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USES OF ADENOSINE BASE EDITORS

BACKGROUND OF THE INVENTION

[0001] Targeted editing of nucleic acid sequences, for example, the targeted cleavage or the

targeted introduction of a specific modification into genomic DNA, is a highly promising

approach for the study of gene function and also has the potential to provide new therapies

for human genetic diseases. Since many genetic diseases in principle can be treated by

effecting a specific nucleotide change at a specific location in the genome (for example, an A

to G or a T to C change in a specific codon of a gene associated with a disease), the

development of a programmable way to achieve such precise gene editing represents both a

powerful new research tool, as well as a potential new approach to gene editing-based

therapeutics.

SUMMARY OF THE INVENTION

[0002] The disclosure provides methods and compositions for treating blood

diseases/disorders, such as sickle cell disease, hemochromatosis, hemophilia, and beta-

thalassemia. For example, the disclosure provides therapeutic guide RNAs that target the

promotor of HBG1/2 to generate point mutations that increase expression of fetal

hemoglobin. As another example, the disclosure provides therapeutic guide RNAs that target

mutations (e.g., pathogenic mutaions) in HBB, Factor VIII, and HFE to treat sickle cell

disease, beta-thalassemia (e.g., Hb C and Hb E), hemophilia and hemochromatosis. The

guide RNAs provided herein can be complexed with a base editor protein (e.g., an adenosine

base editor) to generate a point mutation in a gene or gene promoter, which can correct a

pathogenic mutation, generate a non-pathogenic point mutation, or modulate (e.g., increase)

expression of a gene.

[0003] Provided herein are compositions, kits, and methods of modifying a polynucleotide

(e.g., DNA) using an adenosine deaminase and a nucleic acid programmable DNA binding

protein (e.g., Cas9). Some aspects of the disclosure provide nucleobase editing proteins

which catalyze hydrolytic deamination of adenosine (forming inosine, which base pairs like

guanine (G)) in the context of DNA. There are no known naturally occurring adenosine

deaminases that act on DNA. Instead, known adenosine deaminases act on RNA (e.g., tRNA

or mRNA). To overcome this drawback, the first deoxyadenosine deaminases were evolved

to accept DNA substrates and deaminate deoxyadenosine (dA) to deoxyinosine. Such



adenosine deaminases are described in International Application No.: PCT/US2017/045,381,

filed August 3, 2017; the entire contents of which are hereby incorporated by reference. The

adenosine deaminase acting on tRNA (ADAT) from Escherichia coli (TadA, for tRNA

adenosine deaminase A), was covalently fused to a dCas9 or a Cas9 nickase domain, and

fusion proteins containing mutations in the deaminase portion of the construct were

assembled. In addition to E. coli TadA (ecTadA), other naturally occurring adenosine

deaminases, such as human ADAR (adenosine deaminase acting on RNA), mouse ADA

(adenosine deaminase), and human ADAT2, may be fused to a dCas9 or Cas9 nickase

domain to generate adenosine nucleobase editor (ABE) fusion protein constructs. The

directed evolution of these fusion proteins resulted in programmable adenosine base editors

that efficiently convert target A-T base pairs to G-C base pairs with low off-target

modifications and a low rate of indel (stochastic insertion or deletion) formation, especially

when compared to current Cas9 nuclease-mediated HDR methods of genome editing. The

ABEs disclosed herein can be used to both correct disease-associated point mutations and to

introduce disease-suppressing point mutations (e.g., single nucleotide polymorphisms).

[0004] Mutations in the deaminase domain of nucleobase editing proteins were made by

evolving adenosine deaminases. For example, ecTadA variants that are capable of

deaminating adenosine in DNA include one or more of the following mutations: W23L,

W23R, R26G, H36L, N37S, P48S, P48T, P48A, I49V, R51L, N72D, L84F, S97C, D108N,

A106V, H123Y, G125A, A142N, S146C, D147Y, R152H, R152P, E155V, I156F, K157N,

and K161T of SEQ ID NO: 1. It should be appreciated however, that homologous mutations

may be made in other adenosine deaminases to generate variants that are capable of

deaminating adenosine in DNA. Figure 7 illustrates ecTadA variants that may be useful for

the methods disclosed herein.

[0005] In the examples provided herein, exemplary nucleobase editors having the general

structure of an evolved fusion protein, such as ecTadA(D108X; X=G, V, or N)-XTEN-nCas9,

catalyzed A to G transition mutations in cells such as eukaryotic cells {e.g. , Hek293T

mammalian cells). In other examples exemplary nucleobase editors contain two ecTadA

domains and a nucleic acid programmable DNA binding protein (napDNAbp). The two

ecTadA domains may be the same (e.g., a homodimer), or two different ecTadA domains

(e.g., a heterodimer (e.g., wild-type ecTadA and ecTadA(A106V/D108N))). For example

nucleobase editors may have the general structure ecTadA-ecTadA*-nCas9, where ecTadA*

represents an evolved ecTadA comprising one or more mutations of SEQ ID NO:l.



Additional examples of nucleobase editors containing ecTadA variants provided herein

demonstrate an improvement in performance of the nucleobase editors in mammalian cells.

[0006] Without wishing to be bound by any particular theory, the adenosine nucleobase

editors described herein work by using ecTadA variants to deaminate A bases in DNA,

causing A to G mutations via inosine formation. Inosine preferentially hydrogen bonds with

C, resulting in A to G mutation during DNA replication. When covalently tethered to Cas9

(or another nucleic acid programmable DNA binding protein), the adenosine deaminase (e.g.,

ecTadA) is localized to a gene of interest and catalyzes A to G mutations in the ssDNA

substrate. This editor can be used to target and revert single nucleotide polymorphisms

(SNPs) in disease-relevant genes, which require A to G reversion. This editor can also be

used to target and revert single nucleotide polymorphisms (SNPs) in disease-relevant genes,

which require T to C reversion by mutating the A, opposite of the T, to a G. The T may then

be replaced with a C, for example by base excision repair mechanisms, or may be changed in

subsequent rounds of DNA replication. Thus, the adenosine base editors described herein

may deaminate the A nucleobase to give a nucleotide sequence that is not associated with a

disease or disorder. In some aspects, the adenosine base editors described herein may be

useful for deaminating an adenosine (A) nucleobase in a gene promoter. In some

embodiments, deamination leads to induce transcription of the gene. The induction of

transcription of a gene leads to an increase in expression of the protein encoded by the gene

(e.g., the gene product). A guide RNA (gRNA) bound to the base editor comprises a guide

sequence that is complementary to a target nucleic acid sequence in the promoter. In some

embodiments, the target nucleic acid sequence is a nucelic acid seqeuence in the promoter of

the HBG1 and/or the HBG2 gene. In some embodimetns, the target nucleic acid sequence in

the promotor comprises the nucleic acid sequence 5'-

CTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 838), 5'-

CTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 839), 5'-

CTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 840), 5'-

CTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 841), 5'-

CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842), 5'-CTTGGGGGCCCCTTCCCCA-

3' (SEQ ID NO: 843), 5'-CTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 844), or 5'-

CTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 845). In some embodiments, the target nuclic

acid sequence in the promoter comprises the nucleic acid sequence 5'-

CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842). In some embodiments, the target

nucleic acid sequence in the promoter comprises a T at nucleic acid position 14 (shown in



bold) of any one of SEQ ID NOs: 838-845, and the deamination of the A nucleobase that is

complementary to the T at position 14 results in a T to C mutation in the target nucleic acid

sequence. In some embodiments, the target nucleic acid further comprises 5'-CCT-3' at the 5'

end of any one of SEQ ID NOs: 838-845. In some embodiments, the guide RNA comprises

at least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 26 contiguous nucleic acids that are 100%

complementary to the target nucleic acid sequence in the promoter. In some embodiments,

the guide sequence of the gRNA comprises the nucleic acid sequence 5'-

UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846), 5'-

CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847), 5'-

AUGUGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 848), 5'-

UGUGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 849), 5'-

GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850), 5'-

UGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 851) 5'-GGGGAAGGGGCCCCC AAG-3 '

(SEQ ID NO: 852), or 5'-GGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 853). In some

embodiments, the guide sequence of the gRNA comprises the nucleic acid sequence 5'-

GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850). In some embodiments, the guide

sequence of the gRNA comprises the nucleic acid sequence of any one of SEQ ID NOs: 254-

280. In some embodiments, the base editor comprises a fusion protein comprising (i) a

nucleic acid programmable DNA binding protein (napDNAbp) and (ii) an adenosine

deaminase is used in combination with a guide RNA that is complementary to a target

sequence of interest to demainate a nucleobase. In some embodiments, the nucleic acid

programmable DNA binding protein (napDNAbp) is a Cas9 domain. In some ebodiments,

the Cas9 domain is a Cas9 nickase (nCas9). The adenosine deaminse may be any adenosine

deaminase described herein. In some embodiments, the adenosine demainse is an E. coli

TadA (ecTadA) comprising one or more mutations of SEQ ID NO: 1. In some embodiments,

the adenosine deaminse is an ecTadA comprising the amino acid sequence of SEQ ID NO: 1.

[0007] Thus, in some aspects, the base editor and guide RNA complexes described herein

may be useful for treating a disease or a disorder caused by a C to T mutation in the promoter

of the HBG1 and/or the HBG2 gene. In some embodiments, the disease or disorder is one of

the blood. In certain embodiments, the disease or disorder is anemia. In some embodiments,

the anemia is sickle-cell anemia. For example, a -198C to T mutation in the promoter of the

HBG1 and/or the HBG2 gene leads to a decrease in γ -globin expression levels, which can

promote the development of sickle cell disease (SCD) and β-thalassemia. The deamination of

the adenosine nucleobase in the promoter results in a T-A base pair in the promoter being



mutated to a C-G base pair in the promoter of the HBG1 and/or the HBG2 gene. The

deamination of the adenosine nucleobase promotes a sequence that is promoted with

hereditary persistence to fetal hemoglobin (HPFH). In some embodiments, deaminating the

adenosine nucleobase in the promoter leads to an increase in transcription of the HBG1 gene.

In some embodiments, deaminating the adenosine nucleobase in the promoter leads to an

increase in the amount of the HBG1 protein. In some embodiments, deaminating the

adenosine nucleobase in the promoter leads to an increase in transcription of the HBG2 gene.

In some embodiments, deaminating the adenosine nucleobase in the promoter leads to an

increase in the amount of the HBG2 protein. In some embodiments, deaminating the

adenosine nucleobase in the promoter leads to an increase in transcription of both the HBG1

and HBG2 genes. In some embodiments, deaminating the adenosine nucleobase in the

promoter leads to an increase in the amount of both the HBG1 and HBG2 proteins.

[0008] In yet another aspect, the adenosine base editors described herein may be useful for

deaminating an adenosine (A) nucleobase in a gene to correct a point mutation in the gene.

In some embodiments, the gene may comprise a mutation in a codon that results in a change

in the amino acid encoded by the mutant codon as compared to the wild-type codon. A guide

RNA (gRNA) bound to the base editor comprises a guide sequence that is complementary to

a target nucleic acid sequence in the gene. In some embodiments, the target nucleic acid

sequence is a nucelic acid seqeuence in the HFE gene. In some embodiments, the HFE gene

comprises a C to T mutation. Deamination of the A nucleobase complementary to the T by a

base editor and guide RNA complex described herein corrects the C to T mutation (for

example, see Figure 7). In some embodimetns, the target nucleic acid sequence in the

promotor comprises the nucleic acid sequence. In some embodiments, the HFE gene encodes

a human hemochromatosis (HFE) proteincomprising a Cys to Tyr mutation (e.g., C282Y).

Deamination of the A nucleobase complementary to the T by a base editor and guide RNA

complex described herein corrects the Cys to Tyr mutation in the HFE protein, resulting in

expression of the wild-type protein. In some embodiments, the target nucleic acid sequence

in the HFE gene comprises the nucleic acid sequence 5'-

GGGTGCTCCACCTGGTACGTATAT-3 ' (SEQ ID NO: 854), 5'-

GGGTGCTCCACCTGGTACGTATA-3 ' (SEQ ID NO: 855), 5'-

GGGTGCTCCACCTGGTACGTAT-3 ' (SEQ ID NO: 856), 5'-

GGGTGCTCCACCTGGTACGTA-3 ' (SEQ ID NO: 857), 5'-

GGGTGCTCCACCTGGTACGT-3 ' (SEQ ID NO: 858), 5'-GGGTGCTCCACCTGGTACG-

3' (SEQ ID NO: 859), 5'-GGGTGCTCCACCTGGTAC-3 ' (SEQ ID NO: 860), or 5'-



GGGTGCTCCACCTGGTA-3' (SEQ ID NO: 861). In some embodiments, the target nucleic

acid further comprises 5'-CCT-3' at the 5' end of any one of the nucleic acid sequences of

SEQ ID NOs: 854-861. In some embodiments, the target nucleic acid sequence in the HFE

gene comprises the nucleic acid sequence 5'-GGGTGCTCCACCTGGTACGT-3 ' (SEQ ID

NO: 858). In some embodiments, the guide RNA comprises at least 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, or 26 contiguous nucleic acids that are 100% complementary to the target

nucleic acid sequence in the HFE gene. In some embodiments, the guide sequence of the

gRNA comprises the nucleic acid sequence 5'- AUAUACGUACCAGGUGGAGCACCC-3'

(SEQ ID NO: 862), 5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863), 5'-

AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864), 5'-

UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865), 5'-

ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866), 5'-

CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867), 5'- GUACCAGGUGGAGCACCC-

3' (SEQ ID NO: 868), or 5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869). In some

embodiments, the guide sequence of the gRNA further comprises a G at the 5' end of any one

of the nucleic acid sequences of SEQ ID NOs: 862-869. In some embodiments, the guide

sequence of the gRNA comprises the nucleic acid sequence 5'-

GACGUACCAGGUGGAGC ACCC-3 ' (SEQ ID NO: 870). In some embodiments, the base

editor comprises a fusion protein comprising (i) a nucleic acid programmable DNA binding

protein (napDNAbp) and (ii) an adenosine deaminase is used in combination with a guide

RNA that is complementary to a target sequence of interest to demainate a nucleobase. In

some embodiments, the nucleic acid programmable DNA binding protein (napDNAbp) is a

Cas9 domain. In some ebodiments, the Cas9 domain is a Cas9 nickase (nCas9). The

adenosine deaminse may be any adenosine deaminase described herein. In some

embodiments, the adenosine demainse is an E. coli TadA (ecTadA) comprising one or more

mutations of SEQ ID NO: 1. In some embodiments, the adenosine deaminse is an ecTadA

comprising the amino acid sequence of SEQ ID NO: 1.

[0009] Thus, in some aspects, the base editor and guide RNA complexes described herein

may be useful for treating a disease or a disorder caused by a C to T mutation in the HFE

gene. In some embodiments, the disorder is an iron storage disorder. In some embodimetns,

the iron storage disorder is hereditary hemochromatosis (HHC). In some embodiments,

deaminating the adenosine nucleobase in the HFE gene results in a T-A base pair in the HFE

gene being mutated to a C-G base pair in the HFE gene. In some embodiments, deaminating

the adenosine nucleobase in the HFE gene leads to an increase in an HFE protein function



transcribed from the HFE gene. In some embodiments, deaminating the adenosine

nucleobase in the HFE gene results in correcting a sequence associated with hereditary

hemochromatosis (HHC). In some embodiments, deaminating the adenosine nucleobase in

the HFE gene ameliorates one or more symptoms of the iron storage disorder.

[0010] In some embodiments, the adenosine deaminases provided herein are capable of

deaminating an adenosine in a nucleic acidmolecule. In some embodiments, the method of

deaminating an adenosine nucleobase comprises contacting the nucleic acid molecule in a

cell with a complex comprising (i) an adenosine base editor and (ii) a guide RNA in vitro. In

some embodiments, the method of deaminating an adenosine nucleobase comprises

contacting the nucleic acid molecule in cell with a complex comprising (i) an adenosine base

editor and (ii) a guide RNA in vivo. In some embodiments, the method of deaminating an

adenosine nucleobase comprises contacting the nucleic acid molecule in a cell with a

complex comprising (i) an adenosine base editor and (ii) a guide RNA, wherein the cell is in

a subject. In some embodiments, the cell is an immortalized lymphoblastoid cell (LCL).

Other aspects of the disclosure provide fusion proteins comprising a Cas9 domain and an

adenosine deaminase domain, for example, an engineered deaminase domain capable of

deaminating an adenosine in DNA. In some embodiments, the fusion protein comprises one

or more of a nuclear localization sequence (NLS), an inhibitor of inosine base excision repair

(e.g., dISN), and/or one or more linkers.

[0011] In some aspects, the disclosure provides an adenosine deaminase capable of

deaminating an adenosine in a deoxyribonucleic acid (DNA) substrate. In some

embodiments, the adenosine deaminase is from a bacterium, for example, E. coli or S. aureus.

In some embodiments, the adenosine deaminase is a TadA deaminase. In some

embodiments, the TadA deaminase is an E. coli TadA deaminase (ecTadA). In some

embodiments, the adenosine deaminase comprises a D108X mutation in SEQ ID NO: 1, or a

corresponding mutation in another adenosine deaminase, wherein X is any amino acid other

than the amino acid found in the wild-type protein. In some embodiments, X is G, N, V, A,

or Y. In some embodiments, the adenosine deaminase comprises a D108N mutation in SEQ

ID NO: 1, or a corresponding mutation in another adenosine deaminase. In some

embodiments, the adenosine deaminase comprises a A106X mutation in SEQ ID NO: 1, or a

corresponding mutation in another adenosine deaminase, wherein X is any amino acid other

than the amino acid found in the wild-type protein. In some embodiments, X is V, G, I, L, or

A. In some embodiments, the adenosine deaminase comprises a A106V mutation in SEQ ID



NO: 1, or a corresponding mutation in another adenosine deaminase. In some embodiments,

the adenosine deaminase comprises a A106X and a D108X mutation in SEQ ID NO: 1, or

corresponding mutations in another adenosine deaminase, wherein X is any amino acid other

than the amino acid found in the wild-type protein. In some embodiments, the adenosine

deaminase comprises a A106V and a D108N mutation in SEQ ID NO: 1, or corresponding

mutations in another adenosine deaminase. In some emodiments, the adenosine deaminse

comprises a A106X, D108X, D147X, E155X, L84X, H123X, and I156X mutation, or

corresponding mutations in another adenosine deaminase, wherein X is any amino acid other

than the amino acid found in the wild-type protein. In some embodiments, the adenosine

deaminse comprises a A106V, D108N, D147Y, E155V, L84F, H123Y, and I156F mutation,

or corresponding mutations in another adenosine deaminase. In some embodiments, the

adenosine deaminase comprises a A106X, D108X, D147X, E155X, L84X, H123X, I156X,

H36X, R51X, S146X, and K157X mutation, or corresponding mutations in another adenosine

deaminase, wherein X is any amino acid other than the amino acid found in the wild-type

protein. In some embodiments, the adenosine deaminse comprises a A106V, D108N, D147Y,

E155V, L84F, H123Y, I156F, H36L, R51L, S146C, and K157N mutation, or corresponding

mutations in another adenosine deaminase. In some embodiments, the adenosine comprises a

A106X, D108X, D147X, E155V, L84X, H123X, I156X, H36X, R51X, S146X, K157X,

W23X, P48X, and R152X mutation, or the corresponding mutations in another adenosine

deaminase, wherein X is any amino acid other than the amino acid found in the wild-type

protein. In some embodiments, the adenosine deaminase comprises a A106V, D108N,

D147Y, E155V, L84F, H123Y, I156F, H36L, R51L, S146C, K157N, W23R, P48A, and

R152P mutation, or the corresponding mutations in another adenosine deaminase. It should

be appreciated that the adenosine deaminases provided herein may contain one or more of the

mutations provided herein in any combination.

[0012] In another aspect, the disclosure provides adenosine nucleobase editors (ABEs) with

broadened target sequence compatibility. In general, native ecTadA deaminates the adenine

in the sequence UAC (e.g., the target sequence) of the anticodon loop of tRNA^. Without

wishing to be bound by any particular theory, in order to expand the utility of ABEs

comprising one or more ecTadA domains, such as any of the adenosine deaminases provided

herein, the adenosine deaminase proteins were optimized to recognize a wide variey of target

sequences within the protospacer sequence without compromising the editing efficiency of

the adenosine nucleobase editor complex. In some embodiments, the target sequence is 5'-

NAN-3', wherein N is T, C, G, or A. For example, target sequences are shown in Figure 3A.



In some embodiments, the target sequence comprises 5'-TAC-3'. In some embodiments, the

target sequence comprises 5'-GAA-3'.

[0013] In some embodiments, the base editor comprises or consists of the amino acid

sequence of SEQ ID NO: 707. In some embodiments, the base editor comprises or consists

of the amino acid sequence of SEQ ID NO: 708. In some embodiments, the base editor

comprises or consists of the amino acid sequence of SEQ ID NO: 709. In some

embodiments, the base editor comprises or consists of the amino acid sequence of SEQ ID

NO: 710. In some embodiments, the base editor comprises or consists of the amino acid

sequence of SEQ ID NO: 711.

[0014] In another aspect, the present disclosure provides pharmaceutical compositions

comprising a complex comprising a fusion protein comprising (i) a nucleic acid

programmable DNA binding protein (napDNAbp), (ii) an adenosine deaminase, and (iii) a

guide RNA that directs the fusion protein to a target sequence of interest; and optionally a

pharmaceutically acceptable excipient. The adenosine deaminase can be any of the

adenosine deaminase domains described herein, or any combination thereof. In some

embodiments, the napDNAbp is a Cas9 domain. In some embodiments, the Cas9 domain is a

Cas9 nickase (nCas9). In some embodiments, the guide RNA comprises a guide nucleic acid

sequence that directs the fusion protein to the promoter of the HBG1 and/or the HBG2 gene.

In some embodiments, the guide nucleic acid sequence comprises a nucleic acid sequence of

SEQ ID NOs: 846-853. In some embodiments, the guide RNA comprises a nucleic acid

sequence that directs the fusion protein to the HFE gene. In some embodiments, the guide

nucleic acid sequence comprises a nucleic acid sequence of SEQ ID NOs: 862-870. In some

embodiments, the pharmaceutical composition is administered to a subject in need thereof

(e.g., to treat a disease or disorder). In some embodiments, the subject has a blood disease.

In some embodiments, the blood disease is anemia. In some embodiments, the anemia is

sickle cell anemia. In some embodiments, the subject has an iron storage disorder. In some

embodiments, the iron storage disorder is hereditary hemochromatosis (HHC). In yet another

aspect, the present dislcosure provides kits comprising a nucleic acid construct, comprising

(a) a nucleic acid sequence encoding a fusion protein comprising (i) a nucleic acid

programmable DNA binding protein (napDNAbp) and (ii) an adenosine deaminase; (b) a

heterologous promoter that drives expression of the sequence of (a); and (c) an expression

construct encoding a guide RNA backbone, wherein the construct comprises a cloning site

positioned to allow the cloning of a nucleic acid sequence identical or complementary to a

target sequence into the guide RNA backbone. The adenosine deaminase can be any of the



adenosine deaminase domains described herein, or any combination thereof. In some

embodiments, the napDNAbp is a Cas9 domain. In some embodiments, the Cas9 domain is a

Cas9 nickase (nCas9). In some embodiments, the guide RNA comprises a nucleic acid

sequence that directs the fusion protein to the promoter of the HBG1 and/or the HBG2 gene.

In some embodiments, the target nucleic acid sequence comprises the nucleic acid sequence

of any one of SEQ ID NOs: 838-845. In some embodiments, the guide RNA comprises a

nucleic acid sequence that directs the fusion protein to the HFE gene. In some embodiments,

the target nucleic acid sequence comprises the nucleic acid sequence of any one of SEQ ID

NOs: 854-861.

[0015] The summary above is meant to illustrate, in a non-limiting manner, some of the

embodiments, advantages, features, and uses of the technology disclosed herein. Other

embodiments, advantages, features, and uses of the technology disclosed herein will be

apparent from the Detailed Description, the Drawings, the Examples, and the Claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figures 1A to 1C show scope and overview of base editing by an Α ·Τ to G*C base

editor (ABE). Figure 1A: Relative distribution of the base pair changes required to correct

known pathogenic human SNPs in the ClinVar database. Figure IB: The hydrolytic

deamination of adenosine (A) forms inosine(I), which is read as guanosine (G) by polymerase

enzymes. Figure 1C: ABE-mediated Α ·Τ to G*C base editing strategy. ABEs contain a

hypothetical deoxyadenosine deaminase, which is not known to exist in nature, and a

catalytically impaired Cas9. They bind a double-stranded DNA target of interest in a guide

RNA-programmed manner, exposing a small bubble of single stranded DNA in the "R-loop"

complex. The deoxyadenosine deaminase domain catalyzes deoxyadenosine to deoxyinosine

formation within this single-stranded bubble. Following DNA repair or replication, the

original Α ·Τ base pair is replaced with a G*C base pair at the target site.

[0017] Figures 2A to 2C show protein evolution and engineering of ABEs. Figure 2A:

Strategy to evolve a DNA deoxyadenosine deaminase starting from an RNA adenosine

deaminase. A library of E. coli cells each harbor a plasmid expressing a mutant ecTadA

(TadA*) gene fused to catalytically dead Cas9 (dCas9) and a selection plasmid expressing a

defective antibiotic resistance gene requiring one or more Α ·Τ to G*C mutations to restore

antibiotic resistance. Mutations from TadA* variants surviving each round of mutation and

selection were imported into a mammalian ABE architecture and assayed in human cells for

programmable Α ·Τ to G*C base editing activity. Figure 2B: Genotypes of a subset of evolved



ABEs arising from each round of evolution. For a list of all 57 evolved ABE genotypes

characterized in this work, see Figure 7 . The dimerization state (monomer, homodimer of

evolved TadA* domains, or heterodimer of wild-type TadA-evolved TadA*) and linker

length (in number of amino acids) are also listed. Mutations are colored based on the round of

evolution from which they were identified. Figure 2C: Three views of the E. coli TadA

deaminase structure (PDB 1Z3A) aligned with the structure of S. aureus TadA (not shown)

complexed with tRNAArg2 (PDB 2B3J). The UAC anticodon loop of the tRNA is the

endogenous substrate of wild-type TadA. The TadA dimer and the tRNA anticodon loop are

shown on the left; residues near the 2' hydroxyl group of the ribose of the U upstream of the

substrate adenosine are shown in the middle; residues that mutated during ABE evolution and

surround the UAC substrate are shown on the right. Wildtype residues are colored to

correspond to the mutations emerging from each round of evolution, and to the genotype

table in Figure 2B.

[0018] Figures 3A to 3C show early- and mid-stage evolved ABEs mediate Α ·Τ to G*C base

editing at human genomic DNA sites. Figure 3A: Table of 19 human genomic DNA test sites

(left) with corresponding locations on human chromosomes (right). The sequence context

(target motif) of the edited A in red is shown for each site. PAM sequences are shown in blue.

Figure 3B: Α ·Τ to G*C base editing efficiencies in HEK293T cells of round 1 and round 2

ABEs at six human genomic DNA sites. Figure 3C: Α ·Τ to G*C base editing efficiencies in

HEK293T cells of round 3, round 4, and round 5 ABEs at six human genomic DNA sites.

ABE2.9 editing is shown for comparison. Values and error bars reflect the mean and s.d. of

three independent biological replicates performed on different days. Homodimer indicates

fused TadA*-TadA*-Cas9 nickase architecture; heterodimer indicates fused wtTadA-

TadA*-Cas9 nickase architecture. Sequences correspond from top to bottom to SEQ ID NOs:

91-109.

[0019] Figures 4A and 4B show late-stage evolved ABEs mediate genomic DNA editing

with greater activity and broader sequence compatibility. Figure 4A: Α ·Τ to G*C base editing

efficiencies in HEK293T cells of round 6 and round 7 ABEs at six human genomic DNA

sites. ABE5.3 editing is shown for comparison. Figure 4B: Α ·Τ to G*C base editing

efficiencies in HEK293T cells of round 6 and round 7 ABEs at an expanded set of human

genomic sites. Sites 1-17 collectively include every possible NAN sequence context flanking

the target A. ABE5.3 editing is shown for comparison. Values and error bars reflect the mean

and s.d. of three independent biological replicates performed on different days. All ABEs



shown in Figures 4A and 4B are heterodimers of the wtTadA-TadA*-Cas9 nickase

architecture.

[0020] Figures 5A to 5C show activity window and product purity of late-stage ABEs.

Figure 5A: Relative Α ·Τ to G*C base editing efficiencies in HEK293T cells of late-stage

ABEs at protospacer positions 1-9 in two human genomic DNA sites that together place an A

at each of these positions. Values are normalized to the maximum observed efficiency at each

of the two sites for each ABE = 1. Figure 5B: Relative Α ·Τ to G*C base editing efficiencies

in HEK293T cells of late-stage ABEs at protospacer positions 1-18 and 20 across all 19

human genomic DNA sites tested. Values are normalized to the maximum observed

efficiency at each of the 19 sites for each ABE = 1. Figure 5C: Product distributions at two

representative human genomic DNA sites in HEK293T cells treated with ABE7.10 or

ABE7.9 and the corresponding sgRNA, or in untreated HEK293T cells. Indel frequencies are

shown at the right. For Figures 5A and 5B, values and error bars reflect the mean and s.d. of

three independent biological replicates performed on different days. Sequences correspond

from top to bottom to SEQ ID NOs: 110-1 11.

[0021] Figures 6A to 6C show comparison of ABE7.10-mediated base editing and Cas9-

mediated HDR, and application of ABE7.10 to two disease-relevant SNPs. Figure 6A: Α ·Τ to

G*C base editing efficiencies in HEK293T cells treated either with ABE7.10, or with Cas9

nuclease and an ssDNA donor template (following the CORRECT HDR method41) targeted

to five human genomic DNA sites. Figure 6B: Comparison of indel formation in HEK293T

cells treated as described in Figure 6A. Figure 6C: Application of ABE to install a disease-

suppressing SNP, or to correct a disease inducing SNP. Top: ABE7.10-mediated -198TaC

mutation (on the strand complementary to the one shown in the sequencing data tables) in the

promoter region of HBGl and HBG2 genes in HEK293T cells. The target A is at positon 7 of

the protospacer. Bottom: ABE7.10- mediated reversion of the C282Y mutation in the HFE

gene in LCL cells. This mutation is a common cause of hereditary hemochromatosis. The

target A is at positon 5 of the protospacer.

[0022] Figure 7 shows genotype table of all ABEs described in this work. Mutations are

colored based on the round of evolution in which they were identified.

[0023] Figures 8A to 8D show base editing efficiencies of additional early-stage ABE

variants. Figure 8A : Α ·Τ to G*C base editing efficiencies in HEK293T cells of various wild-

type RNA adenine deaminases fused to Cas9 nickase at six human genomic target DNA sites.

Values reflect the mean and standard deviation of three biological replicates performed on

different days. Figure 8B: Α ·Τ to G*C base editing efficiencies in HEK293T cells of ABE2



editors with altered fusion orientations and linker lengths at six human genomic target DNA

sites. Figure 8C: Α ·Τ to G*C base editing efficiencies in HEK293T cells at six human

genomic target DNA sites of ABE2 editors fused to catalytically inactivated alkyl-adenosine

glycosylase (AAG) or endonuclease V (EndoV), two proteins that bind inosine in DNA.

Figure 8D: Α ·Τ to G*C base editing efficiencies of ABE2.1 in HAP1 cells at site 1 with or

without AAG. Values and error bars in Figures 8B and 8C reflect the mean and s.d. of three

independent biological replicates performed on different days.

[0024] Figure 9 shows high-throughput DNA sequencing analysis of HEK293T cells treated

with ABE2.1 and sgRNAs targeting each of six human genomic sites. One representative

replicate is shown. Data from untreated HEK293T cells are shown for comparison.

[0025] Figures 10A to IOC show base editing efficiencies of additional ABE2 and ABE3

variants, and the effect of adding A142N to TadA*-dCas9 fusions on antibiotic selection

survival in E. coli. Figure 10A: Α ·Τ to G*C base editing efficiencies in HEK293T cells at six

human genomic target DNA sites of ABE2 variants with different engineered dimeric states.

Data plotted is the mean value of three biological replicates. Figure 10B: Α ·Τ to G*C base

editing efficiencies in HEK293T cells at six human genomic target DNA sites of ABE3.1

variants differing in their dimeric state (homodimer of TadA*-TadA*-Cas9 nickase, or

heterodimer of wild-type TadA-TadA*-Cas9 nickase), in the length of the TadA-TadA

linker, and in the length of the TadA-Cas9 nickase linker. See Figure 7 for ABE genotypes

and architectures. Figure IOC: Colony-forming units on 2xYT agar with 256 g/mL of

spectinomycin of E. coli cells expressing an sgRNA targeting the I89T defect in the

spectinomycin resistance gene and a TadA*-dCas9 editor lacking or containing the A142N

mutation identified in evolution round 4 Successful Α ·Τ to G*C base editing at the target site

restores spectinomycin resistance. Values and error bars in Figures 10A and 10B reflect the

mean and s.d. of three independent biological replicates performed on different days.

[0026] Figures 11A and 11B show base editing efficiencies of additional ABE5 variants.

Figure 11A : Α ·Τ to G*C base editing efficiencies in HEK293T cells at six human genomic

target DNA sites of two ABE3.1 variants with two pairs of mutations isolated from

spectinomycin selection of the round 5 library. Figure 11B: Α ·Τ to G*C base editing

efficiencies in HEK293T cells at six human genomic target DNA sites of ABE5 variants with

different linker lengths. See Figure 7 for ABE genotypes and architectures. Values and error

bars reflect the mean and s.d. of three independent biological replicates performed on

different days.



[0027] Figures 12A to 12C show base editing efficiencies of ABE7 variants at 17 genomic

sites. Α ·Τ to G*C base editing efficiencies in HEK293T cells at 17 human genomic target

DNA sites of ABE7. 1-7.5 (Figure 12A), and ABE7.6-7.10 (Figure 12B). See Figure 7 for

ABE genotypes and architectures. Figure 12C: Α ·Τ to G*C base editing efficiencies in U20S

cells at six human genomic target DNA sites of ABE7.8-7.10. The lower editing efficiencies

observed in U20S cells compared with HEK293T cells are consistent with transfection

efficiency differences between the two cell lines; typical transfection efficiencies of -40 to

55% were observed in U20S cells under the conditions used in this study, compared to 65-

80% in HEK293T cells. Values and error bars reflect the mean and s.d. of three independent

biological replicates performed on different days.

[0028] Figure 13 shows rounds of evolution and engineering increased ABE processivity.

The calculated mean normalized linkage disequilibrium (LD) between nearby target As at 6

to 17 human genomic target DNA sites for the most active ABEs emerging from each round

of evolution and engineering. Higher LD values indicate that an ABE is more likely to edit an

A if a nearby A in the same DNA strand (the same sequencing read) is also edited. LD values

are normalized from 0 to 1 in order to be independent of editing efficiency. Values and error

bars reflect the mean and s.d. of normalized LD values from three independent biological

replicates performed on different days.

[0029] Figures 14A and 14B show high-throughput DNA sequencing analysis of HEK293T

cells treated with five late-stage ABE variants and an sgRNA targeting -198T in the promoter

of HBG1 and HBG2. One representative replicate is shown of DNA sequences at the HBG1

(Figure 14A) and HBG2 (Figure 14B) promoter targets. ABE-mediated base editing installs a

-198T C mutation on the strand complementary to the one shown in the sequencing data

tables. Data from untreated HEK293T cells are shown for comparison.

[0030] Figure 15 shows base editing data using the base editor ABE 7.10 and 12 gRNAs that

target the promotor region of HBG1/2. The identity of the gRNA target sequences are (1)

SEQ ID NO: 259, (2) SEQ ID NO: ,260 (3) SEQ ID NO: 266, (4) SEQ ID NO: 267, (5) SEQ

ID NO: 268, (6) SEQ ID NO: 269, (7) SEQ ID NO: 270, (8) SEQ ID NO: 276, (9) SEQ ID

NO: 277, (10) SEQ ID NO: 278, (11) SEQ ID NO: 279, and (12) SEQ ID NO: 280.

DEFINITIONS

[0031] As used herein and in the claims, the singular forms "a," "an," and "the" include the

singular and the plural unless the context clearly indicates otherwise. Thus, for example, a

reference to "an agent" includes a single agent and a plurality of such agents.



[0032] The term "deaminase" or "deaminase domain" refers to a protein or enzyme that

catalyzes a deamination reaction. In some embodiments, the deaminase is an adenosine

deaminase, which catalyzes the hydrolytic deamination of adenine or adenosine. In some

embodiments, the deaminase or deaminase domain is an adenosine deaminase, catalyzing the

hydrolytic deamination of adenosine or deoxyadenosine to inosine or deoxyinosine,

respectively. In some embodiments, the adenosine deaminase catalyzes the hydrolytic

deamination of adenine or adenosine in deoxyribonucleic acid (DNA). The adenosine

deaminases (e.g. engineered adenosine deaminases, evolved adenosine deaminases) provided

herein may be from any organism, such as a bacterium. In some embodiments, the

deaminase or deaminase domain is a variant of a naturally-occurring deaminase from an

organism. In some embodiments, the deaminase or deaminase domain does not occur in

nature. For example, in some embodiments, the deaminase or deaminase domain is at least

50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75% at least 80%, at least

85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at

least 99.5% identical to a naturally-occurring deaminase. In some embodiments, the

adenosine deaminase is from a bacterium, such as, E.coli, S. aureus, S. typhi, S. putrefaciens,

H. influenzae, or C. crescentus. In some embodiments, the adenosine deaminase is a TadA

deaminase. In some embodiments, the TadA deaminase is an E. coli TadA deaminase

(ecTadA). In some embodiments, the TadA deaminase is a truncated E. coli TadA

deaminase. For example, the truncated ecTadA may be missing one or more N-terminal

amino acids relative to a full-length ecTadA. In some embodiments, the truncated ecTadA

may be missing 1, 2, 3, 4, 5 ,6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 N-terminal

amino acid residues relative to the full length ecTadA. In some embodiments, the truncated

ecTadA may be missing 1, 2, 3, 4, 5 ,6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 6, 17, 18, 19, or 20 C-

terminal amino acid residues relative to the full length ecTadA. In some embodiments, the

ecTadA deaminase does not comprise an N-terminal methionine

[0033] In some embodiments, the TadA deaminase is an N-terminal truncated TadA. In

certain embodiments, the adenosine deaminase comprises the amino acid sequence:

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPT

AHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKT

GAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 1).



[0034] In some embodiments the TadA deaminase is a full-length E. coli TadA deaminase.

For example, in certain embodiments, the adenosine deaminase comprises the amino acid

sequence:

MRRAFITGVFFLSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEG

WNRPIGRHDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIG

RVVFGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEI

KAQKKAQSSTD (SEQ ID NO: 84)

[0035] It should be appreciated, however, that additional adenosine deaminases useful in the

present application would be apparent to the skilled artisan and are within the scope of this

disclosure. For example, the adenosine deaminase may be a homolog of an ADAT.

Exemplary ADAT homologs include, without limitation:

Staphylococcus aureus TadA:

MGSHMTNDIYFMTLAIEEAKKAAQLGEVPIGAIITKDDEVIARAHNLRETLQQPTAH

AEHIAIERAAKVLGSWRLEGCTLYVTLEPCVMCAGTIVMSRIPRVVYGADDPKGGCS

GSLMNLLQQSNFNHRAIVDKGVLKEACSTLLTTFFKNLRANKKS TN (SEQ ID NO: 8)

Bacillus subtilis TadA:

MTQDELYMKEAIKEAKKAEEKGEVPIGAVLVINGEIIARAHNLRETEQRSIAHAEML

VIDEACKALGTWRLEGATLYVTLEPCPMCAGAVVLSRVEKVVFGAFDPKGGCSGTL

MNLLQEERFNHQAEVVSGVLEEECGGMLSAFFRELRKKKKAARKNLSE (SEQ ID

NO: 9)

Salmonella typhimurium (S. typhimurium) TadA:

MPPAFITGVTSLSDVELDHEYWMRHALTLAKRAWDEREVPVGAVLVHNHRVIGEG

WNRPIGRHDPTAHAEIMALRQGGLVLQNYRLLDTTLYVTLEPCVMCAGAMVHSRIG

RVVFGARDAKTGAAGSLIDVLHHPGMNHRVEIIEGVLRDECATLLSDFFRMRRQEIK

ALKKADRAEGAGPAV (SEQ ID NO: 371)

Shewanella putrefaciens (S. putrefaciens) TadA:

MDEYWMQVAMQMAEKAEAAGEVPVGAVLVKDGQQIATGYNLS ISQHDPTAHAEI

LCLRSAGKKLENYRLLDATLYITLEPCAMCAGAMVHSRIARVVYGARDEKTGAAGT

VVNLLQHPAFNHQVEVTSGVLAEACSAQLSRFFKRRRDEKKALKLAQRAQQGIE

(SEQ ID NO: 372)



Haemophilus influenzae F303 1 (H. influenzae) TadA:

MDAAKVRSEFDEKMMRYALELADKAEALGEIPVGAVLVDDARNIIGEGWNLSIVQS

DPTΑΗAEIIALRNGAKNIQNYRLLNSTLYVTLEPCTMCAGAILHSRIKRLVFGASDYK

TGAIGSRFHFFDDYKMNHTLEITSGVLAEECSQKLSTFFQKRREEKKIEKALLKSLSD

K (SEQ ID NO: 373)

Caulobacter crescentus (C. crescentus) TadA:

MRTDESEDQDHRMMRLALDAARAAAEAGETPVGAVILDPSTGEVIATAGNGPIAAH

DPTAHAEIAAMRAAAAKLGNYRLTDLTLVVTLEPCAMCAGAISHARIGRVVFGADD

PKGGAVVHGPKFFAQPTCHWRPEVTGGVLADESADLLRGFFRARRKAKI (SEQ ID

NO: 374)

Geobacter sulfurreducens (G. sulfurreducens) TadA:

MSSLKKTPIRDDAYWMGKAIREAAKAAARDEVPIGAVIVRDGAVIGRGHNLREGSN

DPSAHAEMIAIRQAARRSANWRLTGATLYVTLEPCLMCMGAIILARLERVVFGCYDP

KGGAAGSLYDLSADPRLNHQVRLSPGVCQEECGTMLSDFFRDLRRRKKAKATPALF

IDERKVPPEP (SEQ ID NO: 375)

[0036] The term "base editor (BE)," or "nucleobase editor (NBE)" refers to an agent

comprising a polypeptide that is capable of making a modification to a base (e.g., A, T, C, G,

or U) within a nucleic acid sequence (e.g., DNA or RNA). In some embodiments, the base

editor is capable of deaminating a base within a nucleic acid. In some embodiments, the base

editor is capable of deaminating a base within a DNA molecule. In some embodiments, the

base editor is capable of deaminating an adenine (A) in DNA. In some embodiments, the

base editor is a fusion protein comprising a nucleic acid programmable DNA binding protein

(napDNAbp) fused to an adenosine deaminase. In some embodiments, the base editor is a

Cas9 protein fused to an adenosine deaminase. In some embodiments, the base editor is a

Cas9 nickase (nCas9) fused to an adenosine deaminase. In some embodiments, the base

editor is a nuclease-inactive Cas9 (dCas9) fused to an adenosine deaminase. In some

embodiments, the base editor is fused to an inhibitor of base excision repair, for example, a

UGI domain, or a dISN domain. In some embodiments, the fusion protein comprises a Cas9

nickase fused to a deaminase and an inhibitor of base excision repair, such as a UGI or dISN

domain. In some embodiments, the dCas9 domain of the fusion protein comprises a D10A



and a H840A mutation of SEQ ID NO: 52, or a corresponding mutation in any of SEQ ID

NOs: 108-357, which inactivates the nuclease activity of the Cas9 protein. In some

embodiments, the fusion protein comprises a D10A mutation and comprises a histidine at

residue 840 of SEQ ID NO: 52, or a corresponding mutation in any of SEQ ID NOs: 108-

357, which renders Cas9 capable of cleaving only one strand of a nucleic acid duplex. An

example of a Cas9 nickase is shown in SEQ ID NO: 35.

[0037] The term "linker," as used herein, refers to a bond (e.g., covalent bond), chemical

group, or a molecule linking two molecules or moieties, e.g., two domains of a fusion protein,

such as, for example, a nuclease-inactive Cas9 domain and a nucleic acid-editing domain

(e.g., an adenosine deaminase). In some embodiments, a linker joins a gRNA binding

domain of an RNA-programmable nuclease, including a Cas9 nuclease domain, and the

catalytic domain of a nucleic-acid editing protein. In some embodiments, a linker joins a

dCas9 and a nucleic-acid editing protein. Typically, the linker is positioned between, or

flanked by, two groups, molecules, or other moieties and connected to each one via a

covalent bond, thus connecting the two. In some embodiments, the linker is an amino acid or

a plurality of amino acids (e.g., a peptide or protein). In some embodiments, the linker is an

organic molecule, group, polymer, or chemical moiety. In some embodiments, the linker

comprises the amino acid sequence of any one of SEQ ID NOs: 10, 37-40, 384-386, 685-688,

or 800-801. In some embodiments, the linker is 5-100 amino acids in length, for example, 5,

6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,

32, 33, 34, 35-40, 40-45, 45-50, 50-60, 60-70, 70-80, 80-90, 90-100, 100-150, or 150-200

amino acids in length. Longer or shorter linkers are also contemplated. In some

embodiments, a linker comprises the amino acid sequence SGSETPGTSESATPES (SEQ ID

NO: 10), which may also be referred to as the XTEN linker. In some embodiments, a linker

comprises the amino acid sequence SGGS (SEQ ID NO: 37). In some embodiments, a linker

comprises the amino acid sequence (SGGS)2-SGSETPGTSESATPES-(SGGS) 2 (SEQ ID NO:

800), which may also be referred to as (SGGS)2-XTEN-(SGGS) 2. In some embodiments, a

linker comprises (SGGS)„ (SEQ ID NO: 37), (GGGS)„ (SEQ ID NO: 38), (GGGGS)„ (SEQ

ID NO: 39), (G)„, (EAAAK)„ (SEQ ID NO: 40), (GGS)„, SGSETPGTSESATPES (SEQ ID

NO: 10), (SGGS)„-SGSETPGTSESATPES-(SGGS)„ (SEQ ID NO: 801) or (XP)„ motif, or a

combination of any of these, wherein n is independently an integer between 1 and 30, and

wherein X is any amino acid. In some embodiments, n is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, or 15.



[0038] The term "mutation," as used herein, refers to a substitution of a residue within a

sequence, e.g., a nucleic acid or amino acid sequence, with another residue, or a deletion or

insertion of one or more residues within a sequence. Mutations are typically described herein

by identifying the original residue followed by the position of the residue within the sequence

and by the identity of the newly substituted residue. Various methods for making the amino

acid substitutions (mutations) provided herein are well known in the art, and are provided by,

for example, Green and Sambrook, Molecular Cloning: A Laboratory Manual (4th ed., Cold

Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)).

[0039] The term "nuclear localization sequence" or "NLS" refers to an amino acid sequence

that promotes import of a protein into the cell nucleus, for example, by nuclear transport.

Nuclear localization sequences are known in the art and would be apparent to the skilled

artisan. For example, NLS sequences are described in Plank et a , international PCT

application, PCT/EP2000/0 11690, filed November 23, 2000, published asWO/200 1/03 8547

on May 31, 2001, the contents of which are incorporated herein by reference for their

disclosure of exemplary nuclear localization sequences. In some embodiments, a NLS

comprises the amino acid sequence PKKKRKV (SEQ ID NO: 4),

MDSLLMNRRKFLYQFKNVRW AKGRRET YLC (SEQ ID NO: 5),

MKRTADGSEFEPKKKRKV (SEQ ID NO: 342), or KRTADGSEFEPKKKRKV (SEQ ID

NO: 343).

[0040] The term "nucleic acid programmable DNA binding protein" or "napDNAbp" refers

to a protein that associates with a nucleic acid (e.g., DNA or RNA), such as a guide nuclic

acid, that guides the napDNAbp to a specific nucleic acid sequence. For example, a Cas9

protein can associate with a guide RNA that guides the Cas9 protein to a specific DNA

sequence that has complementary to the guide RNA. In some embodiments, the napDNAbp

is a class 2 microbial CRISPR-Cas effector. In some embodiments, the napDNAbp is a Cas9

domain, for example a nuclease active Cas9, a Cas9 nickase (nCas9), or a nuclease inactive

Cas9 (dCas9). Examples of nucleic acid programmable DNA binding proteins include,

without limitation, Cas9 (e.g., dCas9 and nCas9), CasX, CasY, Cpfl, C2cl, C2c2, C2C3, and

Argonaute. It should be appreciated, however, that nucleic acid programmable DNAbinding

proteins also include nucleic acid programmable proteins that bind RNA. For example, the

napDNAbp may be associated with a nucleic acid that guides the napDNAbp to an RNA.

Other nucleic acid programmable DNA binding proteins are also within the scope of this

disclosure, though they may not be specifically listed in this disclosure.



[0041] The term "Cas9" or "Cas9 domain" refers to an RNA-guided nuclease comprising a

Cas9 protein, or a fragment thereof (e.g., a protein comprising an active, inactive, or partially

active DNA cleavage domain of Cas9, and/or the gRNA binding domain of Cas9). A Cas9

nuclease is also referred to sometimes as a casnl nuclease or a CRISPR (clustered regularly

interspaced short palindromic repeat)-associated nuclease. CRISPR is an adaptive immune

system that provides protection against mobile genetic elements (viruses, transposable

elements and conjugative plasmids). CRISPR clusters contain spacers, sequences

complementary to antecedent mobile elements, and target invading nucleic acids. CRISPR

clusters are transcribed and processed into CRISPR RNA (crRNA). In type II CRISPR

systems correct processing of pre-crRNA requires a trans-encoded small RNA (tracrRNA),

endogenous ribonuclease 3 (rnc) and a Cas9 protein. The tracrRNA serves as a guide for

ribonuclease 3-aided processing of pre-crRNA. Subsequently, Cas9/crRNA/tracrRNA

endonucleolytically cleaves linear or circular dsDNA target complementary to the spacer.

The target strand not complementary to crRNA is first cut endonucleolytically, then trimmed

3 '-5' exonucleolytically. In nature, DNA-binding and cleavage typically requires protein and

both RNAs. However, single guide RNAs ("sgRNA", or simply "gNRA") can be engineered

so as to incorporate aspects of both the crRNA and tracrRNA into a single RNA species.

See, e.g., Jinek M., Chylinski K., Fonfara I., Hauer M., Doudna J.A., Charpentier E. Science

337:816-821(2012), the entire contents of which is hereby incorporated by reference. Cas9

recognizes a short motif in the CRISPR repeat sequences (the PAM or protospacer adjacent

motif) to help distinguish self versus non-self. Cas9 nuclease sequences and structures are

well known to those of skill in the art (see, e.g., "Complete genome sequence of an M l strain

of Streptococcus pyogenes." Ferretti et a , J.J., McShan W.M., Ajdic D.J., Savic D.J., Savic

G., Lyon K., Primeaux C , Sezate S., Suvorov A.N., Kenton S., Lai H.S., Lin S.P., Qian Y.,

Jia H.G., Najar F.Z., Ren Q., Zhu H., Song L., White J., Yuan X., Clifton S.W., Roe B.A.,

McLaughlin R.E., Proc. Natl. Acad. Sci. U.S.A. 98:4658-4663(2001); "CRISPR RNA

maturation by trans-encoded small RNA and host factor RNase III." Deltcheva E., Chylinski

K., Sharma CM., Gonzales K., Chao Y., Pirzada Z.A., Eckert M.R., Vogel J., Charpentier E.,

Nature 471:602-607(201 1); and "A programmable dual-RNA-guided DNA endonuclease in

adaptive bacterial immunity." Jinek M., Chylinski K., Fonfara I., Hauer M., Doudna J.A.,

Charpentier E. Science 337:816-821(2012), the entire contents of each of which are

incorporated herein by reference). Cas9 orthologs have been described in various species,

including, but not limited to, S. pyogenes and S. thermophilus . Additional suitable Cas9

nucleases and sequences will be apparent to those of skill in the art based on this disclosure,



and such Cas9 nucleases and sequences include Cas9 sequences from the organisms and loci

disclosed in Chylinski, Rhun, and Charpentier, "The tracrRNA and Cas9 families of type II

CRISPR-Cas immunity systems" (2013) RNA Biology 10:5, 726-737; the entire contents of

which are incorporated herein by reference. In some embodiments, a Cas9 nuclease has an

inactive (e.g., an inactivated) DNA cleavage domain, that is, the Cas9 is a nickase.

[0042] A nuclease-inactivated Cas9 protein may interchangeably be referred to as a "dCas9"

protein (for nuclease-"dead" Cas9). Methods for generating a Cas9 protein (or a fragment

thereof) having an inactive DNA cleavage domain are known (See, e.g., Jinek et al, Science.

337:816-821(2012); Qi et al, "Repurposing CRISPR as an RNA-Guided Platform for

Sequence-Specific Control of Gene Expression" (2013) Cell. 28; 152(5): 1173-83, the entire

contents of each of which are incorporated herein by reference). For example, the DNA

cleavage domain of Cas9 is known to include two subdomains, the HNH nuclease subdomain

and the RuvCl subdomain. The HNH subdomain cleaves the strand complementary to the

gRNA, whereas the RuvCl subdomain cleaves the non-complementary strand. Mutations

within these subdomains can silence the nuclease activity of Cas9. For example, the

mutations D10A and H840A completely inactivate the nuclease activity of S. pyogenes Cas9

(Jinek et al, Science. 337:816-821(2012); Qi et al, Cell. 28; 152(5): 1173-83 (2013)). In

some embodiments, proteins comprising fragments of Cas9 are provided. For example, in

some embodiments, a protein comprises one of two Cas9 domains: (1) the gRNA binding

domain of Cas9; or (2) the DNA cleavage domain of Cas9. In some embodiments, proteins

comprising Cas9 or fragments thereof are referred to as "Cas9 variants." A Cas9 variant

shares homology to Cas9, or a fragment thereof. For example a Cas9 variant is at least about

70% identical, at least about 80% identical, at least about 90% identical, at least about 95%

identical, at least about 96% identical, at least about 97% identical, at least about 98%

identical, at least about 99% identical, at least about 99.5% identical, or at least about 99.9%

identical to wild type Cas9. In some embodiments, the Cas9 variant may have 1, 2, 3, 4, 5, 6,

7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32,

33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, or more amino acid

changes compared to wild type Cas9. In some embodiments, the Cas9 variant comprises a

fragment of Cas9 (e.g., a gRNA binding domain or a DNA-cleavage domain), such that the

fragment is at least about 70% identical, at least about 80% identical, at least about 90%

identical, at least about 95% identical, at least about 96% identical, at least about 97%

identical, at least about 98% identical, at least about 99% identical, at least about 99.5%

identical, or at least about 99.9% identical to the corresponding fragment of wild type Cas9.



In some embodiments, the fragment is at least 30%, at least 35%, at least 40%, at least 45%,

at least 50%, at least 55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%,

at least 85%, at least 90%, at least 95% identical, at least 96%, at least 97%, at least 98%, at

least 99%, or at least 99.5% of the amino acid length of a corresponding wild type Cas9.

[0043] In some embodiments, the fragment is at least 100 amino acids in length. In some

embodiments, the fragment is at least 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 600,

650, 700, 750, 800, 850, 900, 950, 1000, 1050, 1100, 1150, 1200, 1250, or 1300 amino acids

in length. In some embodiments, wild type Cas9 corresponds to Cas9 from Streptococcus

pyogenes (NCBI Reference Sequence: NC_017053.1, SEQ ID NO: 47 (nucleotide); SEQ ID

NO: 48 (amino acid)).

ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGG

GCGGTGATCACTGATGATTATAAGGTTCCGTCTAAAAAGTTCAAGGTTCTGGGAA

ATACAGACCGCCACAGTATCAAAAAAAATCTTATAGGGGCTCTTTTATTTGGCAG

TGGAGAGACAGCGGAAGCGACTCGTCTC AAACGGACAGCTC GTAGAAGGTATAC

ACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCG

AAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGTGGAAGAAG

ACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGAAGTTGCTTA

TCATGAGAAATATCCAACTATCTATCATCTGCGAAAAAAATTGGCAGATTCTACT

GATAAAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTC

GTGGTCATTTTTTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAA

ACTATTTATCCAGTTGGTACAAATCTACAATCAATTATTTGAAGAAAACCCTATT

AACGCAAGTAGAGTAGATGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCA

AGACGATTAGAAAATCTCATTGCTCAGCTCCCCGGTGAGAAGAGAAATGGCTTG

TTTGGGAATCTCATTGCTTTGTCATTGGGATTGACCCCTAATTTTAAATCAAATTT

TGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGAT

TTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTTTGGCAG

CTAAGAATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATAGTGA

AATAACTAAGGCTCCCCTATCAGCTTCAATGATTAAGCGCTACGATGAACATCAT

CAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACAACAACTTCCAGAAAAGTATA

AAGAAATCTTTTTTGATCAATCAAAAAACGGATATGCAGGTTATATTGATGGGGG

AGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAATTTTAGAAAAAATGGAT

GGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCGCAAGCAA

CGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATG

CTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTAAAAGACAATCGTGAGAA



GATTGAAAAAATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATTGGCGCGTG

GCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGAAGAAACAATTACCCCATG

GAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATTTATTGAACGC

ATGACAAACTTTGATAAAAATCTTCCAAATGAAAAAGTACTACCAAAACATAGT

TTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACAAAGGTCAAATATGTTA

CTGAGGGAATGCGAAAACCAGCATTTCTTTCAGGTGAACAGAAGAAAGCCATTG

TTGATTTACTCTTCAAAACAAATCGAAAAGTAACCGTTAAGCAATTAAAAGAAG

ATTATTTCAAAAAAATAGAATGTTTTGATAGTGTTGAAATTTCAGGAGTTGAAGA

TAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTAAAAATTATTAAAGAT

AAAGATTTTTTGGATAATGAAGAAAATGAAGATATCTTAGAGGATATTGTTTTAA

CATTGACCTTATTTGAAGATAGGGGGATGATTGAGGAAAGACTTAAAACATATG

CTCACCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGG

TTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGC

AAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGC

AGCTGATCCATGATGATAGTTTGACATTTAAAGAAGATATTCAAAAAGCACAGG

TGTCTGGACAAGGCCATAGTTTACATGAACAGATTGCTAACTTAGCTGGCAGTCC

TGCTATTAAAAAAGGTATTTTACAGACTGTAAAAATTGTTGATGAACTGGTCAAA

GTAATGGGGCATAAGCCAGAAAATATCGTTATTGAAATGGCACGTGAAAATCAG

ACAACTCAAAAGGGCCAGAAAAATTCGCGAGAGCGTATGAAACGAATCGAAGA

AGGTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAAAATAC

TCAATTGCAAAATGAAAAGCTCTATCTCTATTATCTACAAAATGGAAGAGACATG

TATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATCACA

TTGTTCCACAAAGTTTCATTAAAGACGATTCAATAGACAATAAGGTACTAACGCG

TTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTCAA

AAAGATGAAAAACTATTGGAGACAACTTCTAAACGCCAAGTTAATCACTCAACG

TAAGTTTGATAATTTAACGAAAGCTGAACGTGGAGGTTTGAGTGAACTTGATAAA

GCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCAAATCACTAAGCATGTGG

CACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAATGATAAACTTAT

TCGAGAGGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCGAAAA

GATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACCATCATGCCCATGATG

CGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATATCCAAAACTTGA

ATCGGAGTTTGTCTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATTGCT

AAGTCTGAGCAAGAAATAGGCAAAGCAACCGCAAAATATTTCTTTTACTCTAATA

TCATGAACTTCTTCAAAACAGAAATTACACTTGCAAATGGAGAGATTCGCAAAC



GCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAAAGGGC

GAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAATATTGTCAA

GAAAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAAAG

AAATTCGGACAAGCTTATTGCTCGTAAAAAAGACTGGGATCCAAAAAAATATGG

TGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAA

AAAGGGAAATCGAAGAAGTTAAAATCCGTTAAAGAGTTACTAGGGATCACAATT

ATGGAAAGAAGTTCCTTTGAAAAAAATCCGATTGACTTTTTAGAAGCTAAAGGAT

ATAAGGAAGTTAAAAAAGACTTAATCATTAAACTACCTAAATATAGTCTTTTTGA

GTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAATTACAAAAAGG

AAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGTCAT

TATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTGTG

GAGCAGCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTCTA

AGCGTGTTATTTTAGCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAACAA

ACATAGAGACAAACCAATACGTGAACAAGCAGAAAATATTATTCATTTATTTAC

GTTGACGAATCTTGGAGCTCCCGCTGCTTTTAAATATTTTGATACAACAATTGATC

GTAAACGATATACGTCTACAAAAGAAGTTTTAGATGCCACTCTTATCCATCAATC

CATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGACTGA

(SEQ ID NO:47)

MDKKYSIGLDIGTNSVGWAVITDDYKVPSKKFKVLGNTDRHSIKKNLIGALLFGSGE

1AEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE

RHPIFGNIVDEVAYHEKYPTIYHLRKKLADSTDKADLRLIYLALAHMIKFRGHFLIEG

DLNPDNSDVDKLFIQLVQIYNQLFEENPINASRVDAKAILSARLSKSRRLENLIAQLPG

EKRNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYAD

LFLAAKNLSDAILLSDILRVNSEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEK

YKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKffiKILTFRIPYYVGPLARGNSRFA

WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV

YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD

SVEISGVEDRFNASLGAYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDRGMIEER

LKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANR

NFMOLIHDDSLTFKEDIOKAOVSGOGHSLHEOIANLAGSPAIKKGILOTVKrVDELVK

VMGHKPENIVIEMARENOTTOKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQ

NEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFIKDDSIDNKVLTRSDKNR



GKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQ

LVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREI

NNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEOEIGKAT

AKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPO

VNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAK

VEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELE

NGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHK

HYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPA

AFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:48)

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

[0044] In some embodiments, wild type Cas9 corresponds to, or comprises SEQ ID NO:49

(nucleotide) and/or SEQ ID NO: 50 (amino acid):

ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGG

CTGTCATAACCGATGAATACAAAGTACCTTCAAAGAAATTTAAGGTGTTGGGGA

ACACAGACCGTCATTCGATTAAAAAGAATCTTATCGGTGCCCTCCTATTCGATAG

TGGCGAAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGGAGAAGGTATAC

ACGTCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGCC

AAAGTTGACGATTCTTTCTTTCACCGTTTGGAAGAGTCCTTCCTTGTCGAAGAGG

ACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAGGTGGCAT

ATCATGAAAAGTACCCAACGATTTATCACCTCAGAAAAAAGCTAGTTGACTCAA

CTGATAAAGCGGACCTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTT

CCGTGGGCACTTTCTCATTGAGGGTGATCTAAATCCGGACAACTCGGATGTCGAC

AAACTGTTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTGAAGAGAACCCTA

TAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAATC

CCGACGGCTAGAAAACCTGATCGCACAATTACCCGGAGAGAAGAAAAATGGGTT

GTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAAGTCGAAC

TTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAGGACACGTACGATGAC

GATCTCGACAATCTACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGG

CTGCCAAAAACCTTAGCGATGCAATCCTCCTATCTGACATACTGAGAGTTAATAC

TGAGATTACCAAGGCGCCGTTATCCGCTTCAATGATCAAAAGGTACGATGAACAT

CACCAAGACTTGACACTTCTCAAGGCCCTAGTCCGTCAGCAACTGCCTGAGAAAT

ATAAGGAAATATTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACG

GCGGAGCGAGTCAAGAGGAATTCTACAAGTTTATCAAACCCATATTAGAGAAGA

TGGATGGGACGGAAGAGTTGCTTGTAAAACTCAATCGCGAAGATCTACTGCGAA



AGCAGCGGACTTTCGACAACGGTAGCATTCCACATCAAATCCACTTAGGCGAATT

GCATGCTATACTTAGAAGGCAGGAGGATTTTTATCCGTTCCTCAAAGACAATCGT

GAAAAGATTGAGAAAATCCTAACCTTTCGCATACCTTACTATGTGGGACCCCTGG

CCCGAGGGAACTCTCGGTTCGCATGGATGACAAGAAAGTCCGAAGAAACGATTA

CTCCATGGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCAATCGTTCAT

CGAGAGGATGACCAACTTTGACAAGAATTTACCGAACGAAAAAGTATTGCCTAA

GCACAGTTTACTTTACGAGTATTTCACAGTGTACAATGAACTCACGAAAGTTAAG

TATGTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGGAGAACAGAAGAAA

GCAATAGTAGATCTGTTATTCAAGACCAACCGCAAAGTGACAGTTAAGCAATTG

AAAGAGGACTACTTTAAGAAAATTGAATGCTTCGATTCTGTCGAGATCTCCGGGG

TAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTAAAGATAAT

TAAAGATAAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATAT

AGTGTTGACTCTTACCCTCTTTGAAGATCGGGAAATGATTGAGGAAAGACTAAAA

ACATACGCTCACCTGTTCGACGATAAGGTTATGAAACAGTTAAAGAGGCGTCGCT

ATACGGGCTGGGGACGATTGTCGCGGAAACTTATCAACGGGATAAGAGACAAGC

AAAGTGGTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCAATAGGAA

CTTTATGCAGCTGATCCATGATGACTCTTTAACCTTCAAAGAGGATATACAAAAG

GCACAGGTTTCCGGACAAGGGGACTCATTGCACGAACATATTGCGAATCTTGCTG

GTTCGCCAGCCATCAAAAAGGGCATACTCCAGACAGTCAAAGTAGTGGATGAGC

TAGTTAAGGTCATGGGACGTCACAAACCGGAAAACATTGTAATCGAGATGGCAC

GCGAAAATCAAACGACTCAGAAGGGGCAAAAAAACAGTCGAGAGCGGATGAAG

AGAATAGAAGAGGGTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCT

GTGGAAAATACCCAATTGCAGAACGAGAAACTTTACCTCTATTACCTACAAAATG

GAAGGGACATGTATGTTGATCAGGAACTGGACATAAACCGTTTATCTGATTACGA

CGTCGATCACATTGTACCCCAATCCTTTTTGAAGGACGATTCAATCGACAATAAA

GTGCTTACACGCTCGGATAAGAACCGAGGGAAAAGTGACAATGTTCCAAGCGAG

GAAGTCGTAAAGAAAATGAAGAACTATTGGCGGCAGCTCCTAAATGCGAAACTG

ATAACGCAAAGAAAGTTCGATAACTTAACTAAAGCTGAGAGGGGTGGCTTGTCT

GAACTTGACAAGGCCGGATTTATTAAACGTCAGCTCGTGGAAACCCGCCAAATC

ACAAAGCATGTTGCACAGATACTAGATTCCCGAATGAATACGAAATACGACGAG

AACGATAAGCTGATTCGGGAAGTCAAAGTAATCACTTTAAAGTCAAAATTGGTG

TCGGACTTCAGAAAGGATTTTCAATTCTATAAAGTTAGGGAGATAAATAACTACC

ACCATGCGCACGACGCTTATCTTAATGCCGTCGTAGGGACCGCACTCATTAAGAA

ATACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGATTACAAAGTTTATGACGTC



CGTAAGATGATCGCGAAAAGCGAACAGGAGATAGGCAAGGCTACAGCCAAATA

CTTCTTTTATTCTAACATTATGAATTTCTTTAAGACGGAAATCACTCTGGCAAACG

GAGAGATACGCAAACGACCTTTAATTGAAACCAATGGGGAGACAGGTGAAATCG

TATGGGATAAGGGCCGGGACTTCGCGACGGTGAGAAAAGTTTTGTCCATGCCCC

AAGTCAACATAGTAAAGAAAACTGAGGTGCAGACCGGAGGGTTTTCAAAGGAAT

CGATTCTTCCAAAAAGGAATAGTGATAAGCTCATCGCTCGTAAAAAGGACTGGG

ACCCGAAAAAGTACGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGT

AGTGGCAAAAGTTGAGAAGGGAAAATCCAAGAAACTGAAGTCAGTCAAAGAAT

TATTGGGGATAACGATTATGGAGCGCTCGTCTTTTGAAAAGAACCCCATCGACTT

CCTTGAGGCGAAAGGTTACAAGGAAGTAAAAAAGGATCTCATAATTAAACTACC

AAAGTATAGTCTGTTTGAGTTAGAAAATGGCCGAAAACGGATGTTGGCTAGCGC

CGGAGAGCTTCAAAAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTT

CCTGTATTTAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAAGATAACGAA

CAGAAGCAACTTTTTGTTGAGCAGCACAAACATTATCTCGACGAAATCATAGAGC

AAATTTCGGAATTCAGTAAGAGAGTCATCCTAGCTGATGCCAATCTGGACAAAGT

ATTAAGCGCATACAACAAGCACAGGGATAAACCCATACGTGAGCAGGCGGAAA

ATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAGTAT

TTTGACACAACGATAGATCGCAAACGATACACTTCTACCAAGGAGGTGCTAGAC

GCGACACTGATTCACCAATCCATCACGGGATTATATGAAACTCGGATAGATTTGT

CACAGCTTGGGGGTGACGGATCCCCCAAGAAGAAGAGGAAAGTCTCGAGCGACT

ACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACG

ATGACAAGGCTGCAGGA (SEQ ID NO: 49)

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGE

1AEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE

RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG

DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP

GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA

DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE

KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR

TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA

WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV

YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD

SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL



KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK

VMGRHKPENIVIEMARENOTTOKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEOEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

50) (single underline: HNH domain; double underline: RuvC domain)

[0045] In some embodiments, wild type Cas9 corresponds to Cas9 from Streptococcus

pyogenes (NCBI Reference Sequence: NC_002737.2, SEQ ID NO: 5 1 (nucleotide); and

Uniport Reference Sequence: Q99ZW2, SEQ ID NO: 52 (amino acid).

