interchangeably 1o refer to any molecule (e.g., protein, nucleotide,
small molecule, etc.) that ard in increasing the accessibility of {e.g., by exposing) the
base targeted by the base editor. The term includes, but is not limited to, nickases,
oligonuclectides {LNAs, PNAs, BNAs, etc.), RNA-programmable systems {(e.g., Cas

proteins operably linked to sgRNAg), and other proteins (e g, Table A},

Base Editors
13098] 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 rehiant on the DNA repair pathway preference
to the target cell. Furthermore, because there is no double-stranded break made in the
target DMNA, there are no free DNA ends and, accordingly, no translocations.
[6699] 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 10 a 3.C pair. These base editors can be used for inactivation
{gene knock out) for example by tuming regular codons into stop codons {(e.g., using a
cytosine base editory and/or by mutating splice acceptor sites using either cyiosme or
adenine base editors. In addition, base editors as described herein can be used for

altering control {e.g., promoter regions) of a gene o activate or repress expression of
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the gene. Furthermore, base editing can be used to correct mutations, particuiarly
disease~-causing mulations.
[0100] Subsequent to the development of the first APOBEC-dCas9 base
editors, a second base editor calied BE2 was developed in which uracil DNA
glveosylase (UGH was added. Base excision repair is the cell’s primary response to
G:U mismatches and 1s imitiated by excision of the uraci] by uraci N-glvcosylase
(UNG). In an effort to protect the edited G intermediate from excision by UNG. a
83-amino acid wracil glycosviase inhibttor (UGH) was directly added to the C
terminus of catalytically dead Cas9 (dCas9) resuliing in an increase in efficiency

10 (Komor, et al. (2017) Science Advances 3(8).eaaod774). In the early versions of base
editors, a dead Cas9 was iypically used such that the DN A replication machinery was
used to 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 a templaie. The cytidine base editor BE3 used a Cas that was a
nickase, Cas9 DIOA, which also increased efficiency (Kim, ef al (2017) Nat
Biotechnol 35(4).371-376}. In yet another variant, the BE4 sysiem uses two UGH
domains, al 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 {AlD)) in combination with a nickase Cas9 (“target-AiD™).
0101} 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) s typically 13-16 bases from the 57 end of the PAM sequence (see,

b2
W

also, Figure 2). The activity window of the different editing systems described above
vary. The target-AlD sysiem edits bases farther from the PAM sequence while the
BE4 sysiem edits those nearer 1o the PAM. Base editors have also been constructed
hased on the Cpfl CRISPR system {(Fid, ¢f o/, ibid}. In addition, the BE4
configuration of base editors has been developed using both 8. pyvogenes and 8.

30 aureus derived CRISPR sysiems (BE4 and SaBE4 respectively). Therefore, Cas9
base editing systems are limited by the availability of a PAM sequence appropriately
spaced from the target site {as the distance can significantly 1mpact efficiency and/or

specificity of the based editors) and/or the distance of the PAM sequence from the

G2
~3
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base editing window {as shown in Figure 2A, 13-16 bases between the target base
(e.g., Ayand the 5" end of the NGG PAM.
[0102] Thus, prior to the present invention, Cas9 base editors were known to
induce genome-wide off-{arget effects as well as byvstander effects {unintended edits
near the largeted base). See, e.g., Zuo, ef al (2019) Science 364(64373.289-292; hin,
ef al. {2019) Science 364(6437).292-295; Gruenewald, ef af. (2019) Nature
569(7756%.433-437.
{3103} 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 apunnic or apyrimidinic site by AP lvase
might 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 1o bind the free ends of DSB may
reduce indel formation during the process of base editing (Komor, ef /. (2016)
Nature 533:420-424; Komor, er al. {2017} Science Advances 3(8)). In addition 1o the
cvitidine deaminase editors, base editors have been developed with synthetic
adenosine deanunases, which convert the adenine base into inosine (adenine base

20 eduors: “ABES”, see Gaudells, ef ol (2017} Nanire 551{7681)%:464-471). Inosine can
hase pair with cytidine and subsequently corrected to guanine, thereby converting A
nto G, or AT mto G:C.
[0104] As described above, base editors as described herein can {urther

comprise molecules that “open up”™ the DNA helix to expose the targeted base within

b2
W

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, simgle-strand DNA binding proteins, tnplex
forming oligonuclestides or oligonucleotides.

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

30 that aids i unwinding (opemng up) of the DNA helix to expose the targeted base for

editine Non-himiting examples of suitable proteins are shown in Table A,

38
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Table A

Profein
Name

ganism

Protein Sequence

ROA]

Bovine

MSKSESPKEPEQLRKLFIGGLSFETTDESLRSHFEQWGTLTDC
VVMRDPNTERSRGFGFVTYATVEEVDAAMNARPHKVDGRY
VEPKRAVSREDSQRPGAHLTVKKIFVGGIKEDTEEHHLRDYFE
QYGKIEVIEIMTDRGSGKKRGFAFVTIFDDHDSYBKIVIOKYHT
YNGHNCEVREKALSKQEMASASSSQRGRSGSGNFGGGRGGGE
GGNDNFGRGOGNFSGRGGRFGGSRGGGGY GGSGDGYNGRFGND
GSNFGGOOSYNDFONYNNOSSNFGPMKGONFGGRSSGPY GG
GGOQYFAKPRNOGGYGGSSSSESYGSGRRF (SEQ 1D NO:35)

UvsW

BPT4

MDIKVHFHDFSHVRIDCEESTFHELRDFFSFEADGYRFNPRFR
YONWDGRIRLLDYNRLLPFGLVGOIKKFCDNFGYKAWIDPO!
NEKEELSRKDFDEWLSKLEIYSONKRIEPHWYQKDAVFEGLY
NRRRILNLPTSAGKSLIQALLARYYLENYEGRILIIVPTTALTT
OMADDFVDYRLFSHAMIKKIGGGASKDDKYKNDAPVVVOT
WOTVVKOPKEWFSQFOGMMMNDECHLATGKSISSISGLNNC
MFKFGLSGSLRDGKANIMQY VOMFGEIFKPVTTSKLMEDGQ
VTELKINSIFLRYPDEFTTKLKGKTYQEEIKIITGLSKRNKWIA
KLAIKLAQKDENAFVMFKHVSHGKAIFDLIKNEYDEKVYYVSG
EVDTETRNIMKTLAENGKGIHVASYGVFSTGISVRNLHHEVVL
AHGVESKHVLQTIGRVLRKHGSKTIATVWDLIDSAGVEPKSA
NTKKKYVHLNYLLKHGIDRIQRYADEKFNYVMKTVNLISFGP
LEKKMLLEFEQFLYEASIDEFMGKIASCOQTLEGLEELEAYYKK
RVKETELKDTDDISVRDALAGKRAELEDSDDEVEESF (SEQ 1D
NO:3

RECDL

D radiodurans

MSAALPAEPFRVSGGVNKVRFRADTGFTVMSATLRNEQGEDP
DATVIGVMPPLDVGDTFSAEVEMEEHREYGYQYRVVNMVYLE
AMPADLSEEGVAAYFEARVGGVOKVLAGRIAKTFGAAAFDL
LEDPPOKFLOVPGITESTLHKMVSSWSCQQGLERRLLAGLOGL
GLTINOQAQRAVKHFGADALDRLEKDLFTLTEVEGIGFLTADK
LWQOARGGALDDPRRLTAAAVY ALQLAGTOAGHSFLPRSRAE
KGVVHYTRVTPGOQARLAVETAVELGRLSEDDSPLFAAEAAA
TGEGRIYLPHVLRAEKKLASLIRTLLATPPADGAGNDDWAVP
KKARKGLSEEQASVLDOLAGHRLVVLTGGPGTCGESTTTEKAY
ADLAESLGLEVGLCAPTGEAARRLGEVTGRTASTVHRLLGY
GPOGFRHENHLEPAPYDLLIVDEVSMMGDALMLSLLAAVPPG
ARVLLVGDTDOLPPVDAGLPLLALAGAAPTIKLTOVYROAAK
NPUGAAHGLLHGEAPAWGDKRLNLTEIEPDGGARRVALMVR
ELGGPGAVOQVLTPMRKGPLGMDHLNYHLOALFNPGEGGVRI
ABGEARPGDTVVOQTENDYNNEIFNGTLOGMVLEAEGARLTVD
FRDGNVVELTGAELFNLOLGYALTVHRAQGSEWGTVLGVLHE
AHMPMLSRNLVYTALTRARDRFFSAGSASAWQIAAARQREA
RNTALLERIRAH (SEQ 1D NO:37)

RecA

E ocoli

MAIDENKOQKALAAALGOQIEKQFGKGSIMRLGEDRSMDVETIS
TGSLSLDIALGAGGLPMGRIVETYGPESSGKTTLTLOVIAAAQR
EGETCAFIDAEHALDPIYARKLGVDIDNLLCSQPDTGEQALE!L
CDALARSGAVDVIVVDSVAALTPKAEIEGEIGDSHMGLAARM
MSQAMRKLAGNLKOQSNTLLIFINQIRMKIGVMEFGNPETTTGO
NALKFYASYRLDIRRIGAVEKEGENVVGSETRVEKVVKNKIAAP
FKQAEFQILYGEGINFYGELYVDLGVKEKLIEKAGAWYSYKGE
KIGQGKANATAWLKDNPETAKEIEKKVRELLLSNPNSTPDFES
VDDSEGVAETNEDF (SEQ 1D NO:38)
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ecB

. ocoli

MSDVAETLDPLRLPLOGERLIEASAGTGKTFTIAALYLRLLLG
LGGSAAFPRPLTVEELLVVTFTEAATAELRGRIRSNIHELRIAC
LRETTDNPLYERLLEEIDDKAQAAQWLLLAEROMDEAAVET]
HGFCORMLNLNAFESGMLFEQQLIEDESLLRYQACADFWRR
HCYPLPREIAQVVFETWKGPQALLRDINRYLOQGEAPVIKAPPP
DDETLASRHAQIVARIDTVKOQOWRDAVGELDALIESSGIDRR
KENRSNQAKWIDKISAWAEEETNS YQLPESLEKFSQRFLEDRT
KAGGETPRHPLFEAIDQLLAEPLSIRDLVITRALABIRETVARE
KRRRGELGFDDMLSRLDSALRSESGEVLAAAIRTRFPVAMIDE
FODTDPQOY RIFRRIWHHOQPETALLLIGDPKQATY AFRGADIFT
YMKARSEVHAHYTLDTNWRSAPGMVNSVNKLFSQTDDAFM
FRETPFIPVKSAGKNQALRFVFKGETQPAMKMWLMEGESCGY
GDYQSTMAQVCAAQIRDWLOAGORGEALLMNGDDARPVRA
SDISVLVRSROEAAQVRDALTLLEIPSVYLSNRDSVFETLEAQE
MLWLLOAVMTPERENTLRSALATSMMGLNALDIETLNNDEH
AWDVVVEEFDGYROIWRKRGVMPMLRALMSARNIAENLLA
TAGGERRLTDILHISELLQEAGTQLESEHALVRWLSQHILEPDS
NASSQOMRLESDKHLVOIVTIHKSKGLEY PLYWLPFITNFRVQ
EQAFYHDRHSFEAVLDLNAAPESVDLAEAERLAEDLRLLY VA
LTRSVWHCSLGVAPLYRRRGDKKGDTDVHQSALGRLLOKGE
PODAAGLRTCIEALCDDDIAWOQTAQTGDNQPWQVNDVSTAE
LNAKTLORLPGDNWRVTSYSGLOORGHGIAQDLMPRLDVDA
AGVASVVEEPTLTPHQFPRGASPGTFLHSLFEDLDFTQPVDEN
WVREKLELGGFESQWEPVLTEWITAVLQAPLNETGVSLSQLS
ARNKOQVEMEFYLPISEPLIASQLDTLIRQFDPLSAGCPPLEFMQ
VRGMLKGFIDLVFRHEGRYYLLDYKSNWLGEDSSAY TOOAM
AAAMOQAHRYDLOYQLYTLALHRYLRHRIADYDYEHHFGGVI
YLFLRGYDKEHPQQGIY TTRPNAGLIALMDEMFAGMTLEEA
(SEQ ID NO:19)

RecC

B ocoli

MLRVYHSNRLDVLEALMEFIVERERLDDPFEPEMILVOSTGM
AQWLOMTLSQKFGIAANIDFPLPASFIWDMEVRVLPEIPKESA
FNKQSMSWKLMTLLPOLLEREDFTLLREYLTDDSDRRKLFQL
SSKAADLFDQYLVYRPDWLAQWETGHL VEGLGEAQAWQAP
LWKALVEYTHQLGOQPRWHRANLYQRFIETLESATTCPPGLPS
RVFICGISALPPYVYLOALQALGKHIEIHLLFTNPCRY YWGDIKD
PAYLAKLLTRQRRHSFEDRELPLFRDSENAGQLFNSDGEQDY
GNPLLASWGKLGRDYTYLLSDLESSQELDAFVDVTPDNLLHNT
QSDILELENRAVAGVNIEEFSRSDNKRPLDPLDSSITFHVCHSP
OREVEVLHDRLLAMLEEDPTLTPRDHVMYADIDSYSPFIQAY
FGSAPADRYLPY AISDRRARQSHPVLEAFISLLSLPDSRFVSED
VLALLDVPVLAARFDITEEGLRYLROW VNESGIRWGIDDDNY
RELELPATGOHTWRFGLTRMLLGY AMESAQGEWQSVLPYDE
SSGLIAELVGHLASLLMQLNIWRRGLAQERPLEEWLPVCRDM
LNAFFLPDAETEAAMTLIEQQWQATIAEGLGAQYGDAVPLSL
LRDELAQRLDQERISORFLAGPVNICTLMPMRSIPFKVVCLLG
MNDGVYPROLAPLOFDLMSQKPKROGDRSRRDDDRYLFLEAL
[SAQOKLYISYIGRSIODNSERFPSVLVQELIDY IGQSHYLPGDE
ALNCDESEARVKAHLTCLHTRMPFDPONYQPGERQSYAREW
LPAASQAGKAHSEFVOPLPFTLPETVPLETLORFWAHPVRAFF
QOMRLOVNFRTEDSEIPDTEPFILEGLSRYQINQOLLNALVEQD
DAERLFRRFRAAGDLPYGAFGEIFWETQCQEMOQQLADRVIAC
ROPGOSMEIDLACNGVOITGWLPQVOPDGLLRWRPSLLSVAQ
GMOQLWLEHLVYCASGGNGESRLFLRKDGEWRFPPLAAEQAL
HYLSQLIEGYREGMSAPLLVLPESGGAWLKTCYDAQNDAML

40
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DDDSTLOKARTKFLOQAYEGNMMVRGEGDDIWYQRLWRQLT
PETMEAIVEQSORFLLPLFRFNOS (SEQ [D NO:40)

RecD

ol

MKLQKOQLLEAVEHKQLRPLDVOFALTVAGDEHPAVTLAAAL
LSHDAGEGHVCLPLSRLENNEASHPLLATCVSEIGELONWEE
CLLASGAVSRGDEPTPMILCGDRLYLNRMWCNERTVARFFNE
YNHAIEVDEALLAQTLDKLFPVSDEINWOKVAAAVALTRRIS
VISGGPGTGRTTTVAKLLAALIOMADGERCRIRLAAPTGKAA
ARLTESLGKALRQLPLTDEQKKRIPEDASTLHRLLGAQPGSQOR
LRHHAGNPLHLDVLVVDEASMIDLPMMSRLIDALPDHARVIF
LGDREBOQLASVEAGAVLGDICAYANAGETAERARQLSRLTGT
HVPAGTGTEAASERDSLCLLOKSYRFGSDSGIGOLAAAINRG
DKTAVKTVFQODFTDIEKRLLOSGEDYIAMLEEALAGYGRYL
DLLOQARAEPDLUGAFNEYQLLCALREGPFGVAGLNERIEQFM
QOKRKIHRHPHSRWYEGRPVMIARNDSALGLFNGDIGIALDR
GQGTRVWFAMPDONIKSVOPSRLPEHETTWAMTVHKSQGSE
FDHAALILPSQRTPVVTRELVYTAVTRARRRLSLYADERILSA
ATATRTERRSGLAALFSSRE (SEQ ID NO:41L)

RecQ)

MAQAEVLNLESGAKQVLOETFGYQOQFRPGQEENDTVLSGRD
CLVVMPTGGGKSLCYQIPALLINGLTVVVSPLISEMEDQ VDG
LOANGVAAACLNSTOQTREQOLEVMTGCRTGOIRLLYIAPERL
MLDNFLEHLAHWNPVLLAVDEAHCISOWGHDFRPEY AALGQ
LRORFPTLPFMALTATADDTTRODIVRLLGLNDPLIQISSFDRE
NIRYMLMEKFKPLDOQLMRYVQEQRGKSGUYCNSRAKVEDTA
ARLOSEGISAAAYHAGLENNVRADVQEKFORDBDLOIVVATY
AFGMGINKPNVRFVVHFDIPRNIESYYOQETGRAGRDGLPAEA
MLFYDPADMAWLRRCLEERKPQGOLOBIERHKLNAMGAFAE
AQTCRRLVLINYFGEGROQEPCOGNCDICLDPPKQYDGSTDAQH
ALSTIGRVNQRFGMGY VVEVIRGANNQRIRDY GHDKLKVYG
MGRDKSHEHWVSVIRQLIBLGLVTONIAQHSALOLTEAARPY
LRGESSLOQLAVPRIVALKPEAMOKSFGGNYDRKLFAKLRKLR
KSIADESNVPPY VVENDATLIEMAEQMPITASEMLSVNGYVGM
RKLERFGKPFMALIRAHVDGDDEE (SEQ ID NGi42)y

Rep Delta

coll

MRINPGOOOAVEFVTGPCLVLEAGAGSGKTRVITNKIAHLIRG
COGYQARHIAAVTFINKAAREMEKERVGOTLGRKEARGLMIST
FHTLGLDHKREYAALGMKANFSLFDDTDOQLALLKELTEGLIE
DDKVLLOQOQLISTISNWENDLKTPAQAAAEAKGERDRIFAHCY
GLYDAHLKACNVLDFDDLILLPTLLLORNEEVRERWONKIRY
LLVBEYODTNTSOQYELVKLLVGSRARFIVVODDDOSIYSWR
GARPONLVLLSQDFPALKVIKLEQNYRSSGRILKAANILIANN
PHVFEKRLFSELGYGTELKVLSANNEEHEAERVTGELIAHHEY
NKTOQYKDYAILYRGNHOSRVFEKFLMONRIPYKISGGGGGGE
SEEELDQVOLMTLHASKGLEFPY VYMVGMEEGFLPHQSSIDE
DNIDEERRLAYVGITRAQEELTFTLCKERRQYGELVRPEPSRY
LLELPQDDLIWEQERKVVSAEERMOKGQSHLANLKAMMAA
KRGK (SEG ID NG4L

UwvrD

E. col

MDVSYLLDSLNDKQREAVAAPRSNLLVLAGAGSGKTRVLVH
RIAWLMSVENCSPYSIMAVTFTNEKAAAEMRHRIGOLMGTSO
GOGMWVGTFHGLAHRLLRAHHMDANLPOQDFQILDSEDQLRLL
KRLIKAMNLDEKQWPPROAMWYINSQKDEGLRPHHIQSYGN
PVEQTWOKVYQAYQEACDRAGLVDFAELLLRAHELWLNKP
HILQHYRERFINILVDEFQDTNNIQYAWIRLLAGDTGKVMIV
GDDDOSIY GWRGAQVENIQRFLNDFPGAETIRLEQNYRSTSNI
LSAANALIENNNGRLGKKLWTDGADGEPISLYCAFNELDEAR
FVVNRIKTWODNGGALAECAILYRSNAQSRVLEEALLOASMP
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YRIYGOMRFFERQEIKDALSYLRLUIANRNDDAAFERVYNTPTR
GIGDRTLDVVROTSRDROLTLWQACRELLOEKALAGRAASA
LORFMELIDALAQETADMPLHVQTDRVIKDSGLRTMYEQEK
GEKGOTRIENLEELVTATROQFSYNEEDEDLMPLOQAFLSHAAL
BEAGEGQADTWODAVOLMTLHSAKGLEFPOVFIVGMEEGMEP
SOMSLDEGGRLEEERRLAYVGVTRAMOKELTLTYAETRRLYG
KEVYHRPSRFIGELPEECVEEVRLRATVERPVSHQRMGTPMY
ENDSGYKLGORVRHAKFGEGTIVNMEGSGEHSRLOQVAFQGQ
QIKWLVAAYARLESY (SEQ ID NO:44)

