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CAS9 PROTEINS INCLUDING LIGAND-DEPENDENT INTEINS 

RELATED APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. § 119(e) to U.S. provisional 

patent application, U.S.S.N. 62/030,943, filed July 30, 2014, and to U.S. provisional patent 

application, U.S.S.N. 62/135,629, filed March 19, 2015, the entire contents of each of which 

are incorporated herein by reference.  

GOVERNMENT SUPPORT 

[0002] This invention was made with U.S. Government support under RO1 

GM095501 and F32GM106601, awarded by the National Institutes of Health/National 

Institute of General Medical Sciences, and under grant numbers HR001 1-11-2-0003 and 

N66001-12-C-4207, awarded by the Department of Defense. The Government has certain 

rights in the invention.  

BACKGROUND OF THE INVENTION 

[0003] Site-specific enzymes theoretically allow for the targeted manipulation of a 

single site within a genome and are useful in the context of gene targeting as well as for 

therapeutic applications. In a variety of organisms, including mammals, site-specific 

enzymes such as endonucleases have been used for genome engineering by stimulating either 

non-homologous end joining or homologous recombination. In addition to providing 

powerful research tools, site-specific nucleases also have potential as gene therapy agents, 

and two site-specific endonucleases have recently entered clinical trials: one, CCR5-2246, 

targeting a human CCR-5 allele as part of an anti-HIV therapeutic approach (clinical trials 

NCT00842634, NCT01044654, NCT01252641), and the other one, VF24684, targeting the 

human VEGF-A promoter as part of an anti-cancer therapeutic approach (clinical trial 

NCT01082926).  

[0004] Specific manipulation of the intended target site without or with only minimal 

off-target activity is a prerequisite for clinical applications of site-specific enzymes, and also 

for high-efficiency genomic manipulations in basic research applications. For example, 

imperfect specificity of engineered site-specific binding domains of certain nucleases has 

been linked to cellular toxicity and undesired alterations of genomic loci other than the 

intended target. Most nucleases available today, however, exhibit significant off-target 
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activity, and thus may not be suitable for clinical applications. An emerging nuclease 

platform for use in clinical and research settings are the RNA-guided nucleases, such as Cas9.  

While these nucleases are able to bind guide RNAs (gRNAs) that direct cleavage of specific 

target sites, off-target activity is still observed for certain Cas9:gRNA complexes (Pattanayak 

et al., "High-throughput profiling of off-target DNA cleavage reveals RNA-programmed 

Cas9 nuclease specificity." Nat Biotechnol. 2013; doi: 10.1038/nbt.2673). Technology for 

engineering site-specific enzymes with reduced off-target effects is therefore needed.  

SUMMARY OF THE INVENTION 

[0005] The reported toxicity of some engineered site-specific enzymes such as 

endonucleases is thought to be based on off-target DNA cleavage. Further, the activity of 

existing RNA-guided nucleases generally cannot be controlled at the molecular level, for 

example, to switch a nuclease from an "off" to an "on" state. Controlling the activity of 

nucleases and other site-specific enzymes suitable for nucleic acid manipulations or 

modifications could decrease the likelihood of incurring off-target effects. Some aspects of 

this disclosure provide strategies, compositions, systems, and methods to control the binding 

and/or enzymatic activity of RNA-programmable enzymes, such as Cas9 endonuclease, 

nickases, deaminases, recombinases, transcriptional activators and repressors, epigenetic 

modifiers variants and fusions thereof.  

[0006] Accordingly, one aspect of the present disclosure provides Cas9 proteins 

(including fusions of Cas9 proteins and functional domains) comprising inteins, for example, 

ligand-dependent inteins. The presence of the intein inhibits one or more activities of the 

Cas9 proteins, for example, nucleic acid binding activity (e.g., target nucleic acid binding 

activity and/or gRNA binding activity), a nuclease activity, or another enzymatic activity 

(e.g., nucleic acid modifying activity, transcriptional activation and repression, etc.) for 

which the Cas9 protein (e.g., Cas9 fusion protein) is engineered to undertake (e.g., nuclease 

activity, nickase activity, recombinase activity, deaminase activity, transcriptional 

activator/repressor activity, epigenetic modification, etc.). In some embodiments, the Cas9 

protein is a Cas9 nickase. The Cas9 fusions are typically between a nuclease inactivated 

Cas9 ("dCas") and one or more functional domains. The intein may be inserted into any 

location of a Cas9 protein, including one or more domains of a Cas9 protein or Cas9 fusion 

(including in a functional domain), such as the HNH nuclease domain or the RuvC nuclease 

domain. In some embodiments, the intein replaces amino acid residue Cys8O, Ala127, 

Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, Thr995, Ser1O06, 
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Ser 154, Ser 159, or Ser1274 in the Cas9 polypeptide sequence set forth as SEQ ID NO:2, in 

the dCas9 polypeptide sequence set forth as SEQ ID NO:5, or in the Cas9 nickase 

polypeptide sequence set forth as SEQ ID NO:4. In some embodiments, the intein replaces 

or is inserted at an amino acid residue that is within 5, within 10, within 15, or within 20 

amino acid residues of Cys80, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, 

Ser701, Ala728, Thr995, Ser1006, Serl154, Serl159, or Ser1274 in the Cas9 polypeptide 

sequence set forth as SEQ ID NO:2, in the dCas9 polypeptide sequence set forth as SEQ ID 

NO:5, or in the Cas9 nickase polypeptide sequence set forth as SEQ ID NO:4. the intein 

replaces amino acid residue Ala127, Thr146, Ser219, Thr519, or Cys574 in the Cas9 

polypeptide sequence set forth as SEQ ID NO:2, in the dCas9 polypeptide sequence set forth 

as SEQ ID NO:5, or in the Cas9 nickase polypeptide sequence set forth as SEQ ID NO:4.  

Typically the intein is a ligand-dependent intein which exhibits no or minimal protein 

splicing activity in the absence of ligand (e.g., small molecules such as 4-hydroxytamoxifen, 

peptides, proteins, polynucleotides, amino acids, and nucleotides). Ligand-dependent inteins 

are known, and include those described in U.S. patent application, U.S.S.N. 14/004,280, 

published as U.S. 2014/0065711 Al, the entire contents of which are incorporated herein by 

reference. In some embodiments, the intein comprises an amino acid sequence selected from 

the group consisting of SEQ ID NO:7-14.  

[0007] In one aspect, a Cas9 protein is provided that comprises: (i) a nuclease

inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent intein; and 

(iii) a recombinase catalytic domain. In some embodiments, the ligand-dependent intein 

domain is inserted into the dCas9 domain as described herein. Typically, the presence of the 

intein in the Cas9 protein inhibits one or more activities of the Cas9 protein, such as gRNA 

binding activity, target nucleic acid binding activity, and/or recombinase activity.  

Accordingly, upon self-excision of the intein (e.g., induced by ligand binding the intein) the 

one or more activities of the Cas9 protein is/are restored. In some embodiments, the 

recombinase catalytic domain is a monomer of the recombinase catalytic domain of Hin 

recombinase, Gin recombinase, or Tn3 recombinase.  

[0008] According to another aspect, a Cas9 protein is provided that comprises: (i) a 

nuclease-inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent 

intein; and (iii) a deaminase catalytic domain. In some embodiments, the ligand-dependent 

intein domain is inserted into the dCas9 domain as described herein. Typically, the presence 

of the intein in the Cas9 protein inhibits one or more activities of the Cas9 protein, such as 

gRNA binding activity, target nucleic acid binding activity, and/or deaminase activity.  
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Accordingly, upon self-excision of the intein (e.g., induced by ligand binding of the intein) 

the one or more activities of the Cas9 protein is/are restored. In some embodiments, the 

deaminase catalytic domain comprises a cytidine deaminase (e.g., of apolipoprotein B 

mRNA-editing complex (APOBEC) family deaminases such as APOBECI or activation

induced cytidine deaminase (AID)). In some embodiments, the deaminase catalytic domain 

comprises a ACF1/ASE deaminase or an adenosine deaminase, such as a ADAT family 

deaminase.  

[0009] According to another aspect, a Cas9 protein is provided that comprises: (i) a 

nuclease-inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent 

intein; and (iii) a transcriptional activator domain. In some embodiments, the ligand

dependent intein domain is inserted into the dCas9 domain as described herein. Typically, 

the presence of the intein in the Cas9 protein inhibits one or more activities of the Cas9 

protein, such as gRNA binding activity, target nucleic acid binding activity, and/or 

transcriptional activation. Accordingly, upon self-excision of the intein (e.g., induced by 

ligand binding the intein) the one or more activities of the Cas9 protein is/are restored. In 

some embodiments, the transcriptional activator domain is VP64, CP16, and p65.  

[0010] According to yet another aspect, a Cas9 protein is provided that comprises: (i) 

a nuclease-inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent 

intein; and (iii) a transcriptional repressor domain. In some embodiments, the ligand

dependent intein domain is inserted into the dCas9 domain as described herein. Typically, 

the presence of the intein in the Cas9 protein inhibits one or more activities of the Cas9 

protein, such as gRNA binding activity, target nucleic acid binding activity, and/or 

transcriptional repression. Accordingly, upon self-excision of the intein (e.g., induced by 

ligand binding the intein) the one or more activities of the Cas9 protein is/are restored. In 

some embodiments, the transcriptional repressor domain is KRAB, SID, or SID4x.  

According to yet another aspect, a Cas9 protein is provided that comprises: (i) a nuclease

inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent intein; and 

(iii) an epigenetic modifier domain. In some embodiments, the ligand-dependent intein 

domain is inserted into the dCas9 domain as described herein. Typically, the presence of the 

intein in the Cas9 protein inhibits one or more activities of the Cas9 protein, such as gRNA 

binding activity, target nucleic acid binding activity, and/or epigenetic modification activity.  

Accordingly, upon self-excision of the intein (e.g., induced by ligand binding the intein) the 

one or more activities of the Cas9 protein is/are restored. In some embodiments, the 

epigenetic modifier domain is epigenetic modifier is selected from the group consisting of 
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histone demethylase, histone methyltransferase, hydroxylase, histone deacetylase, and histone 

acetyltransferase. In some embodiments, the epigenetic modifier comprises the LSD 1 

histone demethylase or TETI hydroxylase.  

[0011] According to another aspect, methods of using Cas9 proteins are provided. In 

some embodiments involving site-specific DNA cleavage, the methods comprise (a) 

contacting a Cas9 protein (e.g., having nuclease activity) comprising a ligand-dependent 

intein with a ligand, wherein binding of the ligand to the intein induces self-excision of the 

intein; and (b) contacting a DNA with the Cas9 protein, wherein the Cas9 protein is 

associated with a gRNA; whereby self-excision of the intein from the Cas9 protein in step (a) 

allows the Cas9 protein to cleave the DNA, thereby producing cleaved DNA. In some 

embodiments, the Cas9 protein first binds a gRNA and optionally the target DNA prior to 

excision of the intein, but is unable to cleave the DNA until excision of the intein occurs.  

Any of the Cas9 proteins having nuclease activity and comprising a ligand-dependent intein, 

as described herein, can be used in the inventive methods.  

[0012] According to another aspect, methods of using any of the ligand-dependent 

intein-containing Cas9 proteins comprising a recombinase catalytic domain are provided. In 

some embodiments, the method is useful for recombining two nucleic acids, such as two 

DNAs, and comprises (a) contacting a first DNA with a first ligand-dependent dCas9

recombinase fusion protein (e.g., any of those described herein), wherein the dCas9 domain 

of the first fusion protein binds a first gRNA that hybridizes to a region of the first DNA; (b) 

contacting the first DNA with a second ligand-dependent dCas9-recombinase fusion protein, 

wherein the dCas9 domain of the second fusion protein binds a second gRNA that hybridizes 

to a second region of the first DNA; (c) contacting a second DNA with a third ligand

dependent dCas9-recombinase fusion protein, wherein the dCas9 domain of the third fusion 

protein binds a third gRNA that hybridizes to a region of the second DNA; and (d) contacting 

the second DNA with a fourth ligand-dependent dCas9-recombinase fusion protein, wherein 

the dCas9 domain of the fourth fusion protein binds a fourth gRNA that hybridizes to a 

second region of the second DNA; whereby the binding of the fusion proteins in steps (a) 

(d) results in the tetramerization of the recombinase catalytic domains of the fusion proteins, 

under conditions such that the DNAs are recombined. In some embodiments, the methods 

are useful for site-specific recombination between two regions of a single DNA molecule, 

and comprise (a) contacting the DNA with a first ligand-dependent dCas9-recombinase 

fusion protein, wherein the dCas9 domain if the first fusion protein binds a first gRNA that 

hybridizes to a region of the DNA; (b) contacting the DNA with a second ligand-dependent 
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dCas9-recombinase fusion protein, wherein the dCas9 domain of the second fusion protein 

binds a second gRNA that hybridizes to a second region of the DNA; (c) contacting the DNA 

with a third ligand-dependent dCas9-recombinase fusion protein, wherein the dCas9 domain 

of the third fusion protein binds a third gRNA that hybridizes to a third region of the DNA; 

(d) contacting the DNA with a fourth ligand-dependent dCas9-recombinase fusion protein, 

wherein the dCas9 domain of the fourth fusion protein binds a fourth gRNA that hybridizes 

to a fourth region of the DNA; whereby the binding of the fusion proteins in steps (a) - (d) 

results in the tetramerization of the recombinase catalytic domains of the fusion proteins, 

under conditions such that the DNA is recombined. In some embodiment, any of the 

methods first comprise contacting the fusion proteins with a ligand that induces self-excision 

of the intein. In some embodiments, the fusion proteins are contacted with the ligand after: 

(i) the fusion proteins bind a gRNA; (ii) the fusion proteins bind the DNA; or (iii) after the 

recombinase domains form a tetramer. In some embodiments, the gRNAs in any step (a)-(d) 

of the inventive methods hybridize to the same strand or to opposing strands in the DNA(s).  

In some embodiments, the gRNAs hybridize to regions of their respective DNAs that are no 

more than 10, no more than 15, no more than 20, no more than 25, no more than 30, no more 

than 40, no more than 50, no more than 60, no more than 70, no more than 80, no more than 

90, or no more than 100 base pairs apart.  

[0013] According to yet another aspect, methods of using any of the ligand-dependent 

intein Cas9 proteins comprising deaminase catalytic domains are provided. The methods 

comprise contacting a DNA molecule with (a) a ligand-dependent Cas9 protein comprising 

deaminase catalytic domain as provided herein; and (b) a gRNA targeting the Cas9 protein of 

step (a) to a target nucleotide sequence of the DNA strand; wherein the DNA molecule is 

contacted with the Cas9 protein, and the gRNA in an amount effective and under conditions 

suitable for the deamination of a nucleotide base. In some embodiments, the methods 

comprise contacting the Cas9 protein with a ligand that induces self-excision of the intein 

either before or after the Cas9 protein binds the gRNA. In some embodiments, the target 

DNA sequence comprises a sequence associated with a disease or disorder, and wherein the 

deamination of the nucleotide base results in a sequence that is not associated with a disease 

or disorder. In some embodiments, the DNA sequence to be modified comprises a T->C or 

A->G point mutation associated with a disease or disorder, and the deamination of the mutant 

C or G base results in a sequence that is not associated with a disease or disorder (e.g., the 

deamination corrects the mutation the caused the disease or disorder). In some embodiments, 

the deamination corrects a point mutation in the sequence associated with the disease or 
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disorder. In some embodiments, the sequence associated with the disease or disorder encodes 

a protein, and wherein the deamination introduces a stop codon into the sequence associated 

with the disease or disorder, resulting in a truncation of the encoded protein. In some 

embodiments, the deamination corrects a point mutation in the PI3KCA gene, thus correcting 

an H1047R and/or a A3140G mutation. In some embodiments, the contacting is performed 

in vivo in a subject susceptible to having or diagnosed with the disease or disorder. In some 

embodiments, the disease or disorder is a disease associated with a point mutation, or a 

single-base mutation, in the genome. In some embodiments, the disease is a genetic disease, 

a cancer, a metabolic disease, or a lysosomal storage disease.  

[0014] According to another aspect, methods for transcriptional activation of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional activator (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional activation of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene.  

[0015] According to another aspect, methods for transcriptional repression of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional repressor (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional repression of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene.  
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[0016] According to another aspect, methods for epigenetic modification of DNA are 

provided. In some embodiments, the DNA is chromosomal DNA. In some embodiments, the 

methods comprise contacting a DNA molecule with (a) a ligand-dependent dCas9 fusion 

protein comprising a epigenetic modifier (e.g., any of those provided herein) and (b) a gRNA 

targeting the fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein 

the DNA molecule is contacted with the fusion protein and the gRNA in an amount effective 

and under conditions suitable for the epigenetic modification of the DNA. In some 

embodiments, the method further comprises contacting the fusion protein with a ligand that 

induces self-excision of the intein. In some embodiments, the fusion protein is contacted 

with the ligand prior to forming a complex with a gRNA. In some embodiments, the fusion 

protein is contacted with the ligand after forming a complex with a gRNA. In some 

embodiments, the gRNA targets the promoter region of a gene in the DNA.  

[0017] Any of the methods provided herein can be performed on DNA in a cell, for 

example, a cell in vitro or in vivo. In some embodiments, any of the methods provided herein 

are performed on DNA in a eukaryotic cell. In some embodiments, the eukaryotic cell is in 

an individual, for example, a human.  

[0018] According to some embodiments, polynucleotides are provided, for example, 

that encode any of the proteins (e.g., proteins comprising ligand-dependent Cas9 proteins or 

variants) described herein. In some embodiments, vectors that comprise a polynucleotide 

described herein are provided. In some embodiments, vectors for recombinant expression of 

any of the proteins (e.g., comprising ligand-dependent Cas9 proteins or variants) described 

herein are provided. In some embodiments, cells comprising genetic constructs for 

expressing any of the proteins (e.g., comprising ligand-dependent Cas9 proteins or variants) 

described herein are provided.  

[0019] In some embodiments, kits useful in using, producing, or creating any of the 

ligand-dependent Cas9 proteins or variants thereof, as described herein, are provided. For 

example, kits comprising any of the proteins (e.g., ligand-dependent Cas9 proteins or 

variants) described herein are provided. In some embodiments, kits comprising any of the 

polynucleotides described herein are provided. In some embodiments, kits comprising a 

vector for recombinant expression, wherein the vectors comprise a polynucleotide encoding 

any of the proteins (e.g., ligand-dependent Cas9 proteins or variants) described herein, are 

provided. In some embodiments, kits comprising a cell comprising genetic constructs for 

expressing any of the proteins (e.g., ligand-dependent Cas9 proteins or variants) described 

herein are provided.  
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[0020] Other advantages, features, and uses of the invention will be apparent from the 

Detailed Description of Certain Embodiments of the Invention; the Drawings, which are 

schematic and not intended to be drawn to scale; and the Claims.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] Figure 1 shows a schematic depicting an exemplary embodiment of the 

disclosure. A Cas9 protein comprising a ligand-dependent intein, remains inactive in the 

absence of a ligand that binds the intein domain. Upon addition of the ligand, the intein is 

self-excised, restoring the activity of the Cas9 protein. Cas9 is then able to mediate RNA

guided cleavage of a DNA target sequence.  

[0022] Figure 2 shows the results of T7 Endonuclease I Surveyor assay used to 

assess ligand-dependent Cas9 gene modification at three target sites (EMX, VEGF, or 

CLTA). The presence of two bands corresponding to smaller DNA fragments (the fragments 

are approximately the same size for EMX) indicates genomic modification.  

[0023] Figure 3A-C. Insertion of an evolved ligand-dependent intein enables small

molecule control of Cas9. (A) Intein insertion renders Cas9 inactive. Upon 4-HT binding, the 

intein undergoes conformational changes that trigger protein splicing and restore Cas9 

activity. (B) The evolved intein was inserted to replace each of the colored residues. Intein

inserted Cas9 variants at S219 and C574 (green) were used in subsequent experiments. (C) 

Genomic EGFP disruption activity of wild-type Cas9 and intein-Cas9 variants in the absence 

or presence of 4-HT. Intein-Cas9 variants are identified by the residue replaced by the intein.  

Error bars reflect the standard deviation of three biological replicates.  

[0024] Figure 4A-D. Genomic DNA modification by intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9. (A) Indel frequency from high-throughput DNA 

sequencing of amplified genomic on-target sites in the absence or presence of 4-HT. Note 

that a significant number of indels were observed at the CLTA on-target site even in the 

absence of a targeting sgRNA (Table 9). (B-D) DNA modification specificity, defined as on

target:off-target indel frequency ratio4-6 , normalized to wild-type Cas9. Cells were transfected 

with 500 ng of the Cas9 expression plasmid. P-values are < 10 5 for the Fisher exact test 

(one-sided up) on comparisons of indel modification frequency in the presence versus the 

absence of 4-HT for intein-Cas9(S219) and intein-Cas9(C574). P-values were adjusted for 

multiple comparisons using the Benjamini-Hochberg method, and are listed in Table 5. Error 

bars reflect the range of two independent experiments conducted on different days.  
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[0025] Figure 5. Effect of 4-HT on cellular toxicity. Untransfected HEK293-GFP 

stable cells, and cells transfected with intein-Cas9(S219) and sgRNA expression plasmids, 

were treated with or without 4-HT (1 pM). 12 h after transfection, the media was replaced 

with full serum media, with or without 4-HT (1 pM). Cells were thus exposed to 4-HT for 0, 

12, or 60 h. The live cell population was determined by flow cytometry 60 h after transfection 

using TO-PRO-3 stain (Life Technologies). Error bars reflect the standard deviation of six 

technical replicates.  

[0026] Figure 6A-B. Western blot analysis of HEK293-GFP stable cells transfected 

with (A) wild-type Cas9 or (B) intein-Cas9(S219) expression plasmid. 12 h after transfection, 

cells were treated with or without 4-HT (1 pM). Cells were lysed and pooled from three 

technical replicates 4, 8, 12, or 24 h after 4-HT treatment. An anti-FLAG antibody (Sigma

Aldrich F1804) and an anti-mouse 800CW IRDye (LI-COR) were used to visualize the gel.  

Lanes 1 and 2 contain purified dCas9-VP64-3xFLAG protein and lysate from untransfected 

HEK293 cells, respectively.  

[0027] Figure 7. Indel frequency from high-throughput DNA sequencing of 

amplified genomic on-target sites ("On") and off-target sites ("Off 1-Off 4") by intein

Cas9(S219), intein-Cas9(C574), and wild-type Cas9 in the presence of 4-HT. 500 ng of Cas9 

expression plasmid was transfected. The higher observed efficiency of VEGF Off 1 

modification than VEGF on-target modification is consistent with a previous report. P-values 

are < 0.005 for the Fisher exact test (one-sided down) on all pairwise comparisons within 

each independent experiment of off-target modification frequency between either intein-Cas9 

variant in the presence of 4-HT versus that of wild-type Cas9 in the presence of 4-HT. P

values were adjusted for multiple comparisons using the Benjamini-Hochberg method, and 

are listed in Table 7. Error bars reflect the range of two independent experiments conducted 

on different days. See also Fu, Y. et al. High-frequency off-target mutagenesis induced by 

CRISPR-Cas nucleases in human cells. Nature biotechnology 31, 822-826 (2013).  

[0028] Figure 8A-C. DNA modification specificity of intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9 in the absence of 4-HT. (A-C) On-target:off-target indel 

frequency ratio following the transfection of 500 ng of intein-Cas9(S219), intein-Cas9(C574), 

or wild-type Cas9 expression plasmid.  

[0029] Figure 9. Genomic on-target DNA modification by intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9 in the presence of 4-HT. Five different amounts of wild

type Cas9 expression plasmid, specified in parenthesis, were transfected. P-values for 
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comparisons between conditions (Table 8) were obtained using the Fisher exact test and 

adjusted for multiple comparisons using the Benjamini-Hochberg Method.  

[0030] Figure 10A-B. Indel frequency from high-throughput DNA sequencing of 

amplified genomic on-target sites ("On") and off-target sites ("Off 1-Off 4") by intein

Cas9(S219), intein-Cas9(C574), and wild-type Cas9 in the presence of 4-HT. Five different 

amounts of wild-type Cas9 expression plasmid, specified in parenthesis, were transfected (A).  

Genomic sites with low modification frequencies are enlarged in (B). P-values for 

comparisons between conditions (Table 8) were obtained using the Fisher exact test and 

adjusted for multiple comparisons using the Benjamini-Hochberg Method.  

[0031] Figure 11A-C. DNA modification specificity of intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9 in the presence of 4-HT. (A-C) On-target:off-target indel 

frequency ratio normalized to wild-type Cas9 (500 ng). Five different amounts of wild-type 

Cas9 expression plasmid, specified in parenthesis, were transfected.  

[0032] Figure 12A-B. Genomic EGFP disruption activity of intein-Cas9(S219) and 

intein-Cas9(S219-G521R) in the presence of (A) P-estradiol or (B) 4-HT. Error bars reflect 

the standard deviation of three technical replicates.  

DEFINITIONS 

[0033] As used herein and in the claims, the singular forms "a," "an," and "the" 

include the singular and the plural reference unless the context clearly indicates otherwise.  

Thus, for example, a reference to "an agent" includes a single agent and a plurality of such 

agents.  

[0034] The term "Cas9" or "Cas9 nuclease" refers to an RNA-guided nuclease 

comprising a Cas9 protein, or a fragment thereof. A Cas9 nuclease is also referred to 

sometimes as a casnI nuclease or a CRISPR (clustered regularly interspaced short 

palindromic repeat)-associated nuclease. CRISPR is a prokaryotic adaptive immune system 

that provides protection against mobile genetic elements (e.g., 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 (mc), 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 
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complementary to crRNA is first cut endonucleolytically, then trimmed 3' -> 5' 

exonucleolytically. In nature, DNA-binding and cleavage typically requires protein and both 

RNA species. 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 

molecule. 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 M1 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. expand/collapse author 

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

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

K., Sharma C.M., Gonzales K., Chao Y., Pirzada Z.A., Eckert M.R., Vogel 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). 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, proteins comprising Cas9 

proteins 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 may be 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% 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, an 

N-terminal domain or a C-terminal domain, etc.), 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 98% identical, at least about 99% identical, at least about 99.5% 
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identical, or at least about 99.9% to the corresponding fragment of wild type Cas9. In some 

embodiments, wild type Cas9 corresponds to Cas9 from Streptococcus pyogenes (NCBI 

Reference Sequences: NC_017053.1 and NC_002737.1). In some embodiments, wild type 

Cas9 corresponds to SEQ ID NO: 1 (nucleotide); SEQ ID NO:2 (amino acid)). In some 

embodiments, Cas9 corresponds to a human codon optimized sequence of Cas9 (e.g., SEQ ID 

NO:3; See, e.g., Fu et al. High-frequency off-target mutagenesis induced by CRISPR-Cas 

nucleases in human cells. Nat. Biotechnol. 2013; 31, 822-826). In some embodiments, a 

Cas9 nuclease has an inactive (e.g., an inactivated) DNA cleavage domain. A nuclease

inactivated Cas9 protein may also be referred to as a "dCas9" protein (for nuclease "dead" 

Cas9). In some embodiments, dCas9 corresponds to, or comprises in part or in whole, the 

amino acid set forth as SEQ ID NO:5, below. In some embodiments, variants of dCas9 (e.g., 

variants of SEQ ID NO:5) are provided. For example, in some embodiments, variants having 

mutations other than D10A and H840A are provided, which e.g., result in a nuclease 

inactivated Cas9 (dCas9). Such mutations, by way of example, include other amino acid 

substitutions at D10 and H840, or other substitutions within the nuclease domains of Cas9 

(e.g., substitutions in the HNH nuclease subdomain and/or the RuvC1 subdomain). In some 

embodiments, a Cas9 protein variant is a Cas9 nickase, which includes a mutation which 

abolishes the nuclease activity of one of the two nuclease domains of the protein. In some 

embodiments, a Cas9 nickase has one, but not both of a D10A and H840A substitution. In 

some embodiments, a Cas9 nickase corresponds to, or comprises in part or in whole, the 

amino acid set forth as SEQ ID NO:4, below. In some embodiments, variants or homologues 

of dCas9 or Cas9 nickase 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% 

to SEQ ID NO:5 or SEQ ID NO:4, respectively. In some embodiments, variants of dCas9 or 

Cas9 nickase (e.g., variants of SEQ ID NO:5 and SEQ ID NO:4, respectively) are provided 

having amino acid sequences which are shorter, or longer than SEQ ID NO:5 or SEQ ID 

NO:4, 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.  
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Cas9; nucleotide (Streptococcus pyo genes) 

ATGGATAAGAAATACTCA-ATAGGCTTAGATATCGGCACAAATAGCGTCGGATGGGCGGTGATCACTGATGATTAT 

AAGGTTCCGTCTAAkAGTTCAAGGTTCTGGGAATACAGACCGCCACAGTATCAAAkkkkATCTTATAGGGGCT 

CTTTTATTTGGCAGTGGAGAGACAGCGGAAGCGACTCGTCTCAAACGGACAGCTCGTAGAAGGTATACACGTCGG 

AAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGA 

CTTGAAGAGTCTTTTTTGGTGGAAGAAGACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGA-A 

GTTGCTTATCATGAGAAATATCCA-ACTATCTATCATCTGCGAAAAAAATTGGCAGATTCTACTGATAAAGCGGAT 

TTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTGGTCATTTTTTGATTGAGGGAGATTTAAAT 

CCTGATAATAGTGATGTGGACAAACTATTTATCCAGTTGGTACAAATCTACA-ATCA-ATTATTTGA-AGAAAACCCT 

ATTAACGCA-AGTAGAGTAGATGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCA-AGACGATTAGAAAATCTC 

ATTGCTCAGCTCCCCGGTGAGA-AGAGAAATGGCTTGTTTGGGA-ATCTCATTGCTTTGTCATTGGGATTGACCCCT 

AATTTTAAATCAAATTTTGATTTGGCAGA-AGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGATTTA 

GATAATTTATTGGCGCAAATTGGAGATCA-ATATGCTGATTTGTTTTTGGCAGCTAAGAATTTATCAGATGCTATT 

TTACTTTCAGATATCCTA-AGAGTAAATAGTGAAATA-ACTA-AGGCTCCCCTATCAGCTTCAATGATTAAGCGCTAC 

GATGAACATCATCAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACA-ACA-ACTTCCAGAAAAGTATAAAGAAATC 

TTTTTTGATCAATCAAAAAACGGATATGCAGGTTATATTGATGGGGGAGCTAGCCA-AGA-AGA-ATTTTATAAATTT 

ATCAAACCA-ATTTTAGAAAAAATGGATGGTACTGAGGA-ATTATTGGTGAAACTAAATCGTGA-AGATTTGCTGCGC 

AAGCAACGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATGCTATTTTGAGA-AGA 

CAAGAAGACTTTTATCCATTTTTAAAAGACA-ATCGTGAGAAGATTGAkAAAkATCTTGACTTTTCGAATTCCTTAT 

TATGTTGGTCCATTGGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGA-AGAAACA-ATTACCCCA 

TGGAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCA-ATCATTTATTGA-ACGCATGACAAACTTTGATAkA 

AATCTTCCAAATGAAAAAGTACTACCAAAACATAGTTTGCTTTATGAGTATTTTACGGTTTATA-ACGA-ATTGACA 

AAGGTCAAATATGTTACTGAGGGA-ATGCGAAAACCAGCATTTCTTTCAGGTGA-ACAGA-AGAAAGCCATTGTTGAT 

TTACTCTTCAAACAAATCGAAAGTAACCGTTAAGCAATTAAGAAGATTATTTCAAAAAATAGAATGTTTT 

GATAGTGTTGAAATTTCAGGAGTTGAAGATAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTAAAAATT 

ATTAAAGATAAAGATTTTTTGGATA-ATGA-AGAAAATGAAGATATCTTAGAGGATATTGTTTTAACATTGACCTTA 

TTTGAAGATAGGGGGATGATTGAGGAAAGACTTAAAACATATGCTCACCTCTTTGATGATAAGGTGATGAAACAG 

CTTAAACGTCGCCGTTATACTGGTTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCT 

GGCAAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGAT 

AGTTTGACATTTAAAGA-AGATATTCAAAAAGCACAGGTGTCTGGACA-AGGCCATAGTTTACATGAACAGATTGCT 

AACTTAGCTGGCAGTCCTGCTATTAAAAAAGGTATTTTACAGACTGTAAAAATTGTTGATGAACTGGTCAAAGTA 

ATGGGGCATAAGCCAGAAATATCGTTATTGAAATGGCACGTGAAATCAGACAACTCAAAGGGCCAGAAAAAT 

TCGCGAGAGCGTATGAAACGA-ATCGA-AGA-AGGTATCAAAGA-ATTAGGA-AGTCAGATTCTTAAAGAGCATCCTGTT 

GAAATACTCAATTGCAATGAAAGCTCTATCTCTATTATCTACAAATGGAAGAGACATGTATGTGGACCA-A 

GAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATCACATTGTTCCACAAAGTTTCATTAAAGACGATTCA 

ATAGACAATA-AGGTACTAACGCGTTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTC 

AAAAGATGAAAACTATTGGAGACAACTTCTAACGCCAAGTTAATCACTCAACGTAAGTTTGATAATTTAACG 

AAAGCTGAACGTGGAGGTTTGAGTGAACTTGATAAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCA-A 

ATCACTAAGCATGTGGCACAAATTTTGGATAGTCGCATGA-ATACTAAATACGATGAAAATGATAAACTTATTCGA 

GAGGTTAAAGTGATTACCTTAAATCTAATTAGTTTCTGACTTCCGAAAGATTTCCA-ATTCTATAAAGTACGT 

GAGATTAACAATTACCATCATGCCCATGATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATAT 

CCAAAACTTGAATCGGAGTTTGTCTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATTGCTA-AGTCTGAG 

CAAGAAATAGGCAAAGCA-ACCGCAAAATATTTCTTTTACTCTA-ATATCATGA-ACTTCTTCAAAACAGAAATTACA 

CTTGCAAATGGAGAGATTCGCAAACGCCCTCTA-ATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAkA 

GGGCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCA-AGTCA-ATATTGTCA-AGAAAACAGA-AGTACAG 

ACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAGAATTCGGACAAGCTTATTGCTCGTAAAAAGACTGG 

GATCCAAAATATGGTGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAAAAA 

GGGAAATCGAAGA-AGTTAAAATCCGTTAAAGAGTTACTAGGGATCACA-ATTATGGAAAGA-AGTTCCTTTGAAAAA 

AATCCGATTGACTTTTTAGA-AGCTAAAGGATATA-AGGA-AGTTAAAAAAGACTTAATCATTAAACTACCTAAATAT 

AGTCTTTTTGAGTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGA-ATTACAAAAAGGAAATGAGCTG 

GCTCTGCCAAGCAAATATGTGA-ATTTTTTATATTTAGCTAGTCATTATGAAAAGTTGAAGGGTAGTCCAGAAGAT 

AACGAACAAAAACAATTGTTTGTGGAGCAGCATA-AGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTT 

TCTAAGCGTGTTATTTTAGCAGATGCCA-ATTTAGATAAAGTTCTTAGTGCATATA-ACAAACATAGAGACAAACCA 

ATACGTGA-ACA-AGCAGAAAATATTATTCATTTATTTACGTTGACGA-ATCTTGGAGCTCCCGCTGCTTTTAAATAT 

TTTGATACAACAATTGATCGTAAACGATATACGTCTACAAAAGA-AGTTTTAGATGCCACTCTTATCCATCAATCC 

ATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGACTGA (SEQ ID NO: 1) 
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Cas9 (human codon optimized) 
ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATA-ACCGATGA-ATAC 

AAAGTACCTTCAAAGAAATTTA-AGGTGTTGGGGAACACAGACCGTCATTCGATTAAAAAGAATCTTATCGGTGCC 

CTCCTATTCGATAGTGGCGAAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGGAGAAGGTATACACGTCGC 

AAGAACCGAATATGTTACTTACA-AGAAATTTTTAGCA-ATGAGATGGCCAAAGTTGACGATTCTTTCTTTCACCGT 

TTGGAAGAGTCCTTCCTTGTCGAAGAGGACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAG 

GTGGCATATCATGAAAGTACCCAACGATTTATCACCTCAGAAAAAGCTAGTTGACTCA-ACTGATAAAGCGGAC 

CTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTTCCGTGGGCACTTTCTCATTGAGGGTGATCTAAAT 

CCGGACAACTCGGATGTCGACAAACTGTTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTGAAGAGAACCCT 

ATAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAATCCCGACGGCTAGAAAACCTG 

ATCGCACA-ATTACCCGGAGAGAAGAAAAATGGGTTGTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCA 

AATTTTAAGTCGAACTTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTA-AGGACACGTACGATGACGATCTC 

GACAATCTACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGGCTGCCAAAAACCTTAGCGATGCAATC 

CTCCTATCTGACATACTGAGAGTTAATACTGAGATTACCAAGGCGCCGTTATCCGCTTCA-ATGATCAAAAGGTAC 

GATGAACATCACCA-AGACTTGACACTTCTCA-AGGCCCTAGTCCGTCAGCA-ACTGCCTGAGAAATATA-AGGAAATA 

TTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACGGCGGAGCGAGTCA-AGAGGA-ATTCTACA-AGTTT 

ATCAAACCCATATTAGAGAAGATGGATGGGACGGAAGAGTTGCTTGTAAAACTCAATCGCGAAGATCTACTGCGA 

AAGCAGCGGACTTTCGACA-ACGGTAGCATTCCACATCAAATCCACTTAGGCGAATTGCATGCTATACTTAGAAGG 

CAGGAGGATTTTTATCCGTTCCTCAAAGACA-ATCGTGAAAAGATTGAGAAAATCCTA-ACCTTTCGCATACCTTAC 

TATGTGGGACCCCTGGCCCGAGGGAACTCTCGGTTCGCATGGATGACAAGAAAGTCCGAAGAAACGATTACTCCA 

TGGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCA-ATCGTTCATCGAGAGGATGACCAACTTTGACAAG 

AATTTACCGAACGAAAAAGTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACA-ATGA-ACTCACG 

AAAGTTAAGTATGTCACTGAGGGCATGCGTAAACCCGCCTTTCTA-AGCGGAGA-ACAGA-AGAAAGCAATAGTAGAT 

CTGTTATTCAAGACCA-ACCGCAAAGTGACAGTTA-AGCA-ATTGAAAGAGGACTACTTTA-AGAAAATTGA-ATGCTTC 

GATTCTGTCGAGATCTCCGGGGTAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTAAAGATA 

ATTAAAGATA-AGGACTTCCTGGATA-ACGA-AGAGAATGAAGATATCTTAGAAGATATAGTGTTGACTCTTACCCTC 

TTTGAAGATCGGGAAATGATTGAGGAAAGACTAAAAACATACGCTCACCTGTTCGACGATA-AGGTTATGAAACAG 

TTAAAGAGGCGTCGCTATACGGGCTGGGGACGATTGTCGCGGAAACTTATCAACGGGATAAGAGACAAGCAAAGT 

GGTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCA-ATAGGA-ACTTTATGCAGCTGATCCATGATGAC 

TCTTTAACCTTCAAAGAGGATATACAAAAGGCACAGGTTTCCGGACAAGGGGACTCATTGCACGAACATATTGCG 

AATCTTGCTGGTTCGCCAGCCATCAAAAAGGGCATACTCCAGACAGTCAAAGTAGTGGATGAGCTAGTTA-AGGTC 

ATGGGACGTCACAAACCGGAAAACATTGTA-ATCGAGATGGCACGCGAAAATCAAACGACTCAGAAGGGGCAAAAA 

AACAGTCGAGAGCGGATGAAGAGAATAGAAGAGGGTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCT 

GTGGAAAATACCCAATTGCAGAACGAGAAACTTTACCTCTATTACCTACAAAATGGAAGGGACATGTATGTTGAT 

CAGGAACTGGACATAAACCGTTTATCTGATTACGACGTCGATCACATTGTACCCCA-ATCCTTTTTGA-AGGACGAT 

TCAATCGACAATAAAGTGCTTACACGCTCGGATA-AGA-ACCGAGGGAAAAGTGACA-ATGTTCCA-AGCGAGGAAGTC 

GTAAAGAAATGAAGAACTATTGGCGGCAGCTCCTAATGCGAACTGATAACGCAAGAAAGTTCGATAACTTA 

ACTAAAGCTGAGAGGGGTGGCTTGTCTGA-ACTTGACAAGGCCGGATTTATTAAACGTCAGCTCGTGGAAACCCGC 

CAAATCACAAAGCATGTTGCACAGATACTAGATTCCCGA-ATGA-ATACGAAATACGACGAGA-ACGATA-AGCTGATT 

CGGGAAGTCAAAGTA-ATCACTTTAAAGTCAAAATTGGTGTCGGACTTCAGAAAGGATTTTCA-ATTCTATAAAGTT 

AGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTTAATGCCGTCGTAGGGACCGCACTCATTA-AGAAA 

TACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGATTACAAAGTTTATGACGTCCGTA-AGATGATCGCGAAAAGC 

GAACAGGAGATAGGCA-AGGCTACAGCCAAATACTTCTTTTATTCTA-ACATTATGA-ATTTCTTTA-AGACGGAAATC 

ACTCTGGCAAACGGAGAGATACGCAAACGACCTTTA-ATTGAAACCA-ATGGGGAGACAGGTGAAATCGTATGGGAT 

AAGGGCCGGGACTTCGCGACGGTGAGAAAAGTTTTGTCCATGCCCCA-AGTCA-ACATAGTAAAGAAAACTGAGGTG 

CAGACCGGAGGGTTTTCAAAGGA-ATCGATTCTTCCAAAAAGGAATAGTGATAAGCTCATCGCTCGTAAAAAGGAC 

TGGGACCCGAAAAAGTACGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCAAAAGTTGAG 

AAGGGAAAATCCA-AGAAACTGA-AGTCAGTCAAAGAATTATTGGGGATAACGATTATGGAGCGCTCGTCTTTTGAA 

AAGAACCCCATCGACTTCCTTGAGGCGAAAGGTTACAAGGAAGTAAAAAAGGATCTCATA-ATTAAACTACCAAAG 

TATAGTCTGTTTGAGTTAGAAATGGCCGAAACGGATGTTGGCTAGCGCCGGAGAGCTTCAAAAGGGGA-ACGA-A 

CTCGCACTACCGTCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAA 

GATAACGACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTATCTCGACGAAATCATAGAGCAAATTTCGGAA 

TTCAGTAAGAGAGTCATCCTAGCTGATGCCA-ATCTGGACAAAGTATTA-AGCGCATACA-ACA-AGCACAGGGATAkA 

CCCATACGTGAGCAGGCGGAAAATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAG 

TATTTTGACACAACGATAGATCGCAAACGATACACTTCTACCA-AGGAGGTGCTAGACGCGACACTGATTCACCAA 

TCCATCACGGGATTATATGAAACTCGGATAGATTTGTCACAGCTTGGGGGTGAC (SEQ ID NO:3) 
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Cas9; amino acid (Streptococcus pyogenes) 
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR 

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD 

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL 

IAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI 

LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKF 

IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY 

YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT 

KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI 

IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 

GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILOTVKVVDELVKV 

MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVD 

QELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 

TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI 

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD 

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK 

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE 

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQ 

SITGLYETRIDLSQLGGD (SEQ ID NO:2) 
(single underline: HNH domain; double underline: RuvC domain) 

dCas9 (D1OA and H840A) 

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR 

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD 

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL 

IAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI 

LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKF 

IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY 

YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT 

KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI 

IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 

GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKV 

MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVD 

QELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 

TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEOEIGKATAKYFFYSNIMNFFKTEI 

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPOVNIVKKTEVOTGGFSKESILPKRNSDKLIARKKD 

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK 

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE 

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQ 

SITGLYETRIDLSQLGGD (SEQ ID NO:5) 
(single underline: HNH domain; double underline: RuvC domain) 

Cas9 nickase (D1OA)(amino acid sequence) 

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR 

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD 

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL 

IAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI 

LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKF 

IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY 

YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT 

KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI 

IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 

GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKV 

MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVD 
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QELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 

TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI 

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD 

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK 

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE 

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQ 

SITGLYETRIDLSQLGGD (SEQ ID NO:4) 

[0035] Cas9 variants are provided comprising an intein (e.g., a ligand-dependent 

intein) inserted within the Cas9 sequence and may be referred to as small-molecule

controlled Cas9 or ligand-dependent Cas9. In some embodiments, the intein is inserted into 

any location (e.g., at any amino acid position) in Cas9. In some embodiments, the inserted 

intein sequence replaces one or more amino acids in Cas9. For example, in some 

embodiments the inserted intein sequence replaces any cysteine, any alanine, any threonine, 

or any serine in Cas9 or a Cas9 variant such as dCas9 or Cas9 nickase. In some embodiments 

the inserted intein sequence replaces Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, 

Cys574, Thr622, Ser701, Ala728, Thr995, SerlO06, Serl154, Serl159, or Ser1274 in Cas9 

(SEQ ID NO:2), dCas9 (SEQ ID NO:5), or Cas9 nickase (SEQ ID NO:4).  

[0036] The terms "conjugating," "conjugated," and "conjugation" refer to an 

association of two entities, for example, of two molecules such as two proteins, two domains 

(e.g., a binding domain and a cleavage domain), or a protein and an agent, e.g., a ligand 

binding domain and a small molecule. In some aspects, the association is between a protein 

(e.g., RNA-programmable nuclease) and a nucleic acid (e.g., a guide RNA). The association 

can be, for example, via a direct or indirect (e.g., via a linker) covalent linkage. In some 

aspects, the association is between two or more proteins, for example, an RNA

programmable nuclease (e.g., Cas9) and an intein protein. In some embodiments, the 

association is covalent. In some embodiments, two molecules are conjugated via a linker 

connecting both molecules.  

[0037] The term "consensus sequence," as used herein in the context of nucleic acid 

sequences, refers to a calculated sequence representing the most frequent nucleotide residues 

found at each position in a plurality of similar sequences. Typically, it represents the results 

of a multiple sequence alignments in which related sequences are compared to each other and 

similar sequence motifs are calculated. Methods and software for determining a consensus 

sequence are known in the art (See, e.g., JalCiew (jalview.org); and UGENE; Okonechnikov, 

K.; Golosova, 0.; Fursov, M.; the UGENE team. "Unipro UGENE: a unified bioinformatics 

toolkit". Bioinformatics. 2012; doi:10.1093/bioinformatics/bts09 1).  
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[0038] The term "deaminase" refers to an enzyme that catalyzes a deamination 

reaction. In some embodiments, the deaminase is a cytidine deaminase, catalyzing the 

hydrolytic deamination of cytidine or deoxycytidine to uracil or deoxyuracil, respectively.  

[0039] The term "effective amount," as used herein, refers to an amount of a 

biologically active agent (e.g., a ligand-dependent Cas9) that is sufficient to elicit a desired 

biological response. For example, in some embodiments, an effective amount of a nuclease 

may refer to the amount of the nuclease that is sufficient to induce cleavage of a desired 

target site-specifically bound and cleaved by the nuclease, preferably with minimal or no off

target cleavage. In some embodiments, an effective amount of another ligand-dependent 

Cas9 protein having other nucleic acid modifying activities may refer to the amount of the 

protein that is sufficient to induce the nucleic acid modification. As will be appreciated by 

the skilled artisan, the effective amount of an agent, e.g., a ligand-dependent nuclease, 

deaminase, recombinase, nickase, or a hybrid protein, a fusion 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, the specific 

allele, genome, target site, cell, or tissue being targeted, and the agent being used.  

[0040] The term "engineered," as used herein, refers to a nucleic acid molecule, a 

protein molecule, complex, substance, or entity that has been designed, produced, prepared, 

synthesized, and/or manufactured by a human. Accordingly, an engineered product is a 

product that does not occur in nature.  

[0041] The term "epigenetic modifier," as used herein, refers to a protein or catalytic 

domain thereof having enzymatic activity that results in the epigenetic modification of DNA, 

for example, chromosomal DNA. Epigenetic modifications include, but are not limited to, 

DNA methylation and demethylation; histone modifications including methylation and 

demethylation (e.g., mono-, di- and tri-methylation), histone acetylation and deacetylation, as 

well as histone ubiquitylation, phosphorylation, and sumoylation.  

[0042] The term "extein," as used herein, refers to an polypeptide sequence that is 

flanked by an intein and is ligated to another extein during the process of protein splicing to 

form a mature, spliced protein. Typically, an intein is flanked by two extein sequences that 

are ligated together when the intein catalyzes its own excision. Exteins, accordingly, are the 

protein analog to exons found in mRNA. For example, a polypeptide comprising an intein 

may be of the structure extein(N) - intein - extein(C). After excision of the intein and 

splicing of the two exteins, the resulting structures are extein(N) - extein(C) and a free intein.  
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[0043] The term "hybrid protein," as used herein, refers to a protein that comprises 

the amino acid sequence of a target protein (e.g., a Cas9 protein) and, embedded in that 

amino acid sequence, a ligand-dependent intein as described herein. Accordingly, a hybrid 

protein generally comprises the structure: target protein(N) - intein - target protein(C).  