ATGGATAAGAAATACTCAATAGGCTTAGATATCGGCACAAATAGCGTCGGATGG

GCGGTGATCACTGATGAATATAAGGTTCCGTCTAAAAAGTTCAAGGTTCTGGGAA

ATACAGACCGCCACAGTATCAAAAAAAATCTTATAGGGGCTCTTTTATTTGACAG

TGGAGAGACAGCGGAAGCGACTCGTCTCAAACGGACAGCTCGTAGAAGGTATAC

ACGTCGGAAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCG

AAAGTAGATGATAGTTTCTTTCATCGACTTGAAGAGTCTTTTTTGGTGGAAGAAG

ACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGAAGTTGCTTA

TCATGAGAAATATCCAACTATCTATCATCTGCGAAAAAAATTGGTAGATTCTACT

GATAAAGCGGATTTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTC

GTGGTCATTTTTTGATTGAGGGAGATTTAAATCCTGATAATAGTGATGTGGACAA

ACTATTTATCCAGTTGGTACAAACCTACAATCAATTATTTGAAGAAAACCCTATT

AACGCAAGTGGAGTAGATGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCA

AGACGATTAGAAAATCTCATTGCTCAGCTCCCCGGTGAGAAGAAAAATGGCTTA

TTTGGGAATCTCATTGCTTTGTCATTGGGTTTGACCCCTAATTTTAAATCAAATTT

TGATTTGGCAGAAGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGAT

TTAGATAATTTATTGGCGCAAATTGGAGATCAATATGCTGATTTGTTTTTGGCAG

CTAAGAATTTATCAGATGCTATTTTACTTTCAGATATCCTAAGAGTAAATACTGA



AATAACTAAGGCTCCCCTATCAGCTTCAATGATTAAACGCTACGATGAACATCAT

CAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACAACAACTTCCAGAAAAGTATA

AAGAAATCTTTTTTGATCAATCAAAAAACGGATATGCAGGTTATATTGATGGGGG

AGCTAGCCAAGAAGAATTTTATAAATTTATCAAACCAATTTTAGAAAAAATGGAT

GGTACTGAGGAATTATTGGTGAAACTAAATCGTGAAGATTTGCTGCGCAAGCAA

CGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATG

CTATTTTGAGAAGACAAGAAGACTTTTATCCATTTTTAAAAGACAATCGTGAGAA

GATTGAAAAAATCTTGACTTTTCGAATTCCTTATTATGTTGGTCCATTGGCGCGTG

GCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGAAGAAACAATTACCCCATG

GAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCAATCATTTATTGAACGC

ATGACAAACTTTGATAAAAATCTTCCAAATGAAAAAGTACTACCAAAACATAGT

TTGCTTTATGAGTATTTTACGGTTTATAACGAATTGACAAAGGTCAAATATGTTA

CTGAAGGAATGCGAAAACCAGCATTTCTTTCAGGTGAACAGAAGAAAGCCATTG

TTGATTTACTCTTCAAAACAAATCGAAAAGTAACCGTTAAGCAATTAAAAGAAG

ATTATTTCAAAAAAATAGAATGTTTTGATAGTGTTGAAATTTCAGGAGTTGAAGA

TAGATTTAATGCTTCATTAGGTACCTACCATGATTTGCTAAAAATTATTAAAGAT

AAAGATTTTTTGGATAATGAAGAAAATGAAGATATCTTAGAGGATATTGTTTTAA

CATTGACCTTATTTGAAGATAGGGAGATGATTGAGGAAAGACTTAAAACATATG

CTCACCTCTTTGATGATAAGGTGATGAAACAGCTTAAACGTCGCCGTTATACTGG

TTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCTGGC

AAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGC

AGCTGATCCATGATGATAGTTTGACATTTAAAGAAGACATTCAAAAAGCACAAG

TGTCTGGACAAGGCGATAGTTTACATGAACATATTGCAAATTTAGCTGGTAGCCC

TGCTATTAAAAAAGGTATTTTACAGACTGTAAAAGTTGTTGATGAATTGGTCAAA

GTAATGGGGCGGCATAAGCCAGAAAATATCGTTATTGAAATGGCACGTGAAAAT

CAGACAACTCAAAAGGGCCAGAAAAATTCGCGAGAGCGTATGAAACGAATCGA

AGAAGGTATCAAAGAATTAGGAAGTCAGATTCTTAAAGAGCATCCTGTTGAAAA

TACTCAATTGCAAAATGAAAAGCTCTATCTCTATTATCTCCAAAATGGAAGAGAC

ATGTATGTGGACCAAGAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATC

ACATTGTTCCACAAAGTTTCCTTAAAGACGATTCAATAGACAATAAGGTCTTAAC

GCGTTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGT

CAAAAAGATGAAAAACTATTGGAGACAACTTCTAAACGCCAAGTTAATCACTCA

ACGTAAGTTTGATAATTTAACGAAAGCTGAACGTGGAGGTTTGAGTGAACTTGAT

AAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCAAATCACTAAGCATG



TGGCACAAATTTTGGATAGTCGCATGAATACTAAATACGATGAAAATGATAAAC

TTATTCGAGAGGTTAAAGTGATTACCTTAAAATCTAAATTAGTTTCTGACTTCCG

AAAAGATTTCCAATTCTATAAAGTACGTGAGATTAACAATTACCATCATGCCCAT

GATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATATCCAAAAC

TTGAATCGGAGTTTGTCTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATT

GCTAAGTCTGAGCAAGAAATAGGCAAAGCAACCGCAAAATATTTCTTTTACTCTA

ATATCATGAACTTCTTCAAAACAGAAATTACACTTGCAAATGGAGAGATTCGCAA

ACGCCCTCTAATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAAAGG

GCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCAAGTCAATATTGTC

AAGAAAACAGAAGTACAGACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAA

AGAAATTCGGACAAGCTTATTGCTCGTAAAAAAGACTGGGATCCAAAAAAATAT

GGTGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGG

AAAAAGGGAAATCGAAGAAGTTAAAATCCGTTAAAGAGTTACTAGGGATCACAA

TTATGGAAAGAAGTTCCTTTGAAAAAAATCCGATTGACTTTTTAGAAGCTAAAGG

ATATAAGGAAGTTAAAAAAGACTTAATCATTAAACTACCTAAATATAGTCTTTTT

GAGTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGAATTACAAAAA

GGAAATGAGCTGGCTCTGCCAAGCAAATATGTGAATTTTTTATATTTAGCTAGTC

ATTATGAAAAGTTGAAGGGTAGTCCAGAAGATAACGAACAAAAACAATTGTTTG

TGGAGCAGCATAAGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTTTC

TAAGCGTGTTATTTTAGCAGATGCCAATTTAGATAAAGTTCTTAGTGCATATAAC

AAACATAGAGACAAACCAATACGTGAACAAGCAGAAAATATTATTCATTTATTT

ACGTTGACGAATCTTGGAGCTCCCGCTGCTTTTAAATATTTTGATACAACAATTG

ATCGTAAACGATATACGTCTACAAAAGAAGTTTTAGATGCCACTCTTATCCATCA

ATCCATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGAC

TGA (SEQ ID NO: 51)

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE

1AEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE

RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG

DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP

GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA

DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE

KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR

TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA



WMTRKS EETITPWNFEE VVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTV

YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD

SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQ VSGQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENOTTOKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

POVNIVKKTEVOT GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKS KKLKSVKELLGITIMERS SFEKNPIDFLE AKGYKEVKKDLIIKLPKYS LFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

52) (single underline: HNH domain; double underline: RuvC domain)

[0046] In some embodiments, Cas9 refers to Cas9 from: Corynebacterium ulcerans (NCBI

Refs: NC_015683.1, NC_017317.1); Corynebacterium diphtheria (NCBI Refs:

NC 016782.1, NC_016786.1); Spiroplasma syrphidicola (NCBI Ref: NC_021284.1);

Prevotella intermedia (NCBI Ref: NC_017861.1); Spiroplasma taiwanense (NCBI Ref:

NC_021846.1); Streptococcus iniae (NCBI Ref: NC_021314.1); Belliella baltica (NCBI Ref:

NC_018010.1); Psychroflexus torquisl (NCBI Ref: NC_018721.1); Streptococcus

thermophilus (NCBI Ref: YP_820832.1), Listeria innocua (NCBI Ref: NP_472073.1),

Campylobacterjejuni (NCBI Ref: YP_002344900.1); Geobacillus stearothermophilus (NCBI

Ref: NZ_CP008934.1); Neisseria meningitidis (NCBI Ref: YPJ3023 42100.1) or to a Cas9

from any other organism.

[0047] In some embodiments, dCas9 corresponds to, or comprises in part or in whole, a Cas9

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

For example, in some embodiments, a dCas9 domain comprises D10A and an H840A

mutation of SEQ ID NO: 52 or corresponding mutations in another Cas9. In some

embodiments, the dCas9 comprises the amino acid sequence of SEQ ID NO: 53

dCas9 (D10A and H840A):



MDKKYS IGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDSGE

TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE

RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG

DLNPDNSDVDKLFIQLVQT YNQLFEENPIN ASGVDAKAILSARLSKSRRLENLIAQLP

GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA

DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE

KYKEIFFDQSKNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR

TFDNGSIPHQIHLGELH AILRRQEDFYPFLKDNREKIEKILTFRIP YYVGPLARGNSRFA

WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEK VLPKHSLLYEYFTV

YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD

SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQ VSGQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

POVNIVKKTE VOTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERS SFEKNPIDFLEAKGYKEVKKDLIIKLPKYS LFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

53) (single underline: HNH domain; double underline: RuvC domain).

[0048] In some embodiments, the Cas9 domain comprises a D10A mutation, while the

residue at position 840 remains a histidine in the amino acid sequence provided in SEQ ID

NO: 52, or at corresponding positions in any of the amino acid sequences provided in SEQ

ID NOs: 108-357. Without wishing to be bound by any particular theory, the presence of the

catalytic residue H840 maintains the activity of the Cas9 to cleave the non-edited (e.g., non-

deaminated) strand containing a T opposite the targeted A. Restoration of H840 (e.g., from

A840 of a dCas9) does not result in the cleavage of the target strand containing the A. Such

Cas9 variants are able to generate a single-strand DNA break (nick) at a specific location

based on the gRNA-defined target sequence, leading to repair of the non-edited strand,



ultimately resulting in a T to C change on the non-edited strand. A schematic representation

of this process is shown in Figure 1C. Briefly, and without wishing to be bound by any

particular theory, the A of a A-T base pair can be deaminated to a inosine (I) by an adenosine

deaminase, e.g., an engineered adenosine deaminase that deaminates an adenosine in DNA.

Nicking the non-edited strand, having the T, facilitates removal of the T via mismatch repair

mechanisms. A UGI domain or a catalytically inactive inosine- specific nuclease (dISN) may

inhibit inosine-specific nucleases (e.g., sterically) thereby preventing removal of the inosine

(I).

[0049] In other embodiments, dCas9 variants having mutations other than D10A and H840A

are provided, which, e.g., result in nuclease inactivated Cas9 (dCas9). Such mutations, by

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

substitutions within the nuclease domains of Cas9 (e.g., substitutions in the HNH nuclease

subdomain and/or the RuvCl subdomain). In some embodiments, variants or homologues of

dCas9 (e.g., variants of SEQ ID NO: 53) are provided which are at least about 70% identical,

at least about 80% identical, at least about 90% identical, at least about 95% identical, at least

about 98% identical, at least about 99% identical, at least about 99.5% identical, or at least

about 99.9% identical to SEQ ID NO: 10. In some embodiments, variants of dCas9 (e.g.,

variants of SEQ ID NO: 53) are provided having amino acid sequences which are shorter, or

longer than SEQ ID NO: 53, by about 5 amino acids, by about 10 amino acids, by about 15

amino acids, by about 20 amino acids, by about 25 amino acids, by about 30 amino acids, by

about 40 amino acids, by about 50 amino acids, by about 75 amino acids, by about 100 amino

acids, or more.

[0050] In some embodiments, Cas9 fusion proteins as provided herein comprise the full-

length amino acid sequence of a Cas9 protein, e.g., one of the Cas9 sequences provided

herein. In other embodiments, however, fusion proteins as provided herein do not comprise a

full-length Cas9 sequence, but only a fragment thereof. For example, in some embodiments,

a Cas9 fusion protein provided herein comprises a Cas9 fragment, wherein the fragment

binds crRNA and tracrRNA or sgRNA, but does not comprise a functional nuclease domain,

e.g., in that it comprises only a truncated version of a nuclease domain or no nuclease domain

at all.

[0051] Exemplary amino acid sequences of suitable Cas9 domains and Cas9 fragments are

provided herein, and additional suitable sequences of Cas9 domains and fragments will be

apparent to those of skill in the art.



[0052] In some embodiments, Cas9 refers to Cas9 from: Corynebacterium ulcerans (NCBI

Refs: NC_015683.1, NC_017317.1); Corynebacterium diphtheria (NCBI Refs:

NC 016782.1, NC_016786.1); Spiroplasma syrphidicola (NCBI Ref: NC_021284.1);

Prevotella intermedia (NCBI Ref: NC_017861.1); Spiroplasma taiwanense (NCBI Ref:

NC_021846.1); Streptococcus iniae (NCBI Ref: NC_021314.1); Belliella baltica (NCBI Ref:

NC_018010.1); Psychroflexus torquisl (NCBI Ref: NC_018721.1); Streptococcus

thermophilus (NCBI Ref: YP_820832.1); Listeria innocua (NCBI Ref: NP_472073.1);

Campylobacterjejuni (NCBI Ref: YP_002344900.1); ; Geobacillus stearothermophilus

(NCBI Ref: NZ_CP008934.1); or Neisseria meningitidis (NCBI Ref: YP_002342100.1).

[0053] It should be appreciated that additional Cas9 proteins {e.g., a nuclease dead Cas9

(dCas9), a Cas9 nickase (nCas9), or a nuclease active Cas9), including variants and homologs

thereof, are within the scope of this disclosure. Exemplary Cas9 proteins include, without

limitation, those provided below. In some embodiments, the Cas9 protein is a nuclease dead

Cas9 (dCas9). In some embodiments, the dCas9 comprises the amino acid sequence (SEQ ID

NO: 34). In some embodiments, the Cas9 protein is a Cas9 nickase (nCas9). In some

embodiments, the nCas9 comprises the amino acid sequence (SEQ ID NO: 35). In some

embodiments, the Cas9 protein is a nuclease active Cas9. In some embodiments, the

nuclease active Cas9 comprises the amino acid sequence (SEQ ID NO: 36).

Exemplary catalytically inactive Cas9 (dCas9):

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQSKNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQVS GQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL



QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

34)

Exemplary Cas9 nickase (nCas9):

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE



LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

35)

Exemplary catalytically active Cas9:

DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

36).

[0054] In some embodiments, Cas9 refers to a Cas9 from arehaea (e.g. nanoarchaea), which

constitute a domain and kingdom of single-celled prokaryotic microbes. In some



embodiments, Cas9 refers to CasX or CasY, which have been described in, for example,

Burstein et al., "New CRISPR-Cas systems from uncultivated microbes." Cell Res. 2017 Feb

21. doi: 10.1038/cr.2017.21, the entire contents of which is hereby incorporated by reference.

Using genome-resolved metagenomics, a number of CRISPR-Cas systems were identified,

including the first reported Cas9 in the archaeal domain of life. This divergent Cas9 protein

was found in little-studied nanoarchaea as part of an active CRISPR-Cas system. In bacteria,

two previously unknown systems were discovered, CRISPR-CasX and CRISPR-CasY,

which are among the most compact systems yet discovered. In some embodiments, Cas9

refers to CasX, or a variant of CasX. In some embodiments, Cas9 refers to a CasY, or a

variant of CasY. It should be appreciated that other RNA-guided DNA binding proteins may

be used as a nucleic acid programmable DNA binding protein (napDNAbp), and are within

the scope of this disclosure.

[0055] In some embodiments, the nucleic acid programmable DNA binding protein

(napDNAbp) of any of the fusion proteins provided herein may be a CasX or CasY protein.

In some embodiments, the napDNAbp is a CasX protein. In some embodiments, the

napDNAbp is a CasY protein. In some embodiments, the napDNAbp comprises an amino

acid sequence that is at least 85%, at least 90%, at least 91%, at least 92%, at least 93%, at

least 94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at ease

99.5% identical to a naturally-occurring CasX or CasY protein. In some embodiments, the

napDNAbp is a naturally-occurring CasX or CasY protein. In some embodiments, the

napDNAbp comprises an amino acid sequence that is at least 85%, at least 90%, at least 91%,

at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at least 98%,

at least 99%, or at ease 99.5% identical to any one of SEQ ID NOs: 417-419. In some

embodiments, the napDNAbp comprises an amino acid sequence of any one SEQ ID NOs:

417-419. It should be appreciated that CasX and CasY from other bacterial species may also

be used in accordance with the present disclosure.

CasX (uniprot.org/uniprot/F0NN87; uniprot.org/uniprot/F0NH53)

>trlF0NN87IF0NN87_SULIH CRISPR-associated Casx protein OS=Sulfolobus islandicus

(strain HVE10/4) GN=SiH_0402 PE=4 SV=1

MEVPLYNIFGDNYIIQVATEAENSTIYNNKVEIDDEELRNVLNLAYKIAKNNEDAAAE

RRGKAKKKKGEEGETTTSNIILPLSGNDKNPWTETLKCYNFPTTVALSEVFKNFSQV

KECEEVSAPSFVKPEFYEFGRSPGMVERTRRVKLEVEPHYLIIAAAGWVLTRLGKAK

VSEGDYVGVNVFTPTRGILYSLIQNVNGIVPGIKPET AFGLWIARK VVSSVTNPNVSV



VRIYTISDAVGQNPTTINGGFS IDLTKLLEKRYLLS ERLEAIARNALSISSNMRERYIVL

ANYIYEYLTGSKRLEDLLYFANRDLIMNLNSDDGKVRDLKLISAYVNGELIRGEG

(SEQ ID NO: 417)

>trlF0NH53IF0NH53_SULIR CRISPR associated protein, Casx OS=Sulfolobus islandicus

(strain REY15A) GN=SiRe_0771 PE=4 SV=1

MEVPLYNIFGDNYIIQVATEAENSTIYNNKVEIDDEELRNVLNLAYKIAKNNEDAAAE

RRGKAKKKKGEEGETTTSNIILPLSGNDKNPWTETLKCYNFPTTVALSEVFKNFSQV

KECEEVSAPSFVKPEFYKFGRSPGMVERTRRVKLEVEPHYLIMAAAGWVLTRLGKA

KVSEGDYVGVNVFTPTRGILYSLIQNVNGIVPGIKPET AFGLWIARKV VSSVTNPNVS

VVSIYTISDAVGQNPTTINGGFSIDLTKLLEKRDLLSERLEAIARNALSISSNMRERYIV

LANYIYEYLTGSKRLEDLLYFANRDLIMNLNSDDGKVRDLKLISAYVNGELIRGEG

(SEQ ID NO: 418)

CasY (ncbi.nlm.nih.gov/protein/APG80656. 1)

>APG80656.1 CRISPR-associated protein CasY [uncultured Parcubacteria group bacterium]

MSKRHPRISGVKGYRLHAQRLEYTGKSGAMRTIKYPLYS SPSGGRTVPREIVSAINDD

YVGLYGLSNFDDLYNAEKRNEEKVYSVLDFWYDCVQYGAVFSYTAPGLLKNVAEV

RGGSYELTKTLKGSHLYDELQID KVIKFLNKKEISRANGSLDKLKKDIIDCFKAE YRE

RHKDQCNKLADDIKNAKKDAGASLGERQKKLFRDFFGISEQSENDKPSFTNPLNLTC

CLLPFDTVNNNRNRGEVLFNKLKEYAQKLDKNEGSLEMWEYIGIGNSGTAFSNFLGE

GFLGRLRENKITELKKAMMDITDAWRGQEQEEELEKRLRILAALTIKLREPKFDNHW

GGYRSDINGKLSSWLQNYINQTVKIKEDLKGHKKDLKKAKEMINRFGESDTKEEAV

VSSLLESIEKIVPDDSADDEKPDIPAIAIYRRFLSDGRLTLNRFVQREDVQEALIKERLE

AEKKKKPKKRKKKSDAEDEKETIDFKELFPHLAKPLKLVPNFYGDSKRELYKKYKN

AAIYTDALWKAVEKIYKSAFSSSLKNSFFDTDFDKDFFIKRLQKIFS VYRRFNTDKWK

PIVKNSFAPYCDIVSLAENEVLYKPKQSRSRKSAAIDKNRVRLPS TENIAKAGIALARE

LSVAGFDWKDLLKKEEHEEYIDLIELHKTALALLLAVTETQLDISALDFVENGTVKD

FMKTRDGNLVLEGRFLEMFSQSIVFSELRGLAGLMSRKEFITRSAIQTMNGKQAELL

YIPHEFQSAKITTPKEMSRAFLDLAPAEFATSLEPESLSEKSLLKLKQMRYYPHYFGY

ELTRTGQGIDGGVAENALRLEKSPVKKREIKCKQYKTLGRGQNKIVLYVRSSYYQTQ

FLEWFLHRPKNVQTDVAVSGSFLIDEKKVKTRWNYDALTVALEPVSGSERVFVSQPF

TIFPEKSAEEEGQRYLGIDIGEYGIAYTALEITGDSAKILDQNFISDPQLKTLREEVKGL

KLDQRRGTFAMPSTKIARIRESLVHSLRNRIHHLALKHKAKIVYELEVSRFEEGKQKI



KKVYATLKKADVYSEIDADKNLQTTVWGKLAVASEISASYTSQFCGACKKLWRAE

MQVDETITTQELIGTVRVIKGGTLIDAIKDFMRPPIFDENDTPFPKYRDFCDKHHISKK

MRGNSCLFICPFCRANADADIQASQTIALLRYVKEEKKVEDYFERFRKLKNIKVLGQ

MKKI (SEQ ID NO: 419)

[0056] The term "effective amount," as used herein, refers to an amount of a biologically

active agent that is sufficient to elicit a desired biological response. For example, in some

embodiments, an effective amount of a nucleobase editor may refer to the amount of the

nucleobase editor that is sufficient to induce mutation of a target site specifically bound

mutated by the nucleobase editor. In some embodiments, an effective amount of a fusion

protein provided herein, e.g., of a fusion protein comprising a nucleic acid programmable

DNA binding protein and a deaminase domain (e.g., an adenosine deaminase domain) may

refer to the amount of the fusion protein that is sufficient to induce editing of a target site

specifically bound and edited by the fusion protein. As will be appreciated by the skilled

artisan, the effective amount of an agent, e.g., a fusion protein, a nucleobase editor, a

deaminase, a hybrid protein, a protein dimer, a complex of a protein (or protein dimer) and a

polynucleotide, or a polynucleotide, may vary depending on various factors as, for example,

on the desired biological response, e.g., on the specific allele, genome, or target site to be

edited, on the cell or tissue being targeted, and on the agent being used.

[0057] The terms "nucleic acid" and "nucleic acid molecule," as used herein, refer to a

compound comprising a nucleobase and an acidic moiety, e.g., a nucleoside, a nucleotide, or

a polymer of nucleotides. Typically, polymeric nucleic acids, e.g., nucleic acid molecules

comprising three or more nucleotides are linear molecules, in which adjacent nucleotides are

linked to each other via a phosphodiester linkage. In some embodiments, "nucleic acid"

refers to individual nucleic acid residues (e.g. nucleotides and/or nucleosides). In some

embodiments, "nucleic acid" refers to an oligonucleotide chain comprising three or more

individual nucleotide residues. As used herein, the terms "oligonucleotide" and

"polynucleotide" can be used interchangeably to refer to a polymer of nucleotides (e.g., a

string of at least three nucleotides). In some embodiments, "nucleic acid" encompasses RNA

as well as single and/or double-stranded DNA. Nucleic acids may be naturally occurring, for

example, in the context of a genome, a transcript, an mRNA, tRNA, rRNA, siRNA, snRNA,

a plasmid, cosmid, chromosome, chromatid, or other naturally occurring nucleic acid

molecule. On the other hand, a nucleic acid molecule may be a non-naturally occurring

molecule, e.g., a recombinant DNA or RNA, an artificial chromosome, an engineered



genome, or fragment thereof, or a synthetic DNA, RNA, DNA/RNA hybrid, or including

non-naturally occurring nucleotides or nucleosides. Furthermore, the terms "nucleic acid,"

"DNA," "RNA," and/or similar terms include nucleic acid analogs, e.g., analogs having other

than a phosphodiester backbone. Nucleic acids can be purified from natural sources,

produced using recombinant expression systems and optionally purified, chemically

synthesized, etc. Where appropriate, e.g., in the case of chemically synthesized molecules,

nucleic acids can comprise nucleoside analogs such as analogs having chemically modified

bases or sugars, and backbone modifications. A nucleic acid sequence is presented in the 5'

to 3' direction unless otherwise indicated. In some embodiments, a nucleic acid is or

comprises natural nucleosides (e.g. adenosine, thymidine, guanosine, cytidine, uridine,

deoxyadenosine, deoxythymidine, deoxyguanosine, and deoxycytidine); nucleoside analogs

(e.g., 2-aminoadenosine, 2-thiothymidine, inosine, pyrrolo-pyrimidine, 3-methyl adenosine,

5-methylcytidine, 2-aminoadenosine, C5-bromouridine, C5-fluorouridine, C5-iodouridine,

C5-propynyl-uridine, C5-propynyl-cytidine, C5-methylcytidine, 2-aminoadenosine, 7-

deazaadenosine, 7-deazaguanosine, 8-oxoadenosine, 8-oxoguanosine, 0(6)-methylguanine,

and 2-thiocytidine); chemically modified bases; biologically modified bases (e.g., methylated

bases); intercalated bases; modified sugars (e.g., 2'-fluororibose, ribose, 2'-deoxyribose,

arabinose, and hexose); and/or modified phosphate groups (e.g., phosphorothioates and 5'-N-

phosphoramidite linkages).

[0058] The term "promoter" as used herein refers to a control region of a nucleic acid

sequence at which initiation and rate of transcription of the remainder of a nucleic acid

sequence are controlled. A promoter may also contain sub-regions to which regulatory

proteins and molecules may bind, such as RNA polymerase and other transcription factors.

[0059] The terms "protein," "peptide," and "polypeptide" are used interchangeably herein,

and refer to a polymer of amino acid residues linked together by peptide (amide) bonds. The

terms refer to a protein, peptide, or polypeptide of any size, structure, or function. Typically,

a protein, peptide, or polypeptide will be at least three amino acids long. A protein, peptide,

or polypeptide may refer to an individual protein or a collection of proteins. One or more of

the amino acids in a protein, peptide, or polypeptide may be modified, for example, by the

addition of a chemical entity such as a carbohydrate group, a hydroxyl group, a phosphate

group, a farnesyl group, an isofarnesyl group, a fatty acid group, a linker for conjugation,

functionalization, or other modification, etc. A protein, peptide, or polypeptide may also be a

single molecule or may be a multi-molecular complex. A protein, peptide, or polypeptide

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



polypeptide may be naturally occurring, recombinant, or synthetic, or any combination

thereof. The term "fusion protein" as used herein refers to a hybrid polypeptide which

comprises protein domains from at least two different proteins. One protein may be located

at the amino-terminal (N-terminal) portion of the fusion protein or at the carboxy-terminal

(C-terminal) protein thus forming an "amino-terminal fusion protein" or a "carboxy-terminal

fusion protein," respectively. A protein may comprise different domains, for example, a

nucleic acid binding domain (e.g., the gRNA binding domain of Cas9 that directs the binding

of the protein to a target site) and a nucleic acid cleavage domain or a catalytic domain of a

nucleic-acid editing protein. In some embodiments, a protein comprises a proteinaceous part,

e.g., an amino acid sequence constituting a nucleic acid binding domain, and an organic

compound, e.g., a compound that can act as a nucleic acid cleavage agent. In some

embodiments, a protein is in a complex with, or is in association with, a nucleic acid, e.g.,

RNA. Any of the proteins provided herein may be produced by any method known in the art.

For example, the proteins provided herein may be produced via recombinant protein

expression and purification, which is especially suited for fusion proteins comprising a

peptide linker. Methods for recombinant protein expression and purification are well known,

and include those described by Green and Sambrook, Molecular Cloning: A Laboratory

Manual (4 th ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)), the

entire contents of which are incorporated herein by reference.

[0060] The term "RNA-programmable nuclease," and "RNA-guided nuclease"

are used interchangeably herein and refer to a nuclease that forms a complex with (e.g., binds

or associates with) one or more RNA(s) that is not a target for cleavage. In some

embodiments, an RNA-programmable nuclease, when in a complex with an RNA, may be

referred to as a nuclease:RNA complex. Typically, the bound RNA(s) is referred to as a

guide RNA (gRNA). gRNAs can exist as a complex of two or more RNAs, or as a single

RNA molecule. gRNAs that exist as a single RNA molecule may be referred to as single-

guide RNAs (sgRNAs), though "gRNA" is used interchangeably to refer to guide RNAs that

exist as either single molecules or as a complex of two or more molecules. Typically, gRNAs

that exist as single RNA species comprise two domains: (1) a domain that shares homology

to a target nucleic acid (e.g., and directs binding of a Cas9 complex to the target), referred to

as a guide sequence; and (2) a domain that binds a Cas9 protein. In some embodiments,

domain (1) shares homology with a sequence in the promoter of the HBG1 and/or the HBG2

gene. In some embodiments, domain (1) shares homology with the sequence 5'-

GTGGGGAAGGGGCCCCC AAGAGG-3 ' (SEQ ID NO: 2). In some embodiments, domain



(1) shares homology with a sequence in the HFE gene. In some embodiments, domain (1)

shares homology with the sequence 5' -TATACGTACC AGGTGGAGCACCCAGG-3 ' (SEQ

ID NO: 3). In some embodiments, domain (2) corresponds to a sequence known as a

tracrRNA, and comprises a stem-loop structure. For example, in some embodiments, domain

(2) is identical or homologous to a tracrRNA as provided in Jinek et al., Science 337:816-

821(2012), the entire contents of which is incorporated herein by reference. Other examples

of gRNAs (e.g., those including domain 2) can be found in U.S. Provisional Patent

Application, U.S.S.N. 61/874,682, filed September 6, 2013, entitled "Switchable Cas9

Nucleases And Uses Thereof," and U.S. Provisional Patent Application, U.S.S.N.

61/874,746, filed September 6, 2013, entitled "Delivery System For Functional Nucleases,"

the entire contents of each are hereby incorporated by reference in their entirety. In some

embodiments, a gRNA comprises two or more of domains (1) and (2), and may be referred to

as an "extended gRNA." For example, an extended gRNA will, e.g., bind two or more Cas9

proteins and bind a target nucleic acid at two or more distinct regions, as described herein.

The gRNA comprises a nucleotide sequence that complements a target site, which mediates

binding of the nuclease/RNA complex to said target site, providing the sequence specificity

of the nuclease:RNA complex. In some embodiments, the RNA-programmable nuclease is

the (CRISPR-associated system) Cas9 endonuclease, for example, Cas9 (Csnl) from

Streptococcus pyogenes (see, e.g., "Complete genome sequence of an Ml strain of

Streptococcus pyogenes." Ferretti J .J., McShan W.M., Ajdic D.J., Savic D.J., Savic G., Lyon

K., Primeaux C , Sezate S., Suvorov A.N., Kenton S., Lai H.S., Lin S.P., Qian Y., Jia H.G.,

Najar F.Z., Ren Q., Zhu H., Song L., White J., Yuan X., Clifton S.W., Roe B.A., McLaughlin

R.E., Proc. Natl. Acad. Sci. U.S.A. 98:4658-4663(2001); "CRISPR RNA maturation by

trans-encoded small RNA and host factor RNase III." Deltcheva E., Chylinski K., Sharma

CM., Gonzales K., Chao Y., Pirzada Z.A., Eckert M.R., Vogel J., Charpentier E., Nature

471:602-607(2011); and "A programmable dual-RNA-guided DNA endonuclease in adaptive

bacterial immunity." Jinek M., Chylinski K., Fonfara I., Hauer M., Doudna J .A., Charpentier

E. Science 337:816-821(2012), the entire contents of each of which are incorporated herein

by reference.

[0061] Because RNA-programmable nucleases (e.g., Cas9) use RNA:DNA hybridization to

target DNA cleavage sites, these proteins are able to be targeted, in principle, to any sequence

specified by the guide RNA. Methods of using RNA-programmable nucleases, such as Cas9,

for site-specific cleavage (e.g., to modify a genome) are known in the art (see e.g., Cong, L.

et al., Multiplex genome engineering using CRISPR/Cas systems. Science 339, 819-823



(2013); Mali, P. et al., RNA-guided human genome engineering via Cas9. Science 339, 823-

826 (2013); Hwang, W.Y. et al., Efficient genome editing in zebrafish using a CRISPR-Cas

system. Nature biotechnology 31, 227-229 (2013); Jinek, M. et al., RNA-programmed

genome editing in human cells. eLife 2, e00471 (2013); Dicarlo, J.E. et al., Genome

engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic acids research

(2013); Jiang, W. et al. RNA-guided editing of bacterial genomes using CRISPR-Cas

systems. Nature biotechnology 31, 233-239 (2013); the entire contents of each of which are

incorporated herein by reference).

[0062] The term "subject," as used herein, refers to an individual organism, for example, an

individual mammal. In some embodiments, the subject is a human. In some embodiments,

the subject is a non-human mammal. In some embodiments, the subject is a non-human

primate. In some embodiments, the subject is a rodent. In some embodiments, the subject is

a sheep, a goat, a cattle, a cat, or a dog. In some embodiments, the subject is a vertebrate, an

amphibian, a reptile, a fish, an insect, a fly, or a nematode. In some embodiments, the subject

is a research animal. In some embodiments, the subject is genetically engineered, e.g., a

genetically engineered non-human subject. The subject may be of either sex and at any stage

of development.

[0063] The term "target site" refers to a sequence within a nucleic acid molecule that is

deaminated by a deaminase or a fusion protein comprising a deaminase, (e.g., a dCas9-

adenosine deaminase fusion protein provided herein).

[0064] The terms "treatment," "treat," and "treating," refer to a clinical intervention aimed to

reverse, alleviate, delay the onset of, or inhibit the progress of a disease or disorder, or one or

more symptoms thereof, as described herein. As used herein, the terms "treatment," "treat,"

and "treating" refer to a clinical intervention aimed to reverse, alleviate, delay the onset of, or

inhibit the progress of a disease or disorder, or one or more symptoms thereof, as described

herein. In some embodiments, treatment may be administered after one or more symptoms

have developed and/or after a disease has been diagnosed. In other embodiments, treatment

may be administered in the absence of symptoms, e.g., to prevent or delay onset of a

symptom or inhibit onset or progression of a disease. For example, treatment may be

administered to a susceptible individual prior to the onset of symptoms (e.g., in light of a

history of symptoms and/or in light of genetic or other susceptibility factors). Treatment may

also be continued after symptoms have resolved, for example, to prevent or delay their

recurrence.



[0065] The term "recombinant" as used herein in the context of proteins or nucleic acids

refers to proteins or nucleic acids that do not occur in nature, but are the product of human

engineering. For example, in some embodiments, a recombinant protein or nucleic acid

molecule comprises an amino acid or nucleotide sequence that comprises at least one, at least

two, at least three, at least four, at least five, at least six, or at least seven mutations as

compared to any naturally occurring sequence.

DETAILED DESCRIPTION OF THE INVENTION

[0066] Some aspects of this disclosure relate to proteins that deaminate the nucleobase

adenine. This disclosure provides adenosine deaminase proteins that are capable of

deaminating (i.e., removing an amine group) adenine of a deoxyadenosine residue in

deoxyribonucleic acid (DNA). For example, the adenosine deaminases provided herein are

capable of deaminating adenine of a deoxyadenosine residue of DNA. Other aspects of the

disclosure provide fusion proteins that comprise an adenosine deaminase (e.g., an adenosine

deaminase that deaminates deoxyadenosine in DNA as described herein) and a domain (e.g.,

a Cas9 or a Cpf 1 protein) capable of binding to a specific nucleotide sequence. The

deamination of an adenosine by an adenosine deaminase can lead to a point mutation, this

process is referred to herein as nucleic acid editing. For example, the adenosine may be

converted to an inosine residue, which typically base pairs with a cytosine residue. Such

fusion proteins are useful inter alia for targeted editing of nucleic acid sequences. Such

fusion proteins may be used for targeted editing of DNA in vitro, e.g., for the generation of

mutant cells or animals; for the introduction of targeted mutations, e.g., for the correction of

genetic defects in cells ex vivo, e.g., in cells obtained from a subject that are subsequently re

introduced into the same or another subject; and for the introduction of targeted mutations in

vivo, e.g., the correction of genetic defects or the introduction of deactivating mutations in

disease-associated genes in a subject. As an example, diseases that can be treated by making

an A to G, or a T to C mutation, may be treated using the nucleobase editors provided herein.

Without wishing to be bound by any particular theory certain anemias, such as sickle cell

anemia, may be treated by inducing expression of hemoglobin, such as fetal hemoglobin,

which is typically silenced in adults. As one example, mutating -198T to C in the promoter

driving HBG1 and HBG2 gene expression results in increased expression of HBG1 and

HBG2.

[0067] Another example, a class of disorders that results from a G to A mutation in a gene is

iron storage disorders, where the HFE gene comprises a G to A mutation that results in



expression of a C282Y mutant HFE protein. Thus, the adenosine base editors described

herein may be utilized for the targeted editing of such G to A mutations (e.g., targeted

genome editing). The invention provides deaminases, fusion proteins, nucleic acids, vectors,

cells, compositions, methods, kits, systems, etc. that utilize the deaminases and nucleobase

editors.

[0068] In some embodiments, the nucleobase editors provided herein can be made by fusing

together one or more protein domains, thereby generating a fusion protein. In certain

embodiments, the fusion proteins provided herein comprise one or more features that

improve the base editing activity (e.g., efficiency, selectivity, and specificity) of the fusion

proteins. For example, the fusion proteins provided herein may comprise a Cas9 domain that

has reduced nuclease activity. In some embodiments, the fusion proteins provided herein

may have a Cas9 domain that does not have nuclease activity (dCas9), or a Cas9 domain that

cuts one strand of a duplexed DNA molecule, referred to as a Cas9 nickase (nCas9). Without

wishing to be bound by any particular theory, the presence of the catalytic residue (e.g.,

H840) maintains the activity of the Cas9 to cleave the non-edited (e.g., non-deaminated)

strand containing a T opposite the targeted A. Mutation of the catalytic residue (e.g., D10 to

A10) of Cas9 prevents cleavage of the edited strand containing the targeted A residue. Such

Cas9 variants are able to generate a single-strand DNA break (nick) at a specific location

based on the gRNA-defined target sequence, leading to repair of the non-edited strand,

ultimately resulting in a T to C change on the non-edited strand.

Adenosine deaminases

[0069] Some aspects of the disclosure provide adenosine deaminases. In some embodiments,

the adenosine deaminases provided herein are capable of deaminating adenine. In some

embodiments, the adenosine deaminases provided herein are capable of deaminating adenine

in a deoxyadenosine residue of DNA. The adenosine deaminase may be derived from any

suitable organism (e.g., E. coli). In some embodiments, the adenine deaminase is a naturally-

occurring adenosine deaminase that includes one or more mutations corresponding to any of

the mutations provided herein (e.g., mutations in ecTadA). One of skill in the art will be able

to identify the corresponding residue in any homologous protein and in the respective

encoding nucleic acid by methods well known in the art, e.g., by sequence alignment and

determination of homologous residues. Accordingly, one of skill in the art would be able to

generate mutations in any naturally-occurring adenosine deaminase (e.g., having homology to

ecTadA) that corresponds to any of the mutations described herein, e.g., any of the mutations



identified in ecTadA. In some embodiments, the adenosine deaminase is from a prokaryote.

In some embodiments, the adenosine deaminase is from a bacterium. In some embodiments,

the adenosine deaminase is from Escherichia coli, Staphylococcus aureus, Salmonella typhi,

Shewanella putrefaciens, Haemophilus influenzae, Caulobacter crescentus, or Bacillus

subtilis. In some embodiments, the adenosine deaminase is from E. coli.

[0070] In some embodiments, the adenosine deaminase comprises an amino acid sequence

that is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at

least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least

99.5% identical to any one of the amino acid sequences set forth in any one of SEQ ID NOs:

1, 64-84, 420-437, 672-684, 802-805, or to any of the adenosine deaminases provided herein.

It should be appreciated that adenosine deaminases provided herein may include one or more

mutations {e.g., any of the mutations provided herein). The disclosure provides any

deaminase domains with a certain percent identiy plus any of the mutations or combinations

thereof described herein. In some embodiments, the adenosine deaminase comprises an

amino acid sequence that has 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,

46, 47, 48, 49, 50, or more mutations compared to any one of the amino acid sequences set

forth in SEQ ID NOs: 1, 64-84, 420-437, 672-684, 802-805, or any of the adenosine

deaminases provided herein. In some embodiments, the adenosine deaminase comprises an

amino acid sequence that has at least 5, at least 10, at least 15, at least 20, at least 25, at least

30, at least 35, at least 40, at least 45, at least 50, at least 60, at least 70, at least 80, at least

90, at least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160,

or at least 170 identical contiguous amino acid residues as compared to any one of the amino

acid sequences set forth in SEQ ID NOs: 1, 64-84, 420-437, 672-684, 802-805, or any of the

adenosine deaminases provided herein.

[0071] In some embodiments, the adenosine deaminase comprises a D108X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a D108G,

D108N, D108V, D108A, or D108Y mutation in SEQ ID NO: 1, or a corresponding mutation

in another adenosine deaminase. In some embodiments, the adenosine deaminase comprises

a D108N mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine

deaminase. It should be appreciated, however, that additional deaminases may similarly be

aligned to identify homologous amino acid residues that can be mutated as provided herein.



[0072] In some embodiments, the adenosine deaminse comprises an A106X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A106V

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0073] In some embodiments, the adenosine deaminase comprises a E155X mutation in SEQ

ID NO: 1, or a corresponding mutation in another adenosine deaminase, where the presence

of X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a E155D,

E155G, or E155V mutation in SEQ ID NO: 1, or a corresponding mutation in another

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a El 55V

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0074] In some embodiments, the adenosine deaminase comprises a D147X mutation in SEQ

ID NO: 1, or a corresponding mutation in another adenosine deaminase, where the presence

of X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a D147Y

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0075] It should be appreciated that any of the mutations provided herein (e.g., based on the

ecTadA amino acid sequence of SEQ ID NO: 1) may be introduced into other adenosine

deaminases, such as S. aureus TadA (saTadA), or other adenosine deaminases (e.g., bacterial

adenosine deaminases). It would be apparent to the skilled artisan how to identify amino acid

residues from other adenosine deaminases that are homologous to the mutated residues in

ecTadA. Thus, any of the mutations identified in ecTadA may be made in other adenosine

deaminases that have homologous amino acid residues. It should also be appreciated that any

of the mutations provided herein may be made individually or in any combination in ecTadA

or another adenosine deaminase. For example, an adenosine deaminase may contain a

D108N, a A106V, a E155V, and/or a D147Y mutation in ecTadA SEQ ID NO: 1, or a

corresponding mutation in another adenosine deaminase. In some embodiments, an

adenosine deaminase comprises the following group of mutations (groups of mutations are

separated by a ";") in ecTadA SEQ ID NO: 1, or corresponding mutations in another

adenosine deaminase: D108N and A106V; D108N and E155V; D108N and D147Y;

A106V and E155V; A106V and D147Y; E155V and D147Y; D108N, A106V, and E55V;

D108N, A106V, and D147Y; D108N, E55V, and D147Y; A106V, E55V, and D147Y; and

D108N, A106V, E55V, and D147Y. It should be appreciated, however, that any combination



of corresponding mutations provided herein may be made in an adenosine deaminase (e.g.,

ecTadA). In some embodiments, an adenosine deaminase comprises one or more of the

mutations shown in Figure 7, which identifies individual mutations and combinations of

mutations made in ecTadA. In some embodiments, an adenosine deaminase comprises any

mutation or combination of mutations provided herein.

[0076] In some embodiments, the adenosine deaminse comprises an L84X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an L84F

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0077] In some embodiments, the adenosine deaminse comprises an H123X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an H123Y

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0078] In some embodiments, the adenosine deaminse comprises an I156X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an I156F

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0079] In some embodiments, the adenosine deaminase comprises one, two, three, four, five,

six, or seven mutations selected from the group consisting of L84X, A106X, D108X, H123X,

D147X, E155X, and I156X in SEQ ID NO: 1, or a corresponding mutation or mutations in

another adenosine deaminase, where X indicates the presence of any amino acid other than

the corresponding amino acid in the wild-type adenosine deaminase.

[0080] In some embodiments, the adenosine deaminase comprises one, two, three, four, five,

six, or seven mutations selected from the group consisting of L84F, A106V, D108N, H123Y,

D147Y, E155V, and I156F in SEQ ID NO: 1, or a corresponding mutation or mutations in

another adenosine deaminase. In some embodiments, the adenosine deaminase comprises

one, two, three, four, five, or six mutations selected from the group consisting of S2A, I49F,

A106V, D108N, D147Y, and E155V in SEQ ID NO: 1, or a corresponding mutation or

mutations in another adenosine deaminase. In some embodiments, the adenosine deaminase

comprises one, two, three, four, or five, mutations selected from the group consisting of H8Y,



A106T, D108N, N127S, and K160S in SEQ ID NO: 1, or a corresponding mutation or

mutations in another adenosine deaminase.

[0081] In some embodiments, the adenosine deaminse comprises an A142X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A142N,

A142D, A142G, mutation in SEQ ID NO: 1, or a corresponding mutation in another

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an A142N

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0082] In some embodiments, the adenosine deaminse comprises an H36X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an H36L

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0083] In some embodiments, the adenosine deaminse comprises an N37X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an N37T,

or N37S mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises a N37S mutation in

SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0084] In some embodiments, the adenosine deaminse comprises an P48X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an P48T,

P48S, P48A, or P48L mutation in SEQ ID NO: 1, or a corresponding mutation in another

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a P48T

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase. In

some embodiments, the adenosine deaminase comprises a P48S mutation in SEQ ID NO: 1,

or a corresponding mutation in another adenosine deaminase. In some embodiments, the

adenosine deaminase comprises a P48A mutation in SEQ ID NO: 1, or a corresponding

mutation in another adenosine deaminase.

[0085] In some embodiments, the adenosine deaminse comprises an R51X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where



X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an R51H,

or R51L mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises a R51L mutation in

SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0086] In some embodiments, the adenosine deaminse comprises an S146X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises an S146R,

or S146C mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises a S146C mutation in

SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0087] In some embodiments, the adenosine deaminse comprises an K157X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a K157N

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0088] In some embodiments, the adenosine deaminse comprises an W23X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a W23R,

or W23L mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises a W23R mutation in

SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase. In some

embodiments, the adenosine deaminase comprises a W23L mutation in SEQ ID NO: 1, or a

corresponding mutation in another adenosine deaminase.

[0089] In some embodiments, the adenosine deaminse comprises an R152X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a R152P,

or R52H mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises a R152P mutation in

SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase. In some



embodiments, the adenosine deaminase comprises a R152H mutation in SEQ ID NO: 1, or a

corresponding mutation in another adenosine deaminase.

[0090] In some embodiments, the adenosine deaminse comprises an R26X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a R26G

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0091] In some embodiments, the adenosine deaminse comprises an I49X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a I49V

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0092] In some embodiments, the adenosine deaminse comprises an N72X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a N72D

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0093] In some embodiments, the adenosine deaminse comprises an S97X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a S97C

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0094] In some embodiments, the adenosine deaminse comprises an G125X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a G125A

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0095] In some embodiments, the adenosine deaminse comprises an K161X mutation in

ecTadA SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase, where

X indicates any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises a K161T

mutation in SEQ ID NO: 1, or a corresponding mutation in another adenosine deaminase.

[0096] In some embodiments, the adenosine deaminase comprises one or more of a W23X,

H36X, N37X, P48X, I49X, R51X, N72X, L84X, S97X, A106X, D108X, H123X, G125X,



A142X, S146X, D147X, R152X, E155X, I156X, K157X, and/or K161X mutation in SEQ ID

NO: 1, or one or more corresponding mutations in another adenosine deaminase, where the

presence of X indicates any amino acid other than the corresponding amino acid in the wild-

type adenosine deaminase. In some embodiments, the adenosine deaminase comprises one or

more of W23L, W23R, H36L, P48S, P48A, R51L, L84F, A106V, D108N, H123Y, A142N,

S146C, D147Y, R152P, E155V, I156F, and/or K157N mutation in SEQ ID NO: 1, or one or

more corresponding mutations in another adenosine deaminase. In some embodiments, the

adenosine deaminase comprises one or more of the mutations provided in Figure 7

corresponding to SEQ ID NO: 1, or one or more corresponding mutations in another

adenosine deaminase.

[0097] In some embodiments, the adenosine deaminase comprises or consists of one or two

mutations selected from A106X and D108X in SEQ ID NO: 1, or a corresponding mutation

or mutations in another adenosine deaminase, where X indicates the presence of any amino

acid other than the corresponding amino acid in the wild-type adenosine deaminase. In some

embodiments, the adenosine deaminase comprises or consists of one or two mutations

selected from A106V and D108N in SEQ ID NO: 1, or a corresponding mutation or

mutations in another adenosine deaminase.

[0098] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, or four mutations selected from A106X, D108X, D147X, and E155X in SEQ ID NO:

1, or a corresponding mutation or mutations in another adenosine deaminase, where X

indicates the presence of any amino acid other than the corresponding amino acid in the wild-

type adenosine deaminase. In some embodiments, the adenosine deaminase comprises or

consists of one, two, three, or four mutations selected from A106V, D108N, D147Y, and

E155V in SEQ ID NO: 1, or a corresponding mutation or mutations in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises or consists of a

A106V, D108N, D147Y, and E155V mutation in SEQ ID NO: 1, or corresponding mutations

in another adenosine deaminase.

[0099] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, or seven mutations selected from L84X, A106X, D108X, H123X,

D147X, E155X, and I156X in SEQ ID NO: 1, or a corresponding mutation or mutations in

another adenosine deaminase, where X indicates the presence of any amino acid other than

the corresponding amino acid in the wild-type adenosine deaminase. In some embodiments,

the adenosine deaminase comprises or consists of one, two, three, four, five, six, or seven

mutations selected from L84F, A106V, D108N, H123Y, D147Y, E155V, and I156F in SEQ



ID NO: 1, or a corresponding mutation or mutations in another adenosine deaminase. In

some embodiments, the adenosine deaminase comprises or consists of a L84F, A106V,

D108N, H123Y, D147Y, E155V, and I156F mutation in SEQ ID NO: 1, or corresponding

mutations in another adenosine deaminase.

[0100] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, seven, eight, nine, ten, or eleven mutations selected from H36X, R51X,

L84X, A106X, D108X, H123X, S146X, D147X, E155X, I156X, and K157X in SEQ ID NO:

1, or a corresponding mutation or mutations in another adenosine deaminase, where X

indicates the presence of any amino acid other than the corresponding amino acid in the wild-

type adenosine deaminase. In some embodiments, the adenosine deaminase comprises or

consists of one, two, three, four, five, six, seven, eight, nine, ten, or eleven mutations selected

from H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F, and

K157N in SEQ ID NO: 1, or a corresponding mutation or mutations in another adenosine

deaminase. In some embodiments, the adenosine deaminase comprises or consists of a

H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F, and K157N

mutation in SEQ ID NO: 1, or corresponding mutations in another adenosine deaminase.

[0101] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, seven, eight, nine, ten, eleven, or twelve mutations selected from H36X,

P48X, R51X, L84X, A106X, D108X, H123X, S146X, D147X, E155X, I156X, and K157X in

SEQ ID NO: 1, or a corresponding mutation or mutations in another adenosine deaminase,

where X indicates the presence of any amino acid other than the corresponding amino acid in

the wild-type adenosine deaminase. In some embodiments, the adenosine deaminase

comprises or consists of one, two, three, four, five, six, seven, eight, nine, ten, eleven, or

twelve mutations selected from H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C,

D147Y, E155V, I156F, and K157N in SEQ ID NO: 1, or a corresponding mutation or

mutations in another adenosine deaminase. In some embodiments, the adenosine deaminse

comprises or consists of a H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C,

D147Y, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or corresponding mutations

in another adenosine deaminase.

[0102] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, seven, eight, nine, ten, eleven, twelve, or thirteen mutations selected

from H36X, P48X, R51X, L84X, A106X, D108X, H123X, A142X, S146X, D147X, E155X,

I156X, and K157X in SEQ ID NO: 1, or a corresponding mutation or mutations in another

adenosine deaminase, where X indicates the presence of any amino acid other than the



corresponding amino acid in the wild-type adenosine deaminase. In some embodiments, the

adenosine deaminase comprises or consists of one, two, three, four, five, six, seven, eight,

nine, ten, eleven, twelve, or thirteen mutations selected from H36L, P48S, R51L, L84F,

A106V, D108N, H123Y, A142N, S146C, D147Y, E155V, I156F, and K157N in SEQ ID

NO: 1, or a corresponding mutation or mutations in another adenosine deaminase. In some

embodiments, the adenosine deaminase comprises or consists of a H36L, P48S, R51L, L84F,

A106V, D108N, H123Y, A142N, S146C, D147Y, E155V, I156F, and K157N mutation in

SEQ ID NO: 1, or corresponding mutations in another adenosine deaminase.

[0103] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen, or fourteen mutations

selected from W23X, H36X, P48X, R51X, L84X, A106X, D108X, H123X, A142X, S146X,

D147X, E155X, I156X, and K157X in SEQ ID NO: 1, or a corresponding mutation or

mutations in another adenosine deaminase, where X indicates the presence of any amino acid

other than the corresponding amino acid in the wild-type adenosine deaminase. In some

embodiments, the adenosine deaminase comprises or consists of one, two, three, four, five,

six, seven, eight, nine, ten, eleven, twelve, thirteen, or fourteen mutations selected from

W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y,

E155V, I156F, and K157N in SEQ ID NO: 1, or a corresponding mutation or mutations in

another adenosine deaminase. In some embodiments, the adenosine deaminase comprises or

consists of a W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C,

D147Y, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or corresponding mutations

in another adenosine deaminase.

[0104] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen, or fourteen mutations

selected from W23X, H36X, P48X, R51X, L84X, A106X, D108X, H123X, S146X, D147X,

R152X, E155X, I156X, and K157X in SEQ ID NO: 1, or a corresponding mutation or

mutations in another adenosine deaminase, where X indicates the presence of any amino acid

other than the corresponding amino acid in the wild-type adenosine deaminase. In some

embodiments, the adenosine deaminase comprises or consists of one, two, three, four, five,

six, seven, eight, nine, ten, eleven, twelve, thirteen, or fourteen mutations selected from

W23R, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, R152P, E155V,

I156F, and K157N in SEQ ID NO: 1, or a corresponding mutation or mutations in another

adenosine deaminase. In some embodiments, the adenosine deaminse comprises or consists

of a W23R, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, R152P,



E155V, I156F, and K157N mutation in SEQ ID NO: 1, or corresponding mutations in

another adenosine deaminase.

[0105] In some embodiments, the adenosine deaminase comprises or consists of one, two,

three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen, fourteen, or fifteen

mutations selected from W23X, H36X, P48X, R51X, L84X, A106X, D108X, H123X,

A142X, S146X, D147X, R152X, E155X, I156X, and K157X in SEQ ID NO: 1, or a

corresponding mutation or mutations in another adenosine deaminase, where X indicates the

presence of any amino acid other than the corresponding amino acid in the wild-type

adenosine deaminase. In some embodiments, the adenosine deaminase comprises or consists

of one, two, three, four, five, six, seven, eight, nine, ten, eleven, twelve, thirteen, fourteen, or

fifteen mutations selected from W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y,

A142N, S146C, D147Y, R152P, E155V, I156F, and K157N in SEQ ID NO: 1, or a

corresponding mutation or mutations in another adenosine deaminase. In some

embodiments, the adenosine deaminase comprises or consists of a W23L, H36L, P48A,

R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y, R152P, E155V, I156F, and

K157N mutation in SEQ ID NO: 1, or corresponding mutations in another adenosine

deaminase.

[0106] In some embodiments, the adenosine deaminase comprises one or more of the

mutations provided in Figure 7 corresponding to SEQ ID NO: 1, or one or more of the

corresponding mutations in another deaminase. In some embodiments, the adenosine

deaminase comprises or consists of a variant of SEQ ID NO: 1 provided in Figure 7, or the

corresponding variant in another adenosine deaminse.