RAPA

MPFTLGQRWISDTESELGLGTVVAVDARTVTLLFPSTGENRL
Y ARSDSPVTRVMFNPGDTITSHDGWOQMQVEEVKEENGLLTYT
GTRLDTEESGVALREVFLDSKLVFSKPQDRLFAGQIDRMDRF
ALRYRARKYSSEQFRMPY SGLRGQRTSLIPHQLNIAHDVGRR
HAPRVLLADEVGLGKTIEAGMILHOQOLLSGAAERVLIVPETL
QHOWLVEMLRRFNLRFALFDDERYAEAQHDAYNPFDTEQLV
ICSLDFARRSKQRLEHLCEAEWDLLVVDEAHHLVWSEDAPSR
EYQAIEQLAEHVPGVLLLTATPEQLGMESHFARLRLLDPNRF
HDFAQFVEEQENYRPVADAVAMLLAGNKLSNDELNMLGEM
IGEQDIEPLLOAANSDSEDAQSARQELVSMLMDRHGTSRVLE
RNTRNGVKGFPKRELHTIKLPLPTOYQTAIKVSGIMGARKSAE
DRARDMLYPERTYQEFEGDNATWWNFDPRVEWLMGYLTSH
RSQKVLVICAKAATALQLEQVLREREGIRAAVFHEGMSIERD

AAAWFAEEDTGAQVLLCSEIGSEGRNFQFASHMVMFDLPFN
PDLLEQRIGRLDRIGQAHDIQIHVPYLEK TAQSVLVRWYHEGL
DAFEHTCPTGRTIYDSVYNDLINYLASPDQTEGFDDLIKNCRE
QHEALKAQLEQGRDRLLEIHSNGGEKAQALAESIEEQDDDTN
LIAFAMNLFDIIGINODDRGDNMIVLTPSDHMLVPDFPGLSED
GITITFDREVALAREDAQFITWEHPLIRNGLDLILSGDTGSSTIS
LLKNKALPVGTLLVELIYVVEAQAPKOQLQLNRFLPPTPVRML
LDKNGNNLAAQVEFETFNROQLNAVNRHTGSKLVNAVQQDYV
HATLQLGEAQIEKSARALIDAARNEADEKLSAELSRLEALRAV
NPNTRDDELTATESNRQOVMESLDQAGWRLDALRLIVVTHQ
(SEQ ID NO:45)

RECG

MKGRLLDAVPLSSLTGVGAALSNKLAKINLHTVODLLLHLPL
RYEDRTHLYPIGELLPGVY ATVEGEVLNCNISFGGRRMMTCQ
ISDGSGILTMRFFNFSAAMKNSLAAGRRVLAYGEAKRGKYGA
EMIHPEYRVQGDLSTPELQETLTPVYPTTEGVKQATLRKLTD
QALDLLDTCATEELLPPELSQGMMTLPEALRTLHRPPPTLOLS
DLETGOHPAQRRLILEELLAHNLSMLALRAGAQRFHAQPLSA
NDTLKNKLLAALPFEPTGAQARVVAEIERDMALDVPMMRLY
QGDVGSGKTLVAALAALRAIAHGKOVALMAPTELLAEQHAN
NFRNWFAPLCIEVGWLAGKQKGKARLAQQEAIASGOVOMIV
GTHAIFQEQVOFNGLALVIDEQHRFGVHORLALWEKGOOQG
FHPHOLIMTATPIPRTLAMTAYADLDTSVIDELPPGRTPVITV
ATPDTRRTDIDRVHHACITEGRQAYWVCTLIEESELLEAQAAE
ATWEELKLALPELNVGLVHGRMEKPAEKQAVMASFKQGELH
LLVATTVIEVGVDVPNASLMITENPERLGLAQLHQLRGRVGR
GAVASHCOVLLYKTPLSKTAQIRLOVLRDSNDGFVIAQKDLEIR
GPGELLGTROTGNAEFKVADLLRDOAMIPEVORLARHIHERY
POOAKALIERWMPETERYSNA (SEQ ID NO:46)

DnaA

MSLSLWQOCLARLODELPATEFSMWIRPLOAELSDNTLALYA
PNRFVLDWVRDKYLNNINGLLTSFCGADAPQLRFEVGTKPVT
QTPQAAVTSNVAAPAQVAQTOPQRAAPSTRSGWDNVPAPAE
PTYRSNVNVKHTFDNFVEGKSNQLARAAARQVADNPGOAY
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NPLFLY GGTGLGK THLLHAVGNGIMARKPNAKVVYMHSERE
VODMVYKALQNNAIEEFKRY YRSVDALLIDDIQFFANKERSQE

EFFHTENALLEGNQOILTSDRYPKEINGVEDRLKSRFGWGLT

VAIEPPELETRVAILMKKADENDIRLPGEVAFFIAKRLRSNVRE
LEGALNRVIANANFTGRAITIDFVREALRDLLALQERKLVTIDNI
OKTVAEYYKIKVADLLSKRRSRSVARPROMAMALAKELTNH
SLPEIGDAFGGRDHTTVLHACRKIEQLREESHDIKEDFSNLIRT
LSS (SEQ ID NO:A47)

HMGBI

H. sa 1ens

MGKGDPKKPROGKMSSYAFFVQTCREEHKKKHPDASVNESEF
SKEKCSERWKTMSAKEKGKFEDMAKADKARYEREMKTYIPPK
GETKKKFKDPNAPKRPPSAFFLFCSEYRPRIKGEHPGLSIGDY
AKKLGEMWNNTAADDKOPYEKKAAKLKEKYEKDHIAAYRAK
GKPDAAKKGYVKAEKSKKKKEEEEDEEDEEDEEEEEDEEDE
DEEEDDDDE (SEQ 1D NO:48)

HMGB2

H. saviens

MGKGDPNKPRGEMSSY AFFVOTCREEH K HPDSSVNFARF
SKKCSERWKTMSAKEKSKFEDMAKSDKARYDREMKNY VPP
KODKKGKKKDPNAPKRPPSAFFLECSEHRPKIKSEHPGLSIGD
TAKKLGEMWSEQSAKDKQPYEQRKAAKLKEKYEKDIAAYRA
KGKSEAGKKGPGRPTGSKKKNEPEDEEEEEEREDEDEEEEDE
DEE (SEQ 1D NO:49)

RFAL

MVGQLSEGAIAAIMOQKGEDTNIKPILQVINIRPITTGNSPPRYRL
LMSDGLNTLSSFMLATOLNPLVEEEQLSSNCVCQIHRFIVNTL
KDGRRVVILMELEVLESAFAVOVKIGNEVPYNEGLGOPOVAP
PAPAASPAASSRPOPONGSSGMGSTVSKAYGASKTFGKAAGP
SLSHTSGGTOSKVVPIASLTPYQRKWTICARVTNKSQIRTWSN
SRGEGKLFSLELVDESGEIRATAFNEQVDEFFPLIEVNEVYYF
SKOTLKIANKQFTAVEKNDYEMTFNNETSVMPCEDDHHLPTY
QFDFTGIDDLENKSKDSLVDIFGICKSYEDATKITVRSNNREVA
KRMIYLMDTSGKVVTATLWGEDADKFDGSROPVLAIKGARY
SDFGGRSLSVLSSSTHANPDIPEAYKLROGWEFDAEGOQALDGVSI
SDLESGGVGOSNTNWKTLYEVESENLGOQGDRKPDYFSSVATY
VYLRKENCMYQACPTODCNKKVIDQONGLYRCEKCDTEFPN
FKYRMILSVNIADFOQENQWVTCFQESAEATLGONAAYLGELK
DENEGAFEEVFONANFRSFIFRVRVKVETYNDESRIKATVMD
VEKPVDYREYGRRLVMSIRRSALM (SEQ ID NO:5O)

RFA2

H sapiens

MWHNSGFESYGSSSYGGAGGYTOSPGGFGSPAPSQAEKKSRAR
AQHIVPCTISQLLSATLVDEVERIGNVEISQVTIVGHRHAEKAP
TNIVYKIDDMTAAPMDVROWVDTDDTSSENTVVPPETYVKY
AGHLRSFONKKSLYAFKIMPLEDMNEFTTHILEVINAHMVLS
ANSQPSAGRAPISNPGMSEAGNFGOGNSFMPANGLTVAQNG
YVINLIKACPRPEGLNFODLENQLKBMSVSSIKQAVDFLSNEG
HIYSTYVDDDHFKSTDAE (SEGQ ID NO:5S 1)

RFA3

H. sapiens

MVDMMDLPRSRINAGMLAQFIDKPYVCFVGRLEKIHPTGKME]
L3DGEGKNGTIELMEPLDEEISGIVEVVGRVTAKATILCTSYV
QFKEDSHPFDLGLYNEAVKHHDFPOFYPLGIVOHD (SEQ D
NO:32)

RADSH

H. sa 1ens

MAMOMOLEANADTSVEEESFGPOQPISRLEQUCGINANDVKKLE
EAGFHTVEAVAYAPKKELINIKGISEAKADKILAEAAKLVPM

GFTTATEFHQRRSEIIQITTGSKELDKLLOGGIETGSITEMEGEF
RTGKTOICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLL
AVAERYGLSGSDVLDNVAYARAFNTDHQTQLLY QASAMMY
ESRYALLIVDSATALYRTDYSGRGELSARCMBLARFLRMLER
LADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNITAHAS
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TTRLYLRKGRGETRICKIY DSPCLPEAEAMFAINADGVGDAK
D (SEQ ID NO:53)

RADS2

H. so iens

MSGTEEAILGGRDSHPAAGGGSVLCFGQCQY TAEEYQAIQKA
LRORLGPEYISSRMAGGGQKVCYIEGHRVINLANEMFGYNG
WAHSITQONVDFVDLNNGKFY VGVCAFVRVQLEDGSYHED
VGYGVSEGLKSKALSLEKARKEAVTDGLKRALRSFGNALGN
CILDKDVYLRSLNKLPROLPLEVDLTKAKRQDLEPSVEEARYNS
CRPNMALGHPQLOOQVTSPSRPSHAVIPADQDCSSRSLSSSAVE
SEATHORKLROKOLOOOQFRERMEKQOVRVSTPSAEKSEAAPP
APPVTHSTPVTVSEPLLEKDFLAGVTOQELIKTLEDNSEKWAVT
PDAGDGYVKPSSRADPAQTSDTLALNNOMYTONRTPHSVCH
QKPOAKSGSWDLQTY SADQRTTGNWESHRKSODMKKRKYD
PS (SEQ ID NO:34)

BLM

H. so iens

MAAVPONMNLOEQLERHSARTLNNKLSLSKPEKFSGFTFKEKTS
SDNNVEVINVEVAKTPVLENKDVNVTEDFSFSEPLPNTTNGO
RVKDFFKNAPAGOETOQRGGSKSLLPDFLOTPKEVVCTTQNTP
TVEKSRDTALKKLERSSSPDSLSTINDWDDMDDFDTSETSKSF
VTPPOSHFVRVSTAQKSKKGKRNFFKAQLYTTNTYVKTDLPPP
SSESEQIDLTEEQKDDSEWLSSDVICIDDGPIAEVHINEDAQES
DSLKTHLEDERDNSEKKKNLEEAELHSTEKVPCIEFDDDDYD
TDFVPPSPEEIISASSSSSKCLSTLKDLDTSDRKEDVLSTSKDLL
SKPEEMSMOELNPETSTDCDARQISLOQQLIHVMEHICKLIDTI
PDDKLKLLDCGNELLOQORNIRRKLLTEVDEFNKSDASLLGSLW
RYRPOSLDGPMEGDSCPTGNSMKELNESHLPSNSVASPGDCLL
TTTLGKTGFSATRKNLFERPLEFNTHLOKSFVSSNWAETPRLGK
KNESSYFPONVLTSTAVKDONKHTASINDLERETQPSYDIDNF
DIDDFDDDDDWEDIMHNLEAASKSSTAAYQPIKEGRPIKSVSER
LSSAKTDCLPVSSTAQNINFSESIONYTDKSAQNLASRNLKHE
RFQSLAFPHTKEMMEIFHKKFGLHNFRTNQLEAINAALLGED
CFILMPTGGGKSLCYQLPACYSPGVTVVISPLRSLIVDQOVQEL
TSLDIPATYLTGDKTDSEATNIY LOLSKKDPHKLLY VTPEKICA
SNRLISTLENLYERKLLARFVIDEAHCVSQWGHDFRODYKRM
NMLROKFPSVPVMALTATANPRVOKDILTQLKILRPOVFESMS
FNRHNLEYYVLPKKPKKVAFDCLEWIRKHHPYDSGHYCLSR
RECDTMADTLORDGLAALAYHAGLSDSARDEVOQOQRKWINQD
GCQVICATIAFGMGIDKPDVRFVIHASLPKSVEGY YQESGRAG
RDGEISHCLLFYTYHDVTRLKRLIMMEKDOGNHHTRETHEFNNL
YSMVHYCENITECRRIQLLAYFGENGFNPDFCKKHPDVSCDN
CCKTKDYKTRDVTDDVKSIVREVOEHSSSOQOMRNIKHVGPSG
RFTMINMLVDIFLGSKSAKIQSGIFGKGSAYSRHNAERLFKKEL
LDKILDEDLYINANDQAIAY VMLGNKAQTVLNGNLEVDFME
TENSSSVEEKQKALVAKVSQREEMVKKCLGELTEVCKSLGKY
FGVHYFNIFNTVTLKKLAESLSSDPEVLLQIDGVTEDKLEKYG
ABVISVLOKYSEWTSPAEDSSPGISLASSRGPGRSAAEELDEEIP
VESHYFASKTRNERKREKMPASQRSKERKTASSGSKAKGEGS
ATCRKISSKTKSSSHGSSSASHTSOQATSGANSKLGIMAPPKPIN
RPFLKPSYAFS (SEQ ID NGS5

EXOl

H. saviens

MGIQGLLOFIEEASEPIHVRKYKGOVVAVDTYCWLHKGAIAC
ABKEAKGEPTDRYVGFCMKEFYNMLLSHGIRPILVFDGCTLES

KKEVERSRRERROQANLLKGKQLLREGKVSEARECFTRSINITH
AMAHKVIEAARSQGVDCLVAPYEADAQLAYLNKAGIVOAIIT
EDSDLLAFGCKKVILKMBQFGNGLEIDQARLGMCRQLGDVE

TEEKFRYMCILSGCDYLSSLRGIGLAKACKVLREANNPDIVKY
IKKIGHY LKMNITVPEDYINGFIRANNTFLYQLVEFDPIKRKLIPL
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NAYEDDVDPETLSYAGQYVDDSIALOIALGNKDINTFEQIDDY
NPDTAMPAHSRSHSWDDEKTCQKSANVSSIWHRNYSPRPESGT
VADAPQLKENPSTVGVERVISTKGLNLPRKSSIVKRPRSAELSE
DDLLSQYSLSFTKKTKKNSSEGNKSLSFSEVEVPDLVNGPTNK
KSVSTPPRTRNKFATFLORKNEESGAVYVVPGTRSRFFCSSDST
DCVENKVSIQPLDETAVTDKENNLHESEY GDQEGKRLYVDTDY
ARNSSDDIPNNHIPGDHIPDEATVFTDEESY SFESSKFTRTISPP
TLOTLRSCFSWSGGLGDESRTPSPSPRTALQOQFRRKSDSPTSLP
ENNMSDVSQLKSEESSDDESHPLREEACSSOSQESGEFSLOSS
NASKLSQUCSSKDSDSEESDONIKLLDSQSDQTSKLRLSHFSKIK
DTPLRNKVPGLYKSSSADSLSTTKIKPLGPARASGLSKKPASIQ
KRKHHNAENKPGLOIKLNELWENFGFKKDSEKLPPCKKPLSP
VRDNIQLTPEAEEDIFNKPECGRVORAIFQ (SEQ TD NO:56)

REC(1

H. sa 1ens

MASVSALTEELDSITSELHAVEIQIQELTERQOELIOKKKVLTK
KIKOCLEDSDAGASNEYDSSPAAWNKEDFPWSGKVKDILON
VEKLEKFRPLOLETINVIMAGKEVFLYMPTGGGKSLCYQLPA
LCSDGFTLYICPLISLMEDOLMVLKOLGISATMLNASSSKEHV
KWVHAEMVNKNSELKLIY VTPEKIAKSKMPMSRLEKAYEAR
RETRIAVDEVHCCSQWGHDFRPDYKALGILKROFPNASLIGLT
ATATNHVLTDAQKILCIEKCFTFTASFNRPNLYYEVRQKPSNT
EDFIEDIVKLINGRYKGQSGHYCFSQKDSEQVTVSLONLGIHA
GAYHANLEPEDKTTVHRKWSANEIQVVVATVAFGMGIDKPD
VREVIHHSMSKSMENY YOESGRAGRDDMKADCILY YGFGDIF
RISSMVVMENVGQOKLYEMVSYCONISKCRRVLMAQHEDEV
WNSEACNKMCDNCCKDSAFERKNITEYCRDLIKILKQAEELN
EKLTPLKLIDSWMGKGAAKLRVAGYVAPTLPREDLEKIIAHF
LIOOYLKEDYSFTAYATISYLKIGPKANLLNNEAHAITMOVTK
STONSFRAESSQTCHSEQGDKKMEEKNSGNFQKKAANMLQQ
SGSKNTGAKKRKIDDA (S8EQ ID NO:ST)

ERCC2

H. sa 1ens

MKLNVDGLLVYFPYDYIYPEQFSYMRELKRTLDAKGHGVLE
MPSGTGKTVSLLALIMAYORAYPLEVTKLIYCSRTVPEIEK VIE
ELRKLLNFYEKQEGEKLPFLGLALSSRKNLCIHPEVTPLRFGK
DVDGKCHSLTASY VRAQYQHDTSLPHCRFYEEFDAHGREVP
LPAGIYNLDDLKALGRRQGWCPYFLARYSILHANVVVYSYH
YLLDPKIADLVSKELARKAVVVFDEAHNIDNVCIDSMSYNLT
RRTLDRCOGNLETLOKTVLRIKETDEQRLRDEYRRLVEGLRE
ASAARETDAHLANPVLPDEVLQEAVPGSIRTAEHFLGFLRRLL
EYVEWRLRVOHVVQESPPAFLSGLAQRVCIQRKPLRFCAERL
RSLLHTLEITDLADFSPLTLLANFATLVSTY AKGFTIIIEPFDDR
TPTIANPILHFSCMDASLAIKPVFERFQSVIITSGTLSPLDIYPKI
LDFHPVTMATFTMTLARVCLOPMIIGRGNDQVAISSKFETRED
TAVIRNYGNLLLEMSAVVPDGIVAFFTSYQYMESTVASWYEQ
GILENIQRNKLLFIETQDGAETSVALEK Y OBEACENGRGAILLS
VARGKVSEGIDFVHHYGRAVIMFGVPYVYTQSRILKARLEYL
RDOQFQIRENDFLTFDAMRHAAQCYGRATRGKTDYGLMVEAD
KRFARGDKRGKLPRWIQEHLTDANLNLTVDEGVOVAKYFLR
OMAQPFHREDQLGLSLLSLEQLESEETLKRIEQIAQQL (SEQ
1D NO:58)

ERCC3

H. saviens

MGERDRADRDKKKSRKRHYEDEEDDEEDAPGNDPQEAVPS
AAGKOQVDESGTKVDEYGAKDYRLOMPLKDDHTSRPLWVAP
DGHIFLEAFSPVYKYAQDFLVAIAEPYVCRPTHVHEYKLTAYSL
YAAVSVGLOTSDITEYLRKLSKTGVPDGIMOQFIKLCTVSYGKY
KLVLKHNRYFVESCHPDVICGHLLODPVIRECRLRNSEGEATEL
ITETFTSKSAISKTAESSGGPSTSRVTDPOGKSDIPMDLEDFYE

o
W
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QMDKDEEEEEETQTVSFEVKOEMIEELOKRCIHLEYPLLAEY

DEFRNDSVNPDINIDLEPTAVLRPYQEKSLRKMFGNGRARSGVI
VLPCGAGKSLVGVTAACTVRKRCLVLGNSAVSVEQWKAQFK
MWSTIDDSQICRFTSDAKDKPIGCSVAISTYSMLGHTTKRSWE
ABRVMEWLKTOEWGLMILDEVHTIPAKMFRRVLTIVOAHCK
LGLTATLVREDDKIVDLNFLIGPKLYEANWMELQNNGYIAKV
QCAEVWCPMSPEFYREY VATK TKERILLY TMNPNKFRACQFL
[KFHERRNDKIIVEADNVFALKEY ATRLNKPYIY GPTSQGERM

QILONFKHNPKINTIFISKVGDTSFDLPEANVLIQISSHGGSRRG
EAQRLGRVLRAKKGMYVAEEYNAFFYSLVSQDTQEMAYSTKR
QRFLVDOGYSFKVITKLAGMEEEDLAFSTKEEQQOLLOKVLA
ATDLDAEEEVVAGEFGSRSSQASRRFGTMSSMSGADDTVY M
EYHSSRSKAPSKHVHPLFKRFRK (SEQ ID NO:59)