Typically, a hybrid protein comprises a Cas9 protein (e.g., Cas9, Cas9 variants such as 

dCas9, fragments of Cas9 or Cas9 variants, etc.) and a ligand-dependent intein. In some 

embodiments, a hybrid protein is encoded by a recombinant nucleic acid, in which a nucleic 

acid sequence encoding an intein is inserted in frame into a nucleic acid sequence encoding a 

target protein. In certain embodiments, the target protein exhibits a desired activity or 

property that is absent or reduced in the hybrid protein. In some embodiments, excision of 

the intein from the hybrid protein results in a restoration of the desired activity or property in 

the mature, spliced target protein. Non-limiting examples of desired activities or properties 

of target proteins are binding activities, enzymatic activities (e.g., nuclease activities, gene 

editing activities, deaminase activities, recombinase activities), reporter activities (e.g., 

fluorescent activity), therapeutic activities, size, charge, hydrophobicity, hydrophilicity, or 

3D-structure. In some embodiments, excision of the intein from a hybrid protein results in a 

mature, spliced target protein that exhibits the same or similar levels of a desired activity as 

the native target protein. A hybrid protein may be created from any target protein by 

embedding an intein sequence into the amino acid sequence of the target protein, for 

example, by generating a recombinant, hybrid protein-encoding nucleic acid molecule and 

subsequent transcription and translation, or by protein synthesis methods known to those of 

skill in the art.  

[0044] The term "intein," as used herein, refers to an amino acid sequence that is able 

to excise itself from a protein and to rejoin the remaining protein segments (the exteins) via a 

peptide bond in a process termed protein splicing. Inteins are analogous to the introns found 

in mRNA. Many naturally occurring and engineered inteins and hybrid proteins comprising 

such inteins are known to those of skill in the art, and the mechanism of protein splicing has 

been the subject of extensive research. As a result, methods for the generation of hybrid 

proteins from naturally occurring and engineered inteins are well known to the skilled artisan.  

For an overview, see pages 1-10, 193- 207, 211-229, 233-252, and 325-341 of Gross, Belfort, 

Derbyshire, Stoddard, and Wood (Eds.) Homing Endonucleases and Inteins Springer Verlag 

Heidelberg, 2005; ISBN 9783540251064; the contents of which are incorporated herein by 

reference for disclosure of inteins and methods of generating hybrid proteins comprising 

natural or engineered inteins. As will be apparent to those of skill in the art, an intein may 
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catalyze protein splicing in a variety of extein contexts. Accordingly, an intein can be 

introduced into virtually any target protein sequence to create a desired hybrid protein, and 

the invention is not limited in the choice of target proteins.  

[0045] The term "intein domain," as used herein, refers to the amino acid sequence of 

an intein that is essential for self-excision and extein ligation. For example, in some inteins, 

the entire intein amino acid sequence, or part(s) thereof, may constitute the intein domain, 

while in ligand-dependent inteins, the ligand-binding domain is typically embedded into the 

intein domain, resulting in the structure: intein domain (N) - ligand-binding domain - intein 

domain (C).  

[0046] The term "ligand binding domain," as used herein, refers to a peptide or 

protein domain that binds a ligand. A ligand binding domain may be a naturally occurring 

domain or an engineered domain. Examples of ligand-binding domains referred to herein are 

the ligand binding domain of a native estrogen receptor, e.g., the ligand-binding domain of 

the native human estrogen receptor, and engineered, evolved, or mutated derivatives thereof.  

Other suitable ligand binding domains include the human thyroid hormone receptor (see, e.g., 

Skretas et al., "Regulation of protein activity with small-molecule-controlled inteins." 

Protein Sci. 2005; 14, 523-532) and members of the ribose-binding protein family (see, e.g., 

Bjarkman et al., "Multiple open forms of ribose-binding protein trace the path of its 

conformational change." JMol Biol. 1998 12;279(3):651-64). Typically, a ligand-binding 

domain useful in the context of ligand-dependent inteins, as provided herein, exhibits a 

specific three-dimensional structure in the absence of the ligand, which inhibits intein self

excision, and undergoes a conformational change upon binding of the ligand, which promotes 

intein self-excision. Some of the ligand-dependent inteins provided herein comprise a ligand

binding domain derived from the estrogen receptor that can bind 4-HT and other estrogen

receptor ligands, e.g., ligands described in more detail elsewhere herein, and undergo a 

conformational change upon binding of the ligand. An appropriate ligand may be any 

chemical compound that binds the ligand-binding domain and induces a desired 

conformational change. In some embodiments, an appropriate ligand is a molecule that is 

bound by the ligand-binding domain with high specificity and affinity. In some 

embodiments, the ligand is a small molecule. In some embodiments, the ligand is a molecule 

that does not naturally occur in the context (e.g., in a cell or tissue) that a ligand-dependent 

intein is used in. For example, in some embodiments, the ligand-binding domain is a ligand

binding domain derived from an estrogen receptor, and the ligand is tamoxifen, or a 

derivative or analog thereof (e.g., 4-hydroxytamoxifen, 4-HT).  
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[0047] The term "ligand-dependent intein," as used herein refers to an intein that 

comprises a ligand-binding domain. Typically, the ligand-binding domain is inserted into the 

amino acid sequence of the intein, resulting in a structure intein (N) - ligand-binding domain 

- intein (C). Typically, ligand-dependent inteins exhibit no or only minimal protein splicing 

activity in the absence of an appropriate ligand, and a marked increase of protein splicing 

activity in the presence of the ligand. In some embodiments, the ligand-dependent intein 

does not exhibit observable splicing activity in the absence of ligand but does exhibit splicing 

activity in the presence of the ligand. In some embodiments, the ligand-dependent intein 

exhibits an observable protein splicing activity in the absence of the ligand, and a protein 

splicing activity in the presence of an appropriate ligand that is at least 5 times, at least 10 

times, at least 50 times, at least 100 times, at least 150 times, at least 200 times, at least 250 

times, at least 500 times, at least 1000 times, at least 1500 times, at least 2000 times, at least 

2500 times, at least 5000 times, at least 10000 times, at least 20000 times, at least 25000 

times, at least 50000 times, at least 100000 times, at least 500000 times, or at least 1000000 

times greater than the activity observed in the absence of the ligand. In some embodiments, 

the increase in activity is dose dependent over at least 1 order of magnitude, at least 2 orders 

of magnitude, at least 3 orders of magnitude, at least 4 orders of magnitude, or at least 5 

orders of magnitude, allowing for fine-tuning of intein activity by adjusting the concentration 

of the ligand. Suitable ligand-dependent inteins are known in the art, and in include those 

provided below and those described in published U.S. Patent Application U.S. 2014/0065711 

Al; Mootz et al., "Protein splicing triggered by a small molecule." J. Am. Chem. Soc. 2002; 

124, 9044-9045; Mootz et al., "Conditional protein splicing: a new tool to control protein 

structure and function in vitro and in vivo." J. Am. Chem. Soc. 2003; 125, 10561-10569; 

Buskirk et al., Proc. Natl. Acad. Sci. USA. 2004; 101, 10505-105 10); Skretas & Wood, 

"Regulation of protein activity with small-molecule-controlled inteins." Protein Sci. 2005; 

14, 523-532; Schwartz, et al., "Post-translational enzyme activation in an animal via 

optimized conditional protein splicing." Nat. Chem. Biol. 2007; 3, 50-54; Peck et al., Chem.  

Biol. 2011; 18 (5), 619-630; the entire contents of each are hereby incorporated by reference.  

2-4 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKP IHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:7) 
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3-2 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAVAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYTNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:8) 

30R3-1 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIPYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEG 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:9) 

30R3-2 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:10) 

30R3-3 intein: 

CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIPYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO: 11) 

37R3-1 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYNPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEG 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:12) 

37R3-2 intein: 

CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEG 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:13) 

37R3-3 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAVAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 
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LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:14) 

[0048] The term "linker," as used herein, refers to a chemical group or a molecule 

linking two adjacent molecules or moieties, e.g., two polypeptides. 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 linker. In some embodiments, the amino acid linker comprises at least 1, at least 

2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 

15, at least 20, at least 25, or at least 30 amino acids. In some embodiments, the linker is a 

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

peptide linker comprises repeats of the tri-peptide Gly-Gly-Ser, e.g., comprising the sequence 

(GGS)., wherein n represents at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more repeats. In some 

embodiments, the linker comprises the sequence (GGS)6 (SEQ ID NO: 15). In some 

embodiments, the peptide linker is the 16 residue "XTEN" linker, or a variant thereof (See, 

e.g., Schellenberger et al. A recombinant polypeptide extends the in vivo half-life of peptides 

and proteins in a tunable manner. Nat. Biotechnol. 27, 1186-1190 (2009)). In some 

embodiments, the XTEN linker comprises the sequence SGSETPGTSESATPES (SEQ ID 

NO:16), SGSETPGTSESA (SEQ ID NO:17), or SGSETPGTSESATPEGGSGGS (SEQ ID 

NO: 18). In some embodiments, the peptide linker is one or more selected from 

VPFLLEPDNINGKTC (SEQ ID NO:19), GSAGSAAGSGEF (SEQ ID NO:20), 

SIVAQLSRPDPA (SEQ ID NO:21), MKIIEQLPSA (SEQ ID NO:22), VRHKLKRVGS 

(SEQ ID NO:23), GHGTGSTGSGSS (SEQ ID NO:24), MSRPDPA (SEQ ID NO:25); or 

GGSM (SEQ ID NO:26).  

[0049] 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. Methods for 

making the amino acid substitutions (mutations) provided herein are known in the art and are 

provided by, for example, Green and Sambrook, Molecular Cloning: A Laboratory Manual 

(4f ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y. (2012)).  

[0050] The term "nuclease," as used herein, refers to an agent, for example, a protein, 

capable of cleaving a phosphodiester bond connecting two nucleotide residues in a nucleic 
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acid molecule. In some embodiments, "nuclease" refers to a protein having an inactive DNA 

cleavage domain, such that the nuclease is incapable of cleaving a phosphodiester bond. In 

some embodiments, the nuclease is a protein, e.g., an enzyme that can bind a nucleic acid 

molecule and cleave a phosphodiester bond connecting nucleotide residues within the nucleic 

acid molecule. A nuclease may be an endonuclease, cleaving a phosphodiester bonds within 

a polynucleotide chain, or an exonuclease, cleaving a phosphodiester bond at the end of the 

polynucleotide chain. In some embodiments, a nuclease is a site-specific nuclease, binding 

and/or cleaving a specific phosphodiester bond within a specific nucleotide sequence, which 

is also referred to herein as the "recognition sequence," the "nuclease target site," or the 

"target site." In some embodiments, a nuclease is an RNA-guided (i.e., RNA-programmable) 

nuclease, which is associated with (e.g., binds to) an RNA (e.g., a guide RNA, "gRNA") 

having a sequence that complements a target site, thereby providing the sequence specificity 

of the nuclease. In some embodiments, a nuclease recognizes a single stranded target site. In 

some embodiments, a nuclease recognizes a double-stranded target site, for example, a 

double-stranded DNA target site. The target sites of many naturally occurring nucleases, for 

example, many naturally occurring DNA restriction nucleases, are well known to those of 

skill in the art. In many cases, a DNA nuclease, such as EcoRI, HindIII, or BamHI, 

recognize a palindromic, double-stranded DNA target site of 4 to 10 base pairs in length, and 

cut each of the two DNA strands at a specific position within the target site. Some 

endonucleases cut a double-stranded nucleic acid target site symmetrically, i.e., cutting both 

strands at the same position so that the ends comprise base-paired nucleotides, also referred 

to herein as blunt ends. Other endonucleases cut a double-stranded nucleic acid target site 

asymmetrically, i.e., cutting each strand at a different position so that the ends include 

unpaired nucleotides. Unpaired nucleotides at the end of a double-stranded DNA molecule 

are also referred to as "overhangs," e.g., as "5'-overhang" or as "3'-overhang," depending on 

whether the unpaired nucleotide(s) form(s) the 5' or the 5' end of the respective DNA strand.  

Double-stranded DNA molecule ends ending with unpaired nucleotide(s) are also referred to 

as sticky ends, as they can "stick to" other double-stranded DNA molecule ends comprising 

complementary unpaired nucleotide(s). A nuclease protein typically comprises a "binding 

domain" that mediates the interaction of the protein with the nucleic acid substrate, and also, 

in some cases, specifically binds to a target site, and a "cleavage domain" that catalyzes the 

cleavage of the phosphodiester bond within the nucleic acid backbone. In some 

embodiments, a nuclease protein can bind and cleave a nucleic acid molecule in a monomeric 

form. In some embodiments, a nuclease protein has to dimerize or multimerize in order to 
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cleave a target nucleic acid. Binding domains and cleavage domains of naturally occurring 

nucleases, as well as modular binding domains and cleavage domains that can be fused to 

create nucleases binding specific target sites, are well known to those of skill in the art. For 

example, the binding domain of RNA-programmable nucleases (e.g., Cas9), or a Cas9 protein 

having an inactive DNA cleavage domain (e.g., dCas9), can be used as a binding domain 

(e.g., that binds a gRNA to direct binding to a target site) to specifically bind a desired target 

site, and fused or conjugated to a cleavage domain, for example, the cleavage domain of 

FokI, to create an engineered nuclease cleaving the target site. In some embodiments, Cas9 

fusion proteins provided herein comprise the cleavage domain of FokI, and are therefore 

referred to as "fCas9" proteins. In some embodiments, the cleavage domain of FokI, e.g., in 

a fCas9 protein corresponds to, or comprises in part or whole, the amino acid sequence (or 

variants thereof) set forth as SEQ ID NO:6, below. In some embodiments, variants or 

homologues of the FokI cleavage domain include any variant or homologue capable of 

dimerizing (e.g., as part of fCas9 fusion protein) with another FokI cleavage domain at a 

target site in a target nucleic acid, thereby resulting in cleavage of the target nucleic acid. In 

some embodiments, variants of the FokI cleavage domain (e.g., variants of SEQ ID NO:6) 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% to SEQ ID NO:6. In some 

embodiments, variants of the FokI cleavage domain (e.g., variants of SEQ ID NO:6) are 

provided having an amino acid sequence which is shorter, or longer than SEQ ID NO:6, 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.  

Cleavage domain of FokI: 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHLGGSRKPDGAIYTV 

GSPIDYGVIVDTKAYSGGYNLPIGQADEMQRYVEENQTRNKHINPNEWWKVYPSSVTEFKFLFVSGHFKGNYKAQ 

LTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEEVRRKFNNGEINF (SEQ ID NO:6) 

[0051] 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, the term "nucleic 
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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, i.e. 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).  

[0052] The term "pharmaceutical composition," as used herein, refers to a 

composition that can be administrated to a subject in the context of treatment of a disease or 

disorder. In some embodiments, a pharmaceutical composition comprises an active 

ingredient, e.g., a nuclease or a nucleic acid encoding a nuclease, and a pharmaceutically 

acceptable excipient.  

26



WO 2016/022363 PCT/US2015/042770 

[0053] The term "proliferative disease," as used herein, refers to any disease in which 

cell or tissue homeostasis is disturbed in that a cell or cell population exhibits an abnormally 

elevated proliferation rate. Proliferative diseases include hyperproliferative diseases, such as 

pre-neoplastic hyperplastic conditions and neoplastic diseases. Neoplastic diseases are 

characterized by an abnormal proliferation of cells and include both benign and malignant 

neoplasias. Malignant neoplasia is also referred to as cancer.  

[0054] 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 famesyl 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.  

[0055] 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 or a dCas9 protein) and a nucleic acid cleavage domain(s). In 

some embodiments, a protein is in a complex with, or is in association with, a nucleic acid, 

e.g., DNA or 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* ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.  

(2012)), the entire contents of which are incorporated herein by reference.  
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[0056] The term "protein splicing," as used herein, refers to a process in which a 

sequence, an intein, is excised from within an amino acid sequence, and the remaining 

fragments of the amino acid sequence, the exteins, are ligated via an amide bond to form a 

continuous amino acid sequence.  

[0057] 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 RNAs 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 an association 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 a single molecule or as a complex of two or more molecules. Typically, gRNAs that 

exist as single RNA species comprise at least two domains: (1) a domain that shares 

homology to a target nucleic acid and may direct binding of a Cas9 complex to the target; and 

(2) a domain that binds a Cas9 protein. In some embodiments, domain (2) corresponds to a 

sequence known as a tracrRNA and comprises a stem-loop structure. For example, in some 

embodiments, domain (2) is homologous to a tracrRNA as depicted in Figure 1E of Jinek et 

al., Science 337:816-821(2012), the entire contents of which is incorporated herein by 

reference. In some embodiments, domain 2 is at least 90%, at least 95%, at least 98%, or at 

least 99% identical to the tracrRNA as described by Jinek et al., Science 337:816-821(2012).  

The gRNA comprises a nucleotide sequence that complements a target site, which mediates 

binding of the nuclease/RNA complex to said target site and the sequence specificity of the 

nuclease:RNA complex. The sequence of a gRNA that binds a target nucleic acid can 

comprise any sequence that complements a region of the target and is suitable for a 

nuclease:RNA complex to bind. 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 M1 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. expand/collapse author list McLaughlin R.E., Proc. Natl.  

Acad. Sci. U.S.A. 98:4658-4663(2001); "CRISPR RNA maturation by trans-encoded small 

RNA and host factor RNase III." Deltcheva E., Chylinski K., Sharma C.M., Gonzales K., 

Chao Y., Pirzada Z.A., Eckert M.R., Vogel J., Charpentier E., Nature 471:602-607(2011); 
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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.  

[0058] Because RNA-programmable nucleases (e.g., Cas9) use RNA:DNA 

hybridization to determine target DNA cleavage sites, these proteins are able to cleave, in 

principle, 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 et al. Multiplex genome engineering using CRISPR/Cas systems.  

Science 339, 819-823 (2013); Mali et al. RNA-guided human genome engineering via Cas9.  

Science 339, 823-826 (2013); Hwang et al. Efficient genome editing in zebrafish using a 

CRISPR-Cas system. Nature biotechnology 31, 227-229 (2013); Jinek et al. RNA

programmed genome editing in human cells. eLife 2, e00471 (2013); Dicarlo et al. Genome 

engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic acids research 

(2013); Jiang 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).  

[0059] The term "recombinase," as used herein, refers to a site-specific enzyme that 

mediates the recombination of DNA between recombinase recognition sequences, which 

results in the excision, integration, inversion, or exchange (e.g., translocation) of DNA 

fragments between the recombinase recognition sequences. Recombinases can be classified 

into two distinct families: serine recombinases (e.g., resolvases and invertases) and tyrosine 

recombinases (e.g., integrases). Examples of serine recombinases include, without limitation, 

Hin, Gin, Tn3, P-six, CinH, ParA, 'y, Bxbl, $C31, TP901, TG1, $BT1, R4, $RV1, $FC1, 

MR1 1, Al 18, U153, and gp29. Examples of tyrosine recombinases include, without 

limitation, Cre, FLP, R, Lambda, HK101, HK022, and pSAM2. The seine and tyrosine 

recombinase names stem from the conserved nucleophilic amino acid residue that the 

recombinase uses to attack the DNA and which becomes covalently linked to the DNA 

during strand exchange. Recombinases have numerous applications, including the creation of 

gene knockouts/knock-ins and gene therapy applications. See, e.g., Brown et al., "Serine 

recombinases as tools for genome engineering." Methods. 2011;53(4):372-9; Hirano et al., 

"Site-specific recombinases as tools for heterologous gene integration." Appl. Microbiol.  

Biotechnol. 2011; 92(2):227-39; Chavez and Calos, "Therapeutic applications of the <DC31 

integrase system." Curr. Gene Ther. 2011;11(5):375-81; Turan and Bode, "Site-specific 
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recombinases: from tag-and-target- to tag-and-exchange-based genomic modifications." 

FASEB J. 2011; 25(12):4088-107; Venken and Bellen, "Genome-wide manipulations of 

Drosophila melanogaster with transposons, Flp recombinase, and CDC31 integrase." Methods 

Mol. Biol. 2012; 859:203-28; Murphy, "Phage recombinases and their applications." Adv.  

Virus Res. 2012; 83:367-414; Zhang et al., "Conditional gene manipulation: Cre-ating a new 

biological era." J. Zhejiang Univ. Sci. B. 2012; 13(7):511-24; Karpenshif and Bernstein, 

"From yeast to mammals: recent advances in genetic control of homologous recombination." 

DNA Repair (Amst). 2012; 1; 11(10):781-8; the entire contents of each are hereby 

incorporated by reference in their entirety. The recombinases provided herein are not meant 

to be exclusive examples of recombinases that can be used in embodiments of the invention.  

The methods and compositions of the invention can be expanded by mining databases for 

new orthogonal recombinases or designing synthetic recombinases with defined DNA 

specificities (See, e.g., Groth et al., "Phage integrases: biology and applications." J. Mol.  

Biol. 2004; 335, 667-678; Gordley et al., "Synthesis of programmable integrases." Proc.  

Natl. A cad. Sci. U S A. 2009; 106, 5053-5058; the entire contents of each are hereby 

incorporated by reference in their entirety). Other examples of recombinases that are useful 

in the methods and compositions described herein are known to those of skill in the art, and 

any new recombinase that is discovered or generated is expected to be able to be used in the 

different embodiments of the invention. In some embodiments, the catalytic domains of a 

recombinase are fused to a nuclease-inactivated RNA-programmable nuclease (e.g., dCas9, 

or a fragment thereof), such that the recombinase domain does not comprise a nucleic acid 

binding domain or is unable to bind to a target nucleic acid (e.g., the recombinase domain is 

engineered such that it does not have specific DNA binding activity). Recombinases lacking 

DNA binding activity and methods for engineering such are known, and include those 

described by Klippel et al., "Isolation and characterisation of unusual gin mutants." EMBO J.  

1988; 7: 3983-3989: Burke et al., "Activating mutations of Tn3 resolvase marking interfaces 

important in recombination catalysis and its regulation. Mol Microbiol. 2004; 51: 937-948; 

Olorunniji et al., "Synapsis and catalysis by activated Tn3 resolvase mutants." Nucleic Acids 

Res. 2008; 36: 7181-7191; Rowland et al., "Regulatory mutations in Sin recombinase 

support a structure-based model of the synaptosome." Mol Microbiol. 2009; 74: 282-298; 

Akopian et al., "Chimeric recombinases with designed DNA sequence recognition." Proc 

Natl Acad Sci USA. 2003;100: 8688-8691; Gordley et al., "Evolution of programmable zinc 

finger-recombinases with activity in human cells. JMol Biol. 2007; 367: 802-813; Gordley et 

al., "Synthesis of programmable integrases." Proc Natl Acad Sci USA. 2009;106: 5053
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5058; Arnold et al., "Mutants of Tn3 resolvase which do not require accessory binding sites 

for recombination activity." EMBO J. 1999;18: 1407-1414; Gaj et al., "Structure-guided 

reprogramming of serine recombinase DNA sequence specificity." Proc Natl A cad Sci USA.  

2011;108(2):498-503; and Proudfoot et al., "Zinc finger recombinases with adaptable DNA 

sequence specificity." PLoS One. 2011;6(4):e19537; the entire contents of each are hereby 

incorporated by reference. For example, serine recombinases of the resolvase-invertase 

group, e.g., Tn3 and 'y resolvases and the Hin and Gin invertases, have modular structures 

with autonomous catalytic and DNA-binding domains (See, e.g., Grindley et al., "Mechanism 

of site-specific recombination." Ann Rev Biochem. 2006; 75: 567-605, the entire contents of 

which are incorporated by reference). The catalytic domains of these recombinases are thus 

amenable to being recombined with nuclease-inactivated RNA-programmable nucleases 

(e.g., dCas9, or a fragment thereof) as described herein, e.g., following the isolation of 

'activated' recombinase mutants which do not require any accessory factors (e.g., DNA 

binding activities) (See, e.g., Klippel et al., "Isolation and characterisation of unusual gin 

mutants." EMBO J. 1988; 7: 3983-3989: Burke et al., "Activating mutations of Tn3 

resolvase marking interfaces important in recombination catalysis and its regulation. Mol 

Microbiol. 2004; 51: 937-948; Olorunniji et al., "Synapsis and catalysis by activated Tn3 

resolvase mutants." Nucleic Acids Res. 2008; 36: 7181-7191; Rowland et al., "Regulatory 

mutations in Sin recombinase support a structure-based model of the synaptosome." Mol 

Microbiol. 2009; 74: 282-298; Akopian et al., "Chimeric recombinases with designed DNA 

sequence recognition." Proc Natl Acad Sci USA. 2003;100: 8688-8691). Additionally, many 

other natural serine recombinases having an N-terminal catalytic domain and a C-terminal 

DNA binding domain are known (e.g., phiC31 integrase, TnpX transposase, IS607 

transposase), and their catalytic domains can be co-opted to engineer programmable site

specific recombinases as described herein (See, e.g., Smith et al., "Diversity in the serine 

recombinases." Mol Microbiol. 2002;44: 299-307, the entire contents of which are 

incorporated by reference). Similarly, the core catalytic domains of tyrosine recombinases 

(e.g., Cre, X integrase) are known, and can be similarly co-opted to engineer programmable 

site-specific recombinases as described herein (See, e.g., Guo et al., "Structure of Cre 

recombinase complexed with DNA in a site-specific recombination synapse." Nature. 1997; 

389:40-46; Hartung et al., "Cre mutants with altered DNA binding properties." J Biol Chem 

1998; 273:22884-22891; Shaikh et al., "Chimeras of the Flp and Cre recombinases: Tests of 

the mode of cleavage by Flp and Cre. JMol Biol. 2000; 302:27-48; Rongrong et al., "Effect 

of deletion mutation on the recombination activity of Cre recombinase." Acta Biochim Pol.  
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2005; 52:541-544; Kilbride et al., "Determinants of product topology in a hybrid Cre-Tn3 

resolvase site-specific recombination system." JMol Biol. 2006; 355:185-195; Warren et al., 

"A chimeric cre recombinase with regulated directionality." Proc Natl Acad Sci USA. 2008 

105:18278-18283; Van Duyne, "Teaching Cre to follow directions." Proc Natl Acad Sci 

USA. 2009 Jan 6;106(1):4-5; Numrych et al., "A comparison of the effects of single-base and 

triple-base changes in the integrase arm-type binding sites on the site-specific recombination 

of bacteriophage X." Nucleic Acids Res. 1990; 18:3953-3959; Tirumalai et al., "The 

recognition of core-type DNA sites by X integrase." J Mol Biol. 1998; 279:513-527; Aihara 

et al., "A conformational switch controls the DNA cleavage activity of X integrase." Mol 

Cell. 2003; 12:187-198; Biswas et al., "A structural basis for allosteric control of DNA 

recombination by X integrase." Nature. 2005; 435:1059-1066; and Warren et al., "Mutations 

in the amino-terminal domain of X-integrase have differential effects on integrative and 

excisive recombination." Mol Microbiol. 2005; 55:1104-1112; the entire contents of each are 

incorporated by reference).  

[0060] The term "recombine," or "recombination," in the context of a nucleic acid 

modification (e.g., a genomic modification), is used to refer to the process by which two or 

more nucleic acid molecules, or two or more regions of a single nucleic acid molecule, are 

modified by the action of a recombinase protein (e.g., an inventive recombinase fusion 

protein provided herein). Recombination can result in, inter alia, the insertion, inversion, 

excision, or translocation of nucleic acids, e.g., in or between one or more nucleic acid 

molecules.  

[0061] The term "site-specific enzyme," as used herein, refers to any enzyme capable 

of binding a nucleic acid at a target site to mediate a modification of the nucleic acid.  

Typically, the site-specific enzymes provided herein comprise an intein (e.g., a ligand

dependent intein). In some embodiments, the site-specific enzyme is unable to bind a target 

site prior to excision of the intein. In some embodiments, the site-specific enzyme is able to 

bind a target site prior to excision of the intein but remains enzymatically inactive (e.g., 

cannot cleave, recombine, edit, or otherwise modify a nucleic acid) until excision of the 

intein.  

[0062] The term "small molecule," as used herein, refers to a non-peptidic, non

oligomeric organic compound either prepared in the laboratory or found in nature. Small 

molecules, as used herein, can refer to compounds that are "natural product-like", however, 

the term "small molecule" is not limited to "natural product-like" compounds. Rather, a 

small molecule is typically a non-polymeric, non-oligomeric molecule that is characterized in 
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that it contains several carbon-carbon bonds, and has a molecular weight of less than 

2000g/mol, preferably less than 1500g/mol, although this characterization is not intended to 

be limiting for the purposes of the present invention. In certain embodiments, the ligand of a 

ligand-dependent inteins used in the present invention is a small molecule.  

[0063] The term "subject," as used herein, refers to an individual organism. 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.  

[0064] The terms "target nucleic acid," and "target genome," as used herein in the 

context of nucleases, refer to a nucleic acid molecule or a genome, respectively, that 

comprises at least one target site of a given nuclease.  

[0065] The term "target site," refers to a sequence within a nucleic acid molecule that 

is bound and (1) cleaved; (2) recombined; (3) edited; or (4) otherwise modified by a site

specific enzyme. In some embodiments, a target site refers to a "nuclease target site," which 

is a sequence within a nucleic acid molecule that is bound and cleaved by a nuclease. A 

target site may be single-stranded or double-stranded. In the context of RNA-guided (i.e., 

RNA-programmable) nucleases (e.g., a Cas9 protein, a Cas9 variant, fragments of Cas9 or 

fragments of Cas9 variants, etc.), a target site typically comprises a nucleotide sequence that 

is complementary to a gRNA of the RNA-guided nuclease, and a protospacer adjacent motif 

(PAM) at the 3' end adjacent to the gRNA-complementary sequence. For the RNA-guided 

nuclease Cas9, the target site may be, in some embodiments, 20 base pairs plus a 3 base pair 

PAM (e.g., NNN, wherein N represents any nucleotide). Typically, the first nucleotide of a 

PAM can be any nucleotide, while the two downstream nucleotides are specified depending 

on the specific RNA-guided nuclease. Exemplary target sites for RNA-guided nucleases, 

such as Cas9, are known to those of skill in the art and include, without limitation, NNG, 

NGN, NAG, and NGG, wherein N represents any nucleotide. In addition, Cas9 nucleases 

from different species (e.g., S. thermophilus instead of S. pyogenes) recognize a PAM that 

comprises the sequence: NGGNG. Additional PAM sequences are known, including, but not 

limited to, NNAGAAW and NAAR (see, e.g., Esvelt and Wang, Molecular Systems Biology, 

9:641 (2013), the entire contents of which are incorporated herein by reference). For 
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example, the target site of an RNA-guided nuclease, such as, e.g., Cas9, may comprise the 

structure [Nz]-[PAM], where each N is, independently, any nucleotide, and z is an integer 

between 1 and 50. In some embodiments, z is at least 2, at least 3, at least 4, at least 5, at 

least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least 

14, at least 15, at least 16, at least 17, at least 18, at least 19, at least 20, at least 25, at least 

30, at least 35, at least 40, at least 45, or at least 50. In some embodiments, z is 5, 6, 7, 8, 9, 

10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34, 

35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,49, or 50. In some embodiments, Z is 20.  

In some embodiments, "target site" may also refer to a sequence within a nucleic acid 

molecule that is bound but not cleaved by a nuclease.  

[0066] The terms "transcriptional activator" and "transcriptional repressor," refer to 

agents which activate and repress the transcription of a gene, respectively. Typically, such 

activators and repressors are proteins, e.g., as provided herein.  

[0067] 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 some 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.  

[0068] The term "vector" refers to a polynucleotide comprising one or more 

recombinant polynucleotides of the present invention, e.g., those encoding or a Cas9 protein 

(e.g., a Cas9 protein comprising an intein) and/or a gRNA provided herein. Vectors include, 

but are not limited to, plasmids, viral vectors, cosmids, artificial chromosomes, and 

phagemids. The vector is one which is able to replicate in a host cell, and which is further 

characterized by one or more endonuclease restriction sites at which the vector may be cut 

and into which a desired nucleic acid sequence may be inserted. Vectors may contain one or 

more marker sequences suitable for use in the identification and/or selection of cells which 
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have or have not been transformed or genomically modified with the vector. Markers 

include, for example, genes encoding proteins which increase or decrease either resistance or 

sensitivity to antibiotics (e.g., kanamycin, ampicillin) or other compounds, genes which 

encode enzymes whose activities are detectable by standard assays known in the art (e.g., 

galactosidase, alkaline phosphatase or luciferase), and genes which visibly affect the 

phenotype of transformed or transfected cells, hosts, colonies, or plaques. Any vector 

suitable for the transformation of a host cell, (e.g., E. coli, mammalian cells such as CHO 

cell, insect cells, etc.) as embraced by the present invention, for example vectors belonging to 

the pUC series, pGEM series, pET series, pBAD series, pTET series, or pGEX series. In 

some embodiments, the vector is suitable for transforming a host cell for recombinant protein 

production. Methods for selecting and engineering vectors and host cells for expressing 

gRNAs and/or proteins (e.g., those provided herein), transforming cells, and 

expressing/purifying recombinant proteins are well known in the art, and are provided by, for 

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

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

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS OF THE INVENTION 

[0069] Site-specific enzymes which catalyze nucleic acid modifications are powerful 

tools for targeted genome modification in vitro and in vivo. Some site-specific enzymes can 

theoretically achieve a level of specificity for a target site that would allow one to target a 

single unique site in a genome for modification without affecting any other genomic site. In 

the case of site-specific nucleases, it has been reported that nuclease cleavage in living cells 

triggers a DNA repair mechanism that frequently results in a modification of the cleaved and 

repaired genomic sequence, for example, via homologous recombination or non-homologous 

end-joining. Accordingly, the targeted cleavage of a specific unique sequence within a 

genome opens up new avenues for gene targeting and gene modification in living cells, 

including cells that are hard to manipulate with conventional gene targeting methods, such as 

many human somatic cells or embryonic stem cells. Nuclease-mediated modification of 

disease-related sequences, e.g., the CCR-5 allele in HIV/AIDS patients, or of genes necessary 

for tumor neovascularization, can be used in the clinical context, and two site-specific 

nucleases are currently in clinical trials (Perez, E.E. et al., "Establishment of HIV- 1 

resistance in CD4+ T cells by genome editing using zinc-finger nucleases." Nature 

Biotechnology. 26, 808-816 (2008); ClinicalTrials.gov identifiers: NCT00842634, 

NCT01044654, NCT01252641, NCT01082926). Other diseases that can be treated using 
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site-specific nucleases or other site-specific DNA modifying enzymes include, for example, 

diseases associated with triplet expansion (e.g., Huntington's disease, myotonic dystrophy, 

spinocerebellar atatxias, etc.), cystic fibrosis (by targeting the CFTR gene), cancer, 

autoimmune diseases, and viral infections.  

[0070] One important problem with site-specific modification is off-target effects, 

e.g., the modification of genomic sequences that differ from the intended target sequence by 

one or more nucleotides. Undesired side effects of off-target modification range from 

insertion into unwanted loci during a gene targeting event to severe complications in a 

clinical scenario. For example, off-target modification of sequences encoding essential gene 

functions or tumor suppressor genes may result in disease or even the death of a subject.  

Accordingly, it is desirable to employ new strategies in designing site-specific enzymes 

having the greatest chance of minimizing off-target effects.  

[0071] The systems, methods, and compositions of the present disclosure represent, in 

some aspects, an improvement over previous methods and compositions by providing means 

to control the spatiotemporal activity of site-specific enzymes, for example, RNA-guided 

nucleases and engineered RNA-guided nucleic acid modifying enzymes. For example, RNA

guided nucleases known in the art, both naturally occurring and those engineered, typically 

bind to and cleave DNA upon forming a complex with an RNA (e.g., a gRNA) that 

complements the target. Aspects of the present invention relate to the recognition that having 

spatiotemporal control of the enzymatic or nucleic acid binding properties of an RNA-guided 

nuclease and RNA-guided nucleic acid modifying enzymes by engineering variants to 

include an intein will decrease the likelihood of off-target effects by minimizing or 

controlling the time a RNA-guided nuclease or engineered RNA-guided nucleic acid 

modifying enzymes is active. Accordingly, the strategies, methods, compositions, kits, and 

systems provided herein can be used to control the activity of any site-specific enzyme (both 

naturally occurring and those engineered) such as RNA-guided nucleases (e.g., Cas9, Cas9 

variants, fragments of Cas9 or Cas9 variants, etc.) or engineered nucleic acid modifying 

enzymes comprising a variant of an RNA-guided nuclease (e.g., dCas9).  

[0072] Inteins are protein splicing elements that are able to catalyze their excision out 

of a single polypeptide and leave behind the flanking sequences, or exteins, precisely ligated 

together through a native peptide bond. Inteins are attractive tools for modulating protein 

structure and function because they do not require any other cellular components, are able to 

splice out of a wide variety of extein contexts, and can undergo splicing in minutes.  

Although natural inteins splice spontaneously, inteins that undergo splicing in a small 
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molecule-dependent or ligand-dependent manner have been developed by fusing intein halves 

with proteins that dimerize in the presence of a small molecule, or by directed evolution in 

which a library of intact inteins fused to a ligand-binding domain was screened to splice in 

the presence, but not the absence, of a small molecule or ligand. These ligand-dependent 

inteins have enabled protein function in cells to be controlled post-translationally by the 

addition of an exogenous, cell-permeable molecule (See e.g., published U.S. Patent 

Application US 2014/0065711 Al, the entire contents of which are hereby incorporated by 

reference). The inventors have found that the targeted insertion of ligand-dependent inteins 

into site-specific enzymes renders the enzymes, in some instances, inactive prior to the 

controlled excision of the intein through binding of a ligand specific for the intein. For 

example, the targeted insertion of a ligand-dependent intein into Cas9 at fifteen different 

positions resulted in a subset of Cas9 variants that were inactive in the absence of ligand, but 

upon addition of the ligand the intein self-excised resulting in an active Cas9 protein capable 

of site-specific cleavage of a target gene.  

[0073] Some aspects of this disclosure are based on the surprising discovery that Cas9 

proteins comprising an intein, for example, a ligand-dependent intein as described herein, 

exhibit an increased specificity as compared to constitutively active Cas9 proteins. For 

example, it was found that the conditionally active Cas9 proteins comprising an intein exhibit 

an activity in the "on" state that is comparable to wild-type Cas9 activity or only slightly 

decreased as compared to wild-type Cas9 activity, while exhibiting decreased off-target 

activity.  

[0074] In addition, some aspects of this disclosure relate to the recognition that Cas9 

off-target activity is at least in part related to the concentration of active Cas9 proteins, and 

that the off-target activity of the provided conditionally active Cas9 proteins, e.g., the 

provided ligand-dependent Cas9 proteins, can be modulated, e.g., further decreased, by 

contacting the Cas9 proteins with a minimal amount of ligand effecting the desired result, 

e.g., the minimal amount effecting intein excision from a Cas9 protein, or the minimal 

amount resulting in a desired level of Cas9 protein activity.  

[0075] While of particular relevance to DNA and DNA-cleaving nucleases such as 

Cas9 and variants thereof, the inventive concepts, methods, compositions, strategies, kits, and 

systems provided herein are not limited in this respect, but can be applied to any nuclease or 

nucleic acid:enzyme system utilizing nucleic acid templates such as RNA to direct binding to 

a target nucleic acid. For example, the inventive concepts provided herein can be applied to 

RNA-guided nucleic acid-targeting protein, e.g., to RNA-guided nucleases, and to fusion 
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proteins comprising nucleic acid-targeting domains of such nucleases, e.g., to fusion proteins 

comprising a Cas9 targeting domain (e.g., dCas9 domain), and a functional (effector) domain, 

such as, for example, a heterologous nuclease domain, recombinase domain, or other nucleic 

acid-editing domain.  

Small molecule controlled site-specific enzymes 

[0076] Some aspects of this disclosure provide site-specific enzymes engineered to 

have both an "on" and "off" state which depends on the presence of a ligand such as a small 

molecule. The ligand binds and activates the enzyme through binding a ligand-dependent 

intein in the enzyme, whereby ligand binding induces self-excision of the intein thereby 

activating the enzyme (e.g., the presence of the intein in the enzyme disrupted one or more 

activities of the enzyme). In some aspects then, the enzymes may collectively be referred to 

as "small molecule controlled" or "ligand-dependent" site-specific enzymes. In some 

embodiments, the site-specific enzyme that has been modified to include a ligand-dependent 

intein comprises Cas9, or a variant of Cas9.  

[0077] Accordingly, in the absence of a ligand that binds the intein, the intein is not 

excised, and the protein comprising Cas9 or variant of Cas9 remains inactive. By "inactive" 

it is meant that the protein has no or minimal activity with respect to one or more activities 

described herein. In some embodiments, prior to intein excision, the protein has (i) no or 

minimal enzymatic activity; (ii) no or minimal gRNA binding activity; (iii) no or minimal 

target nucleic acid binding activity; or any combination of (i)-(iii), e.g., the protein has (i) and 

(ii); (i) and (iii); (ii) and (iii); or (i), (ii) and (iii). Enzymatic activities for (i), include, for 

example, nuclease activity, nickase activity, recombinase activity, nucleic acid editing (e.g., 

deaminase) activity, transcriptional activation, transcriptional repression, and epigenetic 

modification activity.  

[0078] In some embodiments, by "minimal" activity, it is meant that the protein, prior 

to excision of the intein, exhibits less than 50%, less than 45%, less than 40%, less than 35%, 

less than 30%, less than 25%, less than 24%, less than 23%, less than 22%, less than 21%, 

less than 20, less than 19%, less than 18%, less than 17%, less than 16%, less than 15%, less 

than 14%, less than 13%, less than 12%, less than 11%, less than 10%, less than 9%, less than 

8%, less than 7%, less than 6%, less than 5%, less than 4%, less than 3%, less than 2%, or 

less than 1% of a particular activity (e.g., nuclease activity, nickase activity, recombinase 

activity, deaminase activity, transcriptional activation, transcriptional repression, epigenetic 

modification activity, gRNA binding activity, and/or target nucleic acid binding activity) as 
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compared to either the wild type counterpart of the protein or the intein-excised form of the 

protein. In some embodiments, following excision of the intein, the protein exhibits at least a 

1.25-fold increase, at least a 1.5- fold increase, at least 1.75-fold increase, at least a 2.0-fold 

increase, at least a 2.25-fold increase, at least a 2.5-fold increase, at least a 2.75-fold increase, 

at least a 3.0-fold increase, at least a 3.25-fold increase, at least a 3.5-fold increase, at least a 

3.75-fold increase, at least a 4.0-fold increase, at least a 4.5-fold increase, at least a 5.0-fold 

increase, at least a 5.5-fold increase, at least a 6.0-fold increase, at least a 6.5-fold increase, at 

least a 7.0-fold increase, at least a 7.5-fold increase, at least a 8.0-fold increase, at least a 8.5

fold increase, at least a 9.0-fold increase, at least a 9.5-fold increase, or at least a 10.0-fold or 

more increase in activity (e.g., nuclease activity, nickase activity, recombinase activity, or 

deaminase activity) as compared to the intein-intact form of the protein. Methods for 

assessing the activity of any ligand-dependent site-specific Cas9-containing enzyme provided 

herein are well known to those of ordinary skill in the art, and in the context of nuclease 

activity include those described in the Examples.  

[0079] In some embodiments, upon excision, the intein leaves a cysteine residue.  

Thus, if the intein is inserted such that it replaces a cysteine, the Cas9 protein, upon intein 

excision, will be unmodified as compared to the original protein. If the intein replaces any 

other amino acid, the Cas9 protein, upon intein excision, will contain a cysteine in place of 

the amino acid that was replaced. In some embodiments, the intein does not replace an amino 

acid residue in a Cas9 protein, but is inserted into the Cas9 protein (e.g., in addition to the 

amino acid residues of the Cas9 protein). In this aspect, upon excision, the protein will 

comprise an additional cysteine residue. While the presence of an additional cysteine residue 

(or the substitution of a residue for a cysteine upon excision) is unlikely to affect the function 

of the Cas9 protein, in some embodiments where the intein does not replace a cysteine, the 

intein replaces an alanine, seine, or threonine amino acid, as these residues are similar in size 

and/or polarity to cysteine.  

[0080] Accordingly, in some embodiments, the intein is inserted into one or both of 

the nuclease domains of Cas9 or a Cas9 variant (e.g., dCas9, Cas9 nickase), such as the HNH 

domain and/or the RuvC domain. In some embodiments, the intein is inserted into one or 

more other domains of Cas9 or a Cas9 variant (e.g., dCas9, Cas9 nickase), such as, REC1, 

REC2, PAM-interacting (PI), and/or bridge helix (BH) domain. The sequences and structure 

corresponding to these domains are known, and in some aspects are represented by the 

underlined segments of SEQ ID NO:2 (Cas9) and SEQ ID NO:5 (dCas9) above (See also, 

Nishimasu et al., "Crystal structure of Cas9 in complex with guide RNA and target DNA." 
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Cell. 2014; 156(5), 935-949). In some embodiments, the intein is inserted into any location 

of Cas9, e.g., any location that disrupts one or more activities of Cas9 (e.g., enzymatic 

activity, gRNA binding activity, and/or DNA binding activity). In some embodiments, the 

intein is inserted into a sequence of Cas9 or a Cas9 variant such that the intein sequence 

replaces one or more amino acids in the protein. In some embodiments, the intein replaces 

any cysteine, any alanine, any threonine, or any serine residue in Cas9 or a Cas9 variant 

including Cas9 nickase and dCas9 (and fusions thereof). In some embodiments the inserted 

intein sequence replaces Cys80, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, 

Ser701, Ala728, Thr995, Ser1006, Serl154, Serl159, or Ser1274 in Cas9 (SEQ ID NO:2), 

dCas9 (SEQ ID NO:5), or Cas9 nickase (SEQ ID NO:4). In some embodiments, the intein is 

inserted within 5, within 10, within 15, or within 20 amino acids of Cys80, Ala127, Thr146, 

Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, Thr995, Ser1006, Ser1154, 

Ser 159, or Ser1274 in Cas9 (SEQ ID NO:2), dCas9 (SEQ ID NO:5), or Cas9 nickase (SEQ 

ID NO:4). In some embodiments, the inserted intein sequence replaces Ala127, Thr146, 

Ser219, Thr519, or Cys574 in Cas9 (SEQ ID NO:2), dCas9 (SEQ ID NO:5), or Cas9 nickase 

(SEQ ID NO:4). In some embodiments, a Cas9 protein comprising an intein comprises an 

amino acid sequence selected from the group consisting of SEQ ID NOs:27-41, or comprises 

an amino acid sequence that has at least 80%, at least 85%, at least 90%, at least 95%, or at 

least 99% sequence identity to any one of SEQ ID NOs:27-41. In some embodiments, the 

intein is inserted into the protein such that it does not replace any amino acid, but is added in 

addition to the amino acids of the protein. The intein that is inserted into the protein can be 

any ligand-dependent intein, e.g., those described herein. For example, in some 

embodiments, the intein that is inserted into the protein comprises, in part or in whole, a 

sequence that is at least 80%, at least 85%, at least 90%, at least 95%, at least 99%, or 100% 

identical to any one of SEQ ID NO:27-41.  

Cas9:Jntein (37R3-2; in double underline) replacing Cys80 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRI CLAEGTRIFDPVTGTTHRIEDVVDGRKPI HVVAAAKDGTLLARPVVSWFDQGTRDVI 

GLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLAL SLTADQMVSALLDAEPPI LY 

SEYDPT SPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLE RAWLE I LMI GLVWRSM 

EHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSS 

TLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKN 

VVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVI REVLPTRRARTFDLEV 

EELHTLVAEGVVVHNCYLQE I FSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY 

PTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP 

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 
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ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:27) 

Cas9:Jntein (37R3-2; in double underline) replacing Ala127 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVCLAEGTRIFD 

PVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTE 

YGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNL 

ADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKC 

VEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDT 

LIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGG 

SGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCYHEKY 

PTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP 

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:28) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr146 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGL 

RIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 

YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 
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PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTL 
KSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 

PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEE 

LHTLVAEGVVVHNCDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP 

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:29) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser219 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTR 

DVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPP 

ILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVW 

RSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTF 

LSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMK 

YKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFD 
LEVEELHTLVAEGVVVHNCRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:30) 
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Cas9:Jntein (37R3-2; in double underline) replacing Thr333 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLCLAEGTRI 

FDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVL 

TEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLT 

NLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQG 

KCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKIT 

DTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHA 

GGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:31) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr519 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFCLAEGTRIFDPVTGTTHRIEDVVDGR 

KPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVA 

GPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVP 

GFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSS 

RFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQH 

QRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDK 

FLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 
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QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:32) 

Cas9:Jntein (37R3-2; in double underline) replacing Cys574 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGT 

LLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSL 

TADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHL 

LERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFV 

CLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHI 

RHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYS 

VIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:33) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr622 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGL 

RIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 

YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 

PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTL 

KSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 

PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEE 

LHTLVAEGVVVHNCLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 
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NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:34) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser701 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSW 

FDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSAL 

LDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEIL 

MIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLN 

SGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGME 

HLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTR 

RARTFDLEVEELHTLVAEGVVVHNCLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:35) 

Cas9:Jntein (37R3-2; in double underline) replacing Ala728 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLCLAEGTRIFDPVTGTTHRIED 

VVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRK 

GDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINW 

AKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 
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LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLT 

LQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFAD 

ALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:36) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr995 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGCLAEGTRIFDPVTGTTHRIEDVVDGR 

KPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVA 

GPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVP 

GFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSS 

RFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQH 

QRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDK 

FLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:37) 

Cas9:Jntein (37R3-2; in double underline) replacing SerlO06 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 
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EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLECLAEGTRIFDPVTGT 

THRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRA 

AGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADREL 

VHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMV 

EIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLM 

AKAGLTLOOOHORLAOLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASR 

VQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:38) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser 154 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK 

MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS 

MPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKCLA 

EGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDOGTRDVIGLRIAGGAIVWATP 

DHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASM 

MGLLTNLADRELVHMINWAKRVPGFVDLTLHDOAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLL 

DRNQGKCVEGMVEIFDMLLATSSRFRMMNLOGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRA 

LDKITDTLIHLMAKAGLTLOOOHORLAOLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDA 

HRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVH 

NCKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:39) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser 159 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 
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DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK 

MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS 

MPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK 

LKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAI 

VWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPF 

SEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFA 

PNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKD 

HIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLL 

EMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAE 

GVVVHNCVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:40) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser1274 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK 

MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS 

MPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK 

LKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGN 

ELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQICLAEGTRIFDPVTGTTHRI 

EDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGEL 

RKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMI 

NWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFD 

MLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAG 

LTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAF 

ADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:41) 
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[0081] In some embodiments, the intein inserted into the Cas9 protein is ligand

dependent. In some embodiments, the ligand-dependent inteins comprise a modified ligand

binding domain of the estrogen receptor protein, embedded into a modified RecA intein from 

M. tuberculosis. In some embodiments, the ligand-binding domain is derived from an 

estrogen receptor protein, for example, from the human estrogen receptor. The sequence of 

the human estrogen receptor and the location of the ligand-binding domain within the human 

estrogen receptor are known to those of skill in the art. Non-limiting, exemplary sequences 

of the human estrogen receptor can be retrieved from RefSeq database entries NP_000116 

(isoform 1); NP_001116212 (isoform 2); NP_001116213 (isoform 3); and NP_001116214 

(isoform 4) from the National Center for Biotechnology Information (NCBI, 

www.ncbi.nlm.nih.gov). In some embodiments, the ligand-binding domain of a ligand

dependent intein provided herein comprises or is derived from a sequence comprising amino 

acid residues 304-551 of the human estrogen receptor.  