[0107] It should be appreciated that the adenosine deaminase (e.g., a first or second

adenosine deaminase) may comprise one or more of the mutations provided in any of the

adenosine deaminases (e.g., ecTadA adenosine deaminases) shown in Figure 7 . In some

embodiments, the adenosine deaminase comprises the combination of mutations of any of the

adenosine deaminases (e.g., ecTadA adenosine deaminases) shown in Figure 7 . For example,

the adenosine deaminase may comprise the mutations W23R, H36L, P48A, R51L, L84F,

A106V, D108N, H123Y, S146C, D147Y, R152P, E155V, I156F, and K157N (relative to

SEQ ID NO: 1), which is shown as ABE7.10 in Figure 7 . In some embodiments, the

adenosine deaminase may comprise the mutations H36L, R51L, L84F, A106V, D108N,

H123Y, S146C, D147Y, E155V, I156F, and K157N (relative to SEQ ID NO: 1). In some

embodiments, the adenosine deaminase comprises any of the following combination of



mutations relative to SEQ ID NO:l, where each mutation of a combination is separated by a

"_" and each combination of mutations is between parentheses: (A106V_D108N),

(R107C_D108N), (H8Y_D108N_S127S_D147Y_Q154H),

(H8Y_R24W_D108N_N127S_D147Y_E155V), (D108N_D147Y_E155V),

(H8Y_D108N_S127S), (H8Y_D108N_N127S_D147Y_Q154H),

(A106V_D108N_D147Y_E155V), (D108Q_D147Y_E155V), (D108M_D147Y_E155V),

(D108L_D147Y_E155V), (D108K_D147Y_E155V), (D108I_D147Y_E155V),

(D108F_D147Y_E155V), (A106V_D108N_D147Y), (A106V_D108M_D147Y_E155V),

(E59A_A106V_D108N_D147Y_E155V), (E59A cat

dead_A106V_D108N_D147Y_E155V),

(L84F_A106V_D108N_H123Y_D147Y_E155V_I156Y),

(L84F_A106V_D108N_H123Y_D147Y_E155V_I156F), (D103A_D014N),

(G22P_D 103A_D 104N), (G22P_D 103A_D 104N_S 138A), (D 103A_D 104N_S 138A),

(R26G_L84F_A106V_R107H_D108N_H123Y_A142N_A143D_D147Y_E155V_I156F),

(E25G_R26G_L84F_A106V_R107H_D108N_H123Y_A142N_A143D_D147Y_E155V_I15

6F),

(E25D_R26G_L84F_A106V_R107K_D108N_H123Y_A142N_A143G_D147Y_E155V_I15

6F), (R26Q_L84F_A106V_D108N_H123Y_A142N_D147Y_E155V_I156F),

(E25M_R26G_L84F_A106V_R107P_D108N_H123Y_A142N_A143D_D147Y_E155V_I15

6F), (R26C_L84F_A106V_R107H_D108N_H123Y_A142N_D147Y_E155V_I156F),

(L84F_A106V_D108N_H123Y_A142N_A143L_D147Y_E155V_I156F),

(R26G_L84F_A106V_D108N_H123Y_A142N_D147Y_E155V_I156F),

(E25A_R26G_L84F_A106V_R107N_D108N_H123Y_A142N_A143E_D147Y_E155V_I15

6F),

(R26G_L84F_A106V_R107H_D108N_H123Y_A142N_A143D_D147Y_E155V_I156F),

(A106V_D108N_A142N_D147Y_E155V),

(R26G_A106V_D108N_A142N_D147Y_E155V),

(E25D_R26G_A106V_R107K_D108N_A142N_A143G_D147Y_E155V),

(R26G_A106V_D108N_R107H_A142N_A143D_D147Y_E155V),

(E25D_R26G_A106V_D108N_A142N_D147Y_E155V),

(A106V_R107K_D108N_A142N_D147Y_E155V),

(A106V_D108N_A142N_A143G_D147Y_E155V),

(A106V_D108N_A142N_A143L_D147Y_E155V),

(H36L_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F _K157N),



(H36L_P48S_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F_K157N

),

(H36L_P48S_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_E155V_I156F

_K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_E155

V_I156F_K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_R152P

_E155V_I156F_K157N),

(N37T_P48T_M70L_L84F_A106V_D108N_H123Y_D147Y_I49V_E155V_I156F),

(N37S_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F_K161T),

(H36L_L84F_A106V_D108N_H123Y_D147Y_Q154H_E155V_I156F),

(N72S_L84F_A106V_D108N_H123Y_S146R_D147Y_E155V_I156F),

(H36L_P48L_L84F_A106V_D108N_H123Y_E134G_D147Y_E155V_I156F),

(H36L_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F_K157N),

(H36L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F),

(L84F_A106V_D108N_H123Y_S146R_D147Y_E155V_I156F_K161T),

(N37S_R51H_D77G_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F),

(R51L_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F_K157N),

(D24G_Q71R_L84F_H96L_A106V_D108N_H123Y_D147Y_E155V_I156F_K160E),

(H36L_G67V_L84F_A106V_D108N_H123Y_S146T_D147Y_E155V_I156F),

(Q71L_L84F_A106V_D108N_H123Y_L137M_A143E_D147Y_E155V_I156F),

(E25G_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F_Q159L),

(L84F_A91T_F104I_A106V_D108N_H123Y_D147Y_E155V_I156F),

(N72D_L84F_A106V_D108N_H123Y_G125A_D147Y_E155V_I156F),

(P48S_L84F_S97C_A106V_D108N_H123Y_D147Y_E155V_I156F),

(W23G_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F),

(D24G_P48L_Q71R_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F_Q159L),

(L84F_A106V_D108N_H123Y_A142N_D147Y_E155V_I156F),

(H36L_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_E155V_I156F

_K157N), (N37S_L84F_A106V_D108N_H123Y_A142N_D147Y_E155V_I156F_K161T),

(L84F_A106V_D108N_D147Y_E155V_I156F),

(R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F_K157N_K161T),

(L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F_K161T),

(L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F_K157N_K160E_K161T),



(L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F_K157N_K160E), (R74Q

L84F_A106V_D108N_H123Y_D147Y_E155V_I156F),

(R74A_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F),

(L84F_A106V_D108N_H123Y_D147Y_E155V_I156F),

(R74Q_L84F_A106V_D108N_H123Y_D147Y_E155V_I156F),

(L84F_R98Q_A106V_D108N_H123Y_D147Y_E155V_I156F),

(L84F_A106V_D108N_H123Y_R129Q_D147Y_E155V_I156F),

(P48S_L84F_A106V_D108N_H123Y_A142N_D147Y_E155V_I156F), (P48S_A142N),

(P48T_I49V_L84F_A106V_D108N_H123Y_A142N_D147Y_E155V_I156F_L157N),

(P48T_I49V_A142N),

(H36L_P48S_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F

_K157N),

(H36L_P48S_R51L_L84F_A106V_D108N_H123Y_S146C_A142N_D147Y_E155V_I156F

_K157N),

(H36L_P48T_I49V_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F

_K157N),

(H36L_P48T_I49V_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_E155V_

I156F _K157N),

(H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F

_K157N),

(H36L_P48A_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_E155V_I156F

_K157N),

(H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_A142N_D147Y_E155V_I156F

_K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F

_K157N),

(W23R_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_E155V_I156F

_K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146R_D147Y_E155V_I156F

_K161T),

(H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_R152H_E155V_I156F

_K157N),

(H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_R152P_E155V_I156F

_K157N),



(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_R152P_E155V

_I156F _K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_A142A_S146C_D147Y_E155

V_I156F _K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_A142A_S146C_D147Y_R152P

_E155V_I156F _K157N),

(W23L_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146R_D147Y_E155V_I156F

_K161T),

(W23R_H36L_P48A_R51L_L84F_A106V_D108N_H123Y_S146C_D147Y_R152P_E155V

_I156F _K157N),

(H36L_P48A_R51L_L84F_A106V_D108N_H123Y_A142N_S146C_D147Y_R152P_E155

V_I156F _K157N).

[0108] In some embodiments, the adenosine deaminase comprises an amino acid sequence

that is at least 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95, 98%, 99%, or 99.5% identical to

any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684, 802-805, or any of the adenosine

deaminases provided herein. In some embodiments, the adenosine deaminase comprises an

amino acid sequence that has 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,

46, 47, 48, 49, 50 or more mutations compared to any one of the amino acid sequences set

forth in SEQ ID NOs: 1, 64-84, 420-437, 672-684, 802-805, or any of the adenosine

deaminases provided herein. In some embodiments, the adenosine deaminase comprises an

amino acid sequence that has at least 5, at least 10, at least 15, at least 20, at least 25, at least

30, at least 35, at least 40, at least 45, at least 50, at least 60, at least 70, at least 80, at least

90, at least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160,

or at least 166, identical contiguous amino acid residues as compared to any one of the amino

acid sequences set forth in SEQ ID NOs: 1, 64-84, 420-437, 672-684, 802-805, or any of the

adenosine deaminases provided herein. In some embodiments, the adenosine deaminase

comprises the amino acid sequence of any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684,

802-805, or any of the adenosine deaminases provided herein. In some embodiments, the

adenosine deaminase consists of the amino acid sequence of any one of SEQ ID NOs: 1, 64-

84, 420-437, 672-684, 802-805, or any of the adenosine deaminases provided herein. The

ecTadA sequences provided below are from ecTadA (SEQ ID NO: 1), absent the N-terminal

methionine (M). The saTadA sequences provided below are from saTadA (SEQ DI NO: 8),

absent the N-terminal methionine (M). For clarity, the amino acid numbering scheme used to



identify the various amino acid mutations is derived from ecTadA (SEQ ID NO: 1) for E. coli

TadA and saTadA (SEQ ID NO: 8) for S. aureus TadA. Amino acid mutations, relative to

SEQ ID NO: 1 (ecTadA) or SEQ DI NO: 8 (saTadA), are indicated by underlining.

ecTadA

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 64)

ecTadA (D108N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARNAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 65)

ecTadA (D108G)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARGAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 66)

ecTadA (D108V)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARVAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 67)

ecTadA (H8Y, D108N, and N127S)

SEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARNAKTG

AAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 68)



ecTadA (H8Y, D108N, N127S, and E155D)

SEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARNAKTG

AAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQDIKAQKKAQSSTD

(SEQ ID NO: 69)

ecTadA (H8Y, D108N, N127S, and E155G)

SEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARNAKTG

AAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQGIKAQKKAQSSTD

(SEQ ID NO: 70)

ecTadA (H8Y, D108N, N127S, and E155V)

SEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARNAKTG

AAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQVIKAQKKAQSSTD

(SEQ ID NO: 71)

ecTadA (A106V, D108N, D147Y, and E155V)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSYFFRMRRQVIKAQKKAQSSTD

(SEQ ID NO: 72)

ecTadA (L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 73)

ecTadA (S2A, I49F, A106V, D108N, D147Y, E155V)

AEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPFGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGVRNAKTG



AAGSLMDVLHHPGMNHRVEITEGILADECAALLSYFFRMRRQVIKAQKKAQSSTD

(SEQ ID NO: 74)

ecTadA (H8Y, A106T, D108N, N127S, K160S)

SEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGTRNAKTG

AAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQEIKAQSKAQSSTD

(SEQ ID NO: 75)

ecTadA (R26G, L84F, A106V, R107H, D108N, H123Y, A142N, A143D, D147Y, E155V,

I156F)

SEVEFSHEYWMRHALTLAKRAWDEGEVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVHNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECNDLLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 76)

ecTadA (E25G, R26G, L84F, A106V, R107H, D108N, H123Y, A142N, A143D, D147Y,

E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDGGEVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVHNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECNDLLSYFFRMRRQVFKAQKKAQSSTP

(SEQ IP NO: 77)

ecTadA (E25P, R26G, L84F, A106V, R107K, P108N, H123Y, A142N, A143G, P147Y,

E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWPPGEVPVGAVLVHNNRVIGEGWNRPIGRHPPTA

HAEIMALRQGGLVMQNYRLIPATLYVTFEPCVMCAGAMIHSRIGRVVFGVKNAKTG

AAGSLMP VLHYPGMNHRVEITEGILAPECNGLLS YFFRMRRQVFKAQKKAQSSTP

(SEQ IP NO: 78)

ecTadA (R26Q, L84F, A106V, P108N, H123Y, A142N, P147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWPEQEVPVGAVLVHNNRVIGEGWNRPIGRHPPTA

HAEIMALRQGGLVMQNYRLIPATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG



AAGSLMDVLHYPGMNHRVEITEGILADECNALLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 79)

ecTadA (E25M, R26G, L84F, A106V, R107P, D108N, H123Y, A142N, A143D, D147Y,

E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDMGEVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVPNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECNDLLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 80)

ecTadA (R26C, L84F, A106V, R107H, D108N, H123Y, A142N , D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDECEVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVHNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECNALLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 81)

ecTadA (L84F, A106V , P108N, H123Y, A142N, A143L, P147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWPEREVPVGAVLVHNNRVIGEGWNRPIGRHPPTA

HAEIMALRQGGLVMQNYRLIPATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMPVLHYPGMNHRVEITEGILAPECNLLLS YFFRMRRQVFKAQKKAQSSTP

(SEQ IP NO: 82)

ecTadA (R26G, L84F, A106V, P108N, H123Y, A142N , P147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWPEGEVPVGAVLVHNNRVIGEGWNRPIGRHPPTA

HAEIMALRQGGLVMQNYRLIPATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMP VLHYPGMNHRVEITEGILAPECN ALLSYFFRMRRQVFKAQKKAQSSTP

(SEQ IP NO: 83)

ecTadA (E25A, R26G, L84F, A106V, R107N, P108N, H123Y, A142N, A143E, P147Y,

E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWPAGEVPVGAVLVHNNRVIGEGWNRPIGRHPPTA

HAEIMALRQGGLVMQNYRLIPATLYVTFEPCVMCAGAMIHSRIGRVVFGVNNAKTG

AAGSLMPVLHYPGMNHRVEITEGILAPECNELLS YFFRMRRQVFKAQKKAQSSTP

(SEQ IP NO: 420)



ecTadA (L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 421)

ecTadA (N37T, P48T, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHTNRVIGEGWNRTIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 422)

ecTadA (N37S, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHSNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 423)

ecTadA (H36L, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 424)

ecTadA (L84F, A106V, D108N, H123Y, S146R, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLR YFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 425)

ecTadA (H36L, P48L, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)



SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRLIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 426)

ecTadA (H36L, L84F, A106V, D108N, H123Y, D147Y, E155V, K57N, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFNAQKKAQSSTP

(SEQ ID NO: 427)

ecTadA (H36L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLC YFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 428)

ecTadA (L84F, A106V, D108N, H123Y, S146R, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLR YFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 429)

ecTadA (N37S, R51H, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHSNRVIGEGWNRPIGHHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTD

(SEQ ID NO: 430)

ecTadA (R51L, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGLHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFNAQKKAQSSTP

(SEQ ID NO: 431)



ecTadA (R51H, L84F, A106V, D108N, H123Y, D147Y, E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGHHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFNAQKKAQSSTP

(SEQ ID NO: 432)

ecTadA (P48S)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRSIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 672)

ecTadA (P48T)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRTIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 673)

ecTadA (P48A)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRAIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 674)

ecTadA (A142N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECNALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 675)

ecTadA (W23R)

SEVEFSHEYWMRHALTLAKRARDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG



AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 676)

ecTadA (W23L)

SEVEFSHEYWMRHALTLAKRALDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTAH

AEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTGA

AGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKAQKKAQSSTD

(SEQ ID NO: 677)

ecTadA (R152P)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMPRQEIKAQKKAQSSTD

(SEQ ID NO: 678)

ecTadA (R152H)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFGARDAKTG

AAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMHRQEIKAQKKAQSSTD

(SEQ ID NO: 679)

ecTadA (L84F, A106V, D108N, H123Y, D147Y, E155V, I156F)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTP

(SEQ ID NO: 680)

ecTadA (H36L, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F,

K157N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRPIGLHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLC YFFRMRRQVFNAQKKAQSSTD

(SEQ ID NO: 681)



ecTadA (H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F,

K157N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRSIGLHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTD

(SEQ ID NO: 682)

ecTadA (H36L, P48A, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y, E155V, I156F

, K157N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTD

(SEQ ID NO: 683)

ecTadA (W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y,

R152P, E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH

AEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGA

AGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD

(SEQ ID NO: 684)

ecTadA (H36L, P48S, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y,

E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRSIGLHDPTA

HAEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTG

AAGSLMDVLHYPGMNHRVEITEGILADECNALLCYFFRMRR QVFNAQKKAQSSTD

(SEQ ID NO: 802)

ecTadA (W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C,

D147Y, E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH

AEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGA

AGSLMDVLHYPGMNHRVEITEGILADECNALLCYFFRMRR QVFNAQKKAQSSTD

(SEQ ID NO: 803)



ecTadA (W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C,

D147Y, R152P, E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH

AEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGA

AGSLMDVLHYPGMNHRVEITEGILADECNALLCYFFRMPRQVFNAQKKAQSSTD

(SEQ ID NO: 804)

ecTadA (W23R, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y,

R152P, E155V, I156F, K157N)

SEVEFSHEYWMRHALTLAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAH

AEIMALRQGGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGA

AGSLMDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTD

(SEQ ID NO: 805)

Cas9 Domains of Nucleobase Editors

[0109] In some aspects, a nucleic acid programmable DNA binding protein (napDNAbp) is a

Cas9 domain. Non-limiting, exemplary Cas9 domains are provided herein. The Cas9

domain may be a nuclease active Cas9 domain, a nuclease inactive Cas9 domain, or a Cas9

nickase. In some embodiments, the Cas9 domain is a nuclease active domain. For example,

the Cas9 domain may be a Cas9 domain that cuts both strands of a duplexed nucleic acid

{e.g., both strands of a duplexed DNA molecule). In some embodiments, the Cas9 domain

comprises any one of the amino acid sequences as set forth in SEQ ID NOs: 108-357. In

some embodiments the Cas9 domain comprises an amino acid sequence that is at least 60%,

at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%,

at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to any one of

the amino acid sequences set forth in SEQ ID NOs: 108-357. In some embodiments, the

Cas9 domain comprises an amino acid sequence that has 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,

38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50 or more or more mutations compared to any

one of the amino acid sequences set forth in SEQ ID NOs: 108-357. In some embodiments,

the Cas9 domain comprises an amino acid sequence that has at least 10, at least 15, at least

20, at least 30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least

100, at least 150, at least 200, at least 250, at least 300, at least 350, at least 400, at least 500,



at least 600, at least 700, at least 800, at least 900, at least 1000, at least 1100, or at least 1200

identical contiguous amino acid residues as compared to any one of the amino acid sequences

set forth in SEQ ID NOs: 108-357.

[0110] In some embodiments, the Cas9 domain is a nuclease-inactive Cas9 domain (dCas9).

For example, the dCas9 domain may bind to a duplexed nucleic acid molecule (e.g., via a

gRNA molecule) without cleaving either strand of the duplexed nucleic acid molecule. In

some embodiments, the nuclease-inactive dCas9 domain comprises a D10X mutation and a

H840X mutation of the amino acid sequence set forth in SEQ ID NO: 52, or a corresponding

mutation in any of the amino acid sequences provided in SEQ ID NOs: 108-357, wherein X

is any amino acid change. In some embodiments, the nuclease-inactive dCas9 domain

comprises a D10A mutation and a H840A mutation of the amino acid sequence set forth in

SEQ ID NO: 52, or a corresponding mutation in any of the amino acid sequences provided in

SEQ ID NOs: 108-357. As one example, a nuclease-inactive Cas9 domain comprises the

amino acid sequence set forth in SEQ ID NO: 54 (Cloning vector pPlatTET-gRNA2,

Accession No. BAV54124).

MDKKYS IGLAIGTNS VGWAVITDEYKVPSKKFKVLGNTDRHS IKKNLIGALLFDS GE

TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE

RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG

DLNPDNS DVDKLFIQLVQT YNQLFEENPIN ASGVDAKAILSARLSKSRRLENLIAQLP

GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA

DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE

KYKEIFFDQS KNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR

TFDNGSIPHQIHLGELH AILRRQEDF YPFLKDNREKIEKILTFRIP YYVGPLARGNS RFA

WMTRKS EETITPWNFEE VVDKGASAQSFIERMTNFDKNLPNEK VLPKHS LLYEYFTV

YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD

SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQVS GQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK



ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKS KKLKSVKELLGITIMERS SFEKNPIDFLE AKGYKEVKKDLIIKLPKYS LFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

54; see, e.g., Qi et a , "Repurposing CRISPR as an RNA-guided platform for sequence-

specific control of gene expression." Cell. 2013; 152(5): 1173-83, the entire contents of which

are incorporated herein by reference).

[0111] Additional suitable nuclease-inactive dCas9 domains will be apparent to those of skill

in the art based on this disclosure and knowledge in the field, and are within the scope of this

disclosure. Such additional exemplary suitable nuclease-inactive Cas9 domains include, but

are not limited to, D10A/H840A, D10A/D839A/H840A, and D10A/D839A/H840A/N863A

mutant domains (See, e.g., Prashant et a , CAS9 transcriptional activators for target

specificity screening and paired nickases for cooperative genome engineering. Nature

Biotechnology . 2013; 31(9): 833-838, the entire contents of which are incorporated herein by

reference). In some embodiments the dCas9 domain comprises an amino acid sequence that

is at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least

90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5%

identical to any one of the dCas9 domains provided herein. In some embodiments, the Cas9

domain comprises an amino acid sequences that has 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14,

15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39,

40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, or more mutations compared to any one of the

amino acid sequences set forth in SEQ ID NOs: 108-357. In some embodiments, the Cas9

domain comprises an amino acid sequence that has at least 10, at least 15, at least 20, at least

30, at least 40, at least 50, at least 60, at least 70, at least 80, at least 90, at least 100, at least

150, at least 200, at least 250, at least 300, at least 350, at least 400, at least 500, at least 600,

at least 700, at least 800, at least 900, at least 1000, at least 1100, or at least 1200 identical

contiguous amino acid residues as compared to any one of the amino acid sequences set forth

in SEQ ID NOs: 108-357.

[0112] In some embodiments, the Cas9 domain is a Cas9 nickase. The Cas9 nickase may be

a Cas9 protein that is capable of cleaving only one strand of a duplexed nucleic acid molecule

{e.g., a duplexed DNA molecule). In some embodiments the Cas9 nickase cleaves the target

strand of a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand



that is base paired to (complementary to) a gRNA (e.g., an sgRNA) that is bound to the Cas9.

In some embodiments, a Cas9 nickase comprises a D10A mutation and has a histidine at

position 840 of SEQ ID NO: 52, or a mutation in any of SEQ ID NOs: 108-357. As one

example, a Cas9 nickase may comprise the amino acid sequence as set forth in SEQ ID NO:

35. In some embodiments, the Cas9 nickase cleaves the non-target, non-base-edited strand of

a duplexed nucleic acid molecule, meaning that the Cas9 nickase cleaves the strand that is not

base paired to a gRNA (e.g., an sgRNA) that is bound to the Cas9. In some embodiments, a

Cas9 nickase comprises an H840A mutation and has an aspartic acid residue at position 10 of

SEQ ID NO: 52, or a corresponding mutation in any of SEQ ID NOs: 108-357. In some

embodiments the Cas9 nickase comprises an amino acid sequence that is at least 60%, at least

65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 95%, at least

96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to any one of the

Cas9 nickases provided herein. Additional suitable Cas9 nickases will be apparent to those of

skill in the art based on this disclosure and knowledge in the field, and are within the scope of

this disclosure.

Cas9 Domains with Reduced PAM Exclusivity

[0113] Some aspects of the disclosure provide Cas9 domains that have different PAM

specificities. Typically, Cas9 proteins, such as Cas9 from S. pyogenes (spCas9), require a

canonical NGG PAM sequence to bind a particular nucleic acid region, where the "N" in

"NGG" is adenine (A), thymine (T), guanine (G), or cytosine (C), and the G is guanine. This

may limit the ability to edit desired bases within a genome. In some embodiments, the base

editing fusion proteins provided herein need to be positioned at a precise location, for

example, where a target base is within a 4 base region (e.g., a "deamination window"), which

is approximately 15 bases upstream of the PAM. See Komor, A.C., et a , "Programmable

editing of a target base in genomic DNA without double-stranded DNA cleavage" Nature

533, 420-424 (2016), the entire contents of which are hereby incorporated by reference. In

some embodiments, the deamination window is within a 2, 3, 4, 5, 6, 7, 8, 9, or 10 base

region. In some embodiments, the deamination window is 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 bases upstream of the PAM. Accordingly, in some

embodiments, any of the fusion proteins provided herein may contain a Cas9 domain that is

capable of binding a nucleotide sequence that does not contain a canonical (e.g., NGG) PAM

sequence. Cas9 domains that bind to non-canonical PAM sequences have been described in

the art and would be apparent to the skilled artisan. For example, Cas9 domains that bind



non-canonical PAM sequences have been described in Kleinstiver, B. P., et a , "Engineered

CRISPR-Cas9 nucleases with altered PAM specificities" Nature 523, 481-485 (2015); and

Kleinstiver, B. P., et a , "Broadening the targeting range of Staphylococcus aureus CRISPR-

Cas9 by modifying PAM recognition" Nature Biotechnology 33, 1293-1298 (2015); the

entire contents of each are hereby incorporated by reference.

[0114] In some embodiments, the Cas9 domain is a Cas9 domain from Staphylococcus

aureus (SaCas9). In some embodiments, the SaCas9 domain is a nuclease active SaCas9, a

nuclease inactive SaCas9 (SaCas9d), or a SaCas9 nickase (SaCas9n). In some embodiments,

the SaCas9 comprises the amino acid sequence SEQ ID NO: 55. In some embodiments, the

SaCas9 comprises a N579X mutation of SEQ ID NO: 55, or a corresponding mutation in any

of the amino acid sequences provided in SEQ ID NOs: 108-357, wherein X is any amino acid

except for N. In some embodiments, the SaCas9 comprises a N579A mutation of SEQ ID

NO: 55, or a corresponding mutation in any of the amino acid sequences provided in SEQ ID

NOs: 108-357.

[0115] In some embodiments, the SaCas9 domain, the SaCas9d domain, or the SaCas9n

domain can bind to a nucleic acid sequence having a non-canonical PAM. In some

embodiments, the SaCas9 domain, the SaCas9d domain, or the SaCas9n domain can bind to a

nucleic acid sequence having a NNGRRT PAM sequence, where N = A, T, C, or G, and R =

A or G. In some embodiments, the SaCas9 domain comprises one or more of E781X,

N967X, and R1014X mutation of SEQ ID NO: 55, or a corresponding mutation in any of the

amino acid sequences provided in SEQ ID NOs: 108-357, wherein X is any amino acid. In

some embodiments, the SaCas9 domain comprises one or more of a E781K, a N967K, and a

R1014H mutation of SEQ ID NO: 55, or one or more corresponding mutation in any of the

amino acid sequences provided in SEQ ID NOs: 108-357. In some embodiments, the SaCas9

domain comprises a E781K, a N967K, or a R1014H mutation of SEQ ID NO: 55, or

corresponding mutations in any of the amino acid sequences provided in SEQ ID NOs: 108-

357.

[0116] In some embodiments, the Cas9 domain of any of the fusion proteins provided herein

comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at least

75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least

98%, at least 99%, or at least 99.5% identical to any one of SEQ ID NOs: 55-57. In some

embodiments, the Cas9 domain of any of the fusion proteins provided herein comprises the

amino acid sequence of any one of SEQ ID NOs: 55-57. In some embodiments, the Cas9



domain of any of the fusion proteins provided herein consists of the amino acid sequence of

any one of SEQ ID NOs: 55-57.

Exemplary SaCas9 sequence

[0117] KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGAR

RLKRRRRHRIQRVKKLLFD YNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHL

AKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSIN

RFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDI

KEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKF

QIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKE

IIENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAIN

LILDELWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVI

NAIIKKYGLPNDIIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYL

IEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEE

NSKKGNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRIS KTKKEYLLEERDINRFSVQ

KDFINRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKER

NKGYKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEY

KEIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGL

YDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGN

YLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLD

NGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKING

ELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILG

NLYEVKSKKHPQIIKKG (SEQ ID NO: 55)

[0118] Residue N579 of SEQ ID NO: 55, which is underlined and in bold, may be mutated

(e.g., to a A579) to yield a SaCas9 nickase.

Exemplary SaCas9n sequence

[0119] KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGAR

RLKRRRRHRIQRVKKLLFD YNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHL

AKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSIN

RFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDI

KEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKF

QIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKE

IIENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAIN



LILDELWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVI

NAIIKKYGLPNDIIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYL

IEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEE

ASKKGNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRIS KTKKEYLLEERDINRFSVQ

KDFINRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKER

NKGYKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEY

KEIFITPHQIKHIKDFKDYKYSHRVDKKPNRELINDTLYSTRKDDKGNTLIVNNLNGL

YDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGN

YLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLD

NGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFYNNDLIKING

ELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPPRIIKTIASKTQSIKKYSTDILG

NLYEVKSKKHPQIIKKG (SEQ ID NO: 56).

[0120] Residue A579 of SEQ ID NO: 56, which can be mutated from N579 of SEQ ID NO:

55 to yield a SaCas9 nickase, is underlined and in bold.

Exemplary SaKKH Cas9

[0121] KRNYILGLDIGITSVGYGIIDYETRDVIDAGVRLFKEANVENNEGRRSKRGAR

RLKRRRRHRIQRVKKLLFD YNLLTDHSELSGINPYEARVKGLSQKLSEEEFSAALLHL

AKRRGVHNVNEVEEDTGNELSTKEQISRNSKALEEKYVAELQLERLKKDGEVRGSIN

RFKTSDYVKEAKQLLKVQKAYHQLDQSFIDTYIDLLETRRTYYEGPGEGSPFGWKDI

KEWYEMLMGHCTYFPEELRSVKYAYNADLYNALNDLNNLVITRDENEKLEYYEKF

QIIENVFKQKKKPTLKQIAKEILVNEEDIKGYRVTSTGKPEFTNLKVYHDIKDITARKE

IIENAELLDQIAKILTIYQSSEDIQEELTNLNSELTQEEIEQISNLKGYTGTHNLSLKAIN

LILDELWHTNDNQIAIFNRLKLVPKKVDLSQQKEIPTTLVDDFILSPVVKRSFIQSIKVI

NAIIKKYGLPNDIIIELAREKNSKDAQKMINEMQKRNRQTNERIEEIIRTTGKENAKYL

IEKIKLHDMQEGKCLYSLEAIPLEDLLNNPFNYEVDHIIPRSVSFDNSFNNKVLVKQEE

ASKKGNRTPFQYLSSSDSKISYETFKKHILNLAKGKGRIS KTKKEYLLEERDINRFSVQ

KDFINRNLVDTRYATRGLMNLLRSYFRVNNLDVKVKSINGGFTSFLRRKWKFKKER

NKGYKHHAEDALIIANADFIFKEWKKLDKAKKVMENQMFEEKQAESMPEIETEQEY

KEIFITPHQIKHIKDFKDYKYSHRVDKKPNR^LINDTLYSTRKDDKGNTLIVNNLNGL

YDKDNDKLKKLINKSPEKLLMYHHDPQTYQKLKLIMEQYGDEKNPLYKYYEETGN

YLTKYSKKDNGPVIKKIKYYGNKLNAHLDITDDYPNSRNKVVKLSLKPYRFDVYLD

NGVYKFVTVKNLDVIKKENYYEVNSKCYEEAKKLKKISNQAEFIASFY^NDLIKING



ELYRVIGVNNDLLNRIEVNMIDITYREYLENMNDKRPP HIIKTIASKTQSIKKYSTDIL

GNLYEVKSKKHPQIIKKG (SEQ ID NO: 57).

[0122] Residue A579 of SEQ ID NO: 57, which can be mutated from N579 of SEQ ID NO:

55 to yield a SaCas9 nickase, is underlined and in bold. Residues K781, K967, and H1014 of

SEQ ID NO: 57, which can be mutated from E781, N967, and R1014 of SEQ ID NO: 55 to

yield a SaKKH Cas9 are underlined and in italics.

[0123] In some embodiments, the Cas9 domain is a Cas9 domain from Streptococcus

pyogenes (SpCas9). In some embodiments, the SpCas9 domain is a nuclease active SpCas9,

a nuclease inactive SpCas9 (SpCas9d), or a SpCas9 nickase (SpCas9n). In some

embodiments, the SpCas9 comprises the amino acid sequence SEQ ID NO: 58. In some

embodiments, the SpCas9 comprises a D9X mutation of SEQ ID NO: 58, or a corresponding

mutation in any of the amino acid sequences provided in SEQ ID NOs: 108-357, wherein X

is any amino acid except for D. In some embodiments, the SpCas9 comprises a D9A

mutation of SEQ ID NO: 58, or a corresponding mutation in any of the amino acid sequences

provided in SEQ ID NOs: 108-357. In some embodiments, the SpCas9 domain, the SpCas9d

domain, or the SpCas9n domain can bind to a nucleic acid sequence having a non-canonical

PAM. In some embodiments, the SpCas9 domain, the SpCas9d domain, or the SpCas9n

domain can bind to a nucleic acid sequence having a NGG, a NGA, or a NGCG PAM

sequence. In some embodiments, the SpCas9 domain comprises one or more of a D l 134X, a

R1334X, and a T1336X mutation of SEQ ID NO: 58, or a corresponding mutation in any of

the amino acid sequences provided in SEQ ID NOs: 108-35, wherein X is any amino acid. In

some embodiments, the SpCas9 domain comprises one or more of a D l 134E, R1334Q, and

T1336R mutation of SEQ ID NO: 58, or a corresponding mutation in any of the amino acid

sequences provided in SEQ ID NOs: 108-35. In some embodiments, the SpCas9 domain

comprises a D l 134E, a R1334Q, and a T1336R mutation of SEQ ID NO: 58, or

corresponding mutations in any of the amino acid sequences provided in SEQ ID NOs: 108-

35. In some embodiments, the SpCas9 domain comprises one or more of a D l 134X, a

R1334X, and a T1336X mutation of SEQ ID NO: 58, or a corresponding mutation in any of

the amino acid sequences provided in SEQ ID NOs: 108-35, wherein X is any amino acid. In

some embodiments, the SpCas9 domain comprises one or more of a D l 134V, a R1334Q, and

a T1336R mutation of SEQ ID NO: 58, or a corresponding mutation in any of the amino acid

sequences provided in SEQ ID NOs: 108-35. In some embodiments, the SpCas9 domain

comprises a D l 134V, a R1334Q, and a T1336R mutation of SEQ ID NO: 58, or

corresponding mutations in any of the amino acid sequences provided in SEQ ID NOs: 108-



35. In some embodiments, the SpCas9 domain comprises one or more of a Dl 134X, a

G1217X, a R1334X, and a T1336X mutation of SEQ ID NO: 58, or a corresponding mutation

in any of the amino acid sequences provided in SEQ ID NOs: 108-35, wherein X is any

amino acid. In some embodiments, the SpCas9 domain comprises one or more of a Dl 134V,

a G1217R, a R1334Q, and a T1336R mutation of SEQ ID NO: 58, or a corresponding

mutation in any of the amino acid sequences provided in SEQ ID NOs: 108-35. In some

embodiments, the SpCas9 domain comprises a Dl 134V, a G1217R, a R1334Q, and a

T1336R mutation of SEQ ID NO: 58, or corresponding mutations in any of the amino acid

sequences provided in SEQ ID NOs: 108-35.

[0124] In some embodiments, the Cas9 domain of any of the fusion proteins provided herein

comprises an amino acid sequence that is at least 60%, at least 65%, at least 70%, at least

75%, at least 80%, at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least

98%, at least 99%, or at least 99.5% identical to any one of SEQ ID NOs: 58-62. In some

embodiments, the Cas9 domain of any of the fusion proteins provided herein comprises the

amino acid sequence of any one of SEQ ID NOs: 58-62. In some embodiments, the Cas9

domain of any of the fusion proteins provided herein consists of the amino acid sequence of

any one of SEQ ID NOs: 58-62.

Exemplary SpCas9

DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQSKNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQVS GQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK



NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

58)

Exemplary SpCas9n

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV

AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ



HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

59)

Exemplary SpEQR Cas9

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQS KNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQVS GQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTE VQTGGFS KESILPKRNS DKLIARKKDWDPKKYGGFES PTVAYSVLVV

AKVEKGKS KKLKSVKELLGITIMERS SFEKNPIDFLE AKGYKEVKKDLIIKLPKYS LFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

60)

[0125] Residues El 134, Q1334, and R1336 of SEQ ID NO: 60, which can be mutated from

Dl 134, R1334, and T1336 of SEQ ID NO: 58 to yield a SpEQR Cas9, are underlined and in

bold.



Exemplary SpVQR Cas9

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL

NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQS KNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQVS GQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVV

AKVEKGKS KKLKSVKELLGITIMERS SFEKNPIDFLE AKGYKEVKKDLIIKLPKYS LFE

LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKQYRSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID NO:

61)

[0126] Residues VI 134, Q1334, and R1336 of SEQ ID NO: 61, which can be mutated from

Dl 134, R1334, and T1336 of SEQ ID NO: 58 to yield a SpVQR Cas9, are underlined and in

bold.

Exemplary SpVRER Cas9

DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETA

EATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERH

PIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDL



NPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGE

KKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADL

FLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKY

KEIFFDQS KNGYAGYIDGGAS QEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTF

DNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAW

MTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVY

NELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDS

VEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL

KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN

FMQLIHDDS LTFKEDIQKAQVS GQGDSLHEHIANLAGSPAIKKGILQT VKVVDELVK

VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL

QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK

NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK

RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK

ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM

PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFVSPTVAYSVLVV

AKVEKGKS KKLKSVKELLGITIMERS SFEKNPIDFLE AKGYKEVKKDLIIKLPKYS LFE

LENGRKRMLASARELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ

HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA

PAAFKYFDTTIDRKEYRSTKEVLDATLIHQSrrGLYETRIDLSQLGGD(SEQ ID NO:

62)

[0127] Residues VI 134, R1217, Q1334, and R1336 of SEQ ID NO: 62, which can be

mutated from D1134, G1217, R1334, and T1336 of SEQ ID NO: 58 to yield a SpVRER

Cas9, are underlined and in bold.

High fidelity Cas9 domains

[0128] Some aspects of the disclosure provide high fidelity Cas9 domains of the nucleobase

editors provided herein. In some embodiments, high fidelity Cas9 domains are engineered

Cas9 domains comprising one or more mutations that decrease electrostatic interactions

between the Cas9 domain and the sugar-phosphate backbone of DNA, as compared to a

corresponding wild-type Cas9 domain. Without wishing to be bound by any particular

theory, high fidelity Cas9 domains that have decreased electrostatic interactions with the

sugar-phosphate backbone of DNA may have less off-target effects. In some embodiments,



the Cas9 domain (e.g., a wild type Cas9 domain) comprises one or more mutations that

decreases the association between the Cas9 domain and the sugar-phosphate backbone of

DNA. In some embodiments, a Cas9 domain comprises one or more mutations that decreases

the association between the Cas9 domain and the sugar-phosphate backbone of DNA by at

least 1%, at least 2%, at least 3%, at least 4%, at least 5%, at leastl0%, at least 15%, at least

20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least

55%, at least 60%, at least 65%, at least 70%, or more.

[0129] In some embodiments, any of the Cas9 fusion proteins provided herein comprise one

or more of N497X, R661X, Q695X, and/or Q926X mutation of the amino acid sequence

provided in SEQ ID NO: 52, or a corresponding mutation in any of the amino acid sequences

provided in SEQ ID NOs: 108-357, wherein X is any amino acid. In some embodiments, any

of the Cas9 fusion proteins provided herein comprise one or more of N497A, R661A,

Q695A, and/or Q926A mutation of the amino acid sequence provided in SEQ ID NO: 52, or

a corresponding mutation in any of the amino acid sequences provided in SEQ ID NOs: 108-

357. In some embodiments, the Cas9 domain comprises a D10A mutation of the amino acid

sequence provided in SEQ ID NO: 52, or a corresponding mutation in any of the amino acid

sequences provided in SEQ ID NOs: 108-357. In some embodiments, the Cas9 domain (e.g.,

of any of the fusion proteins provided herein) comprises the amino acid sequence as set forth

in SEQ ID NO: 62. Cas9 domains with high fidelity are known in the art and would be

apparent to the skilled artisan. For example, Cas9 domains with high fidelity have been

described in Kleinstiver, B.P., et al. "High-fidelity CRISPR-Cas9 nucleases with no

detectable genome-wide off-target effects." Nature 529, 490-495 (2016); and Slaymaker,

I.M., et al. "Rationally engineered Cas9 nucleases with improved specificity." Science 351,

84-88 (2015); the entire contents of each are incorporated herein by reference.

[0130] It should be appreciated that any of the base editors provided herein, for example, any

of the adenosine deaminase base editors provided herein, may be converted into high fidelity

base editors by modifying the Cas9 domain as described herein to generate high fidelity base

editors, for example, a high fidelity adenosine base editor. In some embodiments, the high

fidelity Cas9 domain is a dCas9 domain. In some embodiments, the high fidelity Cas9

domain is a nCas9 domain.

High Fidelity Cas9 domain where mutations relative to Cas9 of SEQ ID NO: 10 are

shown in bold and underlines



[0131] DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFD

SGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDK

KHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFL

IEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQ

LPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQ

YADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQL

PEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRK

QRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNS

RFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTAFDKNLPNEKVLPKHSLLYEY

FTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIE

CFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIE

ERLKTYAHLFDDKVMKQLKRRRYTGWGALSRKLINGIRDKQSGKTILDFLKSDGFA

NRNFMALIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDE

LVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVEN

TQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTR

SDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKA

GFIKRQLVETRAITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQF

YKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQ

EIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRK

VLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYS

VLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQ

LFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLT

NLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGD (SEQ ID

NO: 63)

Nucleic acidprogrammable DNA binding proteins

[0132] Some aspects of the disclosure provide nucleic acid programmable DNA binding

proteins, which may be used to guide a protein, such as a base editor, to a specific nucleic

acid {e.g., DNA or RNA) sequence. Nucleic acid programmable DNA binding proteins

include, without limitation, Cas9 {e.g., dCas9 and nCas9), CasX, CasY, Cpfl, C2cl, C2c2,

C2C3, and Argonaute. One example of an nucleic acid programmable DNA-binding protein

that has different PAM specificity than Cas9 is Clustered Regularly Interspaced Short

Palindromic Repeats from Prevotella and Francisella 1 (Cpfl). Similar to Cas9, Cpfl is also



a class 2 CRISPR effector. It has been shown that Cpflmediates robust DNA interference

with features distinct from Cas9. Cpfl is a single RNA-guided endonuclease lacking

tracrRNA, and it utilizes a T-rich protospacer-adjacent motif (TTN, TTTN, or YTN).

Moreover, Cpfl cleaves DNA via a staggered DNA double-stranded break. Out of 16 Cpfl-

family proteins, two enzymes from Acidaminococcus and Lachnospiraceae are shown to

have efficient genome-editing activity in human cells. Cpfl proteins are known in the art and

have been described previously, for example Yamano et a , "Crystal structure of Cpfl in

complex with guide RNA and target DNA." Cell (165) 2016, p . 949-962; the entire contents

of which is hereby incorporated by reference.

[0133] In some embodiments, the nucleic acid programmable DNA binding protein

(napDNAbp) is a single effector of a microbial CRISPR-Cas system. Single effectors of

microbial CRISPR-Cas systems include, without limitation, Cas9, Cpfl, C2cl, C2c2, and

C2c3. Typically, microbial CRISPR-Cas systems are divided into Class 1 and Class 2

systems. Class 1 systems have multisubunit effector complexes, while Class 2 systems have a

single protein effector. For example, Cas9 and Cpfl are Class 2 effectors. In addition to Cas9

and Cpfl, three distinct Class 2 CRISPR-Cas systems (C2cl, C2c2, and C2c3) have been

described by Shmakov et al., "Discovery and Functional Characterization of Diverse Class 2

CRISPR Cas Systems", Mol. Cell, 2015 Nov 5; 60(3): 385-397, the entire contents of which

is hereby incorporated by reference.

Fusion proteins comprising a nuclease programmable DNA binding protein and an

adenosine deaminase

[0134] Some aspects of the disclosure provide fusion proteins comprising a nucleic acid

programmable DNA binding protein (napDNAbp) and an adenosine deaminase. In some

embodiments, any of the fusion proteins provided herein are base editors. In some

embodiments, the napDNAbp is a Cas9 domain, a Cpfl domain, a CasX domain, a CasY

domain, a C2cl domain, a C2c2 domain, aC2c3 domain, or an Argonaute domain. In some

embodiments, the napDNAbp is any napDNAbp provided herein. Some aspects of the

disclosure provide fusion proteins comprising a Cas9 domain and an adenosine deaminase.

The Cas9 domain may be any of the Cas9 domains or Cas9 proteins {e.g., dCas9 or nCas9)

provided herein. In some embodiments, any of the Cas9 domains or Cas9 proteins {e.g.,

dCas9 or nCas9) provided herein may be fused with any of the adenosine deaminases

provided herein. In some embodiments, the fusion protein comprises the structure:



NH2-[adenosine deaminase] -[napDNAbp]-COOH; or

NH2-[napDNAbp] -[adenosine deaminase] -COOH

[0135] In some embodiments, the fusion proteins comprising an adenosine deaminase and a

napDNAbp (e.g., Cas9 domain) do not include a linker sequence. In some embodiments, a

linker is present between the adenosine deaminase domain and the napDNAbp . In some

embodiments, the "-" used in the general architecture above indicates the presence of an

optional linker. In some embodiments, the adenosine deaminase and the napDNAbp are

fused via any of the linkers provided herein. For example, in some embodiments the

adenosine deaminase and the napDNAbp are fused via any of the linkers provided below in

the section entitled "Linkers". In some embodiments, the adenosine deaminase and the

napDNAbp are fused via a linker that comprises between 1 and and 200 amino acids. In

some embodiments, the adenosine deaminase and the napDNAbp are fused via a linker that

comprises from 1 to 5, 1 to 10, 1 to 20, 1 to 30, 1 to 40, 1 to 50, 1 to 60, 1 to 80, 1 to 100, 1 to

150, 1 to 200, 5 to 10, 5 to 20, 5 to 30, 5 to 40, 5 to 60, 5 to 80, 5 to 100, 5 to 150, 5 to 200,

10 to 20, 10 to 30, 10 to 40, 10 to 50, 10 to 60, 10 to 80, 10 to 100, 10 to 150, 10 to 200, 20 to

30, 20 to 40, 20 to 50, 20 to 60, 20 to 80, 20 to 100, 20 to 150, 20 to 200, 30 to 40, 30 to 50,

30 to 60, 30 to 80, 30 to 100, 30 to 150, 30 to 200, 40 to 50, 40 to 60, 40 to 80, 40 to 100, 40

to 150, 40 to 200, 50 to 60 50 to 80, 50 to 100, 50 to 150, 50 to 200, 60 to 80, 60 to 100, 60 to

150, 60 to 200, 80 to 100, 80 to 150, 80 to 200, 100 to 150, 100 to 200, or 150 to 200 amino

acids in length. In some embodiments, the adenosine deaminase and the napDNAbp are

fused via a linker that comprises 3, 4, 16, 24, 32, 64, 100, or 104 amino acids in length. In

some embodiments, the adenosine deaminase and the napDNAbp are fused via a linker that

comprises the amino acid sequence of SGSETPGTSESATPES (SEQ ID NO: 10), SGGS

(SEQ ID NO: 37), SGGSSGSETPGTSESATPESSGGS (SEQ ID NO: 384),

SGGSSGGSSGS ETPGTS ESATPES SGGSSGGS (SEQ ID NO: 385), or

GGSGGSPGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTE

PSEGSAPGTSTEPSEGSAPGTSESATPESGPGSEPATSGGSGGS (SEQ ID NO: 386). In

some embodiments, the adenosine deaminase and the napDNAbp are fused via a linker

comprising the amino acid sequence SGSETPGTSESATPES (SEQ ID NO: 10), which may

also be referred to as the XTEN linker. In some embodiments, the linker is 24 amino acids in

length. In some embodiments, the linker comprises the amino acid sequence

SGGSSGGSSGS ETPGTS ESATPES (SEQ ID NO: 685). In some embodiments, the linker is

32 amino acids in length. In some embodiments, the linker comprises the amino acid



sequence (SGGS)2-SGSETPGTSESATPES-(SGGS) 2 (SEQ ID NO: 800), which may also be

referred to as (SGGS)2-XTEN-(SGGS) 2. In some embodiments, the linker comprises the

amino acid sequence (SGGS)„-SGSETPGTSESATPES-(SGGS)„ (SEQ ID NO: 801),

wherein n is 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10. In some embodiments, the linker is 40 amino

acids in length. In some embodiments, the linker comprises the amino acid sequence

SGGSSGGSSGS ETPGTSESATPESSGGSSGGSSGGSSGGS (SEQ ID NO: 686). In some

embodiments, the linker is 64 amino acids in length. In some embodiments, the linker

comprises the amino acid sequence

SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGSSGSETPGTSESATPESSGGS

SGGS (SEQ ID NO: 687). In some embodiments, the linker is 92 amino acids in length. In

some embodiments, the linker comprises the amino acid sequence

PGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTEPSEGSAP

GTSTEPSEGSAPGTSESATPESGPGSEPATS (SEQ ID NO: 688).

Fusion proteins comprising a nuclear localization sequence (NLS)

[0136] In some embodiments, the fusion proteins provided herein further comprise one or

more nuclear targeting sequences, for example, a nuclear localization sequence (NLS). In

some embodiments, a NLS comprises an amino acid sequence that facilitates the importation

of a protein, that comprises an NLS, into the cell nucleus (e.g., by nuclear transport). In some

embodiments, any of the fusion proteins provided herein further comprise a nuclear

localization sequence (NLS). In some embodiments, the NLS is fused to the N-terminus of

the fusion protein. In some embodiments, the NLS is fused to the C-terminus of the fusion

protein. In some embodiments, the NLS is fused to the N-terminus of the IBR (e.g., dISN).

In some embodiments, the NLS is fused to the C-terminus of the IBR (e.g., dISN). In some

embodiments, the NLS is fused to the N-terminus of the napDNAbp. In some embodiments,

the NLS is fused to the C-terminus of the napDNAbp. In some embodiments, the NLS is

fused to the N-terminus of the adenosine deaminase. In some embodiments, the NLS is fused

to the C-terminus of the adenosine deaminase. In some embodiments, the NLS is fused to the

fusion protein via one or more linkers. In some embodiments, the NLS is fused to the fusion

protein without a linker. In some embodiments, the NLS comprises an amino acid sequence

of any one of the NLS sequences provided or referenced herein. In some embodiments, the

NLS comprises an amino acid sequence as set forth in SEQ ID NO: 4 or SEQ ID NO: 5 .

Additional nuclear localization sequences are known in the art and would be apparent to the

skilled artisan. For example, NLS sequences are described in Plank et al.,



PCT/EP2000/01 1690, the contents of which are incorporated herein by reference for their

disclosure of exemplary nuclear localization sequences. In some embodiments, a NLS

comprises the amino acid sequence PKKKRKV (SEQ ID NO: 4),

MDSLLMNRRKFLYQFKNVRW AKGRRET YLC (SEQ ID NO: 5),

MKRTADGSEFEPKKKRKV (SEQ ID NO: 342), or KRTADGSEFEPKKKRKV (SEQ ID

NO: 343).

[0137] In some embodiments, the general architecture of exemplary fusion proteins with an

adenosine deaminase and a napDNAbp comprises any one of the following structures, where

NLS is a nuclear localization sequence (e.g., any NLS provided herein), NH2 is the N-

terminus of the fusion protein, and COOH is the C-terminus of the fusion protein. Fusion

proteins comprising an adenosine deaminase, a napDNAbp, and a NLS:

NH2-[NLS ]-[adenosine deaminase] -[napDNAbp]-COOH;

NH2-[adenosine deaminase] -[NLS ]-[napDNAbp]-COOH;

NH2-[adenosine deaminase] -[napDNAbp]-[NLS ]-COOH;

NH2-[NLS ]-[napDNAbp]-[adenosine deaminase] -COOH;

NH2-[napDNAbp]-[NLS]-[adenosine deaminase] -COOH; and

NH2-[napDNAbp]-[adenosine deaminase] -[NLS ]-COOH.

[0138] In some embodiments, the fusion proteins provided herein do not comprise a linker.

In some embodiments, a linker is present between one or more of the domains or proteins

(e.g., adenosine deaminase, napDNAbp, and/or NLS). In some embodiments, the "-" used in

the general architecture above indicates the presence of an optional linker.

[0139] Some aspects of the disclosure provide fusion proteins that comprise a nucleic acid

programmable DNA binding protein (napDNAbp) and at least two adenosine deaminase

domains. Without wishing to be bound by any particular theory, dimerization of adenosine

deaminases (e.g., in cis or in trans) may improve the ability (e.g., efficiency) of the fusion

protein to modify a nucleic acid base, for example to deaminate adenine. In some

embodiments, any of the fusion proteins may comprise 2, 3, 4 or 5 adenosine deaminase

domains. In some embodiments, any of the fusion proteins provided herein comprise two

adenosine deaminases. In some embodiments, any of the fusion proteins provided herein

contain only two adenosine deaminases. In some embodiments, the adenosine deaminases

are the same. In some embodiments, the adenosine deaminases are any of the adenosine

deaminases provided herein. In some embodiments, the adenosine deaminases are different.

In some embodiments, the first adenosine deaminase is any of the adenosine deaminases

provided herein, and the second adenosine is any of the adenosine deaminases provided



herein, but is not identical to the first adenosine deaminase. As one example, the fusion

protein may comprise a first adenosine deaminase and a second adenosine deaminase that

both comprise the amino acid sequence of SEQ ID NO: 72, which contains a A106V,

D108N, D147Y, and E155V mutation from ecTadA (SEQ ID NO: 1). In some embodiments,

the fusion protein may comprise a first adenosine deaminase that comprises the amino acid

sequence of SEQ ID NO: 682, which contains a H36L, P48S, R51L, L84F, A106V, D108N,

H123Y, S146C, D147Y, E155V, I156F, and K157N mutation from SEQ ID NO: 1, and a

second adenosine deaminase domain that comprises the amino amino acid sequence of wild-

type ecTadA (SEQ ID NO: 1). In some embodiments, the fusion protein may comprise a first

adenosine deaminase that comprises the amino acid sequence of SEQ ID NO: 802, which

contains a H36L, P48S, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y,

E155V, I156F, and K157N mutation from SEQ ID NO: 1, and a second adenosine deaminase

domain that comprises the amino amino acid sequence of wild-type ecTadA (SEQ ID NO: 1).

In some embodiments, the fusion protein may comprise a first adenosine deaminase that

comprises the amino acid sequence of SEQ ID NO: 803, which contains a W23L, H36L,

P48A, R51L, L84F, A106V, D108N, H123Y, A142N, S146C, D147Y, E155V, I156F, and

K157N mutation from SEQ ID NO: 1, and a second adenosine deaminase domain that

comprises the amino amino acid sequence of wild-type ecTadA (SEQ ID NO: 1). In some

embodiments, the fusion protein may comprise a first adenosine deaminase that comprises

the amino acid sequence of SEQ ID NO: 804, which contains a W23L, H36L, P48A, R51L,

L84F, A106V, D108N, H123Y, A142N, S146C, D147Y, R152P, E155V, I156F, and K157N

mutation from SEQ ID NO: 1, and a second adenosine deaminase domain that comprises the

amino amino acid sequence of wild-type ecTadA (SEQ ID NO: 1). In some embodiments,

the fusion protein may comprise a first adenosine deaminase that comprises the amino acid

sequence of SEQ ID NO: 805, which contains a W23R, H36L, P48A, R51L, L84F, A106V,

D108N, H123Y, S146C, D147Y, R152P, E155V, I156F, and K157N mutation from SEQ ID

NO: 1, and a second adenosine deaminase domain that comprises the amino amino acid

sequence of wild-type ecTadA (SEQ ID NO: 1). Additional fusion protein constructs

comprising two adenosine deaminase domains are illustrated in Figure 7 .

[0140] In some embodiments, the fusion protein comprises two adenosine deaminases (e.g., a

first adenosine deaminase and a second adenosine deaminase). In some embodiments, the

fusion protein comprises a first adenosine deaminase and a second adenosine deaminase. In

some embodiments, the first adenosine deaminase is N-terminal to the second adenosine

deaminase in the fusion protein. In some embodiments, the first adenosine deaminase is C-



terminal to the second adenosine deaminase in the fusion protein. In some embodiments, the

first adenosine deaminase and the second deaminase are fused directly or via a linker. In

some embodiments, the linker is any of the linkers provided herein, for example, any of the

linkers described in the "Linkers" section. In some embodiments, the linker comprises the

amino acid sequence of any one of SEQ ID NOs: 10, 37-40, 384-386, 685-688, or 800-801.

In some embodiments, the linker is 32 amino acids in length. In some embodiments, the

linker comprises the amino acid sequence (SGGS)2-SGSETPGTSESATPES-(SGGS) 2 (SEQ

ID NO: 800), which may also be referred to as (SGGS)2-XTEN-(SGGS)2. In some

embodiments, the linker comprises the amino acid sequence (SGGS)n-

SGSETPGTSESATPES-(SGGS)„ (SEQ ID NO: 801), wherein n is 0, 1, 2, 3, 4, 5, 6, 7, 8, 9,

or 10. In some embodiments, the first adenosine deaminase is the same as the second

adenosine deaminase. In some embodiments, the first adenosine deaminase and the second

adenosine deaminase are any of the adenosine deaminases described herein. In some

embodiments, the first adenosine deaminase and the second adenosine deaminase are

different. In some embodiments, the first adenosine deaminase is any of the adenosine

deaminases provided herein. In some embodiments, the second adenosine deaminase is any

of the adenosine deaminases provided herein but is not identical to the first adenosine

deaminase. In some embodiments, the first adenosine deaminase is an ecTadA adenosine

deaminase. In some embodiments, the first adenosine deaminase comprises an amino acid

sequence that is at least least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at

least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or

at least 99.5% identical to any one of the amino acid sequences set forth in any one of SEQ

ID NOs: 1, 64-84, 420-437, 672-684, or to any of the adenosine deaminases provided herein.

In some embodiments, the first adenosine deaminase comprises the amino acid sequence of

SEQ ID NO: 1. In some embodiments, the second adenosine deaminase comprises an amino

acid sequence that is at least least 60%, at least 65%, at least 70%, at least 75%, at least 80%,

at least 85%, at least 90%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%,

or at least 99.5% identical to any one of the amino acid sequences set forth in any one of SEQ

ID NOs: 1, 64-84, 420-437, 672-684, or to any of the adenosine deaminases provided herein.

In some embodiments, the second adenosine deaminase comprises the amino acid sequence

of SEQ ID NO: 1. In some embodiments, the first adenosine deaminase and the second

adenosine deaminase of the fusion protein comprise the mutations in ecTadA (SEQ ID NO:

1), or corresponding mutations in another adenosine deaminase, as shown in any one of the

constructs provided in Table 4 (e.g., pNMG-371, pNMG-477, pNMG-576, pNMG-586, and



pNMG-616). In some embodiments, the fusion protein comprises the two adenosine

deaminases (e.g., a first adenosine deaminase and a second adenosine deaminase) of any one

of the constructs (e.g., pNMG-371, pNMG-477, pNMG-576, pNMG-586, and pNMG-616) in

Table 4 .

[0141] In some embodiments, the general architecture of exemplary fusion proteins with a

first adenosine deaminase, a second adenosine deaminase, and a napDNAbp comprises any

one of the following structures, where NLS is a nuclear localization sequence (e.g., any NLS

provided herein), NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus

of the fusion protein.

[0142] Fusion proteins comprising a first adenosine deaminase, a second adenosine

deaminase, and a napDNAbp.

NH2-[first adenosine deaminase] -[second adenosine deaminase] -[napDNAbp] -COOH;

NH2-[first adenosine deaminase]-[napDNAbp]-[second adenosine deaminase] -COOH;

NH2-[napDNAbp]-[first adenosine deaminase] -[second adenosine deaminase] -COOH;

NH2-[second adenosine deaminase] -[first adenosine deaminase]-[napDNAbp]-COOH;

NH2-[second adenosine deaminase] -[napDNAbp] -[first adenosine deaminase] -COOH;

NH2-[napDNAbp]-[second adenosine deaminase] -[first adenosine deaminase] -COOH;

[0143] In some embodiments, the fusion proteins provided herein do not comprise a linker.

In some embodiments, a linker is present between one or more of the domains or proteins

(e.g., first adenosine deaminase, second adenosine deaminase, and/or napDNAbp). In some

embodiments, the "-" used in the general architecture above indicates the presence of an

optional linker.

[0144] Fusion proteins comprising a first adenosine deaminase, a second adenosine

deaminase, a napDNAbp, and an NLS.

NH2-[NLS] -[first adenosine deaminase] -[second adenosine deaminase] -[napDNAbp] -COOH;

NH2-[first adenosine deaminase] -[NLS] -[second adenosine deaminase] -[napDNAbp] -COOH;

NH2-[first adenosine deaminase] -[second adenosine deaminase]-[NLS]-[napDNAbp]-COOH;

NH2-[first adenosine deaminase] -[second adenosine deaminase]-[napDNAbp]-[NLS]-COOH;

NH2-[NLS] -[first adenosine deaminase] -[napDNAbp] -[second adenosine deaminase] -COOH;

NH2-[first adenosine deaminase]-[NLS]-[napDNAbp]-[second adenosine deaminase] -COOH;

NH2-[first adenosine deaminase]-[napDNAbp]-[NLS]-[second adenosine deaminase]-COOH;

NH2-[first adenosine deaminase]-[napDNAbp]-[second adenosine deaminase]-[NLS]-COOH;

NH2-[NLS] -[napDNAbp] -[first adenosine deaminase]-[second adenosine deaminase]-COOH;

NH2-[napDNAbp]-[NLS] -[first adenosine deaminase]-[second adenosine deaminase]-COOH;



NH2-[napDNAbp]- [first adenosine deaminase]-[NLS]-[second adenosine deaminase]-COOH;

NH2-[napDNAbp]- [first adenosine deaminase] -[second adenosine deaminase]-[NLS]-COOH;

NH2-[NLS]- [second adenosine deaminase] -[first adenosine deaminase] -[napDNAbp]-COOH;

NH2-[second adenosine deaminase] -[NLS]- [first adenosine deaminase] -[napDNAbp]-COOH;

NH2-[second adenosine deaminase] -[first adenosine deaminase]-[NLS]-[napDNAbp]-COOH;

NH2-[second adenosine deaminase] -[first adenosine deaminase]-[napDNAbp]-[NLS]-COOH;

NH2-[NLS] -[second adenosine deaminase] -[napDNAbp]- [first adenosine deaminase] -COOH;

NH2-[second adenosine deaminase] -[NLS] -[napDNAbp] -[first adenosine deaminase]-COOH;

NH2-[second adenosine deaminase] -[napDNAbp] -[NLS] -[first adenosine deaminase] -COOH;

NH2-[second adenosine deaminase] -[napDNAbp] -[first adenosine deaminase]-[NLS]-COOH;

NH2-[NLS]-[napDNAbp]-[second adenosine deaminase] -[first adenosine deaminase] -COOH;

NH2-[napDNAbp]-[NLS]-[second adenosine deaminase] -[first adenosine deaminase] -COOH;

NH2-[napDNAbp]-[second adenosine deaminase] -[NLS] -[first adenosine deaminase] -COOH;

NH2-[napDNAbp]-[second adenosine deaminase] -[first adenosine deaminase]-[NLS]-COOH;

[0145] In some embodiments, the fusion proteins provided herein do not comprise a linker.