WERN

H. saviens

MSEKKLETTAQORKCPEWMNVONKRCAVEERKACVRKSVF
EDDLPFLEFTGSIVYSYDASDCSFLSEDISMSLSDGDVVGFDM
EWPPLYNRGKLGKVALIQLCVSESKCYLFHVSSMSVEPQGLK
MLLENKAVEKAGVGIEGDOWKLLRDFDIKLENFVELTDVAN
KKLECTETWSLNSLVKHLLGKOLLKDKSIRCSNWSKFPLTED
QKLYAATDAYAGFOYRNLEILDDTVORFAINKEEEILLSDMN
KOUTSISEEVMBLAKHLPHAFSKLENPRRVBILLKDISENLYSL
RRMHGSTNIETELRPSNNLNLLSFEDSTTGGVOQQKOQIREHEVLI
HVEDETWDPTLDHLAKHDGEDVLGNKVERKEDGFEDGVED
NKLEENMERACLMSEDITEHELQILEQQSQEEYLSDIAYKSTE
HLSPNDNENDTSYVIESDEDLEMEMELKHLSPNDNENDTSY VI
ESDEDLEMEMLKSLENLNSGTVEPTHSKCLKMERNLGLPTKE
EEEDDENEANEGEEDDDKDFLWPAPNEEQVTCLKMYFGHSS
FEPVOWKVIHSVLEERRDNVAVMATGYGRKSLCFOYPPVY VG
KIGLVISPLISEMEDOQVLOLEMSNIPACFLGSAQSENVLTDIKL
GKYRIVYVTPEYCSGNMGLLQOQLEADIGITLIAVDEARCISEW
GHODFRDSFRKLGSLKTALPMVPIVALTATASSSIREDIVRCLNL
RNPOITCTGFDRPNLYLEVRRKTGNILODLOQPFLVIKTRSHWEFE
EGPTUYCPSRKMTOQOVTGELRKLNLSCGTYHAGMSFSTRKDI
HHRFVRDEIQCVIATIAFGMGINKADIRQVIHY GAPKDMESYY
QEIGRAGRDGLOSSCHVLWAPADINLNRHLLTEIRNEKFRLY
KLKMMAKMEKYLHSSRCRROQULSBFEDKOVQKASLGIMGTE
KCCDNCRSRLDHCYSMDBDSEDTSWDFGPOQAFKLLSAVDILGE
KFGIGLPILFLRGSENSQRLADQYRRHSLFGTGKDOQTESWWIKA
FSROQLITEGFLVEVSRYNKFMEKICALTKEGRNWLHKANTESO
SLILOANEELCPKKLLEPSSETYVSSGTKEHCYNQVPVELSTEK
KSNLEKLYSYKPCDKISSGSNISKKSIMVOSPEKAYSSSQPVIS
AQEQETOIVLYGKLVEARQKHANKMDVPPAILATNKILVDM
AKMRPTTVENVEKRIDGVSEGKAAMLAPLLEVIKHFCQTNSVQ
TDLFSSTKPQEECKTSLVAKNKICTLSOSMAITYSLFQEKKMP
LKSTAESRILPLMTIGMHLSQAVKAGCPLDLERAGLTPEVQOKIE
ADVIRNPPVNSDMSKISLIRMLVPENIDTY LIHMAIEILKHGPD
SGLOPSCDVNKRRCFPGREEICSSSKRSKEEVGINTETSSAERK
RRLPVWFAKGSDTSKKLMBKTKRGGLES (SEQ 1D NO:60)

RECOQS

H. saviens

MSSHHTTFPFDPERRVRSTLKKVFGFDSFKTPLOESATMAVY

KGNKDVFVCMPTGAGKSLCYQLPALLAKGITIVVSPLIALIOD
QVDHLLTLEVRVSSLNSKESAQERKELLADLEREKPQTKILYI
TPEMAASSSFOPTLNSLVSRHLLSYLVVDEAHCVISQWGHDFR
PDYLRLGALRSRLGHAPCVALTATATPOQVOEDVFAALHLKKP
VAIFKTPCFRANLFYDVOFKELISDPYGNLKDFCLKALGQEAD
KGLSGCGIVYCRTREACEQLAIELSCRGYNAKAYHAGLKASE
RTLVONDWMEEKVPVIVATISFGMGVDKANVREVAHWNIAK
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SMAGYYQESGRAGRDGKPSWCRLYYSRNDRDOVSFLIRKEY
AKLQEKRGNEASDKATIMAFDALVIFCEELGCRHAAIAKYFG
DALPACAKGCDHCONPTAVRRRLEALERSSSWSKTCIGPSQG
NGFDPELYEGGRKGYGDFSRYDEGSGUGSGDEGRDEAHEREW
NLFYQROMOQLRKGKDPKIEEFVPPDENCPLKEASSRRIPRLTY
KAREHCLRLLEEALSSNROSTRTADEADLRAKAVELEHETFR
NAKVANLYRKASVLKKVADIHRASKDGOPYDMGGSAKSCSA
QAEPPEPNEYDIPPASHVY SLKPKRVGAGRPKGSCPFQTATEL
METTRIREQAPQPERGGEHEPPSRPCGLLDEDGSEPLPGPRGE
VPGGSAHYGGPSPEKKAKSSSGGSSLAKGRASKKQOLLATAA
HKDSQSIARFFCRRVESPALLASAPEAEGACPSCEGVOGPPMA
PEKYTGEEDGAGGHSPAPPOTEECLRERPSTCPPRDOGTPEVQ
PTPAKDTWKGKRPRSQOENPESQPOKRPRPSAKPSVVARVKG
SVSASEQUTLNPTAQDPFOLSAPGVSLKEAANVVVKCLTPEY
KEGKFASKELFKGFARHLSHLLTOKTSPGRSVKEEAQNLIRHF
FHGRARCESEADWHGLCGPOR (SEQ 1D NG:61)

REC(Q4

H. sapiens

MERLRDVRERLOAWERAFRRORGRRPSQDDVEAAPEETRAL
YREYRTLKRTTGQAGGGLRSSESLPAAATEAPEPRCWGPHLN
RAATKSPOSTPGRSROGIVPDY GORLKANLKGTLOAGPALGR
RPWPLGRASSKASTPKPPGTGPVPSFAEKVSDEPPQLPEPQPRP
GRLOHLOASLSQRLGSLDPGWLQRCHSEVPDFLGAPKACRPE
LGSEESQLLIPGESAVLGPGAGSQGPEASAFQEVSIRVGSPOPS
SSGGEKRRWNEEPWESPAQVOQQESSQAGPPSEGAGAVAVEE
DPPGEPVQAQPPOPCSSPSNPRY HGLSPSSQARAGKAEGTAPL
HIFPRLARHDRGNYVRLNMKQKHY VRGRALRSRLLRKOQAW
KOKWRKKGECFGGGGATVTTKESCFLNEQFDHWAAQCPRP
ASEEDTDAVGPEPLVPSPOPVPEVPSLDPTVLPLYSLGPSGQLA
ETPAEVFQALEQLGHOAFRPGOERAVMRILSGISTLLVLPTGA
GKSLOYOQLPALLYSRRSPCLTLYVSPLLSLMDDOQVSGLPPCLK
AACTHSGMTRKOQRES VLOKIRAAQVHVLMLTPEALVGAGGL
PPAAQLPPVAFACIDEAHCLSQOWSHNFRPCYLRVCKVLRERM
GVHCFLGLTATATRRTASDVAQHLAVAEEPDLHGPAPVPTNL
HLSVSMDRDTDQALLTLLQGKRFONLDSIITYCNRREDTERIA
ALLRTCLHAAWVPGSGGRAPKTTAEAYHAGMCSRERRRVOQR
AFMOGOLRVVVATVAFGMGLDRPDVRAVLHLGLPPSFESYV
QAVGRAGRDGOPAHCHLFLQPQGEDLRELRRIVHADSTDFL
AVKRLVOQRVFPACTCTCTRPPSEQEGAVGGERPVPKYPPQEA
EQLSHOAAPGPRRVCMGHERALPIQLTVQALDMPEEAIETLL
CYLELHPHHWLELLATTY THCRLNCPGGPAQLQALAHRCPPL
AVCLAQQLPEDPGOGSSSVEFDMVKL VDSMGWELASVRRAL
COLOWDHEPRTGVRRGTGYLVEFSELAFHLRSPGDLTAEEKD
OICDFLYGRVQARERQALARLRRTFQAFHSVAFPSCGPCLEQ
QDEERSTRLKDLLGRYFEEEEGQEPGGMEDAQGPEPGQARLQ
DWEDQVRCDIRQFLSLRPEEKFSSRAVARIFHGIGSPCYPAQV
YGODRRFWRKYLHLSFHALVGLATEELLOVAR (SEQ ID
NO:62)

HELQ

H. saviens

MDECGSRIRRRVSLPKRNRPSLGCIFGAPTAAELVPGDEGKEE
EEMVAENRRRETAGVLPVEVQOPLLLSDSPECLVLGGGDTNPD
LLRHMPTDRGVGDOPNDSEVDMEGDYDSFTENSFIAQVDDLE
OKYMOLPEHKKHATDFATENLCSESIKNKLSITTIGNLTELQT
DKHTENOQSGYEGVTIEPGADLLYDVPSSQAIYFENLONSSNDL
GDHSMKERDWESSSHNTVNEELPHNCIEQPOONDESSSKVRT
SSPMNRRKSIKDHLENAMTGNAKAQTPIFSRSKQLKDTLLSE
EINVAKKTVESSSNDLOPFYSLPSKVRDLY AQFKGIEKLYEWQ
HTCLTLNSVOERKNLIYSLPTSGGKTLVAEILMLOELLCCRED
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VLMILPYVAIVOEKISGLSSFGIELGFFVEEYAGSKGRFPPTKR

REKKSLYIATIEKGHSLVNSLIETGRIDSLGLYVVVDELHMIGEG
SRCGATLEMTLAKILYTSKTTOQUOMSATLNNVEDLOKFLOAEY
YTRQFRPVELKEYLKINDTIYEVDSKAENGMTEFSRLLNYKYSD
TLKKMDPDHLVALVTEVIPNYSCLVFCPSKKNCENVAEMICK
FLSKEYLKHKEKEKCEVIKNLENIGNGNLCPVLKRTIPFGVAY
HHSGLTSDERKLLEEAYSTGVLCLFTCTSTLAAGVNLPARRVE
LRAPYVAKEFLKRNQYKOMIGRAGRAGIDTIGESILILQEKDXK
QOVLELITKPLENCY SHUVQEFTEGIQTLFLSLIGLKIATNLDDH
YHFMNGTFFOVQQREVLLKEKSLWEITVESLRYLTERKGLLQKD
TIYKSEEEVOYNFHITKLGRASFRGTIDLAYCDILYRDLKKGL

EGLVLESLLHLIYLTTPYDLVSQUNPDWMIY FROQFSQLSPAEQ
NVAAILGVSESFIGKKASGOAIGKKVDEKNVVNRLYLSFVLYT

LEIKETNIWTVSEKFNMPROGYIONLLTGTASFSSCVLHFCEELE

EFWVYRALLVELTKKLTYCVKAELIPLMEVTGVLEGRAKQL

YSAGYKSLMHLANANPEVLVRTIDHLSRROAKGIVSSAKMLL
HEKAEALQEEVEELLRLPSDFPGAVASSTDEA (SEQ ID NO:63)

ICPy

H. simplex

METKPKTATTIKVPPGPLGYVYARACPSEGIELLALLSARSGD
SDVAVAPLVVGLTVESGFEANVAVVVGSRTTGLGGTAVSLK
LTPSHYSSSVYVFHGGRHLDPSTQAPNLTRLCERARRHFGFSD
YTPRPGDLKHETTGEALCERLGLDPDRALLYLVVTEGFKEAY
CINNTFLHLGGSDKVTIGGAEVHRIPVYPLQLFMPDFSRVIAEP
FNANHRSIGEKFTYPLPFFNRPLNRLLFEAVVGPAAVALRCRN
VDAVARAAAHLAFDENHEGAALPADITFTAFEASQGKTFRGG
RDGGGKGAAGGFEQRLASVMAGDAALALESIVSMAVEDEPP
TDISAWPLFEGODTAAARANAVGAYLARAAGLVGAMVESTN
SALHLTEVDDAGPADPKDHSKPSFYRFFLVPGTHVAANPOQVD
REGHVVPGFEGRPTAPLVGGTQEFAGEHLAMLCGFSPALLAK
MLEYLERCDGAVIVGROEMDVFRY VADSNQTDVPCNLOTED
TRHACVHTTLMRLRARHPKFASAARGAIGVFGTMNSMYSDC
DVLONYAAFSALKRADGSETARTIMOETYRAATERVMAELE
TLOYVDOAVPTAMGRLETHTNREALHTVVNNVROVVDREVY
EQLMRNLVEGRNFKFRDGLGEANHAMSLTLDPYACGPCPLL
QLLGRRSNLAYVYQDLALSQCHGVFAGQSVEGRNFRNQFQPY
LRRRVMDMFNNGFLSAKTLTVALSEGAAICAPSLTAGOTAPA
ESSFEGDVARVTLGFPKELRVKSRVLFAGASANASEAAKARY
ASLOSAYQKPDKRVDILLGPLGFLLKQFHAAIFPNGKPPGSNG
PNPQWFWTALQRNQLPARLLSREDIETIAFIKKFSLDY GAINFI
NLAPNNVSELAMYYMANQILRYCDHSTYFINTLTAIIAGSRRP
PSVOAAAAWSAQGGAGLEAGARALMDAVDAHPGAWTSMF
ASCNLLRPVMAARPMVVLGLSISKY YGMAGNDRVFQAGNW
ASLMGGENACPLLIFDRTRKFVLACPRAGFVCAASSLGGGAH
ESSLCEQLRGISEGGAAVASSVFVATVKSLGPRTOQLOIEDW
LALLEDEYLSEEMMELTARALERGNGEWSTDAALEVAHEAE
ALVSQLGNAGEVFNFGDFGCEDDNATPFGGPGAPGPAFAGR
KRAFHGDDPEGEGPPDKKGDLTLDML (SEQ ID NO:64)

RAD25

& cerevisiae

MTDVEGYQPKSKGKIFPDMGESFFSSDEDSPATDAEIDENYD
DNRETSEGRGERDTGAMVTGLKKPREKTKSSRHTAADSSMN
QOMDAKDKALLODTNSDIPADFVPDSVSGMFRSHDFSYLRLRP
DHASRPLWISPSDGRIILESFSPLAEQAQDFLVTIAEPISRPSHIH
EYKITAYSLYAAVSVGLETDDUSVLDRLSKVPVAESHINFIKGA
TISYGKVKLVIKHNRYFVETTQADILOMLLNDSVIGPLRIDSD
HOVOPPEDVLOOOLOOTAGKPATNYNPNDVEAVESAVIGGD
NEREEEDDDIDA VHSFEIANESVEVVKKRCOEIDYPVLEEYDF
RNDHRNPDLDIDLKPSTOIRPYQEKSLSKMFGNGRARSGITVLP
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CGAGKTLVGITAACTIKKSVIVLCTSSVSVMQWRQQFLOWCT
LOPENCAVFTSDNKEMFQTESGLVVSTY SMYANTRNRSHDS
QKVMDFLTGREWGFIILDEVHVVPAAMFRRVVSTIAAHAKLG
LTATLVREDDKIGDLNFLIGPKLYEANWMELSQKGHIANVQC
AEVWCPMTAEFYQEYLRETARKRMLLYIMNPTKFQACQFLIO
YHERRGDKIVFSDNVYALQEY ALKMGKPFIY GSTPOOERMN
[LONFQYNDQINTIFLSK VGDTSIDLPEATCLIQISSHY GSRRQE
AQRLGRILRAKRRNDEGFNAFFYSLVSKDTQEMY YSTKRQAF
LVDQGY AFKVITHLHGMENIPNLAYASPRERRELLQEVLLKN
EEAAGIEVGDDADNSYVGRGSNGHKRFKSKAVRGEGSLSGLA
GGEDMAYMEYSTNKNKELKEHHPLIRKMYYKNLKK (SEQ ID
NO:65)

RAD3

& cerevisiae

MKFYIDDLPVLFPYPKIYPEQYNYMCDIKKTLDVGGNSILEMP
SOTGKTVSLLSLTIAYOMHY PEHRKIY CSRTMSEIEKALVELE
NLMDYRTKELGYQEDFRGLGLTSRKNLCLHPEVSKERKGTY
VDEKCRRMTNGQAKRKLEEDPEANVELCEYHENLYNIEVED
YLPKGVFSFEKLLKYCEEKTLCPYFIVRRMISLONIITYSYHYLL
DPKIAERVSNEVSKDSIVIFDEAHNIDNVCIESLSLDLTTDALR
RATRGANALDERISEVRKVDSOKLODEY EKLYOGLHSADILT
DOEEPFVETPVLPODLLTEAIPGNIRRAEHFVSFLKRLIEYLKT
RMKVLHVISETPESFLOHLKOLTFIERKPLRFCSERLSLLVRTL
EVTEVEDFTALKDIATFATLISTYEEGFLLITEPYEIENAAVPNPI
MRFTCLDASIAIKPVFERFSSVIITSGTISPLDMYPRMLNFKTVL
QKSYAMTLAKKSFLPMUTKGSDOVAISSRFEIRNDPSIVRNYG
SMLVEFAKITPDGMVVFFPSYLYMESIVSMWOQTMGILDEVW
KHKLILVETPDAQETSLALETYRKACSNGRGAILLSVARGK VS
EGIDFDHQYGRTVLMIGIPFQYTESRILKARLEFMRENYRIREN
DFLSFDAMRHAAQCLGRVLRGKDDYGVMVLADRRFSRKRS
QLPKWIAQGLSDADLNLSTDMAISNTKOFLRTMAQPTDPK DO
EGVSVWSYEDLIKHONSRKDQGGFIENENKEGEQDEDEDED!
EMQ (SEQ D NO:66)

Cas9 Recll

S, progenes

DVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRL

ENLIAQLPGEKKNGLFGNLIALSLGLTPNFRSNEDLAEDAKLO

LSKDTYDDDLDNLLAQIGDOQYADLFLAAKNLSDAILLSDILRY
(SEQ 1D NO:67)

Cas9 Recl
Recll Recl

S, pyogenes

DDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY
HLEKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNS
DVDELFIQLVOTYNQLFEENPINASGVDAKAILSARLSKSRRL
ENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQ
LSKDTYDDDLDNLLAQIGDQY ADLFLAAKNLSDAILLSDILRY
NTEITKAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEIF
FDOSKNGY AGYIDGGASQEEFY KFIKPILEKMDGTEELLVKLN
REDLLRKORTFDNGSIPHOIHLGELHAILRRQEDFYPFLEDNR
EKIEKILTFRIPY Y VGPLARGNSRFAWMTRKSEETITPWNFEEY
VDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNE
LTKVKYVTEGMRKPAFLSGEQKKAIVDLLFK TNRKVTVKOL
KEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD
NEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDK VMEKQL
KRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFE
MOLIHDDSLTFKEDIOKAQVSGQOGD (SEQ ID NO:68)

[0106]

In certain embodimenis, the base editor (e.£., 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 nucieic
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, ef af. (2014) Curr Gene Ther. 14{5%.331-342 regarding
PNA; Moreno, ef af. (2013) Nucleic Acid Res. 41(5):3257-3273 and Geny, ef af.
(2016) Nucleic Acid Res. 44(5).2007-2019 regarding LNA; and Rahman, et a/ (2007}
Nucleosides Nucleotides Nucleic Acids 26{10-12).1625-1628 regarding BNA.

{0107} in certain embodiments, the CasS-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. o certain embodimentis, the DNA-destabilizing
factor is a protein {¢.g., as shown in Table A) or an oligonuciectide {e.g, an LNA,
PNA or BNA). In other embodiments, the Cas3-free base editors comprise non-Cag9
CRISPR proteins 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, BMNAs, etc.) may be operably hinked
1o 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 [6108] In certain embodiments, the base editor comprises one or more
nucleotide sequences, for example one or more BNA oligonucleotides, RNA
oligonucleotides, peptide nucleic acids (PNAs), locked nucleic acids {LWNAg) and/or
bridged nucleic acids (BNAs), 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
W

mvasion, triplex invasion or a tail-clamp (Quijano, er al. {2017} Yale . Biol and Med.
90:543-598; Pellestor and Paulasova (2004) Furopean J. Human Genetics 12:694-
700; Schleifman, ef of. (2011} Chem & Bio. 18:1189-1198. The structure of the one
or more nucleotide sequences of the base editor will vary in fength; number and
posttion of DNA and/or RNA and/or LNA and/or LNA and/or BNA bases;

30 phosphorothioate bonds; other common moditications) of these ohgonucleotides
depending on the target sequence composition.