[0082] It will be appreciated by those of skill in the art that other ligand-dependent 

inteins are also suitable and useful in connection with the Cas9 proteins and methods 

provided herein. For example, some aspects of this invention provide Cas9 proteins 

comprising ligand-dependent inteins that comprise a ligand-binding domain of a hormone

binding protein, e.g., of an androgen receptor, an estrogen receptor, an ecdysone receptor, a 

glucocorticoid receptor, a mineralocorticoid receptor, a progesterone receptor, a retinoic acid 

receptor, or a thyroid hormone receptor protein. Ligand-binding domains of hormone

binding receptors, inducible fusion proteins comprising such ligand-binding domains, and 

methods for the generation of such fusion proteins are known to those of skill in the art (see, 

e.g., Becker, D., Hollenberg, S., and Ricciardi, R. (1989). Fusion of adenovirus ElA to the 

glucocorticoid receptor by high-resolution deletion cloning creates a hormonally inducible 

viral transactivator. Mol. Cell. Biol. 9, 3878-3887; Boehmelt, G., Walker, A., Kabrun, N., 

Mellitzer, G., Beug, H., Zenke, M., and Enrietto, P. J. (1992). Hormone-regulated v-rel 

estrogen receptor fusion protein: reversible induction of cell transformation and cellular gene 

expression. EMBO J 11, 4641-4652; Braselmann, S., Graninger, P., and Busslinger, M.  

(1993). A selective transcriptional induction system for mammalian cells based on Gal4

estrogen receptor fusion proteins. Proc Natl Acad Sci U S A 90, 1657-1661; Furga G, 

Busslinger M (1992). Identification of Fos target genes by the use of selective induction 

systems. J. Cell Sci. Suppl 16,97-109; Christopherson, K. S., Mark, M. R., Bajaj, V., and 

Godowski, P. J. (1992). Ecdysteroid-dependent regulation of genes in mammalian cells by a 

Drosophila ecdysone receptor and chimeric transactivators. Proc Natl Acad Sci U S A 89, 
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6314-8; Eilers, M., Picard, D., Yamamoto, K., and Bishop, J. (1989). Chimaeras of Myc 

oncoprotein and steriod receptors cause hormone-dependent transformation of cells. Nature 

340, 66-68; Fankhauser, C. P., Briand, P. A., and Picard, D. (1994). The hormone binding 

domain of the mineralocorticoid receptor can regulate heterologous activities in cis. Biochem 

Biophys Res Commun 200, 195-20 1; Godowski, P. J., Picard, D., and Yamamoto, K. R.  

(1988). Signal transduction and transcriptional regulation by glucocorticoid receptor-LexA 

fusion proteins. Science 241, 812-816; Kellendonk, C., Tronche, F., Monaghan, A., Angrand, 

P., Stewart, F., and Schlitz, G. (1996). Regulation of Cre recombinase activity by the 

synthetic steroid RU486. Nuc. Acids Res. 24, 1404-1411; Lee, J. W., Moore, D. D., and 

Heyman, R. A. (1994). A chimeric thyroid hormone receptor constitutively bound to DNA 

requires retinoid X receptor for hormone-dependent transcriptional activation in yeast. Mol 

Endocrinol 8, 1245-1252; No, D., Yao, T. P., and Evans, R. M. (1996). Ecdysone-inducible 

gene expression in mammalian cells and transgenic mice. Proc Natl Acad Sci U S A 93, 

3346-3351; and Smith, D., Mason, C., Jones, E., and Old, R. (1994). Expression of a 

dominant negative retinoic acid receptor g in Xenopus embryos leads to partial resistance to 

retinoic acid. Roux's Arch. Dev. Biol. 203, 254-265; all of which are incorporated herein by 

reference in their entirety). Additional ligand-binding domains useful for the generation of 

ligand-dependent inteins as provided herein will be apparent to those of skill in the art, and 

the invention is not limited in this respect.  

[0083] Additional exemplary inteins, ligand-binding domains, and ligands suitable for 

use in the Cas9 proteins provided herein are described in International Patent Application, 

PCT/US2012/028435, entitled "Small Molecule-Dependent Inteins and Uses Thereof," filed 

March 9, 2012, and published as WO 2012/125445 on September 20, 2012, the entire 

contents of which are incorporated herein by reference. Additional suitable inteins, ligand

binding domains, and ligands will be apparent to the skilled artisan based on this disclosure.  

[0084] The ligand-dependent inteins provided herein are inactive (or only minimally 

active) in the absence of the appropriate ligand, but can be induced to be active, and, thus, to 

self-excise, by contacting them with a ligand that binds the ligand-binding domain of the 

human estrogen receptor. Small molecule ligands binding the ligand-binding domain of the 

estrogen receptor (e.g., the human estrogen receptor), and thus useful to induce the activity of 

the ligand-dependent inteins described herein, are known to those of skill in the art. In some 

embodiments, the ligand used to induce the activity of the ligand-dependent inteins described 

herein specifically binds to the ligand-binding domain of the estrogen receptor. In some 

embodiments, the ligand binds the ligand-binding domain of a ligand-dependent intein 

50



WO 2016/022363 PCT/US2015/042770 

provided herein with high affinity, for example, with an affinity of at least about 1010 M, at 

least about 

10-9 M, at least about 10 M, At least about 10 M, at least -bout 10 M, or at least about6lO 

M. Examples of appropriate estrogen receptor-binding ligands that are useful to induce the 

activity of the ligand-dependent inteins provided herein, for example, the ligand-dependent 

inteins provided in SEQ ID NOs 3-8, include, but are not limited to, 17p-estradiol, 17ac

ethynyl estradiol, tamoxifen and tamoxifen analogs (e.g., 4-hydroxytamoxifen (4-HT, 4

OHT), 3-hydroxytamoxifen (droloxifene)), tamoxifen metabolites (e.g., hydroxytamoxifen, 

endoxifen), raloxifene, toremifene, ICI-182, and ICI-780. Other useful ligands will be 

apparent to those of skill in the art, and the invention is not limited in this respect.  

[0085] In some embodiments, any of the Cas9 proteins comprising inteins (e.g., SEQ 

ID NOs:27-41) can be modified so as to generate a Cas9 nickase comprising an intein (e.g., 

by making one of a D1OA or H840A mutation relative to the Cas9 sequence lacking an 

intein), or to generate a dCas9 protein comprising an intein (e.g., by making both D1OA and 

H840A mutations relative to the Cas9 sequence lacking an intein). In some embodiments, 

any of the Cas9 proteins comprising inteins (e.g., SEQ ID NOs:27-41) have additional 

features, for example, one or more linker sequences, localization sequences, such as nuclear 

localization sequences (NLS; e.g., MAPKKKRKVGIHRGVP (SEQ ID NO:42)); 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 localization signal sequences and sequences of 

protein tags are provided herein and are known in the art, and include, but are not limited to, 

biotin carboxylase carrier protein (BCCP) tags, myc-tags, calmodulin-tags, FLAG-tags (e.g., 

3xFLAG TAG: MDYKDHDGDYKDHDIDYKDDDDK (SEQ ID NO:43)), 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.  

[0086] In some embodiments, ligand-dependent site-specific enzymes (e.g., fusion 

proteins) are provided which comprise a Cas9 variant (e.g., dCas9), a ligand-dependent 

intein, and one or more other polypeptide domains having a particular enzymatic activity. In 

some embodiments, the fusion protein comprises a nuclease inactivated Cas9 domain (e.g., 

dCas9), wherein the dCas9 domain comprises an intein sequence inserted in place of or in 
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addition to any amino acid in dCas9. In some embodiments the inserted intein sequence 

replaces Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, 

Thr995, SerlO06, Ser 154, Ser 159, or Ser1274 of dCas9 (SEQ ID NO:5). In some 

embodiments, the inserted intein sequence replaces Ala127, Thr146, Ser219, Thr519, or 

Cys574 of dCas9 (SEQ ID NO:5). In some embodiments, the intein is inserted into another 

domain of the fusion protein (i.e., not in the Cas9 domain, e.g., not in the dCas9 domain), 

such as the domain having a particular enzymatic activity. In some embodiments, the domain 

having a particular enzymatic activity is a nuclease domain (e.g., FokI), a recombinase 

catalytic domain (e.g., Hin, Gin, or Tn3 recombinase domains), a nucleic acid-editing domain 

(e.g., a deaminase domain), a transcriptional activator domain (e.g., VP64, p65), a 

transcriptional repressor domain (e.g., KRAB, SID), or an epigenetic modifier (e.g., LSD1 

histone demethylase, TETI hydoxylase). The intein that is inserted into the fusion protein 

can be any ligand-dependent intein, e.g., those described herein. For example, in some 

embodiments, the intein that is inserted into a Cas9 protein comprises in part or in whole, a 

sequence that is at least 80%, at least 85%, at least 90%, at least 95%, at least 99%, or 100% 

percent identical to any one of SEQ ID NO:7-14.  

[0087] In some embodiments, the general architecture of exemplary fusion proteins 

provided herein comprises the structure: 

[NH2] -[enzymatic domain] - [dCas9] - [COOH] or 

[NH2] - [dCas9] - [enzymatic domain] - [COOH]; 

wherein NH2 is the N-terminus of the fusion protein, COOH is the C-terminus of the fusion 

protein, dCas9 comprises an intein as provided herein, and the enzymatic domain comprises a 

nuclease domain (e.g., FokI), a recombinase catalytic domain (e.g., Hin, Gin, or Tn3 

recombinase domains), a nucleic acid-editing domain (e.g., a deaminase domain), a 

transcriptional activator domain (e.g., VP64, p65), a transcriptional repressor domain (e.g., 

KRAB, SID), or an epigenetic modifier (e.g., LSD1 histone demethylase, TETI hydoxylase).  

In some embodiments, the intein is comprised in a domain other than dCas9 (e.g., in an 

enzymatic domain), or is located between two domains.  

[0088] Additional features may be present, for example, one or more linker sequences 

between certain domains. Other exemplary features that may be present are localization 

sequences, such as nuclear localization sequences (NLS; e.g., MAPKKKRKVGIHRGVP 

(SEQ ID NO:42)); 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 localization signal 
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sequences and sequences of protein tags are provided herein and are known in the art, and 

include, but are not limited to, biotin carboxylase carrier protein (BCCP) tags, myc-tags, 

calmodulin-tags, FLAG-tags (e.g., 3xFLAG TAG: MDYKDHDGDYKDHDIDYKDDDDK 

(SEQ ID NO:43)), 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.  

[0089] In some embodiments, the enzymatic domain comprises a nuclease or a 

catalytic domain thereof. For example, in some embodiments, the general architecture of 

exemplary ligand-dependent dCas9 fusion proteins with a nuclease domain comprises the 

structure: 

[NH2]-[NLS]-[dCas9]-[nuclease]-[COOH], 

[NH2]-[NLS]-[nuclease]-[dCas9]-[COOH], 

[NH2]-[dCas9]-[nuclease]-[COOH], or 

[NH2]-[nuclease]-[dCas9]-[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the nuclease 

domain. In some embodiments, a linker is inserted between the NLS and the nuclease and/or 

dCas9 domain. In some embodiments, the NLS is located C-terminal of the nuclease and/or 

the dCas9 domain. In some embodiments, the NLS is located between the nuclease and the 

dCas9 domain. Additional features, such as sequence tags, may also be present. In some 

aspects, the nuclease domain is a nuclease requiring dimerization (e.g., the coming together 

of two monomers of the nuclease) in order to cleave a target nucleic acid (e.g., DNA). In 

some embodiments, the nuclease domain is a monomer of the FokI DNA cleavage domain.  

The FokI DNA cleavage domain is known, and in some aspects corresponds to amino acids 

388-583 of FokI (NCBI accession number J04623). In some embodiments, the FokI DNA 

cleavage domain corresponds to amino acids 300-583, 320-583, 340-583, or 360-583 of FokI.  

See also Wah et al., "Structure of FokI has implications for DNA cleavage" Proc. Natl. A cad.  

Sci. USA. 1998; 1;95(18):10564-9; Li et al., "TAL nucleases (TALNs): hybrid proteins 

composed of TAL effectors and FokI DNA-cleavage domain" Nucleic Acids Res. 2011; 

39(1):359-72; Kim et al., "Hybrid restriction enzymes: zinc finger fusions to Fok I cleavage 

domain" Proc. NatlAcad. Sci. USA. 1996; 93:1156-1160; the entire contents of each are 
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herein incorporated by reference). In some embodiments, the FokI DNA cleavage domain 

corresponds to, or comprises in part or whole, the amino acid sequence set forth as SEQ ID 

NO:6. In some embodiments, the FokI DNA cleavage domain is a variant of FokI (e.g., a 

variant of SEQ ID NO:6), as described herein. Other exemplary compositions and methods 

of using dCas9-nuclease fusion proteins can be found in U.S. patent application U.S.S.N 

14/320,498; titled "Cas9-FokI fusion Proteins and Uses Thereof," filed June 30, 2014; the 

entire contents of which are incorporated herein by reference.  

[0090] In some embodiments, the enzymatic domain comprises a recombinase or 

other catalytic domain thereof. For example, in some embodiments, the general architecture 

of exemplary ligand-dependent dCas9 fusion proteins with a recombinase domain comprises 

the structure: 

[NH2]-[NLS]-[dCas9]-[recombinase]-[COOH], 

[NH2]-[NLS]-[ recombinase]-[dCas9]-[COOH], 

[NH2]-[dCas9]-[ recombinase]-[COOH], or 

[NH2]-[ recombinase]-[dCas9]-[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the recombinase 

domain. In some embodiments, a linker is inserted between the NLS and the recombinase 

and/or dCas9 domain. In some embodiments, the NLS is located C-terminal of the 

recombinase domain and/or the dCas9 domain. In some embodiments, the NLS is located 

between the recombinase domain and the dCas9 domain. Additional features, such as 

sequence tags, may also be present. By "catalytic domain of a recombinase," it is meant that 

a fusion protein includes a domain comprising an amino acid sequence of (e.g., derived from) 

a recombinase, such that the domain is sufficient to induce recombination when contacted 

with a target nucleic acid (either alone or with additional factors including other recombinase 

catalytic domains which may or may not form part of the fusion protein). In some 

embodiments, a catalytic domain of a recombinase does not include the DNA binding domain 

of the recombinase. In some embodiments, the catalytic domain of a recombinase includes 

part or all of a recombinase, e.g., the catalytic domain may include a recombinase domain 

and a DNA binding domain, or parts thereof, or the catalytic domain may include a 

recombinase domain and a DNA binding domain that is mutated or truncated to abolish DNA 

binding activity. Recombinases and catalytic domains of recombinases are known to those of 

skill in the art, and include, for example, those described herein. In some embodiments, the 
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catalytic domain is derived from any recombinase. In some embodiments, the recombinase 

catalytic domain is a catalytic domain of aTn3 resolvase, a Hin recombinase, or a Gin 

recombinase. In some embodiments, the catalytic domain comprises a Tn3 resolvase (e.g., 

Stark Tn3 recombinase) that is encoded by a nucleotide sequence comprising, in part or in 

whole, SEQ ID NO:44, as provided below. In some embodiments, a Tn3 catalytic domain is 

encoded by a variant of SEQ ID NO:44. In some embodiments, a Tn3 catalytic domain is 

encoded by a polynucleotide (or a variant thereof) that encodes the polypeptide 

corresponding to SEQ ID NO:45. In some embodiments, the catalytic domain comprises a 

Hin recombinase that is encoded by a nucleotide sequence comprising, in part or in whole, 

SEQ ID NO:46, as provided below. In some embodiments, a Hin catalytic domain is 

encoded by a variant of SEQ ID NO:46. In some embodiments, a Hin catalytic domain is 

encoded by a polynucleotide (or a variant thereof) that encodes the polypeptide 

corresponding to SEQ ID NO:47. In some embodiments, the catalytic domain comprises a 

Gin recombinase (e.g., Gin beta recombinase) that is encoded by a nucleotide sequence 

comprising, in part or in whole, SEQ ID NO:48, as provided below. In some embodiments, a 

Gin catalytic domain is encoded by a variant of SEQ ID NO:48. In some embodiments, a 

Gin catalytic domain is encoded by a polynucleotide (or a variant thereof) that encodes the 

polypeptide corresponding to SEQ ID NO:49. Other exemplary compositions and methods 

of using dCas9-recombinase fusion proteins can be found in U.S. patent application U.S.S.N 

14/320,467; titled "Cas9 Variants and Uses Thereof," filed June 30, 2014; the entire contents 

of which are incorporated herein by reference.  

Stark Tn3 recombinase (nucleotide: SEQ ID NO:44; amino acid: SEQ ID NO:45): 

ATGGCCCTGTTTGGCTACGCACGCGTGTCTACCAGTCAACAGTCACTCGATTTGCAAGTGAGGGCTCTTAAAGAT 

GCCGGAGTGAAGGCAAACAGAATTTTTACTGATAAGGCCAGCGGAAGCAGCACAGACAGAGAGGGGCTGGATCTC 

CTGAGAATGAAGGTAAAGGAGGGTGATGTGATCTTGGTCAAAAAATTGGATCGACTGGGGAGAGACACAGCTGAT 

ATGCTTCAGCTTATTAAAGAGTTTGACGCTCAGGGTGTTGCCGTGAGGTTTATCGATGACGGCATCTCAACCGAC 

TCCTACATTGGTCTTATGTTTGTGACAATTTTGTCCGCTGTGGCTCAGGCTGAGCGGAGAAGGATTCTCGAAAGG 
ACGAATGAGGGACGGCAAGCAGCTAAGT TGAAAGGTATCAAAT T TGGCAGACGAAGG (SEQ ID NO:44) 

MALFGYARVSTSQQSLDLQVRALKDAGVKANRIFTDKASGSSTDREGLDLLRMKVKEGDVILVKKLDRLGRDTAD 

MLQLIKEFDAQGVAVRFIDDGISTDSYIGLMFVTILSAVAQAERRRILERTNEGRQAAKLKGIKFGRRR (SEQ 
ID NO:45) 

Hin Recombinase (nucleotide: SEQ ID NO:46; amino acid: SEQ ID NO:47): 

ATGGCAACCATTGGCTACATAAGGGTGTCTACCATCGACCAAAATATCGACCTGCAGCGCAACGCTCTGACATCC 

GCCAACTGCGATCGGATCTTCGAGGATAGGATCAGTGGCAAGATCGCCAACCGGCCCGGTCTGAAGCGGGCTCTG 

AAGTACGTGAATAAGGGCGATACTCTGGTTGTGTGGAAGTTGGATCGCTTGGGTAGATCAGTGAAGAATCTCGTA 

GCCCTGATAAGCGAGCTGCACGAGAGGGGTGCACATTTCCATTCTCTGACCGATTCCATCGATACGTCTAGCGCC 
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ATGGGCCGATTCTTCTTTTACGTCATGTCCGCCCTCGCTGAAATGGAGCGCGAACTTATTGTTGAACGGACTTTG 

GCTGGACTGGCAGCGGCTAGAGCACAGGGCCGACTTGGA (SEQ ID NO:46) 

MATIGYIRVSTIDQNIDLQRNALTSANCDRIFEDRISGKIANRPGLKRALKYVNKGDTLVVWKLDRLGRSVKNLV 

ALISELHERGAHFHSLTDSIDTSSAMGRFFFYVMSALAEMERELIVERTLAGLAAARAQGRLG (SEQ ID 
NO:47) 

Gin beta recombinase (nucleotide: SEQ ID NO:48; amino acid: SEQ ID NO:49): 

ATGCTCATTGGCTATGTAAGGGTCAGCACCAATGACCAAAACACAGACTTGCAACGCAATGCTTTGGTTTGCGCC 

GGATGTGAACAGATATTTGAAGATAAACTGAGCGGCACTCGGACAGACAGACCTGGGCTTAAGAGAGCACTGAAA 
AGACTGCAGAAGGGGGACACCCTGGTCGTCTGGAAACTGGATCGCCTCGGACGCAGCATGAAACATCTGATTAGC 
CTGGTTGGTGAGCTTAGGGAGAGAGGAATCAACTTCAGAAGCCTGACCGACTCCATCGACACCAGTAGCCCCATG 
GGACGATTCTTCTTCTATGTGATGGGAGCACTTGCTGAGATGGAAAGAGAGCTTATTATCGAAAGAACTATGGCT 

GGTATCGCTGCTGCCCGGAACAAAGGCAGACGGTTCGGCAGACCGCCGAAGAGCGGC (SEQ ID NO:48) 

MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLDRLGRSMKHLIS 

LVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIERTMAGIAAARNKGRRFGRPPKSG (SEQ 
ID NO:49) 

[0091] In some embodiments, the enzymatic domain comprises a deaminase or a 

catalytic domain thereof. For example, in some embodiments, the general architecture of 

exemplary dCas9 fusion proteins with a deaminase enzyme or domain comprises the 

structure: 

[NH2]-[NLS]-[Cas9]-[deaminase]-[COOH], 

[NH2]-[NLS]-[deaminase]-[Cas9]-[COOH], 

[NH2]-[Cas9]-[deaminase]-[COOH], or 

[NH2]-[deaminase]-[Cas9]-[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the deaminase 

domain. In some embodiments, a linker is inserted between the NLS and the deaminase 

and/or dCas9 domain. In some embodiments, the NLS is located C-terminal of the 

deaminase and/or the dCas9 domain. In some embodiments, the NLS is located between the 

deaminase domain and the dCas9 domain. Additional features, such as sequence tags, may 

also be present. One exemplary suitable type of nucleic acid-editing enzymes and domains 

are cytosine deaminases, for example, of the apolipoprotein B mRNA-editing complex 

(APOBEC) family of cytosine deaminase enzymes, including activation-induced cytidine 

deaminase (AID) and apolipoprotein B editing complex 3 (APOBEC3) enzyme. Another 

exemplary suitable type of nucleic acid-editing enzyme and domain thereof suitable for use in 

the present invention include adenosine deaminases. For example, an ADAT family 
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adenosine deaminase can be fused to a dCas9 domain comprising an intein. Some exemplary 

suitable nucleic-acid editing enzymes and domains, e.g., deaminases and deaminase domains, 

that can be fused to dCas9 domains comprising inteins according to aspects of this disclosure 

are provided below. It will be understood that, in some embodiments, the active domain of 

the respective sequence can be used, e.g., the domain without a localizing signal (nuclear 

localizing signal, without nuclear export signal, cytoplasmic localizing signal). Other 

exemplary compositions and methods of using dCas9-nuclease fusion proteins can be found 

in U.S. patent application U.S.S.N 14/325,815; titled "Fusions of Cas9 Domains and Nucleic 

Acid-Editing Domains," filed July 8, 2014; the entire contents of which are incorporated 

herein by reference.  

Human AID: 

MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRNKNGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTARLYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNT 

FVENHERTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO:50) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Mouse AID: 

MDSLLMKQKKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVAEFLRWNPNLSLRIFTARLYFCEDRKAEPEGLRRLHRAGVQIGIMTFKDYFYCWNT 

FVENRERTFKAWEGLHENSVRLTRQLRRILLPLYEVDDLRDAFRMLGF (SEQ ID NO:51) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Dog AID: 

MDSLLMKQRKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGHLRNKSGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFAARLYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNT 

FVENREKTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO:52) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Bovine AID: 

MDSLLKKQRQFLYQFKNVRWAKGRHETYLCYVVKRRDSPTSFSLDFGHLRNKAGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFTARLYFCDKERKAEPEGLRRLHRAGVQIAIMTFKDYFYCWN 

TFVENHERTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO:53) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Mouse APOBEC-3: 

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLGYAKGRKDTFLCYEVTRKDCDSPVSLHHGVFKNKDNIHAEIC 

FLYWFHDKVLKVLSPREEFKITWYMSWSPCFECAEQIVRFLATHHNLSLDIFSSRLYNVQDPETQQNLCRLVQEG 

AQVAAMDLYEFKKCWKKFVDNGGRRFRPWKRLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETR 

FCVEGRRMDPLSEEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNGQAPLKGCLLSEKGKQHAEILFLDKIRSM 
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ELSQVTITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHWKRPFQKGLCSLWQSGILVDVMDLPQFTDC 

WTNFVNPKRPFWPWKGLEIISRRTQRRLRRIKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO:54) 
(underline: nucleic acid editing domain) 

Rat APOBEC-3: 

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLRYAIDRKDTFLCYEVTRKDCDSPVSLHHGVFKNKDNIHAEIC 

FLYWFHDKVLKVLSPREEFKITWYMSWSPCFECAEQVLRFLATHHNLSLDIFSSRLYNIRDPENQQNLCRLVQEG 

AQVAAMDLYEFKKCWKKFVDNGGRRFRPWKKLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETR 

FCVERRRVHLLSEEEFYSQFYNQRVKHLCYYHGVKPYLCYQLEQFNGQAPLKGCLLSEKGKQHAEILFLDKIRSM 

ELSQVIITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHWKRPFQKGLCSLWQSGILVDVMDLPQFTDC 

WTNFVNPKRPFWPWKGLEIISRRTQRRLHRIKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO:55) 
(underline: nucleic acid editing domain) 

Rhesus macaque APOBEC-3G: 

MVEPMDPRTFVSNFNNRPILSGLNTVWLCCEVKTKDPSGPPLDAKIFQGKVYSKAKYHPEMRFLRWFHKWRQLHH 

DQEYKVTWYVSWSPCTRCANSVATFLAKDPKVTLT IFVARLYYFWKPDYQQALRI LCQKRGGPHATMKIMNYNEF 

QDCWNKFVDGRGKPFKPRNNLPKHYTLLQATLGELLRHLMDPGTFTSNFNNKPWVSGQHETYLCYKVERLHNDTW 

VPLNQHRGFLRNQAPNIHGFPKGRHAELCFLDLIPFWKLDGQQYRVTCFTSWSPCFSCAQEMAKFI SNNEHVSLC 

IFAARIYDDQGRYQEGLRALHRDGAKIAMMNYSEFEYCWDTFVDRQGRPFQPWDGLDEHSQALSGRLRAI 

(SEQ ID NO:56) 
(bold italic: nucleic acid editing domain; underline: cytoplasmic localization signal) 

Chimpanzee APOBEC-3G: 

MKPHFRNPVERMYODTFSDNFYNRPILSHRNTVWLCYEVKTKGPSRPPLDAKIFRGOVYSKLKYHPEMRFFHWFS 

KWRKLHRDQEYEVTWYISWSPCTKCTRDVATFLAEDPKVTLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMK 

IMNYDEFQHCWSKFVYSQRELFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTSNFNNELWVRGRHETYLCYEVE 

RLHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLHQDYRVTCFTSWSPCFSCAQEMAKFIS 

NNKHVSLCIFAARIYDDQGRCQEGLRTLAKAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLEEHSQALSGRL 

RAILQNQGN (SEQ ID NO:57) 
(underline: nucleic acid editing domain; double underline: cytoplasmic localization signal) 

Green monkey APOBEC-3G: 

MNPQIRNMVEQMEPDIFVYYFNNRPILSGRNTVWLCYEVKTKDPSGPPLDANIFOGKLYPEAKDHPEMKFLHWFR 

KWRQLHRDQEYEVTWYVSWSPCTRCANSVATFLAEDPKVTLTIFVARLYYFWKPDYQQALRILCQERGGPHATMK 

IMNYNEFQHCWNEFVDGQGKPFKPRKNLPKHYTLLHATLGELLRHVMDPGTFTSNFNNKPWVSGQRETYLCYKVE 

RSHNDTWVLLNQHRGFLRNQAPDRHGFPKGRHAELCFLDLIPFWKLDDQQYRVTCFTSWSPCFSCAQKMAKFISN 

NKHVSLC IFAARIYDDQGRCQEGLRTLHRDGAKIAVMNYSEFEYCWDTFVDRQGRPFQPWDGLDEHSQALSGRLR 

A1 (SEQ ID NO:58) 
(underline: nucleic acid editing domain; double underline: cytoplasmic localization signal) 
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Human APOBEC-3G: 

MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGOVYSELKYHPEMRFFHWFS 

KWRKLHRDQEYEVTWYISWSPCTKCTRDMATFLAEDPKVTLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMK 

IMNYDEFQHCWSKFVYSQRELFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTFNFNNEPWVRGRHETYLCYEVE 

RMHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFIS 

KNKHVSLCIFTARIYDDQGRCQEGLRTLAEAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRL 

RAILQNQEN (SEQ ID NO:59) 
(underline: nucleic acid editing domain; double underline: cytoplasmic localization signal) 

Human APOBEC-3F: 

MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKIFRGQVYSQPEHHAEMCFLSWFC 

GNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLAEHPNVTLTISAARLYYYWERDYRRALCRLSQAGARVKIMDDE 

EFAYCWENFVYSEGQPFMPWYKFDDNYAFLHRTLKEILRNPMEAMYPHIFYFHFKNLRKAYGRNESWLCFTMEVV 

KHHSPVSWKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNTNYEVTWYTSWSPCPECAGEVAEFLARHSNVNLT 

IFTARLYYFWDTDYQEGLRSLSQEGASVEIMGYKDFKYCWENFVYNDDEPFKPWKGLKYNFLFLDSKLQEILE 

(SEQ ID NO:60) 
(underline: nucleic acid editing domain) 

Human APOBEC-3B: 

MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFRGQVYFKPQYHAEMCFLSWF 

CGNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLSEHPNVTLTISAARLYYYWERDYRRALCRLSQAGARVTIMDY 

EEFAYCWENFVYNEGQQFMPWYKFDENYAFLHRTLKEILRYLMDPDTFTFNFNNDPLVLRRRQTYLCYEVERLDN 

GTWVLMDQHMGFLCNEAKNLLCGFYGRHAELRFLDLVPSLQLDPAQIYRVTWFISWSPCFSWGCAGEVRAFLQEN 

THVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTYDEFEYCWDTFVYRQGCPFQPWDGLEEHSQALSGRLRA 

ILQNQGN (SEQ ID NO:61) 
(underline: nucleic acid editing domain) 

Human APOBEC-3C: 

MNPQIRNPMKAMYPGTFYFQFKNLWEANDRNETWLCFTVEGIKRRSVVSWKTGVFRNQVDSETHCHAERCFLSWF 

CDDILSPNTKYQVTWYTSWSPCPDCAGEVAEFLARHSNVNLTIFTARLYYFQYPCYQEGLRSLSQEGVAVEIMDY 

EDFKYCWENFVYNDNEPFKPWKGLKTNFRLLKRRLRESLQ (SEQ ID NO:62) 
(underline: nucleic acid editing domain) 

Human APOBEC-3A: 

MEASPASGPRHLMDPHIFTSNFNNGIGRHKTYLCYEVERLDNGTSVKMDQHRGFLHNQAKNLLCGFYGRHAELRF 

LDLVPSLQLDPAQIYRVTWFISWSPCFSWGCAGEVRAFLQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQV 

SIMTYDEFKHCWDTFVDHQGCPFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO:63) 
(underline: nucleic acid editing domain) 

Human APOBEC-3H: 

MALLTAETFRLQFNNKRRLRRPYYPRKALLCYQLTPQNGSTPTRGYFENKKKCHAEICFINEIKSMGLDETQCYQ 

VTCYLTWSPCSSCAWELVDFIKAHDHLNLGIFASRLYYHWCKPQQKGLRLLCGSQVPVEVMGFPKFADCWENFVD 

HEKPLSFNPYKMLEELDKNSRAIKRRLERIKIPGVRAQGRYMDILCDAEV (SEQ ID NO:64) 
(underline: nucleic acid editing domain) 

59



WO 2016/022363 PCT/US2015/042770 

Human APOBEC-3D: 

MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFRGPVLPKRQSNHRQEVYFRF 

ENHAEMCFLSWFCGNRLPANRRFQITWFVSWNPCLPCVVKVTKFLAEHPNVTLTISAARLYYYRDRDWRWVLLRL 

HKAGARVKIMDYEDFAYCWENFVCNEGQPFMPWYKFDDNYASLHRTLKEILRNPMEAMYPHIFYFHFKNLLKACG 

RNESWLCFTMEVTKHHSAVFRKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNTNYEVTWYTSWSPCPECAGEV 

AEFLARHSNVNLTIFTARLCYFWDTDYQEGLCSLSQEGASVKIMGYKDFVSCWKNFVYSDDEPFKPWKGLQTNFR 

LLKRRLREILQ (SEQ ID NO:65) 
(underline: nucleic acid editing domain) 

Human APOBEC-1: 

MTSEKGPSTGDPTLRRRIEPWEFDVFYDPRELRKEACLLYEIKWGMSRKIWRSSGKNTTNHVEVNFIKKFTSERD 

FHPSMSCSITWFLSWSPCWECSQAIREFLSRHPGVTLVIYVARLFWHMDQQNRQGLRDLVNSGVTIQIMRASEYY 

HCWRNFVNYPPGDEAHWPQYPPLWMMLYALELHCIILSLPPCLKISRRWQNHLTFFRLHLQNCHYQTIPPHILLA 

TGLIHPSVAWR (SEQ ID NO:66) 

Mouse APOBEC-1: 

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSVWRHTSQNTSNHVEVNFLEKFTTERY 

FRPNTRCSITWFLSWSPCGECSRAITEFLSRHPYVTLFIYIARLYHHTDQRNRQGLRDLISSGVTIQIMTEQEYC 

YCWRNFVNYPPSNEAYWPRYPHLWVKLYVLELYCIILGLPPCLKILRRKQPQLTFFTITLQTCHYQRIPPHLLWA 

TGLK (SEQ ID NO:67) 

Rat APOBEC-1: 

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNTNKHVEVNFIEKFTTERY 

FCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADPRNRQGLRDLISSGVTIQIMTEQESG 

YCWRNFVNYSPSNEAHWPRYPHLWVRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWA 

TGLK (SEQ ID NO:68) 

Human ADAT-2: 

MEAKAAPKPAASGACSVSAEETEKWMEEAMHMAKEALENTEVPVGCLMVYNNEVVGKGRNEVNQTKNATRHAEMV 

AIDQVLDWCRQSGKSPSEVFEHTVLYVTVEPCIMCAAALRLMKIPLVVYGCQNERFGGCGSVLNIASADLPNTGR 

PFQCIPGYRAEEAVEMLKTFYKQENPNAPKSKVRKKECQKS (SEQ ID NO:69) 

Mouse ADAT-2: 

MEEKVESTTTPDGPCVVSVQETEKWMEEAMRMAKEALENIEVPVGCLMVYNNEVVGKGRNEVNQTKNATRHAEMV 

AIDQVLDWCHQHGQSPSTVFEHTVLYVTVEPCIMCAAALRLMKIPLVVYGCQNERFGGCGSVLNIASADLPNTGR 

PFQCIPGYRAEEAVELLKTFYKQENPNAPKSKVRKKDCQKS (SEQ ID NO:70) 

Mouse ADAT-1: 

MWTADEIAQLCYAHYNVRLPKQGKPEPNREWTLLAAVVKIQASANQACDIPEKEVQVTKEVVSMGTGTKCIGQSK 

MRESGDILNDSHAEI IARRSFQRYLLHQLHLAAVLKEDSIFVPGTQRGLWRLRPDLSFVFFSSHTPCGDASI IPM 

LEFEEQPCCPVIRSWANNSPVQETENLEDSKDKRNCEDPASPVAKKMRLGTPARSLSNCVAHHGTQESGPVKPDV 

SSSDLTKEEPDAANGIASGSFRVVDVYRTGAKCVPGETGDLREPGAAYHQVGLLRVKPGRGDRTCSMSCSDKMAR 

WNVLGCQGALLMHFLEKPIYLSAVVIGKCPYSQEAMRRALTGRCEETLVLPRGFGVQELEIQQSGLLFEQSRCAV 

HRKRGDSPGRLVPCGAAISWSAVPQQPLDVTANGFPQGTTKKEIGSPRARSRISKVELFRSFQKLLSS IADDEQP 

DSIRVTKKLDTYQEYKDAASAYQEAWGALRRIQPFASWIRNPPDYHQFK (SEQ ID NO:71) (underline: 
nucleic acid editing domain) 
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Human ADAT-1: 

MWTADE IAQLCYEHYGIRLPKKGKPEPNHEWTLLAAVVKIQSPADKACDTPDKPVQVTKEVVSMGTGTKCIGQSK 

MRKNGDILNDSHAEVIARRSFQRYLLHQLQLAATLKEDSIFVPGTQKGVWKLRRDLIFVFFSSHTPCGDASIIPM 

LEFEDQPCCPVFRNWAHNSSVEASSNLEAPGNERKCEDPDSPVTKKMRLEPGTAAREVTNGAAHHQSFGKQKSGP 

ISPGIHSCDLTVEGLATVTRIAPGSAKVIDVYRTGAKCVPGEAGDSGKPGAAFHQVGLLRVKPGRGDRTRSMSCS 

DKMARWNVLGCQGALLMHLLEEPIYLSAVVIGKCPYSQEAMQRALIGRCQNVSALPKGFGVQELKILQSDLLFEQ 

SRSAVQAKRADSPGRLVPCGAAISWSAVPEQPLDVTANGFPQGTTKKTIGSLQARSQISKVELFRSFQKLLSRIA 

RDKWPHSLRVQKLDTYQEYKEAASSYQEAWSTLRKQVFGSWIRNPPDYHQFK (SEQ ID NO:72) 
(underline: nucleic acid editing domain) 

[0092] In some embodiments, the enzymatic domain comprises one or more of a 

transcriptional activator. For example, in some embodiments, the general architecture of 

exemplary dCas9 fusion proteins with a transcriptional activator domain comprises the 

structure: 

[NH2] - [NLS] - [Cas9] -[(transcriptional activator)n] -[COOH], 

[NH2]-[NLS]-[ (transcriptional activator)n] - [Cas9] - -[COOH], 

[NH2]-[Cas9]-[ (transcriptional activator)n] - [COOH], or 

[NH2]-[ (transcriptional activator)n] -[Cas9] -[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, the fusion proteins comprises one or more repeats of the 

transcriptional activator, for example wherein n = 1-10 (e.g., n is 1, 2, 3, 4, 5, 6, 7, 8, 9, or 

10). In some embodiments, n = 1-20. In some embodiments, a linker is inserted between the 

dCas9 and the transcriptional activator domain. In some embodiments, a linker is inserted 

between the NLS and the transcriptional activator and/or dCas9 domain. In some 

embodiments, the NLS is located C-terminal of the transcriptional activator and/or the dCas9 

domain. In some embodiments, the NLS is located between the transcriptional activator 

domain and the dCas9 domain. Additional features, such as sequence tags, may also be 

present. In some embodiments, the transcriptional activator is selected from the group 

consisting of VP64, (SEQ ID NO:73), VP16 (SEQ ID NO:74), and p65 (SEQ ID NO:75).  

VP64 

GSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLIN (SEQ ID 
NO:73) 

VP16 

APPTDVSLGDELHLDGEDVAMAHADALDDFDLDMLGDGDSPGPGFTPHDSAPYGALDMADFEFEQMFT 

DALGIDEYGGEFPGIRR (SEQ ID NO:74) 
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p65: 

PSGQISNQALALAPSSAPVLAQTMVPSSAMVPLAQPPAPAPVLTPGPPQSLSAPVPKSTQAGEGTLSE 

ALLHLQFDADEDLGALLGNSTDPGVFTDLASVDNSEFQQLLNQGVSMSHSTAEPMLMEYPEAITRLVT 

GSQRPPDPAPTPLGTSGLPNGLSGDEDFSSIADMDFSALLSQISSSGQ (SEQ ID NO:75) 

[0093] In some embodiments, the enzymatic domain comprises one or more of a 

transcriptional repressor. For example, in some embodiments, the general architecture of 

exemplary dCas9 fusion proteins with a transcriptional repressor domain comprises the 

structure: 

[NH2] -[NLS] -[Cas9] -[(transcriptional repressor)n] - [COOH], 

[NH2]-[NLS]-[ (transcriptional repressor)n] -[Cas9]- -[COOH], 

[NH2]-[Cas9]-[ (transcriptional repressor)n] -[COOH], or 

[NH2]-[ (transcriptional repressor)n] - [Cas9] - [COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, the fusion proteins comprises one or more repeats of the 

transcriptional repressor, for example wherein n = 1-10 (e.g., n is 1, 2, 3, 4, 5, 6, 7, 8, 9, or 

10). In some embodiments, n = 1-20. In some embodiments, a linker is inserted between the 

dCas9 and the transcriptional repressor domain. In some embodiments, a linker is inserted 

between the NLS and the transcriptional repressor and/or dCas9 domain. In some 

embodiments, the NLS is located C-terminal of the transcriptional repressor and/or the dCas9 

domain. In some embodiments, the NLS is located between the transcriptional repressor 

domain and the dCas9 domain. Additional features, such as sequence tags, may also be 

present. In some embodiments, the transcriptional repressor is selected from the group 

consisting of the KRAB (Kriippel associated box) domain of KoxI, SID (mSin3 interaction 

domain), the CS (Chromo Shadow) domain of HPlIa, or the WRPW domain of HesI. These 

and other repressor domains are known in the art, and in some embodiments correspond to 

those described in Urrutia, KRAB-containing zinc-finger repressor proteins. Genome Biol.  

2003;4(10):231; Gilbert et al. CRISPR-mediated modular RNA-guided regulation of 

transcription in eukaryotes. Cell. 2013; 154, 442-45 1; Konermann et al., Optical control of 

mammalian endogenous transcription and epigenetic states. Nature. 2013; 500, 472-476; and 

published U.S. patent application U.S.S.N. 14/105,017, published as U.S. 2014/0186958 Al, 

the entire contents of which are incorporated herein by reference. In some embodiments, the 

transcription repressor domain comprises one or more repeats (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 
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repeats) of a KRAB domain. In some embodiments, the KRAB domain comprises an amino 

acid sequence selected from the group consisting of SEQ ID NOs:76-79. In some 

embodiments, the transcriptional repressor domains comprises one or more repeats of a SID 

protein. In some embodiments, the SID protein comprises an amino acid sequence set forth 

as SEQ ID NO:80. In some embodiments, the repressor domain comprises 2, 3, 4, 5, 6, 7, 8, 

9, or 10 repeats of a SID protein (e.g., SEQ ID NO:80). In some embodiments, the repressor 

domain comprises four repeats of SID (e.g., SID4x; SEQ ID NO:8 1).  

KRAB (human; GenBank: AAD20972.1) 

MNMFKEAVTFKDVAVAFTEEELGLLGPAQRKLYRDVMVENFRNLLSVGHPPFKQDVSPIERNEQLWIM 

TTATRRQGNLDTLPVKALLLYDLAQT (SEQ ID NO:76) 

KRAB protein domain, partial (human; GenBank: CAB52478. 1): 

EQVSFKDVCVDFTQEEWYLLDPAQKILYRDVILENYSNLVSVGYCITKPEVIFKIEQGEEPWILEKGF 

PSQCHP (SEQ ID NO:77) 

KRAB A domain, partial (human; GenBank: AAB03530.1): 

EAVTFKDVAVVFTEEELGLLDPAQRKLYRDVMLENFRNLLSV (SEQ ID NO:78) 

KRAB (mouse; C2H2 type domain containing protein; GenBank: CAM27971.1): 

MDLVTYDDVHVNFTQDEWALLDPSQKSLYKGVMLETYKNLTAIGYIWEEHTIEDHFQTSRSHGSNKKT 

H (SEQ ID NO:79) 

SID repressor domain: 

GSGMNIQMLLEAADYLERREREAEHGYASMLP (SEQ ID NO:80) 

SID4x repressor domain: 

GSGMNIQMLLEAADYLERREREAEHGYASMLPGSGMNIQMLLEAADYLERREREAEHGYASMLPGSGM 

NIQMLLEAADYLERREREAEHGYASMLPGSGMNIQMLLEAADYLERREREAEHGYASMLPSR (SEQ 
ID NO:81) 

[0094] In some embodiments, the enzymatic domain comprises an epigenetic 

modifier or a catalytic domain thereof. For example, in some embodiments, the general 

architecture of exemplary dCas9 fusion proteins with an epigenetic modifier or domain 

comprises the structure: 

[NH2]-[NLS]-[Cas9]-[ epigenetic modifier] - [COOH], 
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[NH2]-[NLS]-[ epigenetic modifier] - [Cas9] -[COOH], 

[NH2]-[Cas9]-[ epigenetic modifier] -[COOH], or 

[NH2]-[ epigenetic modifier] -[Cas9] -[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the epigenetic 

modifier domain. In some embodiments, a linker is inserted between the NLS and the 

epigenetic modifier and/or dCas9 domain. In some embodiments, the NLS is located C

terminal of the epigenetic modifier and/or the dCas9 domain. In some embodiments, the 

NLS is located between the epigenetic modifier domain and the dCas9 domain. Additional 

features, such as sequence tags, may also be present. Epigenetic modifiers are well known in 

the art, and typically catalyze DNA methylation (and demethylation) or histone modifications 

(e.g., histone methylation/demethylation, acetylation/deacetylation, ubiquitylation, 

phosphorylation, sumoylation, etc.). The presence of one more epigenetic modifications can 

affect the transcriptional activity of one or more genes, for example turning genes from an 

"on" state to an "off" state, and vice versa. Epigenetic modifiers include, but are not limited 

to, histone demethylase, histone methyltransferase, hydroxylase, histone deacetylase, and 

histone acetyltransferase. Exemplary epigenetic modifying proteins can be found in 

Konermann et al., Optical control of mammalian endogenous transcription and epigenetic 

states. Nature. 2013; 500, 472-476; Mendenhall et al., Locus-specific editing of histone 

modifications at endogenous enhancers. Nat. Biotechnol. 2013; 31, 1133-1136; and Maeder 

et al., Targeted DNA demethylation and activation of endogenous genes using programmable 

TALE-TETI fusion proteins. Nat. Biotechnol. 2013; 31, 1137-1142; the entire contents of 

each are incorporated herein by reference. In some embodiments, the epigenetic modifier 

domain is LSD1 (Lysine (K)-specific demethylase 1A) histone demethylase, which in some 

embodiments, comprises in whole or in part, an amino acid sequence set forth as SEQ ID 

NO:82 or SEQ ID NO:83. In some embodiments, the epigenetic modifier domain is TETI 

hydroxylase catalytic domain, which in some embodiments, comprises an amino acid 

sequence set forth as SEQ ID NO:84. In some embodiments, the epigenetic modifier is a 

histone deacetylase (HDAC) effector domain. In some embodiments, the HDAC effector 

domain comprises in whole in in part, an amino acid sequence corresponding to any of the 

HDAC effector proteins provided in Supplementary Table 2 of Konermann et al., Optical 

control of mammalian endogenous transcription and epigenetic states. Nature. 2013; 500, 

472-476; SEQ ID NOs:85-96. In some embodiments, the epigenetic modifier is a histone 
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methyltransferase (HMT) effector domain. In some embodiments, the HMT effector domain 

comprises in whole in in part, an amino acid sequence corresponding to any of the HDAC 

effector proteins provided in Supplementary Table 3 of Konermann et al., Optical control of 

mammalian endogenous transcription and epigenetic states. Nature. 2013; 500, 472-476; 

SEQ ID NOs:97-106.  