In some embodiments, a linker is present between one or more of the domains or proteins

(e.g., first adenosine deaminase, second adenosine deaminase, napDNAbp, and/or NLS). In

some embodiments, the "-" used in the general architecture above indicates the presence of

an optional linker.

[0146] It should be appreciated that the fusion proteins of the present disclosure may

comprise one or more additional features. For example, in some embodiments, the fusion

protein may comprise cytoplasmic localization sequences, export sequences, such as nuclear

export sequences, or other localization sequences, as well as sequence tags that are useful for

solubilization, purification, or detection of the fusion proteins. Suitable protein tags provided

herein include, but are not limited to, biotin carboxylase carrier protein (BCCP) tags, myc-

tags, calmodulin-tags, FLAG-tags, hemagglutinin (HA)-tags, polyhistidine tags, also referred

to as histidine tags or His-tags, maltose binding protein (MBP)-tags, nus-tags, glutathione-S-

transferase (GST)-tags, green fluorescent protein (GFP)-tags, thioredoxin-tags, S-tags,

Softags (e.g., Softag 1, Softag 3), strep-tags , biotin ligase tags, FlAsH tags, V5 tags, and

SBP-tags. Additional suitable sequences will be apparent to those of skill in the art. In some

embodiments, the fusion protein comprises one or more His tags.

Linkers

[0147] In certain embodiments, linkers may be used to link any of the protein or protein



domains described herein. The linker may be as simple as a covalent bond, or it may be a

polymeric linker many atoms in length. In certain embodiments, the linker is a polypeptide

or based on amino acids. In other embodiments, the linker is not peptide-like. In certain

embodiments, the linker is a covalent bond (e.g., a carbon-carbon bond, disulfide bond,

carbon-heteroatom bond, etc.). In certain embodiments, the linker is a carbon-nitrogen bond

of an amide linkage. In certain embodiments, the linker is a cyclic or acyclic, substituted or

unsubstituted, branched or unbranched aliphatic or heteroaliphatic linker. In certain

embodiments, the linker is polymeric (e.g., polyethylene, polyethylene glycol, polyamide,

polyester, etc.). In certain embodiments, the linker comprises a monomer, dimer, or polymer

of aminoalkanoic acid. In certain embodiments, the linker comprises an aminoalkanoic acid

(e.g., glycine, ethanoic acid, alanine, beta-alanine, 3-aminopropanoic acid, 4-aminobutanoic

acid, 5-pentanoic acid, etc.). In certain embodiments, the linker comprises a monomer,

dimer, or polymer of aminohexanoic acid (Ahx). In certain embodiments, the linker is based

on a carbocyclic moiety (e.g., cyclopentane, cyclohexane). In other embodiments, the linker

comprises a polyethylene glycol moiety (PEG). In other embodiments, the linker comprises

amino acids. In certain embodiments, the linker comprises a peptide. In certain

embodiments, the linker comprises an aryl or heteroaryl moiety. In certain embodiments, the

linker is based on a phenyl ring. The linker may include functionalized moieties to facilitate

attachment of a nucleophile (e.g., thiol, amino) from the peptide to the linker. Any

electrophile may be used as part of the linker. Exemplary electrophiles include, but are not

limited to, activated esters, activated amides, Michael acceptors, alkyl halides, aryl halides,

acyl halides, and isothiocyanates.

[0148] In some embodiments, the linker is an amino acid or a plurality of amino acids (e.g., a

peptide or protein). In some embodiments, the linker is a bond ( e.g., a covalent bond), an

organic molecule, group, polymer, or chemical moiety. In some embodiments, the linker is

5-100 amino acids in length, for example, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,

20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35-40, 40-45, 45-50, 50-60, 60-70,

70-80, 80-90, 90-100, 100-110, 110-120, 120-130, 130-140, 140-150, or 150-200 amino

acids in length. Longer or shorter linkers are also contemplated. In some embodiments, a

linker comprises the amino acid sequence SGSETPGTSESATPES (SEQ ID NO: 10), which

may also be referred to as the XTEN linker. In some embodiments, the linker is 32 amino

acids in length. In some embodiments, the linker comprises the amino acid sequence

(SGGS)2-SGSETPGTSESATPES-(SGGS) 2 (SEQ ID NO: 800), which may also be referred

to as (SGGS)2-XTEN-(SGGS)2. In some embodiments, the linker comprises the amino acid



sequence, wherein n is 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10. In some embodiments, a linker

comprises the amino acid sequence SGGS (SEQ ID NO: 37). In some embodiments, a linker

comprises (SGGS)„ (SEQ ID NO: 37), (GGGS)„ (SEQ ID NO: 38), (GGGGS)„ (SEQ ID NO:

39), (G)„, (EAAAK )n (SEQ ID NO: 40), (SGGS)„-SGSETPGTSESATPES-(SGGS)„ (SEQ

ID NO: 801), (GGS)n, SGSETPGTSESATPES (SEQ ID NO: 10), or (XP)„ motif, or a

combination of any of these, wherein n is independently an integer between 1 and 30, and

wherein X is any amino acid. In some embodiments, n is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, or 15. In some embodiments, a linker comprises SGSETPGTSESATPES (SEQ ID

NO: 10), and SGGS (SEQ ID NO: 37). In some embodiments, a linker comprises

SGGSSGSETPGTSESATPESSGGS (SEQ ID NO: 384). In some embodiments, a linker

comprises SGGSSGGSSGSETPGTSESATPESSGGSSGGS (SEQ ID NO: 385). In some

embodiments, a linker comprises

GGSGGSPGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTE

PSEGSAPGTSTEPSEGSAPGTSESATPESGPGSEPATSGGSGGS (SEQ ID NO: 386). In

some embodiments, the linker is 24 amino acids in length. In some embodiments, the linker

comprises the amino acid sequence SGGSSGGSSGSETPGTSESATPES (SEQ ID NO: 685).

In some embodiments, the linker is 40 amino acids in length. In some embodiments, the

linker comprises the amino acid sequence

SGGSSGGSSGS ETPGTSESATPESSGGSSGGSSGGSSGGS (SEQ ID NO: 686). In some

embodiments, the linker is 64 amino acids in length. In some embodiments, the linker

comprises the amino acid sequence

SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGSSGSETPGTSESATPESSGGS

SGGS (SEQ ID NO: 687). In some embodiments, the linker is 92 amino acids in length. In

some embodiments, the linker comprises the amino acid sequence

PGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTEPSEGSAP

GTSTEPSEGSAPGTSESATPESGPGSEPATS (SEQ ID NO: 688). It should be appreciated

that any of the linkers provided herein may be used to link a first adenosine deaminase and a

second adenosine deaminase; an adenosine deaminase (e.g., a first or a second adenosine

deaminase) and a napDNAbp; a napDNAbp and an NLS; or an adenosine deaminase (e.g., a

first or a second adenosine deaminase) and an NLS.

[0149] In some embodiments, any of the fusion proteins provided herein, comprise an

adenosine deaminase and a napDNAbp that are fused to each other via a linker. In some

embodiments, any of the fusion proteins provided herein, comprise a first adenosine

deaminase and a second adenosine deaminase that are fused to each other via a linker. In



some embodiments, any of the fusion proteins provided herein, comprise an NLS, which may

be fused to an adenosine deaminase (e.g., a first and/or a second adenosine deaminase), a

nucleic acid programmable DNA binding protein (napDNAbp), and or an inhibitor of base

repair (IBR). Various linker lengths and flexibilities between an adenosine deaminase (e.g.,

an engineered ecTadA) and a napDNAbp (e.g., a Cas9 domain), and/or between a first

adenosine deaminase and a second adenosine deaminase can be employed (e.g., ranging from

very flexible linkers of the form (GGGGS)n (SEQ ID NO: 38), (GGGGS)n (SEQ ID NO: 39),

and (G)n to more rigid linkers of the form (EAAAK)n (SEQ ID NO: 40), (SGGS)n (SEQ ID

NO: 37), SGSETPGTSESATPES (SEQ ID NO: 10) (see, e.g., Guilinger JP, Thompson DB,

Liu DR. Fusion of catalytically inactive Cas9 to Fokl nuclease improves the specificity of

genome modification. Nat. Biotechnol. 2014; 32(6): 577-82; the entire contents are

incorporated herein by reference) and (XP)n) in order to achieve the optimal length for

deaminase activity for the specific application. In some embodiments, n is 1, 2, 3, 4, 5, 6, 7,

8, 9, 10, 11, 12, 13, 14, or 15. In some embodiments, the linker comprises a (GGS)n motif,

wherein n is 1, 3, or 7 . In some embodiments, the adenosine deaminase and the napDNAbp,

and/or the first adenosine deaminase and the second adenosine deaminase of any of the fusion

proteins provided herein are fused via a linker comprising the amino acid sequence

SGSETPGTSESATPES (SEQ ID NO: 10), SGGS (SEQ ID NO: 37),

SGGSSGSETPGTSESATPESSGGS (SEQ ID NO: 384),

SGGSSGGSSGS ETPGTSESATPESSGGSSGGS (SEQ ID NO: 385), or

GGSGGSPGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTE

PSEGSAPGTSTEPSEGSAPGTSESATPESGPGSEPATSGGSGGS (SEQ ID NO: 386). In

some embodiments, the linker is 24 amino acids in length. In some embodiments, the linker

comprises the amino acid sequence SGGSSGGSSGSETPGTSESATPES (SEQ ID NO: 685).

In some embodiments, the linker is 32 amino acids in length. In some embodiments, the

linker is 32 amino acids in length. In some embodiments, the linker comprises the amino

acid sequence (SGGS)2-SGSETPGTSESATPES-(SGGS) 2 (SEQ ID NO: 800), which may

also be referred to as (SGGS)2-XTEN-(SGGS)2. In some embodiments, the linker comprises

the amino acid sequence, wherein n is 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10. In some embodiments,

the linker is 40 amino acids in length. In some embodiments, the linker comprises the amino

acid sequence SGGSSGGSSGS ETPGTSESATPESSGGSSGGSSGGSSGGS (SEQ ID NO:

686). In some embodiments, the linker is 64 amino acids in length. In some embodiments,

the linker comprises the amino acid sequence

SGGSSGGSSGSETPGTSESATPESSGGSSGGSSGGSSGGSSGSETPGTSESATPESSGGS



SGGS (SEQ ID NO: 687). In some embodiments, the linker is 92 amino acids in length. In

some embodiments, the linker comprises the amino acid sequence

PGSPAGSPTSTEEGTSESATPESGPGTSTEPSEGSAPGSPAGSPTSTEEGTSTEPSEGSAP

GTSTEPSEGSAPGTSESATPESGPGSEPATS (SEQ ID NO: 688).

[0150] Some aspects of the disclosure provide fusion proteins comprising a Cas9 domain and

an adenosine deaminase. Exemplary fusion proteins include, without limitation, the

following fusion proteins (for the purposes of clarity, the adenosine deaminase domain is

shown in Bold; mutations of the ecTadA deaminase domain are shown in Bold underlining ;

the XTEN linker is shown in italics; the UGI/AAG/EndoV domains are shown in Bold

italics; and NLS is shown in underlined italics) :

ecTadA(wt)-XTEN-nCas9-NLS :

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

OKKAOSSTD5G5E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKV

LGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK

VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA

KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS

KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY

DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEK

MDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKI

EKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNF

DKNLPNEKVLPKHS LLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFK

TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI

RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL

AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKR

IEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLS DYDVDH

IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK

FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV

KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVY

GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGE



TGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL

EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLA

SHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH

RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYE

TRIDLSQLGGDSGGSPA-^^y (SEQ ID NO: 11)

ecTadA(D108N)-XTEN-nCas9-NLS: (mammalian construct, active on DNA, A to G

editing):

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARNAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

OKKAOSSTD5G5E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKV

LGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK

VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA

KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS

KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY

DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEK

MDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKI

EKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNF

DKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFK

TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI

RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL

AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKR

IEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLS DYDVDH

IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK

FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV

KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVY

GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGE

TGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL

EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLA



SHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH

RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYE

TRIDLS LGGDSGGS (SEQ ID NO: 12)

ecTadA(D108G)-XTEN-nCas9-NLS: (mammalian construct, active on DNA, A to G

editing):

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARGAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

OKKAOSSTD5G5E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKV

LGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK

VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA

KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS

KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY

DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEK

MDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKI

EKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNF

DKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFK

TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI

RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL

AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKR

IEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLS DYDVDH

IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK

FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV

KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVY

GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGE

TGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL

EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLA

SHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH

RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYE

TRIDLSQLGGDSGGSPA-^^y (SEQ ID NO: 13)



ecTadA(D108V)-XTEN-nCas9-NLS: (mammalian construct, active on DNA, A to G

editing):

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARVAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

OKKAOSSTD5G5E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKV

LGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK

VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA

KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS

KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY

DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEK

MDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKI

EKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNF

DKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFK

TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI

RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL

AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKR

IEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLS DYDVDH

IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK

FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV

KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVY

GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGE

TGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL

EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLA

SHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH

RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYE

TRIDLSQLGGDSGGSPA-^^y (SEQ ID NO: 14)

Variant resulting from first round of evolution (in bacteria) ecTadA(H8Y_D108N_N127S)-

XTEN-dCas9:



MSEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARNAKTGAAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQEIKA

OKKAOSSTD5G5E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKV

LGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK

VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA

KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS

KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY

DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEK

MDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKI

EKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNF

DKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFK

TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI

RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL

AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKR

IEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLS DYDVP A

IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK

FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV

KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVY

GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGE

TGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL

EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLA

SHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH

RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYE

TRIDLSQLGGD (SEQ ID NO: 27)

Enriched variants from second round of evolution (in bacteria) ecTadA

(H8Y_D108N_N127S_E155X)-XTEN-dCas9; X=D, G or V:

MSEVEFSYEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARNAKTGAAGSLMDVLHHPGMSHRVEITEGILADECAALLSDFFRMRRQXIKA



OKKAOSSTD5G5 E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKV

LGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAK

VDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDA

KAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLS

KDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRY

DEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEK

MDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKI

EKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNF

DKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFK

TNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGI

RDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANL

AGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKR

IEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLS DYDVP A

IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRK

FDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREV

KVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVY

GDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGE

TGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFL

EAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLA

SHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKH

RDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYE

TRIDLSQLGGD (SEQ ID NO: 28)

ABE7.7: ecTadA (wiid type)-(SGGS)2-XrEN -(SGGS)2-

ecTadA(W23L H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F K157N)-

(SGGS 2- EN -(SGGS) nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGSE G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV



MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLS LGGDSGGS (SEQ ID NO: 691)

pNMG-624 amino acid sequence: ecTadA(wiid type)-32 a.a. linker-

ecTadA(W23R H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F K157N )-2 a.a.

linker nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA



QKKAQSSTOSGGSSGGSSGSETPGTSESATPESSGGSSGGSSEVEFSHEYWMRRALTL

AKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM

QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY

PGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSSGS

E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNL

IGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESF

LVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI

KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR

RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDN

LLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLL

KALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKL

NREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYV

GPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLP

KHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK

EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTL

FEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDF

LKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQT

VKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILK

EHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSID

NKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGL

SELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF

RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKM

IAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF

ATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP

TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI

IKLPKYSLFELENGRKRMLAS AGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDN

EQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH

LFTLTNLGAPAAFKYFDTTIDRKRYTSTKE VLDATLIHQSITGLYETRIDLSQLGGDSG

GSPKKKRKV (SEQ ID NO: 692)

ABE3.2: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(L84F A106V D108N H123Y D147Y E155V I156F)-(SGGS ) 2- EN-

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH



DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLSYFFRMRRQVFKAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYS IGLAIGTNS VGW AVITDEYKVPS KKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNS RFAWMTRKS EETITPWNFEEVVDKG ASAOS FIERMTNFD K

NLPNEKVLPKHS LLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYS LFELENGRKRMLAS AGELQKGNELALPS KYVNFLYLAS HY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGSPA - (SEQ ID NO: 693)

ABE5.3: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(H36L R51L L84F A106V D108N H123Y S146C D147Y E155V I156F K157N)-(SGGS)2- EN-



MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGSE G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRAWDEREVPVGAVLVLNNRVIGEGWNRPIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 694)



pNMG-558 amino acid sequence: ecTadA(wiid-type)- 32 a.a. linker-

ecTadA(H36L R51L L84F A106V D108N H123Y S146C D147Y E155V I156F JUSTS)- 24 a.a.

linker nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTOSGGSSGGSSGSETPGTSESATPESSGGSSGGSSEVEFSHEYWMRHALTL

AKRAWDEREVPVGAVLVLNNRVIGEGWNRPIGLHDPTAHAEIMALRQGGLVM

QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY

PGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSSGS

E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNL

IGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESF

LVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI

KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR

RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDN

LLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLL

KALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKL

NREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYV

GPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLP

KHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK

EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTL

FEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDF

LKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQT

VKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILK

EHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSID

NKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGL

SELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF

RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKM

IAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF

ATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP

TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI

IKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDN

EQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH

LFTLTNLGAPAAFKYFDTTIDRKRYTSTKE VLDATLIHQSITGLYETRIDLSQLGGDSG



GSPKKKRKV (SEQ ID NO: 695)

pNMG-576 amino acid sequence: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(H36L P48S R51L L84F A106V D108N H123Y S146C D147Y E155V I156F K157N)-(SGGS ) 2- EN-

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRAWDEREVPVGAVLVLNNRVIGEGWNRSIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNS RFAWMTRKS EETITPWNFEE VVDKGASAOSFIERMTNFD K

NLPNEKVLPKHS LLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYS LFELENGRKRMLAS AGELQKGNELALPS KYVNFLYLASHY



EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLS LGGDSGGS (SEQ ID NO: 696)

pNMG-577 amino acid sequence: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(H36L P48S R51L L84F A106V D108N H123Y A142N S146C D147Y E155V I156F K157N)-(SGGS)2-

EN-(SGGS) nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRAWDEREVPVGAVLVLNNRVIGEGWNRSIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECNALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP



KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 697)

pNMG-586 amino acid sequence: ecTadA(wiid-t Pe)-(SGGS)2-XrEN-(SGGS)2-

ecTadA(H36L P48A R51L L84F A106V D108N H123Y S146C D147Y E155V I156F K157N)-(SGGS)2-XrEN-

(SGGS)2 nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRAWDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY



KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 698)

ABE7.2: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(H36L P48A R51L L84F A106V D108N H123Y A142N S146C D147Y E155V I156F K157N)-(SGGS)2-

EN-(SGGS) nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRAWDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECNALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN



LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPS KYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLS LGGDSGGS (SEQ ID NO: 699)

pNMG-620 amino acid sequence: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(W23R H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F K157N)-

(SGGS 2- EN-(SGGS) nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE



GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 700)

pNMG-617 amino acid sequence: ecTadA(wi7rf -t >(SGGS)2-Xr EN-(SGGS)2-

ecTadA(W23L H36L P48A R51L L84F A106V D108N H123Y A142A S146C D147Y E155V I156F K157N)-

(SGGS 2- EN-(SGGS) nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECNALLCYFFRMRRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD



KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 701)

pNMG-618 amino acid sequence: ecTadA(wiid-t Pe)-(SGGS)2-XrEN-(SGGS)2-

ecTadA(W23L H36L P48A R51L L84F A106V D108N H123Y A142A S146C D147Y R152P E155V I156F K157N)

-($GG$)2-XTEN-($GG$)2 nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECNALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI

LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS GEQKKAIVDLLFKTNR



KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 702)

pNMG-620 amino acid sequence: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(W23R H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F K157N)-

(SGGS 2- EN-(SGGS) nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMRHALT

LAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLV

MQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLH

YPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSS

GSETPGTSESATPESSGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGN

TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDD

SFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRL

IYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAI

LSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD

TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE

HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD

GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI



LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAOSFIERMTNFDK

NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNR

KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI

LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD

KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG

SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE

GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP

QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN

LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT

LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY

KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI

VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP

KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK

GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY

EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK

PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI

DLSQLGGDSGGS - (SEQ ID NO: 703)

pNMG-621 amino acid sequence: ecTadA(wiid-type)- 32 a.a. linker-

ecTadA(H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F K157N)- 24 a.a.

linker nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTOSGGSSGGSSGSETPGTSESATPESSGGSSGGSSEVEFSHEYWMRHALTL

AKRAWDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM

QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY

PGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSSGS

E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNL

IGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESF

LVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI

KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR

RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDN

LLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLL



KALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKL

NREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYV

GPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLP

KHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK

EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTL

FEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDF

LKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQT

VKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILK

EHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSID

NKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGL

SELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF

RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKM

IAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF

ATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP

TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI

IKLPK YSLFELENGRKRMLAS AGELQKGNEL ALPS KYVNFLYLAS HYEKLKGS PEDN

EQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH

LFTLTNLGAPAAFKYFDTTIDRKRYTSTKE VLDATLIHQS ITGLYETRIDLS QLGGDS G

GSPKKKRKV (SEQ ID NO: 704)

pNMG-622 amino acid sequence: ecTadA(wiid-type)- 32 a.a. linker-

ecTadA(H36L P48A R51L L84F A106V D108N H123Y A142N S146C D147Y R152P E155V I156F JUSTS)- 24 a.a.

linker nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTOSGGSSGGSSGSETPGTSESATPESSGGSSGGSSEVEFSHEYWMRHALTL

AKRAWDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM

QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY

PGMNHRVEITEGILADECNALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSSGS

E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNL

IGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESF

LVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI

KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR



RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDN

LLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLL

KALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKL

NREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYV

GPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLP

KHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK

EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTL

FEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDF

LKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQT

VKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILK

EHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSID

NKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGL

SELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF

RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKM

IAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF

ATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP

TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI

IKLPK YSLFELENGRKRMLAS AGELQKGNEL ALPS KYVNFLYLAS HYEKLKGS PEDN

EQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH

LFTLTNLGAPAAFKYFDTTIDRKRYTSTKE VLDATLIHQS ITGLYETRIDLS QLGGDS G

GSPKKKRKV (SEQ ID NO: 705)

pNMG-623 amino acid sequence: ecTadA(wiid-type)- 32 a.a. linker-

ecTadA(W23L H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F JUSTS)- 24 a.a.

linker nCas9 GGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGRH

DPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVVFG

ARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQEIKA

QKKAQSSTOSGGSSGGSSGSETPGTSESATPESSGGSSGGSSEVEFSHEYWMRHALTL

AKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQGGLVM

QNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMDVLHY

PGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSGGSSGGSSGS

E G E A E5DKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNL

IGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESF



LVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMI

KFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSR

RLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDN

LLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLL

KALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKL

NREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYV

GPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLP

KHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLK

EDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTL

FEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDF

LKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQT

VKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILK

EHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSID

NKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGL

SELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDF

RKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKM

IAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDF

ATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSP

TVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI

IKLPKYSLFELENGRKRMLAS AGELQKGNEL ALPSKYVNFLYLASHYEKLKGSPEDN

EQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIH

LFTLTNLGAPAAFKYFDTTIDRKRYTSTKE VLDATLIHQSITGLYETRIDLS QLGGDSG

GSPKKKRKV (SEQ ID NO: 706)

ABE6.3: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(H36L P48S R51L L84F A106V D108N H123Y S146C D147Y E155V I156F K157N)-(SGGS ) 2- EN-

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGR

HDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVV

FGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQE

IKAQKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMR

HALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRSIGLHDPTAHAEIMALRQ

GGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSL

MDVLHYPGMNHRVEITEGILADECAALLCYFFRMRRQVFNAQKKAQSSTDSG



GSSGGS5G5E G E A E5SGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPS

KKFKVLGNTDRHS IKKNLIGALLFDS GETAEATRLKRTARRRYTRRKNRIC YLQEIF

SNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLV

DSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDL

AEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITK

APLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE

EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQED

FYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKG

ASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS

GEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDL

LKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRR

RYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKA

QVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN

QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDM

YVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKK

MKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQI

LDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYL

NAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNF

FKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQT

GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKL

KSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLA

SAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIE

QISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFD

TTIDRKRYTSTKEVLDATLIHOSITGLYETRIDLSOLGGDSGGS R

(SEQ ID NO: 707)

ABE6.4: ecTadA(wiid-t Pe)-(SGGS )2- EN-(SGGS )2-

ecTadA(H36L P48S R51L L84F A106V D108N H123Y A142N S146C D147Y E155V I156F K157N)-(SGGS )2-

EN-(SGGS) nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGR

HDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVV

FGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQE

IKAQKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMR



HALTLAKRAWDEREVPVGAVLVLNNRVIGEGWNRSIGLHDPTAHAEIMALRQ

GGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSL

MDVLHYPGMNHRVEITEGILADECNALLCYFFRMRRQVFNAQKKAQSSTDSG

GSSGGS5G5E G E A E5SGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPS

KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIF

SNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLV

DSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDL

AEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITK

APLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE

EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQED

FYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKG

ASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS

GEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDL

LKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRR

RYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKA

QVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN

QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDM

YVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKK

MKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQI

LDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYL

NAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNF

FKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQT

GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKL

KSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLA

SAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIE

QISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFD

TTIDRKRYTSTKEVLDATLIHOSITGLYETRIDLSOLGGDSGGS R

(SEQ ID NO: 708)

ABE7.8: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-

ecTadA(W23L H36L P48A R51L L84F A106V D108N H123Y A142N S146C D147Y E155V I156F K157N)-

(SGGS 2- EN -(SGGS) nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGR



HDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVV

FGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQE

IKAQKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMR

HALTLAKRALDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQ

GGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSL

MDVLHYPGMNHRVEITEGILADECNALLCYFFRMRRQVFNAQKKAQSSTDSG

GSSGGS5G5E G E A E5SGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPS

KKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIF

SNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLV

DSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDL

AEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITK

APLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE

EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQED

FYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKG

ASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS

GEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDL

LKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRR

RYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKA

QVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN

QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDM

YVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKK

MKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQI

LDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYL

NAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNF

FKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQT

GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKL

KSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLA

SAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIE

QISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDT

TIDRKRYTSTKEVLDATLIHOSITGLYETRIDLSOLGGDSGGS R

(SEQ ID NO: 709)

ABE7.9: ecTadA(wiid-t Pe)-(SGGS)2- EN-(SGGS)2-



ecTadA(W23L H36L P48A R51L L84F A106V D108N H123Y A142N S146C D147Y R152P E155V I156F K157N)-

(SGGS 2- EN -(SGGS) nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGR

HDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVV

FGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQE

IKAQKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMR

HALTLAKRALDEREVPVGAVLVLNNRGEGWNRAIGLHDPTAHAEIMALRQGG

LVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSLMD

VLHYPGMNHRVEITEGILADECNALLCYFFRMPRQVFNAQKKAQSSTDSGGSS

GGS G E G E A E5SGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPSKKF

KVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNE

MAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDST

DKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINA

SGVP AKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAED

AKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLS

ASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYK

FIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPF

LKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAO

SFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQK

KAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIK

DKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTG

WGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSG

QGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQ

KGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQ

ELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNY

WRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSR

MNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVV

GTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFS

KESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVK

ELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGE

LQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEF

SKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDR

KRYTSTKEVLDATLIHOSITGLYETRIDLSOLGGDSGGS R



(SEQ ID NO: 710)

ABE7. 10: ecTadA(wiid-t Pe)-(SGGS )2- EN-(SGGS )2-

ecTadA(W23R H36L P48A R51L L84F A106V D108N H123Y S146C D147Y R152P E155V I156F K157N)-

(SGGS 2- EN-(SGGS) nCas9 SGGS NLS

MSEVEFSHEYWMRHALTLAKRAWDEREVPVGAVLVHNNRVIGEGWNRPIGR

HDPTAHAEIMALRQGGLVMQNYRLIDATLYVTLEPCVMCAGAMIHSRIGRVV

FGARDAKTGAAGSLMDVLHHPGMNHRVEITEGILADECAALLSDFFRMRRQE

IKAQKKAQSSTDSGGSSGGSSGS E G E A ESSGGSSGGSSEVEFSHEYWMR

HALTLAKRARDEREVPVGAVLVLNNRVIGEGWNRAIGLHDPTAHAEIMALRQ

GGLVMQNYRLIDATLYVTFEPCVMCAGAMIHSRIGRVVFGVRNAKTGAAGSL

MDVLHYPGMNHRVEITEGILADECAALLCYFFRMPRQVFNAQKKAQSSTDSG

GSSGGS5G5E G E A E5SGGSSGGSDKKYSIGLAIGTNSVGWAVITDEYKVPS

KKFKVLGNTDRHS IKKNLIGALLFDS GETAEATRLKRTARRRYTRRKNRIC YLQEIF

SNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLV

DSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDL

AEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITK

APLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE

EFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQED

FYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKG

ASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLS

GEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDL

LKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRR

RYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKA

QVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMAREN

QTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDM

YVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKK

MKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQI

LDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYL

NAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNF

FKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQT

GGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKL

KSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLA



SAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIE

QISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDT

TIDRKRYTSTKEVLDATLIHOSITGLYETRIDLSOLGGDSGGS R

(SEQ ID NO: 711)

[0151] In some embodiments, the fusion protein comprises an amino acid sequence that is at

least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at

least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or at least 99.5% identical to

any one of the amino acid sequences set forth in any one of SEQ ID NOs: 11-28, 387, 388,

440, 691-71 1, or to any of the fusion proteins provided herein. In some embodiments, the

fusion protein comprises an amino acid sequence that has 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 21, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37,

38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, or more mutations compared to any one of

the amino acid sequences set forth in SEQ ID NOs: 11-28, 387, 388, 440, 691-711, or any of

the fusion proteins provided herein. In some embodiments, the fusion protein comprises an

amino acid sequence that has at least 5, at least 10, at least 15, at least 20, at least 25, at least

30, at least 35, at least 40, at least 45, at least 50, at least 60, at least 70, at least 80, at least

90, at least 100, at least 110, at least 120, at least 130, at least 140, at least 150, at least 160, at

least 170, at least 200, at least 300, at least 400, at least 500, at least 600, at least 700, at least

800, at least 900, at least 1000, at least 1100, at least 1200, at least 1300, at least 1400, at

least 1500, at least 1600, at least 1700, at least 1750, or at least 1800 identical contiguous

amino acid residues as compared to any one of the amino acid sequences set forth in SEQ ID

NOs: 11-28, 387, 388, 440, 691-711, or any of the fusion proteins provided herein.

Complexes of Nucleic acid programmable DNA binding proteins (napDNAbp) with guide

nucleic acids

[0152] Some aspects of this disclosure provide complexes comprising any of the fusion

proteins provided herein, for example any of the adenosine base editors provided herein, and

a guide nucleic acid bound to napDNAbp of the fusion protein. In some embodiments, the

disclosure provides any of the fusion proteins (e.g., adenosine base editors) provided herein

bound to any of the guide RNAs provided herein. In some embodiments, the napDNAbp of

the fusion protein (e.g., adenosine base editor) is a Cas9 domain (e.g., a dCas9, a nuclease

active Cas9, or a Cas9 nickase), which is bound to a guide RNA. In some embodiments, the

complexes provided herein are configured to generate a mutation in a nucleic acid, for



example to correct a point mutation in a gene (e.g., HFE, HBB, or F8), or to mutate a

promoter (e.g., an HBGl or HBG2 promoter) to modulate expression of one or more proteins

(e.g., gamma globin protein) that are under control of the promoter.

[0153] In some embodiments, the guide RNA comprises a guide sequence that comprises at

least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30

contiguous nucleic acids that are 100% complementary to a target sequence, for example a

target DNA sequence. In some embodiments, the guide RNA comprises a guide sequence

that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,

27, 28, 29, or 30 contiguous nucleic acids that are 100% complementary to a DNA sequence

in a promoter region of an HBGl or HBG2 gene, for example a promoter region of a human

HBGl or HBG2 gene. In some embodiments, the human hemoglobin subunit gamma 1

(HBGl) is the HBGl of Gene ID: 3047. In some embodiments, the human hemoglobin

subunit gamma 2 (HBG2) is the HBG2 of Gene ID: 3048. In some embodiments, the HBGl

or HBG2 promoter is a human, chimpanzee, ape, monkey, dog, mouse, or rat promoter. In

some embodiments, the HBGl or HBG2 promoter is a human HBGl or HBG2 promoter. In

some embodiments, the HBGl or HBG2 promoter is from 100 to 300 nucleotides upstream

of an HBGl or HBG2 gene. In some embodiments, the HBGl or HBG2 promoter is from

100 to 300, 110 to 290, 120 to 280, 130 to 270, 140 to 260, 150 to 250, 160 to 240, 160 to

230, 170 to 220, 180 to 210 or from 190 to 200 nucleotides upstream of an HBGl or HBG2

gene. In some embodiments, the promoter that drives HBGl expression comprises a T that is

198 nucleotides upstream of HBGl (-198T). In some embodiments, the gRNA complexed

with any of the fusion proteins provided herein (e.g. adenosine base editors) is designed to

target the T at position -198 relative to the HBGl or HBG2, leading to the mutation of the T

to a C. Exemplary HBGl and HBG2 promoter sequences are provided as SEQ ID NO: 344

and 345, respectively. It shoud be appreciated that the exemplary HBGl and HBG2 promoter

regions are exemplary and are not meant to be limiting.

[0154] In some embodiments, the HBGl or HBG2 promoter comprises the nucleic acid

sequence of any one of the below sequences, such as SEQ ID NOs 838-846, 297-323 and

SEQ ID NOs 838-846 having a CCT at the 5' end of the nucleic acid. In some embodiments,

the T that is targeted for mutation to a C is indicated in bold in the below sequences.

5'-CTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 838);

5'-CTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 839);

5'-CTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 840);

5'-CTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 841);



5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842);

5'-CTTGGGGGCCCCTTCCCCA-3' (SEQ ID NO: 843);

5'-CTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 844);

5'-CTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 845);

5'-CCTCTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 6);

5'-CCTCTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 7);

5'-CCTCTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 15);

5'-CCTCTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 16);

5'-CCTCTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 17);

5'-CCTCTTGGGGGCCCCTTCCCCA-3' (SEQ ID NO: 18);

5'-CCTCTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 19); or

5'-CCTCTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 20).

[0155] In some embodiments, any of the complexes provided herein comprise a gRNA

having a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to any one of the nucleic acid sequences provided above (e.g., SEQ ID NOs

838-845, 297-323 and SEQ ID NOs 838-845 further comprising a CCT at the 5' end). It

should be appreciated that the guide sequence of the gRNA may comprise one or more

nucleotides that are not complementary to a target sequence. In some embodiments, the

guide sequence of the gRNA is at the 5' end of the gRNA. In some embodiments, the guide

sequence of the gRNA further comprises a G at the 5' end of the gRNA. In some

embodiments, the G at the 5' end of the gRNA is not complementary with the target

sequence. In some embodiments, the guide sequence of the gRNA comprises 1, 2, 3, 4, 5, 6,

7, or 8 nucleotides that are not complementary to a target sequence (e.g., any of the target

sequences provided herein). It should be appreciated that promoter sequences may vary

between the genomes of individuals. Thus, the disclosure provides gRNAs having a guide

sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,

25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100% complementary to a HBGl or

HBG2 promoter target sequence in the genome of a human.

[0156] In some embodiments, the gRNA comprises a guide sequence comprising any one of

SEQ ID NOs: 846-853 and 254-280, provided below.

5'-UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846);

5'-CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847);

5'-AUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 848);



5'-UGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 849).

5'-GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850);

5'-UGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 851);

5'-GGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 852);

5'-GGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 853);

5 '-GACAGAUAUUUGCAUUGAGAUAGUGUGG-3 ' (SEQ ID NO: 254);

5'-ACAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 255);

5'-CAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 256);

5'-AGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 257);

5'-GAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 258);

5'-AUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 259);

5'-AUGCAAAUAUCUGUCUGAAACGG-3' (SEQ ID NO: 260);

5'-GCAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 261);

5'-CAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 262);

5'-AAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 263);

5'-AAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 264);

5'-AUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 265);

5'-UAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 266);

5'-AGAUAUUUGCAUUGAGAUAGUGU-3' (SEQ ID NO: 267);

5'-ACAGAUAUUUGCAUUGAGAUAGU-3' (SEQ ID NO: 268);

5'- GUGGGGAAGGGGCCCCCAAGAGG-3 ' (SEQ ID NO: 269);

5'-CUUGACCAAUAGCCUUGACAAGG-3' (SEQ ID NO: 270);

5'-CUUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 271);

5'-UUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 272);

5'-UGUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 273);

5'-GUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 274);

5'-UCAAGGCUAUUGGUC AAGGCAAGG-3' (SEQ ID NO: 275);

5'-CAAGGCUAUUGGUC AAGGCAAGG-3' (SEQ ID NO: 276);

5'-UUGUCAAGGCUAUUGGUCAAGGC-3' (SEQ ID NO: 277);

5'-CUUGUCAAGGCUAUUGGUCAAGG-3' (SEQ ID NO: 278);

5'-UUGACCAAUAGCCUUGACAAGGC-3' (SEQ ID NO: 279); or

5'-UAGCCUUGACAAGGCAAACUUGA-3' (SEQ ID NO: 280)

[0157] Given that target sequences in the genomes of individuals may vary, it should be

appreciated that the RNA sequences provided in SEQ ID NOs: 846-853, and 254-280 may



vary by one or more nucleobases. In some embodiments, the guide sequence of any of the

guide RNA sequences provided herein may include 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleobase

changes relative to any on of SEQ ID NOs: 846-853, and 254-280. In some embodiments, the

guide sequence of the gRNA further comprises a G at the 5' end of the gRNA. Accordingly,

the application provides SEQ ID NOs: 846-853, and 254-280, further comprising a G at their

5' ends.

[0158] In some embodiments, the guide RNA comprises a guide sequence that comprises at

least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30

contiguous nucleic acids that are 100% complementary to a target sequence, for example a

target DNA sequence in a hemochromatosis (HFE) gene. In some embodiments, the guide

RNA comprises a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,

18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to a DNA sequence in a human HFE gene. In some embodiments, the HFE

gene is a human, chimpanzee, ape, monkey, dog, mouse, or rat HFE gene. In some

embodiments, the HFE gene is a human HFE gene. In some embodiments, the HFE gene is

the HFE gene of Gene ID: 3077, which has also been referred to as HH, HFE1, HLA-H,

MVCD7, and TFQTL2. Without wishing to be bound by any particular theory, the HFE

protein encoded by this gene is a membrane protein that is similar to MHC class I-type

proteins and associates with beta2-microglobulin (beta2M). It is thought that this protein

functions to regulate iron absorption by regulating the interaction of the transferrin receptor

with transferrin. The iron storage disorder, hereditary haemochromatosis, is a recessive

genetic disorder that results from defects in this gene. At least nine alternatively spliced

variants have been described for this gene. Additional variants have also been found.

[0159] An exemplary coding sequence of the HFE gene is shown below, where the wild-type

G that is mutated to an A, causing the Cys (C) to Tyr (Y) mutation at amino acid residue 282

(C282Y), is shown in bold and underlining. In some embodiments, this mutation causes

hemochromatosis (e.g., hereditary hemochromatosis):

ATGGGCCCGCGAGCCAGGCCGGCGCTTCTCCTCCTGATGCTTTTGCAGACCGCGG

TCCTGCAGGGGCGCTTGCTGCGTTCACACTCTCTGCACTACCTCTTCATGGGTGCC

TCAGAGCAGGACCTTGGTCTTTCCTTGTTTGAAGCTTTGGGCTACGTGGATGACC

AGCTGTTCGTGTTCTATGATCATGAGAGTCGCCGTGTGGAGCCCCGAACTCCATG

GGTTTCCAGTAGAATTTCAAGCCAGATGTGGCTGCAGCTGAGTCAGAGTCTGAAA

GGGTGGGATCACATGTTCACTGTTGACTTCTGGACTATTATGGAAAATCACAACC



ACAGCAAGGAGTCCCACACCCTGCAGGTCATCCTGGGCTGTGAAATGCAAGAAG

ACAACAGTACCGAGGGCTACTGGAAGTACGGGTATGATGGGCAGGACCACCTTG

AATTCTGCCCTGACACACTGGATTGGAGAGCAGCAGAACCCAGGGCCTGGCCCA

CCAAGCTGGAGTGGGAAAGGCACAAGATTCGGGCCAGGCAGAACAGGGCCTAC

CTGGAGAGGGACTGCCCTGCACAGCTGCAGCAGTTGCTGGAGCTGGGGAGAGGT

GTTTTGGACCAACAAGTGCCTCCTTTGGTGAAGGTGACACATCATGTGACCTCTT

CAGTGACCACTCTACGGTGTCGGGCCTTGAACTACTACCCCCAGAACATCACCAT

GAAGTGGCTGAAGGATAAGCAGCCAATGGATGCCAAGGAGTTCGAACCTAAAGA

CGTATTGCCCAATGGGGATGGGACCTACCAGGGCTGGATAACCTTGGCTGTACCC

CCTGGGGAAGAGCAGAGATATACGTGCCAGGTGGAGCACCCAGGCCTGGATCAG

CCCCTCATTGTGATCTGGGAGCCCTCACCGTCTGGCACCCTAGTCATTGGAGTCA

TCAGTGGAATTGCTGTTTTTGTCGTCATCTTGTTCATTGGAATTTTGTTCATAATA

TTAAGGAAGAGGCAGGGTTCAAGAGGAGCCATGGGGCACTACGTCTTAGCTGAA

CGTGAGTGA (SEQ ID NO: 871)

[0160] An exemplary HFE amino acid sequence, encoded from the above HFE nucleic acid

coding sequence, is shown below in (SEQ ID NO: 750), where the C at position 282, which is

mutated to a Y in hemochromatosis, is indicated in bold and underlining:

MGPRARPALLLLMLLQTAVLQGRLLRSHSLHYLFMGASEQDLGLSLFEALGYVDDQ

LFVFYDHESRRVEPRTPWVSSRISSQMWLQLSQSLKGWDHMFTVDFWTIMENHNHS

KESHTLQVILGCEMQEDNSTEGYWKYGYDGQDHLEFCPDTLDWRAAEPRAWPTKL

EWERHKIRARQNRAYLERDCPAQLQQLLELGRGVLDQQVPPLVKVTHHVTSSVTTL

RCRALNYYPQNITMKWLKDKQPMDAKEFEPKDVLPNGDGTYQGWITLAVPPGEEQ

RYTCQVEHPGLDQPLIVIWEPS PSGTLVIGVISGIAVFVVILFIGILFIILRKRQGS RGAM

GHYVLAER (SEQ ID NO: 750).

[0161] In some embodiments, the HFE gene comprises a G to A mutation in the coding

sequence of the HFE gene, which causes C to Y mutation in the HFE protein. For example a

C282Y mutation in SEQ ID NO: 750. In some embodiments, the HFE gene comprises a G

to A mutation in nucleic acid residue 845 of SEQ ID NO: 871, which causes C to Y mutation

in the encoded HFE protein. In some embodiments, complexes provided herein are designed

to correct the C to Y mutation in HFE (e.g., a C282Y mutation of SEQ ID NO: 750) that

causes hemochromatosis. It should be appreciated that the coding sequence of HFE may vary

between indviduals. Thus, the guide sequence of any of the gRNAs provided herein may be

engineered to account for such differences to correct the C to Y mutation in HFE that causes



hemochromatosis.

[0162] In some embodiments, the HFE gene comprises the nucleic acid sequence of any one

of the below sequences, such as SEQ ID NOs 854-861 and SEQ ID NOs 854-861 having a

CCT at the 5' end of the nucleic acid. In some embodiments, the T that is targeted for

mutation to a C is indicated in bold in the below sequences. The A opposite of the targeted T

may be deaminated using any of the complexes provided herein. The sequences provided

below are reverse complements of portions of the coding sequence of an HFE gene.

5'-GGGTGCTCC ACCTGGTACGTATAT-3 ' (SEQ ID NO: 854);

5'-GGGTGCTCC ACCTGGTACGTATA-3 ' (SEQ ID NO: 855);

5'-GGGTGCTCC ACCTGGTACGTAT-3 ' (SEQ ID NO: 856);

5'-GGGTGCTCC ACCTGGTACGTA-3 ' (SEQ ID NO: 857);

5'-GGGTGCTCC ACCTGGTACGT-3 ' (SEQ ID NO: 858);

5'-GGGTGCTCC ACCTGGTACG-3 ' (SEQ ID NO: 859);

5'-GGGTGCTCC ACCTGGTAC-3 ' (SEQ ID NO: 860);

5'-GGGTGCTCC ACCTGGTA-3 ' (SEQ ID NO: 861);

5'-CCTGGGTGCTCCACCTGGTACGTATAT-3 ' (SEQ ID NO: 21);

5'-CCTGGGTGCTCCACCTGGTACGTATA-3 ' (SEQ ID NO: 22);

5'-CCTGGGTGCTCCACCTGGTACGTAT-3 ' (SEQ ID NO: 23);

5'-CCTGGGTGCTCCACCTGGTACGTA-3 ' (SEQ ID NO: 24);

5'-CCTGGGTGCTCCACCTGGTACGT-3 ' (SEQ ID NO: 25);

5'-CCTGGGTGCTCCACCTGGTACG-3 ' (SEQ ID NO: 26);

5'-CCTGGGTGCTCCACCTGGTAC-3' (SEQ ID NO: 29); or

5'-CCTGGGTGCTCCACCTGGTA-3 ' (SEQ ID NO: 30).

[0163] In some embodiments, any of the complexes provided herein comprise a gRNA

having a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to any one of the nucleic acid sequences provided above (e.g., SEQ ID NOs

854 -861 and SEQ ID NOs 854 -861 having a CCT at the 5' end). It should be appreciated

that the guide sequence of the gRNA may comprise one or more nucleotides that are not

complementary to a target sequence. In some embodiments, the guide sequence of the gRNA

is at the 5' end of the gRNA. In some embodiments, the guide sequence of the gRNA further

comprises a G at the 5' end of the gRNA. In some embodiments, the G at the 5' end of the

gRNA is not complementary with the target sequence. In some embodiments, the guide

sequence of the gRNA comprises 1, 2, 3, 4, 5, 6, 7, or 8 nucleotides that are not



complementary to a target sequence (e.g., any of the target sequences provided herein). It

should be appreciated that HFE gene sequences may vary between the genomes of

individuals. Thus, the disclosure provides gRNAs having a guide sequence that comprises at

least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30

contiguous nucleic acids that are 100% complementary to a HFE gene target sequence in the

genome of a human.

[0164] In some embodiments, the gRNA comprises a guide sequence comprising any one of

SEQ ID NOs: 862-869, provided below.

5'- AUAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 862);

5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863);

5'- AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864);

5'- UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865);

5'- ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866);

5'- CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867);

5'- GUACCAGGUGGAGCACCC-3' (SEQ ID NO: 868); or

5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869).

[0165] Given that target sequences in the genomes of individuals may vary, it should be

appreciated that the RNA sequences provided in SEQ ID NOs: 862-869 may vary by one or

more nucleobases. In some embodiments, the guide sequence of any of the guide RNA

sequences provided herein may include 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleobase changes

relative to any of SEQ ID NOs: 862-869. In some embodiments, the guide sequence of the

gRNA further comprises a G at the 5' end of the gRNA. Accordingly, the application

provides SEQ ID NOs: 862-869 that further comprise a G at their 5' ends.

[0166] In some embodiments, the guide RNA comprises a guide sequence that comprises at

least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30

contiguous nucleic acids that are 100% complementary to a target sequence, for example a

target DNA sequence in a beta globin (HBB) gene. In some embodiments, the guide RNA

comprises a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19,

20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to a DNA sequence in a human HBB gene. In some embodiments, the HBB

gene is a human, chimpanzee, ape, monkey, dog, mouse, or rat HBB gene. In some

embodiments, the HBB gene is a human HBB gene. In some embodiments, the HBB gene is

the HBB gene of Gene ID: 3043, which has also been referred to as ECYT6, CD1 13t-C, and

beta-globin. Without wishing to be bound by any particular theory, the hemoglobin subunit



beta is a globin protein, which along with alpha globin (HBA), makes up the most common

form of haemoglobin in adult humans. Mutations in the gene produce several variants of the

proteins which are implicated with genetic disorders such as sickle-cell disease and beta

thalassemia, including hemoglobin C disease (Hb C) and hemoglobin E disease (Hb E).

[0167] An exemplary coding sequence of the HBB gene is shown below. In some

embodiments, this sequence is mutated (e.g., A to T mutation) to cause sickle cell disease

(E6V mutation in the protein). In some embodiments, this sequence is mutated (e.g., G to A

mutation) to cause Hb C (E6K mutation in the protein). In some embodiments, this sequence

is mutated (e.g., G to A mutation) to cause HbE (E26K mutation in the protein).

[0168] Exemplary HBB gene:

ACATTTGCTTCTGACACAACTGTGTTCACTAGCAACCTCAAACAGACACCATGGT

GCATCTGACTCCTGAGGAGAAGTCTGCCGTTACTGCCCTGTGGGGCAAGGTGAAC

GTGGATGAAGTTGGTGGTGAGGCCCTGGGCAGGTTGGTATCAAGGTTACAAGAC

AGGTTTAAGGAGACCAATAGAAACTGGGCATGTGGAGACAGAGAAGACTCTTGG

GTTTCTGATAGGCACTGACTCTCTCTGCCTATTGGTCTATTTTCCCACCCTTAGGC

TGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTGTCC

ACTCCTGATGCTGTTATGGGCAACCCTAAGGTGAAGGCTCATGGCAAGAAAGTG

CTCGGTGCCTTTAGTGATGGCCTGGCTCACCTGGACAACCTCAAGGGCACCTTTG

CCACACTGAGTGAGCTGCACTGTGACAAGCTGCACGTGGATCCTGAGAACTTCA

GGGTGAGTCTATGGGACGCTTGATGTTTTCTTTCCCCTTCTTTTCTATGGTTAAGT

TCATGTCATAGGAAGGGGATAAGTAACAGGGTACAGTTTAGAATGGGAAACAGA

CGAATGATTGCATCAGTGTGGAAGTCTCAGGATCGTTTTAGTTTCTTTTATTTGCT

GTTCATAACAATTGTTTTCTTTTGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGC

AATTTTTACTATTATACTTAATGCCTTAACATTGTGTATAACAAAAGGAAATATCT

CTGAGATACATTAAGTAACTTAAAAAAAAACTTTACACAGTCTGCCTAGTACATT

ACTATTTGGAATATATGTGTGCTTATTTGCATATTCATAATCTCCCTACTTTATTTT

CTTTTATTTTTAATTGATACATAATCATTATACATATTTATGGGTTAAAGTGTAAT

GTTTTAATATGTGTACACATATTGACCAAATCAGGGTAATTTTGCATTTGTAATTT

TAAAAAATGCTTTCTTCTTTTAATATACTTTTTTGTTTATCTTATTTCTAATACTTT

CCCTAATCTCTTTCTTTCAGGGCAATAATGATACAATGTATCATGCCTCTTTGCAC

CATTCTAAAGAATAACAGTGATAATTTCTGGGTTAAGGCAATAGCAATATCTCTG

CATATAAATATTTCTGCATATAAATTGTAACTGATGTAAGAGGTTTCATATTGCT

AATAGCAGCTACAATCCAGCTACCATTCTGCTTTTATTTTATGGTTGGGATAAGG

CTGGATTATTCTGAGTCCAAGCTAGGCCCTTTTGCTAATCATGTTCATACCTCTTA



TCTTCCTCCCACAGCTCCTGGGCAACGTGCTGGTCTGTGTGCTGGCCCATCACTTT

GGCAAAGAATTCACCCCACCAGTGCAGGCTGCCTATCAGAAAGTGGTGGCTGGT

GTGGCTAATGCCCTGGCCCACAAGTATCACTAAGCTCGCTTTCTTGCTGTCCAATT

TCTATTAAAGGTTCCTTTGTTCCCTAAGTCCAACTACTAAACTGGGGGATATTATG

AAGGGCCTTGAGCATCTGGATTCTGCCTAATAAAAAACATTTATTTTCATTGC

(SEQ ID NO: 346)

[0169] An exemplary HBB amino acid sequence, is shown below in (SEQ ID NO: 340),

where the E at position 6, which is mutated to a V in sickle cell disease or to a K in Hb C, is

indicated in bold and underlining. The E at position 26, which is mutated to a K in Hb E is

also indicated in bold and underlining.

VHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVM

GNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLV

CVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH (SEQ ID NO: 340)

[0170] In some embodiments, the HBB gene comprises a G to A or A to T mutation in the

coding sequence of the HBB gene, which causes a E6V, a E6K, or a E26K mutation in HBB.

For example, a E6V, a E6K, or a E26K mutation in SEQ ID NO: 340. In some embodiments,

complexes provided herein are designed to correct the E6V (e.g., changing pathogenic V

mutation to non-pathogenic A mutation), a E6K, or a E26K mutation in HBB, that causes

sickle cell disease, Hb C, and Hb E, respectively. It should be appreciated that the coding

sequence of HBB may vary between indviduals. Thus, the guide sequence of any of the

gRNAs provided herein may be engineered to account for such differences to correct the

mutations provided herein.

[0171] In some embodiments, the HBB gene comprises the nucleic acid sequence, or a

reverse complement thereof, of any one of the below sequences, such as SEQ ID NOs 324-

337. In some embodiments, the T that is targeted for mutation to a C is indicated in bold in

the below sequences. The A opposite of the targeted T may be deaminated using any of the

complexes provided herein.

5'-GTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 324);

5'-GGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 325);

5 '-CCATGGTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 326);

5 '-CCATGGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 327);

5 '-CCATGGTGCATCTGACTCCTGTGGAG-3 ' (SEQ ID NO: 328);

5 '-CCATGGTGCATCTGACTCCTGTGGA-3 ' (SEQ ID NO: 329);

5 '-CCATGGTGCATCTGACTCCTGTGG-3' (SEQ ID NO: 330);



5 '-CCATGGTGC ATCTGACTCCTGTG-3 ' (SEQ ID NO: 331);

5 '-GCATCTGACTCCTGTGGAGAAGT-3 ' (SEQ ID NO: 332);

5 '-ACCATGGTGC ATCTGACTCCTGTGGAGA-3' (SEQ ID NO: 333);

5 '-ACGGCAGACTTCTCCTTAGGAGT-3 ' (SEQ ID NO: 334);

5'-CCTGCCCAGGGCCTTACCACCAA-3' (SEQ ID NO: 335);

5'-ACCTGCCCAGGGCCTTACCACCA-3' (SEQ ID NO: 336); or

5'-CCAACCTGCCCAGGGCCTTACCA-3' (SEQ ID NO: 337)

[0172] In some embodiments, any of the complexes provided herein comprise a gRNA

having a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to any one of the nucleic acid sequences provided above (e.g., SEQ ID NOs

324 -337). It should be appreciated that the guide sequence of the gRNA may comprise one

or more nucleotides that are not complementary to a target sequence. In some embodiments,

the guide sequence of the gRNA is at the 5' end of the gRNA. In some embodiments, the

guide sequence of the gRNA further comprises a G at the 5' end of the gRNA. In some

embodiments, the G at the 5' end of the gRNA is not complementary with the target

sequence. In some embodiments, the guide sequence of the gRNA comprises 1, 2, 3, 4, 5, 6,

7, or 8 nucleotides that are not complementary to a target sequence (e.g., any of the target

sequences provided herein). It should be appreciated that BB gene sequences may vary

between the genomes of individuals. Thus, the disclosure provides gRNAs having a guide

sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,

25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100% complementary to a HBB

gene target sequence in the genome of a human.

[0173] In some embodiments, the gRNA comprises a guide sequence comprising any one of

SEQ ID NOs: 281-294, provided below. SEQ ID NOs: 281-290 are designed to treat sickle

cell disease (e.g., changing E6V mutation to have an A at position 6, which is non

pathogenic). SEQ ID NO: 291 is designed to treat Hb C (e.g., E6K mutation). SEQ ID NOs:

292-294 are designed to Hb E (e.g., E26K mutation).

5'-UUCUCCACAGGAGUCAGAUGCAC-3' (SEQ ID NO: 281);

5'-UCUCCACAGGAGUCAGAUGCACC-3' (SEQ ID NO: 282);

5'-UUCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 283);

5'-UCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 284);

5'-CUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 285);

5'-UCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 286);



5'-CCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 287);

5'-CACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 288);

5'-ACUUCUCCACAGGAGUCAGAUGC-3' (SEQ ID NO: 289);

5'-UCUCCACAGGAGUCAGAUGCACCAUGGU-3' (SEQ ID NO: 290);

5'-ACUCCUAAGGAGAAGUCUGCCGU-3' (SEQ ID NO: 291);

5'-UUGGUGGUAAGGCCCUGGGCAGG-3' (SEQ ID NO: 292);

5'-UGGUGGUAAGGCCCUGGGCAGGU-3' (SEQ ID NO: 293); or

5'-UGGUAAGGCCCUGGGCAGGUUGG-3' (SEQ ID NO: 294).

[0174] Given that target sequences in the genomes of individuals may vary, it should be

appreciated that the RNA sequences provided in SEQ ID NOs: 281-294 may vary by one or

more nucleobases. In some embodiments, the guide sequence of any of the guide RNA

sequences provided herein may include 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleobase changes

relative to any of SEQ ID NOs: 281-294. In some embodiments, the guide sequence of the

gRNA further comprises a G at the 5' end of the gRNA. Accordingly, the application

provides SEQ ID NOs: 281-294 that further comprise a G at their 5' ends.

[0175] In some embodiments, the guide RNA comprises a guide sequence that comprises at

least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30

contiguous nucleic acids that are 100% complementary to a target sequence, for example a

target DNA sequence in a coagulation factor VIII (F8) gene. In some embodiments, the

guide RNA comprises a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16,

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to a DNA sequence in a human F8 gene. In some embodiments, the F8 gene

is a human, chimpanzee, ape, monkey, dog, mouse, or rat F8 gene. In some embodiments,

the F8 gene is a human F8 gene. In some embodiments, the F8 gene is the F8 gene of Gene

ID: 2157, which has also been referred to as AHF, F8B, F8C, HEMA, FVIII, and DXS1253E.

Without wishing to be bound by any particular theory, F8 encodes coagulation factor VIII,

which participates in the intrinsic pathway of blood coagulation; factor VIII is a cofactor for

factor IXa which, in the presence of Ca+2 and phospholipids, converts factor X to the

activated form Xa. Defects in this gene results in hemophilia A, a common recessive X-

linked coagulation disorder.

[0176] An exemplary coding sequence of the F8 gene is provided as SEQ ID NO: 347. In

some embodiments, this sequence is mutated (e.g., C to T mutation) to cause hemophilia A

(R612C mutation in the protein).



[0177] An exemplary coagulation factor VIII amino acid sequence, is shown below in (SEQ

ID NO: 341), where the R at position 612, which is mutated to a C in hemophilia A is

indicated in bold and underlining.

[0178] MQIELSTCFFLCLLRFCFSATRRYYLGAVELSWDYMQSDLGELPVDARFPPRV

PKSFPFNTSVVYKKTLFVEFTDHLFNIAKPRPPWMGLLGPTIQAEVYDTVVITLKNM

ASHPVSLHAVGVSYWKASEGAEYDDQTSQREKEDDKVFPGGSHTYVWQVLKENGP

MASDPLCLTYSYLSHVDLVKDLNSGLIGALLVCREGSLAKEKTQTLHKFILLFAVFDE

GKSWHSETKNSLMQDRDAASARAWPKMHTVNGYVNRSLPGLIGCHRKSVYWHVI

GMGTTPEVHSIFLEGHTFLVRNHRQ ASLEISPITFLTAQTLLMDLGQFLLFCHIS SHQH

DGMEAYVKVDSCPEEPQLRMKNNEEAEDYDDDLTDSEMDVVRFDDDNSPSFIQIRS

VAKKHPKTWVHYIAAEEEDWDYAPLVLAPDDRSYKSQYLNNGPQRIGRKYKKVRF

MAYTDETFKTREAIQHESGILGPLLYGEVGDTLLIIFKNQASRPYNIYPHGITDVRPLY

SRRLPKGVKHLKDFPILPGEIFKYKWTVTVEDGPTKSDPRCLTRYYSSFVNMERDLA

SGLIGPLLICYKESVDQRGNQIMSDKRNVILFSVFDENRSWYLTENIQRFLPNPAGVQ

LEDPEFQASNIMHSINGYVFDSLQLSVCLHEVAYWYILS IGAQTDFLSVFFSGYTFKH

KMVYEDTLTLFPFSGETVFMSMENPGLWILGCHNSDFRNRGMTALLKVSSCDKNTG

DYYEDSYEDISAYLLSKNNAIEPRSFSQNSRHPSTRQKQFNATTIPENDIEKTDPWF AH

RTPMPKIQNVSSSDLLMLLRQSPTPHGLSLSDLQEAKYETFSDDPSPGAIDSNNSLSE

MTHFRPQLHHS GDMVFTPESGLQLRLNEKLGTTAATELKKLDFKVS STSNNLISTIPS

DNLAAGTDNTSSLGPPSMPVHYDSQLDTTLFGKKSSPLTESGGPLSLSEENNDSKLLE

SGLMNSQESSWGKNVSSTESGRLFKGKRAHGPALLTKDNALFKVS ISLLKTNKTSNN

SATNRKTHIDGPSLLIENSPSVWQNILESDTEFKKVTPLIHDRMLMDKNATALRLNH

MSNKTTSSKNMEMVQQKKEGPIPPDAQNPDMSFFKMLFLPESARWIQRTHGKNSLN

SGQGPSPKQLVSLGPEKSVEGQNFLSEKNKVVVGKGEFTKDVGLKEMVFPSSRNLFL

TNLDNLHENNTHNQEKKIQEEIEKKETLIQENVVLPQIHTVTGTKNFMKNLFLLSTRQ

NVEGSYDGAYAPVLQDFRSLNDSTNRTKKHTAHFSKKGEEENLEGLGNQTKQIVEK

YACTTRISPNTSQQNFVTQRSKRALKQFRLPLEETELEKRIIVDDTSTQWSKNMKHLT

PSTLTQIDYNEKEKGAITQSPLSDCLTRSHSIPQANRSPLPIAKVSSFPS IRPIYLTRVLF

QDNSSHLPAASYRKKDSGVQESSHFLQGAKKNNLSLAILTLEMTGDQREVGSLGTSA

TNSVTYKKVENTVLPKPDLPKTSGKVELLPKVHIYQKDLFPTETSNGSPGHLDLVEGS

LLQGTEGAIKWNEANRPGKVPFLRVATESSAKTPSKLLDPLAWDNHYGTQIPKEEW

KSQEKSPEKTAFKKKDTILSLNACESNHAIAAINEGQNKPEIEVTWAKQGRTERLCSQ

NPPVLKRHQREITRTTLQS DQEEIDYDDTISVEMKKEDFDIYDEDENQS PRSFQKKTR

HYFIAAVERLWDYGMSSSPHVLRNRAQSGSVPQFKKVVFQEFTDGSFTQPLYRGEL



NEHLGLLGP YIRAEVEDNIMVTFRNQASRPYSFYSSLISYEEDQRQG AEPRKNFVKPN

ETKTYFWKVQHHMAPTKDEFDCKAWAYFSDVDLEKDVHSGLIGPLLVCHTNTLNP

AHGRQVTVQEFALFFTIFDETKSWYFTENMERNCRAPCNIQMEDPTFKENYRFHAIN

GYIMDTLPGLVMAQDQRIRWYLLSMGSNENIHSIHFSGHVFTVRKKEEYKMALYNL

YPGVFETVEMLPSKAGIWRVECLIGEHLHAGMSTLFLVYSNKCQTPLGMASGHIRDF

QITASGQYGQWAPKLARLHYSGSINAWSTKEPFSWIKVDLLAPMIIHGIKTQGARQK

FSSLYISQFIIMYSLDGKKWQT YRGNSTGTLM VFFGNVDS SGIKHNIFNPPIIARYIRLH

PTHYSIRSTLRMELMGCDLNSCSMPLGMESKAISDAQITASSYFTNMFATWSPSKAR

LHLQGRSNAWRPQVNNPKEWLQVDFQKTMKVTGVTTQGVKSLLTSMYVKEFLISSS

QDGHQWTLFFQNGKVKVFQGNQDSFTPVVNSLDPPLLTRYLRIHPQSWVHQIALRM

EVLGCEAQDLY (SEQ ID NO: 341)

[0179] In some embodiments, the F8 gene comprises a C to T mutation in the coding

sequence of the F8 gene, which causes an R to C mutation in coagulation factor VIII. For

example, an R612C mutation in SEQ ID NO: 341. In some embodiments, complexes

provided herein are designed to correct the R to C (e.g., R612C) mutation in F8, which causes

hemophilia A. It should be appreciated that the coding sequence of F8 may vary between

indviduals. Thus, the guide sequence of any of the gRNAs provided herein may be

engineered to account for such differences to correct the mutations provided herein.