(0109} In certain embodiments, the base editor comprises one or more PNAs,
for examplegamma PN As contaiming miniPEG substitulions and the gamma position

for enhanced binding, increased solubility and iroproved delivery (Bahal, ef ol (2014)

i
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Current Gene Ther. 14(5):331-342. In certain embodiments, the PNAs comprise one
or more ) mdicates 8-amino-2 6-dioxaoctanoic acid linkers 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-ierminals of the
PNA sequence. In certain embodiments, 1, 2, 3, 4, 5 or more Lys residues are
mmcluded 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 in reverse orientation
relative to each other. In certain embodiments, the one or more PNAS have the
structure: N-Lys-Lys-Lys-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-
10 C; N-Lys-Lys-Lys-NNNNNNNNNMN-OOO-NNNNNNNNNNNNNNN-Lys-Lys-Lys-
C: N-Lys-Lys-Ly s-NNNNNNNNNN-OOO-NNNNNNNNNN-Lys-Lys-Lys-C; N-
Lys-Lys-Lys-NNNNNNNNNN-GOO-NNNNNNNNNN-Lys-Lys-Lys-{; and/or N-
Lys-Lys-Lys-NNNNNNNNNNNNNNN-Lys-Lys-Lys-C, wherein O indicates §-
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 pseudoisocvtosine be
can substitided for cytosine. In the certain embodiments, the one or more PNAs
comprises one or more PNAs as shown in Figures 8B to 8E.
[3110] 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(5y:2007-2019. In certain
embodiments, the LNA comprise one or more phosphorothioate bonds, optionally
between one or more LNA restdues and/or DNA residues. In other embodiments, the
LNA comprises one or more Cholesterol-TEG, which may ncrease uptake into cells,
In certain ernbodiments, the one or more LNAs have the following structure: 5°-
MNoNnNnNnNaNoNaNicticmNnNnNonNaNnNaNnNmmNmmNmmNnnNn-3" (SEQ 1D
NO:1Y; 5°-
N NaNnNoNnNaNaNicteinNo NaNaNaNoNoNoeNmNmnNanNon*N*1-37 (SEQ
HI NO:69); and/or 5°-
NnNnNoNaNnNoNnNicictnNaNaoNoNaNaNoNaNmniNanNnnNnnNn-Chol-TEG-3°

b2
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30 (SEQ ID NO:70), where LN A nucleotides are in uppercase; DNA nucleolides are in
lower case; “*” indicates phosphorothioate bounds; and “Chol-TEG” indicates 3°
Cholesterol-TEG (see, e.g., Bijsterbosch, ef al. (2000} Nucleic Acids Res. 28:2717-
2725; Bysierbosch, ef al. (2002} .J. Pharmacol. Fxp. Ther. 302:619-626; Manoharan

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

(i
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Chem Biol. :570-9) for increased uptake into cells. In certain embodiments, the base
editor comprises one or more LN As as shown in Figure 8F or Figure 8G.
G611} The one or more DN A destabilizing factors may be provided
independently from and/or with a base editor {e.g. ABE and/or CBE) and/or a
nickase. In certain embodiments, the DNA de-stabilizing factor(s) is{are) fused to the
ZFP and/or ZFN nickase in any ortentation {e.g.. N- and/or C~ternunal). 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 soRNA) that
specifically binds to a target site near (RANGE) the base editor. In certa
embodiments, the Cas9-containing base ediling system comprises: a Cas? nickase and
one or more DNA-binding molecules (e.g., ZFPs) that serve to anchor the Cas9
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 molecules (e.g., ZFP anchor(s)) typically bind to a
target site within 1-530 {or any value therebetween) nucleotides of the base editor (2. g,
Cas9 or Cas9-free base editor) and/or targeted base. The DNA-binding molecule may
bind 5° and/or 37 1o the base editor and/or largeted base. In ceriain embodiments, the

20 Cas9 base editor as described herem comprises two more ZFP domams, 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 cerlain embodiments, the at least one DNA-
binding domain binds (o 3 larget 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 night

W

schematic; Figure 3; and Figure 7A for exemplary embodiments in which one or more

b2

additional ZFP anchors are used and specifically binds 1o 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 5-fold {(or anv value therebetween),
30 10-fold 1o 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 15 a base editing system
comprising: {1} a Cas9 nickase {e.g, compnising a catalviically inactive monomer of

an adenosine deaminase); (2) an anchor DNA-binding domain {(e.g.. ZFP) that
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specifically binds 1o a target site 5” or 3° 1o the Cas9 nickase; and (3} a non-Cas9
ckase {e.g., a ZFP-nickase) comprising a calalyiically inactive monomer of the

adenosine deaminase and a DN A-binding domain (e.g., ZFP) that binds to a target site
57 or 3’ to the CasY nickase. Upon dimernization of the A deaminase monomers of the
Cas9 nickase and non-Cas9 nickase {(e.g., ZFN nickase) dimerize form a functional
deanunase. The anchor DN A-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) sides of the Cas9 nickase. In certain embodiments, the anchor
DNA-binding domain and the non-Cas9 nickase bind o opposiie strands on opposite

10 sides of the Cas9 mickase. See, e.g., Figure 1B, top schematics,
[3114] 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 3 or 37 to the Cas? nickase; and (3) anon-
(as9 nickase {(2.g., a ZFP-nickase} comprising an A or  deaminase. The anchor

15 DNA-binding domain and non-Cas9 nickase may bind on the same or different
strands of the targel and/or on the same (37 or 37} or different {one on 57 and one on
37) sides of the Cas9 nickase. In certain embodiments, the anchor DNA-binding
domain and the non-Cas® nickase base editor bind to opposite strands on opposite
sides of the Cas9 nickase. See, e.g., Figure 1B, bottom middle schematic,

20 [8115] In other embodiments, described herein 1s a base editing systern
comprising: {1} a Cas? protein {e.z., dCas9} operably linked fo a sgRNA; { )
optional anchor DNA-binding domain (e.g., ZFP anchor} that specifically binds to a
target site 57 or 37 to the CasY nickase; (3) a fusion protein comprising a ZFP operably
linked to an A or C deamunase, which fusion protein is 37 or 5 to the Cas9 protein;

d (4) a ZFN nickase that binds 3° or 57 of the Cas9 protein and/or the ZFP. The

b2
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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 (87 or 37} or different {one on 37 and one on
37) sides of the Cas9 protein. In certain embodiments, the ZFP of the ZFP-deaminase
fusion protein and the optional anchor ZFP bind to opposite strands. See, e.g., Figure
30 1C. Infurther 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 avatlable PAM sequence for

base editors comprising sgRNAs,

W
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0117} Also described herein are base edilors (ABEs or UBEs) that do not
comprise a Cas? base editor {e.g., tack a CasY nickase or Cas? prolein). See, e.g.,
Figure 1 A through Figure 1D.

13118} in certain embodimenits, the base editor comprises: (1) a non-Cas9
nickase, for example a ZFN nuckase comprising a pair of ZFNs (ZFP operably linked
to a nuclease domain} in which one of the nuclease domains of the pair is catalytically
mnactive (see, e.g., U.S. Patent Nos. 8,703,489; 9,200,266, 9,631,186; and
10,113,207); and (2) a ZFP base editor comprising a ZFP operably linkedtoan A or C
deaminase. See, e.g., Figure 1B, botlom lefi schematic,

16 [B8119] 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-prograrmomable molecule comprising
Cas9 protein {e.g., dCas9) and sgRNA. In other embodiments, the RNA-
programimable molecule is not a Cas9 protein {e.g.. Cpfl (also known as Cas12a),

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

20 (6124 In other embodiments, the Cas9-free 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. Nou-limiting examples of DNA destabilizing

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

W

acids, including LNAs and/or PNAs as shown in Figure 8. The ZFN nickase may

b2

include one or more mutations in the catalytically active and/or catalyiically inactive
Foll domains and/or one or more mutations to the ZFP backbone. See, e.g, U.S.
Patent Publication No. 2018/0087072. In certain embodiments, the base editors as
described herein may be Cas9-free but may mnclude non-Cas9 CRISPR proteins.

30 [Bi2Y] Any of the Cas9-free (e.g.. ZFP) base editors may further comprise {or
recruit) 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, gic.}, for exampie 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 destabi 17ing factors can be associated with the nickase and/orthe A or C
deaminase-containing molecule. In certain embodiments, the DNA destabilizing
factor {e.g.. DNA oligo)} 1s associated with the ZFN nuckase as depicied in Figure 1D,
[3122] In other embodiments, described herein is a base editing system
comprising: {1} al 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 5”7 or 3° 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 §” to the
DNA-destabilizing molecule.

160 8123} Cas9-tree base editors offer several surprising and unexpected
advantages over Cas? base editors including, but not limited to: (1) No Cas©
dependent off-target effects as we can build ZFNs with 99% or more cutling
efficiency (no off-target effects); (i1) elimunating PAM restrictions as ZFPs can target
essentially anv sequence in the human genome; (ii1) reducing and/or eliminating

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

[3124] Thus, cas9-free base editors provide significant advantages over
conventional CasY base editors including but not himited to: target specificity;

20 versatility; control or elimination of bystander mutations; and ease of delivery. In
terms 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.

b2
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Furthermore, whereas the selection of target sites for non-{as® ZFP base editors is
limited by PAM requirements, Cas9 free ZFP base editors can target essentially any
target sequence). In addition, due (o the reduced construct size of non-Cas9 bage
editors, they can be delivered using AAV vectors, thereby greatly expanding
therapeutic (in vivo} uses.

30 [B8128) In certain embodiments, the base editors {base editing systems)
described herein nclude a sigle base o he 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 intervening. See, also Figure 2. The opening of the DNA editing

window leaves other non-target bases {adenines and/or cytosines) open for potential

W
W
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modification by base editors. This means that although the target may be 13-16
nucleotides away from the 57 end of the PAM sequence, largeted bases {¢.g., adenines
or cytosines) present in those intervening nucleotides and/or in the base editing

mdow may also be altered. Such non-targeted mutations, also referred to as
“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 cvtidine base editor) in the editing window. Alternatively, and/or in
addition io selection of a PAM sequences, the present mveniion reduces or eliminates
bystander mutations by using a base editor as described heremn 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 complexes (systems)
comprising a varigty of fusion proteins. In some embodiments, Cas proteins can be
fused to alternate DNA binding domains to increase the specificity of binding of the
fuston protein to a DNA {see Bolukbashi, ef /. (2015) Nat 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 af. (2017} Nature Biotechnology 35:789-792; Virginmijus Siksnys (2016)

Mol Cell 61:793) or 1o alter the requirement for PAM recognition.  In some

embodiments, the base editor lacks a Cas nuclease.

131271 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
fibrosis, phenylketonuria, Tay-Sachs, color blindness, Fabry disease, Friedraich’s
ataxia, prostaie 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
associated with a cancer, for example, the JAK2 V617F mutation. This mutation
plays a critical role in the expansion of myeloproliferative neoplasms. JAK2
transduces cviokine and growth factor signals from membrane-bound receptors
through phosphorylation of the STAT family of transcription factors. The V617F

mutation eads to constitutive tyrosine phosphorylaiion activity and promoies
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cytokine hy persensitivity {James, ef al. (2005} Nature 434:1144-1148) and the ability
to drive cells to prohiferate in the absence of cytokines (Zhao, e al. (2005} .J. Bio!
Chem 280 (24):22788-22792). For some JAK2 V617F disorders (e.g. primary
myelofibrosis), the only cure is hematopoieiic cell transpiant, however current
approaches are ofien associated with disease relapse and graft versus host disease
(Byrne, et gl (2018) Ther Avd Hematol 9(9Y.251-259). Editing of a subject s
hematopotetic stem cells/progenitor cells (HSC/PC) to remove the nwtation may
allow successtul treatment of these diseases.

[3129] In certain embodiments, base targets an alpha-1 antitrypsin {within the
SERPINA locus). Mutations in the locus that cause an autosomal recessive
deficiency in the ATAT protein are associated with both liver and lung disease. The
PiZ mudation, one of the most common deficiency alleles in people of Northern
FEurope descent, results in only about 10-20% of the ALAT 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 lysine where a G at position 1096 in the
DNA 15 an A in the mutaled gene sequence (reviewed in Fregonese and Stolk (2003)

Orphanet J Rare Dis 3:16).

DNA-binding molecules/domains
[6130] Described herein are compositions comprising one or more DNA-
hinding molecules/domains that specifically bind to a target site in anvy gene or locus
of interest. Any DNA-binding molecules/domains can be used in the compositions
and methods disclosed herein, including but not limited to a zinc finger DNA-binding
domain, a TALE DNA binding domain, the DNA-binding portion {guide or sgRNA)
of a CRISPR/Cas nuclease, and/or a DNA-binding domain from a meganuclease.
[3131] In certain embodiments, the base editors described herein comprise a
zine finger protein DNA-binding domain. Preferably, the zinc finger protein is non-
naturally occurring in that it is engineered to bind to a target site of choice. See, for
example, Beerli, er ol (2002) Nature Biotechnol 20:135-141; Pabo, ef o/ (2001) Ann.
Rev. Biochem. 70:313-340; Isalan, er al {2001 Nature Biotechnol 19:656-660;
Segal, er al. (2001 Curr. Opin. Biotechnol. 12:632-637; Choo, et 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. 2003/0064474;

(i
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2007/0218528; and 2005/0267061, all incorporated herein by reference in their
entireties. In certain embodiments, the DNA-binding domain comprises a zinc finger
protein disclosed in U.S. Patent Publication No. 2012/0060230, incorporated by
reference in ifs entirety herein.
[0132] An engineered zinc finger bindin - omain can have anovel binding
specificity, compared to a naturally-occurring zinc finger protein. Engineering
methods inchude, but are not limited to, rational design and various types of selection.
Rational design includes, for example, using databases comprising tripiet {or
quadruplet) nuclectide sequences and individual zine finger amino actd sequences, in
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. Palent Nos. 6,453,242 and 6,534,261, incorporated
by reference herein in their entireties.
10133] Exemplary selection methods, including phage display and two-hybrid
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; WO 98/53057; WO 00/27878; and

/(3 01/88197 and GB 2,338,237, In addition, enhancement of binding specificity for

finger binding domains has been described, for example, in U.S. Patent No.

6,794,136,
10134] In addition, as disclosed in these and other references, zinc finger
domains and/or multi-fingered zinc finger proteins may be linked together using any
suttable linker sequences, including for example, linkers of S or mwore 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 linkers between the individual zinc
fingers of the protein. In addition, enhancement of binding specificity for zinc finger
hinding domains has been described, for example, in U 8. Patent No. 6,794,136,
[0135] Selection of targei sites; ZFPs and methods for design and construction
of fusion proteins (and polvnucleotides encoding same) are known to those of skill in
the art and described in detail in U.S. Paient Nos. 6,140,081; 5,789,338; 6,453,242,
6.534,261; 5,925,523; 6,007 988; 6,013,453; and 6,200,759; and International Patent
Publication Nos. W 95/19431; WO 96/06166; W 98/53057;, W 98/54311;

W
o0
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WO 00/27878, WO 01/60970;, WO 01/88197;, WG (2/099084; W 98/53038;

WO 98/53059, WO 98/5306(; WO 02/016536; and WO (3/016496,

(G136} in addition, as disclosed 1o these and other references, zinc finger
domains and/or multi-fingered zine finger protems may be linked together using anv
suitable linker sequences, including for example, linkers of 5 or more amino acids in
fength. See, also, U.S. Patent Nos. 6,479,626, 6,903,185, and 7,153,949 for
exemplary linker sequences ¢ or more amino acids in length. The proteins described
herein may include any combination of suitable linkers between the individual zine
fingers of the protein.

10 0137} Usually, the ZFPs include at least three fingers. Certain of the ZFPs
inchude four, five, six or more fingers. The ZFPs that include three fingers typically
recognize g larget site that mmcludes 9 or 10 nucleotides; ZFPs that include {our fingers
typically recogrize a target stte that includes 12 to 14 nucleotides; while ZFPs having
six fingers can recognize target sites that include 18 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~Seel, I-Ceul, PLI-Pspl, PI-Sce, 1-8celV, I-Csnd, 1-Panl, 1~

20 Seell, 1-Ppol, I-Scelll, 1-Crel, 1-Tevi, I-7evil and §-Tevill are known. See also U8,
Patent No. 5,420,032; U.8. Pateni No. 6,833,252; Belfort, et o/ (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} J. Mol Biol 280:345-353

W

and the New England Biolabs catalogue. In addition, the DNA-binding specificity of

b2

homing endonucleases and meganucleases can be engineered to bind non-natural
target sites. See, for example, Chevalier, ef o/, (2002) Molec. Cell 10:895-905;
Fpinat, ef al. (2003} Nucleic Acids Res. 31:2952-2962; Ashworth, ef al. (2006) Nature
441:656-659; Paques, ef al. (2007) Current Gene Therapy 7:49-66; U.S. Patent

30 Publication No. 2007/0117128.
(0139} in certain embodiments, the zine finger protein used with the mutant
cleavage domains described herein comprises one or more mutations {substitutions.
deletions, and/or insertions) to 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

v
el
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positions -14, -9 and/or -S. The wild-tvpe residue at one or more these positions may
be deleied, replaced with any amino acid residue and/or mclude on or more additional
residues. In some embodiments, the Arg (R} at position -5 1s changed to a Tyr {Y),
Asp (N), Glu (B}, Leu (L), GIn ((3), or Ala (A}, In other embodiments, the Arg (R) at
position (-9) s replaced with Ser (83, Asp (N}, or Gla (E). In further embodiments,
the Arg (R} at position (-14) 1s replaced with Ser (8) or GIn (Q). In other
embodiments, the fusion polypeptides can comprise murtations in the zinc finger DNA
binding domain where the amino acids at the (-5), {-9) and/or {-14} positions are
changed to any of the above histed amino acids i any combination.

10 (8148 In other embodiments, the DNA binding domam comprises an
enginesred 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 Microbiclogy

15 73{13):4379-4384); U.S. Pateni Publication Nos. 2011/0301073 and 2011/014594¢
The plant pathogenic bacteria of the genus Xanthomonas are known to cause many
diseases in troportant crop plants. Pathogenicity of Xanthomonas depends on a
conserved tvpe I secretion (T38) system which injects more than 25 different
effector proteins mto the plant cell. Among these injected proteins are franscription

20 acuivator-like effectors (TALE) which nunuc plant transcriptional activators and
manipulate the plant transcriptome (see Kay, er al. (2007) Science 318:648-651).
These proteins contain a DNA binding domain and a transcriptional activation
domain. One of the most well charactenized TALESs 1s AvrBs3 from Xanthomonas

campesigris pv. Vesicatoria (see Bonas, ef al. (1989) Mol Gen Genet 218:127-136

W

and International Patent Publication No. WO 2010/079430). TALEs contain a

b2

centralized domain of tandem repeats, each repeat containing approximately 34 amuno
acids, which are key to the DNA binding specificity of these proteins. Tn addition,
they contain a nuclear localization sequence and an acidic transcriptional activation
domain (for a review see Schornack 8., ef al. (2006).J Plani Physiol 163(3) 256-272).
30 In addition, in the phytopathogenic bactena Ralstonia solanacearum two genes,
designated brgll and hpx17 have been found that are homologous 1o the AvrBs3
tamuly of Xanthomonas in the R solanacearum biovar 1 strain GMI1000 and in the
biovar 4 strain RS1000 (See Heuer, ef ol (2007 App! and Envir Micro 73134379~

4384). These genes are 98 9% identical 1n nucleotide sequence to each other but differ

60
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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 identily with AvrBs3 family proteins of
Xanthamonas.
[3141] Specificity of these TAL effectors depends on the sequences found in
the tandem repeats. The repeated sequence comprises approximately 102 base pairs
and the repeats are typically 91-100% homologous with each other (Bonas, ef al..
iridy. Polvmorphism of the repeats is usually located at positions 12 and 13 and there
appears 1o be a one-to-one correspondence between the identity of the hypervariable
diresidues (the repeat vanable 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
326:1509-1512). Experimentally, the natural code for DNA recognition of these
TAL-~effectors has been determined such that an HD sequence at positions 12 and 13
{Repeat Variable Diresidue or RY D) leads to a binding to cviosine (), NG binds to

15 T.Nltw A, C, Gor T, NN binds to A or G, and ING binds 10 T. These BNA binding
repeats have been assembled into proteins with new combinations and numbers of
repeais, to make artificial transcription factors that are able to interact with new
sequences and activate the expression of a non-endogenous reporter gene in plant
cells (Boch, ef al., ibid). Engimeered TAL proteins have been linked to a Foil

20 cleavage half domain to yield a TAL effector domain nuclease fusion (TALEN),
mcluding 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. Tn other embodiments, the TALE-

nuclease is a mega TAL. These mega TAL nucleases are fusion proteins comprising

W

a TALE DNA binding domain and a meganuclease cleavage domain. The

b2

meganuciease cleavage domain is active as a monomer and does not requiire
dimerization for activity. (See Boissel ef a/. (2013) Nuc! Acid Res: 1-13, dot
10.1093/nar/gkt1224).
{3143} in still further embodiments, the nuclease comprises a compact

30 TALEN. These are single chain fusion proteins inking 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 1s located with respect to the Tevi nuclease

domain (see Beurdeley, et al. (2013} Nat Conum: 1-8 DOL10.1038/ncomms2782). 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 (¢cTALENSs or Fokl-TALENs) with one or more mega-TALEs.
[3144] In addition, as disclosed in these and other references, zing finger
domains and/or multi-fingered zine finger proteins or TALEs mav be linked together
using any suitable linker sequences, including for example, linkers of 5 or more
amino acids in length. See, also, U.S. Patent Nos. 6,479.626; 6,903,185; and
7,153,949 for exemplary linker sequences 6 or more amings acids in fength. The
proieins described herein may include any combination of suitable linkers between

10 the mdividual zinc fingers of the protein. In addition, enhancement of binding
specificity for zinc finger binding domains has been described, for example, in U8
Patent No. 6,794,136,
[(3145] In certain embodiments, the base editor comprises a DNA-binding
domain that 1s part of a CRISPR/Cas nuclease system, including a single guide RNA

15 (sgRNA) BNA binding molecule that binds to DNA. See, e.g., U.S. Patent No.
8,697,359 and U.S. Patent Publication Nos. 2015/0056705 and 2015/0159172. The
CRISPR (clustered regularly interspaced short palindromic repeats) locus, which
encodes RN A components of the system, and the cas (CRISPR-associated) locus,
which encodes proteins (Jansen, ef al. (2002) Mol Microbiol. 43:1565-1575;

20 Makarova, ef af. (2002) Nucleic Acids Res. 30:482-496; Makarova, ef al. (2006) Biol
Direct 17, Haft, ef al. (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 acid

W

cleavage.
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[3146] In some embodimenis, the DNA binding domain is pait of a TtAgo
systern (see Swarts, ef af. (2014) Nature SO7(7491).258-261; Swarts, ef al. (2012}
PLoS One 7(4):e35888; Sheng, er al., ibid). In eukaryotes, gene silencing is
mediated by the Argonaute (Ago} family of proieins. In this paradigm, Ago is bound
30 tosmall (19-31 nt) RNAs. This proiein-RNA silencing complex recognizes target
RNAs via Watson-Crick base pairing between the small RNA and the target and
endonucleolytically cleaves the target RNA (Vogel (2014) Science 344:972-973). In
conirast, prokarvotic Ago proteins bind to small single-stranded DNA fragments and

likely function to detect and remove foreign (often viral) DNA (Yuan, ef al. (2005)
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Mot Cell 19:405; Olovnikov, ef af. (2013 Mol Cell 51, 394, Swarts, ef al. (2014)
Nature 507(74913.258-261; Swarts, ef al. {2012} PLoS One 7(4).e35838). Exemplary
prokarvotic Ago proteins inchude those from Aqguifex aealicus, Rhodobacter
sphaeroides, and Thermus thermophilus.