LSD1, isoform a (human): 
ML SGKKAAAAAAAAAAAATGTEAGPGTAGGSENGSEVAAQPAGL SGPAEVGPGAVGERTPRKKEPPRA 

SPPGGLAEPPGSAGPQAGPTVVPGSATPMETGIAETPEGRRTSRRKRAKVEYREMDESLANLSEDEYY 

SEEERNAKAEKEKKLPPPPPQAPPEEENESEPEEPSGQAGGLQDDSSGGYGDGQASGVEGAAFQSRLP 

HDRMTSQEAACFPDIISGPQQTQKVFLFIRNRTLQLWLDNPKIQLTFEATLQQLEAPYNSDTVLVHRV 

HSYLERHGLINFGIYKRIKPLPTKKTGKVI I IGSGVSGLAAARQLQSFGMDVTLLEARDRVGGRVATF 

RKGNYVADLGAMVVTGLGGNPMAVVSKQVNMELAKIKQKCPLYEANGQADTVKVPKEKDEMVEQEFNR 

LLEATSYLSHQLDFNVLNNKPVSLGQALEVVIQLQEKHVKDEQIEHWKKIVKTQEELKELLNKMVNLK 

EKIKELHQQYKEASEVKPPRDITAEFLVKSKHRDLTALCKEYDELAETQGKLEEKLQELEANPPSDVY 

LSSRDRQILDWHFANLEFANATPLSTLSLKHWDQDDDFEFTGSHLTVRNGYSCVPVALAEGLDIKLNT 

AVRQVRYTASGCEVIAVNTRSTSQTFIYKCDAVLCTLPLGVLKQQPPAVQFVPPLPEWKTSAVQRMGF 

GNLNKVVLCFDRVFWDPSVNLFGHVGSTTASRGELFLFWNLYKAPILLALVAGEAAGIMENISDDVIV 

GRCLAI LKGIFGSSAVPQPKETVVSRWRADPWARGSYSYVAAGSSGNDYDLMAQPI TPGPSIPGAPQP 

IPRLFFAGEHTIRNYPATVHGALLSGLREAGRIADQFLGAMYTLPRQATPGVPAQQSPSM (SEQ ID 
NO:X) 

LSD1, isoform b (human): 

MLSGKKAAAAAAAAAAAATGTEAGPGTAGGSENGSEVAAQPAGL SGPAEVGPGAVGERTPRKKEPPRA 

SPPGGLAEPPGSAGPQAGPTVVPGSATPMETGIAETPEGRRTSRRKRAKVEYREMDESLANLSEDEYY 

SEEERNAKAEKEKKLPPPPPQAPPEEENESEPEEPSGVEGAAFQSRLPHDRMTSQEAACFPDI ISGPQ 
QTQKVFLFIRNRTLQLWLDNPKIQLTFEATLQQLEAPYNSDTVLVHRVHSYLERHGLINFGIYKRIKP 

LPTKKTGKVI I IGSGVSGLAAARQLQSFGMDVTLLEARDRVGGRVATFRKGNYVADLGAMVVTGLGGN 

PMAVVSKQVNMELAKIKQKCPLYEANGQAVPKEKDEMVEQEFNRLLEATSYLSHQLDFNVLNNKPVSL 

GQALEVVIQLQEKHVKDEQIEHWKKIVKTQEELKELLNKMVNLKEKIKELHQQYKEASEVKPPRDITA 

EFLVKSKHRDLTALCKEYDELAETQGKLEEKLQELEANPPSDVYLSSRDRQILDWHFANLEFANATPL 

S TLSLKHWDQDDDFEFTGSHLTVRNGYSCVPVALAEGLDIKLNTAVRQVRYTASGCEVIAVNTRSTSQ 

TFIYKCDAVLCTLPLGVLKQQPPAVQFVPPLPEWKTSAVQRMGFGNLNKVVLCFDRVFWDPSVNLFGH 

VGSTTASRGELFLFWNLYKAPILLALVAGEAAGIMENI SDDVIVGRCLAILKGIFGSSAVPQPKETVV 

SRWRADPWARGSYSYVAAGSSGNDYDLMAQPITPGPS IPGAPQPIPRLFFAGEHTIRNYPATVHGALL 

SGLREAGRIADQFLGAMYTLPRQATPGVPAQQSPSM (SEQ ID NO:X) 

TETI catalytic domain: 
S IVAQLSRPDPALAALTNDHLVALACLGGRPALDAVKKGLPHAPALIKRTNRRIPERTSHRVADHAQV 

VRVLGFFQCHSHPAQAFDDAMTQFGMSGGGSLPTCSCLDRVIQKDKGPYYTHLGAGPSVAAVRE IMEN 

RYGQKGNAIRIEIVVYTGKEGKSSHGCPIAKWVLRRS SDEEKVLCLVRQRTGHHCPTAVMVVL IMVWD 

GIPLPMADRLYTELTENLKSYNGHPTDRRCTLNENRTCTCQGIDPETCGASFSFGCSWSMYFNGCKFG 

RSPSPRRFRI DPSSPLHEKNLEDNLQSLATRLAPIYKQYAPVAYQNQVEYENVARECRLGSKEGRPFS 

GVTACLDFCAHPHRDIHNMNNGSTVVCTLTREDNRSLGVIPQDEQLHVLPLYKLSDTDEFGSKEGMEA 
KIKSGAIEVLAPRRKKRTCFTQPVPRSGKKRAAMMTEVLAHKIRAVEKKPIPRIKRKNNSTTTNNSKP 

SSLPTLGSNTETVQPEVKSETEPHFILKSSDNTKTYSLMPSAPHPVKEASPGFSWSPKTASATPAPLK 

NDATASCGFSERSSTPHCTMPSGRLSGANAAAADGPGISQLGEVAPLPTLSAPVMEPLINSEPSTGVT 

EPLTPHQPNHQPSFLTSPQDLASSPMEEDEQHSEADEPPSDEPLSDDPLSPAEEKLPHIDEYWSDSEH 

IFLDANIGGVAIAPAHGSVLIECARRELHATTPVEHPNRNHPTRLSLVFYQHKNLNKPQHGFELNKIK 
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FEAKEAKNKKMKASEQKDQAANEGPEQSSEVNELNQIPSHKALTLTHDNVVTVSPYALTHVAGPYNHW 

V (SEQ ID NO:X) 

HDAC effector domains: 

HDAC8 (X. laevis): 
AS SPKKKRKVEASMSRVVKPKVASMEEMAAFHTDAYLQHLHKVSEEGDNDDPETLEYGLGYDCPITEG 

IYDYAAAVGGATLTAAEQLIEGKTRIAVNWPGGWHHAKKDEASGFCYLNDAVLGILKLREKFDRVLYV 

DMDLHHGDGVEDAFSFTSKVMTVSLHKFSPGFFPGTGDVSDIGLGKGRYYSINVPLQDGIQDDKYYQI 

CEGVLKEVFTTFNPEAVVLQLGADT IAGDPMCSFNMTPEGIGKCLKYVLQWQLPTL ILGGGGYHLPNT 

ARCWTYLTALIVGRTLSSEIPDHEFFTEYGPDYVLEITPSCRPDRNDTQKVQEILQSIKGNLKRVVEF 

(SEQ ID NO:85) 

RPD3 (S. cerevisiae): 

AS SPKKKRKVEASRRVAYFYDADVGNYAYGAGHPMKPHRIRMAHSLIMNYGLYKKMEIYRAKPATKQE 

MCQFHTDEYI DFLSRVTPDNLEMFKRESVKFNVGDDCPVFDGLYEYCS I SGGGSMEGAARLNRGKCDV 

AVNYAGGLHHAKKSEASGFCYLNDIVLGI IELLRYHPRVLYIDIDVHHGDGVEEAFYTTDRVMTCSFH 

KYGEFFPGTGELRDIGVGAGKNYAVNVPLRDGI DDATYRSVFEPVIKKIMEWYQPSAVVLQCGGDSLS 

GDRLGCFNLSMEGHANCVNYVKSFGIPMMVVGGGGYTMRNVARTWCFETGLLNNVVLDKDLPYEF 

(SEQ ID NO:86) 

MesoLo4 (M. loti): 

ASSPKKKRKVEASMPLQIVHHPDYDAGFATNHRFPMSKYPLLMEALRARGLASPDALNTTEPAPASWL 

KLAHAADYVDQVISCSVPEKIEREIGFPVGPRVSLRAQLATGGTILAARLALRHGIACNTAGGSHHAR 

RAQGAGFCTFNDVAVASLVLLDEGAAQNI LVVDLDVHQGDGTADILSDEPGVFTFSMHGERNYPVRKI 

ASDLDIALPDGTGDAAYLRRLATILPELSARARWDIVFYNAGVDVHAEDRLGRLALSNGGLRARDEMV 

IGHFRALGIPVCGVIGGGYSTDVPALASRHAILFEVASTYAEF (SEQ ID NO:87) 

HDAC1 1 (human): 

ASSPKKKRKVEASMLHTTQLYQHVPETRWPIVYSPRYNITFMGLEKLHPFDAGKWGKVINFLKEEKLL 

SDSMLVEAREASEEDLLVVHTRRYLNELKWSFAVATITEIPPVIFLPNFLVQRKVLRPLRTQTGGTIM 

AGKLAVERGWAINVGGGFHHCSSDRGGGFCAYADITLAIKFLFERVEGI SRATI IDLDAHQGNGHERD 

FMDDKRVYIMDVYNRHIYPGDRFAKQAIRRKVELEWGTEDDEYLDKVERNIKKSLQEHLPDVVVYNAG 

TDILEGDRLGGLSISPAGIVKRDELVFRMVRGRRVPILMVTSGGYQKRTARIIADSILNLFGLGLIGP 

ESPSVSAQNSDTPLLPPAVPEF (SEQ ID NO:88) 

HDT1 (A. thaliana): 
ASSPKKKRKVEASMEFWGIEVKSGKPVTVTPEEGILIHVSQASLGECKNKKGEFVPLHVKVGNQNLVL 

GTLSTENIPQLFCDLVFDKEFELSHTWGKGSVYFVGYKTPNIEPQGYSEEEEEEEEEVPAGNAAKAVA 

KPKAKPAEVKPAVDDEEDESDSDGMDEDDSDGEDSEEEEPTPKKPASSKKRANETTPKAPVSAKKAKV 

AVTPQKTDEKKKGGKAANQSEF (SEQ ID NO:89) 

SIRT3 (human): 
ASSPKKKRKVEASMVGAGISTPSGIPDFRSPGSGLYSNLQQYDLPYPEAIFELPFFFHNPKPFFTLAK 

ELYPGNYKPNVTHYFLRLLHDKGLLLRLYTQNIDGLERVSGIPASKLVEAHGTFASATCTVCQRPFPG 

EDI RADVMADRVPRCPVCTGVVKPDIVFFGEPLPQRFLLHVVDFPMADLLLI LGTSLEVEPFASLTEA 

VRSSVPRLLINRDLVGPLAWHPRSRDVAQLGDVVHGVESLVELLGWTEEMRDLVQRETGKLDGPDKEF 

(SEQ ID NO:90) 
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HST2 (S. cerevisiae): 
AS SPKKKRKVEASTEMSVRKIAAHMKSNPNAKVIFMVGAGI STSCGIPDFRSPGTGLYHNLARLKLPY 

PEAVFDVDFFQSDPLPFYTLAKELYPGNFRPSKFHYLLKLFQDKDVLKRVYTQNIDTLERQAGVKDDL 

IIEAHGSFAHCHCIGCGKVYPPQVFKSKLAEHPIKDFVKCDVCGELVKPAIVFFGEDLPDSFSETWLN 

DSEWLREKITTSGKHPQQPLVIVVGTSLAVYPFASLPEEIPRKVKRVLCNLETVGDFKANKRPTDLIV 

HQYSDEFAEQLVEELGWQEDFEKILTAQGGMGEF (SEQ ID NO:91) 

CobB (E. coli (K]2)): 
ASSPKKKRKVEASMEKPRVLVLTGAGISAESGIRTFRAADGLWEEHRVEDVATPEGFDRDPELVQAFY 
NARRRQLQQPE IQPNAAHLALAKLQDALGDRFLLVTQNIDNLHERAGNTNVI HMHGELLKVRC SQSGQ 

VLDWTGDVTPEDKCHCCQFPAPLRPHVVWFGEMPLGMDE IYMAL SMAD IF IAIGTSGHVYPAAGFVHE 

AKLHGAHTVELNLEPSQVGNEFAEKYYGPASQVVPEFVEKLLKGLKAGSIAEF (SEQ ID NO:92) 

HST2 (C. albicans): 
ASSPKKKRKVEASMPSLDDILKPVAEAVKNGKKVTFFNGAGISTGAGIPDFRSPDTGLYANLAKLNLP 

FAEAVFDIDFFKEDPKPFYTLAEELYPGNFAPTKFHHFIKLLQDQGSLKRVYTQNI DTLERLAGVEDK 

YIVEAHGSFASNHCVDCHKEMTTETLKTYMKDKKIPSCQHCEGYVKPDIVFFGEGLPVKFFDLWEDDC 

EDVEVAIVAGTSLTVFPFASLPGEVNKKCLRVLVNKEKVGTFKHEPRKSDI IALHDCDIVAERLCTLL 

GLDDKLNEVYEKEKIKYSKAETKEIKMHEIEDKLKEEAHLKEDKHTTKVDKKEKQNDANDKELEQLID 

KAKAEF (SEQ ID NO:93) 

SIRT5 (human): 
ASSPKKKRKVEASSSSMADFRKFFAKAKHIVIISGAGVSAESGVPTFRGAGGYWRKWQAQDLATPLAF 
AHNPSRVWEFYHYRREVMGSKEPNAGHRAIAECETRLGKQGRRVVVI TQNIDELHRKAGTKNLLE IHG 

SLFKTRCTSCGVVAENYKSPI CPALSGKGAPEPGTQDAS IPVEKLPRCEEAGCGGLLRPHVVWFGENL 

DPAILEEVDRELAHCDLCLVVGTSSVVYPAAMFAPQVAARGVPVAEFNTETTPATNRFRFHFQGPCGT 

TLPEALACHENETVSEF (SEQ ID NO:94) 

Sir2A (P. falciparum): 
ASSPKKKRKVEASMGNLMISFLKKDTQSITLEELAKIIKKCKHVVALTGSGTSAESNIPSFRGSSNSI 
WSKYDPRIYGTIWGFWKYPEKIWEVIRDISSDYEIEINNGHVALSTLESLGYLKSVVTQNVDGLHEAS 

GNTKVI SLHGNVFEAVCCTCNKIVKLNKIMLQKTSHFMHQLPPECPCGGIFKPNI I LFGEVVS SDLLK 

EAEEEIAKCDLLLVIGTSSTVSTATNLCHFACKKKKKIVEINISKTYITNKMSDYHVCAKFSELTKVA 

NILKGSSEKNKKIMEF (SEQ ID NO:95) 

SIRT6 (human): 
ASSPKKKRKVEASMSVNYAAGLSPYADKGKCGLPEIFDPPEELERKVWELARLVWQSSSVVFHTGAGI 
STASGIPDFRGPHGVWTMEERGLAPKFDTTFESARPTQTHMALVQLERVGLLRFLVSQNVDGLHVRSG 

FPRDKLAELHGNMFVEECAKCKTQYVRDTVVGTMGLKATGRLCTVAKARGLRACRGELRDTILDWEDS 

LPDRDLALADEASRNADLSITLGTSLQIRPSGNLPLATKRRGGRLVIVNLQPTKHDRHADLRIHGYVD 

EVMTRLMKHLGLEIPAWDGPRVLERALPPLEF (SEQ ID NO:96) 

HMT effector domains: 

NUE (C. trachomatis): 
ASSPKKKRKVEASMTTNS TQDTLYL SLHGGIDSAIPYPVRRVEQLLQF SFLPELQFQNAAVKQRIQRL 
CYREEKRLAVSSLAKWLGQLHKQRL RAPKNPPVAICWINSYVGYGVFARES IPAWSYIGEYTGILRRR 

QALWLDENDYCFRYPVPRYSFRYFTIDSGMQGNVTRFINHSDNPNLEAIGAFENGIFHIIIRAIKDIL 

PGEELCYHYGPLYWKHRKKREEFVPQEEEF (SEQ ID NO:97) 
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vSET (P. bursaria chlorella virus): 
ASSPKKKRKVEASMFNDRVIVKKSPLGGYGVFARKSFEKGELVEECLCIVRHNDDWGTALEDYLFSRK 

NMSAMALGFGAIFNHSKDPNARHELTAGLKRMRIFTIKPIAIGEEITISYGDDYWLSRPRLTQNEF 

(SEQ ID NO:98) 

SUV39H1 (human): 
ASSPKKKRKVEASNLKCVRILKQFHKDLERELLRRHHRSKTPRHLDPSLANYLVQKAKQRRALRRWEQ 

ELNAKRSHLGRI TVENEVDLDGPPRAFVYINEYRVGEGI TLNQVAVGCECQDCLWAPTGGCCPGASLH 

KFAYNDQGQVRLRAGLPIYECNSRCRCGYDCPNRVVQKGI RYDLC IFRTDDGRGWGVRTLEKI RKNSF 

VMEYVGEIITSEEAERRGQIYDRQGATYLFDLDYVEDVYTVDAAYYGNISHFVNHSCDPNLQVYNVFI 

DNLDERLPRIAFFATRT I RAGEELTFDYNMQVDPVDMESTRMDSNFGLAGLPGSPKKRVRIECKCGTE 

SCRKYLFEF (SEQ ID NO:99) 

DIM5 (N. crassa): 
ASSPKKKRKVEASMEKAFRPHFFNHGKPDANPKEKKNCHWCQIRSFATHAQLPISIVNREDDAFLNPN 

FRFIDHSI IGKNVPVADQSFRVGCSCASDEECMYSTCQCLDEMAPDSDEEADPYTRKKRFAYYSQGAK 

KGLLRDRVLQSQEP IYECHQGCACSKDCPNRVVERGRTVPLQIFRTKDRGWGVKCPVNIKRGQFVDRY 

LGEIITSEEADRRRAESTIARRKDVYLFALDKFSDPDSLDPLLAGQPLEVDGEYMSGPTRFINHSCDP 

NMAIFARVGDHADKHIHDLALFAIKDIPKGTELTFDYVNGLTGLESDAHDPSKISEMTKCLCGTAKCR 

GYLWEF (SEQ ID NO:100) 

KYP (A. thaliana): 
ASSPKKKRKVEASDISGGLEFKGIPATNRVDDSPVSPTSGFTYIKSLIIEPNVIIPKSSTGCNCRGSC 

TDSKKCACAKLNGGNFPYVDLNDGRLIESRDVVFECGPHCGCGPKCVNRTSQKRLRFNLEVFRSAKKG 

WAVRSWEYIPAGSPVCEYIGVVRRTADVDTISDNEYIFEIDCQQTMQGLGGRQRRLRDVAVPMNNGVS 

QSSEDENAPEFCIDAGSTGNFARFINHSCEPNLFVQCVLSSHQDIRLARVVLFAADNISPMQELTYDY 

GYALDSVHEF (SEQ ID NO:101) 

SUVR4 (A. thaliana): 
ASSPKKKRKVEASQSAYLHVSLARISDEDCCANCKGNCLSADFPCTCARETSGEYAYTKEGLLKEKFL 

DTCLKMKKEPDSFPKVYCKDCPLERDHDKGTYGKCDGHL I RKF IKECWRKCGCDMQCGNRVVQRGIRC 

QLQVYFTQEGKGWGLRTLQDLPKGTFICEYIGEILTNTELYDRNVRSSSERHTYPVTLDADWGSEKDL 

KDEEALCLDATICGNVARFINHRCEDANMIDIPIEIETPDRHYYHIAFFTLRDVKAMDELTWDYMIDF 

NDKSHPVKAFRCCCGSESCRDRKIKGSQGKSIERRKIVSAKKQQGSKEVSKKRKEF (SEQ ID 
NO: 102) 

Set4 (C. elegans): 
ASSPKKKRKVEASMQLHEQIANISVTFNDIPRSDHSMTPTELCYFDDFATTLVVDSVLNFTTHKMSKK 

RRYLYQDEYRTARTVMKTFREQRDWTNAIYGLLTLRSVSHFLSKLPPNKLFEFRDHIVRFLNMFILDS 

GYTIQECKRYSQEGHQGAKLVSTGVWSRGDKIERLSGVVCLLSSEDEDSILAQEGSDFSVMYSTRKRC 

STLWLGPGAYINHDCRPTCEFVSHGSTAHIRVLRDMVPGDEITCFYGSEFFGPNNIDCECCTCEKNMN 

GAFSYLRGNENAEPIISEKKTKYELRSRSEF (SEQ ID NO:103) 

Setl (C. elegans): 
ASSPKKKRKVEASMKVAAKKLATSRMRKDRAAAASPSSDIENSENPSSLASHSSSSGRMTPSKNTRSR 

KGVSVKDVSNHKITEFFQVRRSNRKTSKQISDEAKHALRDTVLKGTNERLLEVYKDVVKGRGIRTKVN 

FEKGDFVVEYRGVMMEYSEAKVIEEQYSNDEEIGSYMYFFEHNNKKWCIDATKESPWKGRLINHSVLR 

PNLKTKVVEIDGSHHLILVARRQIAQGEELLYDYGDRSAETIAKNPWLVNTEF (SEQ ID NO:104) 
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SETD8 (human) 
ASSPKKKRKVEASSCDSTNAAIAKQALKKPIKGKQAPRKKAQGKTQQNRKLTDFYPVRRSSRKSKAEL 

QSEERKRIDELIESGKEEGMKIDLIDGKGRGVIATKQFSRGDFVVEYHGDLIEITDAKKREALYAQDP 

STGCYMYYFQYLSKTYCVDATRETNRLGRLINHSKCGNCQTKLHDIDGVPHLILIASRDIAAGEELLY 

DYGDRSKASIEAFPWLKHEF (SEQ ID NO:105) 

TgSET8 (T. gondii): 

ASSPKKKRKVEASASRRTGEFLRDAQAPSRWLKRSKTGQDDGAFCLETWLAGAGDDAAGGERGRDREG 

AADKAKQREERRQKELEERFEEMKVEFEEKAQRMIARRAALTGE IYSDGKGSKKPRVPSLPENDDDAL 

IEI I IDPEQGILKWPLSVMSIRQRTVIYQECLRRDLTACIHLTKVPGKGRAVFAADTILKDDFVVEYK 

GELCSEREAREREQRYNRSKVPMGSFMFYFKNGSRMMAIDATDEKQDFGPARLINHSRRNPNMTPRAI 

TLGDFNSEPRLIFVARRNIEKGEELLVDYGERDPDVIKEHPWLNSEF (SEQ ID NO:106) 

[0095] In some embodiments, ligand-dependent Cas9-intein variants are provided 

herein that exhibit decreased off-target activity. For example, in some embodiment, Cas9

intein variants are provided herein that comprise a Cas9 nuclease domain, or a nuclease

deficient Cas9 domain and a heterologous nucleic acid-editing domain, such as, for example, 

a heterologous nuclease domain, a recombinase domain, or a deaminase domain. In some 

such embodiments, the ligand-dependent Cas9-inteins provided herein exhibit decreased, 

minimal, or no off-target activity in the presence of a ligand at a concentration effective to 

effect excision of the intein from the Cas9-intein variant, or at a concentration effective to 

induce a desired modification (e.g., cleavage, nicking, recombination, or deamination) of a 

target site. In some embodiments, the ligand-dependent Cas9-intein variants provided herein 

exhibit an off-target activity in their active state (e.g., in the presence of or after being 

contacted with a suitable ligand) that is decreased as compared to the off-target activity of 

wild-type Cas9. For example, in some embodiments, the off-target activity of a Cas9-intein 

variant provided herein is decreased to less than 80%, less than 75%, less than 50%, less than 

45%, less than 40%, less than 35%, less than 30%, less than 25%, less than 24%, less than 

23%, less than 22%, less than 21%, less than 20, less than 19%, less than 18%, less than 17%, 

less than 16%, less than 15%, less than 14%, less than 13%, less than 12%, less than 11%, 

less than 10%, less than 9%, less than 8%, less than 7%, less than 6%, less than 5%, less than 

4%, less than 3%, less than 2%, or less than 1% of wild-type Cas9 under the same conditions.  

Pharmaceutical compositions 

[0096] In some embodiments, any of the ligand-dependent site-specific enzymes 

described herein are provided as part of a pharmaceutical composition. For example, some 

embodiments provide pharmaceutical compositions comprising a Cas9 protein comprising an 

intein, or fusion proteins comprising a dCas9 protein with an intein fused to a nuclease, 
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recombinase, deaminase, or a transcriptional activator as provided herein, or a nucleic acid 

encoding such a protein, and a pharmaceutically acceptable excipient. Pharmaceutical 

compositions may further comprise one or more gRNA(s).  

[0097] In some embodiments, compositions provided herein are administered to a 

subject, for example, to a human subject, in order to effect a targeted genomic modification 

within the subject. In some embodiments, cells are obtained from the subject and are 

contacted with an inventive ligand-dependent site-specific enzyme ex vivo. In some 

embodiments, cells removed from a subject and contacted ex vivo with an inventive ligand

dependent site-specific enzyme are re-introduced into the subject, optionally after the desired 

genomic modification has been effected and/or detected in the cells. Although the 

descriptions of pharmaceutical compositions provided herein are principally directed to 

pharmaceutical compositions which are suitable for administration to humans, it will be 

understood by the skilled artisan that such compositions are generally suitable for 

administration to animals of all sorts. Modification of pharmaceutical compositions suitable 

for administration to humans in order to render the compositions suitable for administration 

to various animals is well understood, and the ordinarily skilled veterinary pharmacologist 

can design and/or perform such modification with merely ordinary, if any, experimentation.  

Subjects to which administration of the pharmaceutical compositions is contemplated 

include, but are not limited to, humans and/or other primates; mammals, domesticated 

animals, pets, and commercially relevant mammals such as cattle, pigs, horses, sheep, cats, 

dogs, mice, and/or rats; and/or birds, including commercially relevant birds such as chickens, 

ducks, geese, and/or turkeys.  

[0098] Formulations of the pharmaceutical compositions described herein may be 

prepared by any method known or hereafter developed in the art of pharmacology. In 

general, such preparatory methods include the step of bringing the active ingredient into 

association with an excipient, and then, if necessary and/or desirable, shaping and/or 

packaging the product into a desired single- or multi-dose unit.  

[0099] Pharmaceutical formulations may additionally comprise a pharmaceutically 

acceptable excipient, which, as used herein, includes any and all solvents, dispersion media, 

diluents, or other liquid vehicles, dispersion or suspension aids, surface active agents, isotonic 

agents, thickening or emulsifying agents, preservatives, solid binders, lubricants and the like, 

as suited to the particular dosage form desired. Remington's The Science and Practice of 

Pharmacy, 21" Edition, A. R. Gennaro (Lippincott, Williams & Wilkins, Baltimore, MD, 

2006; incorporated in its entirety herein by reference) discloses various excipients used in 
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formulating pharmaceutical compositions and known techniques for the preparation thereof.  

See also PCT application PCT/US2010/055131, incorporated in its entirety herein by 

reference, for additional suitable methods, reagents, excipients and solvents for producing 

pharmaceutical compositions comprising a nuclease. Except insofar as any conventional 

excipient medium is incompatible with a substance or its derivatives, such as by producing 

any undesirable biological effect or otherwise interacting in a deleterious manner with any 

other component(s) of the pharmaceutical composition, its use is contemplated to be within 

the scope of this disclosure.  

[00100] In some embodiments, compositions in accordance with the present invention 

may be used for treatment of any of a variety of diseases, disorders, and/or conditions, 

including, but not limited to, autoimmune disorders (e.g. diabetes, lupus, multiple sclerosis, 

psoriasis, rheumatoid arthritis); inflammatory disorders (e.g. arthritis, pelvic inflammatory 

disease); infectious diseases (e.g. viral infections (e.g., HIV, HCV, RSV), bacterial infections, 

fungal infections, sepsis); neurological disorders (e.g. Alzheimer's disease, Huntington's 

disease; autism; Duchenne muscular dystrophy); cardiovascular disorders (e.g.  

atherosclerosis, hypercholesterolemia, thrombosis, clotting disorders, angiogenic disorders 

such as macular degeneration); proliferative disorders (e.g. cancer, benign neoplasms); 

respiratory disorders (e.g. chronic obstructive pulmonary disease); gastrointestinal disorders 

(e.g. inflammatory bowel disease, ulcers); musculoskeletal disorders (e.g. fibromyalgia, 

arthritis); endocrine, metabolic, and nutritional disorders (e.g. diabetes, osteoporosis); 

genitourinary disorders (e.g. renal disease); psychological disorders (e.g. depression, 

schizophrenia); skin disorders (e.g. wounds, eczema); and blood and lymphatic disorders (e.g.  

anemia, hemophilia); etc.  

Methods 

[00101] In another aspect of this disclosure, methods for site-specific nucleic acid 

(e.g., DNA) modification are provided. In some embodiments, the methods comprise 

contacting a DNA with any of the ligand-dependent Cas9 proteins (complexed with a gRNA) 

described herein, either before or after contacting the protein with a ligand that induces self

excision of the ligand-dependent intein thereby activating the nuclease. For example, in 

some embodiments, the method comprises (a) contacting a RNA-guided nuclease (e.g., a 

Cas9 protein including Cas9 nickase) comprising a ligand-dependent intein with a ligand, 

wherein binding of the ligand to the intein induces self-excision of the intein; and (b); 

contacting a DNA with the RNA-guided nuclease, wherein the RNA-guided nuclease is 
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associated with a gRNA; whereby self-excision of the intein from the RNA-guided nuclease 

in step (a) allows the RNA-guided nuclease to cleave the DNA, thereby producing cleaved 

DNA. In some embodiments, for examples those involving the use of an intein containing 

Cas9 nickase, the method produces a single strand break in the DNA. In some embodiments, 

the method produces a double strand break in the DNA. In some embodiments, the RNA

guided nuclease is able to bind a gRNA and optionally bind a target nucleic acid prior to 

being contacted with a ligand that induces self-excision of the intein, but the RNA-guided 

nuclease is unable to cleave the target nucleic acid until self-excision of the intein occurs. In 

some embodiments, the RNA-guided nuclease is unable to bind a gRNA and therefore is 

unable to bind a target nucleic acid until the RNA-guided nuclease is contacted with a ligand 

that induces self-excision of the intein. In some embodiments, the RNA-guided nuclease is 

any nuclease comprising Cas9 (or a variant or a fragment thereof) which comprises a ligand

dependent intein as provided herein.  

[00102] In some embodiments, the method involves the use of fusion proteins 

comprising a nuclease-inactivated Cas9 (e.g., dCas9) fused to a nuclease domain (e.g., FokI), 

wherein the fusion protein comprises a ligand-dependent intein (e.g., in the dCas9 domain as 

provided herein), and the fusion protein lacks one or more activities (as described herein) 

prior to excision of the intein. In some embodiments, the fusion protein is any fusion 

protein described herein. In some embodiments, the method comprises contacting a target 

nucleic acid (e.g., DNA) with two such fusion proteins, each comprising a distinct gRNA that 

targets the nucleic acid, and the method comprises contacting the target nucleic acid with two 

such fusion proteins. The method increases the specificity of cleavage, and therefore 

decreases off target effects, as two fusions are required to bind the target site to elicit any 

nuclease activity as the nuclease domains fused to the dCas9 domain typically must dimerize 

at the target site to induce cleavage. In some embodiments, the method comprises contacting 

the fusion proteins with a ligand that induces self-excision of the intein, either before or after 

the gRNAs bind the fusion proteins, and/or before or after the fusion proteins bind the target 

nucleic acid. Once the fusion proteins are activated following excision of the intein, the 

nuclease domains (e.g., the FokI domains) dimerize and cleave and the target nucleic acid.  

Compositions and methods of using dCas9-FokI fusions are known to those of skill in the art 

(see, e.g., U.S. Patent Application No.: 14/320,498, titled "CAS9 VARIANTS AND USES 

THEREOF" which was filed on June 30, 2014; the entire contents of which are incorporated 

herein by reference). Those of skill in the art are routinely able to design appropriate gRNAs 

that target two of the fusion proteins to a target nucleic acid, and understand that in some 
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aspects the gRNAs are designed to hybridize to regions of the target nucleic acid that are no 

more than 10, no more than 15, no more than 20, no more than 25, no more than 30, no more 

than 40, no more than 50, no more than 60, no more than 70, no more than 80, no more than 

90, or no more than 100 base pairs apart.  

[00103] In some embodiments, any of the methods provided herein can be performed 

on DNA in a cell. For example, in some embodiments the DNA contacted by any of the 

inventive ligand-dependent site-specific Cas9 enzymes provided herein is in a eukaryotic cell.  

In some embodiments, the eukaryotic cell is in an individual. In some embodiments, the 

individual is a human. In some embodiments, any of the methods provided herein are 

performed in vitro. In some embodiments, any of the methods provided herein are performed 

in vivo.  

[00104] In some embodiments of this disclosure, methods for site-specific nucleic acid 

(e.g., DNA) recombination are provided. In some embodiments, the methods are useful for 

inducing recombination of or between two or more regions of two or more nucleic acids (e.g., 

DNA). In some embodiments, the methods are useful for inducing recombination of or 

between two or more regions in a single nucleic acid molecule (e.g., DNA). Because the 

recombinase fusion proteins used in the methods are ligand-dependent, the timing of 

recombination can be controlled to minimize off-target effects. In some embodiments, the 

recombination of one or more target nucleic acid molecules requires the formation of a 

tetrameric complex at the target site. Typically, the tetramer comprises four (4) inventive 

RNA-guided recombinase fusion proteins (e.g., a complex of any four inventive recombinase 

fusion proteins provided herein). In some embodiments, each recombinase fusion protein of 

the tetramer targets a particular DNA sequence via a distinct gRNA bound to each 

recombinase fusion protein. In some embodiments, the fusion proteins are first contacted 

with a ligand that induces self-excision of the intein, thereby allowing the fusion proteins to 

(i) bind a gRNA, (ii) bind a target nucleic acid(s), and (iii) form a complex to induce 

recombination between the target nucleic acid(s). In some embodiments, the fusion proteins 

are able to bind a gRNA prior to excision of the intein and optionally are able to bind the 

target nucleic acid(s) but are unable to induce recombination until the intein is excised (e.g., 

through the addition of a ligand that binds the ligand-dependent intein). Any of the ligand

dependent recombinase fusion proteins provided herein are useful for methods for site

specific recombination.  

[00105] In some embodiments, the method for site-specific recombination between 

two DNA molecules comprises (a) contacting a first DNA with a first ligand-dependent 
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RNA-guided recombinase fusion protein, wherein the nuclease-inactivated Cas9 domain 

binds a first gRNA that hybridizes to a region of the first DNA; (b) contacting the first DNA 

with a second ligand-dependent RNA-guided recombinase fusion protein, wherein the 

nuclease-inactivated Cas9 domain of the second fusion protein binds a second gRNA that 

hybridizes to a second region of the first DNA; (c) contacting a second DNA with a third 

ligand-dependent RNA-guided recombinase fusion protein, wherein the nuclease-inactivated 

Cas9 domain of the third fusion protein binds a third gRNA that hybridizes to a region of the 

second DNA; and (d) contacting the second DNA with a fourth ligand-dependent RNA

guided recombinase fusion protein, wherein the nuclease-inactivated Cas9 domain of the 

fourth fusion protein binds a fourth gRNA that hybridizes to a second region of the second 

DNA. In some embodiments, the fusion proteins are first contacted with a ligand that 

induces self-excision of the intein prior to forming a complex with a gRNA and/or prior to 

hybridizing with a target DNA. In some embodiments, the method comprises contacting the 

fusion proteins with the ligand after the fusion proteins form a complex and/or hybridizes to a 

target DNA. Typically, the binding of the fusion proteins in steps (a) - (d) results in the 

tetramerization of the recombinase catalytic domains of the fusion proteins, such that the 

DNAs are recombined (i.e., following excision of the intein). In some embodiments, the 

gRNAs of steps (a) and (b) hybridize to opposing strands of the first DNA, and the gRNAs of 

steps (c) and (d) hybridize to opposing strands of the second DNA. In some embodiments, 

the target sites of the gRNAs of steps (a) - (d) are spaced to allow for tetramerization of the 

recombinase catalytic domains. For example, in some embodiments, the target sites of the 

gRNAs of steps (a) - (d) are no more than 10, no more 15, no more than 20, no more than 25, 

no more than 30, no more than 40, no more than 50, no more than 60, no more than 70, no 

more than 80, no more than 90, or no more than 100 base pairs apart. In some embodiments, 

the two regions of the two DNA molecules being recombined share homology, such that the 

regions being recombined are at least 80%, at least 90%, at least 95%, at least 98%, or are 

100% homologous.  

[00106] In some embodiments, methods for site-specific recombination between two 

regions of a single DNA molecule are provided. In some embodiments, the methods 

comprise (a) contacting a DNA with a first dCas9-recombinase fusion protein, wherein the 

dCas9 domain binds a first gRNA that hybridizes to a region of the DNA; (b) contacting the 

DNA with a second dCas9-recombinase fusion protein, wherein the dCas9 domain of the 

second fusion protein binds a second gRNA that hybridizes to a second region of the DNA; 

(c) contacting the DNA with a third dCas9-recombinase fusion protein, wherein the dCas9 
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domain of the third fusion protein binds a third gRNA that hybridizes to a third region of the 

DNA; and (d) contacting the DNA with a fourth dCas9-recombinase fusion protein, wherein 

the dCas9 domain of the fourth fusion protein binds a fourth gRNA that hybridizes to a fourth 

region of the DNA. In some embodiments, the fusion proteins are first contacted with a 

ligand that induces self-excision of the intein prior to forming a complex with a gRNA and/or 

prior to hybridizing with a target DNA. In some embodiments, the method comprises 

contacting the fusion proteins with the ligand after the fusion proteins form a complex and/or 

hybridizes to a target DNA. Typically, the binding of the fusion proteins in steps (a) - (d) 

results in the tetramerization of the recombinase catalytic domains of the fusion proteins, 

such that the DNA is recombined (e.g. following the excision of the intein). In some 

embodiments, two of the gRNAs of steps (a) - (d) hybridize to the same strand of the DNA, 

and the other two gRNAs of steps (a)- (d) hybridize to the opposing strand of the DNA. In 

some embodiments, the gRNAs of steps (a) and (b) hybridize to regions of the DNA that are 

no more 10, no more than 15, no more than 20, no more than 25, no more than 30, no more 

than 40, no more than 50, no more than 60, no more than 70, no more than 80, no more than 

90, or no more than 100 base pairs apart, and the gRNAs of steps (c) and (d) hybridize to 

regions of the DNA that are no more than 10, no more 15, no more than 20, no more than 25, 

no more than 30, no more than 40, no more than 50, no more than 60, no more than 70, no 

more than 80, no more than 90, or no more than 100 base pairs apart. In some embodiments, 

the two regions of the DNA molecule being recombined share homology, such that the 

regions being recombined are at least 80%, at least 90%, at least 95%, at least 98%, or are 

100% homologous.  

[00107] In some embodiments, any of the inventive methods for site-specific 

recombination are amenable for inducing recombination, such that the recombination results 

in excision (e.g., a segment of DNA is excised from a target DNA molecule), insertion (e.g., 

a segment of DNA is inserted into a target DNA molecule), inversion (e.g., a segment of 

DNA is inverted in a target DNA molecule), or translocation (e.g., the exchange of DNA 

segments between one or more target DNA molecule(s)). In some embodiments, the 

particular recombination event (e.g., excision, insertion, inversion, translocation, etc.) 

depends, inter alia, on the orientation (e.g., with respect to the target DNA molecule(s)) of 

the bound RNA-guided recombinase fusion protein(s). In some embodiments, the 

orientation, or direction, in which a RNA-guided recombinase fusion protein binds a target 

nucleic acid can be controlled, e.g., by the particular sequence of the gRNA bound to the 

RNA-guided recombinase fusion protein(s). Methods for controlling or directing a particular 
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recombination event are known in the art, and include, for example, those described by Turan 

and Bode, "Site-specific recombinases: from tag-and-target- to tag-and-exchange-based 

genomic modifications." FASEB J. 2011; Dec;25(12):4088-107, the entire contents of which 

are hereby incorporated by reference.  

[00108] In some embodiments, any of the methods for site-specific recombination can 

be performed in vivo or in vitro. In some embodiments, any of the methods for site-specific 

recombination are performed in a cell (e.g., recombining genomic DNA in a cell). The cell 

can be prokaryotic or eukaryotic. The cell, such as a eukaryotic cell, can be in an individual, 

such as a subject, as described herein (e.g., a human subject). The methods described herein 

are useful for the genetic modification of cells in vitro and in vivo, for example, in the context 

of the generation of transgenic cells, cell lines, or animals, or in the alteration of genomic 

sequence, e.g., the correction of a genetic defect, in a cell in or obtained from a subject. In 

some embodiments, a cell obtained from a subject and modified according to the methods 

provided herein, is re-introduced into a subject (e.g., the same subject), e.g., to treat a disease, 

or for the production of genetically modified organisms in agricultural, medical, or biological 

research.  

[00109] In applications in which it is desirable to recombine two or more nucleic acids 

so as to insert a nucleic acid sequence into a target nucleic acid, a nucleic acid comprising a 

donor sequence to be inserted is also provided, e.g., to a cell. By a "donor sequence" it is 

meant a nucleic acid sequence to be inserted at the target site induced by one or more RNA

guided recombinase fusion protein(s). In some embodiments, e.g., in the context of genomic 

modifications, the donor sequence will share homology to a genomic sequence at the target 

site, e.g., 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 

95%, or 100% homology with the nucleotide sequences flanking the target site, e.g., within 

about 100 bases or less of the target site, e.g. within about 90 bases, within about 80 bases, 

within about 70 bases, within about 60 bases, within about 50 bases, within about 40 bases, 

within about 30 bases, within about 15 bases, within about 10 bases, within about 5 bases, or 

immediately flanking the target site. In some embodiments, the donor sequence does not 

share any homology with the target nucleic acid, e.g., does not share homology to a genomic 

sequence at the target site. Donor sequences can be of any length, e.g., 10 nucleotides or 

more, 50 nucleotides or more, 100 nucleotides or more, 250 nucleotides or more, 500 

nucleotides or more, 1000 nucleotides or more, 5000 nucleotides or more, 10000 nucleotides 

or more, 100000 nucleotides or more, etc.  
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[00110] Typically, the donor sequence is not identical to the target sequence that it 

replaces or is inserted into. In some embodiments, the donor sequence contains at least one 

or more single base changes, insertions, deletions, inversions, or rearrangements with respect 

to the target sequence (e.g., target genomic sequence). In some embodiments, donor 

sequences also comprise a vector backbone containing sequences that are not homologous to 

the DNA region of interest and that are not intended for insertion into the DNA region of 

interest.  

[00111] The donor sequence may comprise certain sequence differences as compared 

to the target (e.g., genomic) sequence, for example, restriction sites, nucleotide 

polymorphisms, selectable markers (e.g., drug resistance genes, fluorescent proteins, 

enzymes etc.), which can be used to assess successful insertion of the donor sequence at the 

target site or in some cases may be used for other purposes (e.g., to signify expression at the 

targeted genomic locus). In some embodiments, if located in a coding region, such 

nucleotide sequence differences will not change the amino acid sequence, or will make silent 

amino acid changes (e.g., changes which do not affect the structure or function of the 

protein). In some embodiments, these sequences differences may include flanking 

recombination sequences such as FLPs, loxP sequences, or the like, that can be activated at a 

later time for removal of e.g., a marker sequence. The donor sequence may be provided to 

the cell as single-stranded DNA, single-stranded RNA, double-stranded DNA, or double

stranded RNA. It may be introduced into a cell in linear or circular form. If introduced in 

linear form, the ends of the donor sequence may be protected (e.g., from exonucleolytic 

degradation) by methods known to those of skill in the art. For example, one or more 

dideoxynucleotide residues are added to the 3' terminus of a linear molecule and/or self

complementary oligonucleotides are ligated to one or both ends. See, e.g., Chang et al., 

Proc. Natl. Acad Sci USA. 1987; 84:4959-4963; Nehls et al., Science. 1996; 272:886-889. In 

some embodiments, a donor sequence is introduced into a cell as part of a vector molecule 

having additional sequences such as, for example, replication origins, promoters, and genes 

encoding antibiotic resistance. In some embodiments, donor sequences can be introduced as 

naked nucleic acid, as nucleic acid complexed with an agent such as a liposome or polymer 

(e.g., poloxamer), or can be delivered by viruses (e.g., adenovirus, AAV, etc.).  

[00112] In some embodiments, any of the methods provided herein can be performed 

on DNA in a cell. For example, in some embodiments the DNA contacted by any 

RNA/gRNA-comprising complex provided herein is in a eukaryotic cell. In some 

embodiments, the eukaryotic cell is in an individual. In some embodiments, the individual is 
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a human. In some embodiments, any of the methods provided herein are performed in vitro.  

In some embodiments, any of the methods provided herein are performed in vivo.  

[00113] In some embodiments of this disclosure, methods for site-specific nucleic acid 

(e.g., DNA) editing are provided. In some embodiments, the fusion protein is used to 

introduce a point mutation into a nucleic acid by deaminating a target nucleobase, e.g., a 

cytidine (C) residue. In some embodiments, the method comprises contacting a DNA 

molecule with a ligand-dependent fusion protein comprising a nuclease inactivated RNA

guided nuclease (e.g., dCas9), which comprises a ligand dependent intein, fused to a 

deaminase, and (b) a gRNA targeting the fusion protein of step (a) to a target nucleotide 

sequence of the DNA strand; wherein the DNA molecule is contacted with the fusion protein 

and the gRNA in an amount effective and under conditions suitable for the deamination of a 

nucleotide base. Any of the fusion proteins comprising a gene editing domain as provided 

herein are amenable for use in the methods. In some embodiments, the method first 

comprises contacting the fusion protein with a ligand that induces self-excision of the intein 

prior to forming a complex with the gRNA. In some embodiments, the method comprises 

contacting the fusion protein with a ligand that induces self-excision of the intein after the 

fusion protein has formed a complex with the gRNA.  

[00114] 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., a lysosomal storage disorder or a metabolic disease, such as, for 

example, type I diabetes. In some embodiments, the methods provided herein are used to 

introduce a deactivating point mutation into a gene or allele that encodes a gene product that 

is associated with a disease or disorder. For example, in some embodiments, methods are 

provided herein that employ a DNA editing fusion protein to introduce a deactivating point 

mutation into an oncogene (e.g., in the treatment of a proliferative disease). A deactivating 

mutation may, in some embodiments, generate a premature stop codon in a coding sequence, 

which results in the expression of a truncated gene product, e.g., a truncated protein lacking 

the function of the full-length protein.  

[00115] In some embodiments, the purpose of the methods provided herein is to 

restore the function of a dysfunctional gene via genome editing. Compositions and methods 

of using gene editing enzymes fused e.g., to Cas9 are known, and include those described in 

U.S. Patent Application No.: 14/325,815 titled "FUSIONS OF CAS9 DOMAINS AND 

NUCLEIC ACID-EDITING DOMAINS," and filed on July 8, 2014; the entire contents of 
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which are incorporated herein by reference. The fusion proteins provided herein (comprising 

ligand-dependent inteins) 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 fusion proteins provided herein, e.g., the fusion proteins 

comprising a dCas9 domain (e.g., comprising a ligand-dependent intein) and a nucleic acid 

deaminase domain can be used to correct any single point T -> C or A -> G mutation. In the 

first case, deamination of the mutant C back to U corrects the mutation, and in the latter case, 

deamination of the C that is base-paired with the mutant G, followed by a round of 

replication, corrects the mutation.  

[00116] An exemplary disease-relevant mutation that can be corrected by the provided 

fusion proteins in vitro or in vivo is the H1047R (A3140G) polymorphism in the PI3KCA 

protein. The phosphoinositide-3-kinase, catalytic alpha subunit (PI3KCA) protein acts to 

phosphorylate the 3-OH group of the inositol ring of phosphatidylinositol. The PI3KCA gene 

has been found to be mutated in many different carcinomas, and thus it is considered to be a 

potent oncogene (Lee et al., PIK3CA gene is frequently mutated in breast carcinomas and 

hepatocellular carcinomas. Oncogene. 2005; 24(8):1477-80). In fact, the A3140G mutation 

is present in several NCI-60 cancer cell lines, such as, for example, the HCT1 16, SKOV3, 

and T47D cell lines, which are readily available from the American Type Culture Collection 

(ATCC)(Ikediobi et al., Mutation analysis of 24 known cancer genes in the NCI-60 cell line 

set. Mol Cancer Ther. 2006; 5(11):2606-12.  

[00117] In some embodiments, a cell carrying a mutation to be corrected, e.g., a cell 

carrying a point mutation, e.g., an A3140G point mutation in exon 20 of the PI3KCA gene, 

resulting in a H1047R substitution in the PI3KCA protein is contacted with an expression 

construct encoding a ligand-dependent Cas9 deaminase fusion protein and an appropriately 

designed gRNA targeting the fusion protein to the respective mutation site in the encoding 

PI3KCA gene. Control experiments can be performed where the gRNAs are designed to 

target the fusion enzymes to non-C residues that are within the PI3KCA gene. Genomic DNA 

of the treated cells can be extracted, and the relevant sequence of the PI3KCA genes PCR 

amplified and sequenced to assess the activities of the fusion proteins in human cell culture.  