[0180] In some embodiments, the F8 gene comprises the nucleic acid sequence, or a reverse

complement thereof, of any one of the below sequences, such as SEQ ID NOs 338-339. In

some embodiments, the T that is targeted for mutation to a C is indicated in bold in the below

sequences. The A opposite of the targeted T may be deaminated using any of the complexes

provided herein.

5 '-CCTCACAGAGAATATAC AATGCT-3 ' (SEQ ID NO: 338); or

5 '-TCACAGAGAATATACAATGCTTT-3 ' (SEQ ID NO: 339).

[0181] In some embodiments, any of the complexes provided herein comprise a gRNA

having a guide sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20,

21, 22, 23, 24, 25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100%

complementary to any one of the nucleic acid sequences provided above (e.g., SEQ ID NOs

338 -339). It should be appreciated that the guide sequence of the gRNA may comprise one

or more nucleotides that are not complementary to a target sequence. In some embodiments,

the guide sequence of the gRNA is at the 5' end of the gRNA. In some embodiments, the

guide sequence of the gRNA further comprises a G at the 5' end of the gRNA. In some



embodiments, the G at the 5' end of the gRNA is not complementary with the target

sequence. In some embodiments, the guide sequence of the gRNA comprises 1, 2, 3, 4, 5, 6,

7, or 8 nucleotides that are not complementary to a target sequence (e.g., any of the target

sequences provided herein). It should be appreciated that F8 gene sequences may vary

between the genomes of individuals. Thus, the disclosure provides gRNAs having a guide

sequence that comprises at least 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24,

25, 26, 27, 28, 29, or 30 contiguous nucleic acids that are 100% complementary to a F8 gene

target sequence in the genome of a human.

[0182] In some embodiments, the gRNA comprises a guide sequence comprising any one of

SEQ ID NOs: 295-296, provided below, which are designed treat hemophilia A (e.g., R612C

mutation, e.g., of SEQ ID NO: 341).

5'-AGCAUUGUAUAUUCUCUGUGAGG-3' (SEQ ID NO: 295); or

5'-AAAGCAUUGUAUAUUCUCUGUGA-3' (SEQ ID NO: 296)

[0183] Given that target sequences in the genomes of individuals may vary, it should be

appreciated that the RNA sequences provided in SEQ ID NOs: 295-296 may vary by one or

more nucleobases. In some embodiments, the guide sequence of any of the guide RNA

sequences provided herein may include 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleobase changes

relative to any of SEQ ID NOs: 295-295. In some embodiments, the guide sequence of the

gRNA further comprises a G at the 5' end of the gRNA. Accordingly, the application

provides SEQ ID NOs: 295-296 that further comprise a G at their 5' ends.

[0184] In some embodiments, the guide nucleic acid (e.g., guide RNA) is from 15-150

nucleotides long and comprises a guide sequence of at least 10 contiguous nucleotides that is

complementary to a target sequence. In some embodiments, the guide RNA is at least 15, 16,

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41,

42, 43, 44, 45, 46, 47, 48, 49, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, or 150 nucleotides

long. In some embodiments, the guide RNA comprises a guide sequence of 15, 16, 17, 18,

19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, or 40

contiguous nucleotides that is complementary to a target sequence, for example any of the

HBG1 or HBG2 promoter sequences provided herein or any of the HFE, HBB, or F8 target

sequences provided herein. In some embodiments, the target sequence is a DNA sequence.

In some embodiments, the target sequence is a sequence in the genome of a mammal. In

some embodiments, the target sequence is a sequence in the genome of a human. In some



embodiments, the 3' end of the target sequence is immediately adjacent to a canonical PAM

sequence (NGG). In some embodiments, the guide nucleic acid (e.g., guide RNA) is

complementary to a sequence associated with a disease or disorder, e.g., hereditary

persistence of fetal hemoglobin (HPFH), beta-thalassemia, hereditary hemochromatosis

(HHC), sickle cell disease, Hb C, Hb E, or hemophilia (e.g., hemophilia A).

Methods of using fusion proteins comprising an adenosine deaminase and a nucleic acid

programmable DNA binding protein (napDNAbp) domain

[0185] Some aspects of this disclosure provide methods of using the fusion proteins, or

complexes comprising a guide nucleic acid (e.g., gRNA) and a nucleobase editor provided

herein. For example, some aspects of this disclosure provide methods comprising contacting

a DNA, or RNA molecule with any of the fusion proteins provided herein, and with at least

one guide nucleic acid (e.g., guide RNA), wherein the guide nucleic acid, (e.g., guide RNA)

is comprises a sequence (e.g., a guide sequence that binds to a DNA target sequence) of at

least 10 (e.g., at least 10, 15, 20, 25, or 30) contiguous nucleotides that is 100%

complementary to a target sequence. In some embodiments, the 3' end of the target sequence

is immediately adjacent to a canonical PAM sequence (NGG). In some embodiments, the 3'

end of the target sequence is not immediately adjacent to a canonical PAM sequence (NGG).

In some embodiments, the 3' end of the target sequence is immediately adjacent to an AGC,

GAG, TTT, GTG, or CAA sequence.

Expressing Hemaglobin

[0186] Some aspects of the disclosure provide methods of introducing disease- suppressing

mutations in cells (e.g., mammalian cells). In some embodiments, the disclosure provides

methods of using base editors (e.g., any of the fusion proteins provided herein) and gRNAs to

modulate expression of a hemoglobin gene (e.g., HBG1 and/or HBG2). In some

embodiments, the disclosure provides methods of using base editors (e.g., any of the fusion

proteins provided herein) and gRNAs to generate an A to T and/or T to C mutation in a

promoter region of HBG1 and/or HBG2.

[0187] Humans with the rare benign condition hereditary persistence of fetal hemoglobin

(HPFH) are resistant to some β-globin diseases including sickle-cell anemia. In certain

patients, this phenotype is mediated by mutations in the promoters of the γ -globin genes

HBG1 and HBG2 that enable sustained expression of fetal hemoglobin, which is normally

silenced in humans around birth. Without wishing to be bound by any particular theory,



generating one or more mutations in a promoter region of HBGl or HBG2 can increase

expression of HBGl and/or HBG2 in order to treat β-globin diseases.

[0188] In some embodiments, the methods include deaminating an adenosine nucleobase (A)

in a promoter of an HBGl or HBG2 gene by contacting the promoter with a base editor and a

guide RNA bound to the base editor, where the guide RNA (gRNA) comprises a guide

sequence that is complementary to a target nucleic acid sequence in the promoter of the

HBGl and/or HBG2 gene. It should be appreciated that the prompter of the HBGl and

HBG2 genes can include any of the sequences of the HBGl and HBG2 promoters described

herein. In some embodiments, the guide sequence of the gRNA comprises at least 5, 6, 7, 8,

9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 26, 27, 28, 29, 30, 31, 32, 33, 34,

35, 36, 37, 38, 39, 40, or more contiguous nucleic acids that are 100% complementary to a

target nucleic acid sequence in a promoter sequence of HBGl or HBG2.

[0189] In some embodiments, the methods further comprising nicking the target sequence,

which may be achieved by using a nucleic acid programmable binding protein (napDNAbp),

such as a Cas9 nickase (nCas9) that nicks the target sequence that is complementary to the

guide sequence of the gRNA. In some embodiments, the target nucleic acid sequence in the

promotor comprises the nucleic acid sequence

5'-CTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 838);

5'-CTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 839);

5'-CTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 840);

5'-CTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 841);

5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842);

5'-CTTGGGGGCCCCTTCCCCA-3' (SEQ ID NO: 843);

5'-CTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 844);

5'-CTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 845); or

any one of SEQ ID NOs: 297-323.

It should be appreciated that any of the the nucleic acids of SEQ ID NOs: 838-845 may

further comprise 5'-CCT-3' at their 5' end.

[0190] In some embodiments, the guide sequence of the gRNA comprises the nucleic acid

sequence

5'-UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846);

5'-CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847);

5'-AUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 848);

5'-UGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 849).



5'-GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850);

5'-UGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 851);

5'-GGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 852);

5'-GGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 853) or

any one of SEQ ID NOs: 254-280.

It should be appreciated that any of the the nucleic acids of SEQ ID NOs: 846-853,or 254-

280 may further comprise a G at their 5' end.

[0191] In some embodiments, deaminating the adenosine nucleobase in the promoter of

HBGl or HBG2 results in a T-A base pair in the promoter being mutated to a C-G base pair

in the promoter. In some embodiments, deaminating the adenosine nucleobase in the

promoter results in a sequence associated with hereditary persistence of fetal hemoglobin

(HPFH). Hereditary persistence of fetal hemoglobin, in some embodiments, is characterized

as a benign condition in which fetal hemoglobin (e.g., hemoglobin F) is expressed in

adulthood. In some embodiments, HPFH is characterized by expression of fetal hemoglobin

in a subject of 2 years or older, 5 years or older, 10 years or older, 15 years or older 20 years

or older, 25 years or older, or 30 years or older. In some embodiments, HPFH is considered

to be expressed in an adult if it is expressed at a level that is at least 5%, 10%, 15%, 20%,

25%, 30%, 40%, 50%, 60%, 70%, 80% or more greater than in a normal subject of 2 years or

older, 5 years or older, 10 years or older, 15 years or older 20 years or older, 25 years or

older, or 30 years or older.

[0192] In some embodiments, deaminating the adenosine nucleobase in the promoter of the

HBGl gene leads to an increase in transcription of the HBGl gene by at least 5%, 10%, 15%,

20%, 25%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 200%, 500%, 1000% or more

relative to a healthy adult or a fetus that expresses HBGl. In some embodiments,

deaminating the adenosine nucleobase in the promoter of the HBG2 gene leads to an increase

in transcription of the HBG2 gene by at least 5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%,

60%, 70%, 80%, 90%, 100%, 200%, 500%, 1000% or more relative to a healthy adult or a

fetus that expresses HBGl. In some embodiments, deaminating the adenosine nucleobase in

the promoter of the HBGl gene leads to an increase HBGl protein levels by at least 5%,

10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 100%, 200%, 500%, 1000%

or more relative to a healthy adult or a fetus that expresses HBGl. In some embodiments,

deaminating the adenosine nucleobase in the promoter of the HBG2 gene leads to an increase

in HBG2 protein levels by at least 5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, 60%, 70%,

80%, 90%, 100%, 200%, 500%, 1000% or more relative to a healthy adult or a fetus that



expresses HBG2.

[0193] In some embodiments, the method is performed in vitro, for example in cultured cells.

In some embodiments, the method is performed in vivo. In some embodiments, the method is

performed ex vivo. In some embodiments, the method is performed in the cell of a subject.

In some embodiments, the subject has or is suspected of having a disease or disorder of the

blood. In some embodiments, the disease or disorder is an anemia. In some embodiments,

the anemia is iron deficiency anemia, aplastic anemia, haemolytic anemia, thalassaemia,

sickle cell anemia, pernicious anemia, or fanconi anemia. In some embodiments, the disease

or disorder is caused by a mutation in a gene or a promoter of a gene encoding a globin

protein, for example CYGB, HBA1, HBA2, HBB, HBD, HBE1, HBG1, HBG2, HBM, HBQ1,

HBZ, or MB.

Correcting Mutations in an HFE gene

[0194] Some aspects of the disclosure provide methods of using base editors {e.g., any of the

fusion proteins provided herein) and gRNAs to correct a point mutation in an HFE gene. In

some embodiments, the disclosure provides methods of using base editors {e.g., any of the

fusion proteins provided herein) and gRNAs to generate an A to G and/or T to C mutation in

an HFE gene. In some embodiments, the disclosure provides method for deaminating an

adenosine nucleobase (A) in an HFE gene, the method comprising contacting the HFE gene

with a base editor and a guide RNA bound to the base editor, where the guide RNA

comprises a guide sequence that is complementary to a target nucleic acid sequence in the

HFE gene. In some embodiments, the HFE gene comprises a C to T or G to A mutation. In

some embodiments, the C to T or G to A mutation in the HFE gene impairs function of the

HFE protein encoded by the HFE gene. In some embodiments, the C to T or G to A mutation

in the HFE gene impairs function of the HFE protein encoded by the HFE gene by at least

1%, 2%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,

75%, 80%, 85%, 90%, 95%, 98%, or at least 99%. In some embodiments, the function of the

HFE protein is iron absorption.

[0195] In some embodiments, deaminating an adenosine (A) nucleobase complementary to

the T corrects the C to T or G to A mutation in the HFE gene. In some embodiments, the C

to T or G to A mutation in the HFE gene leads to a Cys (C) to Tyr (Y) mutation in the HFE

protein encoded by the HFE gene. In some embodiments, deaminating the adenosine

nucleobase complementary to the T corrects the Cys to Tyr mutation in the HFE protein.

[0196] In some embodiments, the guide sequence of the gRNA comprises at least 8, 9, 10,



11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, or

35 contiguous nucleic acids that are 100% complementary to a target nucleic acid sequence

of the HFE gene. In some embodiments, the base editor nicks the target sequence that is

complementary to the guide sequence. In some embodiments, the target nucleic acid

sequence in the HFE gene comprises the nucleic acid sequence:

5'-GGGTGCTCC ACCTGGTACGTATAT-3 ' (SEQ ID NO: 854);

5'-GGGTGCTCC ACCTGGTACGTATA-3 ' (SEQ ID NO: 855);

5'-GGGTGCTCC ACCTGGTACGTAT-3 ' (SEQ ID NO: 856);

5'-GGGTGCTCC ACCTGGTACGTA-3 ' (SEQ ID NO: 857);

5'-GGGTGCTCC ACCTGGTACGT-3 ' (SEQ ID NO: 858);

5'-GGGTGCTCC ACCTGGTACG-3 ' (SEQ ID NO: 859);

5'-GGGTGCTCC ACCTGGTAC-3 ' (SEQ ID NO: 860); or

5'-GGGTGCTCC ACCTGGTA-3 ' (SEQ ID NO: 861).

It should be appreciated that any of the the nucleic acids of SEQ ID NOs: 854-861 may

further comprise 5'-CCT-3' at their 5' end.

[0197] In some embodiments, the guide sequence of the gRNA comprises the nucleic acid

sequence:

5'- AUAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 862);

5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863);

5'- AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864);

5'- UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865);

5'- ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866);

5'- CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867);

5'- GUACCAGGUGGAGCACCC-3' (SEQ ID NO: 868); or

5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869).

It should be appreciated that any of the the nucleic acids of SEQ ID NOs: 862-869 may

further comprise a G at their 5' end.

[0198] In some embodiments, deaminating the adenosine nucleobase in the HFE gene results

in a T-A base pair in the HFE gene being mutated to a C-G base pair in the HFE gene. In

some embodiments, deaminating the adenosine nucleobase in the HFE gene results in

correcting a sequence associated with hereditary hemochromatosis (HHC). In some

embodiments, deaminating the adenosine nucleobase in the HFE gene results in an increase

in HFE protein function. In some embodiments, deaminating the adenosine nucleobase in the

HFE gene results in increase in HFE protein function to at least 20%, 25%, 30%, 35%, 40%,



45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99%, or at least 100%

as compared to wild-type HFE protein function. In some embodiments, deaminating the

adenosine nucleobase in the HFE gene results in a decrease in one or more symptoms of

hemochromatosis. In some embodiments, deaminating the adenosine nucleobase in the HFE

gene results in an increase in iron absorption function. In some embodiments, deaminating

the adenosine nucleobase in the HFE gene results in an increase in iron absorption function to

least 1%, 2%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%,

70%, 75%, 80%, 85%, 90%, 95%, 98%, or at least 99% of a normal level of iron absorption,

for example a level of iron absorption in a subject that does not have hemochromatosis. In

some embodiments, deaminating the adenosine nucleobase in the HFE gene leads to an

increase in function of HFE protein transcribed from the HFE gene. In some embodiments,

deaminating the adenosine nucleobase in the HFE gene leads to an increase in HFE stability

or half life, for example by at least 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,

55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%, or at least 99%.

[0199] In some embodiments, the HFE gene is in a cell, such as a cell in culture {e.g., an

immortalized lymphoblastoid cell (LCL)) or a cell in a subject. In some embodiments, the

HFE gene encodes an HFE protein comprising a Cys to Tyr mutation. In some embodiments,

the HFE protein comprises a Cys to Tyr mutation (C282Y) at residue 282 of the amino acid

sequence SEQ ID NO: 750, where the Cys at position 282 is shown in bold:

MGPRARPALLLLMLLQTAVLQGRLLRSHSLHYLFMGASEQDLGLSLFEALGYVDDQ

LFVFYDHESRRVEPRTPW VSSRISSQMWLQLS QSLKGWDHMFT VDFWTIMENHNHS

KESHTLQVILGCEMQEDNSTEGYWKYGYDGQDHLEFCPDTLDWRAAEPRAWPTKL

EWERHKIRARQNRAYLERDCPAQLQQLLELGRGVLDQQVPPLVKVTHHVTSSVTTL

RCRALNYYPQNITMKWLKDKQPMDAKEFEPKDVLPNGDGTYQGWITLAVPPGEEQ

RYTCQVEHPGLDQPLIVIWEPSPSGTLVIGVISGIAVFVVILFIGILFIILRKRQGSRGAM

GHYVLAER (SEQ ID NO: 750).

[0200] In some embodiments, the method is performed in vivo. In some embodiments, the

method is performed in vivo. In some embodiments, the method is performed ex vivo. In

some embodiments, the method is performed in a cell of a subject. In some embodiments,

the subject has or is suspected of having an iron storage disorder. In some embodiments, the

subject has or is suspected of having hemochromatosis. In some embodiments, the subject

has or is suspected of having hereditary hemochromatosis (HHC). In some embodiments, the

subject has a mutation in an HFE gene, where a wild-type G that is mutated to an A {e.g., a

G845A mutation in SEQ ID NO: 871 ), causes a Cys (C) to Tyr (Y) mutation, for example at



amino acid residue 282 (C282Y) of SEQ ID NO: 750. In some embodiments, this mutation

causes hemochromatosis (e.g., hereditary hemochromatosis). In some embodiments,

deaminating the adenosine nucleobase in the HFE gene ameliorates one or more symptoms of

the iron storage disorder in the subject.

Correcting/Generating Mutations in an HBB gene

[0201] Some aspects of the disclosure provide methods of using base editors (e.g., any of the

fusion proteins provided herein) and gRNAs to correct a point mutation in an HBB gene, or

generate a point mutation that is non-pathogenic. In some embodiments, the disclosure

provides methods of using base editors (e.g., any of the fusion proteins provided herein) and

gRNAs to generate an A to G and/or T to C mutation in an HBB gene. In some

embodiments, the disclosure provides method for deaminating an adenosine nucleobase (A)

in an HBB gene, the method comprising contacting the HBB gene with a base editor and a

guide RNA bound to the base editor, where the guide RNA comprises a guide sequence that

is complementary to a target nucleic acid sequence in the HBB gene. In some embodiments,

the HBB gene comprises a A to T or G to A mutation. In some embodiments, the A to T or G

to A mutation in the HBB gene impairs function of the beta globin protein encoded by the

HBB gene. In some embodiments, the A to T or G to A mutation in the HBB gene impairs

function of the HBB protein encoded by the HBB gene by at least 1%, 2%, 5%, 10%, 15%,

20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%,

98%, or at least 99%. In some embodiments, the function of the HBB protein is oxygen

carrying capacity. In some embodiments, the A to T mutation causes sickle cell disease and

changing the T:A base pair to a C:G base pair yields a non-pathogenic point mutation that

decreases the ability of the hemoglobin to polymerize, e.g., by at least 1%, 2%, 5%, 10%,

15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%,

95%, 98%, or at least 99%.

[0202] In some embodiments, deaminating an adenosine (A) nucleobase complementary to

the T corrects the C to T or G to A mutation in the HBB gene or generates a non-pathogenic

mutation. In some embodiments, the A to T or G to A mutation in the HBB gene leads to an

E to V mutation or an E to K mutation in the HBB protein encoded by the HBB gene. In

some embodiments, deaminating the adenosine nucleobase complementary to the T corrects

the E to K mutation in the HBB protein. For example deaminating the adenosine nucleobase

complementary to the T corrects an E6K (Hb C) or an E26K (Hb E) mutation in HBB, for

example as compared to SEQ ID NO: 340. In some embodiments, deaminating the adenosine



nucleobase complementary to the T changes a pathogenic mutation to a non-pathogenic

mutation. For example an E6V mutation in HBB (e.g., as compared to SEQ ID NO: 340) can

be mutated to generate an A at position 6 (e.g., V6A mutation) to yield a non-pathogenic

mutation.

[0203] In some embodiments, the guide sequence of the gRNA comprises at least 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, or

35 contiguous nucleic acids that are 100% complementary to a target nucleic acid sequence

of the HBB gene. In some embodiments, the base editor nicks the target sequence that is

complementary to the guide sequence. In some embodiments, the target nucleic acid

sequence in the HBB gene comprises the nucleic acid sequence:

5'-GTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 324);

5'-GGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 325);

5 '-CCATGGTGC ATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 326);

5 '-CCATGGTGC ATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 327);

5 '-CCATGGTGC ATCTGACTCCTGTGGAG-3 ' (SEQ ID NO: 328);

5 '-CCATGGTGC ATCTGACTCCTGTGGA-3 ' (SEQ ID NO: 329);

5 '-CCATGGTGC ATCTGACTCCTGTGG-3' (SEQ ID NO: 330);

5 '-CCATGGTGC ATCTGACTCCTGTG-3' (SEQ ID NO: 331);

5'-GCATCTGACTCCTGTGGAGAAGT-3 ' (SEQ ID NO: 332);

5'-ACCATGGTGC ATCTGACTCCTGTGGAGA-3' (SEQ ID NO: 333);

5'-ACGGCAGACTTCTCCTTAGGAGT-3 ' (SEQ ID NO: 334);

5'-CCTGCCCAGGGCCTTACCACCAA-3' (SEQ ID NO: 335);

5'-ACCTGCCCAGGGCCTTACCACCA-3' (SEQ ID NO: 336); or

5'-CCAACCTGCCCAGGGCCTTACCA-3' (SEQ ID NO: 337).

[0204] In some embodiments, the guide sequence of the gRNA comprises the nucleic acid

sequence:

5'-UUCUCCACAGGAGUCAGAUGCAC-3' (SEQ ID NO: 281);

5'-UCUCCACAGGAGUCAGAUGCACC-3' (SEQ ID NO: 282);

5'-UUCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 283);

5'-UCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 284);

5'-CUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 285);

5'-UCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 286);

5'-CCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 287);



5'-CACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 288);

5'-ACUUCUCCACAGGAGUCAGAUGC-3' (SEQ ID NO: 289);

5'-UCUCCACAGGAGUCAGAUGCACCAUGGU-3' (SEQ ID NO: 290);

5'-ACUCCUAAGGAGAAGUCUGCCGU-3' (SEQ ID NO: 291);

5'-UUGGUGGUAAGGCCCUGGGCAGG-3' (SEQ ID NO: 292);

5'-UGGUGGUAAGGCCCUGGGCAGGU-3' (SEQ ID NO: 293); or

5'-UGGUAAGGCCCUGGGCAGGUUGG-3' (SEQ ID NO: 294).

It should be appreciated that any of the the nucleic acids of SEQ ID NOs: 281-294 may

further comprise a G at their 5 ' end.

[0205] In some embodiments, deaminating the adenosine nucleobase in the HBB gene results

in a T-A base pair in the HBB gene being mutated to a C-G base pair in the HBB gene. In

some embodiments, deaminating the adenosine nucleobase in the HBB gene results in

correcting a sequence associated with Hb C or Hb E; or results in generating a non

pathogenic mutation. In some embodiments, deaminating the adenosine nucleobase in the

HBB gene results in an increase in HBB protein function. In some embodiments,

deaminating the adenosine nucleobase in the HBB gene results in increase in HBB protein

function to at least 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%,

80%, 85%, 90%, 95%, 98%, 99%, or at least 100% as compared to wild-type HBB protein

function. In some embodiments, deaminating the adenosine nucleobase in the HBB gene

results in a decrease in one or more symptoms of sickle cell disease, Hb C, or Hb E. In some

embodiments, deaminating the adenosine nucleobase in the HBB gene results in an increase

in oxygen carrying function, or in a decrease in polymerization of beta globin, or a decrease

in cell sickling. In some embodiments, deaminating the adenosine nucleobase in the HBB

gene results in an increase in oxygen carrying function to least 1%, 2%, 5%, 10%, 15%, 20%,

25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%,

or at least 99% of a normal level of oxygen carrying function, for example a level of oxygen

carrying function {e.g., oxygen saturation) in a subject that does not have sickle cell, Hb C,

and/or Hb E. In some embodiments, deaminating the adenosine nucleobase in the HBB gene

leads to an increase in function of HBB protein transcribed from the HBB gene. In some

embodiments, deaminating the adenosine nucleobase in the HBB gene leads to an increase in

HBB stability or half life, for example by at least 5%, 10%, 15%, 20%, 25%, 30%, 35%,

40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%, or at least 99%.

[0206] In some embodiments, the HBB gene is in a cell, such as a cell in culture or a cell in a



subject. In some embodiments, the HBB gene encodes an HBB protein comprising an E to V

or E to K mutation. In some embodiments, the HBB protein comprises a E to V mutation

(E6V) at residue 6 of the amino acid sequence SEQ ID NO: 340 (sickle cell disease), where

the E at position 6 is shown in bold. In some embodiments, the HBB protein comprises an E

to K mutation (E6K) at residue 6 of the amino acid sequence SEQ ID NO: 340 (Hb C), where

the E at position 6 is shown in bold. In some embodiments, the HBB protein comprises a E

to K mutation (E26K) at residue 6 of the amino acid sequence SEQ ID NO: 340 (Hb E),

where the E at position 26 is shown in bold and underlined:

VHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVM

GNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLV

CVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH (SEQ ID NO: 340).

[0207] In some embodiments, the method is performed in vivo. In some embodiments, the

method is performed in vivo. In some embodiments, the method is performed ex vivo. In

some embodiments, the method is performed in a cell of a subject. In some embodiments,

the subject has or is suspected of having an iron storage disorder. In some embodiments, the

subject has or is suspected of having sickle cell disease, or beta-thalassemia. In some

embodiments, the subject has or is suspected of having Hb C or Hb E. In some embodiments,

the subject has a mutation in an HBB gene, where a wild-type A is mutated to a T, or a wild-

type G is mutated to an A. In some embodiments, deaminating the adenosine nucleobase in

the HBB gene ameliorates one or more symptoms of sickle cell disease, Hb C, or Hb E in the

subject.

Correcting Mutations in an F8 gene

[0208] Some aspects of the disclosure provide methods of using base editors {e.g., any of the

fusion proteins provided herein) and gRNAs to correct a point mutation in an F8 gene. In

some embodiments, the disclosure provides methods of using base editors {e.g., any of the

fusion proteins provided herein) and gRNAs to generate an A to G and/or T to C mutation in

an F gene. In some embodiments, the disclosure provides method for deaminating an

adenosine nucleobase (A) in an F8 gene, the method comprising contacting the F8 gene with

a base editor and a guide RNA bound to the base editor, where the guide RNA comprises a

guide sequence that is complementary to a target nucleic acid sequence in the F8 gene. In

some embodiments, the F8 gene comprises a C to T or G to A mutation. In some

embodiments, the C to T or G to A mutation in the F8 gene impairs function of the

coagulation factor VIII protein encoded by the F8 gene. In some embodiments, the C to T or



G to A mutation in the F8 gene impairs function of the coagulation factor VIII protein

encoded by the F8 gene by at least 1%, 2%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%,

45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%, or at least 99%. In

some embodiments, the function of the coagulation factor VIII protein is blood clotting.

[0209] In some embodiments, deaminating an adenosine (A) nucleobase complementary to

the T corrects the C to T or G to A mutation in the F8 gene. In some embodiments, the C to

T or G to A mutation in the F8 gene leads to an R to C mutation in the factor VIII protein

encoded by the F8 gene. In some embodiments, deaminating the adenosine nucleobase

complementary to the T corrects the R to C mutation in the factor VIII protein.

[0210] In some embodiments, the guide sequence of the gRNA comprises at least 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, or

35 contiguous nucleic acids that are 100% complementary to a target nucleic acid sequence

of the F8 gene. In some embodiments, the base editor nicks the target sequence that is

complementary to the guide sequence. In some embodiments, the target nucleic acid

sequence in the F8 gene comprises the nucleic acid sequence:

5 '-CCTCACAGAGAATATAC AATGCT-3 ' (SEQ ID NO: 338); or

5 '-TCACAGAGAATATACAATGCTTT-3 ' (SEQ ID NO: 339).

[0211] In some embodiments, the guide sequence of the gRNA comprises the nucleic acid

sequence:

5'-AGCAUUGUAUAUUCUCUGUGAGG-3' (SEQ ID NO: 295); or

5'-AAAGCAUUGUAUAUUCUCUGUGA-3' (SEQ ID NO: 296).

It should be appreciated that any of the the nucleic acids of SEQ ID NOs: 295-296 may

further comprise a G at their 5' end.

[0212] In some embodiments, deaminating the adenosine nucleobase in the F8 gene results in

a T-A base pair in the F8 gene being mutated to a C-G base pair in the F8 gene. In some

embodiments, deaminating the adenosine nucleobase in the F8 gene results in correcting a

sequence associated with hemophilia {e.g., hemophilia A). In some embodiments,

deaminating the adenosine nucleobase in the F8 gene results in an increase in factor VIII

protein function. In some embodiments, deaminating the adenosine nucleobase in the F8

gene results in increase in factor VIII protein function to at least 20%, 25%, 30%, 35%, 40%,

45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%, 99%, or at least 100%

as compared to wild-type factor VIII protein function. In some embodiments, deaminating

the adenosine nucleobase in the F8 gene results in a decrease in one or more symptoms of

hemophilia. In some embodiments, deaminating the adenosine nucleobase in the F8 gene



results in an increase in blood clotting function. In some embodiments, deaminating the

adenosine nucleobase in the F8 gene results in an increase in blood clotting function to least

1%, 2%, 5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%,

75%, 80%, 85%, 90%, 95%, 98%, or at least 99% of a normal level of blood clotting

function, for example a level of blood clotting function in a subject that does not have

hemophelia. In some embodiments, deaminating the adenosine nucleobase in the F8 gene

leads to an increase in function of factor VIII protein transcribed from the F8 gene. In some

embodiments, deaminating the adenosine nucleobase in the F8 gene leads to an increase in

factor VIII stability or half life, for example by at least 5%, 10%, 15%, 20%, 25%, 30%,

35%, 40%, 45%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 98%, or at least

99%.

[0213] In some embodiments, the F8 gene is in a cell, such as a cell in culture or a cell in a

subject. In some embodiments, the F8 gene encodes a factor VIII protein comprising a R to

C mutation. In some embodiments, the factor VIII protein comprises a R to C mutation

(R612C) at residue 612 of the amino acid sequence SEQ ID NO: 341, where the R at

position 612 is shown in bold:

MQIELSTCFFLCLLRFCFSATRRYYLGAVELSWDYMQSDLGELPVDARFPPRVPKSFP

FNTSVVYKKTLFVEFTDHLFNIAKPRPPWMGLLGPTIQAEVYDTVVITLKNMASHPV

SLHAVGVSYWKASEGAEYDDQTSQREKEDDKVFPGGSHTYVWQVLKENGPMASDP

LCLTYSYLSHVDLVKDLNSGLIGALLVCREGSLAKEKTQTLHKFILLFAVFDEGKSW

HSETKNSLMQDRDAASARAWPKMHTVNGYVNRSLPGLIGCHRKSVYWHVIGMGTT

PEVHSIFLEGHTFLVRNHRQASLEISPITFLTAQTLLMDLGQFLLFCHISSHQHDGMEA

YVKVDSCPEEPQLRMKNNEEAEDYDDDLTDSEMDVVRFDDDNSPSFIQIRSVAKKH

PKTWVHYIAAEEEDWDYAPLVLAPDDRSYKSQYLNNGPQRIGRKYKKVRFM AYTD

ETFKTREAIQHESGILGPLLYGEVGDTLLIIFKNQASRPYNIYPHGITDVRPLYSRRLPK

GVKHLKDFPILPGEIFKYKWTVTVEDGPTKSDPRCLTRYYSSFVNMERDLASGLIGPL

LICYKESVDQRGNQIMSDKRNVILFSVFDENRSWYLTENIQRFLPNPAGVQLEDPEFQ

ASNIMHSINGYVFDSLQLSVCLHEVAYWYILSIGAQTDFLSVFFSGYTFKHKMVYED

TLTLFPFSGETVFMSMENPGLWILGCHNSDFRNRGMTALLKVSSCDKNTGDYYEDS

YEDISAYLLSKNNAIEPRSFSQNSRHPSTRQKQFNATTIPENDIEKTDPWF AHRTPMPK

IQNVSSSDLLMLLRQSPTPHGLSLSDLQEAKYETFSDDPSPGAIDSNNSLSEMTHFRPQ

LHHSGDMVFTPESGLQLRLNEKLGTT AATELKKLDFKVS STSNNLISTIPSDNLAAGT

DNTSSLGPPSMPVHYDSQLDTTLFGKKSSPLTESGGPLSLSEENNDSKLLESGLMNSQ

ESSWGKNVS STESGRLFKGKRAHGPALLTKDNALFKVS ISLLKTNKTSNNS ATNRKT



HIDGPSLLIENSPSVWQNILESDTEFKKVTPLIHDRMLMDKNATALRLNHMSNKTTSS

KNMEMVQQKKEGPIPPDAQNPDMSFFKMLFLPESARWIQRTHGKNSLNSGQGPSPK

QLVSLGPEKSVEGQNFLSEKNKVVVGKGEFTKDVGLKEMVFPSSRNLFLTNLDNLH

ENNTHNQEKKIQEEIEKKETLIQENVVLPQIHTVTGTKNFMKNLFLLSTRQNVEGSYD

GAYAPVLQDFRSLNDSTNRTKKHTAHFSKKGEEENLEGLGNQTKQIVEKYACTTRIS

PNTSQQNFVTQRSKRALKQFRLPLEETELEKRIIVDDTSTQWSKNMKHLTPSTLTQID

YNEKEKGAITQSPLSDCLTRSHSIPQANRSPLPIAKVSSFPSIRPIYLTRVLFQDNSSHLP

AASYRKKDSGVQESSHFLQGAKKNNLSLAILTLEMTGDQRE VGSLGTSATNSVTYK

KVENTVLPKPDLPKTSGKVELLPKVHIYQKDLFPTETSNGSPGHLDLVEGSLLQGTEG

AIKWNEANRPGKVPFLRVATESSAKTPSKLLDPLAWDNHYGTQIPKEEWKSQEKSPE

KTAFKKKDTILSLNACESNHAIAAINEGQNKPEIEVTWAKQGRTERLCSQNPPVLKR

HQREITRTTLQS DQEEIDYDDTISVEMKKEDFDIYDEDENQS PRSFQKKTRHYFIA AV

ERLWDYGMSSSPHVLRNRAQSGSVPQFKKVVFQEFTDGSFTQPLYRGELNEHLGLL

GPYIRAEVEDNIMVTFRNQASRPYSFYSSLISYEEDQRQGAEPRKNFVKPNETKTYFW

KVQHHMAPTKDEFDCKAWAYFSDVDLEKDVHSGLIGPLLVCHTNTLNPAHGRQVT

VQEFALFFTIFDETKSWYFTENMERNCRAPCNIQMEDPTFKENYRFHAINGYIMDTLP

GLVMAQDQRIRWYLLSMGSNENIHS IHFSGHVFTVRKKEEYKMALYNLYPGVFETV

EMLPSKAGrWRVECLIGEHLHAGMSTLFLVYSNKCQTPLGMASGHIRDFQITASGQY

GQWAPKLARLHYSGSINAWSTKEPFSWIKVDLLAPMIIHGIKTQGARQKFSSLYISQFI

IMYSLDGKKWQTYRGNSTGTLMVFFGNVDSSGIKHNIFNPPIIARYIRLHPTHYSIRST

LRMELMGCDLNS CSMPLGMESKAISDAQITASSYFTNMFATWSPSKARLHLQGRSN

AWRPQVNNPKEWLQ VDFQKTMKVTGVTTQGVKS LLTSMYVKEFLIS SSQDGHQWT

LFFQNGKVKVFQGNQDSFTPVVNSLDPPLLTRYLRIHPQSWVHQIALRMEVLGCEAQ

DLY (SEQ ID NO: 341)

[0214] In some embodiments, the method is performed in vivo. In some embodiments, the

method is performed in vivo. In some embodiments, the method is performed ex vivo. In

some embodiments, the method is performed in a cell of a subject. In some embodiments,

the subject has or is suspected of having hemophilia. In some embodiments, the subject has

or is suspected of having hemophilia A. In some embodiments, the subject has a mutation in

an F8 gene, where a wild-type G that is mutated to an A, which causes a R to C mutation, for

example at amino acid residue 612 (R612C) of SEQ ID NO: 341. In some embodiments, this

mutation causes hemophilia (e.g., hemophilia A). In some embodiments, deaminating the

adenosine nucleobase in the F8 gene ameliorates one or more symptoms of the hemophilia in

the subject.



[0215] In some embodiments, the target DNA sequence comprises a sequence associated

with a disease or disorder. In some embodiments, the target DNA sequence comprises a point

mutation associated with a disease or disorder. In some embodiments, the activity of the

fusion protein (e.g., comprising an adenosine deaminase and a Cas9 domain), or the complex,

results in a correction of the point mutation. In some embodiments, the target DNA sequence

comprises a G→ A or C→ T point mutation associated with a disease or disorder, and wherein

the deamination of the mutant A base results in a sequence that is not associated with a

disease or disorder. In some embodiments, the target DNA sequence encodes a protein, and

the point mutation is in a codon and results in a change in the amino acid encoded by the

mutant codon as compared to the wild-type codon. In some embodiments, the deamination of

the mutant A results in a change of the amino acid encoded by the mutant codon. In some

embodiments, the deamination of the mutant A results in the codon encoding the wild-type

amino acid. In some embodiments, the contacting is in vivo in a subject. In some

embodiments, the subject has or has been diagnosed with a disease or disorder.

[0216] Some embodiments provide methods for using the DNA editing fusion proteins

provided herein. In some embodiments, the fusion protein is used to introduce a point

mutation into a nucleic acid by deaminating a target nucleobase, e.g., an A residue. In some

embodiments, the deamination of the target nucleobase results in the correction of a genetic

defect, e.g., in the correction of a point mutation that leads to a loss of function in a gene

product. In some embodiments, the genetic defect is associated with a disease or disorder,

e.g., hereditary hemochromatosis. In some embodiments, the methods provided herein are

used to introduce a point mutation into a promoter of a gene (e.g., a HBGl or HBG2) that

modulates (e.g. increases or decreases) expression of the gene. For example, in some

embodiments, methods are provided herein that employ a DNA editing fusion protein to

introduce a point mutation into a promoter region of HBGl or HBG2 to increase expression

of HBGl or HBG2. Such point mutations may, in some embodiments, increase expression of

HBGl or HBG2 in a subject, which may be useful for treating β-globin diseases including

sickle-cell anemia.

[0217] In some embodiments, the purpose of the methods provided herein is to restore the

function of a dysfunctional gene via genome editing. The nucleobase editing proteins

provided herein can be validated for gene editing-based human therapeutics in vitro, e.g., by

correcting a disease-associated mutation in human cell culture. It will be understood by the

skilled artisan that the nucleobase editing proteins provided herein, e.g., the fusion proteins

comprising a nucleic acid programmable DNA binding protein (e.g., Cas9) and an adenosine



deaminase domain can be used to correct any single point G to A or C to T mutation. In the

first case, deamination of the mutant A to I corrects the mutation, and in the latter case,

deamination of the A that is base-paired with the mutant T, followed by a round of replication

or followed by base editing repair activity, corrects the mutation.

[0218] The instant disclosure provides methods for the treatment of a subject diagnosed with

a disease associated with or caused by a point mutation that can be corrected by a DNA

editing fusion protein provided herein. For example, in some embodiments, a method is

provided that comprises administering to a subject having such a disease, e.g., anemia, or

hemochromatosis, an effective amount of an adenosine deaminase fusion protein that corrects

a point mutation in a gene (e.g., HFE )or introduces a mutation into a promoter region of a

gene (e.g., a promoter region of HBG1 or HBG2). In some embodiments, the disease is a

genetic disease. In some embodiments, the disease is a disease associated with anemia. In

some embodiments, the disease is an iron storage disease (e.g., hereditary hemochromatosis).

In some embodiments, the disease is a lysosomal storage disease. Other diseases that can be

treated by correcting a point mutation or introducing a deactivating mutation into a disease-

associated gene will be known to those of skill in the art, and the disclosure is not limited in

this respect.

[0219] In some embodiments, a fusion protein recognizes canonical PAMs and therefore can

correct the pathogenic G to A or C to T mutations with canonical PAMs, e.g., NGG,

respectively, in the flanking sequences. For example, Cas9 proteins that recognize canonical

PAMs comprise an amino acid sequence that is at least 80%, 85%, 90%, 95%, 97%, 98%, or

99% identical to the amino acid sequence of Streptococcus pyogenes Cas9 as provided by

SEQ ID NO: 52, or to a fragment thereof comprising the RuvC and HNH domains of SEQ ID

NO: 52.

[0220] It will be apparent to those of skill in the art that in order to target any of the fusion

proteins comprising a Cas9 domain and an adenosine deaminase, as disclosed herein, to a

target site, e.g., a site comprising a point mutation to be edited, it is typically necessary to co-

express the fusion protein together with a guide RNA, e.g., an sgRNA. As explained in more

detail elsewhere herein, a guide RNA typically comprises a tracrRNA framework allowing

for Cas9 binding, and a guide sequence, which confers sequence specificity to the

Cas9:nucleic acid editing enzyme/domain fusion protein. In some embodiments, the guide

RNA comprises a structure 5'-[guide sequence] -

guuuuagagcuagaaauagcaaguuaaaauaaaggcuaguccguuaucaacuugaaaaaguggcaccgagucggugcuu

uuu-3' (SEQ ID NO: 389), wherein the guide sequence comprises a sequence that is



complementary to the target sequence. In some embodiments, the guide sequence comprises

any of the nucleotide sequences provided in Table 2 The guide sequence is typically 20

nucleotides long. The sequences of suitable guide RNAs for targeting Cas9:nucleic acid

editing enzyme/domain fusion proteins to specific genomic target sites will be apparent to

those of skill in the art based on the instant disclosure. Such suitable guide RNA sequences

typically comprise guide sequences that are complementary to a nucleic sequence within 50

nucleotides upstream or downstream of the target nucleotide to be edited. Some exemplary

guide RNA sequences suitable for targeting any of the provided fusion proteins to specific

target sequences are provided herein. Additional guide sequences are shown below in Table

3, including their locus.

Base Editor Efficiency

[0221] Some aspects of the disclosure are based on the recognition that any of the base

editors provided herein are capable of modifying a specific nucleotide base without

generating a significant proportion of indels. An "indel", as used herein, refers to the

insertion or deletion of a nucleotide base within a nucleic acid. Such insertions or deletions

can lead to frame shift mutations within a coding region of a gene. In some embodiments, it

is desirable to generate base editors that efficiently modify (e.g. mutate or deaminate) a

specific nucleotide within a nucleic acid, without generating a large number of insertions or

deletions (i.e., indels) in the nucleic acid. In certain embodiments, any of the base editors

provided herein are capable of generating a greater proportion of intended modifications

(e.g., point mutations or deaminations) versus indels. In some embodiments, the base editors

provided herein are capable of generating a ratio of intended point mutations to indels that is

greater than 1:1. In some embodiments, the base editors provided herein are capable of

generating a ratio of intended point mutations to indels that is at least 1.5:1, at least 2:1, at

least 2.5:1, at least 3:1, at least 3.5:1, at least 4:1, at least 4.5:1, at least 5:1, at least 5.5:1, at

least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at least 8:1, at least 10:1, at least 12:1, at

least 15:1, at least 20:1, at least 25:1, at least 30:1, at least 40:1, at least 50:1, at least 100:1,

at least 200:1, at least 300:1, at least 400:1, at least 500:1, at least 600:1, at least 700:1, at

least 800:1, at least 900:1, or at least 1000:1, or more. The number of intended mutations and

indels may be determined using any suitable method, for example the methods used in the

below Examples in some embodiments, to calculate indel frequencies, sequencing reads are

scanned for exact matches to two 10-bp sequences that flank both sides of a window in which

indels might occur. If no exact matches are located, the read is excluded from analysis. If the



length of this indel window exactly matches the reference sequence the read is classified as

not containing an indel. If the indel window is two or more bases longer or shorter than the

reference sequence, then the sequencing read is classified as an insertion or deletion,

respectively.

[0222] In some embodiments, the base editors provided herein are capable of limiting

formation of indels in a region of a nucleic acid. In some embodiments, the region is at a

nucleotide targeted by a base editor or a region within 2, 3, 4, 5, 6, 7, 8, 9, or 10 nucleotides

of a nucleotide targeted by a base editor. In some embodiments, any of the base editors

provided herein are capable of limiting the formation of indels at a region of a nucleic acid to

less than 1%, less than 1.5%, less than 2%, less than 2.5%, less than 3%, less than 3.5%, less

than 4%, less than 4.5%, less than 5%, less than 6%, less than 7%, less than 8%, less than

9%, less than 10%, less than 12%, less than 15%, or less than 20%. The number of indels

formed at a nucleic acid region may depend on the amount of time a nucleic acid (e.g., a

nucleic acid within the genome of a cell) is exposed to a base editor. In some embodiments,

an number or proportion of indels is determined after at least 1 hour, at least 2 hours, at least

6 hours, at least 12 hours, at least 24 hours, at least 36 hours, at least 48 hours, at least 3 days,

at least 4 days, at least 5 days, at least 7 days, at least 10 days, or at least 14 days of exposing

a nucleic acid (e.g., a nucleic acid within the genome of a cell) to a base editor.

[0223] Some aspects of the disclosure are based on the recognition that any of the base

editors provided herein are capable of efficiently generating an intended mutation, such as a

point mutation, in a nucleic acid (e.g. a nucleic acid within a genome of a subject) without

generating a significant number of unintended mutations, such as unintended point mutations.

In some embodiments, a intended mutation is a mutation that is generated by a specific base

editor bound to a gRNA, specifically designed to generate the intended mutation. In some

embodiments, the intended mutation is a mutation associated with a disease or disorder. In

some embodiments, the intended mutation is a adenine (A) to guanine (G) point mutation

associated with a disease or disorder. In some embodiments, the intended mutation is a

thymine (T) to cytosine (C) point mutation associated with a disease or disorder. In some

embodiments, the intended mutation is a adenine (A) to guanine (G) point mutation within

the coding region of a gene. In some embodiments, the intended mutation is a thymine (T) to

cytosine (C) point mutation within the coding region of a gene. In some embodiments, the

intended mutation is a point mutation that generates a stop codon, for example, a premature

stop codon within the coding region of a gene. In some embodiments, the intended mutation

is a mutation that eliminates a stop codon. In some embodiments, the intended mutation is a



mutation that alters the splicing of a gene. In some embodiments, the intended mutation is a

mutation that alters the regulatory sequence of a gene (e.g., a gene promotor or gene

repressor). In some embodiments, any of the base editors provided herein are capable of

generating a ratio of intended mutations to unintended mutations (e.g., intended point

mutations:unintended point mutations) that is greater than 1:1. In some embodiments, any of

the base editors provided herein are capable of generating a ratio of intended mutations to

unintended mutations (e.g., intended point mutations:unintended point mutations) that is at

least 1.5:1, at least 2:1, at least 2.5:1, at least 3:1, at least 3.5:1, at least 4:1, at least 4.5:1, at

least 5:1, at least 5.5:1, at least 6:1, at least 6.5:1, at least 7:1, at least 7.5:1, at least 8:1, at

least 10:1, at least 12:1, at least 15:1, at least 20:1, at least 25:1, at least 30:1, at least 40:1, at

least 50:1, at least 100:1, at least 150:1, at least 200:1, at least 250:1, at least 500:1, or at least

1000:1, or more. It should be appreciated that the characteristics of the base editors described

in the "Base Editor Efficiency" section, herein, may be applied to any of the fusion proteins,

or methods of using the fusion proteins provided herein.

Methods for Editing Nucleic Acids

[0224] Some aspects of the disclosure provide methods for editing a nucleic acid. In some

embodiments, the method is a method for editing a nucleobase of a nucleic acid (e.g., a base

pair of a double-stranded DNA sequence). In some embodiments, the method comprises the

steps of: a) contacting a target region of a nucleic acid (e.g., a double-stranded DNA

sequence) with a complex comprising a base editor (e.g., a Cas9 domain fused to an

adenosine deaminase) and a guide nucleic acid (e.g., gRNA), wherein the target region

comprises a targeted nucleobase pair, b) inducing strand separation of said target region, c)

converting a first nucleobase of said target nucleobase pair in a single strand of the target

region to a second nucleobase, and d) cutting no more than one strand of said target region,

where a third nucleobase complementary to the first nucleobase base is replaced by a fourth

nucleobase complementary to the second nucleobase. In some embodiments, the method

results in less than 20% indel formation in the nucleic acid. It should be appreciated that in

some embodiments, step b is omitted. In some embodiments, the first nucleobase is an

adenine. In some embodiments, the second nucleobase is a deaminated adenine, or inosine.

In some embodiments, the third nucleobase is a thymine. In some embodiments, the fourth

nucleobase is a cytosine. In some embodiments, the method results in less than 19%, 18%,

16%, 14%, 12%, 10%, 8%, 6%, 4%, 2%, 1%, 0.5%, 0.2%, or less than 0.1% indel formation.

In some embodiments, the method further comprises replacing the second nucleobase with a



fifth nucleobase that is complementary to the fourth nucleobase, thereby generating an

intended edited base pair (e.g., A:T to G:C). In some embodiments, the fifth nucleobase is a

guanine. In some embodiments, at least 5% of the intended base pairs are edited. In some

embodiments, at least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or 50% of the intended

base paires are edited.

[0225] In some embodiments, the ratio of intended products to unintended products in the

target nucleotide is at least 2:1, 5:1, 10:1, 20:1, 30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1, 100:1,

or 200: 1, or more. In some embodiments, the ratio of intended point mutation to indel

formation is greater than 1:1, 10:1, 50:1, 100:1, 500:1, or 1000:1, or more. In some

embodiments, the cut single strand (nicked strand) is hybridized to the guide nucleic acid. In

some embodiments, the cut single strand is opposite to the strand comprising the first

nucleobase. In some embodiments, the base editor comprises a Cas9 domain. In some

embodiments, the first base is adenine, and the second base is not a G, C, A, or T. In some

embodiments, the second base is inosine. In some embodiments, the first base is adenine. In

some embodiments, the second base is not a G, C, A, or T. In some embodiments, the second

base is inosine. In some embodiments, the base editor inhibits base excision repair of the

edited strand. In some embodiments, the base editor protects or binds the non-edited strand.

In some embodiments, the base editor comprises UGI activity. In some embodiments, the

base editor comprises a catalytically inactive inosine-specific nuclease. In some

embodiments, the base editor comprises nickase activity. In some embodiments, the intended

edited base pair is upstream of a PAM site. In some embodiments, the intended edited base

pair is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides upstream

of the PAM site. In some embodiments, the intended edited basepair is downstream of a

PAM site. In some embodiments, the intended edited base pair is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,

11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides downstream stream of the PAM site. In

some embodiments, the method does not require a canonical (e.g., NGG) PAM site. In some

embodiments, the nucleobase editor comprises a linker. In some embodiments, the linker is

1-25 amino acids in length. In some embodiments, the linker is 5-20 amino acids in length.

In some embodiments, linker is 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 amino acids in

length. In some embodiments, the target region comprises a target window, wherein the

target window comprises the target nucleobase pair. In some embodiments, the target

window comprises 1-10 nucleotides. In some embodiments, the target window is 1-9, 1-8, 1-

7, 1-6, 1-5, 1-4, 1-3, 1-2, or 1 nucleotides in length. In some embodiments, the target

window is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides in



length. In some embodiments, the intended edited base pair is within the target window. In

some embodiments, the target window comprises the intended edited base pair. In some

embodiments, the method is performed using any of the base editors provided herein. In

some embodiments, a target window is a deamination window.

[0226] In some embodiments, the disclosure provides methods for editing a nucleotide. In

some embodiments, the disclosure provides a method for editing a nucleobase pair of a

double-stranded DNA sequence. In some embodiments, the method comprises a) contacting

a target region of the double-stranded DNA sequence with a complex comprising a base

editor and a guide nucleic acid (e.g., gRNA), where the target region comprises a target

nucleobase pair, b) inducing strand separation of said target region, c) converting a first

nucleobase of said target nucleobase pair in a single strand of the target region to a second

nucleobase, d) cutting no more than one strand of said target region, wherein a third

nucleobase complementary to the first nucleobase base is replaced by a fourth nucleobase

complementary to the second nucleobase, and the second nucleobase is replaced with a fifth

nucleobase that is complementary to the fourth nucleobase, thereby generating an intended

edited base pair, wherein the efficiency of generating the intended edited base pair is at least

5%. It should be appreciated that in some embodiments, step b is omitted. In some

embodiments, at least 5% of the intended base pairs are edited. In some embodiments, at

least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, or 50% of the intended base pairs are

edited. In some embodiments, the method causes less than 19%, 18%, 16%, 14%, 12%, 10%,

8%, 6%, 4%, 2%, 1%, 0.5%, 0.2%, or less than 0.1% indel formation. In some embodiments,

the ratio of intended product to unintended products at the target nucleotide is at least 2:1,

5:1, 10:1, 20:1, 30:1, 40:1, 50:1, 60:1, 70:1, 80:1, 90:1, 100:1, or 200:1, or more. In some

embodiments, the ratio of intended point mutation to indel formation is greater than 1:1, 10:1,

50:1, 100:1, 500:1, or 1000:1, or more. In some embodiments, the cut single strand is

hybridized to the guide nucleic acid. In some embodiments, the cut single strand is opposite

to the strand comprising the first nucleobase. In some embodiments, the first base is adenine.

In some embodiments, the second nucleobase is not G, C, A, or T. In some embodiments, the

second base is inosine. In some embodiments, the base editor inhibits base excision repair of

the edited strand. In some embodiments, the base editor protects (e.g., form base excision

repair) or binds the non-edited strand. In some embodiments, the nucleobase editor

comprises UGI activity. In some embodiments, the base editor comprises a catalytically

inactive inosine-specific nuclease. In some embodiments, the nucleobase editor comprises

nickase activity. In some embodiments, the intended edited base pair is upstream of a PAM



site. In some embodiments, the intended edited base pair is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12,

13, 14, 15, 16, 17, 18, 19, or 20 nucleotides upstream of the PAM site. In some

embodiments, the intended edited basepair is downstream of a PAM site. In some

embodiments, the intended edited base pair is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15,

16, 17, 18, 19, or 20 nucleotides downstream stream of the PAM site. In some embodiments,

the method does not require a canonical (e.g., NGG) PAM site. In some embodiments, the

nucleobase editor comprises a linker. In some embodiments, the linker is 1-25 amino acids in

length. In some embodiments, the linker is 5-20 amino acids in length. In some

embodiments, the linker is 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 amino acids in length.

In some embodiments, the target region comprises a target window, wherein the target

window comprises the target nucleobase pair. In some embodiments, the target window

comprises 1-10 nucleotides. In some embodiments, the target window is 1-9, 1-8, 1-7, 1-6, 1-

5, 1-4, 1-3, 1-2, or 1 nucleotides in length. In some embodiments, the target window is 1, 2,

3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 nucleotides in length. In some

embodiments, the intended edited base pair occurs within the target window. In some

embodiments, the target window comprises the intended edited base pair. In some

embodiments, the nucleobase editor is any one of the base editors provided herein.

Pharmaceutical Compositions

[0227] Other aspects of the present disclosure relate to pharmaceutical compositions

comprising any of the adenosine deaminases, fusion proteins, or the fusion protein-gRNA

complexes described herein. The term "pharmaceutical composition", as used herein, refers

to a composition formulated for pharmaceutical use. In some embodiments, the

pharmaceutical composition further comprises a pharmaceutically acceptable carrier. In

some embodiments, the pharmaceutical composition comprises additional agents (e.g. for

specific delivery, increasing half-life, or other therapeutic compounds).

[0228] As used here, the term "pharmaceutically-acceptable carrier" means a

pharmaceutically-acceptable material, composition or vehicle, such as a liquid or solid filler,

diluent, excipient, manufacturing aid (e.g., lubricant, talc magnesium, calcium or zinc

stearate, or steric acid), or solvent encapsulating material, involved in carrying or transporting

the compound from one site (e.g., the delivery site) of the body, to another site (e.g., organ,

tissue or portion of the body). A pharmaceutically acceptable carrier is "acceptable" in the

sense of being compatible with the other ingredients of the formulation and not injurious to

the tissue of the subject (e.g., physiologically compatible, sterile, physiologic pH, etc.).



Some examples of materials which can serve as pharmaceutically-acceptable carriers include:

(1) sugars, such as lactose, glucose and sucrose; (2) starches, such as corn starch and potato

starch; (3) cellulose, and its derivatives, such as sodium carboxymethyl cellulose,

methylcellulose, ethyl cellulose, microcrystalline cellulose and cellulose acetate; (4)

powdered tragacanth; (5) malt; (6) gelatin; (7) lubricating agents, such as magnesium

stearate, sodium lauryl sulfate and talc; (8) excipients, such as cocoa butter and suppository

waxes; (9) oils, such as peanut oil, cottonseed oil, safflower oil, sesame oil, olive oil, corn oil

and soybean oil; (10) glycols, such as propylene glycol; (11) polyols, such as glycerin,

sorbitol, mannitol and polyethylene glycol (PEG); (12) esters, such as ethyl oleate and ethyl

laurate; (13) agar; (14) buffering agents, such as magnesium hydroxide and aluminum

hydroxide; (15) alginic acid; (16) pyrogen-free water; (17) isotonic saline; (18) Ringer's

solution; (19) ethyl alcohol; (20) pH buffered solutions; (21) polyesters, polycarbonates

and/or polyanhydrides; (22) bulking agents, such as polypeptides and amino acids (23) serum

component, such as serum albumin, HDL and LDL; (22) C2-C12 alcohols, such as ethanol;

and (23) other non-toxic compatible substances employed in pharmaceutical formulations.

Wetting agents, coloring agents, release agents, coating agents, sweetening agents, flavoring

agents, perfuming agents, preservative and antioxidants can also be present in the

formulation. The terms such as "excipient", "carrier", "pharmaceutically acceptable carrier"

or the like are used interchangeably herein.

[0229] In some embodiments, the pharmaceutical composition is formulated for delivery to a

subject, e.g., for gene editing. Suitable routes of administrating the pharmaceutical

composition described herein include, without limitation: topical, subcutaneous, transdermal,

intradermal, intralesional, intraarticular, intraperitoneal, intravesical, transmucosal, gingival,

intradental, intracochlear, transtympanic, intraorgan, epidural, intrathecal, intramuscular,

intravenous, intravascular, intraosseus, periocular, intratumoral, intracerebral, and

intracerebroventricular administration.

[0230] In some embodiments, the pharmaceutical composition described herein is

administered locally to a diseased site (e.g., tumor site). In some embodiments, the

pharmaceutical composition described herein is administered to a subject by injection, by

means of a catheter, by means of a suppository, or by means of an implant, the implant being

of a porous, non-porous, or gelatinous material, including a membrane, such as a sialastic

membrane, or a fiber.

[0231] In other embodiments, the pharmaceutical composition described herein is delivered

in a controlled release system. In one embodiment, a pump may be used (see, e.g., Langer,



1990, Science 249:1527-1533; Sefton, 1989, CRC Crit. Ref. Biomed. Eng. 14:201; Buchwald

et al, 1980, Surgery 88:507; Saudek et al, 1989, N. Engl J. Med. 321:574). In another

embodiment, polymeric materials can be used. (See, e.g., Medical Applications of Controlled

Release (Langer and Wise eds., CRC Press, Boca Raton, Fla., 1974); Controlled Drug

Bioavailability, Drug Product Design and Performance (Smolen and Ball eds., Wiley, New

York, 1984); Ranger and Peppas, 1983, Macromol. Sci. Rev. Macromol. Chem. 23:61. See

also Levy et al, 1985, Science 228:190; During et al, 1989, . Neurol. 25:351; Howard et

al, 1989, J. Neurosurg. 71:105.) Other controlled release systems are discussed, for example,

in Langer, supra.

[0232] In some embodiments, the pharmaceutical composition is formulated in accordance

with routine procedures as a composition adapted for intravenous or subcutaneous

administration to a subject, e.g., a human. In some embodiments, pharmaceutical composition

for administration by injection are solutions in sterile isotonic aqueous buffer. Where

necessary, the pharmaceutical can also include a solubilizing agent and a local anesthetic

such as lignocaine to ease pain at the site of the injection. Generally, the ingredients are

supplied either separately or mixed together in unit dosage form, for example, as a dry

lyophilized powder or water free concentrate in a hermetically sealed container such as an

ampoule or sachette indicating the quantity of active agent. Where the pharmaceutical is to be

administered by infusion, it can be dispensed with an infusion bottle containing sterile

pharmaceutical grade water or saline. Where the pharmaceutical composition is administered

by injection, an ampoule of sterile water for injection or saline can be provided so that the

ingredients can be mixed prior to administration.