[3147] One of the most well-characterized prokaryotic Age protein is the one
from 7. thermophilus (TtAgo; Swarts, er af. (2014) Nature S07(7491y.258-261;
Swarts, et af. (2012) PLoS One 7{4):e35888). TtAgo associates with either 15 nt or
13-25 nt single-stranded DNA fragments with 3' phosphate groups. This “guide
DNA” bound by TtAgo serves to direct the proiein-DNA complex o bind a Watson-

10 Crick complementary DNA sequence m a third-party molecule of DNA. Once the
sequence information in these guide DINAS has aliowed 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 TiAgo-guide DNA complex while bound 1o its
target DNA (G. Sheng, er al, ibid). Ago from Rhodobacter sphaeroides (RsAgo) has

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

{3148} Exogenous guide DNAs of arbitrary DNA sequence can be loaded onio
the TtAgo protein {(Swarts, et al. (2014) Nature 507{7491).258-261; Swarts, ef a/.
(20123 PLoS Ome 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 i DNA. Use of the TtAgo-gmde DNA system (or
orthologous Ago-guide DNA sysiems from other organisms) allows for targeted

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

W

stranded. For cleavage of mammalian genomic DNA, it would be preferable to use of

b2

a version of TtAgo codon optimized for expression in mamnalian cells. Further, it
might be preferable to treat cells with a TtAgo-DNA coroplex forroed in virro where
the TtAgo protein is fused to a cell-penetrating peptide. Further, it might be preferable
to use a version of the TiAgo profein that has been altered via nmmiagenesis to have

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

of DINA breaks.
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0149} Thus, any PNA-binding molecule/domain can be used. In certain
embodimenis, the base editors described hersin are Cas9 base ediiors that include a
RNA 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) ¢
imerease base editing efficiency and/or specificity. Non-limiting examples of Cas9

base editors including ZFP anchors are shown 1 Figure 1B and Fieure 3.
o o

Fusion molecules

(6150} The DNA-editing complexes described herein can include one or more

10 fusion molecules comprising DNA-binding domains (e.g., ZFPs or TALEs,
CRISPR/Cas components such as single guide RWNAS) as described hergin and a
heterclogous (Runcitional} domain {or functional fragment thereof) are also provided.
61511 Comumon domains include, e.g., transcription factor domains
{activators, repressors, co-activators, Co-repressors), silencers, oncogenes {e.g., myc,

15 , fos, mvb, max, mad, rel, eis, bel, myb, mos family members etc.}; DNA repair
enzymes and their associated {actors and modifiers; helicases, double strand DNA
binding proteins, DNA rearrangement enzymes and thewr associated factors and
modifiers: chromatin associated proteins and their modifiers {e.g. kinases, acetylases
and deaceiylases); and DN A modifying enzymes {e.g., methyHransferases,

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

in thetr entireties heremn.

W

[0152] Fuston molecules are constructed by methods of cloning and

b2

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 deaminase and/or a GUI and/or GAM). Fusion molecules also
optionally comprise nuciear localization signals (such as, for example, that from the
30 SV40 mediom T-antigen) and epitope tags (such as, for example, FLAG and
hemagglutinin). Fusion proteins {and nucleic acids encoding them) are designed such
that the transtational reading frame 1s preserved among the components of the fusion.
[3153] Fustons between a polvpeptide component of a functional domain (or a

functional fragment thereot) on the one hand, and a non-protein DNA-bindine domain
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{e.g., antibiotic, intercalaior, minor groove binder, nucleic acid) on the other, are

construcied by methods of biochemical conjugation known to those of skill in the art.
See, for example, the Pierce Chenucal Company (Rockford, 1) Catalogue. Methods
and compositions for making fusions between a minor groove binder and a
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.
[0154] n certain embodiments, the target site for the DN A-binding domain is
presen cessible region of cellular chromatin. Accessible regions can be

determined as described, for example, in U.S. Patent Nos. 7,217,509 and 7,923,542,
If the target site 1s not present in an accessible region of cellular chromatin, one or
more accessible regions can be generated as described 10 U8, Patent Nos. 7,785,792
and &,071,370. In additional embodiments, the DNA-binding domain of a fusion
molecule is capable of binding to cellular chromatin regardiess of whether 13 target
stie 19 in an accessible region or not. For example, such DN A-binding domains are
capable of binding to linker DNA and/or nucleosomal DNA. Exarmples of this type of
“pionesr” DNA binding domain are found in certain stercid receptor and in
hepatocyie nuclear factor 3 (HNF3) (Cordingley, er o/, (1987) Cell 48:261-270; Pina,
ef al {1990) Cell 60:719-731; and Cirtllo, et ol (1998 EAMRO J. 17:244-254).

[0155] The fusion molecule may be formulated with a pharmaceutically
acceptable carrier, as is known {0 those of skill in the art. See, for example,
Remington's Pharmaceutical Sciences, 17th ed., 1985; and 1.8, Patent Nos. 6,453,242
and 6,534,261,

[3156] 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 {usion molecule binds to a target sequence via its DNA
hinding domain. Hence, the functional component can include, but 13 not limited o,
varigus deaminases, UGI, GAM, helicases etc. In certain embodiments, the
functional domain comprises one or more cyvtidine deaminases {e.g., an apolipoprotein
B raRNA-editing complex | (APOBEC!) domain and/or an Activation Induced
Deaminase (AlD)}). In other embodiments. the functional domain comprises one or
adenine deaminases {¢.g., a mutated TadA ({RNA adenine deaminase (see Gaudelli, ef

al. 2017y Nature 551:464-471)). Tn still further embodiments, the {unctional domain
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comprises at least one uracil BDNA glycosylase inhibitor {e.g. UGH) domain. In some
embodiments, the base editing complex comprises a dearninase, a nickase, a UGT
and/or a GAM protein. The functional domain{s) may be positioned with respect to
the DN A-binding domain (and/or nickase when included in the catalytically active
fusion molecule) in any way including but not limited to N-terminal (in any order
when multiple functional domains are present), C-terminal (in any order when
multiple functional domains are present}, efc.
{01587} in some embodiments, the DNA-editing (base editing} complex further
comprises a molecule to assist in opening or destabilizing a double strand DNA helix.

10 In some embodiments, the molecule comprises an enzyme. In some embodiments,
the enzvme 18 a helicase {for example, Rec{} helicases (WRN, BLM, Rec(3L4 and
Rec(33, {see Mo, ef al. (201R) Cancer Lett. 413:1-103, DNAZ (Jia, et ol (2017 DNA
Repair (Amst). 59:9-19) and any other eukaryotic helicases including for example,
FANCI, XPD, XPB, RTEL!, and PIF1 (Brosh (2013) Nat Kev Canc 13(8):542-558)).

15 In some embodiments, the enzyme is a bacterial and/or a viral helicase. Exemplary
viral helicases include those encoded by the Myovindae family of viruses (for
example gp4l, Dda, UvsW, Gene «, and Ban}; those encoded by the Podpviridae
family of viruses (for example 4B}; those encoded by the Siphoviridae, Baculoviridae,
Herpesviridae, Polyomaviridae, Palilomaviridae and Poxviridae families (for

20 example, G40P, p143, ULS. ULY, Tag. E1, NPH-I NPH-IL, A18R, and VETF), or any
other viral helicase known in the art (see e g. Frick and Lam (2006) Curr Phorm Des
12¢113:1315-1338). In some embodimenis, the helicase enzyme is a bacterial enzyme.
Exemplary bacterial helicases include the P. aeruginosa SF4 DnaB-like hehcase, or

the RecB and Recl helicases that are part of the bacterial RecBCD coroplex in

W

bacteria such as F coli and H. pvlori (Shadrick, er al. (2013)J Biomol Screen

b2

18(7):761-781}). In some embodiments, the molecule comprises a CRISPR/Cas
complex. In some embodiments, the CRISPR/Cas complex comprises a guide RNA.
Irn some embodiments, the complex comprises a Cas enzyme that is catalvtically
defective in one of the nuclease domains. In some embodiments, the Cas enzyme is
30 defective in its PAM recogmiion (Anders, ef ¢f. {2014} Nature S13(7519).569-573),
In some embodiments, the molecule has helix-destabilizing properties. Exemplary
helix-destabilizing molecules include ICP& from herpes simplex virus type |
{Boehmer and Lehman (1993} .7 Virol 67{2).711-715), Puralpha (Darbinian, ef al.
(2001 J Cell Biochem 80{4):589-95), and calf thvmus DNA helix-destabilizing

[ox)
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protein (Kohwi-Shigematsu, ef al. {1978} Proc Natl Acad Sci USA 75{(101.4689-93).
In some embodiments, the molecule 1s a nucleic acid. In some embodiments, the
nucleic acid is a DNA with homology 1o the region near the targeted editing. In some
embodiments, the nucleic acid 1s an RNA with homology to the region near the
targeted editing. Tn some embodiments, the RNA s modified. Tn some embodiments,
the fusion molecule comprises amino acid linker sequences between one or more
domains of the fusion molecule.
13158} The DN A-editing complexes described herein can include 1, 2, 3, 4
more fusion molecules as described herein. In certain embodiments, the DN A-editing
10 complex comprises 2 fusion molecules: a first fusion molecule that is a catalytically
active nickase (catalytically active) comprising a DNA-binding domain and nickase
domain and a second catalytically mactive fusion molecule comprising a DNA-
binding domain and one or more functional domains {cytidine deaminase, adenine
dearminase, and/or UG, eic. ). 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 s a catalvucally
active nickase comprising a DN A-binding domain and a nickase domain; a second
catalytically mactive {usion molecule comprising a DNA-binding domain (e.g.. that is
20 apartner and dimenizes with the first fusion molecule); and a third fusion molecule
comprising a DNA-binding domain and one or more functional domains as described

herein.

Nickase Domains

W

[0159] In certain embodiments, the fusion protein comprises a DNA-binding

b2

binding domain and cleavage (nuclease) domain, preferably a nickase domain. As
such, gene ediling can be achieved using a nuclease, for example an engineered
nickase. Engineered nuciease technology is based on the engineering of naturally
occurring DN A-binding proteins. For example, engineering of homing endonucleases
30 with taidored DNA-binding specificities has been described. Chames, ef af. (2005)
Nucleic Acids Res 33(20).e178; Amould, ef ol (2006)J Mol Riol 355.443-458. In
addition, engineering of ZFPs has also been described. See. eg, 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 1ts engimeered (ZFP or TALE) DNA binding domain and
cause the DNA {o be cut near the DNA binding site via the nuclease activity. See,
Kim, ef af. (1996} Proc Nat'l Acad Sci USA 9333 1136-1160. 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, 7,051,925, 8,110,379,
8,409,861, U8, Patent Publication Nos. 2003/0232410; 2005/0208489;
2005/0026157; 2005/0064474; 2006/0063231; 2008/0159996; 2010/00218264;
2012/0017290; 201 1/0265198; 2013/0137104; 2013/0122591; 2013/0177983;
2013/0177960; and 2015/0056705.
[0161] Thus, the methods and compositions described herein are broadly
applicable and may involve any nuclease of interest. Non-limiting examples of
nucleases include meganucleases, TALENSs and zing finger nucleases. The nuclease
may comprise heterologous DNA-binding and cleavage domains (e.g., zinc finger
nucleases; meganuciease DNA-binding domains with heterologous cleavage domains)
or, alternatively, the DNA-binding domain of a naturally~occurring nuclease may be
aliered to bind to a selected target site (e.g., a meganuclease that has been engineered
1o bind fo site different than the cognate binding site).
0162} in anv of the nucleases described herain, the nuclease can comprise an
engineered TALE DNA-binding domain and a nuclease domain {e.g., endonuclease
and/or meganuclease domainy, also referred to as TALENs. Methods and
compositions for engineering these TALEN proteins for robust, site specific
interaction with the target sequence of the user’s choosing have been published (see
U.S. Patent No. §,586,526). In some embodiments, the TALEN comprises an
endonuciease (e g., Fokl) cleavage domain or cleavage half-domain. In other
embodiments, the TALE-nuclease is a mega TAL. These mega TAL nucleases are
fuston proteins comprising a TALE DNA binding domain and a meganuclease
cleavage domain. The meganuciease cleavage domam is active as a monomer and
does not require dimerization for activity. {See Boissel, ef a/. (2013} Nucl Acid Res 1-
13, doi:10.1093/mar/gkt1224). In addition, the nuclease domain may also exhibit

DNA-binding functionality.
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{3163} in still further embodiments, the nuclease comprises a compact
TALEN {(¢TALEN). These are single chain {usion proteins linking a TALE DNA
binding domain 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
apon where the TALE DNA binding domain 1s located with respect to the Tev]
nuclease domain (see Beurdeley, ef o/ (2013) Nat Commi: 1-8
DOE10.1038/ncomims2782). 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-TALg) or other DN A cleavage enzymes.

160 [B164] In certain embodiments, the nuclease comprises a meganuclease
{homing endomuclease} or a portion thereof that exhibitls cleavage activity. Naturally-
occurring meganucleases recognize 15-40 base-pair cleavage siles and are commonly
grouped mio four families: the LAGLIDADG farntly ("LAGLIDADG" disclosed as
SEQ ID NG:75), the GIY-YIG family, the His-Cyst box fanuly and the HNH family.

15 Exemplary homing endonucleases include I-Scel, I-Ceul, PI-Pspl, PI-8ce, I-ScelV I-
Coml, [-Pani, 1-Scell, I-Ppol, -Scelll, I-Crel, I-Tevl, I-Tevlt and I-Tevill. Their
recognition sequences are known. See also U.S. Patent No. 5,420,032; U.S. Patent
MNo. 6,833,252 Belfort, e/ al. (1997} Nucleic Acids Res. 25:3379-3388; Dujon, ef al.
(1989) Gene 82:115-118; Perler, et al. (1994} Nucleic Acids Res. 22:1125-1127; Jasin

20 (1990) Trends Genet. 12:224-228; Gimble, ef af. (1996).J. Mol Biol 263.163-180;
Argast, ef al. {1998} J. Mol Biol. 280:345-353 and the New England Biolabs
catalogue.

[3165] DNA-binding domains from naturally-occurring megamucleases,

primarily from the LAGLIDADG family ("LAGLIDADG" disclosed as SEQ 1D

W

NO:75}, have been used to promote site-specific genome modification in plants, veast.

b2

Drosophiia, mammalian cells and mice, but this approach has been limited to the
modification of either homologous genes that conserve the meganuclease recognition
sequence (Monet, et gl (1999} Biochem. Binphysics. Res. Common 255.88-93) or to
pre-engineered genomes into which a recognition sequence has been mtroduced

30 (Roule, e al. (1994) Mol Cell. Biol 14:8096-106; Chulion, e/ af. (2003) Plan:
Fhysiology 133:956-65; Puchta, ef al. (1996) Proc. Natl. Acad. Sci. USA 93:5055-60;
Rong, et ai (2002) Genes Dev. 16:1568-81: Gouble, ef al. (2006} .J. Gene Med.
B(5)616-622). Accordingly, attempts have been made {0 engineer meganucleases {o

exhibit novel binding specificity at medically or biotechnologically relevant sites

69
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(Porteus, ef al. {2005} Nat. Bictechnol. 23:967-73; Sussman, ef al. (2004} .J Mol Biol.
342:31-41; Epinat, ef al. (2003} Nucleic Acids Res. 31:2952-62; Chevalier, ef &/,
(2002) Malec. Cell 10:895-905; Epinat, er af. (2003) Nucleic Acids Res. 31:2952-
2962; Ashworth, ef al. (2006} Nature 441.656-659; Paques, ef af. {2007) Current
Therapy 7:49-66; U.S. Patent Publication Nos. 2007/0117128; 2006/0206949;

2006/0133826; 2006/0078552; and 2004/0002092). In addition, naturatly-occurnng
or engineered DNA-binding domains from meganucleases can be operably linked
with a cleavage domain from a helerologous nuclease {e.., Fokl) and/or cleavage
domains from meganucleases can be operably linked with a heterologous DNA-

10 binding domain {e.g., ZFP or TALE).
[3166] in other embodiments, the nuclease 15 a zing finger nuclease (ZFN) or
TALE DNA binding domain-nuclease fusion (TALEN). ZFNs and TALENs
comprise a DNA binding domain (zinc finger protein or TALE DNA binding domain)
that has been engingered 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).
(0167} As described in detail above, zinc finger binding domains and TALE
DNA binding domains can be engineered to bind to a sequence of choice. See, for
example, Beerli, et al. (2002) Nature Biotechnol. 20:135-141; Pabo, e ol (2001) 4rn

20 Rev Riochem. T0:313-340; Isalan, et af. (2001) Narure Biotechnol. 19:656-660;
Segal, er al (2001} Curr. Opin. Biotechnol 12:632-637; Choo, ef af. (2000} Curr.
Opin. Struct. Biol. 10:411-416. An engineered zinc finger binding domain or TALE
protein can have a novel binding specificity, compared fo a naturally-occurring

protein. Engineering methods include, but are not linuted to, rational design and

W

various types of selection. Rational design includes, for example, using databases

b2

comprising triplet (or quadruplet) nucleotide sequences and individoal zinc finger or

TALE amino acid sequences, in which each triplet or quadruplet nucleotide sequence

is associated with one or more amino acid sequences of zinc fingers or TALE repeat

units which bind the particular 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

enfireties,

[0168] Selection of target sttes; 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,

(G169} in addition, as disclosed 1o these and other references, zinc 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 aming acids in fength. The
proteins described herein may include any combination of suitable linkers between
the mdividual zing fingers of the prolein. See, also, 1.5, Pateni No. 8,772,453,

160 [8179] Thus, nucleases such as ZFNs, TALENs and/or meganucleases can
comprise any DNA-binding domain and any nuclease (cleavage) domain (cleavage
domain, cleavage half-domain). As noted above, the cleavage domain may be
heterologous to the DNA-binding domain, for example a zinc finger or TAL-effecior
DMNA-binding domain and a cleavage domain from a nuclease or a meganuclease

15  DNA-binding domain and cleavage domain from a different nuclease. Heterologous
cleavage domains can be oblained from anv endonuclease or exonuclease. Exemplary
endonucleases from which a cleavage domain can be derved include, but are not
limited to, restriction endonucleases and homing endonucieases. See, for example,
2002-2003 Calalogue, New England Biolabs, Beverly, MA; and Belforl, ef a/. (1997}

20 Nucleic Acids Res. 25:3379-3388. Additional enzymes which cleave DNA are known
{e.g.. 51 Nuclease; mung bean nuclease; pancreatic DNase [, micrococcal nuclease;
veast HO endonuclease; see also Linn, ef @/ (eds.) Nucleases, Cold Spring Harbor
Laboratory Press, 1993). One or more of these enzymes (or functional fragmenis

thereof) can be used as a source of cleavage domains and cleavage half-domains.