[00118] It will be understood that the example of correcting point mutations in 

PI3KCA is provided for illustration purposes and is not meant to limit the instant disclosure.  

The skilled artisan will understand that the instantly disclosed ligand-dependent DNA-editing 

fusion proteins can be used to correct other point mutations and mutations associated with 

other cancers and with diseases other than cancer including other proliferative diseases.  
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[00119] The successful correction of point mutations in disease-associated genes and 

alleles opens up new strategies for gene correction with applications in therapeutics and basic 

research. Site-specific single-base modification systems like the disclosed fusions of ligand

dependent Cas9 and deaminase enzymes or domains also have applications in "reverse" gene 

therapy, where certain gene functions are purposely suppressed or abolished. In these cases, 

site-specifically mutating Trp (TGG), Gln (CAA and CAG), or Arg (CGA) residues to 

premature stop codons (TAA, TAG, TGA) can be used to abolish protein function in vitro, ex 

vivo, or in vivo.  

[00120] 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 ligand-dependent Cas9 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., a cancer associated with a PI3KCA point mutation as described above, an 

effective amount of a ligand-dependent Cas9 deaminase fusion protein that corrects the point 

mutation or introduces a deactivating mutation into the disease-associated gene, e.g., 

following subsequent administration of the small molecule (e.g., ligand) that activates the 

fusion protein. In some embodiments, the disease is a proliferative disease. In some 

embodiments, the disease is a genetic disease. In some embodiments, the disease is a 

neoplastic disease. In some embodiments, the disease is a metabolic disease. 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.  

[00121] The instant disclosure provides methods for the treatment of additional 

diseases or disorders, e.g., diseases or disorders that are associated or caused by a point 

mutation that can be corrected by deaminase-mediated gene editing. Some such diseases are 

described herein, and additional suitable diseases that can be treated with the strategies and 

fusion proteins provided herein will be apparent to those of skill in the art based on the 

instant disclosure. Exemplary suitable diseases and disorders include, without limitation, 

cystic fibrosis (see, e.g., Schwank et al., Functional repair of CFTR by CRISPR/Cas9 in 

intestinal stem cell organoids of cystic fibrosis patients. Cell stem cell. 2013; 13: 653-658; 

and Wu et. al., Correction of a genetic disease in mouse via use of CRISPR-Cas9. Cell stem 

cell. 2013; 13: 659-662, neither of which uses a deaminase fusion protein to correct the 

genetic defect); phenylketonuria - e.g., phenylalanine to seine mutation at position 835 in 
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phenylalanine hydroxylase gene (T>C mutation) - see, e.g., McDonald et al., Genomics.  

1997; 39:402-405; Bernard-Soulier syndrome (BSS) - e.g., phenylalanine to serine mutation 

at position 55 in the platelet membrane glycoprotein IX (T>C mutation) - see, e.g., Noris et 

al., British Journal of Haematology. 1997; 97: 312-320; epidermolytic hyperkeratosis (EHK) 

- e.g., leucine to proline mutation at position 160 in keratin 1 (T>C mutation) - see, e.g., 

Chipev et al., Cell. 1992; 70: 821-828; chronic obstructive pulmonary disease (COPD) - e.g., 

leucine to proline mutation at position 55 in 1-antitrypsin (T>C mutation) - see, e.g., Poller 

et al., Genomics. 1993; 17: 740-743; Charcot-Marie-Toot disease type 4J - e.g., leucine to 

proline mutation at position 197 in FIG4 (T>C mutation) - see, e.g., Kundu et al., 3 Biotech.  

2013; 3: 225-234; neuroblastoma (NB) - e.g., isoleucine to threonine mutation at position 41 

in Caspase-9 (T>C mutation) - see, e.g., Lenk et al., PLoS Genetics. 2011; 7: e1002104; von 

Willebrand disease (vWD) - e.g., cysteine to arginine mutation at position 509 in von 

Willebrand factor (T>C mutation) - see, e.g., Lavergne et al., Br. J. Haematol. 1992; 82: 66

72; myotonia congenital - e.g., cysteine to arginine mutation at position 277 in the muscle 

chloride channel gene CLCN1 (T>C mutation) - see, e.g., Weinberger et al., The J. of 

Physiology. 2012; 590: 3449-3464; hereditary renal amyloidosis - e.g., stop codon to 

arginine mutation at position 78 in apolipoprotein All (T>C mutation) - see, e.g., Yazaki et 

al., Kidney Int. 2003; 64: 11-16; dilated cardiomyopathy (DCM) - e.g., tryptophan to 

Arginine mutation at position 148 in the FOXD4 gene (T>C mutation), see, e.g., Minoretti et.  

al., Int. J. of Mol. Med. 2007; 19: 369-372; hereditary lymphedema - e.g., histidine to 

arginine mutation at position 1035 in tyrosine kinase (A>G mutation), see, e.g., Irrthum et al., 

Am. J. Hum. Genet. 2000; 67: 295-301; familial Alzheimer's disease - e.g., isoleucine to 

valine mutation at position 143 in presenilinI (A>G mutation), see, e.g., Gallo et. al., J.  

Alzheimer's disease. 2011; 25: 425-431; Prion disease - e.g., methionine to valine mutation 

at position 129 in prion protein (A>G mutation) - see, e.g., Lewis et. al., J. of General 

Virology. 2006; 87: 2443-2449; chronic infantile neurologic cutaneous articular syndrome 

(CINCA) - e.g., Tyrosine to Cysteine mutation at position 570 in cryopyrin (A>G mutation) 

- see, e.g., Fujisawa et. al. Blood. 2007; 109: 2903-2911; and desmin-related myopathy 

(DRM) - e.g., arginine to glycine mutation at position 120 in B crystallin (A>G mutation) 

see, e.g., Kumar et al., J. Biol. Chem. 1999; 274: 24137-24141. The entire contents of each 

of the foregoing references and database entries are incorporated herein by reference.  

[00122] According to another aspect, methods for transcriptional activation of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 
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comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional activator (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional activation of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene. Methods for inducing gene activation using 

fusion proteins comprising a transcriptional activator are known in the art, and include those 

described by Perex-Pinera et al., "RNA-guided gene activation by CRISPR-Cas9-based 

transcription factors." Nature Methods. 2013; 10, 973-976; the entire contents of which are 

incorporated herein by reference.  

[00123] According to another aspect, methods for transcriptional repression of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional repressor (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional repression of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene. Methods for inducing gene repression using 

fusion proteins comprising a transcriptional repressor are known in the art, and include those 

described by Gilbert et al., CRISPR-mediated modular RNA-guided regulation of 

transcription in eukaryotes. Cell. 2013; 154, 442-45 1; the entire contents of which are 

incorporated herein by reference.  

[00124] According to another aspect, methods for epigenetic modification of DNA are 

provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising with (a) a ligand-dependent dCas9 fusion protein comprising an epigenetic 

modifier (e.g., any of those provided herein) and (b) a gRNA targeting the fusion protein of 
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(a) to a target nucleotide sequence of the DNA strand; wherein the DNA molecule is 

contacted with the fusion protein and the gRNA in an amount effective and under conditions 

suitable for the epigenetic modification of the DNA. In some embodiments, the DNA 

comprises one or more genes. In some embodiments, the method further comprises 

contacting the fusion protein with a ligand that induces self-excision of the intein. In some 

embodiments, the fusion protein is contacted with the ligand prior to forming a complex with 

a gRNA. In some embodiments, the fusion protein is contacted with the ligand after forming 

a complex with a gRNA. In some embodiments, the gRNA targets the promoter region of a 

gene. In some embodiments, the epigenetic modification that results is methylation od DNA.  

In some embodiments, the epigenetic modification that results is demethylation of DNA. In 

some embodiments, the epigenetic modification that results is methylation of histone protein.  

In some embodiments, the epigenetic modification that results is demethylation of histone 

protein. In some embodiments, the epigenetic modification that results is acetylation of 

histone protein. In some embodiments, the epigenetic modification that results is 

deacetylation of histone protein. Methods for inducing epigenetic modifications using fusion 

proteins comprising an epigenetic modifier are known in the art, and include those described 

by Konermann et al., Optical control of mammalian endogenous transcription and epigenetic 

states. Nature. 2013; 500, 472-476; Mendenhall et al., Locus-specific editing of histone 

modifications at endogenous enhancers. Nat. Biotechnol. 2013; 31, 1133-1136; and Maeder 

et al., Targeted DNA demethylation and activation of endogenous genes using programmable 

TALE-TETI fusion proteins. Nat. Biotechnol. 2013; 31, 1137-1142; the entire contents of 

which are incorporated herein by reference.  

[00125] In some embodiments, any of the methods provided herein can be performed 

on DNA in a cell. For example, in some embodiments the DNA contacted by any 

RNA/gRNA-comprising complex provided herein is in a eukaryotic cell. In some 

embodiments, the eukaryotic cell is in an individual. In some embodiments, the individual is 

a human. In some embodiments, any of the methods provided herein are performed in vitro.  

In some embodiments, any of the methods provided herein are performed in vivo.  

[00126] In some embodiments of the methods provided herein, the ligand-dependent 

Cas9 protein, e.g., the Cas9-intein or the Cas9-intein fusion protein, is contacted with the 

ligand 

at a concentration effective to excise the intein from the Cas9-intein variant, or at a 

concentration effective to induce a desired modification (e.g., cleavage, nicking, 

recombination, or deamination) of a target site. In some embodiments, a ligand-dependent 
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Cas9 protein provided herein is contacted with a suitable ligand at a concentration resulting in 

decreased off-target activity of the Cas9 protein as compared to the off-target activity of wild

type Cas9. For example, in some embodiments, a method provided herein comprises 

contacting a population of ligand-dependent Cas9 proteins in vitro or in vivo in the presence 

of a target nucleic acid to be modified with a suitable ligand at a concentration resulting in 

the desired modification of the target nucleic acid, and in either no off-target activity (i.e., no 

modification of any non-target nucleic acids) or in an off-target activity of less than 80%, less 

than 75%, less than 50%, less than 45%, less than 40%, less than 35%, less than 30%, less 

than 25%, less than 24%, less than 23%, less than 22%, less than 21%, less than 20, less than 

19%, less than 18%, less than 17%, less than 16%, less than 15%, less than 14%, less than 

13%, less than 12%, less than 11%, less than 10%, less than 9%, less than 8%, less than 7%, 

less than 6%, less than 5%, less than 4%, less than 3%, less than 2%, or less than 1% of the 

off-target activity observed or expected under the same conditions when using wild-type 

Cas9.  

Polynucleotides, Vectors, Cells, Kits 

[00127] In another aspect of this disclosure, polynucleotides encoding one or more of 

the inventive proteins and/or gRNAs are provided. For example, polynucleotides encoding 

any of the proteins described herein are provided, e.g., for recombinant expression and 

purification of isolated nucleases, recombinases, gene editing enzymes, and other nucleic acid 

modifying enzymes, e.g., comprising Cas9 variants (e.g., dCas9) comprising ligand

dependent inteins. In some embodiments, an isolated polynucleotide comprises one or more 

sequences encoding a ligand dependent RNA-guided nuclease (e.g., Cas9). In some 

embodiments, an isolated polynucleotide comprises one or more sequences encoding a Cas9 

fusion protein, for example, any of the Cas9 fusion proteins described herein (e.g., those 

comprising a nuclease-inactivated Cas9 fused to a nuclease, recombinase, deaminase domain, 

or transcriptional activator). In some embodiments, an isolated polynucleotides comprises 

one or more sequences encoding a gRNA, alone or in combination with a sequence encoding 

any of the proteins described herein.  

[00128] In some embodiments, vectors encoding any of the proteins described herein 

are provided, e.g., for recombinant expression and purification of Cas9 proteins, and/or 

fusions comprising Cas9 proteins (e.g., variants). In some embodiments, the vector 

comprises or is engineered to include an isolated polynucleotide, e.g., those described herein.  

In some embodiments, the vector comprises one or more sequences encoding a Cas9 protein 
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(as described herein), a gRNA, or combinations thereof, as described herein. Typically, the 

vector comprises a sequence encoding an inventive protein operably linked to a promoter, 

such that the fusion protein is expressed in a host cell.  

[00129] In some embodiments, cells are provided, e.g., for recombinant expression and 

purification of any of the Cas9 proteins provided herein. The cells include any cell suitable 

for recombinant protein expression, for example, cells comprising a genetic construct 

expressing or capable of expressing an inventive protein (e.g., cells that have been 

transformed with one or more vectors described herein, or cells having genomic 

modifications, for example, those that express a protein provided herein from an allele that 

has been incorporated into the cell's genome). Methods for transforming cells, genetically 

modifying cells, and expressing genes and proteins in such cells are well known in the art, 

and include those provided by, for example, Green and Sambrook, Molecular Cloning: A 

Laboratory Manual (4* ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.  

(2012)) and Friedman and Rossi, Gene Transfer: Delivery and Expression of DNA and RNA, 

A Laboratory Manual (1St ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 

N.Y. (2006)).  

[00130] Some aspects of this disclosure provide kits comprising a ligand-dependent 

Cas9 variant (e.g., a ligand dependent Cas9 nuclease (or nickase), and/or a ligand-dependent 

dCas9 variant fused to a nuclease, recombinase, deaminase, or a transcriptional activator as 

provided herein. In some embodiments, the kit comprises a polynucleotide encoding an 

inventive Cas9 variant, nuclease, recombinase, and/or deaminase e.g., as provided herein. In 

some embodiments, the kit comprises a vector for recombinant protein expression, wherein 

the vector comprises a polynucleotide encoding any of the proteins provided herein. In some 

embodiments, the kit comprises a cell (e.g., any cell suitable for expressing Cas9 proteins or 

fusions comprising Cas9 proteins, such as bacterial, yeast, or mammalian cells) that 

comprises a genetic construct for expressing any of the proteins provided herein. In some 

embodiments, any of the kits provided herein further comprise one or more gRNAs and/or 

vectors for expressing one or more gRNAs. In some embodiments, the kit comprises an 

excipient and instructions for contacting the Cas9 proteins or dCas9 fusions with the 

excipient to generate a composition suitable for contacting a nucleic acid with the inventive 

protein. In some embodiments, the composition is suitable for delivering an inventive protein 

to a cell, or for delivering a nucleic acid encoding the protein to a cell. In some 

embodiments, the composition is suitable for delivering an inventive protein to a subject. In 

some embodiments, the excipient is a pharmaceutically acceptable excipient.  
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EXAMPLES 

Example 1: Small molecule-controlled Cas9 

[00131] Cas9 variants that can be activated in the presence of a small molecule were 

engineered, allowing spatiotemporal control over DNA cleavage. These engineered Cas9 

variants contain a small-molecule-regulated intein (Buskirk et al., Proc. Natl. Acad. Sci. USA.  

2004; 101, 10505-105 10), which has been optimized for mammalian cells (Peck et al., Chem.  

Biol. 2011; 18 (5), 619-630), that renders the protein inactive as a nuclease. Upon addition of 

the cell-permeable molecule, 4-hydroxytamoxifen (4-HT), the intein excises itself from the 

protein and ligates the flanking extein sequences, restoring Cas9 activity. Because these 

Cas9 variants can be active over a smaller time window than wild-type Cas9, the likelihood 

of having off-target cleavage is reduced.  

[00132] The 37R3-2 intein was inserted at 15 different positions into human codon

optimized Streptococcus pyogenes Cas9 (e.g., SEQ ID NO:2). The intein was inserted in 

place of a single cysteine, alanine, seine, or threonine residue. Upon excision, the intein 

leaves a cysteine residue. Thus, the primary structure generated following protein splicing is 

either identical to the unmodified version of Cas9 when the intein is inserted in place of 

cysteine, or it is one amino acid different when the intein is inserted in place of alanine, 

serine, or threonine.  

[00133] Plasmid constructs were generated in which the intein replaced amino acid 

residues: Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, 

Thr995, Ser1O06, Ser 154, Ser 159, or Ser1274 (e.g., in the amino acid sequence set forth as 

SEQ ID NO:2). These plasmids express the Cas9 variant with a nuclear localization signal 

(NLS) and 3xFLAG tag from the CMV promoter.  

[00134] HEK293-GFP stable cells were transfected with the Cas9 expression plasmid, 

a gRNA (targeting Emerald GFP; Guilinger et al., Nature Biotechnology (2014)), and 

iRFP670 (transfection control), using Lipofectamine 2000. Twelve hours after transfection, 

media, either containing 4-HT (1 pM) or without 4-HT, was added.  

[00135] Five days after transfection, cells were trypsinized and analyzed on a flow 

cytometer. Cells lacking GFP indicated genome modification. Cas9 variants that induced 

minimal genome modification in the absence of 4-HT but induce significant genome 

modification in the presence of 4-HT were deemed small-molecule-regulated variants in this 

Example. Of fifteen targeted insertions, five demonstrated minimal genome modification in 

the absence of 4-HT. These variants are highlighted in bold in the Table I below.  
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[00136] Additionally, a time course was performed in which incubation with 4-HT was 

limited to 2, 4, 8, 12 or 24 hours, after which point the media was replaced. Presumably, the 

shorter time an "active" cas9 is present, the less off-target cleavage. As depicted in Table II 

below, treating with 4-HT for 2 hours is sufficient for on-target cleavage and longer treatment 

periods do not show significant increased cleavage in this assay.  

[00137] To assess the ability of the ligand-dependent Cas9 proteins to affect genomic 

modifications in the presence of absence of ligand, HEK293-GFP stable cells (GenTarget) 

were transfected with Cas9 expression plasmids and sgRNAs targeting EMX, VEGF, or 

CLTA genomic sites using Lipofectamine 2000 as previously described (Guilinger et al., 

Fusion of catalytically inactive Cas9 to FokI nuclease improves the specificity of genome 

modification Nature Biotechnology. 2014; 32(6):577-82). 4-HT (1 pM) was added during 

transfection for + 4-HT samples. 12 hours after transfection the media was replaced. 60 

hours after transfection, cells were trypsinized and genomic DNA was isolated using the 

DNAdvance kit (Agencourt). 40-80 ng of genomic DNA was used as a template to PCR 

amplify the targeted genomic loci with flanking Survey primer pairs as previously described 

(Guilinger et al., Fusion of catalytically inactive Cas9 to FokI nuclease improves the 

specificity of genome modification Nature Biotechnology. 2014; 32(6):577-82). PCR 

products were purified with a QlAquick PCR Purification Kit (Qiagen) and quantified with a 

Quant-iT PicoGreen dsDNA Kit (Life Technologies). 200 ng of purified PCR DNA was then 

combined with 2 [IL of NEBuffer 2 (NEB) in a total volume of 19 [IL and denatured then re

annealed with thermocycling at 95'C for 5 min, 95-85'C at 20 C/s, 85-20'C at 0.20 C/s. The 

re-annealed DNA was incubated with 1 [IL of T7 Endonuclease I (1OU/ [IL, NEB) at 37 0 C for 

15 min. 10 [IL of 50% glycerol was added to the T7 Endonuclease reaction and 15 [IL was 

analyzed on a 5% TBE 18-well Criterion PAGE gel (Bio-Rad) electrophoresed for 30 min at 

200V and stained with EtBr for 15 min.  

[00138] As shown in Figure 2, the addition of 4-HT to ligand-dependent Cas9:Intein 

variants (Cas9:Intein with 37R3-2 replacing S219 (SEQ ID NO:30) and Cas9:Intein with 

37R3-2 replacing C574 (SEQ ID NO:33)) resulted in genomic modification of the target 

sites, comparable to modification by wild-type Cas9. In the absence of 4-HT, the Cas9:Intein 

variants displayed minimal or no modification of the EMX and VEGF genomic target sites, 

while some background cleavage was observed for the CLTA genomic target site. Gene 

modification levels can be estimated by comparing the intensities of the cleaved (two smaller 

fragments) and uncleaved bands. These results demonstrate that Cas9 cleavage of genomic 
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target sites can be controlled by the addition of ligand (here, 4-HT) which activates the 

proteins.  

Table 1 

Cas9 Variant Cells without GFP (%) 

- 4-HT + 4-HT 

None 4.65 3.42 

wild-type cas9 48.49 40.49 

intein(Cys8O)-Cas9 (SEQ ID NO:27) 7.08 4.96 

intein(Ala127)-Cas9 (SEQ ID NO:28) 7.97 19.73 

intein(Thr146)-Cas9 (SEQ ID NO:29) 8.77 21.60 

intein(Ser219)-Cas9 (SEQ ID NO:30) 6.53 23.98 

intein(Thr333)-Cas9 (SEQ ID NO:31) 4.96 9.17 

intein(Thr519)-Cas9 (SEQ ID NO:32) 9.49 25.96 

intein(Cys574)-Cas9 (SEQ ID NO:33) 5.74 21.44 

intein(Thr622)-Cas9 (SEQ ID NO:34) 5.67 3.96 

intein(Ser7Ol)-Cas9 (SEQ ID NO:35) 6.54 9.56 

intein(Ala728)-Cas9 (SEQ ID NO:36) 20.82 41.89 

intein(Thr995)-Cas9 (SEQ ID NO:37) 14.95 21.39 

intein(Ser1O06)-Cas9 (SEQ ID NO:38) 6.80 12.61 

intein(Ser1154)-Cas9 (SEQ ID NO:39) 21.14 41.94 

intein(Ser1159)-Cas9 (SEQ ID NO:40) 5.65 13.21 

intein(Ser1274)-Cas9 (SEQ ID NO:41) 3.08 5.00 
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Table 2 

Cas9 Variant Cells without GFP (%) 

- 4-HT + 4-HT 

2hrs 4hrs 8h-s 12hrs 24hrs 

None 2.98 2. 0 3.78 3. 1 2.76 2.82 

wild-type cas9 34.65 42.28 37.68 33.89 33.81 37.26 

intein(Ala127)

Cas9 (SEQ ID 5.03 18.95 18.57 18.64 18.35 16.83 

NO:28) 

intein(Thrl46)

Cas9 (SEQ ID 4.28 16.29 15.07 13.65 14.44 19.57 
NO:29) 

intein(Ser219)

Cas9 (SEQ ID 3.92 17.25 17.07 15.12 15.28 24.39 
NO:30) 

intein(Thr519)

Cas9 (SEQ ID 4.29 14.55 13.98 14.74 13.93 18.04 
NO:32) 

intein(Cys574)

Cas9 (SEQ ID 2.91 14.57 13.11 16.91 16.10 14.52 
NO:33) 

Example 2: Small Molecule-controlled Cas9 Protein with Improved Genome-Editing 

Specificity 

[00139] Cas9 nucleases that are activated by the presence of a cell-permeable small 

molecule were developed by inserting an evolved 4-hydroxytamoxifen (4-HT)-responsive 

intein at specific positions in Cas9. In human cells, conditionally active Cas9s modify target 

genomic sites with up to 25-fold higher specificity than wild-type Cas9.  

[00140] The RNA-guided endonuclease Cas9 from the type II CRISPR-Cas system 

enables simple and efficient genome editing in a wide variety of organisms. Virtually any 

target DNA locus can be cleaved by programming Cas9 with a single guide RNA (sgRNA) 

that contains a stretch of -20 nucleotides complementary to the target sequence' -3 . Due to its 

simplicity and robustness, the Cas9 system has been widely adopted for biological research 

and therapeutic development. The DNA cleavage specificity of Cas9 is imperfect4 8 , however, 

raising concerns over off-target genome modification that may limit its usefulness in 

therapeutic or research applications. Cas9 off-target activity has been reduced through 
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protein9-12 and sgRNA" engineering, and by direct delivery of Cas9:sgRNA protein:RNA 
14-16 

complexes into cells 

[00141] A complementary, underexplored strategy to improve Cas9 specificity is to 

reduce its activity once it has had sufficient opportunity to modify the target DNA locus.  

Indeed, higher concentrations of Cas9 in cells have been observed to degrade specificity 4 -6 

(defined as the ratio of on-target:off-target DNA cleavage activity), presumably because any 

Cas9 protein present after the target locus has been modified can only process off-target 

substrates. Unfortunately, wild-type Cas9 nucleases are not known to be regulated by other 

molecules and therefore are used in constitutively active form. While Cas9 can be regulated 

17,18 at the transcriptional level through the use of inducible promoters , transcriptional control 

cannot limit activity to the short temporal windows that may be necessary to maximize 
16,19 

genome-editing specificity , in contrast with the high temporal resolution of post

translational strategies that directly control protein activity.  

[00142] Engineered variants of Cas9 that can be controlled with a readily available, 

cell-permeable small molecule were developed. We previously evolved inteins that undergo 

protein splicing only in the presence of 4-hydroxytamoxifen (4-HT)20 . These inteins were 

developed by inserting the human estrogen receptor ligand-binding domain into the M.  

tuberculosis RecA intein and evolving the resulting inactive fusion protein into a 

20-22 
conditionally active intein that requires the presence of 4-HT -2. Subsequent evolution at 37 

'C yielded a second-generation intein, 37R3-2, with improved splicing properties in 

mammalian cells 2 2 . We envisioned that inserting the 37R3-2 intein into Cas9 at a location 

that disrupts Cas9 activity until protein splicing has taken place could result in conditionally 

active Cas9 nucleases that are active only in the presence of 4-HT (Fig. 3a).  

[00143] We genetically inserted the 4-HT-dependent intein at each of fifteen positions 

in Cas9 (Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, 

Thr995, Ser1O06, Ser 154, Ser 159, and Ser1274), chosen to distribute the location of the 

intein across the structural domains of Cas9 2 3  (Fig. 3b and Example 1). Because intein 

splicing leaves behind a single Cys residue, the intein was inserted in place of one Cas9 

amino acid in each of the 15 candidate constructs. In addition to replacing natural Cys amino 

acids, we also favored replacing Ala, Ser, or Thr residues to minimize the likelihood that the 

resulting Cys point mutation resulting from protein splicing would disrupt Cas9 activity. The 

15 intein-Cas9 candidates were expressed in HEK293-GFP cells together with a sgRNA that 

targets the genomic EGFP locus in these cells. Twelve hours post-transfection, cells were 

treated with or without 1 pM 4-HT. Five days post-transfection, cells were analyzed on a 
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flow cytometer for loss of GFP expression from Cas9-mediated EGFP cleavage and 

subsequent non-homologous end joining.  

[00144] Eight of the candidates, corresponding to intein insertion at A127, T146, S219, 

T333, T519, C574, S 1006, and S 1159, demonstrated 4-HT-dependent loss of GFP expression 

consistent with 4-HT-triggered Cas9 activity (Fig. 3c). Interestingly, three intein-Cas9 

proteins (insertion at A728, T995, and S 1154) showed high DNA modification rates both in 

the presence and absence of 4-HT, suggesting that large protein insertions at these positions 

do not significantly inhibit nuclease activity, or that the intein lost its 4-HT dependence due 

to context-dependent conformational perturbations. We speculate that it may be possible to 

engineer split Cas9 variants by dividing the protein at these locations, given their tolerance of 

a 413-residue insertion. The lack of nuclease activity of the remaining four Cas9-inteins 

(insertion at C80, T622, S701, and S1274) in the presence or absence of 4-HT could result 

from the inability of the intein to splice in those contexts, the inability of Cas9 to refold 

properly following splicing, or intolerance of replacement of native Thr or Ser residues with 

Cys. We pursued two intein-Cas9 variants corresponding to insertion at S219 and C574 (Fig.  

3b). These two variants combined high activity in the presence of 4-HT and low activity in 

the absence of 4-HT.  

[00145] To evaluate the genome modification specificity of conditionally active Cas9 

variants, we expressed intein-Cas9(S219), intein-Cas9(C574), and wild-type Cas9 in 

HEK293-GFP cells together with each of three previously described" sgRNAs that target the 

well-studied EMX, VEGF, and CLTA genomic loci. We assayed these Cas9:sgRNA 

combinations in human cells for their ability to modify the three on-target loci as well as 11 

known off-target genomic sites (Table 3)4'5'10'13. Cells were treated with or without 1 kM 4

HT during transfection, and after 12 h the media was replaced with fresh media lacking 4

HT. We observed no cellular toxicity arising from 12 or 60 h of treatment with 1 PM 4-HT in 

untransfected or transfected HEK293 cells (Fig. 5). Genomic DNA was isolated 60 h post

transfection and analyzed by high-throughput DNA sequencing 

[00146] Overall on-target genome modification frequency of intein-Cas9(S219) and 

intein-Cas9 (C574) in the presence of 1 kM 4-HT was similar to that of wild-type Cas9 (Fig.  

4a, Tables 4 and 5). On-target modification frequency in the presence of 4-HT was 3.4- to 

7.3-fold higher for intein-Cas9(S219), and 3.6- to 9.6-fold higher for intein-Cas9(C574), than 

in the absence of 4-HT, whereas modification efficiency for wild-type Cas9 was 1.2- to 1.8

fold lower in the presence of 4-HT (Fig. 4a). Both intein-Cas9 variants exhibited a low level 

20-22 
of background activity in the absence of 4-HT, consistent with previous reports. Western 
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blot analysis of intein-Cas9(S219) from transfected HEK293 cells confirmed the presence of 

spliced product at the earliest assayed time point (4 h) following 4-HT treatment; no spliced 

product was detected in the absence of 4-HT (Fig. 6). Together, these results indicate that 

intein-Cas9(S219) and intein-Cas9(C574) are slightly less active than wild-type Cas9 in the 

presence of 4-HT, likely due to incomplete splicing (Fig. 6), but much less active in the 

absence of 4-HT.  

[00147] High-throughput sequencing of 11 previously described off-target sites that 

are modified by wild-type Cas9:sgRNA complexes targeting the EMX, VEGF, and CLTA loci 

revealed that both intein-Cas9 variants when treated with 4-HT for 12 h exhibit substantially 

improved specificity compared to that of wild-type Cas9 (Fig. 7, Tables 4, 6, and 7). On

target:off-target indel modification ratios for both intein-Cas9 variants were on average 6

fold higher, and as much as 25-fold higher, than that of wild-type Cas9 (Fig. 4b-d). In the 

absence of 4-HT, the genome modification specificity of both intein-Cas9 variants was on 

average 14-fold higher than that of wild-type Cas9 in the absence of 4-HT (Fig. 8), 

presumably resulting from the much lower activity of the intein-Cas9 variants in the absence 

of 4-HT4 6 

[00148] Since intein-Cas9s can result in slightly lower on-target modification rates 

compared to wild-type Cas9 (Fig. 4a), we sought to verify that the improvements in 

specificity among the intein-Cas9s were not simply a result of reduced activity. Both on- and 

off-target activity of Cas9 has been shown to be dependent on the amount of Cas9 expression 

plasmid transfected4-6 . By transfecting lower amounts of the wild-type Cas9 expression 

plasmid, we compared intein-Cas9s with wild-type Cas9 under conditions that result in very 

similar levels of on-target modification. To minimize potential differences in transfection 

efficiency, we supplemented with a plasmid that does not express Cas9 so that the same total 

amount of plasmid DNA was transfected into each sample. High-throughput sequencing 

revealed that wild-type Cas9 shows slightly improved specificity, as expected, as the on

target cleavage rate is reduced. The intein-Cas9 variants, however, remain substantially more 

specific than wild-type Cas9 at similar on-target DNA cleavage rates (Figs. 9-11, Tables 6 

and 8). For example, intein-Cas9(C574) and wild-type Cas9 (80 ng) have virtually identical 

on-target DNA cleavage rates (both 6.4%) at the EMX locus but all four off-target sites are 

modified at an average of 4-fold lower frequencies (P < 1 x 10-3 ) by intein-Cas9(C574) than 

by wild-type Cas9. These findings indicate that specificity improvements of intein-Cas9 

variants do not simply arise from differences in overall genome editing activity.  
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[00149] Intein 37R3-2 can be activated by other estrogen receptor modulators. To 

enable intein-Cas9 applications in which endogenous j-estradiol is present, we inserted into 

the estrogen receptor ligand-binding domain a point mutation (G521R) that renders the 

domain more specific for 4-HT24 . This mutation slightly reduces affinity for 4-HT but almost 

abolishes affinity for j-estradiol. The addition of this mutation to intein-Cas9(S219) 

eliminates the ability of j-estradiol to trigger Cas9 activity (Fig. 12).  

[00150] The intein-Cas9 variants developed here demonstrate small-molecule control 

of Cas9 function, thereby enhancing genome-modification specificity. The use of ligand

dependent Cas9 variants provides greater control over genomic modification efficiencies and 

specificities than is currently achievable with constitutively active or transcriptionally 

regulated genome editing. This approach can synergize with other specificity-augmenting 

strategies such as direct delivery of transient Cas9 protein into cells'6 , using truncated guide 

RNAs , paired Cas9 nickases , or Fok-dCas9 fusions 1,12. This approach could also be 

applied to other genome engineering proteins to enable, for example, small-molecule control 

of TALE-based or Cas9-mediated transcriptional regulators.  
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EMX On GAGTCCGAGCAGAAGAAGAAGGG (SEQ ID NO: XX) 

EMX Off 1 GAGgCCGAGCAGAAGAAagACGG (SEQ ID NO: XX) 

EMX Off 2 GAGTCCtAGCAGgAGAAGAAGaG (SEQ ID NO: XX) 

EMX Off 3 GAGTCtaAGCAGAAGAAGAAGaG (SEQ ID NO: XX) 

EMX Off 4 GAGTtaGAGCAGAAGAAGAAAGG (SEQ ID NO: XX) 

VEGF On GGGTGGGGGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 1 GGaTGGaGGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 2 GGGaGGGtGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 3 cGGgGGaGGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 4 GGGgaGGGGaAGTTTGCTCCTGG (SEQ ID NO: XX) 

CLTA On GCAGATGTAGTGTTTCCACAGGG (SEQ ID NO: XX) 

CLTA Off 1 aCAtATGTAGTaTTTCCACAGGG (SEQ ID NO: XX) 

CLTA Off 2 cCAGATGTAGTaTTcCCACAGGG (SEQ ID NO: XX) 

CLTA Off 3 ctAGATGaAGTGcTTCCACATGG (SEQ ID NO: XX) 

Table 3. On-target and 11 known off-target substrates of Cas9:sgRNAs that target sites in 

EMX, VEGF, and CLTA. List of genomic on-target and off-targets sites of the EMX, VEGF, 
and CLTA sites are shown with mutations from the on-target sequence shown in lower case.  

Protospacer-adjacent motifs (PAMs) are shown underlined.  
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intein-Cas9(S219) intein-Cas9(C574) wt Cas9 
(+ 4-HT vs. - 4-HT) (+ 4-HT vs. - 4-HT' (+ 4-HT vs. - 4-HT) 

EMX On < 3.3 x 10-16 < 3.3 x 10-16 1 

VEGF On < 3.3 x 10-16 < 3.3 x 10-16 1 

CLTA On < 3.3 x 10-16 < 3.3 x 10-16 1 

Table 5. P-values for comparisons between conditions in Fig. 2a. P-values were obtained 
using the Fisher exact test and adjusted for multiple comparisons using the Benjamini
Hochberg Method.  
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Independent Experiment 1 Independent Experiment 2 
+ 4-HT intein- + 4-H- inte#hHT intein- + 4-HT intein

Cas9(S219) vs. + - Cas9(C574) vfas%(S219) vs. + -Cas9(C574) vs. + 4
HT wt Cas9 (500 ng) HT wt Cas9 (500 ng) HT wt Cas9 (500 ng) H-- wt Cas9 (500 r 

EMX On < 2.4 x 10-16 < 2.4 x 10-16 < 3.9-:J0x10- 6 

EMX Off 1 < 2.4 x 10-16 < 2.4 x 1:i39 x 10-16 < 3.9 x 10-16 

EMX Off 2 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

EMX Off 3 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

EMX Off 4 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF On 2.8 x 10-12 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 1 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 2 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 3 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 4 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

CLTA On 1 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

CLTA Off 1 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

CLTA Off 2 9.1 x 10-5 4.4 x 10-3 1.4 x 10-4 4.6 x 10-6 

CLTA Off 3 1.3 x 10-7 1.5 x 10-14 3.1 x 10-15 3.5 x 10-15 

Table 7. P-values for comparisons between conditions in Fig. 7. P-values were obtained 

using the Fisher exact test and adjusted for multiple comparisons using the Benjamini

Hochberg Method.  
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+ 4-HT wt Cas9 (500 ng) 
-sgRNA 

Indels Total Modification 
frequency 

EMX On 8 78943 0.01% 

EMX Off 1 1 42232 0.00% 

EMX Off 2 4 79008 0.01% 

EMX Off 3 60 113629 0.05% 

EMX Off 4 5 104159 0.00% 

VEGF On 0 60667 0.00% 

VEGF Off 1 2 111409 0.00% 

VEGF Off 2 0 52048 0.00% 

VEGF Off 3 4 88105 0.00% 

VEGF Off 4 2 123559 0.00% 

CLTA On 491 68600 0.72% 

CLTA Off 1 10 116033 0.01% 

CLTA Off 2 6 75723 0.01% 

CLTA Off 3 4 53885 0.01% 

Table 9. Raw sequence counts and modification frequencies (for cells transfected with wild

type Cas9 (500 ng) but without a targeting sgRNA, in the presence of 4-HT). Total: total 

number of sequence counts. Modification frequency: number of indels divided by the total 

number of sequences listed as percentages.  
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Sequences 

[00151] Intein 37R32: 

TGCCTTGCCGAGGGTACCCGAATCTTCGATCCGGTCACTGGTACAACGCATCGCA 
TCGAGGATGTTGTCGATGGGCGCAAGCCTATTCATGTCGTGGCTGCTGCCAAGGA 
CGGAACGCTGCTCGCGCGGCCCGTGGTGTCCTGGTTCGACCAGGGAACGCGGGA 
TGTGATCGGGTTGCGGATCGCCGGTGGCGCCATCGTGTGGGCGACACCCGATCAC 
AAGGTGCTGACAGAGTACGGCTGGCGTGCCGCCGGGGAACTCCGCAAGGGAGAC 
AGGGTGGCCGGACCGGGTGGTTCTGGTAACAGCCTGGCCTTGTCCCTGACGGCCG 
ACCAGATGGTCAGTGCCTTGTTGGATGCTGAGCCCCCCATACTCTATTCCGAGTA 
TGATCCTACCAGTCCCTTCAGTGAAGCTTCGATGATGGGCTTACTGACCAACCTG 
GCAGACAGGGAGCTGGTTCACATGATCAACTGGGCGAAGAGGGTGCCAGGCTTT 
GTGGATTTGACCCTCCATGATCAGGCCCACCTTCTAGAACGTGCCTGGCTAGAGA 
TCCTGATGATTGGTCTCGTCTGGCGCTCCATGGAGCACCCAGGGAAGCTACTGTT 
TGCTCCTAACTTGCTCTTGGACAGGAACCAGGGAAAATGTGTAGAGGGCATGGT 
GGAGATCTTCGACATGCTGCTGGCTACATCATCTCGGTTCCGCATGATGAATCTG 
CAGGGAGAGGAGTTTGTGTGCCTCAAATCTATTATTTTGCTTAATTCTGGAGTGT 
ACACATTTCTGTCCAGCACCCTGAAGTCTCTGGAAGAGAAGGACCATATCCACCG 
AGCCCTGGACAAGATCACGGACACTTTGATCCACCTGATGGCCAAGGCAGGCCT 
GACCCTGCAGCAGCAGCACCAGCGGCTGGCCCAGCTCCTCCTCATCCTCTCCCAC 
ATCAGGCACATGAGTAACAAAGGAATGGAGCATCTGTACAGCATGAAGTACAAG 
AACGTGGTGCCCCTCTATGACCTGCTGCTGGAGATGCTGGACGCCCACCGCCTAC 
ATGCGGGTGGTTCTGGTGCTAGCCGCGTGCAGGCGTTCGCGGATGCCCTGGATGA 
CAAATTCCTGCACGACATGCTGGCGGAAGGACTCCGCTATTCCGTGATCCGAGAA 
GTGCTGCCAACGCGGCGGGCACGAACGTTCGACCTCGAGGTCGAGGAACTGCAC 
ACCCTCGTCGCCGAAGGGGTTGTCGTGCACAACTGC (SEQ ID NO: XX) 

[00152] Cas9-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE 
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LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ 
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA 
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGSPKKKRKVSS 
DYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00153] Intein-Cas9(C80)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAA 
KDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKG 
DRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLA 
DRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAP 
NLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLS 
STLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKG 
MEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDML 
AEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCYLQEIFSNEMAKVDDS 
FFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLI 
YLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAIL 
SARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDT 
YDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEH 
HQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG 
TEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL 
TFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN 
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK 
VTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE 
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQ 
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00154] Intein-Cas9(A127)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVV 
SWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGN 
SLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWA 
KRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKC 
VEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHI 
HRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYK 
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NVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIRE 
VLPTRRARTFDLEVEELHTLVAEGVVVHNCYHEKYPTIYHLRKKLVDSTDKADLRLI 
YLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAIL 
SARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDT 
YDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEH 
HQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG 
TEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL 
TFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN 
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK 
VTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE 
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQ 
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00155] Intein-Cas9(T146)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 

TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSCLAEGTRIFDPVTGTTHRIEDVVDGRK 
PIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRA 
AGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMM 
GLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 
PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLN 
SGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHI 
RHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDD 
KFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCDKADLRLIY 
LALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS 
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY 
DDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHH 
QDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTE 
ELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTF 
RIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLP 
NEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKV 
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILED 
IVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 
GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
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AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00156] Intein-Cas9(S219)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKCLAEGTRIFDPV 
TGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVW 
ATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIL 
YSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERA 
WLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMM 
NLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTL 
QQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAG 
GSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAE 
GVVVHNCRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD 
TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE 
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD 
GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI 
LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDK 
NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNR 
KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI 
LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD 
KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG 
SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE 
GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP 
QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN 
LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT 
LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY 
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI 
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP 
KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK 
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY 
EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

[00157] Intein-Cas9(T333)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
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RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLCLAEGTRIFDPVTG 
TTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATP 
DHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 
YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEI 
LMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQ 
GEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQ 
HQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSG 
ASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGV 
VVHNCLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG 
TEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL 
TFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN 
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK 
VTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE 
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQ 
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00158] Intein-Cas9(T519)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFCL 
AEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGL 
RIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVS 
ALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHD 
QAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLA 
TSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHL 
MAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEML 
DAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEV 
EELHTLVAEGVVVHNCVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKV 
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILED 

105



WO 2016/022363 PCT/US2015/042770 

IVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 
GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00159] Intein-Cas9(C574)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECLA 
EGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRI 
AGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSAL 
LDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQA 
HLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATS 
SRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMA 
KAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDA 
HRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEE 
LHTLVAEGVVVHNCFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILED 
IVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 
GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 
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[00160] Intein-Cas9(T622)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLCLAEGTRIFDPVTG 
TTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATP 
DHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 
YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEI 
LMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQ 
GEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQ 
HQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSG 
ASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGV 
VVHNCLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDK 
QSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSP 
AIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGI 
KELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQ 
SFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 
TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITL 
KSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYK 
VYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV 
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK 
KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKG 
YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYE 
KLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKP 
IREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID 
LSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00161] Intein-Cas9(S701)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWF 
DQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLA 

107



WO 2016/022363 PCT/US2015/042770 

LSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRV 
PGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEG 
MVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRA 
LDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 
PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPT 
RRARTFDLEVEELHTLVAEGVVVHNCLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00162] Intein-Cas9(A728)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLCLAEGTRIFDPVTGTTHRIEDVV 
DGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEY 
GWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSE 
ASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWR 
SMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKS 
IILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLL 
ILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFAD 
ALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
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QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00163] Intein-Cas9(T995)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKD 
GTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDR 
VAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADR 
ELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNL 
LLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTL 
KSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGME 
HLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAE 
GLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCALIKKYPKLESEFVYGDY 
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI 
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP 
KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK 
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY 
EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

[00164] Intein-Cas9(S 1006)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
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SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLECLAEGTRIFDPVTGTTHRIEDVVDGRK 
PIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRA 
AGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMM 
GLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 
PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLN 
SGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHI 
RHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDD 
KFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCEFVYGDYK 
VYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV 
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK 
KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKG 
YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYE 
KLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKP 
IREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID 
LSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00165] Intein-Cas9(S1 154)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWF 
DQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLA 
LSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRV 
PGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEG 
MVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRA 
LDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 
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PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPT 
RRARTFDLEVEELHTLVAEGVVVHNCKKLKSVKELLGITIMERSSFEKNPIDFLEAKG 
YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYE 
KLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKP 
IREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID 
LSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00166] Intein-Cas9(S1 159)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKSKKLKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPV 
VSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSG 
NSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINW 
AKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGK 
CVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDH 
IHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYK 
NVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIRE 
VLPTRRARTFDLEVEELHTLVAEGVVVHNCVKELLGITIMERSSFEKNPIDFLEAKGY 
KEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEK 
LKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPI 
REQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDL 
SQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00167] Intein-Cas9(S 1274)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
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TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE 
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ 
HKHYLDEIIEQICLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVV 
SWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGN 
SLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWA 
KRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKC 
VEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHI 
HRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYK 
NVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIRE 
VLPTRRARTFDLEVEELHTLVAEGVVVHNCEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

[00168] Intein-Cas9(2921R)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 

TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKCLAEGTRIFDPV 
TGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVW 
ATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIL 
YSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERA 
WLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMM 
NLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTL 
QQQHQRLAQLLLILSHIRHMSNKJMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAG 
GSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAE 
GVVVHNCRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD 
TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE 
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD 
GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI 
LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDK 
NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNR 
KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI 
LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD 
KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG 
SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE 
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GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP 
QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN 
LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT 
LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY 
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI 
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP 
KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK 
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY 
EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

Indel Calling Algorithm 

Read 1: 

@M00265:68:000000000-AA85W:1:1101:14923:1642 1:N:O:1 
TGCAGTCTCATGACTTGGCCTTTGTAGGAAAACACCATTAGAAGAGTAGATGGTT 
GGGTAGTGGCTCTCTTCTGCTTAGACTCTTGTCTACTATGAATAAAGGGCTCTA 
TTTGCAAAGGCCGTGATGGGTTGAAGCACATTGAGAAAGAGGCT 

3>>A?FFFFFFFFGGGGBGGGGHHGHHHGHHGHHHGHHHHHGHHHGHHHHHHHHH 
GGGGHGHFHGGHHHHHHGHHHHHHHHHHHHHGHFHHGHHHHHHHHHHFGGHH 
HHHHHHHHHGHHHHG@EEHHHHHGGHHHHHHHHHHHHHHHHHHHGG 

Read 2: 

@M00265:68:000000000-AA85W:1:1101:14923:1642 2:N:O:1 
CTCACCTGGGCGAGAAAGGTAACTTATGTTTCAGTAGCCTCTTTCTCAATGTGCTT 
CAACCCATCACGGCCTTTGCAAATAGAGCCCTTTATTCATAGTAGACAAGAGTCT 
AAGCAGAAGAGAGCCACTACCCAACCATCTACTCTTCTAATGGT 

3>>AAFCFFBBBGGGGGGGGGGHGHHHHHHHHHHHHHHHHHHHHHHHHHHHGH 
HHHHHHHHGGHHFHDFGGGHHHHHHHHGHFHHHGGGHHHHHHHHHHFHHHHHH 
HHHHHGHHHHHGHHHGHGHHHHHHHHHHHGGGHHHGHHGHHHHHHHHH@ 

Step 1: Search for sequences (or reverse complements) flanking the on/off target sites in both 

Illumina reads from the following set: 

target site 5' flaiBinglanking 

sequence sequence 

EMXOn GAGTCCGAGCAGAAGAAGAAGGG AGCTGGAGGAGGAAGGGCCT CTCCCATCACATCAACCGGT 

EMX_Utti GAGGCCGAGCAGAAGAAAGACGG CCCCTTCTTCTGCAAATGAG CGACAGATGTTGGGGGGAGG 

EMX_Utt2 GAGTCCTAGCAGGAGAAGAAGAG GGCTGGGGCCAGCATGACCT GCAGCCTAGAGTCTTCTGTG 

EMX_Uttd GAGTCTAAGCAGAAGAAGAAGAG CCTTTATTCATAGTAGACAA AGCCACTACCCAACCATCTA 

EMXUtt4 GAGTTAGAGCAGAAGAAGAAAGG CATGGCAAGACAGATTGTCA CATGGAGTAAAGGCAATCTT 
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VEGFOn GGGTGGGGGGAGTTTGCTCCTGG GGGAATGGGCTTTGGAAAGG ACCCCCTATTTCTGACCTCC 

VEUG _Utti GGATGGAGGGAGTTTGCTCCTGG CATCTAAGGACGGATTTGTG GGTGTCAGAATGTCCTGTCT 

VEUB_U tt2 GGGAGGGTGGAGTTTGCTCCTGG CTGGTCAGCCCATTATGATA GGATGGAAGGGCCGGCTCCG 

VEGi_Utt d CGGGGGAGGGAGTTTGCTCCTGG CTGGAGAGAGGCTCCCATCA GGAACCTGTGATCCCCACAG 

VEUB_U tt 4 GGGGAGGGGAAGTTTGCTCCTGG CATTTTTGCTGTCACAACTC CATTCAGTGGGTAGAGTCCA 

CLTA_Un GCAGATGTAGTGTTTCCACAGGG CTGAGTAGGATTAAGATATT TGGCTCTTCAGTGCACCAGC 

CLIA_Utti ACATATGTAGTATTTCCACAGGG GTTGGGAAGAGATGCATACA AATACAATGGACAAATAACC 

CLiA_Utt2 CCAGATGTAGTATTCCCACAGGG GCCTCCTTGATTGAGGTGTC GTCTGGCAGGCCCCTCCTGT 

CLiA_Utt3d CTAGATGAAGTGCTTCCACATGG CTCATCTAGAGTTCTTTCCA CTTTCATTAGAGTTTAGTCC 

Step 2: Extract the sequence between the target sites in both reads and ensure that it is 
identical (reverse complementary) in read 1 and read 2 and all positions within read 1 and 
read 2 have a quality score >= '? (Phred score >= 30) 

In above reads, CTCTTCTGCTTAGACTC is reverse complement of 

GAGTCTAAGCAGAAGAG 

Step 3: Align extracted sequence to the reference sequence for the relevant on/off target 

sequence 

GAGT C TAAGCAGAAGAAGAAGAG reference sequence 

GAGTCTAAGC------AGAAGAG sequence read 

Step 4: For deletions, count only if deletion occurred in close proximity to expected cleavage 

site (within 8 bp of Y end of reference sequence) 

Methods and Materials 

[00169] Cas9, intein-Cas9, and sgRNA expression plasmids. A plasmid encoding 

the human codon-optimized Streptococcus pyogenes Cas9 nuclease with an NLS and 

3xFLAG tag (Addgene plasmid 4386 1)5 was used as the wild-type Cas9 expression plasmid.  