[0233] A pharmaceutical composition for systemic administration may be a liquid, e.g.,

sterile saline, lactated Ringer's or Hank's solution. In addition, the pharmaceutical

composition can be in solid forms and re-dissolved or suspended immediately prior to use.

Lyophilized forms are also contemplated.

[0234] The pharmaceutical composition can be contained within a lipid particle or vesicle,

such as a liposome or microcrystal, which is also suitable for parenteral administration. The

particles can be of any suitable structure, such as unilamellar or plurilamellar, so long as

compositions are contained therein. Compounds can be entrapped in "stabilized plasmid-

lipid particles" (SPLP) containing the fusogenic lipid dioleoylphosphatidylethanolamine

(DOPE), low levels (5-10 mol ) of cationic lipid, and stabilized by a polyethyleneglycol

(PEG) coating (Zhang Y. P. et al, Gene Ther. 1999, 6:1438-47). Positively charged lipids

such as N-[l-(2,3-dioleoyloxi)propyl]-N,N,N-trimethyl-amoniummethylsulfate, or



"DOTAP," are particularly preferred for such particles and vesicles. The preparation of such

lipid particles is well known. See, e.g., U.S. Patent Nos. 4,880,635; 4,906,477; 4,911,928;

4,917,951; 4,920,016; and 4,921,757; each of which is incorporated herein by reference.

[0235] The pharmaceutical composition described herein may be administered or packaged

as a unit dose, for example. The term "unit dose" when used in reference to a pharmaceutical

composition of the present disclosure refers to physically discrete units suitable as unitary

dosage for the subject, each unit containing a predetermined quantity of active material

calculated to produce the desired therapeutic effect in association with the required diluent;

i.e., carrier, or vehicle.

[0236] Further, the pharmaceutical composition can be provided as a pharmaceutical kit

comprising (a) a container containing a compound of the invention in lyophilized form and

(b) a second container containing a pharmaceutically acceptable diluent (e.g., sterile water)

for injection. The pharmaceutically acceptable diluent can be used for reconstitution or

dilution of the lyophilized compound of the invention. Optionally associated with such

container(s) can be a notice in the form prescribed by a governmental agency regulating the

manufacture, use or sale of pharmaceuticals or biological products, which notice reflects

approval by the agency of manufacture, use or sale for human administration.

[0237] In another aspect, an article of manufacture containing materials useful for the

treatment of the diseases described above is included. In some embodiments, the article of

manufacture comprises a container and a label. Suitable containers include, for example,

bottles, vials, syringes, and test tubes. The containers may be formed from a variety of

materials such as glass or plastic. In some embodiments, the container holds a composition

that is effective for treating a disease described herein and may have a sterile access port. For

example, the container may be an intravenous solution bag or a vial having a stopper

pierceable by a hypodermic injection needle. The active agent in the composition is a

compound of the invention. In some embodiments, the label on or associated with the

container indicates that the composition is used for treating the disease of choice. The article

of manufacture may further comprise a second container comprising a pharmaceutically-

acceptable buffer, such as phosphate-buffered saline, Ringer's solution, or dextrose solution.

It may further include other materials desirable from a commercial and user standpoint,

including other buffers, diluents, filters, needles, syringes, and package inserts with

instructions for use.

Kits, vectors, cells



[0238] Some aspects of this disclosure provide kits comprising a nucleic acid construct

comprising a nucleotide sequence encoding an adenosine deaminase capable of deaminating

an adenosine in a deoxyribonucleic acid (DNA) molecule. In some embodiments, the

nucleotide sequence encodes any of the adenosine deaminases provided herein. In some

embodiments, the nucleotide sequence comprises a heterologous promoter that drives

expression of the adenosine deaminase.

[0239] Some aspects of this disclosure provide kits comprising a nucleic acid construct,

comprising (a) a nucleotide sequence encoding a napDNAbp (e.g., a Cas9 domain) fused to

an adenosine deaminase, or a fusion protein comprising a napDNAbp (e.g., Cas9 domain)

and an adenosine deaminase as provided herein; and (b) a heterologous promoter that drives

expression of the sequence of (a). In some embodiments, the kit further comprises an

expression construct encoding a guide nucleic acid backbone, (e.g., a guide RNA backbone),

wherein the construct comprises a cloning site positioned to allow the cloning of a nucleic

acid sequence identical or complementary to a target sequence into the guide nucleic acid

(e.g., guide RNA backbone).

[0240] Some aspects of this disclosure provide cells comprising any of the adenosine

deaminases, fusion proteins, or complexes provided herein. In some embodiments, the cells

comprise a nucleotide that encodes any of the adenosine deaminases or fusion proteins

provided herein. In some embodiments, the cells comprise any of the nucleotides or vectors

provided herein.

[0241] The description of exemplary embodiments of the reporter systems above is provided

for illustration purposes only and not meant to be limiting. Additional reporter systems, e.g.,

variations of the exemplary systems described in detail above, are also embraced by this

disclosure.

[0242] It should be appreciated however, that additional fusion proteins would be apparent to

the skilled artisan based on the present disclosure and knowledge in the art.

[0243] The function and advantage of these and other embodiments of the present invention

will be more fully understood from the Examples below. The following Examples are

intended to illustrate the benefits of the present invention and to describe particular

embodiments, but are not intended to exemplify the full scope of the invention. Accordingly,

it will be understood that the Examples are not meant to limit the scope of the invention.

EXAMPLES



[0244] Data provided in the below examples describe engineering of base editors that are

capable of catalyzing hydrolytic deamination of adenosine (forming inosine, which base pairs

like guanine (G)) in the context of DNA. There are no known naturally occurring adenosine

deaminases that act on DNA. Instead, known adenosine deaminases act on RNA (e.g., tRNA

or mRNA). The first deoxyadenosine deaminases were evolved to accept DNA substrates

and deaminate deoxyadenosine (dA) to deoxyinosine. As one example, evolution

experiments were performed using the adenosine deaminase acting on tRNA (ADAT) from

Escherichia coli (TadA, for tRNA adenosine deaminase A), to engineer adenosine

deaminases that act on DNA. Briefly, ecTadA was covalently fused to a dCas9 domain, and

libraries of this fusion were assembled containing mutations in the deaminase portion of the

construct. In the evolution experiments described below, several mutations in ecTadA were

found to improve the ability of ecTadA to deaminate adenosine in DNA. Here the directed

evolution, engineering, and characterization of an adenine base editor (ABE) that mediates

the programmable conversion of Α ·Τ to G*C base pairs in bacterial and human cells is

reported. Indeed, approximately half of known pathogenic single nucleotide polymorphisms

are C*G to Τ·Α transitions. The ability to convert Α ·Τ base pairs to G*C base pairs in a

programmable, efficient, and precise manner therefore could substantially advance efforts to

study and treat genetic diseases. Extensive evolution and engineering to maximize ABE

efficiency and sequence generality resulted in seventh-generation adenine base editors, such

as ABE7.10, that convert target Α ·Τ to G*C base pairs efficiently (averaging 53% across 17

genomic sites in human cells) with very high product purity (typically > 99%) and very low

rates of indels comparable to those of untreated cells (typically < 0.1%). It is shown in the

examples that follow that ABE7 variants introduce point mutations much more efficiently

and cleanly than a current Cas9 nuclease-mediated HDR method, induce less off-target

genome modification than Cas9 nuclease, and can be used both to correct disease-associated

SNPs, and to introduce disease-suppressing SNPs in cultured human cells.

[0245] The formation of uracil and thymine from the spontaneous hydrolytic deamination of

cytosine and 5-methylcytosine, respectively, 12 occurs an estimated 100-500 times per cell per

day in humans 1 and can result in C*G to Τ ·Α mutations, accounting for approximately half of

all known pathogenic SNPs (Figure 1A). The ability to convert Α ·Τ base pairs to G*C base

pairs at target loci in the genomic DNA of unmodified cells therefore could enable the

correction of a substantial fraction of human SNPs associated with disease

[0246] Base editing is a form of genome editing that enables the direct, irreversible

conversion of one base pair to another at a target genomic locus without requiring double-



stranded DNA breaks (DSBs), homology-directed repair (HDR) processes, or donor DNA

templates.3 5 . Compared with standard genome editing methods to introduce point mutations,

base editing can proceed more efficiently6,and with far fewer undesired products such as

stochastic insertions or deletions (indels) or translocations.4 6 8

[0247] The most commonly used base editors are third-generation designs (BE3) that consist

of ( ) a catalytically impaired CRISPR-Cas9 mutant that cannot make DSBs, ( ) a single-

strand-specific cytidine deaminase that converts C to uracil (U) within a small window (~5

nucleotides) in the single-stranded DNA bubble created by Cas9, ( i) a uracil glycosylase

inhibitor (UGI) that impedes uracil excision and downstream processes that decrease base

editing efficiency and product purity9, and ( zv) nickase activity to nick the non-edited DNA

strand, directing cellular mismatch repair to replace the G-containing DNA strand6 9.

Together, these components enable efficient and permanent C*G to Τ ·Α base pair conversion

in bacteria, yeast4 10 , plants 11 12 , zebrafish 13 , mammalian cells 14 15 , mice 16 17 , and even human

embryos. 18 19 Base editing capabilities have expanded through the development of base

editors with different protospacer-adjacent motif (PAM) compatibilities7, narrowed editing

windows7,enhanced DNA specificity8, and small-molecule dependence20 . Fourth-generation

base editors (BE4 and BE4-Gam) further improve C*G to Τ·Α editing efficiency and product

purity.9

[0248] To date, all reported base editors mediate C*G to Τ ·Α conversion. In this study,

protein evolution and engineering were used to develop a new class of adenine base editors

(ABEs) that convert Α ·Τ to G*C base pairs in DNA in bacteria and human cells. Seventh-

generation ABEs such as ABE7.10 (Figure 7) convert Α ·Τ to G*C at a wide range of target

genomic loci in human cells with a typical efficiency of -50% and with a very high degree of

product purity (> 99%), exceeding the typical performance characteristics of BE3. ABEs

greatly expand the scope of base editing and, together with previously described base editors,

enable the programmable installation of all four transition mutations (C to T, A to G, T to C,

and G to A) in the genomes of living cells.

Example 1 - Evolution of an adenine deaminase that operates on DNA

[0249] The hydrolytic deamination of adenosine yields inosine (Figure IB). Within the

constraints of a polymerase active site, inosine pairs most stably with C and therefore is read

or replicated as G2 1. While replacing the cytidine deaminase domain of an existing base

editor with an adenine deaminase could, in theory, provide an ABE (Figure 1C), no enzymes

are known to deaminate adenine in DNA. Although all reported examples of adenine



deaminases process either free adenine, free adenosine, adenosine in RNA or in mispaired

RNA:DNA heteroduplexes, 22 or, curiously, catalyze C to U formation on single-stranded

DNA23, the present efforts were begun by replacing the APOBEC1 component of BE3 with

natural adenine deaminases including E. coli TadA24 26, human ADAR27 2 , mouse ADA29 ,

and human ADAT230 3 1 (Supplementary Sequences 1) to test the possibility that a high

effective molarity of single-stranded DNA might overcome their poor activity on DNA.

Unfortunately, when plasmid DNA constructs encoding these adenine deaminase-Cas9 DIOA

nickase fusions were transfected into HEK293T cells together with a corresponding single-

guide RNA (sgRNA), no significant Α ·Τ to G*C editing was observed above that of untreated

cells (Figure 8A). These results suggest that the inability of the natural adenine deaminase

enzymes tested to process DNA precludes their direct use in an ABE.

[0250] Given these results, an adenine deaminase variant that accepts DNA as a substrate

starting from a naturally occurring RNA adenine deaminase was sought to be evolved. A

bacterial selection for base editing was developed by creating antibiotic resistance genes that

contain point mutations at critical positions (Table 8 and Supplementary Sequences 2).

Reversion of these mutations by base editors enables bacterial survival in the presence of

antibiotic. To validate the selection, a bacterial codon optimized version of BE26 (APOBEC1

cytidine deaminase fused to dCas9 and UGI) was used, since bacteria lack nick-directed

mismatch repair machinery that enables more efficient base editing by BE3 32. After

optimizing target mutation choice, promoter strength, selection plasmid copy number,

incubation times, and antibiotic selection stringency, successful rescue of a defective

chloramphenicol acetyl transferase (CamR) containing an Α ·Τ to G*C mutation at a catalytic

residue (H193R) by BE2 and a sgRNA programmed to direct base editing to the inactivating

mutation was observed, resulting in a chloramphenicol minimum inhibitory concentration

(MIC) increase from 1 g/mL to 32 g/mL. DNA sequencing confirmed that bacterial cells

surviving selection contained the C*G to Τ·A mutation restoring CamR function.

[0251] Next the selection plasmid was adapted for ABE activity by introducing a C*G to Τ·Α

mutation in the CamR gene, creating an H193Y substitution (Table 8 and Supplementary

Sequences 2) that confers an MIC of 1 g/mL chloramphenicol. Α ·Τ to G*C conversion at

the H193Y mutation should restore chloramphenicol resistance, thereby linking ABE activity

to bacterial survival in the presence of chloramphenicol.

[0252] The previously described base editors6 9 exploit the use of cytidine deaminase

enzymes that operate on single-stranded DNA and reject double-stranded DNA. This single-

stranded DNA requirement is critical to focus deaminase activity on a small window of



nucleotides within the single-stranded bubble created by Cas9, minimizing undesired

deamination events beyond the target nucleotide(s). TadA is a tRNA adenine deaminase 24

that converts adenine to inosine (I) in the single-stranded anticodon loop of tRNA . E. coli

TadA shares homology with the APOBEC family of enzymes33 used in the original base

editors, and structural studies revealed that some ABOBECs bind single-stranded DNA in a

conformation that resembles that of tRNA bound to TadA33 . TadA does not require small-

molecule activators (in contrast with ADAR34) and acts on polynucleic acid (unlike ADA29) .

Based on these considerations, E. coli TadA was chosen as the starting point of the efforts to

evolve a DNA adenine deaminase.

[0253] Unbiased plasmid libraries of ecTadA-dCas9 fusions containing mutations only in the

adenine deaminase portion of the construct to avoid altering the favorable properties of the

Cas9 portion of the editor were created. The resulting plasmid libraries were transformed into

E. coli harboring the CamR H193Y selection and -5.0 x 106 transformants were plated on

media containing 2 to 16 g/mL chloramphenicol (Figure 2A). Surviving colonies were

strongly enriched for TadA mutations A106V and D108N (Figure 2B). Sequence alignment

of the evolved E. coli TadA with S. aureus TadA, a homolog for which a structure complexed

with tRNA^ has been reported 35 , predicts that the side-chain of D108 makes a hydrogen

bond with the 2'- OH group of the ribose in the uridine nucleotide immediately upstream of

the substrate adenosine (Figure 2C). Mutations at D108 likely abrogate this hydrogen bond

and thereby decrease the energetic opportunity cost of accepting DNA in the substrate-

binding site. DNA sequencing confirmed that all bacterial clones surviving the selection

showed substantial Α ·Τ to G*C reversion at the targeted site in CamR. Collectively, these

results indicate that mutations at or near TadA D108 enable TadA to perform adenine

deamination on DNA substrates.

[0254] The TadA A106V and D108N mutations were incorporated into a mammalian codon-

optimized TadA-Cas9 nickase fusion construct that replaces the dCas9 used in bacterial

evolution with the Cas9 D10A nickase used in BE3 to manipulate cellular DNA mismatch

repair to favor desired base editing outcomes, and adds a C-terminal nuclear localization

signal (NLS). Rhe resulting TadA*-XTEN-nCas9-NLS construct, where TadA* represents an

evolved TadA variant and XTEN is a 16-amino acid linker used in BE36, was designated as

ABE1.2. Transfection of plasmids expressing ABE1.2 and sgRNAs targeting six human

genomic sites (Figure 3A) resulted in very low, but observable A to G editing efficiencies

(3.2+0.88%; all editing efficiencies are reported as mean+SD of three biological replicates

without enrichment for transfected cells unless otherwise noted) across six diverse target sites



in the human genome (Figure 2A) at or near protospacer position 5, counting the PAM as

positions 21-23 (Figure 3B). These data confirmed that an ABE capable of catalyzing low

levels of Α ·Τ to G*C conversion emerged from the first round of protein evolution and

engineering.

Example 2 - Improved Deaminase Variants and ABE Architectures

[0255] The editing efficiency of ABE 1.2 was sought to be improved through a second round

of evolution. An unbiased library of ABE1.2 variants was generated as before, and the

resulting TadA*1.2-dCas9 mutants were challenged in bacteria with higher concentrations of

chloramphenicol (16 to 128 g/mL) than was used in round 1 (Tables 7 and 8). From this

second round of evolution, two mutations, D147Y and E155V, predicted to lie in a helix

adjacent to the substrate in TadA, were identified (Figure 2C). In mammalian cells, ABE2.1

(ABE1.2 + D147Y + E155V) exhibited 2- to 7-fold higher activity than ABE1.2 at the six

genomic sites tested, resulting in an average of 11+2.9% Α ·Τ to G*C base editing (Figure

3B).

[0256] Next, ABE2.1 editing efficiencies were sought to be improved through additional

protein engineering. Fusing the TadA(2.1)* domain to the C-terminus of Cas9 nickase,

instead of the N-terminus, resulted in the complete loss of editing activity (Figures 7 and 8B),

consistent with previous findings with BE36. Linker lengths were also varied between

TadA(2.1)* and Cas9 nickase. An ABE2 variant (ABE2.6) with a linker twice as long (32

amino acids, (SGGS)2-XTEN-(SGGS) 2,) as the original 16-residue XTEN linker in ABE2.1

offered modestly higher editing efficiencies compared with ABE2.1, now averaging 14+2.4%

across the six genomic loci tested (Figures 7 and 8B).

[0257] Analogous to the mechanism by which uracil N-glycosylase (UNG) catalyzes the

removal of uracil from DNA and initiates base excision repair, alkyl adenine DNA

glycosylase (AAG) catalyzes the cleavage of the glycosidic bond of inosine in DNA36 37 . To

test if inosine excision impedes ABE performance, ABE2 variants designed to minimize

potential sources of inosine base excision repair (BER) were created. Given the absence of

known protein inhibitors of AAG, endogenous AAG was attempted to be blocked from

accessing the inosine intermediate by separately fusing to the C-terminus of ABE2.1

catalytically inactivated versions of enzymes involved in inosine binding or removal: human

AAG (inactivated with a E125Q mutation38), or E. coli Endo V (inactivated with a D35A

mutation39) . Neither ABE2.1- AAG(E125Q) (ABE2.2) nor ABE2.1-Endo V(D35A)

(ABE2.3) exhibited altered Α ·Τ to G*C editing efficiencies in HEK293T cells compared with



ABE2.1 (Figures 7 and 8C). Indeed, using ABE2.1 in Hapl cells lacking AAG did not result

in increases in base editing efficiency, increases in product purity, or decreases in indel

frequency compared with Hapl cells containing wild-type AAG (Figure 8D). Moreover,

ABE2.1 induced virtually no indels (< 0.1%) or Α ·Τ to non-G*C products (< 0.1%) at the six

loci tested, consistent with inefficient excision of the inosine intermediate (Figures 11A to

1IB). Taken together, these observations strongly suggest that cellular repair of inosine

intermediates created by ABEs is inefficient, obviating the need to subvert processes such as

BER. This situation contrasts with that of BE3 and BE4, which are strongly dependent on

inhibiting uracil excision to maximize base editing efficiency and product purity, and to

suppress indel formation6 9.

[0258] As a final ABE2 engineering study, the role of the TadA* dimerization state on base

editing efficiencies in human cells was explored. In its native form, TadA operates as a

homodimer, with one monomer catalyzing A to I deamination, and the other monomer acting

as a docking station for the tRNA substrate40. During selection in E. coli, it is speculated that

endogenous TadA serves as the non-catalytic monomer. In mammalian cells, it is

hypothesized that tethering an additional wild-type or evolved TadA monomer might

improve editing efficiencies by minimizing reliance on intermolecular ABE dimerization.

Indeed, co-expressing with ABE2.1 either wild-type TadA or TadA*2.1 to promote in trans

ABE2.1:TadA or ABE2.1:TadA*2.1 dimer formation (ABE2.7 and ABE2.8, respectively), as

well as direct fusion of either evolved or wild-type TadA to the N-terminus of ABE2. 1

(ABE2.9 and ABE2.10, respectively), substantially improved editing efficiencies (Figures

3B, 7, and 10A). A fused TadA-ABE2. 1 architecture (ABE2.9) was identified to offer the

highest editing efficiencies (averaging 20+3.8% across the six genomic loci, and a 7.6+2.6-

fold average improvement at each site over ABE 1.2) and was used in all subsequent

experiments (Figures 2B and 3B). A control ABE variant containing two wild-type TadA

domains and no evolved TadA* domains did not result in Α ·Τ to G*C editing at the six

genomic sites tested (Figure 10A), confirming that dimerization alone was insufficient to

mediate ABE activity.

[0259] Since these results implicated TadA dimerization as an important component of ABE

editing efficiency, it was determined which of the two TadA subunits within the TadA-ABE2

fusion was responsible for A to I catalysis. An inactivating E59A mutation 24 was introduced

into either the N-terminal or the internal TadA monomer of ABE2.9, generating ABE2.1 1 or

ABE2.12, respectively. The variant with an inactivated N-terminal TadA subunit (ABE2.11)

demonstrated comparable editing efficiencies to ABE2, whereas the variant with an



inactivated internal TadA subunit lost all editing activity (Figures 7 and 10A). These results

establish that the internal TadA subunit is responsible for A to I catalysis.

Example 3 - ABEs That Efficiently Edit a Subset of Targets

[0260] Next, a third round of bacterial evolution was performed starting with TadA*2.1-

dCas9 (relying on in trans dimerization with endogenous E. coli TadA or with itself) to

further increase Α ·Τ to G*C editing efficiencies. The stringency of the selection was

increased by introducing two early stop codons (Q4stop and W15stop) in the kanamycin

resistance gene (KanR, aminoglycoside phosphotransferase, Table 8 and Supplementary

Sequences 2). Each of the mutations required an Α ·Τ to G*C reversion to correct the

premature stop codon. The MIC for host cells harboring the evolution round 3 selection

plasmid was ~8 g/mL kanamycin and base editing of both KanR mutations on the same

plasmid is required to restore kanamycin resistance (Table 8). A library of TadA*2.1-dCas9

variants containing mutations in the TadA domain were subjected to this higher stringency

selection in the presence of 16 to 128 g/mL kanamycin, resulting in the strong enrichment of

three new TadA mutations: L84F, H123Y, and I157F. These mutations were imported into

the ABE2.9 mammalian construct to generate ABE3.1 (Figure 2B). In HEK293T cells,

ABE3.1 resulted in editing efficiencies averaging 29+2.6% across the six tested sites, a 1.6-

fold average increase in Α ·Τ to G*C conversion at each site over ABE 2.9, and a 11-fold

average improvement over ABE 1.2 (Figure 3C). Longer (64- or 100-amino acid) linkers

between the two TadA monomers, or between TadA* and Cas9 nickase, were also tested and

negative effects on editing efficiencies compared to ABE3.1 were observed (Figures 7 and

10B).

[0261] Although ABE3.1 -mediated base editing efficiencies were high at some sites, such as

site 1 (65+4.2% conversion), which placed the edited A at protospacer position 5 in a CAC

context, for other sites, such as site 5, which placed the edited A in a GAG context, editing

efficiencies were much lower (8.3+0.67% conversion) (Figure 3C). The results from six

genomic loci with different sequence contexts surrounding the target A suggest that ABEs

from rounds 1-3 strongly preferred target sequence contexts of YAC, where Y = T or C. This

sequence context preference was likely inherited from the substrate specificity of native E.

coli TadA, which deaminates the A in the UAC context of the anticodon loop of tRNA^.

The utility of an ABE for base editing applications would be greatly limited, however, by

such a target sequence restriction.



[0262] To overcome the YAC sequence preference of ABE3.1, a fourth evolution campaign

focusing mutagenesis at TadA residues predicted to interact with the nucleotides upstream

and downstream of the target A was initiated. Inspection of the S. aureus TadA'tRNA co-

crystal structure35 revealed residues that directly contact the anticodon loop of the tRNA

substrate, corresponding to E. coli TadA E25, R26, R107, A142, and A143. TadA*2.1-

dCas9 libraries (Table 7) containing randomized residues at these positions were subjected to

a new bacterial selection in which Α ·Τ to G*C conversion of a non-YAC target (GAT, which

causes a T89I mutation in the spectinomycin resistance protein) restores antibiotic resistance

(Table 8 and Supplementary Sequences 2). Library members in cells harboring the selection

plasmid (MIC of -32 g/mL spectinomycin, Table 8), were challenged with high

concentrations of spectinomycin (64 to 512 g/mL). Surviving bacteria strongly converged

on the TadA mutation A142N. Although apparent Α ·Τ to G*C base editing efficiency in

bacterial cells with TadA*4.3-dCas9 (TadA*3.1+A142N-dCas9) was higher than with

TadA*3.1-dCas9 as judged by spectinomycin MIC (Figure IOC), ABE4.3 generally

exhibited decreased base editing efficiencies (averaging 16+5.8%) compared with ABE3.1 in

mammalian cells (Figures 2B and 3C). It was hypothesized that the A142N mutation may

benefit base editing in a context-dependent manner, and revisited its inclusion in later rounds

of evolution (see below).

[0263] A fifth round of evolution was performed to increase ABE catalytic performance and

broaden target sequence compatibility. A library of TadA*3.1-dCas9 variants was generated

containing unbiased mutations throughout the TadA* domain as before (Table 7). To favor

ABE constructs with faster kinetics, this library was subjected to the CamR H193Y selection

with higher doses of chloramphenicol (>128 g/mL) after allowing ABE expression for only

half the duration (7 h) of the previous rounds of evolution (-14 h). Surviving clones

contained a variety of mutations near the N- and C-terminal domain of TadA. Surprisingly,

importing a consensus set of these mutations (H36L, R51L, S146C, and K157N) into

ABE3.1, creating ABE5.1, decreased overall editing efficiencies in HEK293T cells by

1.7+0.29-fold (Figures 2B and 3C).

[0264] Since ABE5.1 included seven mutations since the previous dimerization state

experiments on ABE2.1, it was speculated that the accumulation of these new mutations may

impair the ability of the non-catalytic N-terminal TadA subunit to play its structural role in

mammalian cells. In E. coli, endogenous wild-type TadA monomer is provided in trans,

potentially explaining the disconnect between bacterial selection phenotypes and mammalian

cell editing efficiencies. Therefore, the effect of using wild-type TadA instead of evolved



TadA* variants in the N-terminal, non-catalytic TadA domain of ABE5 variants was

examined. These studies revealed that a heterodimeric construct comprised of a wild-type E.

coli TadA fused to an internal evolved TadA* (ABE5.3) exhibited greatly improved editing

efficiencies compared to the homodimeric ABE5.1 with two identical evolved TadA*

domains. ABE5.3 editing efficiencies across the six genomic test sites averaged 39+5.9%,

with an average improvement at each site of 2.9+0.78-fold relative to ABE5.1 (Figures 2B

and 3C). Compared with ABE3.1, ABE5.3 increased editing efficiencies by an average of

1.8+0.39-fold at each tested site. Importantly, ABE5.3 also showed broadened sequence

compatibility that now enabled 22-33% editing of non-YAC targets including site 3 (AAG),

site 4 (CAA), site 5 (GAG), and site 6 (GAC) (Figure 3C).

[0265] Concurrently, a round 5 library was subjected to the non-YAC spectinomycin

selection used in round 4 . Although no highly enriched mutations emerged, new mutations

from two genotypes emerging from this selection, N72D + G125A; and P48S + S97C (Figure

7), were included in subsequent library generation steps. The simple addition of these

mutations to ABE3.1 (generating ABE5.13 and ABE5.14, respectively) did not improve

editing efficiencies (Figures 7 and 11A).

[0266] Since the ABE3 linker studies demonstrated that linkers much longer than 32 amino

acids decreased ABE activity (Figures 7 and 10B), a more refined approach was taken to

optimize ABE5 linkers. Eight heterodimeric wild-type TadA-TadA* ABE5.3 variants

(ABE5.5 to ABE5.12) containing 24-, 32-, or 40-residue linkers between the TadA domains

or between TadA and Cas9 nickase were tested in HEK293T cells, resulting in no obvious

improvements in base editing efficiency (Figures 7 and 11B). All subsequent studies thus

used the ABE5.3 architecture containing a heterodimeric wtTadA- TadA*-Cas9 nickase with

two 32-residue linkers.

Example 4 - Highly Active ABEs With Broad Sequence Compatibility

[0267] A sixth round of evolution aimed to remove any non-beneficial mutations by DNA

shuffling and to reexamine mutations from previous rounds of evolution that may have

different effects on ABE performance once liberated from negative epistasis with other

mutations. Evolved TadA*-dCas9 variants from rounds 1 through 5 along with wild-type E

.coli TadA were shuffled, transformed into E. coli harboring the spectinomycin resistance

T89I selection plasmid, and selected on media supplemented with 384 g/mL spectinomycin.

Two mutations were strongly enriched from this selection: P48S/T and A142N (first seen

from round 4). These mutations were added either separately or together to ABE5.3, forming



ABE6.1 to ABE6.6 (Figure 7). ABE6.3 (ABE5.3+P48S) resulted in 1.3+0.28- fold higher

average Α ·Τ to G*C editing relative to ABE5.3 at each of the six genomic sites tested, and an

average conversion efficiency of 47+5.8% (Figures 2B and 4A). P48 is predicted to lie ~5 A

from the substrate adenine nucleobase and 2'-hydroxyl in the TadA crystal structure (Figure

2C), and it was speculated that mutating this residue to Ser may improve compatibility with a

deoxyadenosine substrate. While at most sites ABE6 variants that contained the A142N

mutation were less active than ABEs that lack this mutation, editing by ABE6.4 (ABE6.3 +

A142N) at site 6, which contains a target A at position 7 in the protospacer, was 1.5+0.13-

fold more efficient than editing by ABE6.3, and 1.8+0.16-fold more efficient than editing by

ABE5.3 (Figure 4A). These results suggest that A142N variants may offer improved editing

of target adenines closer to the PAM than position 5 .

[0268] Although six rounds of evolution and engineering yielded substantial improvements,

ABE6 editors still suffered from reduced editing efficiencies (-20-40%) at target sequences

containing multiple adenines near the targeted A, such as site 3 (AAG) and site 4 (CAA)

(Figure 4A). To address this challenge, a seventh round of evolution was performed in which

freshly generated libraries of TadA*6-dCas9 variants were targeted to two separate sites in

the kanamycin resistance gene: the Q4stop mutation used in round 3 that requires editing a

TAT motif, and a new D208N mutation that requires editing a TAA sequence (Tables 7 and

8, Supplementary Sequences 2). The MIC of host cells harboring the round 7 selection

plasmid was 8 g/mL kanamycin (Table 8). Unbiased libraries of mutated TadA*6-dCas9

variants were transformed into E. coli, and selected on media containing 64 g/mL to 384

g/mL kanamycin. Surviving clones contained three enriched sets of mutations: W23L/R,

P48A, and R152H/P.

[0269] Introducing these mutations separately or in combinations into mammalian cell ABEs

(ABE7.1 to ABE7.10), resulted in substantial increases in Α ·Τ to G*C editing efficiencies,

especially at targets that contain multiple A residues (Figures 2B, 4A, 4B, 7, 12A, and 12B).

ABE7.10 edited the six genomic test sites with an average efficiency 58+4.0%, and an

average improvement at each site of 1.3+0.20-fold relative to ABE6.3 (Figure 4A), and

29+7.4-fold compared to ABE 1.2. Although mutational dissection revealed that all three of

the new mutations contribute to the increase in editing efficiencies (Figures 7, 12A, and 12B),

the R152P substitution is particularly noteworthy. The aligned ecTadA crystal structure

predicts that R152 is in the C-terminal helix and contacts the C in the UAC anticodon loop of

the tRNA substrate (Figures 2B and 2C). It is speculated that substitution of Arg for Pro

disrupts this helix and may abrogate base-specific enzyme:DNA interactions.



Example 5 - Characterization of Late-Stage ABEs

[0270] The most promising ABEs from rounds 5-7 were characterized in-depth. An expanded

set of 17 human genomic targets was chosen that place a target A at position 5 or 7 of the

protospacer and collectively include all possible NAN sequence contexts (Figure 3A).

Overall, strong improvement of Α ·Τ to G*C editing efficiency was observed in HEK293T

cells during the progression from ABE5 to ABE7 variants (Figure 4B). The base editing

efficiency of the most active editor overall, ABE7.10, averaged 53+3.7% at the 17 sites

tested, exceeded 50% at 11 of these sites, and ranged from 34-68% (Figures 4A and 4B).

These efficiencies compare favorably to the typical C*G to Τ·Α editing efficiencies of BE36.

[0271] Next it was sought to further characterize the base editing activity window of late-

stage ABEs. A human genomic site containing an alternating 5'-A-N-A-N-A-N-3' sequence

that could be targeted with either of two sgRNAs such that an A would be located either at

every odd position (site 18) or at every even position (site 19) from 2 to 9 in the protospacer

was chosen (Figure 3A). The resulting editing outcomes (Figure 5A), together with an

analysis of editing efficiencies at every protospacer position across all 19 sites tested (Figure

5B) suggest that the activity windows of late-stage variants are approximately 4-6 nucleotides

wide, from protospacer positions -4-7 for ABE7.10, and from positions -4-9 for ABE6.3,

ABE7.8, and ABE7.9, counting the PAM as positions 21-23 (Figures 5A to 5C). It is noted

that the precise editing window boundaries can vary in a target-dependent manner (Table 1),

as is the case with BE3 and BE4. ABE7.8, ABE7.9, and ABE7.10 were also tested in U20S

cells at sites 1-6 and similar editing results were observed as in HEK293T cells (Figure 12C),

demonstrating that ABE activity is not limited to HEK293T cells.

[0272] Analysis of individual high-throughput DNA sequencing reads from ABE editing at 6

to 17 genomic sites in HEK293T cells reveals that base editing outcomes at nearby adenines

within the editing window are not statistically independent events. The average normalized

linkage disequilibrium (LD) between nearby target adenines steadily increased as ABE

evolution proceeded, such that the normalized LD of ABE1.2, ABE3.1, ABE5.3, and

ABE7.10 averaged 0.17+0.12, 0.56+0.27, 0.67+0.25, and 0.94+0.08, respectively (Figures

14A and 14B). Therefore, early-stage ABEs edit nearby adenines more independently, while

late-stage ABEs edit nearby adenines more processively, and are more likely to edit an A if a

nearby A in the same DNA strand is also edited. These findings suggest that during the

course of evolution, TadA may have evolved kinetic changes that decrease the likelihood of



substrate release before additional As within the editing window are converted, resulting in

processivity similar to the behavior of BE36.

[0273] In contrast to the formation of C to non-T edits and indels that can arise from BE3-

mediated base editing of cytidines, ABEs convert Α ·Τ to G*C very cleanly in HEK293T and

U20S cells, with an average of < 0.1% indels, similar to that of untreated control cells, and

no observed A to non-G editing above that of untreated cells among the 17 genomic NAN

sites tested (Figure 5C and Table 1). It was recently shown that undesired products of BE3

arise from uracil excision and downstream repair processes 9. The remarkable product purity

of all tested ABE variants compared to BE3 suggests that the activity or abundance of

enzymes that remove inosine from DNA may be low compared to the those of UNG,

resulting in minimal base excision repair following adenine base editing.

[0274] ABE7.10 catalyzed Α ·Τ to G*C editing efficiencies were compared to those of a state-

of-the-art Cas9 nuclease-mediated HDR method, CORRECT 4 1. At five genomic loci in

HEK293T cells average target mutation frequencies ranging from 0.47% to 4.2% with 3.3%

to 10.6% indels were observed using the CORRECT HDR method under optimized 48-h

conditions in HEK293T cells (Figure 6A). At these same five genomic loci, ABE7.10

resulted in average target mutation frequencies of 10-35% after 48 h, and 55-68% after 120 h

(Figure 6A), with < 0.1% indels (Figure 6B). The target mutation :indel ratio averaged 0.43

for CORRECT HDR, and > 500 for ABE7.10, representing a > 1,000-fold improvement in

product selectivity favoring ABE7.10. These results demonstrate that ABE7.10 can introduce

Α ·Τ to G*C point mutations with much higher efficiency and far fewer undesired products

than a current Cas9 nuclease-mediated HDR method.

[0275] Next the off-target activity of ABE7 variants was examined. Since no method yet

exists to comprehensively profile off-target activity of ABEs, it was assumed that off-target

ABE editing primarily occurs at the same off-target sites that are edited when Cas9 nuclease

is complexed with a particular guide RNA, as has been observed to be the case with

BE36 9 42 . HEK293T cells were treated with three well-characterized guide RNAs (targeting

HEK sites 2, 3, and 4)43 and either Cas9 nuclease or ABE7 variants and sequenced the on-

target loci and the 12 most active off-target human genomic loci associated with these guide

RNAs as identified by the genome-wide GUIDE-Seq method.43 The efficiency of on-target

indels by Cas9 and the efficiency of on-target base editing by ABE7.10 both averaged 54%

(Tables 2-4). Detectable modification (> 0.2% indels) by Cas9 nuclease was observed at nine

of the 12 (75%) known off-target loci (Figure 6C and Tables 2-4). In contrast, when

complexed with the same sgRNAs, ABE7.10, ABE7.9, or ABE 7.8 led to > 0.2% off-target



base editing at only four of the 12 (33%) known Cas9 off-target sites. Moreover, the nine

confirmed Cas9 off-target loci were modified with an average efficiency of 14% indels, while

the four confirmed ABE off-target loci were modified with an average of only 1.3% Α ·Τ to

G*C mutation (Tables 2-4). Although seven of the nine confirmed Cas9 off-target loci

contained at least one A within the ABE activity window, three of these seven off-target loci

were not detectably edited by ABE7.8, 7.9, or 7.10. Together, these data suggest that ABE7

variants may be less prone to off-target genome modification than Cas9 nuclease, even for

off-target sites containing editable As. In addition, there was no detected evidence of ABE-

induced Α ·Τ to G*C editing outside of on-target or off-target protospacers following ABE

treatment.

Example 6 - ABE-mediated correction and installation of mutations relevant to human

disease

[0276] Finally, the potential of ABEs to correct pathogenic mutations and to introduce

disease-suppressing mutations in mammalian cells was tested. Mutations in b-globin genes

cause a variety of blood diseases. Humans with the rare benign condition HPFH (hereditary

persistence of fetal hemoglobin) are resistant to some b-globin diseases including sickle-cell

anemia. In certain patients, this phenotype is mediated by mutations in the promoters of the

g-globin genes HBGl and HBG2 that enable sustained expression of fetal hemoglobin, which

is normally silenced in humans around birth44 45. An sgRNA was designed that programs

ABE to simultaneously mutate -198T to C in the promoter driving HBGl expression, and -

198T to C in the promoter driving HBG2 expression, by placing the target Α ·Τ base pair at

protospacer position 7 . These mutations are known to confer British-type HPFH and enable

fetal hemoglobin production in adults46 . ABE7.10 installed the desired Τ·Α to C*G mutations

in the HBGl and HBG2 promoters with 29% and 30% efficiency, respectively, in HEK293T

cells (Figures 6C and 14).

[0277] The iron storage disorder hereditary hemochromatosis (HHC) is an autosomal

recessive genetic disorder commonly caused by a G to A mutation at nucleotide 845 in the

human HFE gene, resulting in a C282Y mutation in the HFE protein47 48. This mutation leads

to insufficient production of liver iron hormone hepcidin resulting in excessive intestinal iron

absorption and potentially life-threatening elevation of serum ferritin. DNA encoding

ABE7.10 and a guide RNA that places the target A at protospacer position 5 was transfected

into an immortalized lymphoblastoid cell line (LCL) harboring the HFE C282Y genomic

mutation. Due to the extreme resistance of LCL cells to transfection, transfected cells were



isolated and editing efficiency was measured by HTS of the resulting genomic DNA. The

clean conversion of the Tyr282 to Cys282 codon was observed in 28% of total DNA

sequencing reads from transfected cells, with no evidence of undesired editing or indels at the

on-target locus (Figure 6C). Although much additional research is needed to develop these

ABE editing strategies into potential future clinical therapies for globinopathies, HHC, and

other diseases with a genetic component, these examples collectively demonstrate the

potential of ABEs to correct disease-driving mutations, and to install mutations known to

suppress genetic disease phenotypes, in human cells.

[0278] In summary, seven rounds of evolution and engineering transformed a protein that

initially exhibited no ability to deaminate adenine at target loci in DNA (wild-type TadA-

dCas9 fusions) into forms that edit DNA weakly (ABE I s and ABE2s), variants that edit

limited subsets of sites efficiently (ABE3s, ABE4s, and ABE5s), and, ultimately, highly

active adenine base editors with broad sequence compatibility (ABE6s and ABE7s). The

development of ABEs greatly expands the capabilities of base editing and the fraction of

pathogenic SNPs that can be addressed by genome editing without introducing double-

stranded DNA breaks (Figure 1A). In addition, ABEs can also be used to make precise

genetic changes of broad utility, including 63 non-synonymous codon changes, the

destruction or creation of start codons, the destruction of premature stop codons, the repair of

splicing donor or acceptor sites, and the modification of regulatory sequences. ABE7.10 is

recommended for general Α ·Τ to G*C base editing. When the target A is at protospacer

positions 8-10, ABE7.9, ABE7.8, or ABE6.3 may offer higher editing efficiencies than

ABE7.10, although conversion efficiencies at these positions are typically lower than at

protospacer positions 4-7. Together with BE3 and BE49, these ABEs advance the field of

genome editing by enabling the direct installation of all four transition mutations at target loci

in living cells with a minimum of undesired byproducts.

[0279] Data availability. Expression vectors encoding ABE6.3, ABE7.8, ABE7.9, and

ABE7.10 are available from Addgene. High-throughput DNA sequencing data will be

deposited in the NCBI Sequence Read Archive.

Methods

[0280] General methods. DNA amplification was conducted by PCR using Phusion U

Green Multiplex PCR Master Mix (ThermoFisher Scientific) or Q5 Hot Start High-Fidelity

2x Master Mix (New England BioLabs) unless otherwise noted. All mammalian cell and

bacterial plasmids generated in this work were assembled using the USER cloning method as



previously described and starting material gene templates were synthetically accessed as

either bacterial or mammalian codon-optimized gBlock Gene Fragments (Integrated DNA

Technologies). All sgRNA expression plasmids were constructed by a 1-piece blunt-end

ligation of a PCR product containing a variable 20-nt sequence corresponding to the desired

sgRNA targeted site. Primers and templates used in the synthesis of all sgRNA plasmids used

in this work are listed in Table 5 . All mammalian ABE constructs sgRNA plasmids and

bacterial constructs were transformed and stored as glycerol stocks at - 80°C in Machl T 1R

Competent Cells (Thermo Fisher Scientific), which are recA . Molecular Biology grade,

Hyclone water (GE Healthcare Life Sciences) was used in all assays and PCR reactions. All

vectors used in evolution experiments and mammalian cell assays were purified using

ZympPURE Plasmid Midiprep (Zymo Research Corportion), which includes endotoxin

removal. Antibiotics used for either plasmid maintenance or selection during evolution were

purchased from Gold Biotechnology.

[0281] Generation of bacterial TadA* libraries (evolution rounds 1-3, 5, and 7). Briefly,

libraries of bacterial ABE constructs were generated by two-piece USER assembly of a PCR

product containing a mutagenized E. coli TadA gene and a PCR product containing the

remaining portion of the editor plasmid (including the XTEN linker, dCas9, sgRNA,

selectable marker, origin of replication, and promoter). Specifically, mutations were

introduced into the starting template (Table 7) in 8 x 25 µ ΐ PCR reactions containing 75 ng-

1.2 g of template using Mutazyme II (Agilent Technologies) following the manufacturer's

protocol and primers NMG-823 and 824 (Table 6). After amplification, the resulting PCR

products were pooled and purified from polymerase and reaction buffer using a MinElute

PCR Purification Kit (Qiagen). The PCR product was treated with Dpnl (NEB) at 37°C for 2

h to digest any residual template plasmid. The desired PCR product was subsequently

purified by gel electrophoresis using a 1% agarose gel containing 0.5 g/mL ethidium

bromide. The PCR product was extracted from the gel using the QIAquick Gel Extraction Kit

(Qiagen) and eluted with 30 µ ΐ of H20 . Following gel purification, the mutagenized ecTadA

DNA fragment was amplified with primers NMG-825 and NMG-826 (Table 6) using Phusion

U Green Multiplex PCR Master Mix (8 x 50 PCR reactions, 66 °C annealing, 20-s

extension) in order to install the appropriate USER junction sequences onto the 5' and 3' end

of the fragment. The resulting PCR product was purified by gel electrophoresis. Next, the

backbone of the bacterial base editor plasmid template (Table 7), was amplified with primers

NMG-799 and NMG-824 (Table 6) and Phusion U Green Multiplex PCR Master Mix (100

µL· per well in a 98-well PCR plate, 5-6 plates total, Tm 66 °C, 4.5-min extension) following



the manufacturer's protocol. Each PCR reaction was combined with 300 mL of PB DNA

binding buffer (Qiagen) and 25 mL of the solution was loaded onto a HiBind DNA Midi

column (Omega Bio-Tek). Bound DNA was washed with 5 column volumes of PE wash

buffer (Qiagen) and the DNA fragment was eluted with 800 µ ΐ of H20 per column. Both

DNA fragments were quantified using a NanoDrop 1000 Spectrophotometer (Themo Fisher

Scientific).

[0282] TadA* libraries were assembled following a previously reported USER assembly

procedure49 with the following conditions: 0.22 pmol of ecTadA mutagenized DNA fragment

1, 0.22 pmol of plasmid backbone fragment 2, 1 U of USER (Uracil-Specific Excision

Reagent, New England Biolabs) enzyme, and 1 U of Dpnl enzyme (New England Biolabs)

per 10 µ ΐ of USER assembly mixture were combined in 50 mM potassium acetate, 20 Mm

Tris-acetate, 10 mM magnesium acetate, 100 g/mL BSA at pH7.9 (lx CutSmart Buffer,

New England Biolabs). Generally, each round of evolution required ~ 1 mL of USER

assembly mixture (22 nmol of each DNA assembly fragment) which was distributed into 10-

µL· aliquots across multiple 8-well PCR strips. The reactions were warmed to 37 °C for 60

min, then heated to 80 °C for 3 min to denature the two enzymes. The assembly mixture was

slowly cooled to 12 °C at 0.1 °C/s in a thermocycler to promote annealing of the freshly

generated ends of the two USER junctions.

[0283] With a library of constructs in hand, denatured enzymes and reaction buffer were

removed from the assembly mixture by adding 5 vol of PB buffer (Qiagen) to the assembly

reaction mixture and binding the material onto a MinElute column (480 µ ΐ per column).

ABE hybridized library constructs were eluted in 30 µ ΐ of H20 per column and 2 µL· of this

eluted material was added to 20 µ ΐ of NEB 10-beta electrocompotent E. coli and

electroporated with a Lonza 4D-Nucleofector System using bacterial program 5 in a 16-well

Nucleocuvette strip. A typical round of evolution used -300 electroporations to generate 5 -

10 million colony forming units (cfu). Freshly electroporated E. coli were recovered in 200

mL pre-warmed Davis Rich Media (DRM) at 37 °C, and incubated with shaking at 200 rpm

in a 500-mL vented baffled flask for 15 min before carbenicillin (for plasmid maintenance)

was added to 30 g/mL. The culture was incubated at 37 °C with shaking at 200 rpm for 18

h . The plasmid library was isolated with a ZympPURE Plasmid Midiprep kit following

manufacturer's procedure (50 mL culture per DNA column), except the plasmid library was

eluted in 200 µ ΐ pre-warmed water per column. Evolution rounds 1-3, 5 and 7 followed this

procedure in order to generate the corresponding library with minor variations (Table 7).



[0284] Generation of site-saturated bacterial TadA* library (evolution round 4).

Mutagenesis at Arg24, Glu25, Argl07, Alal42, and Alal43 of ecTadA was achieved using

ecTadA* (2.1)- dCas9 as a template and amplifying with appropriately designed degenerate

NNK-containing primers (Table 6). Briefly, ecTadA*(2.1)-dCas9 template was amplified

separately with two sets of primers: NMG-1197 + NMG-1200, and NMG-1199 + NMG-

1200, using Phusion U Green Multiplex PCR Master Mix, forming PCR product 1 and PCR

product 2 respectively. Both PCR products were purified individually using PB binding

buffer and a MiniElute column and eluted with 20 µ ΐ of H20 per 200 µ ΐ of PCR reaction. In

a third PCR reaction, 1 µ of PCR product 1 and 1 µL· PCR product 2 were combined with

exterior, uracil-containing primers NMG-1202 and NMG-1197, and amplified by Phusion U

Green Multiplex PCR Master Mix to form the desired extension-overlap PCR product with

flanking uracil-containing USER junctions. In a fourth PCR reaction, ecTadA*(2.1)-dCas9

was amplified with NMG-1201 and NMG-1 198 to generate the backbone DNA fragment for

USER assembly. After Dpnl digestion and gel purification of both USER assembly

fragments, the extension-overlap PCR product (containing the desired NNK mutations in

ecTadA) was incorporated into the ecTadA* (2. l)-dCas9 backbone by USER assembly as

described above. The freshly generated NNK library was transformed into NEB 10-beta

electrocompotent E. coli and the DNA was harvested as described above.

[0285] Generation of DNA-shuffled bacterial TadA* library (evolution round 6). DNA

shuffling was achieved by a modified version of the nucleotide exchange and excision

technology (NExT) DNA shuffling method50. Solutions of 10 mM each of dATP, dCTP,

dGTP and dTTP/dUTP (3 parts dUTP: 7 parts dTTP) were freshly prepared. Next, the TadA*

fragment was amplified from 20 fmol of a pool of TadA*-XTEN-dCas9 bacterial constructs

isolated from evolution rounds 1-5 in equimolar concentrations using Taq DNA Polymerase

(NEB), primers NMG-822 and NMG-823 (Table 6), and 400 µΜ each of dATP, dCTP,

dGTP, and dUTP/dTTP (3:7) in l x ThermoPol Reaction Buffer (Tm 63 °C, 1.5-min

extension time). The freshly generated uracil-containing DNA library fragment was purified

by gel electrophoresis and extracted with QIAquick Gel Extraction Kit (Qiagen), eluting with

20 µ ΐ of H20 per extraction column. The purified DNA product was digested with 2 U of

USER enzyme per 40 µ ΐ in l x CutSmart Buffer at 37 °C and monitored by analytical agarose

gel electrophoresis until digestion was complete. The reaction was quenched with 10 vol of

PN1 binding buffer (Qiagen) when the starting material was no longer observed (typically 3-



4 h at 37 °C). Additional USER enzyme was added to the reaction if needed. The digested

material was purified with QiaexII kit (Qiagen) using the manufacturer's protocol and the

DNA fragments were eluted in 50 µ ΐ of pre-warmed H20 per column.

[0286] The purified shuffled TadA* fragment was reassembled into full-length TadA*-

XTENdCas9 product by an internal primer extension procedure. The eluted digested DNA

fragments (25 ) were combined with 4 U of Vent Polymerase (NEB), 800 µΜ each of

dATP, dCTP, dGTP, and dTTP, 1 U of Taq DNA polymerase in l x ThermoPol Buffer

supplemented with 0.5 mM MgS04. The thermocycler program for the reassembly procedure

was the following: 94 °C for 3 min, 40 cycles of denaturation at 92 °C for 30 s, annealing

over 60 s at increasing temperatures starting at 30 °C and adding 1 °C per cycle (cooling

ramp = 1 °C/s), and extension at 72 °C for 60 s with an additional 4 s per cycle, ending with

one final cycle of 72 °C for 10 min. The reassembled product was amplified by PCR with the

following conditions: 15 µ ΐ of unpurified internal assembly was combined with 1 µΜ each

of USER primers NMG-825 and NMG-826, 100 µ ΐ of Phusion U Green Multiplex PCR

Master Mix and H20 to a final volume of 200 , 63 °C annealing, extension time of 30 s .

The PCR product was purified by gel electrophoresis and assembled using thhe USER

method into the corresponding ecTadA*-XTEN-dCas9 backbone with corresponding

flanking USER junctions generated from amplification of the backbone with USER primers

NMG-799 and NMG-824 as before. The library of evolution 6 constructs was isolated using a

ZymoPURE Plasmid Midiprep kit following the manufacturer's procedure following

transformation of the hybridized library into NEB 10-beta electrocompotent E. coli.

[0287] Bacterial evolution of TadA variants. The previously described strain S10305 1 was

used in all evolution experiments and an electrocompotent version of the bacteria was

prepared as previously described49 harboring the appropriate selection plasmid specific to

each round of evolution (Table 7). Briefly, 2 µL· of freshly generated TadA* library (300-600

ng/µ ) prepared as described above was added to 22 µL· of freshly prepared electrocompotent

S1030 cells containing the target selection plasmid and electroporated with a Lonza 4D-

Nucleofector System using bacterial program 5 in a 16-well Nucleocuvette strip. A typical

selection used 5-10 x 106 cfu. After electroporation, freshly transformed S1030 cells were

recovered in a total of 250 mL of pre-warmed DRM media at 37 °C shaking at 200 rpm for

15 min. Following this brief recovery incubation, carbenicillin was added to a final

concentration of 30 µg/mL to maintain the library plasmid, along with the appropriate

antibiotic to maintain the selection plasmid; see Table 7 for the list of selection conditions



including the antibiotics used for each round. Immediately following the addition of the

plasmid maintenance antibiotics, 100 mM of L-Arabinose was added to the culture to induce

translation of TadA*-dCas9 fusion library members, which were expressed from the P BAD

promoter. The culture was grown to saturation at 37 °C with shaking at 200 rpm for 18 h,

except the incubation time for evolution round 5 was only 7 h).

[0288] Library members were challenged by plating 10 mL of the saturated culture onto each

of four 500-cm2 square culture dishes containing 1.8% agar-2xYT, 30 g/mL of plasmid

maintenance antibiotics, and a concentration of the selection antibiotic pre-determined to be

above the MIC of the S1030 strain harboring the antibiotic alone (Table 8). Plates were

incubated at 37 °C for 2 days and -500 surviving colonies were isolated. The TadA* genes

from these colonies were amplified by PCR with primers NMG-822 and NMG- 823 (Table 6)

and submitted for DNA sequencing. Concurrently, the colonies were inoculated separately

into 1-mL DRM cultures in a 96-deep well plate and grown overnight at 37 °C, 200 r.p.m.

Aliquots (100 ) of each overnight culture were pooled, the plasmid DNA was isolated, and

the TadA* genes were amplified with USER primers NMG- 825 and NMG-826 (Table 6).

The TadA* genes were subcloned back into the plasmid backbone (containing the XTEN

linker-dCas9, and appropriate guide RNAs) with the USER assembly protocol described

above. This enriched library was transformed into the appropriate S1030 (+selection plasmid)

electrocompotent cells, incubated with maintenance antibiotic and L-Ara and re-challenged

with the selection condition. After 2-day incubation, 300-400 surviving clones were isolated

as described above and their TadA* genes were sequenced. Mutations arising from each

selection round were imported into mammalian ABE constructs and tested in mammalian

cells as described below.

[0289] General mammalian cell culture conditions. HEK293T (ATCC CRL-3216) and

U20S (ATTC HTB-96) were purchased from ATCC and cultured and passaged in

Dulbecco's Modified Eagle's Medium (DMEM) plus GlutaMax (ThermoFisher Scientific)

supplemented with 10% (v/v) fetal bovine serum (FBS). Hapl (Horizon Discovery, C631)

and Hapl AAGcells (Horizon Discovery, HZGHC001537c002) were maintained in Iscove's

Modified Dulbecco's Medium (EVIDM) plus GlutaMax (ThermoFisher Scientific)

supplemented with 10% (v/v) FBS. Lymphoblastoid cell lines (LCL) containing a C282Y

mutation in the HFE gene (Coriell Biorepository, GM14620) were maintained in Roswell

Park Memorial Institute Medium 1640 (RPMI-1640) plus GlutaMax (ThermoFisher



Scientific) supplemented with 20% FBS. All cell types were incubated, maintained, and

cultured at 37 °C with 5% C0 2.

[0290] HEK293T tissue culture transfection protocol and genomic DNA preparation.

HEK293T cells grown in the absence of antibiotic were seeded on 48-well poly-D-lysine

coated plates (Corning). 12-14 h post-seeding, cells were transfected at approximately 70%

confluency with 1.5 µ ΐ of Lipofectamine 2000 (Thermo Fisher Scientific) according to the

manufacturer's protocols and 750 ng of ABE plasmid, 250ng of sgRNA expression, and 10

ng of a GFP expression plasmid (Lonza). Unless otherwise stated, cells were cultured for 5

days, with a media change on day 3 . Media was removed, cells were washed with l x PBS

solution (Thermo Fisher Scientific), and genomic DNA was extracted by addition of 100 µ ΐ

freshly prepared lysis buffer (10 mM Tris-HCl, pH 7.0, 0.05% SDS, 25 g/mL Proteinase K

(ThermoFisher Scientific) directly into each well of the tissue culture plate. The genomic

DNA mixture was transferred to a 96-well PCR plate and incubated at 37 °C for 1 h,

followed by an 80 °C enzyme denaturation step for 30 min. Primers used for mammalian cell

genomic DNA amplification are listed in Table 9 .

[0291] Nucleofection of HAP1 and HAP1 AAG cells and genomic DNA extraction.

HAP1 and HAP1 AAG cells were nucleofected using the SE Cell Line 4D-Nucleofector X

Kit S according to the manufacturer's protocol. Briefly, 4 x 105 cells were nucleofected with

300 ng of ABE plasmid and 100 ng of sgRNA expression plasmid using the 4D-Nucleofector

program DZ-1 13 and cultured in 250 µ ΐ of media in a 48-well poly-D-lysine coated culture

plate for 3 days. DNA was extracted as described above.

[0292] Nucleofection of U20S cells and genomic DNA extraction. U20S cells were

nucleofected using the SG Cell Line 4D-Nucleofector X Kit (Lonza) according to the

manufacture's protocol. Briefly, 1.25 x 105 cells were nucleofected in 20 µ ΐ of SG buffer

along with 500 ng of ABE plasmid and 100 ng of sgRNA expression plasmid using the 4D-

Nucleofector program EH- 100 in a 16-well Nucleocuvette strip (20 µ ΐ of cells per well).

Freshly nucleofected cells were transferred into 250 µ ΐ of media in a 48-well poly-D-lysine

coated culture plate. Cells were incubated for 5 days and media was changed every day. DNA

was extracted as described above.



[0293] Electroporation of LCL HFE C828Y cells. LCL cells were electroporated using a

Gene Pulser Xcell Electroporater (BioRad) and 0.4 cm gap Gene Pulser electroporation

cuvettes (BioRad). Briefly, 1 x 107 LCL cells were resuspended in 250 µ ΐ RPMI-160 plus

GlutaMax. To this media was added 65 g of plasmid expressing ABE7.10, GFP, and the

corresponding sgRNA targeting the C282Y mutation in the HFE gene. The mixture was

added to a prechilled 0.4 cm gap electroporation cuvette and the cell/DNA mixture was

incubated in the cuvette on ice for 10 min. Cells were pulsed at 250 V and 950 Ε for 3 ms.

Cells were transferred back on ice for 10 min, then transferred to 15 mL of pre-warmed

RPMI-160 supplemented with 20% FBS in a T-75 flask. The next day, an additional 5 mL of

media was added to the flask and cells were left to incubate for a total of 5 days. After

incubation, cells were isolated by centrifugation, resuspended in 400 µ ΐ of media, filtered

through a 40 µιη strainer (Thermo Fisher Scientific), and sorted for GFP fluorescence using

an FACSAria III Flow Cytometer (Becton Dickenson Biosciences). GFP-positive cells were

collected in a 1.5- mL tube containing 500 µ ΐ of media. After centrifugation, the media was

removed and cells were washed twice with 600 µ ΐ of l x PBS (Thermo Fisher Scientific).

Genomic DNA was extracted as described above.

[0294] Comparison between ABE 7.10 and homology directed repair using the

'CORRECT'method 52. HEK293T cells grown in the absence of antibiotic were seeded on

48-well poly-Dlysine coated plates (Corning). After 12-14 h, cells were transfected at -70%

confluency with 750 ng of Cas9 or base editor plasmid, 250 ng of sgRNA expression

plasmid, 1.5 µ ΐ of Lipofectamine 3000 (Thermo Fisher Scientific), and for HDR assays 0.7

g of single-stranded donor DNA template (100 nt, PAGE-purified from IDT) according to

the manufacturer's instructions. 100-mer single-stranded oligonucleotide donor templates are

listed in Table 10.

[0295] Genomic DNA was harvested 48 h post-transfection (as described by Tessier-Lavigne

et. al. during the development of the CORRECT method52) using the Agencourt DNAdvance

Genomic DNA isolation Kit (Beckman Coulter) according to the manufacturer's instructions.

A size-selective DNA isolation step ensured that there was no risk of contamination by the

single-stranded donor DNA template in subsequent PCR amplification and sequencing steps.

Amplification primers were re-designed to ensure there was minimal risk of amplifying donor

oligo template.



[0296] High-throughput DNA sequencing (HTS) of genomic DNA samples. Genomic

sites of interest were amplified by PCR with primers containing homology to the region of

interest and the appropriate Illumina forward and reverse adapters (Table 9). Primer pairs

used in this first round of PCR (PCR 1) for all genomic sites discussed in this work can be

found in Table 9 . Specifically, 25 µ ΐ of a given PCR 1 reaction was assembled containing 0.5

µΜ of each forward and reverse primer, 1 µ of genomic DNA extract and 12.5 µ ΐ of

Phusion U Green Multiplex PCR Master Mix. PCR reactions were carried out as follows: 95

°C for 2 min, then 30 cycles of [95 °C for 15 s, 62 °C for 20 s, and 72 °C for 20 s], followed

by a final 72 °C extension for 2 min. PCR products were verified by comparison with DNA

standards (Quick-Load 100 bp DNA ladder) on a 2% agarose gel supplemented with

ethidium bromide. Unique Illumina barcoding primer pairs were added to each sample in a

secondary PCR reaction (PCR 2). Specifically, 25 µ ΐ of a given PCR 2 reaction was

assembled containing 0.5 µΜ of each unique forward and reverse illumine barcoding primer

pair, 2 µL· of unpurified PCR 1 reaction mixture, and 12.5 µ ΐ of Q5 Hot Start High-Fidelity

2x Master Mix. The barcoding PCR 2 reactions were carried out as follows: 95 °C for 2 min,

then 15 cycles of [95 °C for 15 s, 6 1 °C for 20 s, and 72 °C for 20 s], followed by a final 72

°C extension for 2 min. PCR products were purified by electrophoresis with a 2% agarose gel

using a QIAquick Gel Extraction Kit, eluting with 30 µ ΐ of H20. DNA concentration was

quantified with the KAPA Library Quantification Kit-Illumina (KAPA Biosystems) and

sequenced on an Illumina MiSeq instrument according to the manufacturer's protocols.