W

0171} Similarly, a cleavage half-domain can be derived from any nuclease or

b2

portion thereof, as set forth above, that requires dimerization for cleavage activity. |
general, two fusion proteins are required for cleavage if the fusion proteins comprise
cleavage half~domains. Alternatively, a single protein comprising two cleavage half-
domains can be used. The two cleavage half-domains can be derived from the same
30 endonuclease (or functional [ragments thereof), or each cleavage half-domain can be
derived from a different endonuclease (or functional fragmeuts 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 (o each other that altows the

~3
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cleavage half-domains to form a functional cleavage domain, e.2., by dimerizing,
Thus, in cerlain embodiments, the near edges of the target sites are separated by 5-10
nuclectides or by 15-18 nucleotides. However, any integral number of nucleotides or
nucleotide pairs can intervene between two {arget sites {e.g., from 2 to 50 nucleotide
pairs or more). In general, the site of cleavage lies between the larget sites.

41721 Restniction endonucleases {restriction enzymes) are present in many
specigs 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.2.,
Type HS) cleave DNA at sites removed from the recognition site and have separable
binding and cleavage domains. For example, the Type HS enzyvme Fokl catalyzes
double-stranded cleavage of DNA, at © nucleotides from its recognition sife on one
strand and 13 nucleotides from its recognition site on the other. See, for example,
U.S. Pateni Nos. 5,356,802; 5,436,150; and 5,487,994 as well as L1, ef af. {(1992)
Proc. Nati. Acad. Sci. USA 89:4275-4279; 14, et al. (1993) Proc. Natl. Acad. Sci. USA
90:2764-2768; Kim, ef ol {1994a) Proc. Notl Acad Sci. 1IS4 91:883-887; Kim, ¢f al.
{1994b) .S Riol. Chem. 269:31,978-31,982. Thus, in one embodiment, fusion proteing
comprise the cleavage domain (or cleavage half-domam) from at least one Type 1S
restriction enzyme and one or more zinc finger binding domains, which may or may
not be engineered.

[0173] An exemplary Type IS restriction enzyme, whose cleavage domain is
separable from the binding domain, is #oil. 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 Fokl
enzyme used in the disclosed fusion protems is considered a cleavage half-domam.
Thus, for targeted double-stranded cleavage and/or targeted replacement of cellular
sequences using zinc finger-f okl fusions, two fusion proteins, each comprising a Foil
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 Fofl cleavage half-domains can also be used. Parameters for
targeted cleavage and targeted sequence alteration using zine finger-Fokl fusions are
provided elsewhere in this disclosure.

[0174] A cleavage domain or cleavage half-domain can be anv portion of a
protein thai retains cleavage activity, or that retains the ability to multimenize {e.g.,

dimerize} to form a functional cleavage domain.

~3
b2

PCT/US2019/047172



WO 2020/041249 PCT/US2019/047172

0175} Exemplary Type IS restriction enzvmes are described in International
Palent Publication No. WO 07/014275, incorporated herein mn ils entirety. Additional
resiriction enzymes also coniain separable binding and cleavage domains, and these
are contemplated by the present disclosure. See, for example, Roberts, e/ al. (2003)
Nucleic Acids Res. 31:418-420.

[3176] In certain embodiments, the cleavage domain is a Fokl cleavage
domain. The full-length Fo#l sequence is shown below. The cleavage domain is
shown in italics and underlining (positions 384 1o 579 of the full- length protein)
where the holo protein sequence is described below (SEQ 1D NG:5):

10 MVSKIRTFOWVONPGKFENLKRVVOVFDRNSKVHNEVEKNIKIPTLYVRKESKIQ
KELVAIMNQHDLIYTYKELVGTGTSIRSEAPCDANQATIADQGNEKGYTDNW
SSDGFLRWAHALGFIEY INKSDSFVITDVGLAYSKSADGS AIEKEILIEAISSYPP
AIRILTLLEDGOHLTKFDLGKNLGFSGESGFTSLPEGILLDTLANAMPR DK GEIL
RANNWEGSSDKYARMIGGWLDKLGLVKOQGKKEFIIPTLGKPDNKEFISHAFKIT

15 GEGLKVLRRAKGSTREFTRVPKRVYWEMLATNLTDKEYVRTRRALILEILIKA
GSLKIEQIQDNLKKLGPFDEVIETIENDIKGLINTGIFIEIKGRFY QLK DHILOFVIP
NROGVTKOLVESELEERESELRHEKI KV VPHEYIELIETARNSTODRILEMEKVMEFEM
KVYGYRGKHLGGSREPDGAIYTVGSPIDYGVIVITKAYSGGYNLPIGOADEMORYV
EENOTRNEHINENEWWE VY PSSV TEFKELEVSGHEKGNYKAQLTRINFITNCNGA

20 VLSVEELLIGGEMIKAGTLILEEVRREENNGEINE

(61771 Cleavage half domains derived from #okl may comprise a mutation in
one or more of amino acid residues as shown in SEQ 1D NG5, Mutations include
substitutions {of a wild-type amino acid residue for a different residue, insertions {of
25 one or more amino acid 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 521-331 (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
hound 1o its target site described in Miller, ef gl (2007) Nar Biotechno! 25.718-784).
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 substilution of a
wild-type residue with any different residue, for example an alarine (A) residue, a
cysteine {C) residue, an aspartic acid (D) residue, a glutamic acid (F) residue, a
histidine (H) residue, a phenvialanine (F) residue, a glycine {G) residue, an asparagine
35 (N)residue, a serine {5) residue or a threomne {T) residue. In other embodiments, the
wild-type residue at one or more of positions 416, 418, 422446, 448, 476, 479, 480,

481, and/or 525 are replaced with any other residues, inciuding bui not limited to,

~3
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R416D, R416E, 5418E, S4180, R422H, 84460, K448A, N476D, 1479Q), 147571,
G480D, Q481A, Q481E, KS258, K525A, N3270, R416E+R422H, R416D+R422H,
R416E+K448A, R416D+R422H, K448A+1479Q, K448A+(481 A, K44RA+KSZ5A.
[3178] In certain embodiments, the cleavage domain comprises one or mors
engineered cleavage half-domain (also referred to as dimerization domain mutants)
that munumize or prevent homodimerization, as described, for exarople, in U.S. Patent
WNos. 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
enfireties herein. Amino acid residues at posifions 446, 447, 479, 483, 484, 486, 487
490, 491, 496, 498, 499, 500, 531, 534, 537, and 338 of Fokd (numbered relative to
SEQ ID NG:3) are all targets for influencing dimerization of the o4l cleavage half-
domains. The mutations may include mutations (o residues found i natural restriction
enzymes homologous to Fokl. In a preferred embodiment, the mutation at positions
416, 422 447 448 and/or 525 (numbered relative to SEQ 1D NO:3) comprise
replacement of a positively charged aming acid with an uncharged or a negatively
charged amino acid. In another embodiment, the engineered cleavage half domain
comprises mutations in anuno acid residues 499, 496 and 486 10 addition to the
mutations in one of more amino acid residues 416, 422, 447, 448, or 525, all
numbered relative 1o SEQ 1D NG5,

[3379] Anvy 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, bt instead result in the partial
cleavage, “nicking” of a double stranded DNA. Tn embodiments in which two or
more cleavage domains are necessary to nick the target, typically at least one of the
cleavage domains {e.g., cleavage half-domains} includes one more mutations {o ifs
catalytic domain, which renders the nuclease inactive {e.g., catalvtically inactive half
domain). Catalviically inactive cleavage domains for producing nickases include but
not are not limited to mutated Fokl and/or dCas proteins. See, ez, U.S. Patent Nos.
9,522,936, 9,631,186; 9,200,266, and &,703.489 and Guillinger, e/ af. (2014) Nature
Biotech 32(6):577-5382; Cho, et ol (2014) Genome Res. 24(13.132-141}. These
catalytically 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 af. (2016} Nucleic Acids Res. 44(2y.ell.

do1:10.1093mar/ kv873. Epub 2015 Oct 19,

~
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{0180} in certain embodiments, the nickase comprises a nuclease nickase that
comprises a catalytically inactive Fokl cleavage domain, for exarople a zinc finger
nuclease (AFN) nickase or a TAL-effector domain (TALEN) nickase. Non-himiting
examples of amino acids that can be mutated in the catalvtic domain of #7041 includes
ammo acid residues 450, 467 and/or 469 {(as determuned relative lo wild-type). In
certain embodiments, one or more point mutations are made in the catalvtic domain of
one member of the obligate heterodimer s0 as fo inactivate the catalytic activity of the
cleavage half-domain. For instance, position 450 may be mutated from D o N,
postiion 467 may be mutated from D to A; and position 469 may be mutated from K
to A. Other amino acids may be substituted at these or other positions. See, eg, US
Patent Nos. 9,522,936; 9,631,186, 8,703,489 and 9,200,266 and Guillinger, ef a/.
(2014 Nature Biotech. 32(6).577-582; Cho, ef af. (2014} Genome Res. 24(1):132-
141). The catalytically inactive cleavage domain may, in corabmation with a
catalvtically active domain act as a nickase to make a single-stranded cut. Additional
nickases are also known in the ari, for example, McCafferv, er o/ (2016) Nucleic
Acids Res. 44(2).el1. doi:10.1093/nar/ghkv878. Epub 2015 Oct 19, Anv nuclease
{e.g., ZFN or TALEN or CRISPR/Cas nuclease) can become a nickase by using
cleavage domains that make a singie-siranded cut in place of the cleavage domains in
nucleases that make double siranded cuts.

[3181] Fokt domains may also include 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
1.S. Patent Nos. 7,914,796: §.034,598; 8 961.281: and 8.623.618: 11.S. Paient
Publication Nos, 2008/0131962 and 2012/0040398. Thus, in one preferred
embodiment, the mvention provides fusion profeins whergin the engineered cleavage
half-domain comprises a polypeptide in which the wild-type Glo (Q} residue at
position 486 1s replaced with a Glu (E) residue, the wild-tvpe Hle (I} residue al posttion
499 15 replaced with a Len (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
one or more mutations at positions 416, 422, 447, 448, or 525 {numbered relative to
SEQ ID NO:5). In another embodiment, the engineered cleavage half domains are
derived from a wild-type #0i cleavage half domain and comprise mutations in the
aming acid residues 490, 538 and 537, numbered relative to wild-type Fokl (SEQ ID

NG5y in addition (o the one or more mulations at amino acid residues 416, 422, 447
9 >
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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-tvpe Glu (F) residue at position 490 1s replaced with a Lys (K) residue, the wild-
type He (I} residue at position 538 is replaced with a Lys (K) residue, and the wild-
type His (H) residue at position 337 1s replaced with a Lys (K) residue or an Arg (R)
restdue ("KKEK” or “KKR”) (see U.8. 8,962,281, mcorporated by reference herein) in
addition 0 one or more muations at positions 416, 422, 447, 448, or 525. See. eg.,
U.S. Patent Nos. 7.914,796; 8,034,598; and 8,623,618, the disclosures of which ars
meorporated by reference in its entirety for all purposes. In other embodiments, the
10 engineered cleavage half domain comprises the “Sharkey™ and/or “Sharkey
mutations™ {see Guo, ef ol (2010)J Mol Biol 400(1).96-107).
[3182] In other embodiments, the nickases as described herein comprise
engineered cleavage half doroains are derived from a wild-type Fokl cleavage half
domain and comprise mutations in the amino acid residues 490, and 538, numbered
15 relative to wild-type okl or a okl homologue  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 1s replaced with a Lys (K) residue, and the wild-type He (1) residue at
20 position 538 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 1s replaced with an Glu (E) residue, and the wild-tvpe He (I} residue at position

499 1s replaced with a Leu (L) residue ("EL”) {(See U 8. Patent Mo. 8,034,598,

b2
W

incorporated by reference herein) in addition to one or more mutations at positions
416,422, 447, 448, or 525.
[0183] In some aspects. the description provides a fusion protein wherein the
engineered cleavage half-domain comprises a polvpeptide in which the wild-type

30 amuno 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, 539, 569,
570, 571 in the Fokl catalytic domain are mutated. In some embodiments, the one or
more mutaiions alter the wild type amino acid from a positively charged residue o a

neutral residoe or a negatively charged residue. In any of these ermbodiments, the

~3
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mutants described may also be made in a okl 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-hmiting exampies of mutations include
miutations {e.g., substitutions) of the wild-type residues of any cleavage domain {e.g.,
Fokl or homologue of Fokl) at posttions 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,
R416S, D421X, R422X, Kdd4X, 5472X, G473X, 8472, P4T8X, (G480X, K525X, and
AS30X, where the first residue depicls wild-type and X refers to any amino acid that

10 1s substituted for the wild-type residue). In some embodiments, X is E, D, H, A, K, §,
T, D or N. (Other exemplary mutations include S418E, $4180, 84460, K448A,
[479¢, 14797, Q481 A, Q48IN, Q481E, AS30E and/or A530K wherein the amino
acid residues are numbered relative to full length okt wild-type cleavage domain and
homologues thereof. In certain embodiments, combinations may include 416 and

15 422, a mutation al position 416 and K448A, K448A and [479Q, K448A and Q481A
and/or K448A and a mulation at position 323, In one embodiment, the wild-residue at
posttion 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 1s replaced with an Ala {(A) residue. The cleavage domains as described

20 herein can further include additional mutations, including but not limited to at
positions 432, 441, 483, 486, 487, 490, 496, 499, 527, 537 5338 and/or 559, for
example dimerization domain mutants {e.g., ELD, KKR} and or nickase mutanis
{mutations to the catalytic domaim). The cleavage half~domains with the mutations

described heremn form heterodirers as known in the art.

W

[0184] Nucleases may be assembled in vive at the nucleic acid target site

b2

using so-called “split-enzyme” technology {see e.g. U.S. Paient Publication No.
2009/0068164). Components of such split enzymes may be expressed etther on
separate expression constructs, or can be linked inn one open reading frame where the
mndividual componenis are separated, for example, by a self-cleaving 2A peptide or
30 IRES sequence. Components may be individual zince finger binding domains or
domains of a meganuclease nucleic acid binding domain.
[0185] Nucleases {e.g., ZFNs and/or TALENs} can be screened for activity
prior 1o use, for example in a yeast-based chromosomal system as described in as

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

-
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[0186] in addition to or instead of ZFN or TALEN nickases, the DN A-editing
complexes may comprise a CRISPR/Cas nickase. Non-hmiting examples of
CRISPR/Cas nickases are described mn U.S. Patent Nos. 9,840.713; 9,770,489,
0,567,604 8.932.814; 8.889.356; 8.697,359; §.771.945; 8,795,965 8 865,406;
8,871,445 §.889.356; 8,.805.308; 8.906,616: §.932.814; 8 945,839 8.945,839:

8,999 641 10,000,772 and the hike.

101871 The CRISPR (clustered regularly interspaced short palindromic
repeats) locus, which encodes RNA components of the system, and the Cas (CRISPR-
associaled) locus, which encodes proteins (Jansen, ef af. (2002} Mol Microbiol.

10 43:1565-1575; Makarova, ef al. (2002) Nucleic Acids Res. 30; 482-496; Makarova, ef
at. (2006) Biol. Direct 1.7, Haf, ef a/. (20053 PLoS Compui. Biol. 1:e60) make up the
gene sequences of the CRISPR/Cas nuclease sysiem. CRISPR loct in microbial hosis
contain a combination of CRISPR-associated {(Cas) genes as well as non-coding RNA
elemenis capable of programming the specificity of the CRISPR-mediated nucleic

15 acid cleavage.

[B188] The Type H CRISPR 15 one of the mosi well characierized sysiems and
carries out targeted DNA double~strand break in four sequential steps. First, two non-
coding RNA, the pre-ctRNA array and tracrRNA, are transcribed from the CRISPR
Tocus. Second, tractTRNA hybridizes to the repeat regions of the pre-crRNA and

20 mediates the processing of pre-crRNA 1nto mature crRNAs contaiming individual
spacer sequences. Third, the mature crRNA tracrRNA complex directs Cas? to the
target DNA via Watson-Crick base-pairing between the spacer on the crRNA and the
protospacer on the larget DNA next to the protospacer adjacent motif (PAM), an

additional requirement for target recognition. Finally, Cas? mediates cleavage of

W

target DNA to create a double-stranded break within the protospacer. Activity of the

b2

CRISPR/Cas system comprises of three steps: (i) insertion of alien DNA sequences
mio the CRISPR array to prevent future attacks, in a process called “adaptation’, (i)
expression of the relevant proteins, as well as expression and processing of the array,
followed by {111} RNA-mediaied interference with the alien nucleic acid. Thus, in the
30 bactenal 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 eic.
[3189] Initially, Cas makes exiensive contacts with the ribose-phosphate

backbone of the guide RNA, preordering the 10-nt RNA seed sequence required for
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imitial DN A 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
loading enables Cas to form a DNA recognition—competent structure. Once Cas binds
its guide RNA, the complex is readv to search for complementary target DNA sites.
Target search and recognition require both complementary base pairing between the
20-n1 spacer sequence and a protospacer in the targel DNA, as well as the presence of
conserved PAM sequence adjacent {o the target site. The PAM sequence ts crucial for

10 the discrimunation between self and non-self sequences. Single-molecule experiments
have demonstrated that Cas initiales the target DNA search process by probing for a
proper PAM sequence before interrogating the flanking DN A for potential guide
RNA complementarity. Target recogrution occurs through three-dimensional
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 15 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
hybnid and a displaced DNA strand (termed R-loop) from PAM-proximal 1o PAM-

20 distal ends. The PAM duplex is nestled in a positively charged groove between the
alpha-helical recognition (REC) lobe the nuclease (NUC) lobe contaming the
conserved HNH and the split Rev(C nuclease domains, with the PAM-containing
nontarget strand residing mainly in the C-terminal dornain (CTD). The first base in

the PAM sequence, denoted as N, remains base paired with its counterpart but does

W

not interact with Cas. The conserved PAM GG dinucleotides are directly read out in

b2

the major groove by base-specific hydrogen-bonding interactions with two argining
residues (R1333 and R1335) that are located in a B-hairpin of the CTD. In addition 1o
base-specific contacts with GG dinucleotides, Cas’s CTD makes numerous hydrogen-
bonding mteractions with the deoxyribose-phosphate backbone of the PAM-

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

some embodiments, positions R1333 and R1335 as disclosed above comprise
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mutations to alter PAM recognition (Anders, ef al. (2014} Nafure 513(7519).569-
573).
(3190} in some embodiments, the CRISPR-C {1 system 1s used. The
CRISPR-Cpf1 svstem, identified in Franciselia spp., is a class 2 CRISPR-Cas system
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 o/ (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 4244 nucleotides long (19-

10 nucleotide repeat and 23-235-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-nucleotide engineered sgRNAs
required by Cas9, and the PAM requirements for FnCpfl are 3-TTN-3" and 5'-CTA-~3'
on the displaced strand. Although both Cas9 and Cpfl make double strand breaks in

15 thetarget DNA, Cas9 uses its Ruv(C- 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 until the desived 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
proieins. Thus, as used herein, a “CRISPR/Cas system” refers both CRISPR/Cas
and/or CRISPR/Cipl svstems, includine both nuclease, nickase and/or tfranscription

factor systems.

W

0191} In some embodiments, other Cas proteins may be used. Some

b2

exemplary Cas proteins include Cas9, Cpfl (also known as Cas12a), C2el, C2¢2 (also
known as Casi3a), C2¢3, Casl, Cas?, Cas4, CasX and CasV; and include engineered
and natural variants thereof (Burstein, ef af. (2017} Nature 542:237-241) for example
HF1/spCas9 (Kleinstiver, ef al. {2016} Nature 529.490-495; {ebnan-Serrano and

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

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

[3192] In certain embodiments, Cas protein may be a “functional derivative”
of a naturally occurring Cas protein. A “functional derivative” of a native sequence
polypeptide is a compound having a qualiiative biological property in coramon 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 conterplated herein
is the ability of the functional derivative to hydrolyze a DNA substrate into fragments.
The term “derivative” encompasses both amino acid sequence vanants of polypeptide,
covalent modifications, and fusions thereof such as derivative Cas proteins. Suitable
derivatives of a Cas polypeptide or a fragment thereof include but are not limited to
mutants, fusions, covaleni modifications of Cas protein or a fragment thereof. Cas
protein, which inchudes Cas protein or a fragment thereof, as well as denvatives of
Cas protem or a fragrent thereof, may be obtainable from a cell or svnthesizec
chemically or by a combination of these two procedures. The cell may be a cell that
naturally produces Cas proiein, or a cell that naturally produces Cas protein and is
genetically engimeered 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 o
produce a Cas protein. In some embodiments, the Cas protein is a small Cas9

ortholog for delivery via an AAV vector (Ran, ef @/, {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 io cells and subjects are known in the art.