Intein 37R3-2 was subcloned at the described positions into the wild-type Cas9 expression 

plasmid using USER (NEB M5505) cloning. sgRNA expression plasmids used in this study 

have been described previously" . Plasmid constructs generated in this work will be deposited 

with Addgene.  

[00170] Modification of genomic GFP. HEK293-GFP stable cells (GenTarget), 

which constitutively express Emerald GFP, served as the reporter cell line. Cells were 

maintained in "full serum media": Dulbecco's Modified Eagle's Media plus GlutaMax (Life 
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Technologies) with 10% (vol/vol) FBS and penicillin/streptomycin (lx, Amresco). 5 x 104 

cells were plated on 48-well collagen-coated Biocoat plates (Becton Dickinson). 16-18 h after 

plating, cells were transfected with Lipofectamine 2000 (Life Technologies) according to the 

manufacturer's protocol. Briefly, 1.5 pL of Lipofectamine 2000 was used to transfect 650 ng 

of total plasmid: 500 ng Cas9 expression plasmid, 125 ng sgRNA expression plasmid, and 25 

ng near-infrared iRFP670 expressing plasmid (Addgene plasmid 45457)26 . 12 h after 

transfection, the media was replaced with full serum media, with or without 4-HT (1 PM, 

Sigma-Aldrich T176). The media was replaced again 3-4 days after transfection. Five days 

after transfection, cells were trypsinized and resuspended in full serum media and analyzed 

on a C6 flow cytometer (Accuri) with a 488-nm laser excitation and 520-nm filter with a 20

nm band pass. Transfections and flow cytometry measurements were performed in triplicate.  

[00171] High-throughput DNA sequencing of genome modifications. HEK293-GFP 

stable cells were transfected with plasmids expressing Cas9 (500 ng) and sgRNA (125 ng) as 

described above. For treatments in which a reduced amount of wild-type Cas9 expression 

plasmid was transfected, pUC 19 plasmid was used to bring the total amount of plasmid to 

500 ng. 4-HT (1 pM final), where appropriate, was added during transfection. 12 h after 

transfection, the media was replaced with full serum media without 4-HT. Genomic DNA 

was isolated and pooled from three biological replicates 60 h after transfection using a 

previously reported" protocol with a DNAdvance Kit (Agencourt). 150 ng or 200 ng of 

genomic DNA was used as a template to amplify by PCR the on-target and off-target 

genomic sites with flanking HTS primer pairs described previously" . PCR products were 

purified using RapidTips (Diffinity Genomics) and quantified using the PicoGreen dsDNA 

Assay Kit (Invitrogen). Purified DNA was PCR amplified with primers containing 

sequencing adaptors, purified with the MinElute PCR Purification Kit (Qiagen) and AMPure 

XP PCR Purification (Agencourt). Samples were sequenced on a MiSeq high-throughput 

DNA sequencer (Illumina), and sequencing data was analyzed as described previously 4.  

[00172] Western blot analysis of intein splicing. HEK293-GFP stable cells were 

transfected with 500 ng Cas9 expression plasmid and 125 ng sgRNA expression plasmid. 12 

h after transfection, the media was replaced with full serum media, with or without 4-HT (1 

pM). Cells were lysed and pooled from three technical replicates 4, 8, 12, or 24 h after 4-HT 

treatment. Samples were run on a Bolt 4-12% Bis-Tris gel (Life Technologies). An anti

FLAG antibody (Sigma-Aldrich F1804) and an anti-mouse 800CW IRDye (LI-COR) were 

used to visualize the gel on an Odyssey IR imager.  
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[00173] Statistical analysis. Statistical tests were performed as described in the figure 

captions. All p-values were calculated with the R software package. p-values for the Fisher 

exact test were calculated using the fisher.test function, with a one-sided alternative 

hypothesis (alternative = "greater" or alternative = "less", as appropriate). Upper bounds on 

p-values that are close to zero were determined manually. The Benjamini-Hochberg 

adjustment was performed using the R function p.adjust (method = "fdr").  

[00174] Sensitivity limit of off-target cleavage assays. We used paired end 

sequencing to identify indels caused by genomic on- and off-target cleavage. Given that 

published studies (see the reference below) have shown that the Illumina platform has an 

indel rate that is several orders of magnitude lower than the -0. 1% substitution error rate, and 

our requirement that all called indels occur in both paired reads, the sensitivity of the high

throughput sequencing method for detecting genomic off-target cleavage in our study is 

limited by the amount genomic DNA (gDNA) input into the PCR amplification of each 

genomic target site. A 1 ng sample of human gDNA represents only -330 unique genomes, 

and thus only -330 unique copies of each genomic site are present. PCR amplification for 

each genomic target was performed on a total of 150 ng or 200 ng of input gDNA, which 

provides amplicons derived from at most 50,000 or 65,000 unique gDNA copies, 

respectively. Therefore, the high-throughput sequencing assay cannot detect rare genome 

modification events that occur at a frequency of less than approximately 1 in 50,000 

(0.002%). When comparing between two conditions, such as wt Cas9 vs. intein-Cas9, this 

threshold becomes approximately 10 in 50,000 (0.02%) when using the Fisher exact test and 

a conservative multiple comparison correction (Bonferroni with 14 samples). See also 

Minoche, A. E., Dohm, J. C., & Himmelbauer, H. Evaluation of genomic high-throughput 

sequencing data generated on Illumina HiSeq and Genome Analyzer systems. Genome 

Biology 12, R112 (2011).  
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[00175] All publications, patents, patent applications, publication, and database entries 

(e.g., sequence database entries) mentioned herein, e.g., in the Background, Summary, 

Detailed Description, Examples, and References sections, are incorporated by reference in 

their entirety as if each individual publication, patent, patent application, publication, and 

database entry was specifically and individually incorporated herein by reference. In case of 

conflict, the present application, including any definitions herein, will control.  

EQUIVALENTS AND SCOPE 

[00176] 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.  

[00177] 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.  

[00178] 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 
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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.  

[00179] 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.  

[00180] 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.  

[00181] 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.  

[00182] All publications, patents and sequence database entries mentioned herein, 

including those items listed above, are hereby incorporated by reference in their entirety as if 
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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.  
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CAS9 PROTEINS INCLUDING LIGAND-DEPENDENT INTEINS 

RELATED APPLICATIONS 

[0001] This application claims priority under 35 U.S.C. § 119(e) to U.S. provisional 

patent application, U.S.S.N. 62/030,943, filed July 30, 2014, and to U.S. provisional patent 

application, U.S.S.N. 62/135,629, filed March 19, 2015, the entire contents of each of which 

are incorporated herein by reference.  

GOVERNMENT SUPPORT 

[0002] This invention was made with U.S. Government support under RO1 

GM095501 and F32GM106601, awarded by the National Institutes of Health/National 

Institute of General Medical Sciences, and under grant numbers HR001 1-11-2-0003 and 

N66001-12-C-4207, awarded by the Department of Defense. The Government has certain 

rights in the invention.  

BACKGROUND OF THE INVENTION 

[0003] Site-specific enzymes theoretically allow for the targeted manipulation of a 

single site within a genome and are useful in the context of gene targeting as well as for 

therapeutic applications. In a variety of organisms, including mammals, site-specific 

enzymes such as endonucleases have been used for genome engineering by stimulating either 

non-homologous end joining or homologous recombination. In addition to providing 

powerful research tools, site-specific nucleases also have potential as gene therapy agents, 

and two site-specific endonucleases have recently entered clinical trials: one, CCR5-2246, 

targeting a human CCR-5 allele as part of an anti-HIV therapeutic approach (clinical trials 

NCT00842634, NCT01044654, NCT01252641), and the other one, VF24684, targeting the 

human VEGF-A promoter as part of an anti-cancer therapeutic approach (clinical trial 

NCT01082926).  

[0004] Specific manipulation of the intended target site without or with only minimal 

off-target activity is a prerequisite for clinical applications of site-specific enzymes, and also 

for high-efficiency genomic manipulations in basic research applications. For example, 

imperfect specificity of engineered site-specific binding domains of certain nucleases has 

been linked to cellular toxicity and undesired alterations of genomic loci other than the 

intended target. Most nucleases available today, however, exhibit significant off-target 
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activity, and thus may not be suitable for clinical applications. An emerging nuclease 

platform for use in clinical and research settings are the RNA-guided nucleases, such as Cas9.  

While these nucleases are able to bind guide RNAs (gRNAs) that direct cleavage of specific 

target sites, off-target activity is still observed for certain Cas9:gRNA complexes (Pattanayak 

et al., "High-throughput profiling of off-target DNA cleavage reveals RNA-programmed 

Cas9 nuclease specificity." Nat Biotechnol. 2013; doi: 10.1038/nbt.2673). Technology for 

engineering site-specific enzymes with reduced off-target effects is therefore needed.  

SUMMARY OF THE INVENTION 

[0005] The reported toxicity of some engineered site-specific enzymes such as 

endonucleases is thought to be based on off-target DNA cleavage. Further, the activity of 

existing RNA-guided nucleases generally cannot be controlled at the molecular level, for 

example, to switch a nuclease from an "off' to an "on" state. Controlling the activity of 

nucleases and other site-specific enzymes suitable for nucleic acid manipulations or 

modifications could decrease the likelihood of incurring off-target effects. Some aspects of 

this disclosure provide strategies, compositions, systems, and methods to control the binding 

and/or enzymatic activity of RNA-programmable enzymes, such as Cas9 endonuclease, 

nickases, deaminases, recombinases, transcriptional activators and repressors, epigenetic 

modifiers variants and fusions thereof.  

[0006] Accordingly, one aspect of the present disclosure provides Cas9 proteins 

(including fusions of Cas9 proteins and functional domains) comprising inteins, for example, 

ligand-dependent inteins. The presence of the intein inhibits one or more activities of the 

Cas9 proteins, for example, nucleic acid binding activity (e.g., target nucleic acid binding 

activity and/or gRNA binding activity), a nuclease activity, or another enzymatic activity 

(e.g., nucleic acid modifying activity, transcriptional activation and repression, etc.) for 

which the Cas9 protein (e.g., Cas9 fusion protein) is engineered to undertake (e.g., nuclease 

activity, nickase activity, recombinase activity, deaminase activity, transcriptional 

activator/repressor activity, epigenetic modification, etc.). In some embodiments, the Cas9 

protein is a Cas9 nickase. The Cas9 fusions are typically between a nuclease inactivated 

Cas9 ("dCas") and one or more functional domains. The intein may be inserted into any 

location of a Cas9 protein, including one or more domains of a Cas9 protein or Cas9 fusion 

(including in a functional domain), such as the HNH nuclease domain or the RuvC nuclease 

domain. In some embodiments, the intein replaces amino acid residue Cys8O, Ala127, 

Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, Thr995, Ser1O06, 
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Ser 154, Ser 159, or Ser1274 in the Cas9 polypeptide sequence set forth as SEQ ID NO:2, in 

the dCas9 polypeptide sequence set forth as SEQ ID NO:5, or in the Cas9 nickase 

polypeptide sequence set forth as SEQ ID NO:4. In some embodiments, the intein replaces 

or is inserted at an amino acid residue that is within 5, within 10, within 15, or within 20 

amino acid residues of Cys80, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, 

Ser701, Ala728, Thr995, Ser1006, Serl154, Serl159, or Ser1274 in the Cas9 polypeptide 

sequence set forth as SEQ ID NO:2, in the dCas9 polypeptide sequence set forth as SEQ ID 

NO:5, or in the Cas9 nickase polypeptide sequence set forth as SEQ ID NO:4. the intein 

replaces amino acid residue Ala127, Thr146, Ser219, Thr519, or Cys574 in the Cas9 

polypeptide sequence set forth as SEQ ID NO:2, in the dCas9 polypeptide sequence set forth 

as SEQ ID NO:5, or in the Cas9 nickase polypeptide sequence set forth as SEQ ID NO:4.  

Typically the intein is a ligand-dependent intein which exhibits no or minimal protein 

splicing activity in the absence of ligand (e.g., small molecules such as 4-hydroxytamoxifen, 

peptides, proteins, polynucleotides, amino acids, and nucleotides). Ligand-dependent inteins 

are known, and include those described in U.S. patent application, U.S.S.N. 14/004,280, 

published as U.S. 2014/0065711 Al, the entire contents of which are incorporated herein by 

reference. In some embodiments, the intein comprises an amino acid sequence selected from 

the group consisting of SEQ ID NO:7-14.  

[0007] In one aspect, a Cas9 protein is provided that comprises: (i) a nuclease

inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent intein; and 

(iii) a recombinase catalytic domain. In some embodiments, the ligand-dependent intein 

domain is inserted into the dCas9 domain as described herein. Typically, the presence of the 

intein in the Cas9 protein inhibits one or more activities of the Cas9 protein, such as gRNA 

binding activity, target nucleic acid binding activity, and/or recombinase activity.  

Accordingly, upon self-excision of the intein (e.g., induced by ligand binding the intein) the 

one or more activities of the Cas9 protein is/are restored. In some embodiments, the 

recombinase catalytic domain is a monomer of the recombinase catalytic domain of Hin 

recombinase, Gin recombinase, or Tn3 recombinase.  

[0008] According to another aspect, a Cas9 protein is provided that comprises: (i) a 

nuclease-inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent 

intein; and (iii) a deaminase catalytic domain. In some embodiments, the ligand-dependent 

intein domain is inserted into the dCas9 domain as described herein. Typically, the presence 

of the intein in the Cas9 protein inhibits one or more activities of the Cas9 protein, such as 

gRNA binding activity, target nucleic acid binding activity, and/or deaminase activity.  
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Accordingly, upon self-excision of the intein (e.g., induced by ligand binding of the intein) 

the one or more activities of the Cas9 protein is/are restored. In some embodiments, the 

deaminase catalytic domain comprises a cytidine deaminase (e.g., of apolipoprotein B 

mRNA-editing complex (APOBEC) family deaminases such as APOBECI or activation

induced cytidine deaminase (AID)). In some embodiments, the deaminase catalytic domain 

comprises a ACF1/ASE deaminase or an adenosine deaminase, such as a ADAT family 

deaminase.  

[0009] According to another aspect, a Cas9 protein is provided that comprises: (i) a 

nuclease-inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent 

intein; and (iii) a transcriptional activator domain. In some embodiments, the ligand

dependent intein domain is inserted into the dCas9 domain as described herein. Typically, 

the presence of the intein in the Cas9 protein inhibits one or more activities of the Cas9 

protein, such as gRNA binding activity, target nucleic acid binding activity, and/or 

transcriptional activation. Accordingly, upon self-excision of the intein (e.g., induced by 

ligand binding the intein) the one or more activities of the Cas9 protein is/are restored. In 

some embodiments, the transcriptional activator domain is VP64, CP16, and p65.  

[0010] According to yet another aspect, a Cas9 protein is provided that comprises: (i) 

a nuclease-inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent 

intein; and (iii) a transcriptional repressor domain. In some embodiments, the ligand

dependent intein domain is inserted into the dCas9 domain as described herein. Typically, 

the presence of the intein in the Cas9 protein inhibits one or more activities of the Cas9 

protein, such as gRNA binding activity, target nucleic acid binding activity, and/or 

transcriptional repression. Accordingly, upon self-excision of the intein (e.g., induced by 

ligand binding the intein) the one or more activities of the Cas9 protein is/are restored. In 

some embodiments, the transcriptional repressor domain is KRAB, SID, or SID4x.  

According to yet another aspect, a Cas9 protein is provided that comprises: (i) a nuclease

inactivated Cas9 (e.g., dCas9 (SEQ ID NO:5)) domain; (ii) a ligand-dependent intein; and 

(iii) an epigenetic modifier domain. In some embodiments, the ligand-dependent intein 

domain is inserted into the dCas9 domain as described herein. Typically, the presence of the 

intein in the Cas9 protein inhibits one or more activities of the Cas9 protein, such as gRNA 

binding activity, target nucleic acid binding activity, and/or epigenetic modification activity.  

Accordingly, upon self-excision of the intein (e.g., induced by ligand binding the intein) the 

one or more activities of the Cas9 protein is/are restored. In some embodiments, the 

epigenetic modifier domain is epigenetic modifier is selected from the group consisting of 
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histone demethylase, histone methyltransferase, hydroxylase, histone deacetylase, and histone 

acetyltransferase. In some embodiments, the epigenetic modifier comprises the LSD 1 

histone demethylase or TETI hydroxylase.  

[0011] According to another aspect, methods of using Cas9 proteins are provided. In 

some embodiments involving site-specific DNA cleavage, the methods comprise (a) 

contacting a Cas9 protein (e.g., having nuclease activity) comprising a ligand-dependent 

intein with a ligand, wherein binding of the ligand to the intein induces self-excision of the 

intein; and (b) contacting a DNA with the Cas9 protein, wherein the Cas9 protein is 

associated with a gRNA; whereby self-excision of the intein from the Cas9 protein in step (a) 

allows the Cas9 protein to cleave the DNA, thereby producing cleaved DNA. In some 

embodiments, the Cas9 protein first binds a gRNA and optionally the target DNA prior to 

excision of the intein, but is unable to cleave the DNA until excision of the intein occurs.  

Any of the Cas9 proteins having nuclease activity and comprising a ligand-dependent intein, 

as described herein, can be used in the inventive methods.  

[0012] According to another aspect, methods of using any of the ligand-dependent 

intein-containing Cas9 proteins comprising a recombinase catalytic domain are provided. In 

some embodiments, the method is useful for recombining two nucleic acids, such as two 

DNAs, and comprises (a) contacting a first DNA with a first ligand-dependent dCas9

recombinase fusion protein (e.g., any of those described herein), wherein the dCas9 domain 

of the first fusion protein binds a first gRNA that hybridizes to a region of the first DNA; (b) 

contacting the first DNA with a second ligand-dependent dCas9-recombinase fusion protein, 

wherein the dCas9 domain of the second fusion protein binds a second gRNA that hybridizes 

to a second region of the first DNA; (c) contacting a second DNA with a third ligand

dependent dCas9-recombinase fusion protein, wherein the dCas9 domain of the third fusion 

protein binds a third gRNA that hybridizes to a region of the second DNA; and (d) contacting 

the second DNA with a fourth ligand-dependent dCas9-recombinase fusion protein, wherein 

the dCas9 domain of the fourth fusion protein binds a fourth gRNA that hybridizes to a 

second region of the second DNA; whereby the binding of the fusion proteins in steps (a) 

(d) results in the tetramerization of the recombinase catalytic domains of the fusion proteins, 

under conditions such that the DNAs are recombined. In some embodiments, the methods 

are useful for site-specific recombination between two regions of a single DNA molecule, 

and comprise (a) contacting the DNA with a first ligand-dependent dCas9-recombinase 

fusion protein, wherein the dCas9 domain if the first fusion protein binds a first gRNA that 

hybridizes to a region of the DNA; (b) contacting the DNA with a second ligand-dependent 

125



WO 2016/022363 PCT/US2015/042770 

dCas9-recombinase fusion protein, wherein the dCas9 domain of the second fusion protein 

binds a second gRNA that hybridizes to a second region of the DNA; (c) contacting the DNA 

with a third ligand-dependent dCas9-recombinase fusion protein, wherein the dCas9 domain 

of the third fusion protein binds a third gRNA that hybridizes to a third region of the DNA; 

(d) contacting the DNA with a fourth ligand-dependent dCas9-recombinase fusion protein, 

wherein the dCas9 domain of the fourth fusion protein binds a fourth gRNA that hybridizes 

to a fourth region of the DNA; whereby the binding of the fusion proteins in steps (a) - (d) 

results in the tetramerization of the recombinase catalytic domains of the fusion proteins, 

under conditions such that the DNA is recombined. In some embodiment, any of the 

methods first comprise contacting the fusion proteins with a ligand that induces self-excision 

of the intein. In some embodiments, the fusion proteins are contacted with the ligand after: 

(i) the fusion proteins bind a gRNA; (ii) the fusion proteins bind the DNA; or (iii) after the 

recombinase domains form a tetramer. In some embodiments, the gRNAs in any step (a)-(d) 

of the inventive methods hybridize to the same strand or to opposing strands in the DNA(s).  

In some embodiments, the gRNAs hybridize to regions of their respective DNAs that are no 

more than 10, no more than 15, no more than 20, no more than 25, no more than 30, no more 

than 40, no more than 50, no more than 60, no more than 70, no more than 80, no more than 

90, or no more than 100 base pairs apart.  

[0013] According to yet another aspect, methods of using any of the ligand-dependent 

intein Cas9 proteins comprising deaminase catalytic domains are provided. The methods 

comprise contacting a DNA molecule with (a) a ligand-dependent Cas9 protein comprising 

deaminase catalytic domain as provided herein; and (b) a gRNA targeting the Cas9 protein of 

step (a) to a target nucleotide sequence of the DNA strand; wherein the DNA molecule is 

contacted with the Cas9 protein, and the gRNA in an amount effective and under conditions 

suitable for the deamination of a nucleotide base. In some embodiments, the methods 

comprise contacting the Cas9 protein with a ligand that induces self-excision of the intein 

either before or after the Cas9 protein binds the gRNA. In some embodiments, the target 

DNA sequence comprises a sequence associated with a disease or disorder, and wherein the 

deamination of the nucleotide base results in a sequence that is not associated with a disease 

or disorder. In some embodiments, the DNA sequence to be modified comprises a T->C or 

A->G point mutation associated with a disease or disorder, and the deamination of the mutant 

C or G base results in a sequence that is not associated with a disease or disorder (e.g., the 

deamination corrects the mutation the caused the disease or disorder). In some embodiments, 

the deamination corrects a point mutation in the sequence associated with the disease or 
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disorder. In some embodiments, the sequence associated with the disease or disorder encodes 

a protein, and wherein the deamination introduces a stop codon into the sequence associated 

with the disease or disorder, resulting in a truncation of the encoded protein. In some 

embodiments, the deamination corrects a point mutation in the PI3KCA gene, thus correcting 

an H1047R and/or a A3140G mutation. In some embodiments, the contacting is performed 

in vivo in a subject susceptible to having or diagnosed with the disease or disorder. In some 

embodiments, the disease or disorder is a disease associated with a point mutation, or a 

single-base mutation, in the genome. In some embodiments, the disease is a genetic disease, 

a cancer, a metabolic disease, or a lysosomal storage disease.  

[0014] According to another aspect, methods for transcriptional activation of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional activator (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional activation of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene.  

[0015] According to another aspect, methods for transcriptional repression of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional repressor (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional repression of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene.  
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[0016] According to another aspect, methods for epigenetic modification of DNA are 

provided. In some embodiments, the DNA is chromosomal DNA. In some embodiments, the 

methods comprise contacting a DNA molecule with (a) a ligand-dependent dCas9 fusion 

protein comprising a epigenetic modifier (e.g., any of those provided herein) and (b) a gRNA 

targeting the fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein 

the DNA molecule is contacted with the fusion protein and the gRNA in an amount effective 

and under conditions suitable for the epigenetic modification of the DNA. In some 

embodiments, the method further comprises contacting the fusion protein with a ligand that 

induces self-excision of the intein. In some embodiments, the fusion protein is contacted 

with the ligand prior to forming a complex with a gRNA. In some embodiments, the fusion 

protein is contacted with the ligand after forming a complex with a gRNA. In some 

embodiments, the gRNA targets the promoter region of a gene in the DNA.  

[0017] Any of the methods provided herein can be performed on DNA in a cell, for 

example, a cell in vitro or in vivo. In some embodiments, any of the methods provided herein 

are performed on DNA in a eukaryotic cell. In some embodiments, the eukaryotic cell is in 

an individual, for example, a human.  

[0018] According to some embodiments, polynucleotides are provided, for example, 

that encode any of the proteins (e.g., proteins comprising ligand-dependent Cas9 proteins or 

variants) described herein. In some embodiments, vectors that comprise a polynucleotide 

described herein are provided. In some embodiments, vectors for recombinant expression of 

any of the proteins (e.g., comprising ligand-dependent Cas9 proteins or variants) described 

herein are provided. In some embodiments, cells comprising genetic constructs for 

expressing any of the proteins (e.g., comprising ligand-dependent Cas9 proteins or variants) 

described herein are provided.  

[0019] In some embodiments, kits useful in using, producing, or creating any of the 

ligand-dependent Cas9 proteins or variants thereof, as described herein, are provided. For 

example, kits comprising any of the proteins (e.g., ligand-dependent Cas9 proteins or 

variants) described herein are provided. In some embodiments, kits comprising any of the 

polynucleotides described herein are provided. In some embodiments, kits comprising a 

vector for recombinant expression, wherein the vectors comprise a polynucleotide encoding 

any of the proteins (e.g., ligand-dependent Cas9 proteins or variants) described herein, are 

provided. In some embodiments, kits comprising a cell comprising genetic constructs for 

expressing any of the proteins (e.g., ligand-dependent Cas9 proteins or variants) described 

herein are provided.  
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[0020] Other advantages, features, and uses of the invention will be apparent from the 

Detailed Description of Certain Embodiments of the Invention; the Drawings, which are 

schematic and not intended to be drawn to scale; and the Claims.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0021] Figure 1 shows a schematic depicting an exemplary embodiment of the 

disclosure. A Cas9 protein comprising a ligand-dependent intein, remains inactive in the 

absence of a ligand that binds the intein domain. Upon addition of the ligand, the intein is 

self-excised, restoring the activity of the Cas9 protein. Cas9 is then able to mediate RNA

guided cleavage of a DNA target sequence.  

[0022] Figure 2 shows the results of T7 Endonuclease I Surveyor assay used to 

assess ligand-dependent Cas9 gene modification at three target sites (EMX, VEGF, or 

CLTA). The presence of two bands corresponding to smaller DNA fragments (the fragments 

are approximately the same size for EMX) indicates genomic modification.  

[0023] Figure 3A-C. Insertion of an evolved ligand-dependent intein enables small

molecule control of Cas9. (A) Intein insertion renders Cas9 inactive. Upon 4-HT binding, the 

intein undergoes conformational changes that trigger protein splicing and restore Cas9 

activity. (B) The evolved intein was inserted to replace each of the colored residues. Intein

inserted Cas9 variants at S219 and C574 (green) were used in subsequent experiments. (C) 

Genomic EGFP disruption activity of wild-type Cas9 and intein-Cas9 variants in the absence 

or presence of 4-HT. Intein-Cas9 variants are identified by the residue replaced by the intein.  

Error bars reflect the standard deviation of three biological replicates.  

[0024] Figure 4A-D. Genomic DNA modification by intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9. (A) Indel frequency from high-throughput DNA 

sequencing of amplified genomic on-target sites in the absence or presence of 4-HT. Note 

that a significant number of indels were observed at the CLTA on-target site even in the 

absence of a targeting sgRNA (Table 9). (B-D) DNA modification specificity, defined as on

target:off-target indel frequency ratio 4-6, normalized to wild-type Cas9. Cells were transfected 

with 500 ng of the Cas9 expression plasmid. P-values are < 10-15 for the Fisher exact test 

(one-sided up) on comparisons of indel modification frequency in the presence versus the 

absence of 4-HT for intein-Cas9(S219) and intein-Cas9(C574). P-values were adjusted for 

multiple comparisons using the Benjamini-Hochberg method, and are listed in Table 5. Error 

bars reflect the range of two independent experiments conducted on different days.  
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[0025] Figure 5. Effect of 4-HT on cellular toxicity. Untransfected HEK293-GFP 

stable cells, and cells transfected with intein-Cas9(S219) and sgRNA expression plasmids, 

were treated with or without 4-HT (1 pM). 12 h after transfection, the media was replaced 

with full serum media, with or without 4-HT (1 pM). Cells were thus exposed to 4-HT for 0, 

12, or 60 h. The live cell population was determined by flow cytometry 60 h after transfection 

using TO-PRO-3 stain (Life Technologies). Error bars reflect the standard deviation of six 

technical replicates.  

[0026] Figure 6A-B. Western blot analysis of HEK293-GFP stable cells transfected 

with (A) wild-type Cas9 or (B) intein-Cas9(S219) expression plasmid. 12 h after transfection, 

cells were treated with or without 4-HT (1 pM). Cells were lysed and pooled from three 

technical replicates 4, 8, 12, or 24 h after 4-HT treatment. An anti-FLAG antibody (Sigma

Aldrich F1804) and an anti-mouse 800CW IRDye (LI-COR) were used to visualize the gel.  

Lanes 1 and 2 contain purified dCas9-VP64-3xFLAG protein and lysate from untransfected 

HEK293 cells, respectively.  

[0027] Figure 7. Indel frequency from high-throughput DNA sequencing of 

amplified genomic on-target sites ("On") and off-target sites ("Off 1-Off 4") by intein

Cas9(S219), intein-Cas9(C574), and wild-type Cas9 in the presence of 4-HT. 500 ng of Cas9 

expression plasmid was transfected. The higher observed efficiency of VEGF Off 1 

modification than VEGF on-target modification is consistent with a previous report. P-values 

are < 0.005 for the Fisher exact test (one-sided down) on all pairwise comparisons within 

each independent experiment of off-target modification frequency between either intein-Cas9 

variant in the presence of 4-HT versus that of wild-type Cas9 in the presence of 4-HT. P

values were adjusted for multiple comparisons using the Benjamini-Hochberg method, and 

are listed in Table 7. Error bars reflect the range of two independent experiments conducted 

on different days. See also Fu, Y. et al. High-frequency off-target mutagenesis induced by 

CRISPR-Cas nucleases in human cells. Nature biotechnology 31, 822-826 (2013).  

[0028] Figure 8A-C. DNA modification specificity of intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9 in the absence of 4-HT. (A-C) On-target:off-target indel 

frequency ratio following the transfection of 500 ng of intein-Cas9(S219), intein-Cas9(C574), 

or wild-type Cas9 expression plasmid.  

[0029] Figure 9. Genomic on-target DNA modification by intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9 in the presence of 4-HT. Five different amounts of wild

type Cas9 expression plasmid, specified in parenthesis, were transfected. P-values for 
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comparisons between conditions (Table 8) were obtained using the Fisher exact test and 

adjusted for multiple comparisons using the Benjamini-Hochberg Method.  

[0030] Figure 10A-B. Indel frequency from high-throughput DNA sequencing of 

amplified genomic on-target sites ("On") and off-target sites ("Off 1-Off 4") by intein

Cas9(S219), intein-Cas9(C574), and wild-type Cas9 in the presence of 4-HT. Five different 

amounts of wild-type Cas9 expression plasmid, specified in parenthesis, were transfected (A).  

Genomic sites with low modification frequencies are enlarged in (B). P-values for 

comparisons between conditions (Table 8) were obtained using the Fisher exact test and 

adjusted for multiple comparisons using the Benjamini-Hochberg Method.  

[0031] Figure 11A-C. DNA modification specificity of intein-Cas9(S219), intein

Cas9(C574), and wild-type Cas9 in the presence of 4-HT. (A-C) On-target:off-target indel 

frequency ratio normalized to wild-type Cas9 (500 ng). Five different amounts of wild-type 

Cas9 expression plasmid, specified in parenthesis, were transfected.  

[0032] Figure 12A-B. Genomic EGFP disruption activity of intein-Cas9(S219) and 

intein-Cas9(S219-G521R) in the presence of (A) -estradiol or (B) 4-HT. Error bars reflect 

the standard deviation of three technical replicates.  

DEFINITIONS 

[0033] As used herein and in the claims, the singular forms "a," "an," and "the" 

include the singular and the plural reference unless the context clearly indicates otherwise.  

Thus, for example, a reference to "an agent" includes a single agent and a plurality of such 

agents.  

[0034] The term "Cas9" or "Cas9 nuclease" refers to an RNA-guided nuclease 

comprising a Cas9 protein, or a fragment thereof. A Cas9 nuclease is also referred to 

sometimes as a casnI nuclease or a CRISPR (clustered regularly interspaced short 

palindromic repeat)-associated nuclease. CRISPR is a prokaryotic adaptive immune system 

that provides protection against mobile genetic elements (e.g., 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 (mc), 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 
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complementary to crRNA is first cut endonucleolytically, then trimmed 3' -> 5' 

exonucleolytically. In nature, DNA-binding and cleavage typically requires protein and both 

RNA species. 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 

molecule. 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 M1 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. expand/collapse author 

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

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

K., Sharma C.M., Gonzales K., Chao Y., Pirzada Z.A., Eckert M.R., Vogel 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). 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, proteins comprising Cas9 

proteins 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 may be 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% 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, an 

N-terminal domain or a C-terminal domain, etc.), 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 98% identical, at least about 99% identical, at least about 99.5% 
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identical, or at least about 99.9% to the corresponding fragment of wild type Cas9. In some 

embodiments, wild type Cas9 corresponds to Cas9 from Streptococcus pyogenes (NCBI 

Reference Sequences: NC_017053.1 and NC_002737.1). In some embodiments, wild type 

Cas9 corresponds to SEQ ID NO: 1 (nucleotide); SEQ ID NO:2 (amino acid)). In some 

embodiments, Cas9 corresponds to a human codon optimized sequence of Cas9 (e.g., SEQ ID 

NO:3; See, e.g., Fu et al. High-frequency off-target mutagenesis induced by CRISPR-Cas 

nucleases in human cells. Nat. Biotechnol. 2013; 31, 822-826). In some embodiments, a 

Cas9 nuclease has an inactive (e.g., an inactivated) DNA cleavage domain. A nuclease

inactivated Cas9 protein may also be referred to as a "dCas9" protein (for nuclease "dead" 

Cas9). In some embodiments, dCas9 corresponds to, or comprises in part or in whole, the 

amino acid set forth as SEQ ID NO:5, below. In some embodiments, variants of dCas9 (e.g., 

variants of SEQ ID NO:5) are provided. For example, in some embodiments, variants having 

mutations other than D10A and H840A are provided, which e.g., result in a nuclease 

inactivated Cas9 (dCas9). Such mutations, by way of example, include other amino acid 

substitutions at D10 and H840, or other substitutions within the nuclease domains of Cas9 

(e.g., substitutions in the HNH nuclease subdomain and/or the RuvC1 subdomain). In some 

embodiments, a Cas9 protein variant is a Cas9 nickase, which includes a mutation which 

abolishes the nuclease activity of one of the two nuclease domains of the protein. In some 

embodiments, a Cas9 nickase has one, but not both of a D10A and H840A substitution. In 

some embodiments, a Cas9 nickase corresponds to, or comprises in part or in whole, the 

amino acid set forth as SEQ ID NO:4, below. In some embodiments, variants or homologues 

of dCas9 or Cas9 nickase 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% 

to SEQ ID NO:5 or SEQ ID NO:4, respectively. In some embodiments, variants of dCas9 or 

Cas9 nickase (e.g., variants of SEQ ID NO:5 and SEQ ID NO:4, respectively) are provided 

having amino acid sequences which are shorter, or longer than SEQ ID NO:5 or SEQ ID 

NO:4, 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.  
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Cas9; nucleotide (Streptococcus pyo genes) 

ATGGATAAGAAATACTCA-ATAGGCTTAGATATCGGCACAAATAGCGTCGGATGGGCGGTGATCACTGATGATTAT 

AAGGTTCCGTCTAAkAGTTCAAGGTTCTGGGAATACAGACCGCCACAGTATCAAAkkkkATCTTATAGGGGCT 

CTTTTATTTGGCAGTGGAGAGACAGCGGAAGCGACTCGTCTCAAACGGACAGCTCGTAGAAGGTATACACGTCGG 

AAGAATCGTATTTGTTATCTACAGGAGATTTTTTCAAATGAGATGGCGAAAGTAGATGATAGTTTCTTTCATCGA 

CTTGAAGAGTCTTTTTTGGTGGAAGAAGACAAGAAGCATGAACGTCATCCTATTTTTGGAAATATAGTAGATGA-A 

GTTGCTTATCATGAGAAATATCCA-ACTATCTATCATCTGCGAAAAAAATTGGCAGATTCTACTGATAAAGCGGAT 

TTGCGCTTAATCTATTTGGCCTTAGCGCATATGATTAAGTTTCGTGGTCATTTTTTGATTGAGGGAGATTTAAAT 

CCTGATAATAGTGATGTGGACAAACTATTTATCCAGTTGGTACAAATCTACA-ATCA-ATTATTTGA-AGAAAACCCT 

ATTAACGCA-AGTAGAGTAGATGCTAAAGCGATTCTTTCTGCACGATTGAGTAAATCA-AGACGATTAGAAAATCTC 

ATTGCTCAGCTCCCCGGTGAGA-AGAGAAATGGCTTGTTTGGGA-ATCTCATTGCTTTGTCATTGGGATTGACCCCT 

AATTTTAAATCAAATTTTGATTTGGCAGA-AGATGCTAAATTACAGCTTTCAAAAGATACTTACGATGATGATTTA 

GATAATTTATTGGCGCAAATTGGAGATCA-ATATGCTGATTTGTTTTTGGCAGCTAAGAATTTATCAGATGCTATT 

TTACTTTCAGATATCCTA-AGAGTAAATAGTGAAATA-ACTA-AGGCTCCCCTATCAGCTTCAATGATTAAGCGCTAC 

GATGAACATCATCAAGACTTGACTCTTTTAAAAGCTTTAGTTCGACA-ACA-ACTTCCAGAAAAGTATAAAGAAATC 

TTTTTTGATCAATCAAAAAACGGATATGCAGGTTATATTGATGGGGGAGCTAGCCA-AGA-AGA-ATTTTATAAATTT 

ATCAAACCA-ATTTTAGAAAAAATGGATGGTACTGAGGA-ATTATTGGTGAAACTAAATCGTGA-AGATTTGCTGCGC 

AAGCAACGGACCTTTGACAACGGCTCTATTCCCCATCAAATTCACTTGGGTGAGCTGCATGCTATTTTGAGA-AGA 

CAAGAAGACTTTTATCCATTTTTAAAAGACA-ATCGTGAGAAGATTGAkAAAkATCTTGACTTTTCGAATTCCTTAT 

TATGTTGGTCCATTGGCGCGTGGCAATAGTCGTTTTGCATGGATGACTCGGAAGTCTGA-AGAAACA-ATTACCCCA 

TGGAATTTTGAAGAAGTTGTCGATAAAGGTGCTTCAGCTCA-ATCATTTATTGA-ACGCATGACAAACTTTGATAkA 

AATCTTCCAAATGAAAAAGTACTACCAAAACATAGTTTGCTTTATGAGTATTTTACGGTTTATA-ACGA-ATTGACA 

AAGGTCAAATATGTTACTGAGGGA-ATGCGAAAACCAGCATTTCTTTCAGGTGA-ACAGA-AGAAAGCCATTGTTGAT 

TTACTCTTCAAACAAATCGAAAGTAACCGTTAAGCAATTAAGAAGATTATTTCAAAAAATAGAATGTTTT 

GATAGTGTTGAAATTTCAGGAGTTGAAGATAGATTTAATGCTTCATTAGGCGCCTACCATGATTTGCTAAAAATT 

ATTAAAGATAAAGATTTTTTGGATA-ATGA-AGAAAATGAAGATATCTTAGAGGATATTGTTTTAACATTGACCTTA 

TTTGAAGATAGGGGGATGATTGAGGAAAGACTTAAAACATATGCTCACCTCTTTGATGATAAGGTGATGAAACAG 

CTTAAACGTCGCCGTTATACTGGTTGGGGACGTTTGTCTCGAAAATTGATTAATGGTATTAGGGATAAGCAATCT 

GGCAAAACAATATTAGATTTTTTGAAATCAGATGGTTTTGCCAATCGCAATTTTATGCAGCTGATCCATGATGAT 

AGTTTGACATTTAAAGA-AGATATTCAAAAAGCACAGGTGTCTGGACA-AGGCCATAGTTTACATGAACAGATTGCT 

AACTTAGCTGGCAGTCCTGCTATTAAAAAAGGTATTTTACAGACTGTAAAAATTGTTGATGAACTGGTCAAAGTA 

ATGGGGCATAAGCCAGAAATATCGTTATTGAAATGGCACGTGAAATCAGACAACTCAAAGGGCCAGAAAAAT 

TCGCGAGAGCGTATGAAACGA-ATCGA-AGA-AGGTATCAAAGA-ATTAGGA-AGTCAGATTCTTAAAGAGCATCCTGTT 

GAAATACTCAATTGCAATGAAAGCTCTATCTCTATTATCTACAAATGGAAGAGACATGTATGTGGACCA-A 

GAATTAGATATTAATCGTTTAAGTGATTATGATGTCGATCACATTGTTCCACAAAGTTTCATTAAAGACGATTCA 

ATAGACAATA-AGGTACTAACGCGTTCTGATAAAAATCGTGGTAAATCGGATAACGTTCCAAGTGAAGAAGTAGTC 

AAAAGATGAAAACTATTGGAGACAACTTCTAACGCCAAGTTAATCACTCAACGTAAGTTTGATAATTTAACG 

AAAGCTGAACGTGGAGGTTTGAGTGAACTTGATAAAGCTGGTTTTATCAAACGCCAATTGGTTGAAACTCGCCA-A 

ATCACTAAGCATGTGGCACAAATTTTGGATAGTCGCATGA-ATACTAAATACGATGAAAATGATAAACTTATTCGA 

GAGGTTAAAGTGATTACCTTAAATCTAATTAGTTTCTGACTTCCGAAAGATTTCCA-ATTCTATAAAGTACGT 

GAGATTAACAATTACCATCATGCCCATGATGCGTATCTAAATGCCGTCGTTGGAACTGCTTTGATTAAGAAATAT 

CCAAAACTTGAATCGGAGTTTGTCTATGGTGATTATAAAGTTTATGATGTTCGTAAAATGATTGCTA-AGTCTGAG 

CAAGAAATAGGCAAAGCA-ACCGCAAAATATTTCTTTTACTCTA-ATATCATGA-ACTTCTTCAAAACAGAAATTACA 

CTTGCAAATGGAGAGATTCGCAAACGCCCTCTA-ATCGAAACTAATGGGGAAACTGGAGAAATTGTCTGGGATAkA 

GGGCGAGATTTTGCCACAGTGCGCAAAGTATTGTCCATGCCCCA-AGTCA-ATATTGTCA-AGAAAACAGA-AGTACAG 

ACAGGCGGATTCTCCAAGGAGTCAATTTTACCAAAGAATTCGGACAAGCTTATTGCTCGTAAAAAGACTGG 

GATCCAAAATATGGTGGTTTTGATAGTCCAACGGTAGCTTATTCAGTCCTAGTGGTTGCTAAGGTGGAAAAA 

GGGAAATCGAAGA-AGTTAAAATCCGTTAAAGAGTTACTAGGGATCACA-ATTATGGAAAGA-AGTTCCTTTGAAAAA 

AATCCGATTGACTTTTTAGA-AGCTAAAGGATATA-AGGA-AGTTAAAAAAGACTTAATCATTAAACTACCTAAATAT 

AGTCTTTTTGAGTTAGAAAACGGTCGTAAACGGATGCTGGCTAGTGCCGGAGA-ATTACAAAAAGGAAATGAGCTG 

GCTCTGCCAAGCAAATATGTGA-ATTTTTTATATTTAGCTAGTCATTATGAAAAGTTGAAGGGTAGTCCAGAAGAT 

AACGAACAAAAACAATTGTTTGTGGAGCAGCATA-AGCATTATTTAGATGAGATTATTGAGCAAATCAGTGAATTT 

TCTAAGCGTGTTATTTTAGCAGATGCCA-ATTTAGATAAAGTTCTTAGTGCATATA-ACAAACATAGAGACAAACCA 

ATACGTGA-ACA-AGCAGAAAATATTATTCATTTATTTACGTTGACGA-ATCTTGGAGCTCCCGCTGCTTTTAAATAT 

TTTGATACAACAATTGATCGTAAACGATATACGTCTACAAAAGA-AGTTTTAGATGCCACTCTTATCCATCAATCC 

ATCACTGGTCTTTATGAAACACGCATTGATTTGAGTCAGCTAGGAGGTGACTGA (SEQ ID NO:1) 
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Cas9 (human codon optimized) 
ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATA-ACCGATGA-ATAC 

AAAGTACCTTCAAAGAAATTTA-AGGTGTTGGGGAACACAGACCGTCATTCGATTAAAAAGAATCTTATCGGTGCC 

CTCCTATTCGATAGTGGCGAAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGGAGAAGGTATACACGTCGC 

AAGAACCGAATATGTTACTTACA-AGAAATTTTTAGCA-ATGAGATGGCCAAAGTTGACGATTCTTTCTTTCACCGT 

TTGGAAGAGTCCTTCCTTGTCGAAGAGGACAAGAAACATGAACGGCACCCCATCTTTGGAAACATAGTAGATGAG 

GTGGCATATCATGAAAGTACCCAACGATTTATCACCTCAGAAAAAGCTAGTTGACTCA-ACTGATAAAGCGGAC 

CTGAGGTTAATCTACTTGGCTCTTGCCCATATGATAAAGTTCCGTGGGCACTTTCTCATTGAGGGTGATCTAAAT 

CCGGACAACTCGGATGTCGACAAACTGTTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTGAAGAGAACCCT 

ATAAATGCAAGTGGCGTGGATGCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAATCCCGACGGCTAGAAAACCTG 

ATCGCACA-ATTACCCGGAGAGAAGAAAAATGGGTTGTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCA 

AATTTTAAGTCGAACTTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTA-AGGACACGTACGATGACGATCTC 

GACAATCTACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGGCTGCCAAAAACCTTAGCGATGCAATC 

CTCCTATCTGACATACTGAGAGTTAATACTGAGATTACCAAGGCGCCGTTATCCGCTTCA-ATGATCAAAAGGTAC 

GATGAACATCACCA-AGACTTGACACTTCTCA-AGGCCCTAGTCCGTCAGCA-ACTGCCTGAGAAATATA-AGGAAATA 

TTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACGGCGGAGCGAGTCA-AGAGGA-ATTCTACA-AGTTT 

ATCAAACCCATATTAGAGAAGATGGATGGGACGGAAGAGTTGCTTGTAAAACTCAATCGCGAAGATCTACTGCGA 

AAGCAGCGGACTTTCGACA-ACGGTAGCATTCCACATCAAATCCACTTAGGCGAATTGCATGCTATACTTAGAAGG 

CAGGAGGATTTTTATCCGTTCCTCAAAGACA-ATCGTGAAAAGATTGAGAAAATCCTA-ACCTTTCGCATACCTTAC 

TATGTGGGACCCCTGGCCCGAGGGAACTCTCGGTTCGCATGGATGACAAGAAAGTCCGAAGAAACGATTACTCCA 

TGGAATTTTGAGGAAGTTGTCGATAAAGGTGCGTCAGCTCA-ATCGTTCATCGAGAGGATGACCAACTTTGACAAG 

AATTTACCGAACGAAAAAGTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACA-ATGA-ACTCACG 

AAAGTTAAGTATGTCACTGAGGGCATGCGTAAACCCGCCTTTCTA-AGCGGAGA-ACAGA-AGAAAGCAATAGTAGAT 

CTGTTATTCAAGACCA-ACCGCAAAGTGACAGTTA-AGCA-ATTGAAAGAGGACTACTTTA-AGAAAATTGA-ATGCTTC 

GATTCTGTCGAGATCTCCGGGGTAGAAGATCGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTAAAGATA 

ATTAAAGATA-AGGACTTCCTGGATA-ACGA-AGAGAATGAAGATATCTTAGAAGATATAGTGTTGACTCTTACCCTC 

TTTGAAGATCGGGAAATGATTGAGGAAAGACTAAAAACATACGCTCACCTGTTCGACGATA-AGGTTATGAAACAG 

TTAAAGAGGCGTCGCTATACGGGCTGGGGACGATTGTCGCGGAAACTTATCAACGGGATAAGAGACAAGCAAAGT 

GGTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCA-ATAGGA-ACTTTATGCAGCTGATCCATGATGAC 

TCTTTAACCTTCAAAGAGGATATACAAAAGGCACAGGTTTCCGGACAAGGGGACTCATTGCACGAACATATTGCG 

AATCTTGCTGGTTCGCCAGCCATCAAAAAGGGCATACTCCAGACAGTCAAAGTAGTGGATGAGCTAGTTA-AGGTC 

ATGGGACGTCACAAACCGGAAAACATTGTA-ATCGAGATGGCACGCGAAAATCAAACGACTCAGAAGGGGCAAAAA 

AACAGTCGAGAGCGGATGAAGAGAATAGAAGAGGGTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCT 

GTGGAAAATACCCAATTGCAGAACGAGAAACTTTACCTCTATTACCTACAAAATGGAAGGGACATGTATGTTGAT 

CAGGAACTGGACATAAACCGTTTATCTGATTACGACGTCGATCACATTGTACCCCA-ATCCTTTTTGA-AGGACGAT 

TCAATCGACAATAAAGTGCTTACACGCTCGGATA-AGA-ACCGAGGGAAAAGTGACA-ATGTTCCA-AGCGAGGAAGTC 

GTAAAGAAATGAAGAACTATTGGCGGCAGCTCCTAATGCGAACTGATAACGCAAGAAAGTTCGATAACTTA 

ACTAAAGCTGAGAGGGGTGGCTTGTCTGA-ACTTGACAAGGCCGGATTTATTAAACGTCAGCTCGTGGAAACCCGC 

CAAATCACAAAGCATGTTGCACAGATACTAGATTCCCGA-ATGA-ATACGAAATACGACGAGA-ACGATA-AGCTGATT 

CGGGAAGTCAAAGTA-ATCACTTTAAAGTCAAAATTGGTGTCGGACTTCAGAAAGGATTTTCA-ATTCTATAAAGTT 

AGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTTAATGCCGTCGTAGGGACCGCACTCATTA-AGAAA 

TACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGATTACAAAGTTTATGACGTCCGTA-AGATGATCGCGAAAAGC 

GAACAGGAGATAGGCA-AGGCTACAGCCAAATACTTCTTTTATTCTA-ACATTATGA-ATTTCTTTA-AGACGGAAATC 

ACTCTGGCAAACGGAGAGATACGCAAACGACCTTTA-ATTGAAACCA-ATGGGGAGACAGGTGAAATCGTATGGGAT 

AAGGGCCGGGACTTCGCGACGGTGAGAAAAGTTTTGTCCATGCCCCA-AGTCA-ACATAGTAAAGAAAACTGAGGTG 

CAGACCGGAGGGTTTTCAAAGGA-ATCGATTCTTCCAAAAAGGAATAGTGATAAGCTCATCGCTCGTAAAAAGGAC 

TGGGACCCGAAAAAGTACGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCAAAAGTTGAG 

AAGGGAAAATCCA-AGAAACTGA-AGTCAGTCAAAGAATTATTGGGGATAACGATTATGGAGCGCTCGTCTTTTGAA 

AAGAACCCCATCGACTTCCTTGAGGCGAAAGGTTACAAGGAAGTAAAAAAGGATCTCATA-ATTAAACTACCAAAG 

TATAGTCTGTTTGAGTTAGAAATGGCCGAAACGGATGTTGGCTAGCGCCGGAGAGCTTCAAAAGGGGA-ACGA-A 

CTCGCACTACCGTCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTACGAGAAGTTGAAAGGTTCACCTGAA 

GATAACGACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTATCTCGACGAAATCATAGAGCAAATTTCGGAA 

TTCAGTAAGAGAGTCATCCTAGCTGATGCCA-ATCTGGACAAAGTATTA-AGCGCATACA-ACA-AGCACAGGGATAkA 

CCCATACGTGAGCAGGCGGAAAATATTATCCATTTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAG 

TATTTTGACACAACGATAGATCGCAAACGATACACTTCTACCA-AGGAGGTGCTAGACGCGACACTGATTCACCAA 

TCCATCACGGGATTATATGAAACTCGGATAGATTTGTCACAGCTTGGGGGTGAC (SEQ ID NO:3) 
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Cas9; amino acid (Streptococcus pyogenes) 
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR 

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD 

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL 

IAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI 

LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKF 

IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY 

YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT 

KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI 

IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 

GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKV 

MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVD 

QELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 

TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI 

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD 

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK 

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE 

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQ 

SITGLYETRIDLSQLGGD (SEQ ID NO:2) 
(single underline: HNH domain; double underline: RuvC domain) 

dCas9 (D1OA and H840A) 

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR 

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD 

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL 

IAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI 

LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKF 

IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY 

YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT 

KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI 

IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 

GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKV 

MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVD 

QELDINRLSDYDVDAIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 

TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI 

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD 

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK 

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE 

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQ 

SITGLYETRIDLSQLGGD (SEQ ID NO:5) 
(single underline: HNH domain; double underline: RuvC domain) 

Cas9 nickase (D1OA)(amino acid sequence) 

MDKKYSIGLAIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRR 

KNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKAD 

LRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENL 

IAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI 

LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKF 

IKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPY 

YVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELT 

KVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI 

IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 

GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVKV 

MGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVD 
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QELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 

TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 

REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI 

TLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKD 

WDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPK 

YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISE 

FSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQ 

SITGLYETRIDLSQLGGD (SEQ ID NO:4) 

[0035] Cas9 variants are provided comprising an intein (e.g., a ligand-dependent 

intein) inserted within the Cas9 sequence and may be referred to as small-molecule

controlled Cas9 or ligand-dependent Cas9. In some embodiments, the intein is inserted into 

any location (e.g., at any amino acid position) in Cas9. In some embodiments, the inserted 

intein sequence replaces one or more amino acids in Cas9. For example, in some 

embodiments the inserted intein sequence replaces any cysteine, any alanine, any threonine, 

or any serine in Cas9 or a Cas9 variant such as dCas9 or Cas9 nickase. In some embodiments 

the inserted intein sequence replaces Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, 

Cys574, Thr622, Ser701, Ala728, Thr995, SerlO06, Serl154, Serl159, or Ser1274 in Cas9 

(SEQ ID NO:2), dCas9 (SEQ ID NO:5), or Cas9 nickase (SEQ ID NO:4).  