[0297] General HTS data analysis. Sequencing reads were demultiplexed in MiSeq

Reporter (Illumina). Alignment of amplicon sequences to a reference sequence was

performed as previously described using a Matlab script with improved output format

(Supplementary Note 1). In brief, the Smith-Waterman algorithm was used to align sequences

without indels to a reference sequence; bases with a quality score less than 30 were converted

to 'N' to prevent base miscalling as a result of sequencing error. Indels were quantified

separately using a modified version of a previously described Matlab script in which

sequencing reads with more than half the base calls below a quality score of Q30 were

filtered out (Supplementary Note 2). Indels were counted as reads which contained insertions

or deletions of greater than or equal to 1 bp within a 30-bp window surrounding the predicted

Cas9 cleavage site.

[0298] Due to homology in the HBG1 and HBG2 loci, primers were designed that would

amplify both loci within a single PCR reaction. In order to computationally separate



sequences of these two genomic sites, sequencing experiments involving this amplicon were

processed using a separate Python script (Supplementary Note 3). Briefly, reads were

disregarded if more than half of the base calls were below Q30, and base calls with a quality

score below Q30 were converted to 'N'. HBG1 or HBG2 reads were identified as having an

exact match to a 37-bp sequence containing two SNPs that differ between the sites. A base

calling and indel window were defined by exact matches to 10-bp flanking sequences on both

sides of a 43-bp window centered on the protospacer sequence. Indels were counted as reads

in which this base calling window was > 1 bp different in length. This Python script yields

output with identical quality (estimated base calling error rate of < 1 in 1,000), but in far less

time due to the absence of an alignment step.

[0299] To calculate the total number of edited reads as a proportion of the total number of

successfully sequenced reads, the fraction of edited reads as measured by the alignment

algorithm were multiplied by [ 1 - fraction of reads containing an indel].

[0300] Linkage disequilibrium analysis. A custom Python script (Supplementary Note 4)

was used to assess editing probabilities at the primary target A (Pi) at the secondary target A

(P2), and at both the primary and secondary target As (Pi,2) . Linkage disequilibrium (LD) was

then evaluated as Pi,2 - (Pi x P2) . LD values were normalized with a normalization factor of

Min(Pi(l - P2), ( 1 - Pi)P2) . This normalization which controls for allele frequency and yields

a normalized LD value from 0 to 1.

Example 7 - ABE-mediated installation of mutations in the HBGl/2 promoter to treat human

disease, such as sickle cell and beta-thalassemia

[0301] The sgRNAs indicated in Figure 15 target sites in the HBGl/2 promoters, primarily

focused on sites at or near known mutations that confer fetal hemoglobin upregulation in

adults. ABE 7.10 and individual sgRNA plasmids (750ng of editor, 250ng of guide) were

lipofected into HEK293T cells. After three days of expression in HEK293T cells, media was

aspirated and fresh media was added. Following two more days of growth, DNA was

extracted. PCR was conducted to amplify the HBGl/2 promoter regions. PCR products were

sequenced using an Illumina MiSeq, and edits were quantified for each sample. Plotted in

Figure 15 is the highest editing observed within the window for cells treated with the

indicated guide. These results establish that mutations can be introduced that could

upregulate fetal hemoglobin in adults. The introduction of such mutations could be

therapeutic for sickle cell disease and beta thalassemia.
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Table 1. HTS sequencing results and %indel of untreated HEK293T cells and HEK293T
cells treated with ABE6.3, ABE7.8, ABE7.9, or ABE7.10 at 17 genomic sites with co-
transfection of a corresponding sgRNA expression plasmid. One arbitrarily chosen replicate
is shown; the data for all replicates is available from the NCBI sequencing read archive.
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Table 2. Activities of ABE7.8, ABE7.9, and ABE7.10 at the HEK2 on-target and off- target
sites previously characterized for S. pyogenes Cas9 nuclease. 1



r 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 o.o 0 .
r 0.0 C C O O.O C O 0. 0 . 0 0 0

as 0.0 C O C O O.O 0.0 . . 0 0 0
0.0 C O C O 0.0 C O o.e . 0 0 0

A as iicas 0.0 C O C O 0.0 0.0 o.e 0. 0 0
a s>i i ! A * SA 0.0 C O C O o.o O o.e 0. 0

Ϊΐ · 0.0 C O C O 0.0 . fi.C 0.0 0 0 0

Table 3. Activities of ABE7.8, ABE7.9, and ABE7.10 at the HEK3 site previously
characterized for on-target and off-target modification by S . pyogenes Cas9 nuclease.
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sS nfc ss .o - 0,0 0,0 s,o 0,0 o.o .o

i A ♦ OA o,o 0.0 0,0 0 0 ,ο 0, o.o ο ,ο
no 0.0 0.0 0.0 0.0 0 ,0 o.o

· '·· :;: ·: A · >S ~ , i ¾

tt - g site , 2 A3 Ic ~ I AS | «r | I e I I 1! 1 Att 1 s C M 1A.S A« ? A 8 A2

AS "?. 0.0 0 0 0,0 0.0 0.0 0 0 i 0.6 0.0
A 0 6 0 .o 0.0 0.0 0.0 0 0 0.6 .0

As ? . 0 . i . 0.0 0.0 0.0 0 0 .i. 0.6 6 0
6 0 o . 0 0 0.0 0.0 0 0 0:0 0.6 0
0.0 0.0 o.o 0,0 .0 0.0 . .0 0.0

t A Csa nickaw 0 0 0 0 0 0 0:0 0 0 .o o o 0.0 0 0 o.o
S i !A ÷ 0,0 o o 0-0 0,0 0,0 ,ο 0,0 o.o 0.0 ,ο

0.0 0 0 .o 0,0 O. 0 0 0.0 0 , 0.0

G
» . ¾<.· site 6 w A2 AS | ¾f | [ [ I I C O G Ai¾
. 0.0 s.o 0.0 0.0 o .

0.0 o.o 0.0 0.0 0 0- o.o 0.1
ί 7 Ki 0,0 .0 o.o .0 0 0 0.0 o.o 0 .

0,0 O.O 0 0 O.O 0,0 o.o o.o o .
O sO fe s 0.0 o.o .o 0.0 0 0 o.o 0.0
ϊ as 0 0 o.o 0.0 0 0 0.1

dC D ♦ - 8 « Α 0, O.O 0 0 O.O 0,0 0.0 o.o 0.1
0 «,0 0 0 ,0 0 0 o o o.o o.o

Table 4 . Activities of ABE7.8, ABE7.9, and ABE7.10 at the HEK4 site previously
characterized for on-target and off-target modification by S . pyogenes Cas9 nuclease. 1

Although HEK4 off-target site 3 showed appreciable indel formation upon ABE treatment,
this locus also showed unusually high (89%) indel formation by Cas9 nuclease and was the
only tested off-target site exhibiting indel formation upon treatment with Cas9 nickases. It is
speculated that this locus is unusually fragile, and that indel formation here arises from
simply nicking the site, rather than from ABE-mediated adenine deamination.

n K«a!.-rift!« 0.0



S s '!0A * 0.0
i r s n 0.0



Table 5. Primers used for generating sgRNA plasmids. The 20-nt target protospacer is shown
in red. When a target DNA sequence did not start with a 'G', a 'G' was added to the 5' end of
the primer since the human U6 promoter prefers a 'G' at the transcription start site2 4 . The
pFYF sgRNA plasmids described previously 5 were used as a template for PCR amplification.

-¾ A -GGTGTTTCGTCCTTTCCACMG-3 '

F S¾6 1 5""G.AACACAAAGCATAGAGTGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC"3'

2 S'-G-AGTATGAGGCATAGACTGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-3 '

'-GTCAAGAAAGCAGAGAGTGCGTTTTAGAGCTAGAAATAGCAAGTTAAAAT.AAGGC--?/

F $¾ 4 ¾AGCA. AGAG AA AGAGTGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC<V

F~$ii¾ -GATGAGATAATGATGAGTCAGTTTTAGAGCTAGAAATAGCAAGTTA^AATAAGGC-S'

F- ¾ S'-GGATTGACCCAGGCCAGGGGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-S'

F~si ? s^GAATACTMGCATAGACTCCGTmAGAGCTAGAMTAGCMGTTAAAATAAGGC^

F s 8 - T G A T A ~ ,

te '-G GA - AGGATAGA TGCGTTTTAGA CTAGAAATAGC GTTAAAATAAGG -

F s 10 S'-GAAGATAA^^GMTAGAATGAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-^

F-s¾« 5 GGAGAGG AG ATAGA TGTGTTTTAGAGCTAGAAATAG AAGTTAAAATAAGGC 3

F-St 1 - G AGA GA AG AG A GG ,

F-S¾ 5 ' -G ^^ATAGAGAATAGACTGCGTTTTAGAGCTAGAAATAGCAAGTTAWTAAGGC

F ¾ 4 S^GGTAAAGACCATAGACTGTGTTrrAGAGCTAGAAATAGCAAGTTAAAATAAGGC-S

F-s¾s 1 5 '-GTCTAGAAAGCTTAGACTGCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-3 '

F 16 S^GGGAATAWCATAG^TCCGTTTTAGAGCTAGA^ATAGCAAGTTAAAATAAGGC-S'

F t 1? S'-GACAA.AGAGGAAGAGAGACGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGC-S'

F-s t 8 '^sACACACACAGTTAGAATCTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGO-S'

-si e S GCACAGACACTTAGAATCTGTGTTTTAGAGCTAGAAATAGCA^GTTAAAATAAGGC-3'

F g 1 2 '- T GGA GG AA TTTA AG A TA A TA A A G - ,

F- FE S - A GT AGGT AG G -GTTTTA AGCTAGAAAT G AAGTTAAAATAAGGG-3 '



Table 6. Primers used for generating bacterial TadA* libraries.
p er sequence

G-7 AGTTGTACG G.¾ia y <'C AAAAAAACGGG
Q 2 AGATTAGCGGATCCTACCTGAC

N G 23 GCGGTCTGTATTTCCCAGAAC
G-S24 AC GGGGACTTCAGAA i U CGGC

ATTCTGA GT C G l x /GTTT G
G S2 ACGCGTACAAC/idsoxyUf'CAAAGGAGGAAAAAAAAATG
6 - 97 ACGCTGGCGAAACG/iUeoxyU/GCGTGGGATMNKNNKGAAGTGCCGGTCGGCGC
G ACGTTTCGCCAGCG/ideexyU/CAGCGGGTGACG

G- 1 ACG AAAA T GC C« U CG

Ν Θ- A CG AG TTTCGCG i e xy T NCACACCAAAGACCACGCGACC

N G- 2 ACTGGCGGATGAGrHteoxyU/GGNNKNNKTTGCTCAGTTACTTCTTTCGCATGCG

G 2 2 A TCAT CG CA /i e x TTC TTC G

Table 7. Starting constructs used for each round of TadA* mutagenesis and selection in E .
coli. All plasmids contain an SC101 origin of replication, a β-lactamase gene for plasmid
maintenance with carbenicillin, a P BAD promoter driving TadA*-dCas9 expression, and a lac
promoter driving sgRNA transcription. The architecture of the base editors used during
bacterial selection is: TadA*-linker(16 aa)-dCas9.

v i n Ta A mutations ;



Table 8. Antibiotic selection plasmids and their corresponding E. coli antibiotic minimum
inhibitory concentrations (MICs).

evolution
round



Table 9. Primers used for mammalian cell genomic DNA amplification.





Table 10. 100-mer single-stranded oligonucleotide donor templates (ssODNs) used in HDR
experiments.

Supplementary Sequences 1. DNA sequences of adenine deaminases used in this study.

Bacterial codon-optimized ecTadA (wild-type):
ATGTCTGAAGTCGAATTTAGCCACGAATACTGGATGCGTCACGCGCTGACGCTGG
CGAAACGTGCCTGGGATGAGCGGGAAGTGCCGGTCGGCGCGGTATTAGTGCATA
ACAATCGGGTAATCGGCGAAGGCTGGAACCGCCCGATTGGTCGCCATGATCCCA
CCGCACATGCAGAAATCATGGCCCTGCGGCAGGGTGGTCTGGTGATGCAAAATT
ATCGTCTGATCGACGCCACGTTGTATGTCACGCTTGAACCATGTGTAATGTGTGC
CGGAGCGATGATCCACAGTCGCATTGGTCGCGTGGTCTTTGGTGCGCGTGACGCG
AAAACTGGCGCTGCGGGATCTTTAATGGATGTGCTGCATCATCCGGGTATGAATC
ACCGAGTGGAAATTACGGAAGGAATACTGGCGGATGAGTGCGCGGCGTTGCTCA
GTGACTTCTTTCGCATGCGCCGCCAGGAAATTAAAGCGCAGAAAAAAGCGCAAT
CCTCGACGGAT (SEQ ID NO: 31)

Mammalian codon-optimized ecTadA (wild-type):
ATGTCCGAAGTCGAGTTTTCCCATGAGTACTGGATGAGACACGCATTGACTCTCG
CAAAGAGGGCTTGGGATGAACGCGAGGTGCCCGTGGGGGCAGTACTCGTGCATA
ACAATCGCGTAATCGGCGAAGGTTGGAATAGGCCGATCGGACGCCACGACCCCA
CTGCACATGCGGAAATCATGGCCCTTCGACAGGGAGGGCTTGTGATGCAGAATT
ATCGACTTATCGATGCGACGCTGTACGTCACGCTTGAACCTTGCGTAATGTGCGC
GGGAGCTATGATTCACTCCCGCATTGGACGAGTTGTATTCGGTGCCCGCGACGCC
AAGACGGGTGCCGCAGGTTCACTGATGGACGTGCTGCATCACCCAGGCATGAAC
CACCGGGTAGAAATCACAGAAGGCATATTGGCGGACGAATGTGCGGCGCTGTTG
TCCGACTTTTTTCGCATGCGGAGGCAGGAGATCAAGGCCCAGAAAAAAGCACAA
TCCTCTACTGAC (SEQ ID NO: 32)

Mammalian codon-optimized mADA:
ATGGCCCAGACACCCGCATTCAACAAACCCAAAGTAGAGTTACACGTCCACCTG
GATGGAGCCATCAAGCCAGAAACCATCTTATACTTTGGCAAGAAGAGAGGCATC
GCCCTCCCGGCAGATACAGTGGAGGAGCTGCGCAACATTATCGGCATGGACAAG
CCCCTCTCGCTCCCAGGCTTCCTGGCCAAGTTTGACTACTACATGCCTGTGATTGC
GGGCTGCAGAGAGGCCATCAAGAGGATCGCCTACGAGTTTGTGGAGATGAAGGC
AAAGGAGGGCGTGGTCTATGTGGAAGTGCGCTATAGCCCACACCTGCTGGCCAA
TTCCAAGGTGGACCCAATGCCCTGGAACCAGACTGAAGGGGACGTCACCCCTGA
TGACGTTGTGGATCTTGTGAACCAGGGCCTGCAGGAGGGAGAGCAAGCATTTGG
CATCAAGGTCCGGTCCATTCTGTGCTGCATGCGCCACCAGCCCAGCTGGTCCCTT



GAGGTGTTGGAGCTGTGTAAGAAGTACAATCAGAAGACCGTGGTGGCTATGGAC
TTGGCTGGGGATGAGACCATTGAAGGAAGTAGCCTCTTCCCAGGCCACGTGGAA
GCCTATGAGGGCGC
AGTAAAGAATGGCATTCATCGGACCGTCCACGCTGGCGAGGTGGGCTCTCCTGA
GGTTGTGCGTGAGGCTGTGGACATCCTCAAGACAGAGAGGGTGGGACATGGTTA
TCACACCATCGAGGATGAAGCTCTCTACAACAGACTACTGAAAGAAAACATGCA
CTTTGAGGTCTGCCCCTGGTCCAGCTACCTCACAGGCGCCTGGGATCCCAAAACG
ACGCATGCGGTTGTTCGCTTCAAGAATGATAAGGCCAACTACTCACTCAACACAG
ACGACCCCCTCATCTTCAAGTCCACCCTAGACACTGACTACCAGATGACCAAGAA
AGACATGGGCTTCACTGAGGAGGAGTTCAAGCGACTGAACATCAACGCAGCGAA
GTCAAGCTTCCTCCCAGAGGAAGAGAAGAAGGAACTTCTGGAACGGCTCTACAG
AGAATACCAA (SEQ ID NO: 33)

Mammalian codon optimized hADAR2 (catalytic domain):
ATGCATCTCGATCAAACCCCGAGCCGCCAACCAATCCCGAGTGAAGGCCTGCAA
CTGCATCTGCCACAAGTTCTGGCGGATGCCGTTAGCCGCCTGGTCTTGGGTAAGT
TCGGTGATCTGACAGACAACTTTTCTAGTCCACATGCTCGCCGTAAGGTGCTGGC
TGGCGTTGTGATGACCACAGGTACAGACGTCAAAGATGCTAAAGTGATTTCTGTG
TCTACTGGCACGAAGTGCATTAACGGCGAATATATGTCTGACCGTGGCTTAGCGC
TTAACGATTGTCATGCCGAAATCATCTCCCGTCGTTCATTGCTTCGCTTCCTGTAC
ACGCAGTTGGAACTGTATCTGAATAACAAAGACGATCAGAAGCGTTCTATTTTCC
AGAAGTCTGAGCGCGGCGGGTTCCGTCTTAAAGAGAATGTGCAGTTTCACCTTTA
TATTTCAACCTCTCCTTGTGGTGATGCCCGTATTTTTTCACCACACGAACCTATTT
TAGAGGAACCGGCCGATCGTCATCCGAACCGCAAAGCCCGTGGGCAGCTGCGTA
CGAAAATCGAATCAGGTGAAGGCACCATTCCCGTCCGCTCCAATGCGAGCATTC
AAACGTGGGACGGTGTGTTACAGGGCGAACGCCTGTTAACCATGAGCTGCTCAG
ACAAAATTGCACGTTGGAACGTGGTAGGCATCCAGGGCTCGTTATTGAGCATTTT
CGTGGAGCCGATTTATTTTAGTTCCATCATTTTGGGCTCACTCTACCACGGCGATC
ACCTTAGCCGCGCGATGTACCAGCGCATTAGTAACATCGAAGATTTACCGCCCCT
GTATACCCTGAACAAACCACTGTTAAGCGGTATTTCTAACGCGGAGGCGCGTCAG
CCTGGTAAAGCCCCGAACTTCAGTGTGAACTGGACTGTGGGTGATTCTGCAATTG
AGGTAATTAACGCGACGACGGGTAAAGATGAACTGGGCCGTGCCTCTCGTCTGT
GTAAACACGCGCTGTACTGTCGTTGGATGCGCGTGCACGGTAAAGTTCCCAGTCA
TCTGTTACGTAGCAAGATCACCAAGCCAAATGTCTACCACGAATCGAAGCTGGCC
GCGAAAGAATACCAAGCGGCTAAGGCGCGTCTGTTCACCGCCTTTATTAAGGCTG
GCTTAGGGGCCTGGGTGGAAAAACCAACCGAGCAAGATCAATTCAGTCTGACCC
CG (SEQ ID NO: 41)

Mammalian codon optimized hADAT2:
ATGGAGGCGAAGGCGGCACCCAAGCCAGCTGCAAGCGGCGCGTGCTCGGTGTCG
GCAGAGGAGACCGAAAAGTGGATGGAGGAGGCGATGCACATGGCCAAAGAAGC
CCTCGAAAATACTGAAGTTCCTGTTGGCTGTCTTATGGTCTACAACAATGAAGTT
GTAGGGAAGGGGAGAAATGAAGTTAACCAAACCAAAAATGCTACTCGACATGCA
GAAATGGTGGCCATCGATCAGGTCCTCGATTGGTGTCGTCAAAGTGGCAAGAGT
CCCTCTGAAGTATTTGAACACACTGTGTTGTATGTCACTGTGGAGCCGTGCATTA
TGTGTGCAGCTGCTCTCCGCCTGATGAAAATCCCGCTGGTTGTATATGGCTGTCA
GAATGAACGATTTGGTGGTTGTGGCTCTGTTCTAAATATTGCCTCTGCTGACCTAC
CAAACACTGGGAGACCATTTCAGTGTATCCCTGGATATCGGGCTGAGGAAGCAG
TGGAAATGTTAAAGACCTTCTACAAACAAGAAAATCCAAATGCACCAAAATCGA
AAGTTCGGAAAAAGGAATGTCAGAAATCT (SEQ ID NO: 42)



Supplementary Sequences 2. DNA sequences of antibiotic resistance genes used in this
study. Inactivating mutations are shown in bold.

Chloramphenicol resistance gene (Cam ) H193Y:
ATGGAGAAAAAAATCACTGGATATACCACCGTTGATATATCCCAATGGCATCG
TAAAGAACATTTTGAGGCATTTCAGTCAGTTGCTCAATGTACCTATAACCAGA
CCGTTCAGCTGGATATTACGGCCTTTTTAAAGACCGTAAAGAAAAATAAGCAC
AAGTTTTATCCGGCCTTTATTCACATTCTTGCCCGCCTGATGAATGCTCATCCG
GAGTTCCGTATGGCAATGAAAGACGGTGAGCTGGTGATATGGGATAGTGTTCA
CCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACGTTTTCATCGCTCTGGAG
TGAATACCACGACGATTTCCGGCAGTTTCTACACATATATTCGCAAGATGTGG
CGTGTTACGGTGAAAACCTGGCCTATTTCCCTAAAGGGTTTATTGAGAATATGT
TTTTCGTCTCAGCCAATCCCTGGGTGAGTTTCACCAGTTTTGATTTAAACGTGG
CCAATATGGACAACTTCTTCGCCCCCGTTTTCACTATGGGCAAATATTATACGC
AAGGCGACAAGGTGCTGATGCCGCTGGCCATCCAGGTGCACTACGCCGTATGC
GACGGCTTCCATGTCGGCAGAATGCTTAATGAATTACAACAGTACTGCGATG
AGTGGCAGGGCGGGGCGTAA (SEQ ID NO: 43)

Kanamycin resistance gene (KanR ) Q4STOP and W15STOP:
ATGATCGAA1 AAGATGGATTGCACGCAGGTTCTCCGGCCGCTTAGGTGGAGCG
CCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCG
TGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGT
CCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCC
ACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAG
GGACTGGCTGCTATTGGGCGAAGTGCCGGGGCAGGATCTCCTGTCATCTCACC
TTGCTCCTGCCGAGAAAGTATCCATCATGGCTGATGCAATGCGGCGGCTGCAT
ACGCTTGATCCGGCTACCTGCCCATTCGACCACCAAGCGAAACATCGCATCGA
GCGAGCACGTACTCGGATGGAAGCCGGTCTTGTCGATCAGGATGATCTGGACG
AAGAGCATCAGGGGCTCGCGCCAGCCGAACTGTTCGCCAGGCTCAAGGCGCG
CATGCCCGACGGCGAGGATCTCGTCGTGACCCATGGCGATGCCTGCTTGCCGA
ATATCATGGTGGAAAATGGCCGCTTTTCTGGATTCATCGACTGTGGCCGGCTG
GGTGTGGCGGACCGCTATCAGGACATAGCGTTGGCTACCCGTGATATTGCTGA
AGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTCGTGCTTTACGGTATCGCCG
CTCCCGATTCGCAGCGCATCGCCTTCTATCGCCTTCTTGACGAGTTCTTCTA
A (SEQ ID NO: 44)

Spectinomycin resistance gene (Spect ) T89I:
ATGAGGGAAGCGGTGATCGCCGAAGTATCGACTCAACTATCAGAGGTAGTTGG
CGTCATCGAGCGCCATCTCGAACCGACGTTGCTGGCCGTACATTTGTACGGCTC
CGCAGTGGATGGCGGCCTGAAGCCACACAGTGATATTGATTTGCTGGTTACGG
TGACCGTAAGGCTTGATGAAACAACGCGGCGAGCTTTGATCAACGACCTTTTG
GAAACTTCGGCTTCCCCTGGAGAGAGCGAGATTCTCCGCGCTGTAGAAGTCAT
CATTGTTGTGCACGACGACATCATTCCGTGGCGTTATCCAGCTAAGCGCGAAC
TGCAATTTGGAGAATGGCAGCGCAATGACATTCTTGCAGGTATCTTCGAGCCA
GCCACGATCGACATTGATCTGGCTATCTTGCTGACAAAAGCAAGAGAACATAG
CGTTGCCTTGGTAGGTCCAGCGGCGGAGGAACTCTTTGATCCGGTTCCTGAAC



AGGATCTATTTGAGGCGCTAAATGAAACCTTAACGCTATGGAACTCGCCGCCC
GACTGGGCTGGCGATGAGCGAAATGTAGTGCTTACGTTGTCCCGCATTTGGTA
CAGCGCAGTAACCGGCAAAATCGCGCCGAAGGATGTCGCTGCCGACTGGGCA
ATGGAGCGCCTGCCGGCCCAGTATCAGCCCGTCATACTTGAAGCTAGACAGGC
TTATCTTGGACAAGAAGAAGATCGCTTGGCCTCGCGCGCAGATCAGTTGGAAG
AATTTGTCCACTACGTGAAAGGCGAGATCACCAAGGTAGTCGGCAAATAA
(SEQ ID NO: 45)

Kanamycin resistance gene (KanR ) Q4STOP and D208N:
ATGATCGAATAAGATGGATTGCACGCAGGTTCTCCGGCCGCTTGGGTGGAGAG
GCTATTCGGCTATGACTGGGCACAACAGACAATCGGCTGCTCTGATGCCGCCG
TGTTCCGGCTGTCAGCGCAGGGGCGCCCGGTTCTTTTTGTCAAGACCGACCTGT
CCGGTGCCCTGAATGAACTGCAGGACGAGGCAGCGCGGCTATCGTGGCTGGCC
ACGACGGGCGTTCCTTGCGCAGCTGTGCTCGACGTTGTCACTGAAGCGGGAAG
GGACTGGCTGCTATAGCCGGCCACAGTTAATGAATGGGCGAAGTGCCGGGGC
AGGATCTCCTGTCATCTCACCTTGCTCCTGCCGAGAAAGTATCCATCATGGCTG
ATGCAATGCGGCGGCTGCATACGCTTGATCCGGCTACCTGCCCATTCGACCAC
CAAGCGAAACATCGCATCGAGCGAGCACGTACTCGGATGGAAGCCGGTCTTGT
CGATCAGGATGATCTGGACGAAGAGCATCAGGGGCTCGCGCCAGCCGAACTG
TTCGCCAGGCTCAAGGCGCGCATGCCCGACGGCGAGGATCTCGTCGTGACCCA
TGGCGATGCCTGCTTGCCGAATATCATGGTGGAAAATGGCCGCTTTTCTGGATT
CATTAACTGTGGCCGGCTGGGTGTGGCGGACCGCTATCAGGACATAGCGTTGG
CTACCCGTGATATTGCTGAAGAGCTTGGCGGCGAATGGGCTGACCGCTTCCTC
GTGCTTTACGGTATCGCCGCTCCCGATTCGCAGCGCATCGCCTTCTATCGCC
TTCTTGACGAGTTCTTCTAA (SEQ ID NO: 46)

Supplementary Note 1. Matlab script for base calling.

function basecall(WTnuc, directory)

%cycle through fastq files for different samples cd directory

files=dir('*.fastq'); for d=l:2

filename=files(d) .name;

read fastq file

[header,seqs,qscore] = fastqread(filename);

seqsLength = length(seqs); % number of sequences seqsFile = strrep(filename,'.fastq',");

% trims off .fastq

%create a directory with the same name as fastq file if exist(seqsFile,'dir');

error('Directory already exists. Please rename or move it before moving on.');

end

mkdir(seqsFile); % make directory

wtLength = length(WTnuc); % length of wildtype sequence



%% aligning back to the wildtype nucleotide sequence

%

% AIN is a matrix of the nucleotide alignment window=l:wtLength;

sBLength = length(seqs); % number of sequences

% counts number of skips nSkips = 0;

ALN=repmat(' ',[sBLength wtLength]);

% iterate through each sequencing read for i = 1:sBLength

If you only have forward read fastq files leave as is

If you have R l foward and R2 is reverse fastq files uncomment the

next four lines of code and the subsequent end statement

% if mod(d,2)==0;

% reverse = seqrcomplement(seqs {i});

% [score,alignment,start] = swalign(reverse,WTnuc,'Alphabet','NT');

% else

[score,alignment,start] = swalign(seqs {i},WTnuc,'Alphabet','NT');

% end

% length of the sequencing read len = length(alignment(3,:));

% if there is a gap in the alignment , skip = 1 and we will

% throw away the entire read skip = 0;

for j = l:len

if (alignment(3,j) == '-' I I alignment(lj) == '-') skip = 1;

break;

letters)

end

in addition if the qscore for any given base in the read is

%below 31 the nucleotide is turned into an N (fastq qscores that



if isletter(qscore{i}(start(l)+j-l)) else

alignment l,j) = 'Ν ' ;

end

end

if skip == 0 && len>10

ALN(i, start(2) :(start(2)+length(alignment)- 1))=alignment( 1, :);

end

end

% with the alignment matrices we can simply tally up the occurrences of

% each nucleotide at each column in the alignment these

% tallies ignore bases annotated as N

% due to low qscores TallyNTD=zeros(5,wtLength); FreqNTD=zeros(4,wtLength);

SUM=zeros( 1,wtLength) ;

for i=l:wtLength

TallyNTD(:,i)=[sum(ALN(:,i)=='A'),sum(ALN(:,i)=='C').sum(ALN(:,i)=='G'),sum(ALN(:,i)=

),sum(ALN(:,i)=='N')];

end

for i=l:wtLength FreqNTD(:,i)=100*TallyNTD(l:4,i)/sum(TallyNTD(l:4,i));

end

for i=l:wtLength SUM(:,i)=sum(TallyNTD(l:4,i));

end

% we then save these tally matrices in the respective folder for

% further processing



save(strcat(seqsFile, '/TallyNTD'), 'TallyNTD');

dlmwrite(strcat(seqsFile, VTallyNTD.csv'), TallyNTD, 'precision', ' .3 , 'newline', 'pc');

save(strcat(seqsFile, '/FreqNTD'), 'FreqNTD');

dlmwrite(strcat(seqsFile, '/FreqNTD.csv'), FreqNTD, 'precision', ' .3 , 'newline', 'pc');

fid = fopen('FrequencySummary.csv', 'a'); fprintf(fid, '\n \n');

fprintf(fid, filename); fprintf(fid, '\n \n');

dlmwrite('FrequencySummary.csv', FreqNTD, 'precision', ' .3 , 'newline', 'pc', '- append');

dlmwrite('FrequencySummary.csv', SUM, 'precision', ' .3 , 'newline', 'pc', '- append');

end

% set up queue of basecalling runs

% change directory to folder of fastq files for a given target site

cd('/Users/michaelpacker/Documents/MATLAB/BaseCallingWithSummary') cd

PUTFOLDERNAMEHERE

% call upon the basecall program basecall(PUTWTSEQUENCEHERE)

% and repeat cd('/Users/michaelpacker/Documents/MATLAB/BaseCallingWithSummary')

cd PUTFOLDERNAMEHERE

basecall(PUTWTSEQUENCEHERE)

% and repeat...

Supplementary Note 2. Matlab script for indel analysis.

%WTnuc='CGGTGGGAGGTCTATATAAGCAGAGCTGGTTTAGTGAACCGTCAGATC

CGCTAGAGATCCGCGGCCGCTAATACGACTCAC

CCTAGGGAGAGCCGCCACCGTGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGT

GGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAA

ACGGCCACAAGTTCAGCGTGTCCGGCGAG';

%cycle through fastq files for different samples files=dir('*.fastq');

indelstart=55; width=30; flank=10;

(SEQ ID NO: 85)

for d=1:2



filename=files(d).name;

read fastq file

[header,seqs,qscore] = fastqread(filename);

seqsLength = length(seqs); % number of sequences

seqsFile = strcat(strrep(filename,'.fastq7 'X '_INDELS'); % trims off .fastq

%create a directory with the same name as fastq file+_INDELS if exist(seqsFile,'dir');

error('Directory already exists. Please rename or move it before moving on.');

end

mkdir(seqsFile); % make directory

wtLength = length(WTnuc); % length of wildtype sequence sBLength = length(seqs); %

number of sequences

% initialize counters and cell arrays nSkips = 0;

notINDEL=0;

ins={ };

dels={ }; Numlns=0; NumDels=0;

% iterate through each sequencing read for i = 1:sBLength

%search for 10BP sequences that should flank both sides of the "INDEL WINDOW"

windowstart=strfind(seqs{i},WTnuc(indelstart-flank:indelstart));

windowend=strfind(seqs {i},WTnuc(indelstart+width:indelstart+width+flank));

if these flanks are found and more than half of base calls

are above Q31 THEN proceed OTHERWISE save as a skip if length(windowstart)==l &&

length(windowend)==l &&

(sum(isletter(qscore{i}))/length(qscore{i}))>=0.5

if the sequence length matches the INDEL window length save as

%not INDEL

if windowend-windowstart==width+flank notINDEL=notINDEL+l;

if the sequence is ONE or more baseslonger than the INDEL

%window length save as an Insertion

elseif windowend-windowstart>=width+flank+l NumIns=NumIns+l;

ins{Numlns }=seqs{i};

if the sequence is ONE or more bases shorter than the INDEL

%window length save as a Deletion



elseif windowend-windowstart<=width+flank-l NumDels=NumDels+l;

dels{NumDels }=seqs {i};

end

keep track of skipped sequences that do not posess matching flank

%sequences and do not pass quality cutoff else

nSkips=nSkips+l;

end

end INDELrate=(NumIns+NumDels)/(NumIns+NumDels+notINDEL)*100.; FID =

fopen('INDELSummary.csv', 'a');

fprintf(FID, '\n \n'); fprintf(FID, filename); fprintf(FID, );

fprintf(FID, num2str(INDELrate));

fid=fopen(strcat(seqsFile, '/summary.txt'), 'wt');

fprintf(fid, 'Skipped reads i\n not INDEL i\n Insertions i\n Deletions i\n INDEL

percent %e\n', [nSkips, notlNDEL, Numlns, NumDelsJNDELrate]);

fclose(fid);

save(strcat(seqsFile, '/nSkips'), 'nSkips'); save(strcat(seqsFile, '/notlNDEL'), 'notlNDEL');

save(strcat(seqsFile, '/Numlns'), 'Numlns'); save(strcat(seqsFile, '/NumDels'), 'NumDels');

save(strcat(seqsFile, '/INDELrate'), 'INDELrate'); save(strcat(seqsFile, '/dels'), 'dels');

C = dels;

fid = fopen(strcat(seqsFile, 7dels.txt'), 'wt'); fprintf(fid, "'%s"\n', C{:});

fclose(fid);

save(strcat(seqsFile, '/ins'), 'ins'); C = ins;

fid = fopen(strcat(seqsFile, '/ins.txt'), 'wt'); fprintf(fid, "'%s"\n', C{:});

fclose(fid);

Supplementary Note 3. Python script for analysis of HBGl and HBG2 base editing and

indels.

%matplotlib inline import numpy as np import scipy as sp import matplotlib as mpl

import matplotlib.cm as cm import matplotlib .pyplot as pit import pandas as pd

pd.set_option('display. width', 500)



pd.set_option('display.max_columns', 100) pd.set_option('display.notebook_repr _htm ,

True) import seaborn as sns

sns.set_style("whitegrid") sns.set_context("poster") import requests

import time

from bs4 import BeautifulSoup import regex

import re import os

from Bio import SeqIO import Bio

from Bio import motifs from Bio import pairwise2

from Bio.pairwise2 import format_alignment from Bio.Alphabet import IUPAC

from sklearn import preprocessing

basecall analysis with 50% Q3 1 cutoff on protospacer region (as defined by flanks)

#includes a check for match with two HBG1 SNPs

#inputs:

#directory, working directory folder containing all fastq files

#site, genomic site name as it appears in the fastq filenames

#orientation, 'FWD' if you want output in the same direction as the sequencing read or 'REV

if you want reverse complement output,

#flankl, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#flank2, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#width, expected bp length of basecalling window

#

#outputs:

#'_counts.csv', all base editing product sequences with corresponding number of occurences

#'_rawsummary.csv', summarizes base call counts for all samples

#'_normalizedsummary.csv', summarizes base call percentages for all samples def

basecallhbgl (directory, site, orientation, flank 1, flank2, width):

indir=directory outdir=directory filenames=os.listdir(indir)

for i in range(len(filenames)): seqs={ }

if (filenames[i][-5:]=='fastq') and (site in filenames [i]): for record in

SeqIO.parse(indir+filenames[i], "fastq") :

recordqual=[x>3 1 for x in record.letter_annotations['phred_quality']]



#only process reads that have more than half of basecalls >Q31 and contain two HBG1

specific SNPs at 3' end of read

if (record.seq.find('GTTTTTCTCTAATTTATTCTTCCCTTTAGCTAGTTTC')>0) and

(float(sum(recordqual))/float(len(recordqual))>=.5):

recordseq="".join([y if x else 'N' for (x,y) in zip(recordqual,

record.seq)])

(SEQ ID NO: 86)

record.seq)])

first item

recordseq="".join([y if x else 'N' for (x,y) in zip(recordqual,

#split prior to spacer window splitl=recordseq.split(flankl) if len(splitl)==2:

#take second item in first split

#split again at the sequence right after the protospacer and take

split2=split 1[1].split(flank2) [0]

#keep only entries with exact width if (len(split2)==width):

if orientation=='FWD': seqs[record.id]=split2

elif orientation=='REV': seqs[record.id]=Bio.Seq.reverse_complement(split2)

frame=pd.DataFrame({'Spacer':seqs.values()}, index=seqs.keys())

Motif=motifs.create(frame.Spacer.values, alphabet=IUPAC.IUPACAmbiguousDNA())

raw=pd.DataFrame(Motif.counts, index=[str(s+l) for s in

range(width)])[['A','C','G','T','N']].transpose() normalized=pd.DataFrame(Motif.counts,

index=[str(s+l) for s in

range(width)])[['A','C','G','T']].transpose()

normalized=normalized/normalized.sum(axis=0)*100. normalized=normalized.round(2)

Counts=pd.DataFrame(seqs.items(), columns=['ID','Window']) Counts=Counts[['N' not in x

for x in Counts .Window]]



Counts=Counts.groupby('Window').count().sort_values('ID', ascending=False)

Counts.to_csv(outdir+filenames[i].strip('.fastq')+'_hbgl.csv')

fd=open(directory+site+'_normalizedsummary_hbgl.csvVa') fd.write('\n'+filenames[i]+'\n')

normalized.to_csv(fd) fd.close()

fd=open(directory+siteV_rawsummary_hbgl.csv','a') fd.write('\n'+filenames[i]+'\n')

raw.to_csv(fd) fd.close()

return

#basecall analysis with 50% Q3 1 cutoff on protospacer region (as defined by flanks)

#includes a check for match with two HBG2 SNPs

#inputs:

#directory, working directory folder containing all fastq files

#site, genomic site name as it appears in the fastq filenames

#orientation, 'FWD' if you want output in the same direction as the sequencing read or 'REV

if you want reverse complement output,

#flankl, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#flank2, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#width, expected bp length of basecalling window

#

#outputs:

#'_counts.csv', all base editing product sequences with corresponding number of occurences

#'_rawsummary.csv', summarizes base call counts for all samples

#'_normalizedsummary.csv', summarizes base call percentages for all samples def

basecallhbg2(directory, site, orientation, flank 1, flank2, width):

indir=directory outdir=directory filenames=os.listdir(indir)

for i in range(len(filenames)): seqs={ }

if (filenames[i][-5:]=='fastq') and (site in filenames [i]):

for record in SeqIO.parse(indir+filenames[i], "fastq") :

recordqual=[x>3 1 for x in record.letter_annotations['phred_quality']]

#only process reads that have more than half of basecalls >Q31 and contain two HBG2

specific SNPs at 3' end of read



if (record.seq.find('ATTTTTCTCTAATTTATTCTTCCCTTTAGCTAGTTTT')>0) and

(float(sum(recordqual))/float(len(recordqual))>=.5):

recordseq="".join([y if x else 'N' for (x,y) in zip(recordqual,

(SEQ ID NO: 87)

record seq)])

first item

#split prior to spacer window splitl=recordseq.split(flankl) if len(splitl)==2:

#take second item in first split

#split again at the sequence right after the protospacer and take

split2=split1[1].split(flank2) [0]

#keep only entries with exact width if (len(split2)==width):

if orientation=='FWD': seqs[record.id]=split2

elif orientation=='REV': seqs[record.id]=Bio.Seq.reverse_complement(split2)

frame=pd.DataFrame({'Spacer':seqs.values()}, index=seqs.keys())

Motif=motifs.create(frame.Spacer.values, alphabet=IUPAC.IUPACAmbiguousDNA())

raw=pd.DataFrame(Motif.counts, index=[str(s+l) for s in

range(width)])[['A','C','G','T','N']].transpose() normalized=pd.DataFrame(Motif.counts,

index=[str(s+l) for s in

range(width)])[['A','C','G','T']].transpose()

normalized=normalized/normalized.sum(axis=0)*100. normalized=normalized.round(2)

Counts=pd.DataFrame(seqs.items(), columns=['ID','Window']) Counts=Counts[['N' not in x

for x in Counts .Window]]

Counts=Counts.groupby('Window').count().sort_values('ID', ascending=False)

Counts.to_csv(outdir+filenames[i].strip('.fastq')+'_hbg2.csv')

fd=open(directory+siteV_normalizedsummary_hbg2.csv','a') fd.write('\n'+filenames[i]+'\n')

normalized.to_csv(fd) fd.close()

fd=open(directory+siteV_rawsummary_hbg2.csv','a') fd.write('\n'+filenames[i]+'\n')

raw.to_csv(fd) fd.close()

return



#indel analysis

#includes a check for match with two HBG1 SNPs

#inputs:

#directory, working directory folder containing all fastq files

#site, genomic site name as it appears in the fastq filenames

#orientation, 'FWD' if you want output in the same direction as the sequencing read or 'REV

if you want reverse complement output,

#flankl, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#flank2, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#width, expected bp length of basecalling window

#ouputs:

#"_Insertions_hbgl.csv", sequences of all insertion reads

#"_deletions_hbgl.csv", sequences of all deletion reads

#'indelsummary_hbgl.csv', contains all indel stats for all fastq files def indelshbgl (directory,

site, flankl, flank2, width):

indir=directory outdir=directory

filenames=os.listdir(indir)

for i in range(len(filenames)): seqs={ }

if (filenames[i][-5:]=='fastq') and (site in filenames [i]): skips=0

ins=0 insertions=[] dels=0 deletions=[] notindel=0

for record in SeqIO.parse(indir+filenames[i], "fastq") :

recordqual=[x>3 1 for x in record.letter_annotations['phred_quality']]

#only process reads that have more than half of basecalls >Q31 and contain two HBG1

specific SNPs at 3' end of read

if (record.seq.find('GTTTTTCTCTAATTTATTCTTCCCTTTAGCTAGTTTC')>0) (SEQ ID

NO: 88) and

(float(sum(recordqual))/float(len(recordqual))>=.5):

#split prior to indel window splitl=record.seq.split(flankl) if len(splitl)==2:

#take second item in first split



#split again at the sequence right after the indel window if len(splitl[l].split(flank2))==2:

split2=split 1[1].split(flank2) [0]

#if INDEL window is + 1 add to Insertions if (len(split2)>=width+l):

ins=ins+ 1 insertions .append(split2)

#if INDEL window is - 1 add to Deletions if (len(split2)<=width-l):

dels=dels+ 1 deletions .append(split2)

if len(split2)==width: notindel=notindel+l

else:

skips=skips+l

else:

skips=skips+l

else:

skips=skips+l fd=open(directory+'indelsummary_hbgl .csv','a')

fd.write('\n'+filenames[i]+'\n') fd.write('skipped reads: '+str(skips)+'\n') fd.write('insertions:

'+str(ins)+'\n') fd.write('deletions: '+str(dels)+'\n') fd.write('notindels: '+str(notindel)+'\n')

fd.write('indel rate:

'+str(float(ins+dels)/float(ins+dels+notindel)*100.)+'%'+'\n') fd.close()

pd.DataFrame(insertions).to_csv(directory+filenames[i]+'Insertions_hbgl.csv')

pd.DataFrame(deletions).to_csv(directory+filenames[i]+'Deletions_hbgl.csv')

return

#indel analysis

#includes a check for match with two HBG2 SNPs

#inputs:

#directory, working directory folder containing all fastq files

#site, genomic site name as it appears in the fastq filenames

#orientation, 'FWD' if you want output in the same direction as the sequencing read or 'REV

if you want reverse complement output,

#flankl, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#flank2, sequence that is used to define the 5' end of protospacer in the sequencing read

direction,

#width, expected bp length of basecalling window



#ouputs:

#"_Insertions_hbg2.csv", sequences of all insertion reads

#"_deletions_hbg2.csv", sequences of all deletion reads

#'indelsummary_hbg2.csv', contains all indel stats for all fastq files def indelshbg2(directory,

site, flankl, flank2, width):

indir=directory outdir=directory filenames=os.listdir(indir)

for i in range(len(filenames)): seqs={ }

if (filenames[i][-5:]=='fastq') and (site in filenames [i]): skips=0

ins=0 insertions=[] dels=0 deletions=[] notindel=0

for record in SeqIO.parse(indir+filenames[i], "fastq") :

recordqual=[x>3 1 for x in record.letter_annotations['phred_quality']]

#only process reads that have more than half of basecalls >Q31 and contain two HBG2

specific SNPs at 3' end of read

if (record.seq.find('ATTTTTCTCTAATTTATTCTTCCCTTTAGCTAGTTTT')>0) (SEQ ID

NO: 89) and

(float(sum(recordqual))/float(len(recordqual))>=.5):

#split prior to indel window splitl=record.seq.split(flankl) if len(splitl)==2:

#take second item in first split

#split again at the sequence right after the indel window if len(splitl[l].split(flank2))==2:

split2=split 1[1].split(flank2) [0]

#if INDEL window is + 1 add to Insertions if (len(split2)>=width+l):

ins=ins+ 1 insertions .append(split2)

#if INDEL window is - 1 add to Deletions if (len(split2)<=width-l):

dels=dels+ 1 deletions .append(split2)

if len(split2)==width: notindel=notindel+l

else:

skips=skips+l

else:

skips=skips+l

else:

skips=skips+l fd=open(directoryVindelsummary_hbg2.csv','a')

fd.write('\n'+filenames[i]+'\n') fd.write('skipped reads: '+str(skips)+'\n') fd.write('insertions:

'+str(ins)+'\n') fd.write('deletions: '+str(dels)+'\n') fd.write('notindels: '+str(notindel)+'\n')

fd.write('indel rate:



'+str(float(ins+dels)/float(ins+dels+notindel)*100.)+'%'+'\n') fd.close()

pdOataFrame(insertions).to_csv(directory+filenames[i]+'Insertions_hbg2.csv')

pd.DataFrame(deletions).to_csv(directory+filenames[i]+'Deletions_hbg2.csv')

return

directory l='/Users/michaelpacker/Desktop/Liu_Lab/MiSeqData/y-globin_632/'

basecallhbgl (directory 1, '632', 'FWD','ATTTGCA','TTAATTTTTT' (SEQ ID NO: 90), 43)

basecallhbg2(directoryl, '632', 'FWD','ATTTGCA','TTAATTTTTT' (SEQ ID NO: 90), 43)

indelshbgl (directory 1, '632','ATTTGCA','TTAATTTTTT' (SEQ ID NO: 90),43)

indelshbg2(directoryl, '632','ATTTGCA','TTAATTTTTT' (SEQ ID NO: 90),43

EQUIVALENTS AND SCOPE, INCORPORATION BY REFERENCE

[0302] Those skilled in the art will recognize, or be able to ascertain using no more than

routine experimentation, many equivalents to the specific embodiments of the invention

described herein. The scope of the present invention is not intended to be limited to the

above description, but rather is as set forth in the appended claims.

[0303] In the claims articles such as "a," "an," and "the" may mean one or more than one

unless indicated to the contrary or otherwise evident from the context. Claims or descriptions

that include "or" between one or more members of a group are considered satisfied if one,

more than one, or all of the group members are present in, employed in, or otherwise relevant

to a given product or process unless indicated to the contrary or otherwise evident from the

context. The invention includes embodiments in which exactly one member of the group is

present in, employed in, or otherwise relevant to a given product or process. The invention

also includes embodiments in which more than one, or all of the group members are present

in, employed in, or otherwise relevant to a given product or process.

[0304] Furthermore, it is to be understood that the invention encompasses all variations,

combinations, and permutations in which one or more limitations, elements, clauses,

descriptive terms, etc., from one or more of the claims or from relevant portions of the

description is introduced into another claim. For example, any claim that is dependent on

another claim can be modified to include one or more limitations found in any other claim

that is dependent on the same base claim. Furthermore, where the claims recite a

composition, it is to be understood that methods of using the composition for any of the

purposes disclosed herein are included, and methods of making the composition according to

any of the methods of making disclosed herein or other methods known in the art are



included, unless otherwise indicated or unless it would be evident to one of ordinary skill in

the art that a contradiction or inconsistency would arise.

[0305] Where elements are presented as lists, e.g., in Markush group format, it is to be

understood that each subgroup of the elements is also disclosed, and any element(s) can be

removed from the group. It is also noted that the term "comprising" is intended to be open

and permits the inclusion of additional elements or steps. It should be understood that, in

general, where the invention, or aspects of the invention, is/are referred to as comprising

particular elements, features, steps, etc., certain embodiments of the invention or aspects of

the invention consist, or consist essentially of, such elements, features, steps, etc. For

purposes of simplicity those embodiments have not been specifically set forth in haec verba

herein. Thus for each embodiment of the invention that comprises one or more elements,

features, steps, etc., the invention also provides embodiments that consist or consist

essentially of those elements, features, steps, etc.

[0306] Where ranges are given, endpoints are included. Furthermore, it is to be understood

that unless otherwise indicated or otherwise evident from the context and/or the

understanding of one of ordinary skill in the art, values that are expressed as ranges can

assume any specific value within the stated ranges in different embodiments of the invention,

to the tenth of the unit of the lower limit of the range, unless the context clearly dictates

otherwise. It is also to be understood that unless otherwise indicated or otherwise evident

from the context and/or the understanding of one of ordinary skill in the art, values expressed

as ranges can assume any subrange within the given range, wherein the endpoints of the

subrange are expressed to the same degree of accuracy as the tenth of the unit of the lower

limit of the range.

[0307] In addition, it is to be understood that any particular embodiment of the present

invention may be explicitly excluded from any one or more of the claims. Where ranges are

given, any value within the range may explicitly be excluded from any one or more of the

claims. Any embodiment, element, feature, application, or aspect of the compositions and/or

methods of the invention, can be excluded from any one or more claims. For purposes of

brevity, all of the embodiments in which one or more elements, features, purposes, or aspects

is excluded are not set forth explicitly herein.

[0308] All publications, patents and sequence database entries mentioned herein, including

those items listed above, are hereby incorporated by reference in their entirety as if each

individual publication or patent was specifically and individually indicated to be incorporated

by reference. In case of conflict, the present application, including any definitions herein,



will control.



CLAIMS

What is claimed is:

1. A method for deaminating an adenosine (A) nucleobase in a sense or antisense strand

of a promoter of an HBGl or HBG2 gene, the method comprising contacting the promoter

with a base editor and a guide RNA bound to the base editor, wherein the guide RNA

(gRNA) comprises a guide sequence that is complementary to a target nucleic acid sequence

in the promoter of the HBGl and/or HBG2 gene.

2 . The method of claim 1, wherein the guide sequence comprises at least 15, 16, 17, 18,

19, 20, 21, 22, 23, 24, or 25 contiguous nucleobases that are 100% complementary to the

target nucleic acid sequence of the promoter.

3 . The method of claim 1 or 2, wherein the base editor nicks the target nucleic acid

sequence.

4 . The method of any one of claims 1-3, wherein the target nucleic acid sequence

comprises:

5'-CTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 838);

5'-CTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 839);

5'-CTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 840);

5'-CTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 841);

5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842);

5'-CTTGGGGGCCCCTTCCCCA-3' (SEQ ID NO: 843);

5'-CTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 844); or

5'-CTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 845).

5 . The method of claim 4, wherein the target nucleic acid sequence further comprises 5'-

CCT-3' at the 5' end.

6 . The method of any one of claims 1-4, wherein the target nucleic acid sequence

comprises 5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842).



7 . The method of any one of claims 1-6, wherein the guide sequence comprises:

5'-UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846);

5'-CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847);

5'-AUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 848);

5'-UGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 849).

5'-GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850);

5'-UGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 851);

5'-GGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 852); or

5'-GGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 853).

8. The method of any one of claims 1-7, wherein the guide sequence comprises 5' -

GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850).

9 . The method of any one of claims 1-8, wherein the target nucleic acid sequence

comprises:

5'-CTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 838);

5'-CTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 839);

5'-CTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 840);

5'-CTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 841);

5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842);

5'-CTTGGGGGCCCCTTCCCCA-3' (SEQ ID NO: 843);

5'-CTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 844); or

5'-CTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 845); and

wherein deamination of the A nucleobase that is complementary to the T at position 14 of

SEQ ID NO: 845 results in a T to C mutation in the target nucleic acid sequence.

10. The method of any one of claims 1-3, wherein the guide sequence comprises:

5'-GACAGAUAUUUGCAUUGAGAUAGUGUGG-3 ' (SEQ ID NO: 254);

5'-ACAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 255);

5'-CAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 256);

5'-AGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 257);

5'-GAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 258); or

5'-AUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 259).



11. The method of claim 10, wherein the target nucleic acid sequence comprises

5'- CCACACTATCTCAATGCAAATATCTGTC-3 ' (SEQ ID NO: 297);

5'- CCACACTATCTCAATGCAAATATCTGT-3 ' (SEQ ID NO: 298);

5'- CCACACTATCTCAATGCAAATATCTG-3 ' (SEQ ID NO: 299);

5'- CCACACTATCTCAATGCAAATATCT-3' (SEQ ID NO: 300);

5'- CCACACTATCTCAATGCAAATATC-3 ' (SEQ ID NO: 301); or

5'- CCACACTATCTCAATGCAAATAT-3' (SEQ ID NO: 302); and

wherein deamination of the A nucleobase that is complementary to the T at position 2 1 of

SEQ ID NO: 302 results in a T to C mutation in the target nucleic acid sequence.

12. The method of claim 10 or 11, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845;

(b) the second guide sequence comprises SEQ ID NO: 853; or

(c) both (a) and (b).

13. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-AUGCAAAUAUCUGUCUGAAACGG-3' (SEQ ID NO: 260).

14. The method of claim 13, wherein the target nucleic acid sequence comprises

5 '-CCGTTTCAGACAGATATTTGC AT-3 ' (SEQ ID NO: 303);

wherein deamination of an A nucleobase that is complementary to the T at any one of

positions 15, 17, 18, or 19 of SEQ ID NO: 303 results in a T to C mutation in the target

nucleic acid sequence.

15. The method of claim 13 or 14, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845 or SEQ ID NO: 302;

(b) the second guide sequence comprises SEQ ID NO: 853 or SEQ ID NO: 259; or

(c) both (a) and (b) .



16. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises the nucleic acid sequence:

5'-GCAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 261);

5'-CAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 262);

5'-AAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 263);

5'-AAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 264);

5'-AUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 265); or

5'-UAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 266).

17. The method of claim 16, wherein the target nucleic acid sequence comprises:

5 '-CCAGGGACCGTTTC AGACAGATATTTGC-3 ' (SEQ ID NO: 304);

5 '-CCAGGGACCGTTTC AGACAGATATTTG-3 ' (SEQ ID NO: 305);

5 '-CCAGGGACCGTTTC AGACAGATATTT-3' (SEQ ID NO: 306);

5 '-CCAGGGACCGTTTC AGACAGATATT-3 ' (SEQ ID NO: 307);

5 '-CCAGGGACCGTTTC AGACAGATAT-3' (SEQ ID NO: 308); or

5 '-CCAGGGACCGTTTC AGACAGATA-3' (SEQ ID NO: 309);

wherein deamination of the A nucleobase that is complementary to the T at position 22 of

SEQ ID NO: 309 results in a T to C mutation in the target nucleic acid sequence.

18. The method of claim 16 or 17, further comprising

deaminating a second A nucleobase in the sense or antisense strand of the promoter using a

second gRNA comprising a second guide sequence that is complementary to a second target

nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, or SEQ ID

NO: 303;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, or SEQ ID

NO: 260; or

(c) both (a) and (b).

19. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-AGAUAUUUGCAUUGAGAUAGUGU-3' (SEQ ID NO: 267).

20. The method of claim 19, wherein the target nucleic acid sequence comprises



5'-ACACTATCTCAATGC AAATATCT-3 ' (SEQ ID NO: 310);

wherein deamination of the A nucleobase that is complementary to the T at position 19 of

SEQ ID NO: 310 results in a T to C mutation in the target nucleic acid sequence.

21. The method of claim 19 or 20, further comprising

deaminating a second A nucleobase in the sense or antisense strand of the promoter using a

second gRNA comprising a second guide sequence that is complementary to a second target

nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, or SEQ ID NO: 309;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266; or

(c) both (a) and (b).

22. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-ACAGAUAUUUGCAUUGAGAUAGU-3' (SEQ ID NO: 268).

23. The method of claim 22, wherein the target nucleic acid sequence comprises

5'-ACTATCTCAATGCAAATATCTGT-3 ' (SEQ ID NO: 311);

wherein deamination of the A nucleobase that is complementary to the T at position 17 of

SEQ ID NO: 311 results in a T to C mutation in the target nucleic acid sequence.

24. The method of claim 22 or 23, further comprising performing the method of any one

of claims 1-21.

25. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises the nucleic acid sequence:

5'- GUGGGGAAGGGGCCCCCAAGAGG-3 ' (SEQ ID NO: 269).

26. The method of claim 25, wherein the target nucleic acid sequence of the promoter

comprises a T at nucleic acid position 16, and 17 of

5'- CCTCTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 312);

wherein deamination of an A nucleobase that is complementary the T at any one of positions



16 or 17 results in a T to C mutation.

27. The method of claim 25 or 26, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, or SEQ ID NO: 3 11;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266, or SEQ ID NO: 268; or

(c) both (a) and (b).

28. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-CUUGACCAAUAGCCUUGACAAGG-3' (SEQ ID NO: 270).

29. The method of claim 28, wherein the target nucleic acid sequence comprises

5 '-CCTTGTCAAGGCTATTGGTCAAG-3 ' (SEQ ID NO: 313);

wherein deamination of an A nucleobase that is complementary the T at any one of positions

15, 16, or 19 of SEQ ID NO: 313 results in a T to C mutation in the target nucleic acid

sequence.

30. The method of claim 28 or 29, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, SEQ ID NO: 311, or SEQ ID NO: 312;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266, SEQ ID NO: 268, or SEQ ID NO: 269; or

(c) both (a) and (b).

31. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-CUUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 271);

5'-UUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 272);



5'-UGUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 273);

5'-GUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 274);

5'-UCAAGGCUAUUGGUC AAGGCAAGG-3' (SEQ ID NO: 275); or

5'-CAAGGCUAUUGGUC AAGGCAAGG-3' (SEQ ID NO: 276).

32. The method of claim 28, wherein the target nucleic acid sequence comprises

5'-CCTTGCCTTGACC AATAGCCTTGAC AAG-3 ' (SEQ ID NO: 314);

5'-CCTTGCCTTGACC AATAGCCTTGAC AA-3 ' (SEQ ID NO: 315);

5'-CCTTGCCTTGACC AATAGCCTTGAC A-3 ' (SEQ ID NO: 316);

5'-CCTTGCCTTGACC AATAGCCTTGAC-3 ' (SEQ ID NO: 317);

5'-CCTTGCCTTGACC AATAGCCTTGA-3 ' (SEQ ID NO: 318); or

5'-CCTTGCCTTGACC AATAGCCTTG-3 ' (SEQ ID NO: 319);

wherein deamination of an A nucleobase that is complementary the T at any one of positions

16, 21, or 22 of SEQ ID NO: 319 results in a T to C mutation in the target nucleic acid

sequence.

33. The method of claim 3 1 or 32, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, SEQ ID NO: 311, SEQ ID NO: 312, or SEQ ID NO: 313;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266, SEQ ID NO: 268, SEQ ID NO: 269, or SEQ ID NO: 270; or

(c) both (a) and (b).

34. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-UUGUCAAGGCUAUUGGUCAAGGC-3' (SEQ ID NO: 277).

35. The method of claim 34, wherein the target nucleic acid sequence comprises

5'-GCCTTGACCAATAGCCTTGAC AA-3' (SEQ ID NO: 320);

wherein deamination of an A nucleobase that is complementary the T at any one of positions

17, or 18 of SEQ ID NO: 320 results in a T to C mutation in the target nucleic acid sequence.



36. The method of claim 34 or 35, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, SEQ ID NO: 311, SEQ ID NO: 312, SEQ ID NO: 313, or SEQ

ID NO: 319;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266, SEQ ID NO: 268, SEQ ID NO: 269, SEQ ID NO: 270, or SEQ ID

NO: 276; or

(c) both (a) and (b).

37. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-CUUGUCAAGGCUAUUGGUCAAGG-3' (SEQ ID NO: 278).

38. The method of claim 37, wherein the target nucleic acid sequence comprises

5'-CCTTGACCAATAGCCTTGAC AAG-3 ' (SEQ ID NO: 321);

wherein deamination of an A nucleobase that is complementary the T at any one of positions

16, or 17 of SEQ ID NO: 321 results in a T to C mutation in the target nucleic acid sequence.

39. The method of claim 37 or 38, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, SEQ ID NO: 311, SEQ ID NO: 312, SEQ ID NO: 313, SEQ ID

NO: 319, or SEQ ID NO: 320;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266, SEQ ID NO: 268, SEQ ID NO: 269, SEQ ID NO: 270, SEQ ID

NO: 276, or SEQ ID NO: 277; or

(c) both (a) and (b).

40. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-UUGACCAAUAGCCUUGACAAGGC-3' (SEQ ID NO: 279).



41. The method of claim 40, wherein the target nucleic acid sequence comprises

5'-GCCTTGTCAAGGCTATTGGTCAA-3 ' (SEQ ID NO: 322);

wherein deamination of an A nucleobase that is complementary the T at any one of positions

16, 17, or 20 of SEQ ID NO: 322 results in a T to C mutation in the target nucleic acid

sequence.

42. The method of claim 40 or 41, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, SEQ ID NO: 311, SEQ ID NO: 312, SEQ ID NO: 313, SEQ ID

NO: 319, SEQ ID NO: 320, or SEQ ID NO: 321;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:

260, or SEQ ID NO: 266, SEQ ID NO: 268, SEQ ID NO: 269, SEQ ID NO: 270, SEQ ID

NO: 276, SEQ ID NO: 277, or SEQ ID NO: 278; or

(c) both (a) and (b).

43. The method of any one of claims 1-3, wherein the guide sequence of the gRNA

comprises:

5'-UAGCCUUGACAAGGCAAACUUGA-3' (SEQ ID NO: 280).