[3194] Suttable cells imclude but not himited to eukaryotic and prokaryvotic

g1
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cells and/or cell lines. Won- imiting examples of such cells or cell lines generated
from such cells include T-cells, COS, CHO (e g, CHO-S5, CHO-K1, CHO-DG44,
CHO-DUXBL, CHO-DUKX, CHOKISVY), VERO, MDCK, WI38, V79, BI4AF28-
G3, BHK, Hak. N80, SP2/0-Ag14, HeLa, HEK293 (e.g.. HEK293-F, HEK293-H,
HEK293-T), and perCo cells as well as mnsect cells such as Spodoptera fugiperda (81),
or fungal cells such as Saccharomyces, Pichia and Schizosaccharomvees. In certain
embodiments, the cell line is a CHO-K 1, MDCK or HEK293 cell line. Suitable cells
also include stem cells such as, by way of example, embryonic stem cells, induced
pluripotent stem cells (iIPS cells), hematopoietic stem cells, neuronal siem cells and

10 mesenchymal stem cells.

[3195] Methods of delivering proteins as described herein are described, 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 [8196] DN A-editing complexes as described herein may also be delivered
using vectors containing seguences 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 usad including, but not
himiled to, plasmid vectors, retroviral vectors, lentiviral vectors, adenovirus vectors,

20 poxvirus vectors; herpesvirus vectors and adeno-associated virus vectors, etc. See,
also, U.S. Patent Nos. 6,534,261; 6,607 882; 6.824,978; 6,933,113, 6,979,539;
7,013,219; and 7,163,824, incorporated by reference herein in their entireties.
Furthermore, 1l will be apparent that anyv of these vectors may comprise ong or more

DNA-binding protein-encoding sequences and/or additional nucleic acids as

b2
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appropriate. Thus, when one or more DN A-binding proteins as described herein are
introduced into the cell, and additional BDNAs as appropriate, they may be carried on
the same veclor or on different vectors. When multiple vectors are used, each vector
may comprise a sequence encoding one or multiple DNA-binding proteins and
additional nucleic acids as desired. Conventional viral and non-viral based gene

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

m vitro. In certain embodiments, nucleic acids are admnistered for i vivoe or ex vive
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gene therapy uses. Non-viral vector delivery systems include DNA plasmids, naked
nucleic acid, and nucleic acid complexed with a delivery vehicle such as a liposome
or poloxamer. Viral vector delivery systems include DNA and RNA viruses, which
have either episomal or integrated genomes after delivery to the cell. For a review of
gene therapy procedures, see Anderson (1992} Science 256:8(8-813; Nabel & Felgner
(1993 TUBTECH 11:211-217, Mitam & Caskey (1993) TTRTECH 11:162-166; Dhillon
(1993) 7IBTECH 11:167-175; Miller (1992} Nature 357.455-460; Van Brunt (1988)
Biotechnology 6(10):1149-1154; Vigne (1993) Restorative Neurology and
Neuroscience 8:35-36; Kremer & Perricaudet {1998 British Medica! Bulletin

10 51(1):31-44; Haddada, er a/, in Current Topics it Microbiology and fmmunology
Doerfler and Bohm {eds.} (1995). and Y, ef af. (1994) Gene Therapy 1:13-26.
[3397] Methods of non-viral delivery of nucleic acids include electroporation,
lipofection, microinjection, biolistics, virosomes, liposomes, imynunoliposormes,
polvcation or ipidinucleic 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 more nucleic acids are delivered as mRNA. Also preferred is the use of

capped mRINAS to increase translational efficiency and/or mRNA stability.

Especially preferred are ARCA {(anti~reverse cap analog) caps or variants thereof. See
20 U8 Patent Nos. 7,074,596 and 8,153,773, mncorporated by reference herem.

[0198] Additional exemplary nucleic acid delivery systems mclude those

provided by Amaxa Biosystems {Cologne, Germany), Maxcyte, Inc. (Rockville,

Maryland), BTX Molecular Delivery Systems (Holliston, MA) and Copermnicus

Therapeutics Inc, (see for example U.S. Patent No. 6,008,336). Lipofection is

described ine.g, U.S. Patent Nos. 5,049,386; 4,946 787, and 4,897,355} and

b2
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lipofeciion reagents are sold commercially (e.g., Transfectami™, Lipofectin™, and
Lipofectamine™ RNAIMAX). Cationic and neutral lipids that are suitable for
efficient receptor-recognition lipofection of polynucleotides include those of Felgner,
International Patent Publication Nos. WO 91/17424 and W 91/16024. Delivery can
30 be to cells (ex vivo administration) or targel tissues {in vivo administration),
(3199} The preparation of lipidnucleic acid complexes, imcluding targeted
liposomes such as immunolipid complexes. 15 well known fo 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 af. (1994) Bioconjugate Chem. 5:382-389; Remy, ef of.
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(1994) Bioconjugate Chem. 5.:647-634; Gao, ef al. {1995) Gene Therapy 2:710-722;
Abhwad, ef af (1992) Cancer Res. 52:4817-4820; 1.8 Patent Nos. 4,186,183;
4217344, 4,235 871, 4,261,975, 4,485,054, 4,501,728, 4,774,085, 48370 8; and
4,946,787)
[G200] Additional methods of dehvery include the use of packaging the
nucleic acids to be delivered into EnGenelC delivery vehicles (EDVs). These EDVs
are specifically delivered to target tissues using bispecific 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
MacPriarmid, ef af. (2009} Nature Riotechnology 27{7y.643).
[6201] 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 highlv evolved processes for targeting a

15 virus to specific cells in the body and trafficking the viral payload to the nucleus.
Viral vectors can be administered directly Lo patients {in vivo) or they can be used o
treat cells in vitro and the modified cells are admunistered {o patients {ex vivo).
Conventional viral based systems for the delivery of nucleic acids include, but are not
himiled to, vetroviral, lentivirus, adenoviral, adeno~-associated, vaccima and herpes

20 siroplex virus vectors for gene transfer. Integration in the host genome 15 possible
with the retrovirus, lentivirus, and adeno-associated virus gene transfer methods, often
resulting in fong term expression of the inserted transgene. Additionally, high
transduction efficiencies have been observed in many different cell types and target

f1ssues.

b2
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[0202] The tropism of a reifrovirus can be altered by incorporating foreign
envelope proteins, expanding the potential target population of target cells. Lentiviral
vectors are retrovival 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. Reiroviral vectors are compiised of cis-acting long

30 terminal repeais with packaging capacily for up to 6-10 kb of foreign sequence. The
minimum cis-acting L'TRs are sufficient for replication and packaging of the vectors,
which are then used to integrate the therapeutic gene into the target cell to provide
permanent transgene expression. Widely used retroviral vectors include those based

upon murine feukemia virus (MuLV), gibbon ape leukemia virus (Gal V), Simian
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Immunodeficiency virus {81V), homan immunodeficiency virus {HIV), and
combinations thereof (see, e.g., Buchscher, ef ol (1992).J. Virol 66:2731-2739;
Johann, er al. (1992} J. Virol 66:1635-1640; Sommerfelt, ef ol (1990) Virel. 176:58-~
39; Wilson, ef o/ {1989y J. Vol 63:2374-2378; Miller, ef o (1991} J Virol
65:2220-2224; International Patent Publication No. WO 94/26877).
(62031 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 titer and high levels of expression have been oblained. This vector can

10 be produced in large quantities in a relatively simple system. Adeno-associated virus
{(“AAV”} veciors are also used to transduce cells with target nucleic acids, e.g., in the
m vitro production of nucleic acids and peplides, 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

18 Gene Therapy 5:793-801; Muzyczka (1994) J. Clin. Invest. 94:1351. Construction of
recombinant AAV vectors are described in a number of publications, mcluding U.S.
Patent No. 5,173,414; Tratschin, ef al. {(1983) Mol. Cell. Biol. 5:3231-3260; Tratschin,
ef al. {1984} Mol Cell. Biol. 4:2072-2081; Hermonat & Muzyczka (1984) PNAS USA
81:6466-6470; and Samudskt, ef /. (1989 J Virol 63:03822-3823.

20 [0204] At least six viral vector approaches are currently available for gene
transter in clinical trials, which utilize approaches that involve complementation of

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

agent.
(0205} pLASN and MFG-S are exarmples of retroviral vectors that have been
25 used in clinical trials {Dunbar, ef «/. (1993} Rlood 85:3048-303; Kohn, er a/. (1993)

Nat. Med 1:1017-102; Malech, ef af. (1997) PNAS US4 9422y 12133-12138).
PA317/pLASN was the first therapeutic vector used m a gene therapy trial. (Blaese, ef
al {1995) Science 270:475-480). Transduction efficiencies of 50% or greater have
been observed for MFG-8 packaged vectors. (Ellem, ef al. {1997} Immunol

30 Immunother. 44(13:10-20; Dranoff, ef o/ (19973 Hum. Gene Ther. 1:111-2.
[(3206] Recombinant adeno-associated virus vectors (rA AV} are a promising
alternative gene delivery system based on the defective and nonpathogenic parvovirus
adenc-associated type 2 virus. All vectors are derived from a plasmid that retains

v the AAV 145 bp inverted ternunal repeats flanking the transgene expression

o0
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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 35191173 1702-3, Kearns, ef al. (1996) Gene Ther. 9:748-55).
Other AAV serotypes, including AAVE, AAV3, AAV4, AAVS, AAVG, AAVS,
AAVE2, AAVO and AAVhI0 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 iransgene replaces the Ad Ela, Elb, and/or B3 genes;

10 subsequently the replication defective vector can be propagated in human 293 cells
that supply deleted gene function in trans. Ad vectors can transduce multiple types of
fissues in 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 chinical trial mvolved polynucleotide therapy

15 for antitumor immumization with intramuscular injection (Sterman ef af. {1998} Hum.
Grene Ther. 7:1083-1089). Additional examples of the use of adenovirus vectors for
gene transfer in chinical trials include Rosenecker, er af. (1996) Infection 24(1).5-10;
Sterman, ef af. (1998) Hum. Gene Ther. 9{7}.1083-1089; Welsh, er af {1995} Hum.

Ther. 2:205-218,; Alvarez, ef af. (1997 Hum. Gene Ther. 5:597-613, Topf, er al.

20 (1998) Gene Ther. 5:507-513; Sterman, ef af. (1998) Hum. Gene Ther. 7:1083-1089,
102071 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 2
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 munimal viral sequences required for
packaging and subsequent mtegration 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 into the host genome. Viral DNA is packaged in a cell line, which
contains a helper plasmud encoding the other AAV genes, namely rep and cap, but
lacking TTR sequences. The cell line 1s also infected with adenovirus as a helper. The

helper virus promotes replication of the AAV vector and expression of AAY genes

&6
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from the helper plasnud. per plasnud 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 1s more sensitive than AAY.
(G208} in many gene therapy applications, it is desirable that the gene therapy
vector be delivered with a high degree of specificity 1o 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 cuter surface of
the virus. The ligand is chosen io have affinity for a receptor known 1o be present on
the cell tvpe of interest. For example, Han, er al. (1995) Proc. Natl. Acad. Sci. US4

10 92:9747-9751. reported that Moloney murine leukenua 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 facior 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 engineered 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 principies can be applied to nonviral vectors.
Such veclors can be engineered to contain specific uptake sequences which favor

20 uptake by specific target celis.
10209] 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 prolein can be directly injected inio one-cell

stage embryos using glass needles to genome-edited animals. To express Cas and
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guide RNAs in cells in vitro, typically plasmuds that encode them are transfected into
celis via lipofection or electroporation. Also, recombinant Cas protein can be
complexed with in vitro transcnibed guide RNA where the Cas-guide RNA
ribonucieoprotein is taken up by the cells of interest (Kim, ef al. (2014) Genome Res
24{6):1012). For therapeuiic purposes, Cas and guide RNAs can be delivered by a

30 combination of viral and non-viral techmigues. For example, mRNA encoding Cas
may be delivered via nanoparticle delivery while the guide RNAs and any desired
transgene or repair template are delivered via AAV (Yin, ef /. (2016} Nat Biotechnol
34(3):328).

[32310] Gene therapy veciors can be delivered in vivo by administration 1o an

o]
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mndividual patient {subject}, typically bv systemic admunistration {g.g., intravenous,
iniraperiioneal, intramuscular, subdermal, or infracranial 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
marrow aspirates, tissue biopsy) or universal donor hematopoigtic stem cells,
followed by re-implantation of the cells into a patient, usually after selection for cells
which have incorporated the vector.
0211} 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. Tn a preferred embodiment, cells are isolated
from the subject organism, transfected with a DNA-binding proteins nucleic acid
{gene or ¢DNA), and re-infused back into the subject orgamism (e.g., patient}.
Various cell types suitable for ex vivo transfection are well known to those of skill in
the art {see, e.g., Freshnev, ef al., Culture of Animal Cells, A Manual of Basic

15 Technique (3rd ed. 1994)) and the references cited therein for a discussion of how 1o
1solate and culiure cells from patients).
0212} In one embodiment, stem cells are used 1n ex vivo procedures for cell
transfection and gene therapy. The advantage to using stem cells is that they can be
differentialed mito other cell types in vitro, or can be imtroduced into 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 types using
cytokines such a GM-USF, IFN-y and TNF-¢ are known (see Inaba, ef o/ (1992}
Fxp. Med. 176:1693-1702).

0213} Stem cells are 1solated for transduc and differentiation using

W

known methods. For example, stem cells are isolated from bone marrow cells by

b2

panning the bone marrow cells with antibodies which bind unwanted cells, such as
CD4+ and CD8+ (T cells), CD45+ {(panB cells), GR-1 {gramudocvies), and lad
(differentiated antigen presenting cells} (see inaba, ef al (1992)J Exp. Med.
176:1693-1702).

30 [B214] 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 to 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.
(6215} Vectors (e.g., retroviruses, adenoviruses, liposomes, etc.) containing
therapeutic DNA-binding proteins {or nucleic acids encoding these proteins} can also
be admimstered directly 1o an orgamsi for transduction of cells in vivo,
Alternatively, naked DNA can be adminustered. Adnunistration is by any of the
routes normally used for introducing a molecule mto ultimate contact with blood or
tissue cells including, but not limited to, injection, infusion, topical application and
electroporation. Suitable methods of admimstering such nucleic 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 particular route can often provide a
more immediate and more effective reaction than another route.
[0216] 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., TD34+ cells, include adenovirus
Type 35.
(0217} Vectors suttable for introduction of transgenes into imomune cells {e.g.,
T-cells) include non-integrating lentivirus vectors. See, for example, Ory, ef al.
(19963 Proc. Natl. Acad. Sci. USA 93:11382-11388; Dull, ef /. (1998) .J Virol
20 72:8463-847%; Zuffery, ef af (19983} J. Virol. 72:9873-9880; Follenzi, et al. {2000}
Nature Genetics 25:217-222.
{0218} Pharmaceutically accepiable carriers are determined in part by the
particular composttion being adminisiered, as well as by the particular method used to

admunister the composition. Accordingly, there is a wide variety of suitable

W

formulations of pharmaceutical compositions avatiable, as describad below (see, e.g.,

b2

Remington’s Pharmaceutical Sciences, 17th ed., 1989,
[3219] 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, vertebrate cells, mammalian cells
30 and human cells, including T-cells and siem cells of anv type. Suitable cell lines for
protein expression are known to those of skill in the art and include, but are not
limtted to COS, CHO (e g., CHO-S, CHO-K1, CHO-DG44, CHO-DUXBIL), VERO,
MIDCK, WI38, V79, BI14AF28-(G3, BHK, Hak, N&80, 5P2/0-Agi14, Hel.a, HEK293
(e.g., HEK293-F, HEK293-H, HEK293-T), per(C6, msect cells such as Spodoptera

g9
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fugiperda (S}, and fungal celis such as Saccharomyces, Pichia and
Schizosaccharomyces. Progeny, vanants and derivatives of these cell hines can also

be used.

Applications
(62201 Use of engineered DNA base editor complexes in treatroent and
prevention of disease provides a significant development in medicine. The methods
and compositions described herein serve 1o increase the specificity of these novel
tools o ensure that the desired targel sites will be the primary place of editing.

16 [B221] Exemplary genetic diseases that may be treated and/or prevented by
the compositions and methods described herein inchude, but are not limited to,
achondroplasia, achromatopsia, acid maltase deficiency, adenosine deaminase
deficiency (OMIM No.102700), adrenoleukodystrophy, aicardi syndrome, alpha-1
antitrypsin deficiency, alpha-thalassemia, androgen insensitivity syndrome, apert

15 syndrome, arrhythmogenic right ventricular, dysplasia, ataxia telangictasia, barth
svadrome, beta-thalasserma, blue rubber bleb nevus syndrome, canavan disease,
chronic granulomatous diseases {(CGID), crt du chat syndrome, cystic fibrosis,
dercum's disease, ectodermal dvsplasia, fancont anemia, fibrodysplasia ossificans
progressive, fragile X svndrome, galactosemis, Gaucher’s disease, generalized

20 gangliosidoses {e.g.. GM1), hemochromatosis, the hemoglobin C mutation in the 6th
codon of beta-giobin (Hb{}, hemophilia, Huntington’s disease, Hurler Syndrome,
hypophosphatasia, Klinefleter syndrome, Krabbes Disease, Langer-Giedion
Syundrome, leukocyie adhesion deficiency (LAD, OMIM No. 116920),

leukodystrophy, long QT syndrome, Marfan syndrome, Moebius syndrome,

W

nucopolysaccharidosis {MPS), nail patella syndrome, nephrogenic diabetes insipdius,

b2

neurofibromatosis, Neimann-Pick disease, osieogenesis imperfecta, phenviketonuria

(PKU). porphysia, Prader-Willi syndrome, progena, Proteus syndrome,

retinoblastoma, Rett syndrome, Rubinstein-Tayhi syndrome, Sanfilippo syndrome,

severe combined immunodeficiency (SCID), Shwachman syndrome, sickle cell

30 disease (sickle cell anerma}, Smith-Magenis syndrome, Stickler syndrome, Tay-Sachs

disease, Throrobocytopenia Absent Radius (TAR) syndrome, Treacher Collins

svindrome, trisomy , tuberous sclerosis, Turner’s syndrome, urea cvcle disorder, von
el-Landau disease, Waardenburg syndrome, Witliams syndrome, Wilson's

disease, Wiskoit-Aldrich syndrome, X-hnked lymphoprohiferative syndrome (XLP
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OMIM No. 308240},

06222} Additional exemplary diseases that can be treated by targeted DNA
base editing imclude acquired invnunodeficiencies, lysosomal storage diseases {e.g..
Gaucher’s disease, GM1, Fabry disease and Tay-Sachs disease),
mucopolysaccahidosis (e.g. Hunter’s disease, Hurler’s disease), hemoglobinopathies
(e.g., sickle cell diseases, HbC, a-thalassemia, B-thalassemia) and hemopiulias.
[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 orgamism) o treal genetic diseases.