[0036] The terms "conjugating," "conjugated," and "conjugation" refer to an 

association of two entities, for example, of two molecules such as two proteins, two domains 

(e.g., a binding domain and a cleavage domain), or a protein and an agent, e.g., a ligand 

binding domain and a small molecule. In some aspects, the association is between a protein 

(e.g., RNA-programmable nuclease) and a nucleic acid (e.g., a guide RNA). The association 

can be, for example, via a direct or indirect (e.g., via a linker) covalent linkage. In some 

aspects, the association is between two or more proteins, for example, an RNA

programmable nuclease (e.g., Cas9) and an intein protein. In some embodiments, the 

association is covalent. In some embodiments, two molecules are conjugated via a linker 

connecting both molecules.  

[0037] The term "consensus sequence," as used herein in the context of nucleic acid 

sequences, refers to a calculated sequence representing the most frequent nucleotide residues 

found at each position in a plurality of similar sequences. Typically, it represents the results 

of a multiple sequence alignments in which related sequences are compared to each other and 

similar sequence motifs are calculated. Methods and software for determining a consensus 

sequence are known in the art (See, e.g., JalCiew (jalview.org); and UGENE; Okonechnikov, 

K.; Golosova, 0.; Fursov, M.; the UGENE team. "Unipro UGENE: a unified bioinformatics 

toolkit". Bioinformatics. 2012; doi:10.1093/bioinformatics/bts09 1).  
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[0038] The term "deaminase" refers to an enzyme that catalyzes a deamination 

reaction. In some embodiments, the deaminase is a cytidine deaminase, catalyzing the 

hydrolytic deamination of cytidine or deoxycytidine to uracil or deoxyuracil, respectively.  

[0039] The term "effective amount," as used herein, refers to an amount of a 

biologically active agent (e.g., a ligand-dependent Cas9) that is sufficient to elicit a desired 

biological response. For example, in some embodiments, an effective amount of a nuclease 

may refer to the amount of the nuclease that is sufficient to induce cleavage of a desired 

target site-specifically bound and cleaved by the nuclease, preferably with minimal or no off

target cleavage. In some embodiments, an effective amount of another ligand-dependent 

Cas9 protein having other nucleic acid modifying activities may refer to the amount of the 

protein that is sufficient to induce the nucleic acid modification. As will be appreciated by 

the skilled artisan, the effective amount of an agent, e.g., a ligand-dependent nuclease, 

deaminase, recombinase, nickase, or a hybrid protein, a fusion 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, the specific 

allele, genome, target site, cell, or tissue being targeted, and the agent being used.  

[0040] The term "engineered," as used herein, refers to a nucleic acid molecule, a 

protein molecule, complex, substance, or entity that has been designed, produced, prepared, 

synthesized, and/or manufactured by a human. Accordingly, an engineered product is a 

product that does not occur in nature.  

[0041] The term "epigenetic modifier," as used herein, refers to a protein or catalytic 

domain thereof having enzymatic activity that results in the epigenetic modification of DNA, 

for example, chromosomal DNA. Epigenetic modifications include, but are not limited to, 

DNA methylation and demethylation; histone modifications including methylation and 

demethylation (e.g., mono-, di- and tri-methylation), histone acetylation and deacetylation, as 

well as histone ubiquitylation, phosphorylation, and sumoylation.  

[0042] The term "extein," as used herein, refers to an polypeptide sequence that is 

flanked by an intein and is ligated to another extein during the process of protein splicing to 

form a mature, spliced protein. Typically, an intein is flanked by two extein sequences that 

are ligated together when the intein catalyzes its own excision. Exteins, accordingly, are the 

protein analog to exons found in mRNA. For example, a polypeptide comprising an intein 

may be of the structure extein(N) - intein - extein(C). After excision of the intein and 

splicing of the two exteins, the resulting structures are extein(N) - extein(C) and a free intein.  
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[0043] The term "hybrid protein," as used herein, refers to a protein that comprises 

the amino acid sequence of a target protein (e.g., a Cas9 protein) and, embedded in that 

amino acid sequence, a ligand-dependent intein as described herein. Accordingly, a hybrid 

protein generally comprises the structure: target protein(N) - intein - target protein(C).  

Typically, a hybrid protein comprises a Cas9 protein (e.g., Cas9, Cas9 variants such as 

dCas9, fragments of Cas9 or Cas9 variants, etc.) and a ligand-dependent intein. In some 

embodiments, a hybrid protein is encoded by a recombinant nucleic acid, in which a nucleic 

acid sequence encoding an intein is inserted in frame into a nucleic acid sequence encoding a 

target protein. In certain embodiments, the target protein exhibits a desired activity or 

property that is absent or reduced in the hybrid protein. In some embodiments, excision of 

the intein from the hybrid protein results in a restoration of the desired activity or property in 

the mature, spliced target protein. Non-limiting examples of desired activities or properties 

of target proteins are binding activities, enzymatic activities (e.g., nuclease activities, gene 

editing activities, deaminase activities, recombinase activities), reporter activities (e.g., 

fluorescent activity), therapeutic activities, size, charge, hydrophobicity, hydrophilicity, or 

3D-structure. In some embodiments, excision of the intein from a hybrid protein results in a 

mature, spliced target protein that exhibits the same or similar levels of a desired activity as 

the native target protein. A hybrid protein may be created from any target protein by 

embedding an intein sequence into the amino acid sequence of the target protein, for 

example, by generating a recombinant, hybrid protein-encoding nucleic acid molecule and 

subsequent transcription and translation, or by protein synthesis methods known to those of 

skill in the art.  

[0044] The term "intein," as used herein, refers to an amino acid sequence that is able 

to excise itself from a protein and to rejoin the remaining protein segments (the exteins) via a 

peptide bond in a process termed protein splicing. Inteins are analogous to the introns found 

in mRNA. Many naturally occurring and engineered inteins and hybrid proteins comprising 

such inteins are known to those of skill in the art, and the mechanism of protein splicing has 

been the subject of extensive research. As a result, methods for the generation of hybrid 

proteins from naturally occurring and engineered inteins are well known to the skilled artisan.  

For an overview, see pages 1-10, 193- 207, 211-229, 233-252, and 325-341 of Gross, Belfort, 

Derbyshire, Stoddard, and Wood (Eds.) Homing Endonucleases and Inteins Springer Verlag 

Heidelberg, 2005; ISBN 9783540251064; the contents of which are incorporated herein by 

reference for disclosure of inteins and methods of generating hybrid proteins comprising 

natural or engineered inteins. As will be apparent to those of skill in the art, an intein may 
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catalyze protein splicing in a variety of extein contexts. Accordingly, an intein can be 

introduced into virtually any target protein sequence to create a desired hybrid protein, and 

the invention is not limited in the choice of target proteins.  

[0045] The term "intein domain," as used herein, refers to the amino acid sequence of 

an intein that is essential for self-excision and extein ligation. For example, in some inteins, 

the entire intein amino acid sequence, or part(s) thereof, may constitute the intein domain, 

while in ligand-dependent inteins, the ligand-binding domain is typically embedded into the 

intein domain, resulting in the structure: intein domain (N) - ligand-binding domain - intein 

domain (C).  

[0046] The term "ligand binding domain," as used herein, refers to a peptide or 

protein domain that binds a ligand. A ligand binding domain may be a naturally occurring 

domain or an engineered domain. Examples of ligand-binding domains referred to herein are 

the ligand binding domain of a native estrogen receptor, e.g., the ligand-binding domain of 

the native human estrogen receptor, and engineered, evolved, or mutated derivatives thereof.  

Other suitable ligand binding domains include the human thyroid hormone receptor (see, e.g., 

Skretas et al., "Regulation of protein activity with small-molecule-controlled inteins." 

Protein Sci. 2005; 14, 523-532) and members of the ribose-binding protein family (see, e.g., 

Bjarkman et al., "Multiple open forms of ribose-binding protein trace the path of its 

conformational change." JMol Biol. 1998 12;279(3):651-64). Typically, a ligand-binding 

domain useful in the context of ligand-dependent inteins, as provided herein, exhibits a 

specific three-dimensional structure in the absence of the ligand, which inhibits intein self

excision, and undergoes a conformational change upon binding of the ligand, which promotes 

intein self-excision. Some of the ligand-dependent inteins provided herein comprise a ligand

binding domain derived from the estrogen receptor that can bind 4-HT and other estrogen

receptor ligands, e.g., ligands described in more detail elsewhere herein, and undergo a 

conformational change upon binding of the ligand. An appropriate ligand may be any 

chemical compound that binds the ligand-binding domain and induces a desired 

conformational change. In some embodiments, an appropriate ligand is a molecule that is 

bound by the ligand-binding domain with high specificity and affinity. In some 

embodiments, the ligand is a small molecule. In some embodiments, the ligand is a molecule 

that does not naturally occur in the context (e.g., in a cell or tissue) that a ligand-dependent 

intein is used in. For example, in some embodiments, the ligand-binding domain is a ligand

binding domain derived from an estrogen receptor, and the ligand is tamoxifen, or a 

derivative or analog thereof (e.g., 4-hydroxytamoxifen, 4-HT).  
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[0047] The term "ligand-dependent intein," as used herein refers to an intein that 

comprises a ligand-binding domain. Typically, the ligand-binding domain is inserted into the 

amino acid sequence of the intein, resulting in a structure intein (N) - ligand-binding domain 

- intein (C). Typically, ligand-dependent inteins exhibit no or only minimal protein splicing 

activity in the absence of an appropriate ligand, and a marked increase of protein splicing 

activity in the presence of the ligand. In some embodiments, the ligand-dependent intein 

does not exhibit observable splicing activity in the absence of ligand but does exhibit splicing 

activity in the presence of the ligand. In some embodiments, the ligand-dependent intein 

exhibits an observable protein splicing activity in the absence of the ligand, and a protein 

splicing activity in the presence of an appropriate ligand that is at least 5 times, at least 10 

times, at least 50 times, at least 100 times, at least 150 times, at least 200 times, at least 250 

times, at least 500 times, at least 1000 times, at least 1500 times, at least 2000 times, at least 

2500 times, at least 5000 times, at least 10000 times, at least 20000 times, at least 25000 

times, at least 50000 times, at least 100000 times, at least 500000 times, or at least 1000000 

times greater than the activity observed in the absence of the ligand. In some embodiments, 

the increase in activity is dose dependent over at least 1 order of magnitude, at least 2 orders 

of magnitude, at least 3 orders of magnitude, at least 4 orders of magnitude, or at least 5 

orders of magnitude, allowing for fine-tuning of intein activity by adjusting the concentration 

of the ligand. Suitable ligand-dependent inteins are known in the art, and in include those 

provided below and those described in published U.S. Patent Application U.S. 2014/0065711 

Al; Mootz et al., "Protein splicing triggered by a small molecule." J. Am. Chem. Soc. 2002; 

124, 9044-9045; Mootz et al., "Conditional protein splicing: a new tool to control protein 

structure and function in vitro and in vivo." J. Am. Chem. Soc. 2003; 125, 10561-10569; 

Buskirk et al., Proc. Natl. Acad. Sci. USA. 2004; 101, 10505-105 10); Skretas & Wood, 

"Regulation of protein activity with small-molecule-controlled inteins." Protein Sci. 2005; 

14, 523-532; Schwartz, et al., "Post-translational enzyme activation in an animal via 

optimized conditional protein splicing." Nat. Chem. Biol. 2007; 3, 50-54; Peck et al., Chem.  

Biol. 2011; 18 (5), 619-630; the entire contents of each are hereby incorporated by reference.  

2-4 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKP IHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:7) 
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3-2 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAVAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYTNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:8) 

30R3-1 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIPYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEG 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:9) 

30R3-2 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:10) 

30R3-3 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIPYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO: 11) 

37R3-1 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYNPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEG 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:12) 

37R3-2 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 

LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEG 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:13) 

37R3-3 intein: 
CLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAVAKDGTLLARPVVSWFDQGTRDVIGLRIAGGATVWATPDHKV 

LTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRE 

LVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 
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LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQR 

LAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEE 

LRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNC (SEQ ID NO:14) 

[0048] The term "linker," as used herein, refers to a chemical group or a molecule 

linking two adjacent molecules or moieties, e.g., two polypeptides. 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 linker. In some embodiments, the amino acid linker comprises at least 1, at least 

2, at least 3, at least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 

15, at least 20, at least 25, or at least 30 amino acids. In some embodiments, the linker is a 

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

peptide linker comprises repeats of the tri-peptide Gly-Gly-Ser, e.g., comprising the sequence 

(GGS)., wherein n represents at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more repeats. In some 

embodiments, the linker comprises the sequence (GGS)6 (SEQ ID NO: 15). In some 

embodiments, the peptide linker is the 16 residue "XTEN" linker, or a variant thereof (See, 

e.g., Schellenberger et al. A recombinant polypeptide extends the in vivo half-life of peptides 

and proteins in a tunable manner. Nat. Biotechnol. 27, 1186-1190 (2009)). In some 

embodiments, the XTEN linker comprises the sequence SGSETPGTSESATPES (SEQ ID 

NO:16), SGSETPGTSESA (SEQ ID NO:17), or SGSETPGTSESATPEGGSGGS (SEQ ID 

NO: 18). In some embodiments, the peptide linker is one or more selected from 

VPFLLEPDNINGKTC (SEQ ID NO:19), GSAGSAAGSGEF (SEQ ID NO:20), 

SIVAQLSRPDPA (SEQ ID NO:21), MKIIEQLPSA (SEQ ID NO:22), VRHKLKRVGS 

(SEQ ID NO:23), GHGTGSTGSGSS (SEQ ID NO:24), MSRPDPA (SEQ ID NO:25); or 

GGSM (SEQ ID NO:26).  

[0049] 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. Methods for 

making the amino acid substitutions (mutations) provided herein are 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)).  

[0050] The term "nuclease," as used herein, refers to an agent, for example, a protein, 

capable of cleaving a phosphodiester bond connecting two nucleotide residues in a nucleic 
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acid molecule. In some embodiments, "nuclease" refers to a protein having an inactive DNA 

cleavage domain, such that the nuclease is incapable of cleaving a phosphodiester bond. In 

some embodiments, the nuclease is a protein, e.g., an enzyme that can bind a nucleic acid 

molecule and cleave a phosphodiester bond connecting nucleotide residues within the nucleic 

acid molecule. A nuclease may be an endonuclease, cleaving a phosphodiester bonds within 

a polynucleotide chain, or an exonuclease, cleaving a phosphodiester bond at the end of the 

polynucleotide chain. In some embodiments, a nuclease is a site-specific nuclease, binding 

and/or cleaving a specific phosphodiester bond within a specific nucleotide sequence, which 

is also referred to herein as the "recognition sequence," the "nuclease target site," or the 

"target site." In some embodiments, a nuclease is an RNA-guided (i.e., RNA-programmable) 

nuclease, which is associated with (e.g., binds to) an RNA (e.g., a guide RNA, "gRNA") 

having a sequence that complements a target site, thereby providing the sequence specificity 

of the nuclease. In some embodiments, a nuclease recognizes a single stranded target site. In 

some embodiments, a nuclease recognizes a double-stranded target site, for example, a 

double-stranded DNA target site. The target sites of many naturally occurring nucleases, for 

example, many naturally occurring DNA restriction nucleases, are well known to those of 

skill in the art. In many cases, a DNA nuclease, such as EcoRI, HindIII, or BamHI, 

recognize a palindromic, double-stranded DNA target site of 4 to 10 base pairs in length, and 

cut each of the two DNA strands at a specific position within the target site. Some 

endonucleases cut a double-stranded nucleic acid target site symmetrically, i.e., cutting both 

strands at the same position so that the ends comprise base-paired nucleotides, also referred 

to herein as blunt ends. Other endonucleases cut a double-stranded nucleic acid target site 

asymmetrically, i.e., cutting each strand at a different position so that the ends include 

unpaired nucleotides. Unpaired nucleotides at the end of a double-stranded DNA molecule 

are also referred to as "overhangs," e.g., as "5'-overhang" or as "3'-overhang," depending on 

whether the unpaired nucleotide(s) form(s) the 5' or the 5' end of the respective DNA strand.  

Double-stranded DNA molecule ends ending with unpaired nucleotide(s) are also referred to 

as sticky ends, as they can "stick to" other double-stranded DNA molecule ends comprising 

complementary unpaired nucleotide(s). A nuclease protein typically comprises a "binding 

domain" that mediates the interaction of the protein with the nucleic acid substrate, and also, 

in some cases, specifically binds to a target site, and a "cleavage domain" that catalyzes the 

cleavage of the phosphodiester bond within the nucleic acid backbone. In some 

embodiments, a nuclease protein can bind and cleave a nucleic acid molecule in a monomeric 

form. In some embodiments, a nuclease protein has to dimerize or multimerize in order to 
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cleave a target nucleic acid. Binding domains and cleavage domains of naturally occurring 

nucleases, as well as modular binding domains and cleavage domains that can be fused to 

create nucleases binding specific target sites, are well known to those of skill in the art. For 

example, the binding domain of RNA-programmable nucleases (e.g., Cas9), or a Cas9 protein 

having an inactive DNA cleavage domain (e.g., dCas9), can be used as a binding domain 

(e.g., that binds a gRNA to direct binding to a target site) to specifically bind a desired target 

site, and fused or conjugated to a cleavage domain, for example, the cleavage domain of 

FokI, to create an engineered nuclease cleaving the target site. In some embodiments, Cas9 

fusion proteins provided herein comprise the cleavage domain of FokI, and are therefore 

referred to as "fCas9" proteins. In some embodiments, the cleavage domain of FokI, e.g., in 

a fCas9 protein corresponds to, or comprises in part or whole, the amino acid sequence (or 

variants thereof) set forth as SEQ ID NO:6, below. In some embodiments, variants or 

homologues of the FokI cleavage domain include any variant or homologue capable of 

dimerizing (e.g., as part of fCas9 fusion protein) with another FokI cleavage domain at a 

target site in a target nucleic acid, thereby resulting in cleavage of the target nucleic acid. In 

some embodiments, variants of the FokI cleavage domain (e.g., variants of SEQ ID NO:6) 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% to SEQ ID NO:6. In some 

embodiments, variants of the FokI cleavage domain (e.g., variants of SEQ ID NO:6) are 

provided having an amino acid sequence which is shorter, or longer than SEQ ID NO:6, 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.  

Cleavage domain of FokI: 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHLGGSRKPDGAIYTV 

GSPIDYGVIVDTKAYSGGYNLPIGQADEMQRYVEENQTRNKHINPNEWWKVYPSSVTEFKFLFVSGHFKGNYKAQ 

LTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEEVRRKFNNGEINF (SEQ ID NO:6) 

[0051] 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, the term "nucleic 
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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, i.e. 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).  

[0052] The term "pharmaceutical composition," as used herein, refers to a 

composition that can be administrated to a subject in the context of treatment of a disease or 

disorder. In some embodiments, a pharmaceutical composition comprises an active 

ingredient, e.g., a nuclease or a nucleic acid encoding a nuclease, and a pharmaceutically 

acceptable excipient.  
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[0053] The term "proliferative disease," as used herein, refers to any disease in which 

cell or tissue homeostasis is disturbed in that a cell or cell population exhibits an abnormally 

elevated proliferation rate. Proliferative diseases include hyperproliferative diseases, such as 

pre-neoplastic hyperplastic conditions and neoplastic diseases. Neoplastic diseases are 

characterized by an abnormal proliferation of cells and include both benign and malignant 

neoplasias. Malignant neoplasia is also referred to as cancer.  

[0054] 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 famesyl 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.  

[0055] 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 or a dCas9 protein) and a nucleic acid cleavage domain(s). In 

some embodiments, a protein is in a complex with, or is in association with, a nucleic acid, 

e.g., DNA or 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 (4h ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.  

(2012)), the entire contents of which are incorporated herein by reference.  
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[0056] The term "protein splicing," as used herein, refers to a process in which a 

sequence, an intein, is excised from within an amino acid sequence, and the remaining 

fragments of the amino acid sequence, the exteins, are ligated via an amide bond to form a 

continuous amino acid sequence.  

[0057] 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 RNAs 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 an association 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 a single molecule or as a complex of two or more molecules. Typically, gRNAs that 

exist as single RNA species comprise at least two domains: (1) a domain that shares 

homology to a target nucleic acid and may direct binding of a Cas9 complex to the target; and 

(2) a domain that binds a Cas9 protein. In some embodiments, domain (2) corresponds to a 

sequence known as a tracrRNA and comprises a stem-loop structure. For example, in some 

embodiments, domain (2) is homologous to a tracrRNA as depicted in Figure 1E of Jinek et 

al., Science 337:816-821(2012), the entire contents of which is incorporated herein by 

reference. In some embodiments, domain 2 is at least 90%, at least 95%, at least 98%, or at 

least 99% identical to the tracrRNA as described by Jinek et al., Science 337:816-821(2012).  

The gRNA comprises a nucleotide sequence that complements a target site, which mediates 

binding of the nuclease/RNA complex to said target site and the sequence specificity of the 

nuclease:RNA complex. The sequence of a gRNA that binds a target nucleic acid can 

comprise any sequence that complements a region of the target and is suitable for a 

nuclease:RNA complex to bind. 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 M1 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. expand/collapse author list McLaughlin R.E., Proc. Natl.  

Acad. Sci. U.S.A. 98:4658-4663(2001); "CRISPR RNA maturation by trans-encoded small 

RNA and host factor RNase III." Deltcheva E., Chylinski K., Sharma C.M., Gonzales K., 

Chao Y., Pirzada Z.A., Eckert M.R., Vogel J., Charpentier E., Nature 471:602-607(2011); 
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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.  

[0058] Because RNA-programmable nucleases (e.g., Cas9) use RNA:DNA 

hybridization to determine target DNA cleavage sites, these proteins are able to cleave, in 

principle, 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 et al. Multiplex genome engineering using CRISPR/Cas systems.  

Science 339, 819-823 (2013); Mali et al. RNA-guided human genome engineering via Cas9.  

Science 339, 823-826 (2013); Hwang et al. Efficient genome editing in zebrafish using a 

CRISPR-Cas system. Nature biotechnology 31, 227-229 (2013); Jinek et al. RNA

programmed genome editing in human cells. eLife 2, e00471 (2013); Dicarlo et al. Genome 

engineering in Saccharomyces cerevisiae using CRISPR-Cas systems. Nucleic acids research 

(2013); Jiang 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).  

[0059] The term "recombinase," as used herein, refers to a site-specific enzyme that 

mediates the recombination of DNA between recombinase recognition sequences, which 

results in the excision, integration, inversion, or exchange (e.g., translocation) of DNA 

fragments between the recombinase recognition sequences. Recombinases can be classified 

into two distinct families: serine recombinases (e.g., resolvases and invertases) and tyrosine 

recombinases (e.g., integrases). Examples of seine recombinases include, without limitation, 

Hin, Gin, Tn3, -six, CinH, ParA, y6, Bxbl, >C31, TP901, TG1, pBT1, R4, epRV1, epFC1, 
MR11, A118, U153, and gp29. Examples of tyrosine recombinases include, without 

limitation, Cre, FLP, R, Lambda, HK101, HK022, and pSAM2. The serine and tyrosine 

recombinase names stem from the conserved nucleophilic amino acid residue that the 

recombinase uses to attack the DNA and which becomes covalently linked to the DNA 

during strand exchange. Recombinases have numerous applications, including the creation of 

gene knockouts/knock-ins and gene therapy applications. See, e.g., Brown et al., "Serine 

recombinases as tools for genome engineering." Methods. 2011;53(4):372-9; Hirano et al., 

"Site-specific recombinases as tools for heterologous gene integration." Appl. Microbiol.  

Biotechnol. 2011; 92(2):227-39; Chavez and Calos, "Therapeutic applications of the CDC31 

integrase system." Curr. Gene Ther. 2011;11(5):375-81; Turan and Bode, "Site-specific 
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recombinases: from tag-and-target- to tag-and-exchange-based genomic modifications." 

FASEB J. 2011; 25(12):4088-107; Venken and Bellen, "Genome-wide manipulations of 

Drosophila melanogaster with transposons, Flp recombinase, and (DC31 integrase." Methods 

Mol. Biol. 2012; 859:203-28; Murphy, "Phage recombinases and their applications." Adv.  

Virus Res. 2012; 83:367-414; Zhang et al., "Conditional gene manipulation: Cre-ating a new 

biological era." J. Zhejiang Univ. Sci. B. 2012; 13(7):511-24; Karpenshif and Bernstein, 

"From yeast to mammals: recent advances in genetic control of homologous recombination." 

DNA Repair (Amst). 2012; 1; 11(10):781-8; the entire contents of each are hereby 

incorporated by reference in their entirety. The recombinases provided herein are not meant 

to be exclusive examples of recombinases that can be used in embodiments of the invention.  

The methods and compositions of the invention can be expanded by mining databases for 

new orthogonal recombinases or designing synthetic recombinases with defined DNA 

specificities (See, e.g., Groth et al., "Phage integrases: biology and applications." J. Mol.  

Biol. 2004; 335, 667-678; Gordley et al., "Synthesis of programmable integrases." Proc.  

Natl. Acad. Sci. U S A. 2009; 106, 5053-5058; the entire contents of each are hereby 

incorporated by reference in their entirety). Other examples of recombinases that are useful 

in the methods and compositions described herein are known to those of skill in the art, and 

any new recombinase that is discovered or generated is expected to be able to be used in the 

different embodiments of the invention. In some embodiments, the catalytic domains of a 

recombinase are fused to a nuclease-inactivated RNA-programmable nuclease (e.g., dCas9, 

or a fragment thereof), such that the recombinase domain does not comprise a nucleic acid 

binding domain or is unable to bind to a target nucleic acid (e.g., the recombinase domain is 

engineered such that it does not have specific DNA binding activity). Recombinases lacking 

DNA binding activity and methods for engineering such are known, and include those 

described by Klippel et al., "Isolation and characterisation of unusual gin mutants." EMBO J.  

1988; 7: 3983-3989: Burke et al., "Activating mutations of Tn3 resolvase marking interfaces 

important in recombination catalysis and its regulation. Mol Microbiol. 2004; 51: 937-948; 

Olorunniji et al., "Synapsis and catalysis by activated Tn3 resolvase mutants." Nucleic Acids 

Res. 2008; 36: 7181-7191; Rowland et al., "Regulatory mutations in Sin recombinase 

support a structure-based model of the synaptosome." Mol Microbiol. 2009; 74: 282-298; 

Akopian et al., "Chimeric recombinases with designed DNA sequence recognition." Proc 

Natl Acad Sci USA. 2003;100: 8688-8691; Gordley et al., "Evolution of programmable zinc 

finger-recombinases with activity in human cells. JMol Biol. 2007; 367: 802-813; Gordley et 

al., "Synthesis of programmable integrases." Proc Natl Acad Sci USA. 2009;106: 5053
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5058; Arnold et al., "Mutants of Tn3 resolvase which do not require accessory binding sites 

for recombination activity." EMBO J. 1999;18: 1407-1414; Gaj et al., "Structure-guided 

reprogramming of serine recombinase DNA sequence specificity." Proc Natl Acad Sci USA.  

2011;108(2):498-503; and Proudfoot et al., "Zinc finger recombinases with adaptable DNA 

sequence specificity." PLoS One. 201 1;6(4):e19537; the entire contents of each are hereby 

incorporated by reference. For example, serine recombinases of the resolvase-invertase 

group, e.g., Tn3 and y6 resolvases and the Hin and Gin invertases, have modular structures 

with autonomous catalytic and DNA-binding domains (See, e.g., Grindley et al., "Mechanism 

of site-specific recombination." Ann Rev Biochem. 2006; 75: 567-605, the entire contents of 

which are incorporated by reference). The catalytic domains of these recombinases are thus 

amenable to being recombined with nuclease-inactivated RNA-programmable nucleases 

(e.g., dCas9, or a fragment thereof) as described herein, e.g., following the isolation of 

'activated' recombinase mutants which do not require any accessory factors (e.g., DNA 

binding activities) (See, e.g., Klippel et al., "Isolation and characterisation of unusual gin 

mutants." EMBO J. 1988; 7: 3983-3989: Burke et al., "Activating mutations of Tn3 

resolvase marking interfaces important in recombination catalysis and its regulation. Mol 

Microbiol. 2004; 51: 937-948; Olorunniji et al., "Synapsis and catalysis by activated Tn3 

resolvase mutants." Nucleic Acids Res. 2008; 36: 7181-7191; Rowland et al., "Regulatory 

mutations in Sin recombinase support a structure-based model of the synaptosome." Mol 

Microbiol. 2009; 74: 282-298; Akopian et al., "Chimeric recombinases with designed DNA 

sequence recognition." Proc Natl Acad Sci USA. 2003;100: 8688-8691). Additionally, many 

other natural serine recombinases having an N-terminal catalytic domain and a C-terminal 

DNA binding domain are known (e.g., phiC31 integrase, TnpX transposase, IS607 

transposase), and their catalytic domains can be co-opted to engineer programmable site

specific recombinases as described herein (See, e.g., Smith et al., "Diversity in the serine 

recombinases." Mol Microbiol. 2002;44: 299-307, the entire contents of which are 

incorporated by reference). Similarly, the core catalytic domains of tyrosine recombinases 

(e.g., Cre, k integrase) are known, and can be similarly co-opted to engineer programmable 

site-specific recombinases as described herein (See, e.g., Guo et al., "Structure of Cre 

recombinase complexed with DNA in a site-specific recombination synapse." Nature. 1997; 

389:40-46; Hartung et al., "Cre mutants with altered DNA binding properties." JBiol Chem 

1998; 273:22884-22891; Shaikh et al., "Chimeras of the Flp and Cre recombinases: Tests of 

the mode of cleavage by Flp and Cre. JMol Biol. 2000; 302:27-48; Rongrong et al., "Effect 

of deletion mutation on the recombination activity of Cre recombinase." Acta Biochim Pol.  

151



WO 2016/022363 PCT/US2015/042770 

2005; 52:541-544; Kilbride et al., "Determinants of product topology in a hybrid Cre-Tn3 

resolvase site-specific recombination system." J Mol Biol. 2006; 355:185-195; Warren et al., 

"A chimeric cre recombinase with regulated directionality." Proc Natl Acad Sci USA. 2008 

105:18278-18283; Van Duyne, "Teaching Cre to follow directions." Proc Natl Acad Sci 

USA. 2009 Jan 6;106(1):4-5; Numrych et al., "A comparison of the effects of single-base and 

triple-base changes in the integrase arm-type binding sites on the site-specific recombination 

of bacteriophage k." Nucleic Acids Res. 1990; 18:3953-3959; Tirumalai et al., "The 

recognition of core-type DNA sites by k integrase." JMol Biol. 1998; 279:513-527; Aihara 

et al., "A conformational switch controls the DNA cleavage activity of k integrase." Mol 

Cell. 2003; 12:187-198; Biswas et al., "A structural basis for allosteric control of DNA 

recombination by k integrase." Nature. 2005; 435:1059-1066; and Warren et al., "Mutations 

in the amino-terminal domain of X-integrase have differential effects on integrative and 

excisive recombination." Mol Microbiol. 2005; 55:1104-1112; the entire contents of each are 

incorporated by reference).  

[0060] The term "recombine," or "recombination," in the context of a nucleic acid 

modification (e.g., a genomic modification), is used to refer to the process by which two or 

more nucleic acid molecules, or two or more regions of a single nucleic acid molecule, are 

modified by the action of a recombinase protein (e.g., an inventive recombinase fusion 

protein provided herein). Recombination can result in, inter alia, the insertion, inversion, 

excision, or translocation of nucleic acids, e.g., in or between one or more nucleic acid 

molecules.  

[0061] The term "site-specific enzyme," as used herein, refers to any enzyme capable 

of binding a nucleic acid at a target site to mediate a modification of the nucleic acid.  

Typically, the site-specific enzymes provided herein comprise an intein (e.g., a ligand

dependent intein). In some embodiments, the site-specific enzyme is unable to bind a target 

site prior to excision of the intein. In some embodiments, the site-specific enzyme is able to 

bind a target site prior to excision of the intein but remains enzymatically inactive (e.g., 

cannot cleave, recombine, edit, or otherwise modify a nucleic acid) until excision of the 

intein.  

[0062] The term "small molecule," as used herein, refers to a non-peptidic, non

oligomeric organic compound either prepared in the laboratory or found in nature. Small 

molecules, as used herein, can refer to compounds that are "natural product-like", however, 

the term "small molecule" is not limited to "natural product-like" compounds. Rather, a 

small molecule is typically a non-polymeric, non-oligomeric molecule that is characterized in 
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that it contains several carbon-carbon bonds, and has a molecular weight of less than 

2000g/mol, preferably less than 1500g/mol, although this characterization is not intended to 

be limiting for the purposes of the present invention. In certain embodiments, the ligand of a 

ligand-dependent inteins used in the present invention is a small molecule.  

[0063] The term "subject," as used herein, refers to an individual organism. 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.  

[0064] The terms "target nucleic acid," and "target genome," as used herein in the 

context of nucleases, refer to a nucleic acid molecule or a genome, respectively, that 

comprises at least one target site of a given nuclease.  

[0065] The term "target site," refers to a sequence within a nucleic acid molecule that 

is bound and (1) cleaved; (2) recombined; (3) edited; or (4) otherwise modified by a site

specific enzyme. In some embodiments, a target site refers to a "nuclease target site," which 

is a sequence within a nucleic acid molecule that is bound and cleaved by a nuclease. A 

target site may be single-stranded or double-stranded. In the context of RNA-guided (i.e., 

RNA-programmable) nucleases (e.g., a Cas9 protein, a Cas9 variant, fragments of Cas9 or 

fragments of Cas9 variants, etc.), a target site typically comprises a nucleotide sequence that 

is complementary to a gRNA of the RNA-guided nuclease, and a protospacer adjacent motif 

(PAM) at the 3' end adjacent to the gRNA-complementary sequence. For the RNA-guided 

nuclease Cas9, the target site may be, in some embodiments, 20 base pairs plus a 3 base pair 

PAM (e.g., NNN, wherein N represents any nucleotide). Typically, the first nucleotide of a 

PAM can be any nucleotide, while the two downstream nucleotides are specified depending 

on the specific RNA-guided nuclease. Exemplary target sites for RNA-guided nucleases, 

such as Cas9, are known to those of skill in the art and include, without limitation, NNG, 

NGN, NAG, and NGG, wherein N represents any nucleotide. In addition, Cas9 nucleases 

from different species (e.g., S. thermophilus instead of S. pyogenes) recognize a PAM that 

comprises the sequence: NGGNG. Additional PAM sequences are known, including, but not 

limited to, NNAGAAW and NAAR (see, e.g., Esvelt and Wang, Molecular Systems Biology, 

9:641 (2013), the entire contents of which are incorporated herein by reference). For 
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example, the target site of an RNA-guided nuclease, such as, e.g., Cas9, may comprise the 

structure [Nz]-[PAM], where each N is, independently, any nucleotide, and z is an integer 

between 1 and 50. In some embodiments, z is at least 2, at least 3, at least 4, at least 5, at 

least 6, at least 7, at least 8, at least 9, at least 10, at least 11, at least 12, at least 13, at least 

14, at least 15, at least 16, at least 17, at least 18, at least 19, at least 20, at least 25, at least 

30, at least 35, at least 40, at least 45, or at least 50. In some embodiments, z is 5, 6, 7, 8, 9, 

10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34, 

35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48,49, or 50. In some embodiments, Z is 20.  

In some embodiments, "target site" may also refer to a sequence within a nucleic acid 

molecule that is bound but not cleaved by a nuclease.  

[0066] The terms "transcriptional activator" and "transcriptional repressor," refer to 

agents which activate and repress the transcription of a gene, respectively. Typically, such 

activators and repressors are proteins, e.g., as provided herein.  

[0067] 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 some 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.  

[0068] The term "vector" refers to a polynucleotide comprising one or more 

recombinant polynucleotides of the present invention, e.g., those encoding or a Cas9 protein 

(e.g., a Cas9 protein comprising an intein) and/or a gRNA provided herein. Vectors include, 

but are not limited to, plasmids, viral vectors, cosmids, artificial chromosomes, and 

phagemids. The vector is one which is able to replicate in a host cell, and which is further 

characterized by one or more endonuclease restriction sites at which the vector may be cut 

and into which a desired nucleic acid sequence may be inserted. Vectors may contain one or 

more marker sequences suitable for use in the identification and/or selection of cells which 
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have or have not been transformed or genomically modified with the vector. Markers 

include, for example, genes encoding proteins which increase or decrease either resistance or 

sensitivity to antibiotics (e.g., kanamycin, ampicillin) or other compounds, genes which 

encode enzymes whose activities are detectable by standard assays known in the art (e.g., 

galactosidase, alkaline phosphatase or luciferase), and genes which visibly affect the 

phenotype of transformed or transfected cells, hosts, colonies, or plaques. Any vector 

suitable for the transformation of a host cell, (e.g., E. coli, mammalian cells such as CHO 

cell, insect cells, etc.) as embraced by the present invention, for example vectors belonging to 

the pUC series, pGEM series, pET series, pBAD series, pTET series, or pGEX series. In 

some embodiments, the vector is suitable for transforming a host cell for recombinant protein 

production. Methods for selecting and engineering vectors and host cells for expressing 

gRNAs and/or proteins (e.g., those provided herein), transforming cells, and 

expressing/purifying recombinant proteins are well known in the art, and are provided by, for 

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

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

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS OF THE INVENTION 

[0069] Site-specific enzymes which catalyze nucleic acid modifications are powerful 

tools for targeted genome modification in vitro and in vivo. Some site-specific enzymes can 

theoretically achieve a level of specificity for a target site that would allow one to target a 

single unique site in a genome for modification without affecting any other genomic site. In 

the case of site-specific nucleases, it has been reported that nuclease cleavage in living cells 

triggers a DNA repair mechanism that frequently results in a modification of the cleaved and 

repaired genomic sequence, for example, via homologous recombination or non-homologous 

end-joining. Accordingly, the targeted cleavage of a specific unique sequence within a 

genome opens up new avenues for gene targeting and gene modification in living cells, 

including cells that are hard to manipulate with conventional gene targeting methods, such as 

many human somatic cells or embryonic stem cells. Nuclease-mediated modification of 

disease-related sequences, e.g., the CCR-5 allele in HIV/AIDS patients, or of genes necessary 

for tumor neovascularization, can be used in the clinical context, and two site-specific 

nucleases are currently in clinical trials (Perez, E.E. et al., "Establishment of HIV-1 

resistance in CD4+ T cells by genome editing using zinc-finger nucleases." Nature 

Biotechnology. 26, 808-816 (2008); ClinicalTrials.gov identifiers: NCT00842634, 

NCT01044654, NCT01252641, NCT01082926). Other diseases that can be treated using 
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site-specific nucleases or other site-specific DNA modifying enzymes include, for example, 

diseases associated with triplet expansion (e.g., Huntington's disease, myotonic dystrophy, 

spinocerebellar atatxias, etc.), cystic fibrosis (by targeting the CFTR gene), cancer, 

autoimmune diseases, and viral infections.  

[0070] One important problem with site-specific modification is off-target effects, 

e.g., the modification of genomic sequences that differ from the intended target sequence by 

one or more nucleotides. Undesired side effects of off-target modification range from 

insertion into unwanted loci during a gene targeting event to severe complications in a 

clinical scenario. For example, off-target modification of sequences encoding essential gene 

functions or tumor suppressor genes may result in disease or even the death of a subject.  

Accordingly, it is desirable to employ new strategies in designing site-specific enzymes 

having the greatest chance of minimizing off-target effects.  

[0071] The systems, methods, and compositions of the present disclosure represent, in 

some aspects, an improvement over previous methods and compositions by providing means 

to control the spatiotemporal activity of site-specific enzymes, for example, RNA-guided 

nucleases and engineered RNA-guided nucleic acid modifying enzymes. For example, RNA

guided nucleases known in the art, both naturally occurring and those engineered, typically 

bind to and cleave DNA upon forming a complex with an RNA (e.g., a gRNA) that 

complements the target. Aspects of the present invention relate to the recognition that having 

spatiotemporal control of the enzymatic or nucleic acid binding properties of an RNA-guided 

nuclease and RNA-guided nucleic acid modifying enzymes by engineering variants to 

include an intein will decrease the likelihood of off-target effects by minimizing or 

controlling the time a RNA-guided nuclease or engineered RNA-guided nucleic acid 

modifying enzymes is active. Accordingly, the strategies, methods, compositions, kits, and 

systems provided herein can be used to control the activity of any site-specific enzyme (both 

naturally occurring and those engineered) such as RNA-guided nucleases (e.g., Cas9, Cas9 

variants, fragments of Cas9 or Cas9 variants, etc.) or engineered nucleic acid modifying 

enzymes comprising a variant of an RNA-guided nuclease (e.g., dCas9).  

[0072] Inteins are protein splicing elements that are able to catalyze their excision out 

of a single polypeptide and leave behind the flanking sequences, or exteins, precisely ligated 

together through a native peptide bond. Inteins are attractive tools for modulating protein 

structure and function because they do not require any other cellular components, are able to 

splice out of a wide variety of extein contexts, and can undergo splicing in minutes.  

Although natural inteins splice spontaneously, inteins that undergo splicing in a small 
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molecule-dependent or ligand-dependent manner have been developed by fusing intein halves 

with proteins that dimerize in the presence of a small molecule, or by directed evolution in 

which a library of intact inteins fused to a ligand-binding domain was screened to splice in 

the presence, but not the absence, of a small molecule or ligand. These ligand-dependent 

inteins have enabled protein function in cells to be controlled post-translationally by the 

addition of an exogenous, cell-permeable molecule (See e.g., published U.S. Patent 

Application US 2014/0065711 Al, the entire contents of which are hereby incorporated by 

reference). The inventors have found that the targeted insertion of ligand-dependent inteins 

into site-specific enzymes renders the enzymes, in some instances, inactive prior to the 

controlled excision of the intein through binding of a ligand specific for the intein. For 

example, the targeted insertion of a ligand-dependent intein into Cas9 at fifteen different 

positions resulted in a subset of Cas9 variants that were inactive in the absence of ligand, but 

upon addition of the ligand the intein self-excised resulting in an active Cas9 protein capable 

of site-specific cleavage of a target gene.  

[0073] Some aspects of this disclosure are based on the surprising discovery that Cas9 

proteins comprising an intein, for example, a ligand-dependent intein as described herein, 

exhibit an increased specificity as compared to constitutively active Cas9 proteins. For 

example, it was found that the conditionally active Cas9 proteins comprising an intein exhibit 

an activity in the "on" state that is comparable to wild-type Cas9 activity or only slightly 

decreased as compared to wild-type Cas9 activity, while exhibiting decreased off-target 

activity.  

[0074] In addition, some aspects of this disclosure relate to the recognition that Cas9 

off-target activity is at least in part related to the concentration of active Cas9 proteins, and 

that the off-target activity of the provided conditionally active Cas9 proteins, e.g., the 

provided ligand-dependent Cas9 proteins, can be modulated, e.g., further decreased, by 

contacting the Cas9 proteins with a minimal amount of ligand effecting the desired result, 

e.g., the minimal amount effecting intein excision from a Cas9 protein, or the minimal 

amount resulting in a desired level of Cas9 protein activity.  