44. The method of claim 43, wherein the target nucleic acid sequence comprises

5 '-TCAAGTTTGCCTTGTCAAGGCTA-3 ' (SEQ ID NO: 323);

wherein deamination of the A nucleobase that is complementary the T at position 15 of SEQ

ID NO: 323 results in a T to C mutation in the target nucleic acid sequence.

45. The method of claim 43 or 44, further comprising deaminating a second A nucleobase

in the sense or antisense strand of the promoter using a second gRNA comprising a second

guide sequence that is complementary to a second target nucleic acid sequences wherein:

(a) the second target nucleic acid comprises SEQ ID NO: 845, SEQ ID NO: 302, SEQ ID

NO: 303, SEQ ID NO: 309, SEQ ID NO: 311, SEQ ID NO: 312, SEQ ID NO: 313, SEQ ID

NO: 319, SEQ ID NO: 320, SEQ ID NO: 321, or SEQ ID NO: 322;

(b) the second guide sequence comprises SEQ ID NO: 853, SEQ ID NO: 259, SEQ ID NO:



260, or SEQ ID NO: 266, SEQ ID NO: 268, SEQ ID NO: 269, SEQ ID NO: 270, SEQ ID

NO: 276, SEQ ID NO: 277, SEQ ID NO: 278, or SEQ ID NO: 279; or

(c) both (a) and (b).

46. The method of any one of claims 1-45, wherein deaminating the adenosine

nucleobase in the promoter results in a T-A base pair in the promoter being mutated to a C-G

base pair in the promoter.

47. The method of any one of claims 1-46, wherein deaminating the adenosine

nucleobase in the promoter results in a sequence associated with hereditary persistence of

fetal hemoglobin (HPFH).

48. The method of any one of claims 1-47, wherein deaminating the adenosine

nucleobase in the promoter leads to an increase in transcription of the HBGl gene.

49. The method of any one of claims 1-48, wherein deaminating the adenosine

nucleobase in the promoter leads to an increase in HBGl protein.

50. The method of any one of claims 1-49, wherein deaminating the adenosine

nucleobase in the promoter leads to an increase in transcription of the HBG2 gene.

51. The method of any one of claims 1-50, wherein deaminating the adenosine

nucleobase in the promoter leads to an increase in HBG2 protein.

52. The method of any one of claims 1-51, wherein deaminating the adenosine

nucleobase in the promoter leads to an increase in the transcription of both the HBGl and

HBG2 genes.

53. The method of any one of claims 1-52, wherein deaminating the adenosine

nucleobase in the promoter leads to an increase in an amount of HBGl and HBG2 protein.

54. The method of any one of claims 1-53, wherein the promoter of the HBGl or HBG2

gene is in a cell.



55. The method of any one of claims 1-54, wherein the method is performed in vitro.

56. The method of any one of claims 1-54, wherein the cell is in a subject.

57. The method of claim 56, wherein the method is performed in vivo or ex vivo.

58. The method of claim 56 or 57, wherein deaminating the adenosine nucleobase in the

promoter confers hereditary persistence to fetal hemoglobin (HPFH) to the subject.

59. The method of any one of claims 56-58, wherein the subject has a disease or disorder

of the blood.

60. The method of claim 59 wherein the disease or disorder is an anemia.

61. The method of claim 60, wherein the anemia is sickle-cell anemia.

62. The method of claim 59, wherein the disease or disorder is beta-thalassemia.

63. The method of any one of claims 59-62, wherein the disease or disorder is caused by a

mutation in a gene or a promoter of a gene encoding a globin protein.

64. The method of claim 63, wherein the gene is CYGB, HBA1, HBA2, HBB, HBD,

HBE1, HBG1, HBG2, HBM, HBQ1, HBZ, or MB.

65. A method for deaminating an adenosine (A) nucleobase in a sense or antisense strand

of an HFE gene, the method comprising contacting the HFE gene with a base editor and a

guide RNA bound to the base editor, wherein the guide RNA comprises a guide sequence that

is complementary to a target nucleic acid sequence in the HFE gene.

66. The method of claim 65, wherein the HFE gene comprises a C to T mutation.

67. The method of claim 66, wherein deaminating an adenosine nucleobase

complementary to the T corrects the C to T mutation.



68. The method of claim 66, wherein the HFE gene encodes a protein comprising a Cys

to Tyr mutation.

69. The method of claim 68, wherein deaminating an adenosine nucleobase

complementary to the T corrects the Cys to Tyr mutation.

70. The method of any one of claims 65-69, wherein the guide sequence comprises at

least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 contiguous nucleic acids that are 100%

complementary to the target nucleic acid sequence of the HFE gene.

71. The method of any one of claims 65-70, wherein the base editor nicks the target

sequence.

72. The method of claim 65-71, wherein the target nucleic acid sequence in the HFE gene

comprises:

5'-GGGTGCTCC ACCTGGTACGTATAT-3 ' (SEQ ID NO: 854);

5'-GGGTGCTCC ACCTGGTACGTATA-3 ' (SEQ ID NO: 855);

5'-GGGTGCTCC ACCTGGTACGTAT-3 ' (SEQ ID NO: 856);

5'-GGGTGCTCC ACCTGGTACGTA-3 ' (SEQ ID NO: 857);

5'-GGGTGCTCC ACCTGGTACGT-3 ' (SEQ ID NO: 858);

5'-GGGTGCTCC ACCTGGTACG-3 ' (SEQ ID NO: 859);

5'-GGGTGCTCC ACCTGGTAC-3 ' (SEQ ID NO: 860); or

5'-GGGTGCTCC ACCTGGTA-3 ' (SEQ ID NO: 861).

73. The method of claim 72, wherein the target nucleic acid sequence further comprises

5'-CCT-3' at the 5' end.

74. The method of any one of claims 65-73, wherein the target nucleic acid sequence of

the HFE gene comprises 5'-GGGTGCTCCACCTGGTACGT-3 ' (SEQ ID NO: 858).

75. The method of any one of claims 65-74, wherein the guide sequence of the gRNA

comprises

5'- AUAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 862);

5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863);



5'- AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864);

5'- UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865);

5'- ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866);

5'- CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867);

5'- GUACCAGGUGGAGCACCC-3' (SEQ ID NO: 868); or

5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869).

76. The method of claim 75, wherein the guide sequence of the gRNA further comprises a

G at the 5' end.

77. The method of any one of claims 65-76, wherein the guide sequence of the gRNA

comprises the nucleic acid sequence 5'-GACGUACCAGGUGGAGCACCC-3' (SEQ ID NO:

870).

78. The method of any one of claims 65-77, wherein the target nucleic acid sequence

comprises

5'-GGGTGCTCCACCTGGTACGTATAT-3 ' (SEQ ID NO: 854);

5'-GGGTGCTCCACCTGGTACGTATA-3 ' (SEQ ID NO: 855);

5'-GGGTGCTCCACCTGGTACGTAT-3 ' (SEQ ID NO: 856);

5'-GGGTGCTCCACCTGGTACGTA-3 ' (SEQ ID NO: 857);

5'-GGGTGCTCCACCTGGTACGT-3 ' (SEQ ID NO: 858);

5'-GGGTGCTCCACCTGGTACG-3 ' (SEQ ID NO: 859);

5'-GGGTGCTCCACCTGGTAC-3 ' (SEQ ID NO: 860); or

5'-GGGTGCTCCACCTGGTA-3 ' (SEQ ID NO: 861); and

wherein deamination of the A nucleobase that is complementary to the T at position 16 of

SEQ ID NO: 861 results in a T to C mutation in the target nucleic acid sequence.

79. The method of any one of claims 65-78, wherein deaminating the adenosine

nucleobase in the HFE gene results in a T-A base pair in the HFE gene being mutated to a C-

G base pair in the HFE gene.

80. The method of any one of claims 65-79, wherein deaminating the adenosine

nucleobase in the HFE gene results in correcting a sequence associated with hereditary

hemochromatosis (HHC).



81. The method of any one of claims 65-80, wherein deaminating the adenosine

nucleobase in the HFE gene leads to an increase function of HFE protein transcribed from the

HFE gene.

82. The method of any one of claims 65-81, wherein deaminating the adenosine

nucleobase in the HFE gene leads to an increase in HFE stability or half life.

83. The method of any one of claims 65-82, wherein the HFE gene is in a cell.

84. The method of claim 83, wherein the HFE gene encodes an HFE protein comprising a

Cys to Tyr mutation.

85. The method of claim 84, wherein the HFE protein comprises a Cys to Tyr mutation

(C282Y) at residue 282 of the amino acid sequence:

MGPRARPALLLLMLLQTAVLQGRLLRSHSLHYLFMGASEQDLGLSLFEALGYVDDQ

LFVFYDHESRRVEPRTPWVSSRISSQMWLQLSQSLKGWDHMFTVDFWTIMENHNHS

KESHTLQVILGCEMQEDNSTEGYWKYGYDGQDHLEFCPDTLDWRAAEPRAWPTKL

EWERHKIRARQNRAYLERDCPAQLQQLLELGRGVLDQQVPPLVKVTHHVTSSVTTL

RCRALNYYPQNITMKWLKDKQPMDAKEFEPKDVLPNGDGTYQGWITLAVPPGEEQ

RYTCQVEHPGLDQPLIVIWEPSPSGTLVIGVISGIAVFVVILFIGILFIILRKRQGSRGAM

GHYVLAER (SEQ ID NO: 750).

86. The method of any one of claims 83-85, wherein the cell is an immortalized

lymphoblastoid cell (LCL).

87. The method of any one of claims 65-86, wherein the method is performed in vitro.

88. The method of any one of claims 65-85, wherein the cell is in a subject.

89. The method of claim 88, wherein the subject has an iron storage disorder.

90. The method of claim 89, wherein the iron storage disorder is hereditary

hemochromatosis (HHC).



91. The method of any one of claims 88-90, wherein the method is performed in vivo or

ex vivo.

92. The method of claim 90, wherein deaminating the adenosine nucleobase in the HFE

gene ameliorates one or more symptoms of the iron storage disorder in the subject.

93. A method for deaminating an adenosine (A) nucleobase in a sense or antisense strand

of an HBB gene, the method comprising contacting the HBB gene with a base editor and a

guide RNA bound to the base editor, wherein the guide RNA comprises a guide sequence that

is complementary to a target nucleic acid sequence in the HBB gene.

94. The method of claim 93, wherein the HBB gene comprises a C to T mutation.

95. The method of claim 94, wherein deaminating an adenosine nucleobase

complementary to the T corrects the C to T mutation.

96. The method of claim 94, wherein the HBB gene encodes a protein comprising a Glu to

Val mutation or a Glu to Lys mutation.

97. The method of claim 96, wherein the Glu to Val mutation or the Glu to Lys mutation

is at amino acid position 6 of the amino acid sequence

VHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVM

GNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLV

CVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH (SEQ ID NO: 340).

98. The method of claim 97, wherein deaminating an adenosine nucleobase

complementary to the T corrects the Glu to Val mutation or the Glu to Lys mutation.

99. The method of any one of claims 93-98, wherein the guide sequence comprises at

least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 contiguous nucleic acids that are 100%

complementary to the target nucleic acid sequence of the HBB gene.

100. The method of any one of claims 93-99, wherein the base editor nicks the target



sequence.

101. The method of claim 93-100, wherein the target nucleic acid sequence in the HBB

gene comprises:

5'-GTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 324);

5'-GGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 325);

5 '-CCATGGTGC ATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 326);

5 '-CCATGGTGC ATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 327);

5 '-CCATGGTGC ATCTGACTCCTGTGGAG-3 ' (SEQ ID NO: 328);

5 '-CCATGGTGC ATCTGACTCCTGTGGA-3 ' (SEQ ID NO: 329);

5 '-CCATGGTGC ATCTGACTCCTGTGG-3' (SEQ ID NO: 330);

5 '-CCATGGTGC ATCTGACTCCTGTG-3' (SEQ ID NO: 331);

5'-GCATCTGACTCCTGTGGAGAAGT-3 ' (SEQ ID NO: 332);

5'-ACCATGGTGC ATCTGACTCCTGTGGAGA-3' (SEQ ID NO: 333); or

5'-ACGGCAGACTTCTCCTTAGGAGT-3 ' (SEQ ID NO: 334).

102. The method of claim 101, wherein the target nucleic acid sequence comprises

5'-GTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 324), and

wherein deamination of the A nucleobase that is complementary to the T at position 17 of

SEQ ID NO: 324 results in a T to C mutation in the target nucleic acid sequence.

103. The method of claim 101, wherein the target nucleic acid sequence comprises

5'-GGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 325), and

wherein deamination of the A nucleobase that is complementary to the T at position 18 of

SEQ ID NO: 325 results in a T to C mutation in the target nucleic acid sequence.

104. The method of claim 101, wherein the target nucleic acid sequence comprises

5 '-CCATGGTGC ATCTGACTCCTGTGGAGAA-3' (SEQ ID NO: 326);

5 '-CCATGGTGC ATCTGACTCCTGTGGAGA-3' (SEQ ID NO: 327);

5 '-CCATGGTGC ATCTGACTCCTGTGGAG-3' (SEQ ID NO: 328);

5 '-CCATGGTGC ATCTGACTCCTGTGGA-3' (SEQ ID NO: 329);

5 '-CCATGGTGC ATCTGACTCCTGTGG-3' (SEQ ID NO: 330); or

5 '-CCATGGTGC ATCTGACTCCTGTG-3' (SEQ ID NO: 331); and

wherein deamination of the A nucleobase that is complementary to the T at position 22 of



SEQ ID NO: 331 results in a T to C mutation in the target nucleic acid sequence.

105. The method of claim 101, wherein the target nucleic acid sequence in the HBB gene

comprises

5'-GCATCTGACTCCTGTGGAGAAGT-3 ' (SEQ ID NO: 332), and

wherein deamination of the A nucleobase that is complementary to the T at position 15 of

SEQ ID NO: 332 results in a T to C mutation in the target nucleic acid sequence.

106. The method of claim 101, wherein the target nucleic acid sequence in the HBB gene

comprises

5'-ACCATGGTGC ATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 333), and

wherein deamination of the A nucleobase that is complementary to the T at position 23 of

SEQ ID NO: 333 results in a T to C mutation in the target nucleic acid sequence.

107. The method of claim 101, wherein the target nucleic acid sequence in the HBB gene

comprises

5'-ACGGCAGACTTCTCCTTAGGAGT-3 ' (SEQ ID NO: 334), and

wherein deamination of the A nucleobase that is complementary to the T at position 17 of

SEQ ID NO: 334 results in a T to C mutation in the target nucleic acid sequence.

108. The method of any one of claims 93-107, wherein the guide sequence of the gRNA

comprises

5'-UUCUCCACAGGAGUCAGAUGCAC-3' (SEQ ID NO: 281);

5'-UCUCCACAGGAGUCAGAUGCACC-3' (SEQ ID NO: 282);

5'-UUCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 283);

5'-UCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 284);

5'-CUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 285);

5'-UCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 286);

5'-CCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 287);

5'-CACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 288);

5'-ACUUCUCCACAGGAGUCAGAUGC-3' (SEQ ID NO: 289);

5'-UCUCCACAGGAGUCAGAUGCACCAUGGU-3' (SEQ ID NO: 290); or

5'-ACUCCUAAGGAGAAGUCUGCCGU-3' (SEQ ID NO: 291).



109. The method of claim 108, wherein the guide sequence of the gRNA further comprises

a G at the 5' end.

110. The method of any one of claims 93-109, wherein deaminating the adenosine

nucleobase in the HBB gene results in a T-A base pair in the HBB gene being mutated to a C-

G base pair in the HBB gene.

111. The method of any one of claims 93- 110, wherein deaminating the adenosine

nucleobase in the HBB gene results in correcting a sequence associated with sickle cell

disease.

112. The method of any one of claims 93-1 10, wherein deaminating the adenosine

nucleobase in the HBB gene results in correcting a sequence associated with Hb C beta-

thalassemia.

113. The method of any one of claims 93-1 12, wherein deaminating the adenosine

nucleobase in the HBB gene leads to an increase function of beta-globin protein transcribed

from the HBB gene.

114. The method of any one of claims 93-1 13, wherein deaminating the adenosine

nucleobase in the HBB gene leads to an increase in beta-globin stability or half life.

115. The method of any one of claims 93-1 14, wherein the HBB gene is in a cell.

116. The method of any one of claims 93-1 15, wherein the method is performed in vitro.

117. The method of any one of claims 93-1 16, wherein the cell is in a subject.

118. The method of claim 117, wherein the subject has sickle cell disease.

119. The method of claim 117, wherein the subject has beta-thalassemia.

120. The method of claim 119, wherein the subject has Hb C beta-thalassemia

(Hemoglobin C disease).



121. The method of any one of claims 93-120, wherein the method is performed in vivo or

ex vivo.

122. The method of claim 118, wherein deaminating the adenosine nucleobase in the HBB

gene ameliorates one or more symptoms of the sickle cell disease in the subject.

123. The method of claim 119 or 120, wherein deaminating the adenosine nucleobase in

the HBB gene ameliorates one or more symptoms of the beta- thalassemia.

124. The method of claim 94, wherein the HBB gene encodes a protein comprising a Glu to

Lys mutation.

125. The method of claim 124, wherein the Glu to Lys mutation is at amino acid position

26 of the amino acid sequence

VHLTPEEKSAVTALWGKVNVDEVGGEALGRLLVVYPWTQRFFESFGDLSTPDAVM

GNPKVKAHGKKVLGAFSDGLAHLDNLKGTFATLSELHCDKLHVDPENFRLLGNVLV

CVLAHHFGKEFTPPVQAAYQKVVAGVANALAHKYH (SEQ ID NO: 340)

126. The method of claim 125, wherein deaminating an adenosine nucleobase

complementary to the T corrects the Glu to Lys mutation.

127. The method of any one of claims 124-126, wherein the guide sequence comprises at

least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 contiguous nucleic acids that are 100%

complementary to the target nucleic acid sequence of the HBB gene.

128. The method of any one of claims 124-127, wherein the base editor nicks the target

sequence.

129. The method of claim 124-128, wherein the target nucleic acid sequence in the HBB

gene comprises:

5'-CCTGCCCAGGGCCTTACCACCAA-3' (SEQ ID NO: 335);

5'-ACCTGCCCAGGGCCTTACCACCA-3' (SEQ ID NO: 336); or

5'-CCAACCTGCCCAGGGCCTTACCA-3' (SEQ ID NO: 337).



130. The method of claim 129, wherein the target nucleic acid sequence in the HBB gene

comprises

5'-CCTGCCCAGGGCCTTACCACCAA-3' (SEQ ID NO: 335), and

wherein deamination of the A nucleobase that is complementary to the T at position 15 of

SEQ ID NO: 335 results in a T to C mutation in the target nucleic acid sequence.

131. The method of claim 129, wherein the target nucleic acid sequence in the HBB gene

comprises

5'-ACCTGCCCAGGGCCTTACCACCA-3' (SEQ ID NO: 336), and

wherein deamination of the A nucleobase that is complementary to the T at position 16 of

SEQ ID NO: 336 results in a T to C mutation in the target nucleic acid sequence.

132. The method of claim 129, wherein the target nucleic acid sequence in the HBB gene

comprises

5'-CCAACCTGCCCAGGGCCTTACCA-3' (SEQ ID NO: 337), and

wherein deamination of the A nucleobase that is complementary to the T at position 19

results in a T to C mutation in the target nucleic acid sequence.

133. The method of any one of claims 124-132, wherein the guide sequence of the gRNA

comprises

5'-UUGGUGGUAAGGCCCUGGGCAGG-3' (SEQ ID NO: 292);

5'-UGGUGGUAAGGCCCUGGGCAGGU-3' (SEQ ID NO: 293); or

5'-UGGUAAGGCCCUGGGCAGGUUGG-3' (SEQ ID NO: 294).

134. The method of claim 133, wherein the guide sequence of the gRNA further comprises

a G at the 5'.

135. The method of any one of claims 124-134, wherein deaminating the adenosine

nucleobase in the HBB gene results in a T-A base pair in the HBB gene being mutated to a C-

G base pair in the HBB gene.

136. The method of any one of claims 124-136, wherein deaminating the adenosine

nucleobase in the HBB gene results in correcting a sequence associated with Hb E beta-



thalassemia.

137. The method of any one of claims 124-136, wherein deaminating the adenosine

nucleobase in the HBB gene leads to an increase function of beta-globin protein transcribed

from the HBB gene.

138. The method of any one of claims 124-137, wherein deaminating the adenosine

nucleobase in the HBB gene leads to an increase in beta-globin stability or half life.

139. The method of any one of claims 124-138, wherein the HBB gene is in a cell.

140. The method of any one of claims 124-139, wherein the method is performed in vitro.

141. The method of any one of claims 124-140, wherein the cell is in a subject.

142. The method of claim 141, wherein the subject has beta-thalassemia.

143. The method of claim 142, wherein the subject has Hb E beta-thalassemia

(Hemoglobin E disease).

144. The method of any one of claims 124-143, wherein the method is performed in vivo or

ex vivo.

145. The method of claim 141, 142, or 144, wherein deaminating the adenosine nucleobase

in the HBB gene ameliorates one or more symptoms of the beta-thalassemia.

146. A method for deaminating an adenosine (A) nucleobase in a sense or antisense strand

of an F8 gene, the method comprising contacting the F8 gene with a base editor and a guide

RNA bound to the base editor, wherein the guide RNA comprises a guide sequence that is

complementary to a target nucleic acid sequence in the F8 gene.

147. The method of claim 146, wherein the F8 gene comprises a C to T mutation.

148. The method of claim 147, wherein deaminating an adenosine nucleobase



complementary to the T corrects the C to T mutation.

149. The method of claim 148, wherein the F8 gene encodes a protein comprising an Arg

to Cys mutation.

150. The method of claim 149, wherein the Arg to Cys mutation is at amino acid position

612 of the amino acid sequence

MQIELSTCFFLCLLRFCFSATRRYYLGAVELSWDYMQSDLGELPVDARFPPRVPKSFP

FNTSVVYKKTLFVEFTDHLFNIAKPRPPWMGLLGPTIQAEVYDTVVITLKNMASHPV

SLHAVGVSYWKASEGAEYDDQTSQREKEDDKVFPGGSHTYVWQVLKENGPMASDP

LCLTYSYLSHVDLVKDLNSGLIGALLVCREGSLAKEKTQTLHKFILLFAVFDEGKSW

HSETKNS LMQDRD AASARAWPKMHT VNGYVNRSLPGLIGCHRKS VYWHVIGMGTT

PEVHSIFLEGHTFLVRNHRQASLEISPITFLTAQTLLMDLGQFLLFCHISSHQHDGMEA

YVKVDSCPEEPQLRMKNNEEAEDYDDDLTDSEMDVVRFDDDNSPSFIQIRSVAKKH

PKTWVHYIAAEEEDWDYAPLVLAPDDRS YKSQYLNNGPQRIGRKYKKVRFM AYTD

ETFKTREAIQHESGILGPLLYGEVGDTLLIIFKNQASRPYNIYPHGITDVRPLYSRRLPK

GVKHLKDFPILPGEIFKYKWTVTVEDGPTKSDPRCLTRYYSSFVNMERDLASGLIGPL

LICYKESVDQRGNQIMSDKRNVILFSVFDENRSWYLTENIQRFLPNPAGVQLEDPEFQ

ASNIMHSINGYVFDSLQLSVCLHEVAYWYILSIGAQTDFLSVFFSGYTFKHKMVYED

TLTLFPFSGETVFMSMENPGLWILGCHNSDFRNRGMTALLKVSSCDKNTGDYYEDS

YEDISAYLLSKNNAIEPRS FSQNSRHPSTRQKQFN ATTIPENDIEKTDPWF AHRTPMPK

IQNVSSSDLLMLLRQS PTPHGLS LSDLQEAKYETFSDDPSPGAIDSNNSLSEMTHFRPQ

LHHSGDMVFTPES GLQLRLNEKLGTT AATELKKLDFKVS STSNNLIS TIPSDNLAAGT

DNTSSLGPPSMPVHYDSQLDTTLFGKKS SPLTES GGPLS LSEENNDS KLLESGLMNS Q

ESSWGKNVS STESGRLFKGKRAHGPALLTKDNALFKVS ISLLKTNKTSNNS ATNRKT

HIDGPSLLIENSPSVWQNILESDTEFKKVTPLIHDRMLMDKNATALRLNHMSNKTTSS

KNMEMVQQKKEGPIPPDAQNPDMSFFKMLFLPESARWIQRTHGKNSLNSGQGPSPK

QLVSLGPEKSVEGQNFLSEKNKVVVGKGEFTKDVGLKEMVFPSSRNLFLTNLDNLH

ENNTHNQEKKIQEEIEKKETLIQENVVLPQIHTVTGTKNFMKNLFLLSTRQNVEGSYD

GAYAPVLQDFRSLNDSTNRTKKHTAHFSKKGEEENLEGLGNQTKQIVEKYACTTRIS

PNTSQQNFVTQRSKRALKQFRLPLEETELEKRIIVDDTSTQWSKNMKHLTPSTLTQID

YNEKEKG AITQSPLSDCLTRS HSIPQANRSPLPIAKVS SFPSIRPIYLTR VLFQDNS SHLP

AASYRKKDS GVQES SHFLQGAKKNNLS LAILTLEMTGDQRE VGSLGTSATNSVTYK

KVENTVLPKPDLPKTSGKVELLPKVHIYQKDLFPTETSNGSPGHLDLVEGSLLQGTEG



AIKWNEANRPGKVPFLRVATESSAKTPSKLLDPLAWDNHYGTQIPKEEWKSQEKSPE

KTAFKKKDTILSLNACESNHAIAAINEGQNKPEIEVTWAKQGRTERLCSQNPPVLKR

HQREITRTTLQS DQEEID YDDTIS VEMKKEDFDIYDEDENQS PRSFQKKTRHYFIA AV

ERLWD YGMS SSPHVLRNRAQS GSVPQFKKV VFQEFTDGS FTQPLYRGELNEHLGLL

GPYIRAEVEDNIMVTFRNQASRPYSFYSSLISYEEDQRQGAEPRKNFVKPNETKTYFW

KVQHHMAPTKDEFDCKAWAYFSDVDLEKDVHSGLIGPLLVCHTNTLNPAHGRQVT

VQEFALFFTIFDETKSWYFTENMERNCRAPCNIQMEDPTFKENYRFHAINGYIMDTLP

GLVMAQDQRIRW YLLSMGSNENIHS IHFSGHVFTVRKKEE YKMALYNLYPG VFETV

EMLPS KAGrWRVECLIGEHLH AGMS TLFLVYSNKCQTPLGM ASGHIRDFQIT ASGQY

GQWAPKLARLHYSGSINAWSTKEPFSWIKVDLLAPMIIHGIKTQGARQKFSSLYISQFI

IMYSLDGKKWQTYRGNSTGTLMVFFGNVDSSGIKHNIFNPPIIARYIRLHPTHYSIRST

LRMELMGCDLNS CSMPLGMES KAISDAQITASSYFTNMF ATWSPSKARLHLQGRS N

AWRPQVNNPKEWLQ VDFQKTMKVTGVTTQGVKS LLTSMYVKEFLIS SSQDGHQWT

LFFQNGKVKVFQGNQDSFTPVVNSLDPPLLTRYLRIHPQSWVHQIALRMEVLGCEAQ

DLY (SEQ ID NO: 341)

151. The method of claim 150, wherein deaminating an adenosine nucleobase

complementary to the T corrects the Arg to Cys mutation.

152. The method of any one of claims 146-151, wherein the guide sequence comprises at

least 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 contiguous nucleic acids that are 100%

complementary to the target nucleic acid sequence of the F8 gene.

153. The method of any one of claims 146-152, wherein the base editor nicks the target

sequence.

154. The method of claim 146-153, wherein the target nucleic acid sequence in the F8

gene comprises:

5'-CCTCACAGAGAATATAC AATGCT-3 ' (SEQ ID NO: 338); or

5 '-TCACAGAGAATATACAATGCTTT-3 ' (SEQ ID NO: 339).

155. The method of claim 154, wherein the target nucleic acid sequence in the F8 gene

comprises

5'-CCTCACAGAGAATATAC AATGCT-3' (SEQ ID NO: 338), and



wherein deamination of the A nucleobase that is complementary to the T at position 20 of

SEQ ID NO: 388 results in a T to C mutation in the target nucleic acid sequence.

156. The method of claim 154, wherein the target nucleic acid sequence in the F8 gene

comprises

5 '-TCACAGAGAATATACAATGCTTT-3 ' (SEQ ID NO: 339), and

wherein deamination of the A nucleobase that is complementary to the T at position 18 of

SEQ ID NO: 339 results in a T to C mutation in the target nucleic acid sequence.

157. The method of any one of claims 146-156, wherein the guide sequence of the gRNA

comprises

5'-AGCAUUGUAUAUUCUCUGUGAGG-3' (SEQ ID NO: 295); or

5'-AAAGCAUUGUAUAUUCUCUGUGA-3' (SEQ ID NO: 296).

158. The method of claim 157, wherein the guide sequence of the gRNA further comprises

a G at the 5' end.

159. The method of any one of claims 146-158, wherein deaminating the adenosine

nucleobase in the F8 gene results in a T-A base pair in the F8 gene being mutated to a C-G

base pair in the F8 gene.

160. The method of any one of claims 146-159, wherein deaminating the adenosine

nucleobase in the F8 gene results in correcting a sequence associated with hemophilia.

161. The method of claim 160, wherein the hemophilia is hemophilia A.

162. The method of any one of claims 146-161, wherein deaminating the adenosine

nucleobase in the F8 gene results in correcting a sequence associated with hemophilia.

163. The method of any one of claims 146-162, wherein deaminating the adenosine

nucleobase in the F8 gene leads to an increase function of factor VIII protein transcribed

from the F8 gene.

164. The method of any one of claims 146-163, wherein deaminating the adenosine



nucleobase in the F8 gene leads to an increase in factor VIII stability or half life.

165. The method of any one of claims 146-164, wherein the F8 gene is in a cell.

166. The method of any one of claims 146-165, wherein the method is performed in vitro.

167. The method of any one of claims 146-166, wherein the cell is in a subject.

168. The method of claim 167, wherein the subject has hemophilia.

169. The method of claim 168, wherein the subject has hemophilia A.

170. The method of any one of claims 146-169, wherein the method is performed in vivo or

ex vivo.

171. The method of claim 168 or 169, wherein deaminating the adenosine nucleobase in

the F8 gene ameliorates one or more symptoms of the hemophilia in the subject.

172. The method of any one of claims 1-171, wherein the base editor comprises a fusion

protein comprising (i) a nucleic acid programmable DNA binding protein (napDNAbp) and

(ii) an adenosine deaminase.

173. The method of claim 172, wherein the fusion protein further comprises a nuclear

localization signal (NLS).

174. The method of claim 173, wherein the NLS is a bipartite NLS.

175. The method of claim 173 or 174, wherein the NLS comprises the amino acid

sequence MKRTADGSEFEPKKKRKV (SEQ ID NO: 342), KRTADGSEFEPKKKRKV

(SEQ ID NO: 343), or PKKKRKV (SEQ ID NO: 4).

176. The method of any one of claims 172-175, wherein the adenosine deaminase is an E.

coli TadA (ecTadA).



177. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises an amino acid sequence that is at least 80%, 85%, 90%, 95%, 98%, 99%, or 99.5%

identical to any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684, or 802-805.

178. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises an amino acid sequence that is at least 80%, 85%, 90%, 95%, 98%, 99%, or 99.5%

identical to the amino acid sequence of SEQ ID NO: 1.

179. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises the amino acid sequence of any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684,

or 802-805.

180. The method of any one of claims 172-176, wherein the adenosine deaminase consists

of the amino acid sequence of any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684, or 802-

805.

181. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises one or more of a H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C,

D147Y, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or the corresponding

mutations in another deaminase.

182. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises each of the H36L, P48S, R51L, L84F, A106V, D108N, H123Y, S146C, D147Y,

E155V, I156F, and K157N mutations in SEQ ID NO: 1, or the corresponding mutations in

another deaminase.

183. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises one or more of a H36L, P48S, R51L, L84F, A106V, D108N, H123Y, A142N,

S146C, D147Y, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or the corresponding

mutations in another deaminase.

184. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises each of the H36L, P48S, R51L, L84F, A106V, D108N, H123Y, A142N, S146C,

D147Y, E155V, I156F, and K157N mutations in SEQ ID NO: 1, or the corresponding



mutations in another deaminase.

185. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises one or more of a W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y,

A142N, S146C, D147Y, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or the

corresponding mutations in another deaminase.

186. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises each of the W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, A142N,

S146C, D147Y, E155V, I156F, and K157N mutations in SEQ ID NO: 1, or the

corresponding mutations in another deaminase.

187. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises one or more of a W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y,

A142N, S146C, D147Y, R152P, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or

the corresponding mutations in another deaminase.

188. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises each of the W23L, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, A142N,

S146C, D147Y, R152P, E155V, I156F, and K157N mutations in SEQ ID NO: 1, or the

corresponding mutations in another deaminase.

189. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises one or more of a W23R, H36L, P48A, R51L, L84F, A106V, D108N, H123Y,

S146C, D147Y, R152P, E155V, I156F, and K157N mutation in SEQ ID NO: 1, or the

corresponding mutations in another deaminase.

190. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises each of the W23R, H36L, P48A, R51L, L84F, A106V, D108N, H123Y, S146C,

D147Y, R152P, E155V, I156F, and K157N mutations in SEQ ID NO: 1, or the

corresponding mutations in another deaminase.

191. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises one or more mutations from any one of the ABEs of Figure 7 in SEQ ID NO: 1, or



one or more corresponding mutations in another deaminase.

192. The method of any one of claims 172-176, wherein the adenosine deaminase

comprises each of the mutations from any one of the ABEs of Figure 7 in SEQ ID NO: 1, or

the corresponding mutations in another deaminase.

193. The method of any one of claims 172-192, wherein the nucleic acid programmable

DNA binding protein (napDNAbp) is a Cas9 domain, a Cpf 1 domain, a CasX domain, a

CasY domain, a C2cl domain, a C2c2 domain, or a C2c3 domain.

194. The method of claim 193, wherein the Cas9 domain is selected from the group

consisting of dead Cas9 (dCas9) domains, Cas9 nickase (nCas9) domains, and nuclease

active Cas9 domains.

195. The method of claim 194, wherein the Cas9 domain is a Cas9 nickase (nCas9)

domain.

196. The method of claim 195, wherein the Cas9 nickase domain comprises the amino acid

sequence set forth in SEQ ID NO: 35.

197. The method of any one of claims 172-196, wherein the fusion protein further

comprises one or more linkers between the nucleic acid programmable DNA binding protein

(napDNAbp) and the adenosine deaminase.

198. The method of claim 197, wherein the one or more linkers comprises the amino acid

sequence set forth in any one of SEQ ID NOs: 10, 37-40, 384-386, 685-688, or 800-801.

199. The method of claim 198, wherein the linker comprises the amino acid sequence set

forth in SEQ ID NO: 800.

200. The method of any one of claims 172-199, wherein the fusion protein further

comprises a second adenosine deaminase.

201. The method of claim 200, wherein the second adenosine deaminase is an ecTadA.

202. The method of claim 201, wherein the first adenosine deaminase and the second



adenosine deaminase are the same.

203. The method of claim 201, wherein the first adenosine deaminase and the second

adenosine deaminase are different.

204. The method of any one of claims 200-203, wherein the second adenosine deaminase

comprises the amino acid sequence of SEQ ID NO: 1.

205. The method of any one of claims 200-203, wherein the second adenosine deaminase

consists of the amino acid sequence of SEQ ID NO: 1.

206. The method of any one of claims 200-203, wherein the second adenosine deaminase

comprises an amino acid sequence that is at least 80%, 85%, 90%, 95%, 98%, 99%, or 99.5%

identical to any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684, or 802-805.

207. The method of any one of claims 200-203, wherein the second adenosine deaminase

comprises the amino acid sequence of any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684,

or 802-805.

208. The method of any one of claims 200-203, wherein the second adenosine deaminase

consists of the amino acid sequence of any one of SEQ ID NOs: 1, 64-84, 420-437, 672-684,

or 802-805.

209. The method of any one of claims 200-203, wherein the second adenosine deaminase

comprises an amino acid sequence that is at least 80%, 85%, 90%, 95%, 98%, 99%, or 99.5%

identical to the amino acid sequence of SEQ ID NO: 1.

210. The method of any one of claims 172-209, wherein the fusion protein comprises the

structure:

[first adenosine deaminase]-[second adenosine deaminase] -[napDNAbp];

[second adenosine deaminase] -[first adenosine deaminase] -[napDNAbp];

[first adenosine deaminase]-[second adenosine deaminase] -[napDNAbp]-[NLS]; or

[second adenosine deaminase] -[first adenosine deaminase] -[napDNAbp] -[NLS];

wherein the napDNAbp is a Cas9 domain, and wherein the "-" indicates the presence of an



optional linker sequence.

211. The method of claim 210, wherein the Cas9 domain is a Cas9 nickase (nCas9).

212. The method of any one of claims 200-21 1, wherein the first adenosine deaminase and

the second deaminase are fused via a linker comprising the amino acid sequence (SGGS)n-

SGSETPGTSESATPES-(SGGS)„ (SEQ ID NO: 801), wherein n is 1, 2, 3, 4, or 5 .

213. The method of any one of claims 200-212, wherein the first adenosine deaminase and

the second deaminase are fused via a linker comprising the amino acid sequence (SGGS)2-

SGSETPGTSESATPES-(SGGS) 2 (SEQ ID NO: 800).

214. The method of any one of claims 200-213, wherein the first adenosine deaminase or

the second adenosine deaminase is fused to the napDNAbp via a linker comprising the amino

acid sequence (SGGS)„-SGSETPGTSESATPES-(SGGS)„ (SEQ ID NO: 801), wherein n is 1,

2, 3, 4, or 5 .

215. The method of any one of claims 200-214, wherein the first adenosine deaminase or

the second adenosine deaminase is fused to the napDNAbp via a linker comprising the amino

acid sequence (SGGS)2-SGSETPGTSESATPES-(SGGS) 2 (SEQ ID NO: 800).

216. The method of any one of claims 200-215, wherein the first adenosine deaminase is

the adenosine deaminase of SEQ ID NO: 805; and the second adenosine deaminase is the

adenosine deaminase of SEQ ID NO: 1.

217. The method of any one of claims 200-215, wherein the first adenosine deaminase is

the adenosine deaminase of SEQ ID NO: 804; and the second adenosine deaminase is the

adenosine deaminase of SEQ ID NO: 1.

218. The method of any one of claims 200-215, wherein the first adenosine deaminase is

the adenosine deaminase of SEQ ID NO: 803; and the second adenosine deaminase is the

adenosine deaminase of SEQ ID NO: 1.

219. The method of any one of claims 200-215, wherein the first adenosine deaminase is

the adenosine deaminase of SEQ ID NO: 802; and the second adenosine deaminase is the



adenosine deaminase of SEQ ID NO: 1.

220. The method of any one of claims 200-215, wherein the first adenosine deaminase is

the adenosine deaminase of SEQ ID NO: 682; and the second adenosine deaminase is the

adenosine deaminase of SEQ ID NO: 1.

221. The method of any one of claims 172-220, wherein the fusion protein further

comprises (ii) a guide RNA bound to the nucleic acid programmable DNA binding protein

(napDNAbp), wherein the guide RNA (gRNA) comprises a guide sequence that is

complementary to a target nucleic acid sequence in the promoter of the HBGl and/or HBG2

gene.

222. The method of claim 221, wherein the guide sequence of the guide RNA comprises

the nucleic acid sequence

5'-UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846);

5'-CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847);

5'-AUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 848);

5'-UGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 849).

5'-GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850);

5'-UGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 851);

5'-GGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 852); or

5'-GGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 853).

223. The method of claim 222, wherein the guide sequence of the gRNA further comprises

a G at the 5' end.

224. The method of claim 222 or 223, wherein the guide sequence of the gRNA comprises

the 5'-GUGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 850).

225. The method of any one of claims 172-220, wherein the fusion protein further

comprises (ii) a guide RNA bound to the nucleic acid programmable DNA binding protein

(napDNAbp), wherein the guide RNA comprises a guide sequence that is complementary to a

target nucleic acid sequence in the HFE gene.



226. The method of claim 225, wherein the guide sequence of the gRNA comprises the

nucleic acid sequence:

5'- AUAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 862);

5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863);

5'- AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864);

5'- UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865);

5'- ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866);

5'- CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867);

5'- GUACCAGGUGGAGCACCC-3' (SEQ ID NO: 868); or

5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869).

227. The method of claim 226, wherein the guide sequence of the gRNA further comprises

a G at the 5' end of any one of the sequences listed in claim 226.

228. The method of any one of claims 225-227, wherein the guide sequence of the gRNA

comprises the nucleic acid sequence 5'-GACGUACCAGGUGGAGCACCC-3' (SEQ ID NO:

870).

229. The method of any one of claims 172-220, wherein the fusion protein further

comprises (ii) a guide RNA bound to the nucleic acid programmable DNA binding protein

(napDNAbp), wherein the guide RNA (gRNA) comprises a guide sequence that is

complementary to a target nucleic acid sequence in the promoter of the HBGl and/or HBG2

gene.

230. The method of claim 229, wherein the guide sequence of the guide RNA comprises

the nucleic acid sequence

5 '-GACAGAUAUUUGCAUUGAGAUAGUGUGG-3 ' (SEQ ID NO: 254);

5'-ACAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 255);

5'-CAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 256);

5'-AGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 257);

5'-GAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 258);

5'-AUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 259);

5'-AUGCAAAUAUCUGUCUGAAACGG-3' (SEQ ID NO: 260);



5'-GCAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 261);

5'-CAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 262);

5'-AAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 263);

5'-AAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 264);

5'-AUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 265);

5'-UAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 266);

5'-AGAUAUUUGCAUUGAGAUAGUGU-3' (SEQ ID NO: 267);

5'-ACAGAUAUUUGCAUUGAGAUAGU-3' (SEQ ID NO: 268);

5'- GUGGGGAAGGGGCCCCCAAGAGG-3 ' (SEQ ID NO: 269);

5'-CUUGACCAAUAGCCUUGACAAGG-3' (SEQ ID NO: 270);

5'-CUUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 271);

5'-UUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 272);

5'-UGUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 273);

5'-GUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 274);

5'-UCAAGGCUAUUGGUC AAGGCAAGG-3' (SEQ ID NO: 275);

5'-CAAGGCUAUUGGUC AAGGCAAGG-3' (SEQ ID NO: 276);

5'-UUGUCAAGGCUAUUGGUCAAGGC-3' (SEQ ID NO: 277);

5'-CUUGUCAAGGCUAUUGGUCAAGG-3' (SEQ ID NO: 278);

5'-UUGACCAAUAGCCUUGACAAGGC-3' (SEQ ID NO: 279); or

5'-UAGCCUUGACAAGGCAAACUUGA-3' (SEQ ID NO: 280).

23 1. The method of claim 230, wherein the guide sequence of the gRNA further comprises

a G at the 5' end of any one of the sequences listed in claim 230.

232. The method of any one of claims 172-220, wherein the fusion protein further

comprises (ii) a guide RNA bound to the nucleic acid programmable DNA binding protein

(napDNAbp), wherein the guide RNA comprises a guide sequence that is complementary to a

target nucleic acid sequence in the HBB gene.

233. The method of claim 232, wherein the guide sequence of the gRNA comprises the

nucleic acid sequence:

5'-UUCUCCACAGGAGUCAGAUGCAC-3' (SEQ ID NO: 281);

5'-UCUCCACAGGAGUCAGAUGCACC-3' (SEQ ID NO: 282);

5'-UUCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 283);



5'-UCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 284);

5'-CUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 285);

5'-UCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 286);

5'-CCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 287);

5'-CACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 288);

5'-ACUUCUCCACAGGAGUCAGAUGC-3' (SEQ ID NO: 289);

5'-UCUCCACAGGAGUCAGAUGCACCAUGGU-3' (SEQ ID NO: 290);

5'-ACUCCUAAGGAGAAGUCUGCCGU-3' (SEQ ID NO: 291);

5'-UUGGUGGUAAGGCCCUGGGCAGG-3' (SEQ ID NO: 292);

5'-UGGUGGUAAGGCCCUGGGCAGGU-3' (SEQ ID NO: 293); or

5'-UGGUAAGGCCCUGGGCAGGUUGG-3' (SEQ ID NO: 294).

234. The method of claim 233, wherein the guide sequence of the gRNA further comprises

a G at the 5' end of any one of the sequences listed in claim 233.

235. The method of any one of claims 172-220, wherein the fusion protein further

comprises (ii) a guide RNA bound to the nucleic acid programmable DNA binding protein

(napDNAbp), wherein the guide RNA comprises a guide sequence that is complementary to a

target nucleic acid sequence in the F8 gene.

236. The method of claim 235, wherein the guide sequence of the gRNA comprises the

nucleic acid sequence:

5'-AGCAUUGUAUAUUCUCUGUGAGG-3' (SEQ ID NO: 295); or

5'-AAAGCAUUGUAUAUUCUCUGUGA-3' (SEQ ID NO: 296).

237. The method of claim 236, wherein the guide sequence of the gRNA further comprises

a G at the 5' end of any one of the sequences listed in claim 236.

238. The method of any one of claims 1-237, wherein the base editor comprises or consists

of the amino acid sequence of SEQ ID NO: 707.

239. The method of any one of claims 1-237, wherein the base editor comprises or consists

of the amino acid sequence of SEQ ID NO: 708.



240. The method of any one of claims 1-237, wherein the base editor comprises or consists

of the amino acid sequence of SEQ ID NO: 709.

241. The method of any one of claims 1-237, wherein the base editor comprises or consists

of the amino acid sequence of SEQ ID NO: 710.

242. The method of any one of claims 1-237, wherein the base editor comprises or consists

of the amino acid sequence of SEQ ID NO: 711.

243. The method of any one of claims 1-242, wherein the method causes less than 20%,

19%, 18%, 16%, 14%, 12%, 10%, 8%, 6%, 4%, 2%, 1%, 0.5%, 0.2%, or 0.1% indel

formation.

244. The method of any one of claims 1-243, wherein the efficiency of deaminating an A

nucleobase is at least 5%.

245. The method of claim 244, wherein the efficiency of deaminating an A nucleobase is at

least 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 60%, 70%, 80%, 90%, 95%, or

98%.

246. A kit comprising a nucleic acid construct, comprising

(a) a nucleic acid sequence encoding a base editor fusion protein comprising (i) a

nucleic acid programmable DNA binding protein (napDNAbp) and (ii) an adenosine

deaminase capable of deaminating adenosine in DNA;

and

(b) a guide RNA or an expression construct encoding the guide RNA, wherein the

guide RNA comprises a guide sequence that is complementary to a target nucleic acid

sequence in a sense or antisense strand of

(i) a promoter of an HBG1 and/or HBG2 gene;

(ii) an HFE gene;

(iii) an the HBB gene; or

(iv) an the F8 gene.

247. The kit of claim 246, wherein the target nucleic acid sequence is a nucleic acid



sequence in the promoter of the HBG1 and/or HBG2 gene.

248. The kit of claim 247, wherein the target nucleic acid sequence comprises the nucleic

acid sequence:

5'-CTTGGGGGCCCCTTCCCCACACTA-3' (SEQ ID NO: 838);

5'-CTTGGGGGCCCCTTCCCCACACT-3' (SEQ ID NO: 839);

5'-CTTGGGGGCCCCTTCCCCACAC-3' (SEQ ID NO: 840);

5'-CTTGGGGGCCCCTTCCCCACA-3' (SEQ ID NO: 841);

5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 842);

5'-CTTGGGGGCCCCTTCCCCA-3' (SEQ ID NO: 843);

5'-CTTGGGGGCCCCTTCCCC-3' (SEQ ID NO: 844); or

5'-CTTGGGGGCCCCTTCCC-3' (SEQ ID NO: 845).

249. The kit of claim 248, wherein the target nucleic acid further comprises 5'-CCT-3' at

the 5' end of any one of the sequences listed in claim 238.

250. The kit of any one of claims 247-249, wherein the target nucleic acid sequence in the

promotor comprises the nucleic acid sequence 5'-CTTGGGGGCCCCTTCCCCAC-3' (SEQ

ID NO: 842).

251. The kit of claim 246, wherein the target nucleic acid sequence is a nucleic acid

sequence in the HFE gene.

252. The kit of claim 250, wherein the target nucleic acid sequence in the HFE gene

comprises the nucleic acid sequence:

5'-GGGTGCTCCACCTGGTACGTATAT-3 ' (SEQ ID NO: 854);

5'-GGGTGCTCCACCTGGTACGTATA-3 ' (SEQ ID NO: 855);

5'-GGGTGCTCCACCTGGTACGTAT-3 ' (SEQ ID NO: 856);

5'-GGGTGCTCCACCTGGTACGTA-3 ' (SEQ ID NO: 857);

5'-GGGTGCTCCACCTGGTACGT-3 ' (SEQ ID NO: 858);

5'-GGGTGCTCCACCTGGTACG-3 ' (SEQ ID NO: 859);

5'-GGGTGCTCCACCTGGTAC-3 ' (SEQ ID NO: 860); or

5'-GGGTGCTCCACCTGGTA-3 ' (SEQ ID NO: 861).



253. The kit of claim 251, wherein the target nucleic acid further comprises 5'-CCT-3' at

the 5' end of any one of the sequences listed in claim 241.

253. The kit of any one of claims 250-252, wherein the target nucleic acid sequence in the

HFE gene comprises the nucleic acid sequence 5'-GGGTGCTCCACCTGGTACGT-3 ' (SEQ

ID NO: 858).

254. The kit of claim 246, wherein the target nucleic acid sequence is a nucleic acid

sequence in the promoter of the HBG1 and/or HBG2 gene.

255. The kit of claim 254, wherein the target nucleic acid sequence comprises the nucleic

acid sequence:

5'- CCACACTATCTCAATGCAAATATCTGTC-3 ' (SEQ ID NO: 297);

5'- CCACACTATCTCAATGCAAATATCTGT-3 ' (SEQ ID NO: 298);

5'- CCACACTATCTCAATGCAAATATCTG-3 ' (SEQ ID NO: 299);

5'- CCACACTATCTCAATGCAAATATCT-3' (SEQ ID NO: 300);

5'- CCACACTATCTCAATGCAAATATC-3 ' (SEQ ID NO: 301);

5'- CCACACTATCTCAATGCAAATAT-3' (SEQ ID NO: 302);

5 '-CCGTTTCAGACAGATATTTGC AT-3 ' (SEQ ID NO: 303);

5 '-CCAGGGACCGTTTC AGACAGATATTTGC-3 ' (SEQ ID NO: 304);

5 '-CCAGGGACCGTTTC AGACAGATATTTG-3 ' (SEQ ID NO: 305);

5 '-CCAGGGACCGTTTC AGACAGATATTT-3' (SEQ ID NO: 306);

5 '-CCAGGGACCGTTTC AGACAGATATT-3 ' (SEQ ID NO: 307);

5 '-CCAGGGACCGTTTC AGACAGATAT-3' (SEQ ID NO: 308);

5 '-CCAGGGACCGTTTC AGACAGATA-3' (SEQ ID NO: 309);

5'-ACACTATCTCAATGCAAATATCT-3' (SEQ ID NO: 310);

5'-ACTATCTCAATGCAAATATCTGT-3 ' (SEQ ID NO: 311);

5'- CCTCTTGGGGGCCCCTTCCCCAC-3' (SEQ ID NO: 312);

5 '-CCTTGTCAAGGCTATTGGTCAAG-3 ' (SEQ ID NO: 313);

5'-CCTTGCCTTGACCAATAGCCTTGAC AAG-3 ' (SEQ ID NO: 314);

5'-CCTTGCCTTGACCAATAGCCTTGAC AA-3 ' (SEQ ID NO: 315);

5'-CCTTGCCTTGACCAATAGCCTTGAC A-3 ' (SEQ ID NO: 316);

5'-CCTTGCCTTGACCAATAGCCTTGAC-3 ' (SEQ ID NO: 317);

5'-CCTTGCCTTGACCAATAGCCTTGA-3 ' (SEQ ID NO: 318);



5'-CCTTGCCTTGACC AATAGCCTTG-3 ' (SEQ ID NO: 319);

5'-GCCTTGACCAATAGCCTTGAC AA-3 ' (SEQ ID NO: 320);

5'-CCTTGACCAATAGCCTTGAC AAG-3 ' (SEQ ID NO: 321);

5'-GCCTTGTCAAGGCTATTGGTCAA-3 ' (SEQ ID NO: 322); or

5 '-TCAAGTTTGCCTTGTCAAGGCTA-3 ' (SEQ ID NO: 323).

256. The kit of claim 256, wherein the target nucleic acid sequence is a nucleic acid

sequence in the HBB gene.

257. The kit of claim 256, wherein the target nucleic acid sequence in the HBB gene

comprises the nucleic acid sequence:

5'-GTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 324);

5'-GGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 325);

5 '-CCATGGTGCATCTGACTCCTGTGGAGAA-3 ' (SEQ ID NO: 326);

5 '-CCATGGTGCATCTGACTCCTGTGGAGA-3 ' (SEQ ID NO: 327);

5 '-CCATGGTGCATCTGACTCCTGTGGAG-3 ' (SEQ ID NO: 328);

5 '-CCATGGTGCATCTGACTCCTGTGGA-3 ' (SEQ ID NO: 329);

5 '-CCATGGTGCATCTGACTCCTGTGG-3' (SEQ ID NO: 330);

5 '-CCATGGTGCATCTGACTCCTGTG-3' (SEQ ID NO: 331);

5'-GCATCTGACTCCTGTGGAGAAGT-3 ' (SEQ ID NO: 332);

5 '-ACCATGGTGCATCTGACTCCTGTGGAGA-3' (SEQ ID NO: 333);

5'-ACGGCAGACTTCTCCTTAGGAGT-3 ' (SEQ ID NO: 334);

5'-CCTGCCCAGGGCCTTACCACCAA-3' (SEQ ID NO: 335);

5'-ACCTGCCCAGGGCCTTACCACCA-3' (SEQ ID NO: 336); or

5'-CCAACCTGCCCAGGGCCTTACCA-3' (SEQ ID NO: 337).

258. The kit of claim 246, wherein the target nucleic acid sequence is a nucleic acid

sequence in the F8 gene.

259. The kit of claim 258, wherein the target nucleic acid sequence in the F8 gene

comprises the nucleic acid sequence:

5 '-CCTCACAGAGAATATAC AATGCT-3 ' (SEQ ID NO: 338); or

5 '-TCACAGAGAATATACAATGCTTT-3 ' (SEQ ID NO: 339).



260. A complex comprising (i) any of the fusion proteins provided herein and (ii) a guide

RNA, wherein the guide RNA comprises a guide sequence comprising the nucleic acid

sequence

5'-UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846);

5'-CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847);

5'-AUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 848);

5'-UGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 849).

5'-GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850);

5'-UGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 851);

5'-GGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 852); or

5'-GGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 853).

261. A complex comprising (i) any of the fusion proteins provided herein and (ii) a guide

RNA, wherein the guide RNA comprises a guide sequence comprising the nucleic acid

sequence

5'- AUAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 862);

5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863);

5'- AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864);

5'- UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865);

5'- ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866);

5'- CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867);

5'- GUACCAGGUGGAGCACCC-3' (SEQ ID NO: 868); or

5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869).

262. A complex comprising (i) any of the fusion proteins provided herein and (ii) a guide

RNA, wherein the guide RNA comprises a guide sequence comprising the nucleic acid

sequence

5 '-GACAGAUAUUUGCAUUGAGAUAGUGUGG-3 ' (SEQ ID NO: 254);

5'-ACAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 255);

5'-CAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 256);

5'-AGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 257);

5'-GAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 258);

5'-AUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 259);

5'-AUGCAAAUAUCUGUCUGAAACGG-3' (SEQ ID NO: 260);



5'-GCAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 261);

5'-CAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 262);

5'-AAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 263);

5'-AAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 264);

5'-AUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 265);

5'-UAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 266);

5'-AGAUAUUUGCAUUGAGAUAGUGU-3' (SEQ ID NO: 267);

5'-ACAGAUAUUUGCAUUGAGAUAGU-3' (SEQ ID NO: 268);

5'- GUGGGGAAGGGGCCCCCAAGAGG-3 ' (SEQ ID NO: 269);

5'-CUUGACCAAUAGCCUUGACAAGG-3' (SEQ ID NO: 270);

5'-CUUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 271);

5'-UUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 272);

5'-UGUCAAGGCUAUUGGUC AAGGCAAGG-3 ' (SEQ ID NO: 273);

5'-GUCAAGGCUAUUGGUCAAGGCAAGG-3 ' (SEQ ID NO: 274);

5'-UCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 275);

5'-CAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 276);

5'-UUGUCAAGGCUAUUGGUCAAGGC-3' (SEQ ID NO: 277);

5'-CUUGUCAAGGCUAUUGGUCAAGG-3' (SEQ ID NO: 278);

5'-UUGACCAAUAGCCUUGACAAGGC-3' (SEQ ID NO: 279); or

5'-UAGCCUUGACAAGGCAAACUUGA-3' (SEQ ID NO: 280).

263. A complex comprising (i) any of the fusion proteins provided herein and (ii) a guide

RNA, wherein the guide RNA comprises a guide sequence comprising the nucleic acid

sequence

5'-UUCUCCACAGGAGUCAGAUGCAC-3' (SEQ ID NO: 281);

5'-UCUCCACAGGAGUCAGAUGCACC-3' (SEQ ID NO: 282);

5'-UUCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 283);

5'-UCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 284);

5'-CUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 285);

5'-UCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 286);

5'-CCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 287);

5'-CACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 288);

5'-ACUUCUCCACAGGAGUCAGAUGC-3' (SEQ ID NO: 289);

5'-UCUCCACAGGAGUCAGAUGCACCAUGGU-3' (SEQ ID NO: 290);



5'-ACUCCUAAGGAGAAGUCUGCCGU-3' (SEQ ID NO: 291);

5'-UUGGUGGUAAGGCCCUGGGCAGG-3' (SEQ ID NO: 292);

5'-UGGUGGUAAGGCCCUGGGCAGGU-3' (SEQ ID NO: 293); or

5'-UGGUAAGGCCCUGGGCAGGUUGG-3' (SEQ ID NO: 294).

264. A complex comprising (i) any of the fusion proteins provided herein and (ii) a guide

RNA, wherein the guide RNA comprises a guide sequence comprising the nucleic acid

sequence

5'-AGCAUUGUAUAUUCUCUGUGAGG-3' (SEQ ID NO: 295); or

5'-AAAGCAUUGUAUAUUCUCUGUGA-3' (SEQ ID NO: 296).

265. A guide RNA (sgRNA) comprising the nucleic acid sequence

5'-UCAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 846);

5'-CAUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 847);

5'-AUGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 848);

5'-UGUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 849).

5'-GUGGGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 850);

5'-UGGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 851);

5'-GGGGAAGGGGCCCCC AAG-3 ' (SEQ ID NO: 852);

5'-GGGAAGGGGCCCCCAAG-3 ' (SEQ ID NO: 853);

5'- AUAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 862);

5'- UAUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 863);

5'- AUACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 864);

5'- UACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 865);

5'- ACGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 866);

5'- CGUACCAGGUGGAGCACCC-3' (SEQ ID NO: 867);

5'- GUACCAGGUGGAGCACCC-3' (SEQ ID NO: 868);

5'- UACCAGGUGGAGCACCC-3' (SEQ ID NO: 869);

5 '-GACAGAUAUUUGCAUUGAGAUAGUGUGG-3 ' (SEQ ID NO: 254);

5'-ACAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 255);

5'-CAGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 256);

5'-AGAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 257);

5'-GAUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 258);

5'-AUAUUUGCAUUGAGAUAGUGUGG-3' (SEQ ID NO: 259);



'-AUGCAAAUAUCUGUCUGAAACGG-3' (SEQ ID NO: 260);

'-GCAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 261);

'-CAAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 262);

'-AAAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 263);

'-AAUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 264);

'-AUAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 265);

'-UAUCUGUCUGAAACGGUCCCUGG-3' (SEQ ID NO: 266);

'-AGAUAUUUGCAUUGAGAUAGUGU-3' (SEQ ID NO: 267);

'-ACAGAUAUUUGCAUUGAGAUAGU-3' (SEQ ID NO: 268);

'- GUGGGGAAGGGGCCCCCAAGAGG-3 ' (SEQ ID NO: 269);

'-CUUGACCAAUAGCCUUGACAAGG-3' (SEQ ID NO: 270);

'-CUUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 271);

'-UUGUCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 272);

'-UGUCAAGGCUAUUGGUCAAGGCAAGG-3 ' (SEQ ID NO: 273);

'-GUCAAGGCUAUUGGUCAAGGCAAGG-3 ' (SEQ ID NO: 274);

'-UCAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 275);

'-CAAGGCUAUUGGUCAAGGCAAGG-3' (SEQ ID NO: 276);

'-UUGUCAAGGCUAUUGGUCAAGGC-3' (SEQ ID NO: 277);

'-CUUGUCAAGGCUAUUGGUCAAGG-3' (SEQ ID NO: 278);

'-UUGACCAAUAGCCUUGACAAGGC-3' (SEQ ID NO: 279);

'-UAGCCUUGACAAGGCAAACUUGA-3' (SEQ ID NO: 280);

'-UUCUCCACAGGAGUCAGAUGCAC-3' (SEQ ID NO: 281);

'-UCUCCACAGGAGUCAGAUGCACC-3' (SEQ ID NO: 282);

'-UUCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 283);

'-UCUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 284);

'-CUCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 285);

'-UCCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 286);

'-CCACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 287);

'-CACAGGAGUCAGAUGCACCAUGG-3' (SEQ ID NO: 288);

'-ACUUCUCCACAGGAGUCAGAUGC-3' (SEQ ID NO: 289);

'-UCUCCACAGGAGUCAGAUGCACCAUGGU-3' (SEQ ID NO: 290);

'-ACUCCUAAGGAGAAGUCUGCCGU-3' (SEQ ID NO: 291);

'-UUGGUGGUAAGGCCCUGGGCAGG-3' (SEQ ID NO: 292);

'-UGGUGGUAAGGCCCUGGGCAGGU-3' (SEQ ID NO: 293); or



5'-UGGUAAGGCCCUGGGCAGGUUGG-3' (SEQ ID NO: 294);

5'-AGCAUUGUAUAUUCUCUGUGAGG-3' (SEQ ID NO: 295); or

5'-AAAGCAUUGUAUAUUCUCUGUGA-3' (SEQ ID NO: 296).

266. The guide RNA of claim 265, wherein the guide RNA is a single-guide RNA

(sgRNA).

267. A nucleic acid encoding the guide RNA of claim 265 or 266.

268. A vector comprising the nucleic acid of claim 267.

269. The vector of claim 268, wherein the vector comprises a heterologous promoter that

drives expression of the guide RNA.

270. A pharmaceutical composition comprising the complex of claim 260 or 264; the guide

RNA of claim 265 or 266; the nucleic acid of claim 267; or the vector of claim 268 or 269.

271. The pharmaceutical composition of claim 270, further comprising a pharmaceutically

acceptable excipient.

272. The pharmaceutical composition of claim 270 or 271 further comprising a cationic

lipid or cationic polymer.
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