10 (0224} Targeted base editing can also be used to treat viral mfections 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 n 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. Nou-limiting
examples of viruses or viral receptors that mav be targeted include herpes simplex
virus {HSV}, such as HSV-1 and HSV-2, varicella zoster virus (VZV}, Epsiein-Barr
virus {(EBV) and cytomegalovirus (CMV), HHV6 and HHV7. The hepatitis famaly of

20 wiruses includes hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus
(HCV}, the delta hepatitis virus (HDV), hepatitis E virus (HEV) and hepantis G virus
(HGV). Other viruses or their receptors may be targeted, inciuding, but not limiied to,
Picomaviridae {e.g., polioviruses, eic.); Caliciviridae; Togaviridae {e.g., rubella virus,

dengue virus, etc.); Flaviviridae; Coronaviridae; Reovindae; Birnavindae;

b2
W

Rhabodovinidae {e.g , rabies virus, etc.}; Filoviridae; Paramyxoviridae (e g., mumps
virus, measles virus, respiratory syncytial virus, eic.}; Orthomyxovinidae {e.g.,
miluenza virus types A, B and C, elc.); Bunyaviridae; Arenaviridae; Retroviradae;
fentiviruses {e.g., HTLV-I; HTLVY-1i; HIV-1 (also known as HTLY-IH, LAV, ARV,
hTLR, etc.y HIV-H): simian tmmunodeficiency virus (STV), human papillomavirus

30 (HPV), mfluenza virus and the tick-bormne encephalitis viruses. See, e.g. Virology, 3rd
Edition (W. K. Joklik ed. 1988); Fundamental Virology, 2nd Edition (B. M. 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
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gene disruption.
[0225] The compositions and methods described herein can also be applied (o
stemn cell based therapies, inchuding but not lumited to editing that results in:
correction of somatic cell mutations; disruption of dominant negative alleles:
disruption of genes required for the entry or productive mfection of pathogens mto
cells; enhanced tissue engineening, for example, by editing gene acuivily 1o promote
the differentiation or formation of functional tissues; and/or disrupting gene activity 1o
promote the differentiation or formation of functional tissues; blocking or mducing
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. Addittonally, induced phuripotent 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 regardiess of their origin or histocompatibility.
0226} The compostiions and methods can also be used for somatic cell
therapy, thereby allowing production of stocks of cells that have been modified to
enthance their biological properties. Such cells can be infused inio a variety of
patienis, independent of the donor source of the cells and their histocompatibility to

20 the recipient.
102271 In addition to therapeutic applications, the DNA-editing complexes
described herein can be used for crop engineering, cell line engineering and the
construction of disease models. The obligate heterodimer cleavage half{~domains

provide a siraightforward means for improving nuclease properties.

b2
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0228] The engineered DN A-editing complexes described can also be used in
gene modification protocols requiring simultaneous 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
Example I: Preparation of ZFPs

32291 ZFPs targeted to specific target sites are designed and incorporated into
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plasmid vectors essentially as described in Umov, er af. (2005} Naiure
435(70423.646-651, Perez, et al. (2008} Nature Biotechnology 26(7). 808-816, 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
MNos. € 586,526 and 9,873 894,

(62301 One exemplary target for base editing 1s the SERPINA locus which
encodes Alpha-1 antitrypsin {A1AT). Mutations in the locus that cause an autosomal
recessive deficiency in the ALAT protein are associated with both fiver and hung
disease. The PiZ mutation, one of the most cornmon deficiency alleles in people of

10 Northern European descent, resulis in only about 10-20% of the A1 AT protein bein
produced. This mutation is caused by a single mutation in exon 5, leading to a
glutamine substitution at amino acid position 342 for alvsine where a G at position
1096 i the DNA is an A i the mutated gene sequence (reviewed 10 Fregonese and
Stolk (2008) Orphanet J Rare Dis 3:16.

15 [8231} Another exemplary target is the JAKZ V617F mutation. Editing of th
V617F to form another mutation can result in a less activating JAKZ. For example,
the V617L, V617P and V6178 mutations have been shown to be less activating than
V617F (Dusa, ef al. (2008) J Biol Chem 283(19):12941-12948).

0232} Thus, several zinc finger proteins {ZFPs) were made thal targel the

20 area near the mutations in ATAT (see Figure 2). The design of the ZFPs are shown

below in Table 1A (AT1AT) and Table IB (JAK2).

Table 1A: Exemplary ZFP designs for AIAT

3RS #,Target Design
Bl F2 E3 Bd Fo Fo

SBSi 78488 B A - arar
o T,l,,'lm.’,/;mﬁﬁc TOATLGY | DRSHLAR | Q3AHREN | STAALSY { TSGSLTR

T3 ¢ Baat — P T T T ol T/
i o (8EQ ID | (SEQ ID | (SEQ ID{ (SEQ ID | (SEQ ID N/
CATaccecatgtcets s A - - o o

o ;f ) NO:11) NO:12) NO:13) NC:14) NO:15H)

(SEQ ID NO:©)

SBSH# 78466

atGTTTTTAGAGS SNONLTT DRSHLAR { OSAHRKN | STAALSY | TSGSLTR
CCATacccatgtc (SEQ ID (3EQ ID (3EQ ID | (SEQ ID (SEQ I N/A

a O 16) NO:12) NO:13) NO:14) NG:13}
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SBSH# 78484 SNONLTT DRSHLAR { ONAHRKT | STAALSY TSGSLSR | TSSNRAV
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(6233} Base editors comprising several different combinations are constructed
using standard protocols. Different combinations mnclude editors that comprise one or
more deaminases, helicases, selected DNA binding domains {(ZFP, TALE, sgRNA),
dCas, nickase (ZFNs, TALENs, CRISPR/Cas) complexes, UG GAM ete. The
combinations include complexes comprising the selected domains fused sequentially
or wherein the combinations are supplied as separate fusion proteins. Any hinker is
used between the domains.

[0234] The combinations are assembled imto expression constructs for
transfection into cells or for use in the production of mRNAs i vitro. These mRNAs
can then be introduced inio the celis by methods known in the art (e.g.,

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

Example 2: Adenine Base Editors

[0235] Adenine base editors were construcied using Cas9 vanants with
relaxed PAM requirements (SpCas9VRVRFRR _D10A; Nishimasu, ef al. (2018)
Science 361:1259-1262 or xCas9, see Hu, ef al. (2018) Narure 556:57-63) hinked 1o a
ZFP DNA binding domain that targeted the mutated ATAT PiZ mutation on the C-
terminal side of the molecule. A series of ZFP DNA binding domains (see Example
1} that were designed 1o bind to the adjacent DNA region were incorporated into the
hase editor (see Figures 2 and 7} The ZFP was attached to the Cas9 using a linker
comprising 3 HA peplides and two nuclease localization sequences (NLS). The
sequence of the linker was:
GTGGPKKKREKVYPYDVPDYAGYPYDVPDYAGSYPYDVEPDYAGSAAPAAKK
KKLDFESE (8E(G ID NO:3) (see Bolukhasi, e al (2015 Nar Methods 12(12):1150-
11563 The Cas9 was then linked {o two E. coli 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) Narure 551:464}. A serine-glycine rich finker
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 tvpes
of adenine deaminases are used. For example, in some constructs, the ABE7.10

deaminase or the ABEmax adenine deaminase (Koblan, ef a/. {2018} Nar Rivtechnol.

kel
(i
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36(9):843-846) is used.

03236} To target the JAKZ V61 7F mutation, CasONG adenine base editors
targeting the JAK2 gene near the mutation site are made using the TAA or AAT or
AAA PAM sites located upstream of the mutation site (see, Figures 7A through 7C}.
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. Any hinkers can be used
between the fingers and/or between the ZFP and the base editor.

0237} The results show successtul editing at ihe target focus. Figure 7TA
shows base editing o cause a change in the amino acid sequence o asering (S} ora

10 proline (P). Both of these variants have been shown 1o be less activating than the
phenvialanine mutant {F) (see Dusa, ef /. (2008) J Riol Chem 283(19):12941-8).
[0238] Cells {e.g., K362 cells) are transfecied 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 genowmic 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.

[3239] The adenime 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 Amaxa device (according to manufacturer’s protocols), cells were harvested and

W

subject to Miseq analysis (Hlumina) to analyze any editing that may have occurred.

b2

Figure 4 if{usirates 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 thai the A based
editing had occurred.
(3240} Three different clones of each construct comprising the variant ZFP

30 domains were tesled. The resulis are shown below in Table 2 (note that the {erms

“CasOVRVRFRR”, “CasOVR” d “CasONG” are used interchangeably ).
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Tahle 2: Adenine base editing at A1AT locus

Al AL A8 ALD  ALL AlZ Als AZC
%G %G UG UG UG UG WG UG

sgRNA_only_rl 003 012 005 011 006 .22 411 003
sgRMA_only r2 0.08 0.08 0.07 0.08% 0067 015 014 005
sgRNA_only_r3 007 007 006 009 008 006 023 004
sgRNA_only_réd 005 004 008 0.06 006 024 017 002
ABE_CasSVR_D10A_ri 0.07 051 010 004 007 022 017 005
ABE_CasOVR_DI10A_r2 004 045 012 006 003 020 013 004
ABE_CasBVR_D10A _¢3 0.08 053 0.07 0.08 003 020 015 004
ABE_Cas9VR_D10A_rd 004 056 043 0064 002 017 014 003

ABE_Cas9VR_D10A_SGMO_SBS 78474
{1}
ABE_CasOVR_D10A_SGMO_SBS_78474
{2}
ABE_CasSVR_D10A_SGMO_SBS_78474
{3]
ABE_CasOVR_D10A_SGMO_SBS_78475
{1}
ABE_CasSVR D10A_SGMO 5BS 78475
{2}
ABE_CasSVR D10A_SGMO 5BS 78475
{3}
ABE_CasSVR D10A SGMO_SBS_78476
{1}
ABE_CasBYR D10A SGMO_SBS 78476
{2}
ABE_CasBYR D10A SGMO_SBS 78476
{3}
ABE_CasSVR_D10A SGMO_SBS 78477
{1}
ABE_CasSVR_D10A_SGMO_SBS_78477
{2}
ABE_Cas9VR_D10A_SGMO_SBS_78477
{3}
ABE_CasSVR_D10A_SGMO_SBS_ 78480
{1)
ABE_CasSVR_D10A_SGMO_SBS_78480
{2}
ABE_CasOVR_D10A_SGMO_SBS_78480
{3)
ABE_CasOVR_D10A_SGMO_SBS 78481
{1}
ABE_CasOVR_D10A_SGMO_SBS 78481
{2}
ABE_CasSVR D10A SGMO_SBS_78481
{3}
ABE_CasSVR D10A_SGMO 58S 78482
{1}
ABE_CasSVR_D10A SGMO_SBS 78482
{2}
ABE_CasSVR_D10A SGMO_SBS 78482
{3}

006 261 01314 006 006 021 01z 005

004 283 01% 0198 011 028 0.1 0.05

NA NA NA NA NA NA NA NA

005 029 006 0067 002 027 017 006

010 008 013 0063 010 018 021 007

007 041 015 006 005 018 013 010

0.07 110 0.07 012 002 015 412 005

0.05 1.22 015 0.08 005 015 018 011

0.06 083 012 0.07 006 014 018 005

0.08 L50 0.08 004 0063 018 010 003

0.07 140 0.20 0.07 008 016 013 011

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

008 142 010 008 008 035 012 006

NA NA NA NA NA NA NA NA

006 381 0.07 0.08 008 .27 (.15 .03

006 3.05 010 012 007 027 (.14 .06

007 093 014 008 003 026 021 006

005 L34 042 014z 006 020 021 008

NA NA  NA NA  NA NA  NA  NA

o)
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gizuc;aswR_moAmssmo_sgs_masa WA NA NA NA NA NA NA L NA
?Szuc;aswR_mo;xmssmo_sgs_masa 008 135 009 008 003 020 019 005
gizuc;aswk_mmwssMo_sgs_masa 009 086 014 008 009 018 0.17 0.04
é?smcaswk DI0A SGMO.SBS.78484 |07 248 005 010 007 024 017 00
zsgsmf:asgw DIOA SGMO.SBS.78484 | 508 247 015 006 004 022 014 0.04
gsmf:aswk Di0A SGMOQ.SBS.78484 {500 206 013 007 009 027 011 00
ﬁﬁﬁasw&m% SGMO 585 78485 1008 108 006 010 004 021 0.15
gagﬁne::aswa_mm SGMO. 585 78485 1507 105 011 010 002 025 012 006
ﬁﬁﬁasw&m% SGMO. 585 78485 1005 061 011 005 003 016 018 004
g&;EmCawVR“DmA_SGMO_SES_?‘MS& A NA A NA NA NA NA NA
g?EMC“WRﬁmAMSGMO"SES"?M% 0.09 233 0320 010 007 023 018 005
;E;?EMC“W&DmAMSGMO"SES"?M% 0.1 203 014 012 005 013 019 0.0
ﬁ&_e:assawmmm_ssMowssgjsass A NA  NA NA NA NA  NA  NA
‘EEJ:”WR“DWA"SGMowssgjmsg 0.04 167 012 008 006 022 013 0.0
?SE_CaSQVR“D1€)A_SGM0_~SS$“?8488 0.10 132 008 007 009 023 018 0.0
{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 giide RNA only,
“ABE (CasOVR _DIOA” are the complexes lacking the ZFP DNA binding domain.

As can be seen from the data, targeted editing of the adenine 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-Cas9 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.

(3242} In these experiments, studies were done using the xCas or the Cas9NG
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 io base editors lacking the
ZFP DNA binding domain (ZFP anchor).

[(3243] Further expeniments 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 JAK V61 7F nutant, experimental conditions
were the same as described above, including experiments performed i K562 cells
without the V617F mulation but A nucleotides i close proximily to the discase-
causing mutations were used as a proxv to measure activity. Targeted PAM
seqguences are shown in Figure 7B, Studies were done using various combinations of
the xCas or the Cas9NG proteins linked to ABEmax {see, e g., Figure 3B).

[0245] Results showed that the presence of the ZFP anchor improved editing
and relaxed the PAM requirernents, 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.
32461 Additional experiments are performed for additional disease-relatec
point mutations and higher base editing specificity and/or activity is achieved in the
presence of a ZFP anchor domain.  Furthermore, depending on the targeted base to be
edited, any PAM sequence can be used, incloding but not inuled to NAN (e g

TAA). AAT NGG (TGG). NGT (e.z, TGT or AGT).

Example 3: Cytidine base editors

362471 A cytidine base editor to convert C nucleotides (o U is constructed
using the apolipoprotein B mRNA editing enzvme, catalytic polypeptide-like
{APOBEC) protein {Yang, ef /. (20173 J Genet Genomics 44(9y.423-437). In
particular, cytidine base editors are made using a cytidine deaminase such as
Apolipoprotemn B mRNA editing enzvie, catalytic polypeptide | or APOBEC-1. The
Activation-induced cvtidine deaminase, also known as AICDA and AID, encoded by
the AICDA gene, may also be included in cvtidine deaminase base editors as
described herein.

[0248] 1t is thought that the cellular repair response to U:G heteroduplex DNA
invokes the activity of a uracil DNA glycosylase (UDG) that catalyzes the removal of
U from DNA and imitiates base-excision repair with reversion of the UG pair to a
C:G pair, decreasing the efficiency of base editing. Thus, cytidine base editors can
have a uraci! glycosylase inhibitor (UGH) fused to the editor to block endogenous
UD{G activity (Komor, ef af. (2016) Nature 533(76033.420-424). Cytidine base

editors are consiructed using a ZFP DNA bindine domain linked to an APOBEC! or
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B-cell-spectfic activation-induced cytidine deaminase (AID} enzyme (Kescu and Adlh
(2016 Nt 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 UGH dimer (see,
Figures SA through 5F). The UGI dimer 1s atlached to the ZFP DNA binding domain
using a linker such as a LO (LRGS, SEQ 1D NG:76) or N7a (SGTPHEVGVYTL,
SEQ ID NG:28, see U.S. Patent Publication No. 2017/0218349). The AlD or
APOBECH is attached to the ZFP via a linker such as LO or a sequence such as
SGGGLGST (SEQ ID NO:29, Yang, ef af (2016} Nat Commun

10 DOLE10.1038/ncomms]3330).
[3250] Cytidine base editors are also constructed without the UGI domains.
Some editors are constructed to be used as a pair where one partner comprises a
cytidine editor linked to a ZFP linked to a catalvtically mactive Fokl nickase domamn.
The second partner comprises the active Fok domain such that the two Fok half

15 domains can pair and act to create anick. The  tidine editor domain can be on either

half as can a UGH dimer assembly,

Example 4: Additional base editors

[3251] Additional ABE and/or CBE are constructed and tested.
20 [0282%] in particular, experiments 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 to 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

W

editing of the disease-related mutation,

b2

[3254] In addition, experiments are performed with an ABE base editor
comprising: {1} a dCas9 protein operably linked to a single guide RNA, optionally
operably linked to a ZFP anchor; (2) a ZFP operably linked to an ABE domain {e.g.,
evolved ABE domain); and (3) a ZFN nickase. See, e.g., Figure 1C.

30 [B255] Results show that base editors inchuding a ZFN nickase increased base

editino efficiency as compared to dCas9 base editors.

Example 5: Cas%-Free Base Editors

[3256] Cas9-free base editors are also construcled and evalualed. Construcis
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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 1o a ZFP DNA
binding domain. This asserably 15 used alone, or may then can be linked to a
catalytically inactive 704f nickase domain. When used in combination with another
vector comprising an active Fokl domain, the adenine base editor has nicking activity
to prevent correction of the base edit. Other non-Cas base editors made are shown in
Figure 1D.
{3257} A non-Cas base editor comprising a DNA destabilizing or unwinding
factor is also constructed and lested above. The DNA destabilizing factor s fused {0
10 the N~ or C~ternunus of a ZFP and/or ZFN nickase {see Figure 113) or introduced
independently from the ZFP and/or nickase.
[3258] In particular, base editors are shown i re 113 are generated. These
base editors include a ZFP-deanunase fusion protein and a ZFN nickase. In addition,
these editors include a DN A-destabilizing factor, optionally linked by 1ts 3" end or 5°
15 end {oc a ZFP of the ZFN nickase.
[(3259] 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, RPAZ,
RPA3, etc.); and/or helis-destabilizing proteins (e.g. ICP8, Puralpha or calf-thymus
20 DMNA helix-destabilizing protein}, with or without one or more CRISPR proteins (e.g.,
non-Cas? proteins)).
0260} Alternatively, or in addition to, the DN A-destabilizing proteins, base
editors are consiructed thal include one or more peptide nucleic acids (PNAs); locked

nucleic acids (LNAg) 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 construcied as described herein (see, also, Figure
1D and Figure 8).
[0261] Results show that Cas9-free base editors edit their target sites.

30
(0262} All patents, patent applications and publications mentioned herein are

hereby incorporated by reference i their entirety.

[3263] Although disclosure has been provided in some detail by way of
ithustration and example for the purposes of clarity of understanding, 1 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 linuting,
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CLAIMS

What is claimed is:

1. One or more expression vectors for expressing a system for editing an adenine
or cytosine base in DNA, the system comprising:

(i) an adenosine or cytidine deaminase, wherein the deaminase is a dimer
comprising

a first fusion protein comprising a first inactive domain of the deaminase and a
first ZFP DNA-binding domain, and

a second fusion protein comprising a second inactive domain of the deaminase
and a second ZFP DNA-binding domain, wherein the first and second inactive
domains dimerize to form an active deaminase; and

(i1) a nickase fused to one or more ZFP DNA-binding domains.

2. One or more expression vectors for expressing a system for editing an adenine
or cytosine base in DNA, the system comprising:

(i) an adenosine or cytidine deaminase fused to one or more zinc finger protein
(ZFP) DNA-binding domains, and

(ii) a zinc finger nuclease (ZFN) nickase, wherein the ZFN nickase is a dimer
comprising

a first polypeptide comprising a catalytically active nickase domain fused to a
ZFP DNA-binding domain and

a second polypeptide comprising a catalytically inactive nickase domain fused
to another ZFP DNA-binding domain, wherein the first and second polypeptides

dimerize to form an active ZFN nickase.
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3. The one or more expression vectors of claim 1, wherein

the second fusion protein comprises a catalytically active or inactive ZFN
nickase domain, and

the system further comprises a third fusion protein comprising a catalytically
inactive or active ZFN nickase domain and a third ZFP DNA-binding domain,

wherein the second and third fusion proteins form an active ZFN nickase

through dimerization of the catalytically active and inactive ZFN nickase domains.

4. The one or more expression vectors of any one of claims 1-3, wherein the
system further comprises a uracil DNA glycosylase inhibitor (UGI), optionally

wherein the UGI is at the N- or C-terminal end of the fusion protein(s).

5. The one or more expression vectors of any one of claims 1-4, wherein the

expression vector(s) are viral vectors, plasmid vectors(s), or mRNA vector(s).

6. The one or more expression vectors of claim 5, wherein the expression

vector(s) is an adeno-associated viral (AAV) vector.

7. A kit for use in editing a base in DNA, the kit comprising the one or more

expression vectors of any one of claims 1-6, optionally wherein the one or more

expression vectors are one or more plasmid, viral, or mRNA vectors.

8. A cell comprising the one or more expression vectors of any one of claims 1-

6, or a descendant of the cell wherein the cell comprises an edited base.
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9. The one or more expression vectors of any one of claims 1-6 for use in a
method of editing a base in a target DNA in a cell, the method comprising providing

to the cell said one or more expression vectors.

10.  The one or more expression vectors for use of claim 9, wherein
(A) the editing comprises:

(i) editing a cytosine base to a uracil base, optionally wherein the
uracil base is replaced with a thymine base during DNA
replication, or

(i)  editing an adenine base to a hypoxanthine base, optionally
wherein the hypoxanthine base is replaced with a guanine base
during replication; or

(B) the editing in the cell results in:

(i) changing a C:G base pair to a T:A base pair,

(ii))  changing an A:T base pair to a G:C base pair,

(i)  introduction of a stop codon, and/or

(iv)  editing or creating a splicing sequence.

11.  The one or more expression vectors for use of claim 9 or 10, wherein the

editing corrects a disease mutation, optionally wherein an exon is edited.

12.  The one or more expression vectors for use of any one of claims 9-11, wherein

the base is in a chromosome or an extrachromosomal episome in the cell, optionally

wherein the cell is a cell in or obtained from a subject in need of the editing.
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13.  Use of the cell of claim 8 or a descendant thereof in the manufacture of a
medicament for treating a disease in a subject in need thereof, wherein said cell or

descendant thereof is to be administered to the subject.

14. The cell of claim & or a descendant thereof for use in therapy.
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