[0075] While of particular relevance to DNA and DNA-cleaving nucleases such as 

Cas9 and variants thereof, the inventive concepts, methods, compositions, strategies, kits, and 

systems provided herein are not limited in this respect, but can be applied to any nuclease or 

nucleic acid:enzyme system utilizing nucleic acid templates such as RNA to direct binding to 

a target nucleic acid. For example, the inventive concepts provided herein can be applied to 

RNA-guided nucleic acid-targeting protein, e.g., to RNA-guided nucleases, and to fusion 
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proteins comprising nucleic acid-targeting domains of such nucleases, e.g., to fusion proteins 

comprising a Cas9 targeting domain (e.g., dCas9 domain), and a functional (effector) domain, 

such as, for example, a heterologous nuclease domain, recombinase domain, or other nucleic 

acid-editing domain.  

Small molecule controlled site-specific enzymes 

[0076] Some aspects of this disclosure provide site-specific enzymes engineered to 

have both an "on" and "off' state which depends on the presence of a ligand such as a small 

molecule. The ligand binds and activates the enzyme through binding a ligand-dependent 

intein in the enzyme, whereby ligand binding induces self-excision of the intein thereby 

activating the enzyme (e.g., the presence of the intein in the enzyme disrupted one or more 

activities of the enzyme). In some aspects then, the enzymes may collectively be referred to 

as "small molecule controlled" or "ligand-dependent" site-specific enzymes. In some 

embodiments, the site-specific enzyme that has been modified to include a ligand-dependent 

intein comprises Cas9, or a variant of Cas9.  

[0077] Accordingly, in the absence of a ligand that binds the intein, the intein is not 

excised, and the protein comprising Cas9 or variant of Cas9 remains inactive. By "inactive" 

it is meant that the protein has no or minimal activity with respect to one or more activities 

described herein. In some embodiments, prior to intein excision, the protein has (i) no or 

minimal enzymatic activity; (ii) no or minimal gRNA binding activity; (iii) no or minimal 

target nucleic acid binding activity; or any combination of (i)-(iii), e.g., the protein has (i) and 

(ii); (i) and (iii); (ii) and (iii); or (i), (ii) and (iii). Enzymatic activities for (i), include, for 

example, nuclease activity, nickase activity, recombinase activity, nucleic acid editing (e.g., 

deaminase) activity, transcriptional activation, transcriptional repression, and epigenetic 

modification activity.  

[0078] In some embodiments, by "minimal" activity, it is meant that the protein, prior 

to excision of the intein, exhibits less than 50%, less than 45%, less than 40%, less than 35%, 

less than 30%, less than 25%, less than 24%, less than 23%, less than 22%, less than 21%, 

less than 20, less than 19%, less than 18%, less than 17%, less than 16%, less than 15%, less 

than 14%, less than 13%, less than 12%, less than 11%, less than 10%, less than 9%, less than 

8%, less than 7%, less than 6%, less than 5%, less than 4%, less than 3%, less than 2%, or 

less than 1% of a particular activity (e.g., nuclease activity, nickase activity, recombinase 

activity, deaminase activity, transcriptional activation, transcriptional repression, epigenetic 

modification activity, gRNA binding activity, and/or target nucleic acid binding activity) as 
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compared to either the wild type counterpart of the protein or the intein-excised form of the 

protein. In some embodiments, following excision of the intein, the protein exhibits at least a 

1.25-fold increase, at least a 1.5- fold increase, at least 1.75-fold increase, at least a 2.0-fold 

increase, at least a 2.25-fold increase, at least a 2.5-fold increase, at least a 2.75-fold increase, 

at least a 3.0-fold increase, at least a 3.25-fold increase, at least a 3.5-fold increase, at least a 

3.75-fold increase, at least a 4.0-fold increase, at least a 4.5-fold increase, at least a 5.0-fold 

increase, at least a 5.5-fold increase, at least a 6.0-fold increase, at least a 6.5-fold increase, at 

least a 7.0-fold increase, at least a 7.5-fold increase, at least a 8.0-fold increase, at least a 8.5

fold increase, at least a 9.0-fold increase, at least a 9.5-fold increase, or at least a 10.0-fold or 

more increase in activity (e.g., nuclease activity, nickase activity, recombinase activity, or 

deaminase activity) as compared to the intein-intact form of the protein. Methods for 

assessing the activity of any ligand-dependent site-specific Cas9-containing enzyme provided 

herein are well known to those of ordinary skill in the art, and in the context of nuclease 

activity include those described in the Examples.  

[0079] In some embodiments, upon excision, the intein leaves a cysteine residue.  

Thus, if the intein is inserted such that it replaces a cysteine, the Cas9 protein, upon intein 

excision, will be unmodified as compared to the original protein. If the intein replaces any 

other amino acid, the Cas9 protein, upon intein excision, will contain a cysteine in place of 

the amino acid that was replaced. In some embodiments, the intein does not replace an amino 

acid residue in a Cas9 protein, but is inserted into the Cas9 protein (e.g., in addition to the 

amino acid residues of the Cas9 protein). In this aspect, upon excision, the protein will 

comprise an additional cysteine residue. While the presence of an additional cysteine residue 

(or the substitution of a residue for a cysteine upon excision) is unlikely to affect the function 

of the Cas9 protein, in some embodiments where the intein does not replace a cysteine, the 

intein replaces an alanine, seine, or threonine amino acid, as these residues are similar in size 

and/or polarity to cysteine.  

[0080] Accordingly, in some embodiments, the intein is inserted into one or both of 

the nuclease domains of Cas9 or a Cas9 variant (e.g., dCas9, Cas9 nickase), such as the HNH 

domain and/or the RuvC domain. In some embodiments, the intein is inserted into one or 

more other domains of Cas9 or a Cas9 variant (e.g., dCas9, Cas9 nickase), such as, REC1, 

REC2, PAM-interacting (PI), and/or bridge helix (BH) domain. The sequences and structure 

corresponding to these domains are known, and in some aspects are represented by the 

underlined segments of SEQ ID NO:2 (Cas9) and SEQ ID NO:5 (dCas9) above (See also, 

Nishimasu et al., "Crystal structure of Cas9 in complex with guide RNA and target DNA." 
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Cell. 2014; 156(5), 935-949). In some embodiments, the intein is inserted into any location 

of Cas9, e.g., any location that disrupts one or more activities of Cas9 (e.g., enzymatic 

activity, gRNA binding activity, and/or DNA binding activity). In some embodiments, the 

intein is inserted into a sequence of Cas9 or a Cas9 variant such that the intein sequence 

replaces one or more amino acids in the protein. In some embodiments, the intein replaces 

any cysteine, any alanine, any threonine, or any serine residue in Cas9 or a Cas9 variant 

including Cas9 nickase and dCas9 (and fusions thereof). In some embodiments the inserted 

intein sequence replaces Cys80, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, 

Ser701, Ala728, Thr995, Ser1006, Serl154, Serl159, or Ser1274 in Cas9 (SEQ ID NO:2), 

dCas9 (SEQ ID NO:5), or Cas9 nickase (SEQ ID NO:4). In some embodiments, the intein is 

inserted within 5, within 10, within 15, or within 20 amino acids of Cys80, Ala127, Thr146, 

Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, Thr995, Ser1006, Ser1154, 

Ser 159, or Ser1274 in Cas9 (SEQ ID NO:2), dCas9 (SEQ ID NO:5), or Cas9 nickase (SEQ 

ID NO:4). In some embodiments, the inserted intein sequence replaces Ala127, Thr146, 

Ser219, Thr519, or Cys574 in Cas9 (SEQ ID NO:2), dCas9 (SEQ ID NO:5), or Cas9 nickase 

(SEQ ID NO:4). In some embodiments, a Cas9 protein comprising an intein comprises an 

amino acid sequence selected from the group consisting of SEQ ID NOs:27-41, or comprises 

an amino acid sequence that has at least 80%, at least 85%, at least 90%, at least 95%, or at 

least 99% sequence identity to any one of SEQ ID NOs:27-41. In some embodiments, the 

intein is inserted into the protein such that it does not replace any amino acid, but is added in 

addition to the amino acids of the protein. The intein that is inserted into the protein can be 

any ligand-dependent intein, e.g., those described herein. For example, in some 

embodiments, the intein that is inserted into the protein comprises, in part or in whole, a 

sequence that is at least 80%, at least 85%, at least 90%, at least 95%, at least 99%, or 100% 

identical to any one of SEQ ID NO:27-41.  

Cas9:Intein (37R3-2; in double underline) replacing Cys80 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVI 

GLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILY 

SEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSM 

EHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSS 

TLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKN 

VVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEV 

EELHTLVAEGVVVHNCYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY 

PTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP 

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 
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ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:27) 

Cas9:Jntein (37R3-2; in double underline) replacing Ala127 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVCLAEGTRIFD 

PVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTE 

YGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNL 

ADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKC 

VEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDT 

LIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGG 

SGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCYHEKY 

PTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP 

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:28) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr146 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGL 

RIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 

YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 
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PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTL 

KSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 

PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEE 

LHTLVAEGVVVHNCDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENP 

INASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:29) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser219 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTR 

DVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPP 

ILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVW 

RSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTF 

LSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMK 

YKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFD 
LEVEELHTLVAEGVVVHNCRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSK 

DTYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:30) 
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Cas9:Jntein (37R3-2; in double underline) replacing Thr333 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLCLAEGTRI 

FDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVL 

TEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLT 

NLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQG 

KCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKIT 

DTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHA 

GGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCLLK 

ALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRT 

FDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEET 

ITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:31) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr519 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFCLAEGTRIFDPVTGTTHRIEDVVDGR 

KPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVA 

GPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVP 

GFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSS 

RFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQH 

QRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDK 

FLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCVYNELTKVKYVTEGMRKPAFL 

SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 
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QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:32) 

Cas9:Jntein (37R3-2; in double underline) replacing Cys574 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGT 

LLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSL 

TADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHL 

LERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFV 

CLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHI 

RHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYS 

VIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLD 

NEENEDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:33) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr622 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGL 

RIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 

YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 

PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTL 

KSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 

PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEE 

LHTLVAEGVVVHNCLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSG 

KTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 
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NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:34) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser701 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSW 

FDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSAL 

LDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEIL 

MIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLN 

SGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGME 

HLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTR 

RARTFDLEVEELHTLVAEGVVVHNCLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:35) 

Cas9:Jntein (37R3-2; in double underline) replacing Ala728 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLCLAEGTRIFDPVTGTTHRIED 

VVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRK 

GDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINW 

AKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDML 
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LATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLT 

LQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFAD 

ALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCGSPAIKKGILQTVKVV 

DELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLY 

LYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMK 

NYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDK 

LIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:36) 

Cas9:Jntein (37R3-2; in double underline) replacing Thr995 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGCLAEGTRIFDPVTGTTHRIEDVVDGR 

KPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVA 

GPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVP 

GFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSS 

RFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQH 

QRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDK 

FLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCALIKKYPKLESEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:37) 

Cas9:Jntein (37R3-2; in double underline) replacing SerlO06 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 
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EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLECLAEGTRIFDPVTGT 

THRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRA 

AGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADREL 

VHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMV 

EIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLM 

AKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASR 

VQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCEFVYGDYKVY 

DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVR 

KVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKG 

KSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:38) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser 154 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK 

MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS 

MPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKCLA 

EGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATP 

DHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASM 

MGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLL 

DRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRA 

LDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDA 

HRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVH 

NCKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:39) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser 159 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 
RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 
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DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK 

MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS 

MPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK 

LKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAI 

VWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPF 

SEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFA 

PNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKD 

HIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLL 

EMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAE 

GVVVHNCVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGEL 

QKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:40) 

Cas9:Jntein (37R3-2; in double underline) replacing Ser1274 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTA 

RRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIY 

HLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINAS 

GVDAKAILSARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD 

DDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVR 

QQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG 

SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPW 

NFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQ 

KKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEEN 

EDILEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTIL 

DFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELV 

KVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQNEKLYLYYL 

QNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWR 

QLLNAKLITQRKFDNLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIRE 

VKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRK 

MIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS 

MPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKK 

LKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGN 

ELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEIIEQICLAEGTRIFDPVTGTTHRI 

EDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGEL 

RKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMI 

NWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFD 

MLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAG 

LTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAF 

ADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCEFSKRVILADANLD 

KVLSAYNKHRDKPIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLY 

ETRIDLSQLGGD (SEQ ID NO:41) 
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[0081] In some embodiments, the intein inserted into the Cas9 protein is ligand

dependent. In some embodiments, the ligand-dependent inteins comprise a modified ligand

binding domain of the estrogen receptor protein, embedded into a modified RecA intein from 

M. tuberculosis. In some embodiments, the ligand-binding domain is derived from an 

estrogen receptor protein, for example, from the human estrogen receptor. The sequence of 

the human estrogen receptor and the location of the ligand-binding domain within the human 

estrogen receptor are known to those of skill in the art. Non-limiting, exemplary sequences 

of the human estrogen receptor can be retrieved from RefSeq database entries NP_000116 

(isoform 1); NP_001116212 (isoform 2); NP_001116213 (isoform 3); and NP_001116214 

(isoform 4) from the National Center for Biotechnology Information (NCBI, 

www.ncbi.nlm.nih.gov). In some embodiments, the ligand-binding domain of a ligand

dependent intein provided herein comprises or is derived from a sequence comprising amino 

acid residues 304-551 of the human estrogen receptor.  

[0082] It will be appreciated by those of skill in the art that other ligand-dependent 

inteins are also suitable and useful in connection with the Cas9 proteins and methods 

provided herein. For example, some aspects of this invention provide Cas9 proteins 

comprising ligand-dependent inteins that comprise a ligand-binding domain of a hormone

binding protein, e.g., of an androgen receptor, an estrogen receptor, an ecdysone receptor, a 

glucocorticoid receptor, a mineralocorticoid receptor, a progesterone receptor, a retinoic acid 

receptor, or a thyroid hormone receptor protein. Ligand-binding domains of hormone

binding receptors, inducible fusion proteins comprising such ligand-binding domains, and 

methods for the generation of such fusion proteins are known to those of skill in the art (see, 

e.g., Becker, D., Hollenberg, S., and Ricciardi, R. (1989). Fusion of adenovirus ElA to the 

glucocorticoid receptor by high-resolution deletion cloning creates a hormonally inducible 

viral transactivator. Mol. Cell. Biol. 9, 3878-3887; Boehmelt, G., Walker, A., Kabrun, N., 

Mellitzer, G., Beug, H., Zenke, M., and Enrietto, P. J. (1992). Hormone-regulated v-rel 

estrogen receptor fusion protein: reversible induction of cell transformation and cellular gene 

expression. EMBO J 11, 4641-4652; Braselmann, S., Graninger, P., and Busslinger, M.  

(1993). A selective transcriptional induction system for mammalian cells based on Gal4

estrogen receptor fusion proteins. Proc Natl Acad Sci U S A 90, 1657-1661; Furga G, 

Busslinger M (1992). Identification of Fos target genes by the use of selective induction 

systems. J. Cell Sci. Suppl 16,97-109; Christopherson, K. S., Mark, M. R., Bajaj, V., and 

Godowski, P. J. (1992). Ecdysteroid-dependent regulation of genes in mammalian cells by a 

Drosophila ecdysone receptor and chimeric transactivators. Proc Natl Acad Sci U S A 89, 
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6314-8; Eilers, M., Picard, D., Yamamoto, K., and Bishop, J. (1989). Chimaeras of Myc 

oncoprotein and steriod receptors cause hormone-dependent transformation of cells. Nature 

340, 66-68; Fankhauser, C. P., Briand, P. A., and Picard, D. (1994). The hormone binding 

domain of the mineralocorticoid receptor can regulate heterologous activities in cis. Biochem 

Biophys Res Commun 200, 195-20 1; Godowski, P. J., Picard, D., and Yamamoto, K. R.  

(1988). Signal transduction and transcriptional regulation by glucocorticoid receptor-LexA 

fusion proteins. Science 241, 812-816; Kellendonk, C., Tronche, F., Monaghan, A., Angrand, 

P., Stewart, F., and Schlitz, G. (1996). Regulation of Cre recombinase activity by the 

synthetic steroid RU486. Nuc. Acids Res. 24, 1404-1411; Lee, J. W., Moore, D. D., and 

Heyman, R. A. (1994). A chimeric thyroid hormone receptor constitutively bound to DNA 

requires retinoid X receptor for hormone-dependent transcriptional activation in yeast. Mol 

Endocrinol 8, 1245-1252; No, D., Yao, T. P., and Evans, R. M. (1996). Ecdysone-inducible 

gene expression in mammalian cells and transgenic mice. Proc Natl Acad Sci U S A 93, 

3346-3351; and Smith, D., Mason, C., Jones, E., and Old, R. (1994). Expression of a 

dominant negative retinoic acid receptor g in Xenopus embryos leads to partial resistance to 

retinoic acid. Roux's Arch. Dev. Biol. 203, 254-265; all of which are incorporated herein by 

reference in their entirety). Additional ligand-binding domains useful for the generation of 

ligand-dependent inteins as provided herein will be apparent to those of skill in the art, and 

the invention is not limited in this respect.  

[0083] Additional exemplary inteins, ligand-binding domains, and ligands suitable for 

use in the Cas9 proteins provided herein are described in International Patent Application, 

PCT/US2012/028435, entitled "Small Molecule-Dependent Inteins and Uses Thereof," filed 

March 9, 2012, and published as WO 2012/125445 on September 20, 2012, the entire 

contents of which are incorporated herein by reference. Additional suitable inteins, ligand

binding domains, and ligands will be apparent to the skilled artisan based on this disclosure.  

[0084] The ligand-dependent inteins provided herein are inactive (or only minimally 

active) in the absence of the appropriate ligand, but can be induced to be active, and, thus, to 

self-excise, by contacting them with a ligand that binds the ligand-binding domain of the 

human estrogen receptor. Small molecule ligands binding the ligand-binding domain of the 

estrogen receptor (e.g., the human estrogen receptor), and thus useful to induce the activity of 

the ligand-dependent inteins described herein, are known to those of skill in the art. In some 

embodiments, the ligand used to induce the activity of the ligand-dependent inteins described 

herein specifically binds to the ligand-binding domain of the estrogen receptor. In some 

embodiments, the ligand binds the ligand-binding domain of a ligand-dependent intein 
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provided herein with high affinity, for example, with an affinity of at least about 10-10 M, at 

least about 

10-9 M, at least about 10-8 M, at least about 10-7 M, at least about 10-6 M, or at least about 10-5 

M. Examples of appropriate estrogen receptor-binding ligands that are useful to induce the 

activity of the ligand-dependent inteins provided herein, for example, the ligand-dependent 

inteins provided in SEQ ID NOs 3-8, include, but are not limited to, 17-estradiol, 17a

ethynyl estradiol, tamoxifen and tamoxifen analogs (e.g., 4-hydroxytamoxifen (4-HT, 4

OHT), 3-hydroxytamoxifen (droloxifene)), tamoxifen metabolites (e.g., hydroxytamoxifen, 

endoxifen), raloxifene, toremifene, ICI-182, and ICI-780. Other useful ligands will be 

apparent to those of skill in the art, and the invention is not limited in this respect.  

[0085] In some embodiments, any of the Cas9 proteins comprising inteins (e.g., SEQ 

ID NOs:27-41) can be modified so as to generate a Cas9 nickase comprising an intein (e.g., 

by making one of a D1OA or H840A mutation relative to the Cas9 sequence lacking an 

intein), or to generate a dCas9 protein comprising an intein (e.g., by making both D1OA and 

H840A mutations relative to the Cas9 sequence lacking an intein). In some embodiments, 

any of the Cas9 proteins comprising inteins (e.g., SEQ ID NOs:27-41) have additional 

features, for example, one or more linker sequences, localization sequences, such as nuclear 

localization sequences (NLS; e.g., MAPKKKRKVGIHRGVP (SEQ ID NO:42)); 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 localization signal sequences and sequences of 

protein tags are provided herein and are known in the art, and include, but are not limited to, 

biotin carboxylase carrier protein (BCCP) tags, myc-tags, calmodulin-tags, FLAG-tags (e.g., 

3xFLAG TAG: MDYKDHDGDYKDHDIDYKDDDDK (SEQ ID NO:43)), 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.  

[0086] In some embodiments, ligand-dependent site-specific enzymes (e.g., fusion 

proteins) are provided which comprise a Cas9 variant (e.g., dCas9), a ligand-dependent 

intein, and one or more other polypeptide domains having a particular enzymatic activity. In 

some embodiments, the fusion protein comprises a nuclease inactivated Cas9 domain (e.g., 

dCas9), wherein the dCas9 domain comprises an intein sequence inserted in place of or in 
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addition to any amino acid in dCas9. In some embodiments the inserted intein sequence 

replaces Cys80, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, 

Thr995, Ser1006, Ser 154, Ser 159, or Ser1274 of dCas9 (SEQ ID NO:5). In some 

embodiments, the inserted intein sequence replaces Ala127, Thr146, Ser219, Thr519, or 

Cys574 of dCas9 (SEQ ID NO:5). In some embodiments, the intein is inserted into another 

domain of the fusion protein (i.e., not in the Cas9 domain, e.g., not in the dCas9 domain), 

such as the domain having a particular enzymatic activity. In some embodiments, the domain 

having a particular enzymatic activity is a nuclease domain (e.g., FokI), a recombinase 

catalytic domain (e.g., Hin, Gin, or Tn3 recombinase domains), a nucleic acid-editing domain 

(e.g., a deaminase domain), a transcriptional activator domain (e.g., VP64, p65), a 

transcriptional repressor domain (e.g., KRAB, SID), or an epigenetic modifier (e.g., LSD1 

histone demethylase, TETI hydoxylase). The intein that is inserted into the fusion protein 

can be any ligand-dependent intein, e.g., those described herein. For example, in some 

embodiments, the intein that is inserted into a Cas9 protein comprises in part or in whole, a 

sequence that is at least 80%, at least 85%, at least 90%, at least 95%, at least 99%, or 100% 

percent identical to any one of SEQ ID NO:7-14.  

[0087] In some embodiments, the general architecture of exemplary fusion proteins 

provided herein comprises the structure: 

[NH 2] -[enzymatic domain] -[dCas9] -[COOH] or 

[NH 2]-[dCas9]-[enzymatic domain]-[COOH]; 

wherein NH 2 is the N-terminus of the fusion protein, COOH is the C-terminus of the fusion 

protein, dCas9 comprises an intein as provided herein, and the enzymatic domain comprises a 

nuclease domain (e.g., FokI), a recombinase catalytic domain (e.g., Hin, Gin, or Tn3 

recombinase domains), a nucleic acid-editing domain (e.g., a deaminase domain), a 

transcriptional activator domain (e.g., VP64, p65), a transcriptional repressor domain (e.g., 

KRAB, SID), or an epigenetic modifier (e.g., LSD1 histone demethylase, TETI hydoxylase).  

In some embodiments, the intein is comprised in a domain other than dCas9 (e.g., in an 

enzymatic domain), or is located between two domains.  

[0088] Additional features may be present, for example, one or more linker sequences 

between certain domains. Other exemplary features that may be present are localization 

sequences, such as nuclear localization sequences (NLS; e.g., MAPKKKRKVGIHRGVP 

(SEQ ID NO:42)); 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 localization signal 
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sequences and sequences of protein tags are provided herein and are known in the art, and 

include, but are not limited to, biotin carboxylase carrier protein (BCCP) tags, myc-tags, 

calmodulin-tags, FLAG-tags (e.g., 3xFLAG TAG: MDYKDHDGDYKDHDIDYKDDDDK 

(SEQ ID NO:43)), 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.  

[0089] In some embodiments, the enzymatic domain comprises a nuclease or a 

catalytic domain thereof. For example, in some embodiments, the general architecture of 

exemplary ligand-dependent dCas9 fusion proteins with a nuclease domain comprises the 

structure: 

[NH 2]-[NLS]-[dCas9]-[nuclease]-[COOH], 

[NH 2]-[NLS]-[nuclease]-[dCas9]-[COOH], 

[NH 2]-[dCas9]-[nuclease]-[COOH], or 

[NH2]-[nuclease]-[dCas9]-[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH 2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the nuclease 

domain. In some embodiments, a linker is inserted between the NLS and the nuclease and/or 

dCas9 domain. In some embodiments, the NLS is located C-terminal of the nuclease and/or 

the dCas9 domain. In some embodiments, the NLS is located between the nuclease and the 

dCas9 domain. Additional features, such as sequence tags, may also be present. In some 

aspects, the nuclease domain is a nuclease requiring dimerization (e.g., the coming together 

of two monomers of the nuclease) in order to cleave a target nucleic acid (e.g., DNA). In 

some embodiments, the nuclease domain is a monomer of the FokI DNA cleavage domain.  

The FokI DNA cleavage domain is known, and in some aspects corresponds to amino acids 

388-583 of FokI (NCBI accession number J04623). In some embodiments, the FokI DNA 

cleavage domain corresponds to amino acids 300-583, 320-583, 340-583, or 360-583 of FokI.  

See also Wah et al., "Structure of FokI has implications for DNA cleavage" Proc. Natl. Acad.  

Sci. USA. 1998; 1;95(18):10564-9; Li et al., "TAL nucleases (TALNs): hybrid proteins 

composed of TAL effectors and FokI DNA-cleavage domain" Nucleic Acids Res. 2011; 

39(1):359-72; Kim et al., "Hybrid restriction enzymes: zinc finger fusions to Fok I cleavage 

domain" Proc. Nat Acad. Sci. USA. 1996; 93:1156-1160; the entire contents of each are 
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herein incorporated by reference). In some embodiments, the FokI DNA cleavage domain 

corresponds to, or comprises in part or whole, the amino acid sequence set forth as SEQ ID 

NO:6. In some embodiments, the FokI DNA cleavage domain is a variant of FokI (e.g., a 

variant of SEQ ID NO:6), as described herein. Other exemplary compositions and methods 

of using dCas9-nuclease fusion proteins can be found in U.S. patent application U.S.S.N 

14/320,498; titled "Cas9-FokI fusion Proteins and Uses Thereof," filed June 30, 2014; the 

entire contents of which are incorporated herein by reference.  

[0090] In some embodiments, the enzymatic domain comprises a recombinase or 

other catalytic domain thereof. For example, in some embodiments, the general architecture 

of exemplary ligand-dependent dCas9 fusion proteins with a recombinase domain comprises 

the structure: 

[NH2]-[NLS]-[dCas9]-[recombinase]-[COOH], 

[NH 2]-[NLS]-[ recombinase]-[dCas9]-[COOH], 

[NH 2]-[dCas9]-[ recombinase]-[COOH], or 

[NH 2]-[ recombinase]-[dCas9]-[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH 2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the recombinase 

domain. In some embodiments, a linker is inserted between the NLS and the recombinase 

and/or dCas9 domain. In some embodiments, the NLS is located C-terminal of the 

recombinase domain and/or the dCas9 domain. In some embodiments, the NLS is located 

between the recombinase domain and the dCas9 domain. Additional features, such as 

sequence tags, may also be present. By "catalytic domain of a recombinase," it is meant that 

a fusion protein includes a domain comprising an amino acid sequence of (e.g., derived from) 

a recombinase, such that the domain is sufficient to induce recombination when contacted 

with a target nucleic acid (either alone or with additional factors including other recombinase 

catalytic domains which may or may not form part of the fusion protein). In some 

embodiments, a catalytic domain of a recombinase does not include the DNA binding domain 

of the recombinase. In some embodiments, the catalytic domain of a recombinase includes 

part or all of a recombinase, e.g., the catalytic domain may include a recombinase domain 

and a DNA binding domain, or parts thereof, or the catalytic domain may include a 

recombinase domain and a DNA binding domain that is mutated or truncated to abolish DNA 

binding activity. Recombinases and catalytic domains of recombinases are known to those of 

skill in the art, and include, for example, those described herein. In some embodiments, the 
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catalytic domain is derived from any recombinase. In some embodiments, the recombinase 

catalytic domain is a catalytic domain of aTn3 resolvase, a Hin recombinase, or a Gin 

recombinase. In some embodiments, the catalytic domain comprises a Tn3 resolvase (e.g., 

Stark Tn3 recombinase) that is encoded by a nucleotide sequence comprising, in part or in 

whole, SEQ ID NO:44, as provided below. In some embodiments, a Tn3 catalytic domain is 

encoded by a variant of SEQ ID NO:44. In some embodiments, a Tn3 catalytic domain is 

encoded by a polynucleotide (or a variant thereof) that encodes the polypeptide 

corresponding to SEQ ID NO:45. In some embodiments, the catalytic domain comprises a 

Hin recombinase that is encoded by a nucleotide sequence comprising, in part or in whole, 

SEQ ID NO:46, as provided below. In some embodiments, a Hin catalytic domain is 

encoded by a variant of SEQ ID NO:46. In some embodiments, a Hin catalytic domain is 

encoded by a polynucleotide (or a variant thereof) that encodes the polypeptide 

corresponding to SEQ ID NO:47. In some embodiments, the catalytic domain comprises a 

Gin recombinase (e.g., Gin beta recombinase) that is encoded by a nucleotide sequence 

comprising, in part or in whole, SEQ ID NO:48, as provided below. In some embodiments, a 

Gin catalytic domain is encoded by a variant of SEQ ID NO:48. In some embodiments, a 

Gin catalytic domain is encoded by a polynucleotide (or a variant thereof) that encodes the 

polypeptide corresponding to SEQ ID NO:49. Other exemplary compositions and methods 

of using dCas9-recombinase fusion proteins can be found in U.S. patent application U.S.S.N 

14/320,467; titled "Cas9 Variants and Uses Thereof," filed June 30, 2014; the entire contents 

of which are incorporated herein by reference.  

Stark Tn3 recombinase (nucleotide: SEQ ID NO:44; amino acid: SEQ ID NO:45): 

ATGGCCCTGTTTGGCTACGCACGCGTGTCTACCAGTCAACAGTCACTCGATTTGCAAGTGAGGGCTCTTAAAGAT 

GCCGGAGTGAAGGCAAACAGAATTTTTACTGATAAGGCCAGCGGAAGCAGCACAGACAGAGAGGGGCTGGATCTC 

CTGAGAATGAAGGTAAAGGAGGGTGATGTGATCTTGGTCAAAAAATTGGATCGACTGGGGAGAGACACAGCTGAT 

ATGCTTCAGCTTATTAAAGAGTTTGACGCTCAGGGTGTTGCCGTGAGGTTTATCGATGACGGCATCTCAACCGAC 

TCCTACATTGGTCTTATGTTTGTGACAATTTTGTCCGCTGTGGCTCAGGCTGAGCGGAGAAGGATTCTCGAAAGG 

ACGAATGAGGGACGGCAAGCAGCTAAGT TGAAAGGTATCAAAT T TGGCAGACGAAGG (SEQ ID NO:44) 

MALFGYARVSTSQQSLDLQVRALKDAGVKANRIFTDKASGSSTDREGLDLLRMKVKEGDVILVKKLDRLGRDTAD 

MLQLIKEFDAQGVAVRFIDDGISTDSYIGLMFVTILSAVAQAERRRILERTNEGRQAAKLKGIKFGRRR (SEQ 
ID NO:45) 

Hin Recombinase (nucleotide: SEQ ID NO:46; amino acid: SEQ ID NO:47): 

ATGGCAACCATTGGCTACATAAGGGTGTCTACCATCGACCAAAATATCGACCTGCAGCGCAACGCTCTGACATCC 

GCCAACTGCGATCGGATCTTCGAGGATAGGATCAGTGGCAAGATCGCCAACCGGCCCGGTCTGAAGCGGGCTCTG 

AAGTACGTGAATAAGGGCGATACTCTGGTTGTGTGGAAGTTGGATCGCTTGGGTAGATCAGTGAAGAATCTCGTA 

GCCCTGATAAGCGAGCTGCACGAGAGGGGTGCACATTTCCATTCTCTGACCGATTCCATCGATACGTCTAGCGCC 
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ATGGGCCGATTCTTCTTTTACGTCATGTCCGCCCTCGCTGAAATGGAGCGCGAACTTATTGTTGAACGGACTTTG 

GCTGGACTGGCAGCGGCTAGAGCACAGGGCCGACTTGGA (SEQ ID NO:46) 

MATIGYIRVSTIDQNIDLQRNALTSANCDRIFEDRISGKIANRPGLKRALKYVNKGDTLVVWKLDRLGRSVKNLV 

ALISELHERGAHFHSLTDSIDTSSAMGRFFFYVMSALAEMERELIVERTLAGLAAARAQGRLG (SEQ ID 
NO:47) 

Gin beta recombinase (nucleotide: SEQ ID NO:48; amino acid: SEQ ID NO:49): 

ATGCTCATTGGCTATGTAAGGGTCAGCACCAATGACCAAAACACAGACTTGCAACGCAATGCTTTGGTTTGCGCC 
GGATGTGAACAGATATTTGAAGATAAACTGAGCGGCACTCGGACAGACAGACCTGGGCTTAAGAGAGCACTGAAA 
AGACTGCAGAAGGGGGACACCCTGGTCGTCTGGAAACTGGATCGCCTCGGACGCAGCATGAAACATCTGATTAGC 
CTGGTTGGTGAGCTTAGGGAGAGAGGAATCAACTTCAGAAGCCTGACCGACTCCATCGACACCAGTAGCCCCATG 
GGACGATTCTTCTTCTATGTGATGGGAGCACTTGCTGAGATGGAAAGAGAGCTTATTATCGAAAGAACTATGGCT 

GGTATCGCTGCTGCCCGGAACAAAGGCAGACGGTTCGGCAGACCGCCGAAGAGCGGC (SEQ ID NO:48) 

MLIGYVRVSTNDQNTDLQRNALVCAGCEQIFEDKLSGTRTDRPGLKRALKRLQKGDTLVVWKLDRLGRSMKHLIS 

LVGELRERGINFRSLTDSIDTSSPMGRFFFYVMGALAEMERELIIERTMAGIAAARNKGRRFGRPPKSG (SEQ 
ID NO:49) 

[0091] In some embodiments, the enzymatic domain comprises a deaminase or a 

catalytic domain thereof. For example, in some embodiments, the general architecture of 

exemplary dCas9 fusion proteins with a deaminase enzyme or domain comprises the 

structure: 

[NH 2]-[NLS]-[Cas9]-[deaminase]-[COOH], 

[NH2]-[NLS]-[deaminase]-[Cas9]-[COOH], 

[NH 2]-[Cas9]-[deaminase]-[COOH], or 

[NH 2]-[deaminase]-[Cas9]-[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH 2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the deaminase 

domain. In some embodiments, a linker is inserted between the NLS and the deaminase 

and/or dCas9 domain. In some embodiments, the NLS is located C-terminal of the 

deaminase and/or the dCas9 domain. In some embodiments, the NLS is located between the 

deaminase domain and the dCas9 domain. Additional features, such as sequence tags, may 

also be present. One exemplary suitable type of nucleic acid-editing enzymes and domains 

are cytosine deaminases, for example, of the apolipoprotein B mRNA-editing complex 

(APOBEC) family of cytosine deaminase enzymes, including activation-induced cytidine 

deaminase (AID) and apolipoprotein B editing complex 3 (APOBEC3) enzyme. Another 

exemplary suitable type of nucleic acid-editing enzyme and domain thereof suitable for use in 

the present invention include adenosine deaminases. For example, an ADAT family 
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adenosine deaminase can be fused to a dCas9 domain comprising an intein. Some exemplary 

suitable nucleic-acid editing enzymes and domains, e.g., deaminases and deaminase domains, 

that can be fused to dCas9 domains comprising inteins according to aspects of this disclosure 

are provided below. It will be understood that, in some embodiments, the active domain of 

the respective sequence can be used, e.g., the domain without a localizing signal (nuclear 

localizing signal, without nuclear export signal, cytoplasmic localizing signal). Other 

exemplary compositions and methods of using dCas9-nuclease fusion proteins can be found 

in U.S. patent application U.S.S.N 14/325,815; titled "Fusions of Cas9 Domains and Nucleic 

Acid-Editing Domains," filed July 8, 2014; the entire contents of which are incorporated 

herein by reference.  

Human AID: 

MDSLLMNRRKFLYQFKNVRWAKGRRETYLCYVVKRRDSATSFSLDFGYLRNKNGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVADFLRGNPNLSLRIFTARLYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNT 

FVENHERTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO:50) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Mouse AID: 

MDSLLMKQKKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSCSLDFGHLRNKSGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVAEFLRWNPNLSLRIFTARLYFCEDRKAEPEGLRRLHRAGVQIGIMTFKDYFYCWNT 

FVENRERTFKAWEGLHENSVRLTRQLRRILLPLYEVDDLRDAFRMLGF (SEQ ID NO:51) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Dog AID: 

MDSLLMKQRKFLYHFKNVRWAKGRHETYLCYVVKRRDSATSFSLDFGHLRNKSGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFAARLYFCEDRKAEPEGLRRLHRAGVQIAIMTFKDYFYCWNT 

FVENREKTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO:52) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Bovine AID: 

MDSLLKKQRQFLYQFKNVRWAKGRHETYLCYVVKRRDSPTSFSLDFGHLRNKAGCHVELLFLRYISDWDLDPGRC 

YRVTWFTSWSPCYDCARHVADFLRGYPNLSLRIFTARLYFCDKERKAEPEGLRRLHRAGVQIAIMTFKDYFYCWN 

TFVENHERTFKAWEGLHENSVRLSRQLRRILLPLYEVDDLRDAFRTLGL (SEQ ID NO:53) 
(underline: nuclear localization signal; double underline: nuclear export signal) 

Mouse APOBEC-3: 

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLGYAKGRKDTFLCYEVTRKDCDSPVSLHHGVFKNKDNIHAEIC 

FLYWFHDKVLKVLSPREEFKITWYMSWSPCFECAEQIVRFLATHHNLSLDIFSSRLYNVQDPETQQNLCRLVQEG 

AQVAAMDLYEFKKCWKKFVDNGGRRFRPWKRLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETR 

FCVEGRRMDPLSEEEFYSQFYNQRVKHLCYYHRMKPYLCYQLEQFNGQAPLKGCLLSEKGKQHAEILFLDKIRSM 

177



WO 2016/022363 PCT/US2015/042770 

ELSQVTITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHWKRPFQKGLCSLWQSGILVDVMDLPQFTDC 

WTNFVNPKRPFWPWKGLEIISRRTQRRLRRIKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO:54) 
(underline: nucleic acid editing domain) 

Rat APOBEC-3: 

MGPFCLGCSHRKCYSPIRNLISQETFKFHFKNLRYAIDRKDTFLCYEVTRKDCDSPVSLHHGVFKNKDNIHAEIC 

FLYWFHDKVLKVLSPREEFKITWYMSWSPCFECAEQVLRFLATHHNLSLDIFSSRLYNIRDPENQQNLCRLVQEG 

AQVAAMDLYEFKKCWKKFVDNGGRRFRPWKKLLTNFRYQDSKLQEILRPCYIPVPSSSSSTLSNICLTKGLPETR 

FCVERRRVHLLSEEEFYSQFYNQRVKHLCYYHGVKPYLCYQLEQFNGQAPLKGCLLSEKGKQHAEILFLDKIRSM 

ELSQVIITCYLTWSPCPNCAWQLAAFKRDRPDLILHIYTSRLYFHWKRPFQKGLCSLWQSGILVDVMDLPQFTDC 

WTNFVNPKRPFWPWKGLEIISRRTQRRLHRIKESWGLQDLVNDFGNLQLGPPMS (SEQ ID NO:55) 
(underline: nucleic acid editing domain) 

Rhesus macaque APOBEC-3G: 

MVEPMDPRTFVSNFNNRPILSGLNTVWLCCEVKTKDPSGPPLDAKIFQGKVYSKAKYHPEMRFLRWFHKWRQLHH 
DQEYKVTWYVSWSPCTRCANSVATFLAKDPKVTLT IFVARLYYFWKPDYQQALRI LCQKRGGPHATMKIMNYNEF 

QDCWNKFVDGRGKPFKPRNNLPKHYTLLQATLGELLRHLMDPGTFTSNFNNKPWVSGQHETYLCYKVERLHNDTW 

VPLNQHRGFLRNQAPNIHGFPKGRHAELCFLDLIPFWKLDGQQYRVTCFTSWSPCFSCAQEMAKFI SNNEHVSLC 

IFAARIYDDQGRYQEGLRALHRDGAKIAMMNYSEFEYCWDTFVDRQGRPFQPWDGLDEHSQALSGRLRAI 

(SEQ ID NO:56) 
(bold italic: nucleic acid editing domain; underline: cytoplasmic localization signal) 

Chimpanzee APOBEC-3G: 

MKPHFRNPVERMYQDTFSDNFYNRPILSHRNTVWLCYEVKTKGPSRPPLDAKIFRGQVYSKLKYHPEMRFFHWFS 

KWRKLHRDQEYEVTWYISWSPCTKCTRDVATFLAEDPKVTLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMK 

IMNYDEFQHCWSKFVYSQRELFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTSNFNNELWVRGRHETYLCYEVE 

RLHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLHQDYRVTCFTSWSPCFSCAQEMAKFIS 

NNKHVSLCIFAARIYDDQGRCQEGLRTLAKAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLEEHSQALSGRL 

RAILQNQGN (SEQ ID NO:57) 
(underline: nucleic acid editing domain; double underline: cytoplasmic localization signal) 

Green monkey APOBEC-3G: 

MNPQIRNMVEQMEPDIFVYYFNNRPILSGRNTVWLCYEVKTKDPSGPPLDANIFQGKLYPEAKDHPEMKFLHWFR 

KWRQLHRDQEYEVTWYVSWSPCTRCANSVATFLAEDPKVTLTIFVARLYYFWKPDYQQALRILCQERGGPHATMK 

IMNYNEFQHCWNEFVDGQGKPFKPRKNLPKHYTLLHATLGELLRHVMDPGTFTSNFNNKPWVSGQRETYLCYKVE 

RSHNDTWVLLNQHRGFLRNQAPDRHGFPKGRHAELCFLDLIPFWKLDDQQYRVTCFTSWSPCFSCAQKMAKFISN 

NKHVSLCIFAARIYDDQGRCQEGLRTLHRDGAKIAVMNYSEFEYCWDTFVDRQGRPFQPWDGLDEHSQALSGRLR 

A1 (SEQ ID NO:58) 
(underline: nucleic acid editing domain; double underline: cytoplasmic localization signal) 
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Human APOBEC-3G: 

MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPPLDAKIFRGQVYSELKYHPEMRFFHWFS 

KWRKLHRDQEYEVTWYISWSPCTKCTRDMATFLAEDPKVTLTIFVARLYYFWDPDYQEALRSLCQKRDGPRATMK 

IMNYDEFQHCWSKFVYSQRELFEPWNNLPKYYILLHIMLGEILRHSMDPPTFTFNFNNEPWVRGRHETYLCYEVE 

RMHNDTWVLLNQRRGFLCNQAPHKHGFLEGRHAELCFLDVIPFWKLDLDQDYRVTCFTSWSPCFSCAQEMAKFIS 

KNKHVSLCIFTARIYDDQGRCQEGLRTLAEAGAKISIMTYSEFKHCWDTFVDHQGCPFQPWDGLDEHSQDLSGRL 

RAILQNQEN (SEQ ID NO:59) 
(underline: nucleic acid editing domain; double underline: cytoplasmic localization signal) 

Human APOBEC-3F: 

MKPHFRNTVERMYRDTFSYNFYNRPILSRRNTVWLCYEVKTKGPSRPRLDAKIFRGQVYSQPEHHAEMCFLSWFC 

GNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLAEHPNVTLTISAARLYYYWERDYRRALCRLSQAGARVKIMDDE 

EFAYCWENFVYSEGQPFMPWYKFDDNYAFLHRTLKEILRNPMEAMYPHIFYFHFKNLRKAYGRNESWLCFTMEVV 

KHHSPVSWKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNTNYEVTWYTSWSPCPECAGEVAEFLARHSNVNLT 

IFTARLYYFWDTDYQEGLRSLSQEGASVEIMGYKDFKYCWENFVYNDDEPFKPWKGLKYNFLFLDSKLQEILE 

(SEQ ID NO:60) 
(underline: nucleic acid editing domain) 

Human APOBEC-3B: 

MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFRGQVYFKPQYHAEMCFLSWF 

CGNQLPAYKCFQITWFVSWTPCPDCVAKLAEFLSEHPNVTLTISAARLYYYWERDYRRALCRLSQAGARVTIMDY 

EEFAYCWENFVYNEGQQFMPWYKFDENYAFLHRTLKEILRYLMDPDTFTFNFNNDPLVLRRRQTYLCYEVERLDN 

GTWVLMDQHMGFLCNEAKNLLCGFYGRHAELRFLDLVPSLQLDPAQIYRVTWFISWSPCFSWGCAGEVRAFLQEN 

THVRLRIFAARIYDYDPLYKEALQMLRDAGAQVSIMTYDEFEYCWDTFVYRQGCPFQPWDGLEEHSQALSGRLRA 

ILQNQGN (SEQ ID NO:61) 
(underline: nucleic acid editing domain) 

Human APOBEC-3C: 

MNPQIRNPMKAMYPGTFYFQFKNLWEANDRNETWLCFTVEGIKRRSVVSWKTGVFRNQVDSETHCHAERCFLSWF 

CDDILSPNTKYQVTWYTSWSPCPDCAGEVAEFLARHSNVNLTIFTARLYYFQYPCYQEGLRSLSQEGVAVEIMDY 

EDFKYCWENFVYNDNEPFKPWKGLKTNFRLLKRRLRESLQ (SEQ ID NO:62) 
(underline: nucleic acid editing domain) 

Human APOBEC-3A: 

MEASPASGPRHLMDPHIFTSNFNNGIGRHKTYLCYEVERLDNGTSVKMDQHRGFLHNQAKNLLCGFYGRHAELRF 

LDLVPSLQLDPAQIYRVTWFISWSPCFSWGCAGEVRAFLQENTHVRLRIFAARIYDYDPLYKEALQMLRDAGAQV 

SIMTYDEFKHCWDTFVDHQGCPFQPWDGLDEHSQALSGRLRAILQNQGN (SEQ ID NO:63) 
(underline: nucleic acid editing domain) 

Human APOBEC-3H: 

MALLTAETFRLQFNNKRRLRRPYYPRKALLCYQLTPQNGSTPTRGYFENKKKCHAEICFINEIKSMGLDETQCYQ 

VTCYLTWSPCSSCAWELVDFIKAHDHLNLGIFASRLYYHWCKPQQKGLRLLCGSQVPVEVMGFPKFADCWENFVD 

HEKPLSFNPYKMLEELDKNSRAIKRRLERIKIPGVRAQGRYMDILCDAEV (SEQ ID NO:64) 
(underline: nucleic acid editing domain) 
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Human APOBEC-3D: 

MNPQIRNPMERMYRDTFYDNFENEPILYGRSYTWLCYEVKIKRGRSNLLWDTGVFRGPVLPKRQSNHRQEVYFRF 

ENHAEMCFLSWFCGNRLPANRRFQITWFVSWNPCLPCVVKVTKFLAEHPNVTLTISAARLYYYRDRDWRWVLLRL 

HKAGARVKIMDYEDFAYCWENFVCNEGQPFMPWYKFDDNYASLHRTLKEILRNPMEAMYPHIFYFHFKNLLKACG 

RNESWLCFTMEVTKHHSAVFRKRGVFRNQVDPETHCHAERCFLSWFCDDILSPNTNYEVTWYTSWSPCPECAGEV 

AEFLARHSNVNLTIFTARLCYFWDTDYQEGLCSLSQEGASVKIMGYKDFVSCWKNFVYSDDEPFKPWKGLQTNFR 

LLKRRLREILQ (SEQ ID NO:65) 
(underline: nucleic acid editing domain) 

Human APOBEC-1: 

MTSEKGPSTGDPTLRRRIEPWEFDVFYDPRELRKEACLLYEIKWGMSRKIWRSSGKNTTNHVEVNFIKKFTSERD 

FHPSMSCSITWFLSWSPCWECSQAIREFLSRHPGVTLVIYVARLFWHMDQQNRQGLRDLVNSGVTIQIMRASEYY 

HCWRNFVNYPPGDEAHWPQYPPLWMMLYALELHCIILSLPPCLKISRRWQNHLTFFRLHLQNCHYQTIPPHILLA 

TGLIHPSVAWR (SEQ ID NO:66) 

Mouse APOBEC-1: 

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSVWRHTSQNTSNHVEVNFLEKFTTERY 

FRPNTRCSITWFLSWSPCGECSRAITEFLSRHPYVTLFIYIARLYHHTDQRNRQGLRDLISSGVTIQIMTEQEYC 

YCWRNFVNYPPSNEAYWPRYPHLWVKLYVLELYCIILGLPPCLKILRRKQPQLTFFTITLQTCHYQRIPPHLLWA 

TGLK (SEQ ID NO:67) 

Rat APOBEC-1: 

MSSETGPVAVDPTLRRRIEPHEFEVFFDPRELRKETCLLYEINWGGRHSIWRHTSQNTNKHVEVNFIEKFTTERY 

FCPNTRCSITWFLSWSPCGECSRAITEFLSRYPHVTLFIYIARLYHHADPRNRQGLRDLISSGVTIQIMTEQESG 

YCWRNFVNYSPSNEAHWPRYPHLWVRLYVLELYCIILGLPPCLNILRRKQPQLTFFTIALQSCHYQRLPPHILWA 

TGLK (SEQ ID NO:68) 

Human ADAT-2: 

MEAKAAPKPAASGACSVSAEETEKWMEEAMHMAKEALENTEVPVGCLMVYNNEVVGKGRNEVNQTKNATRHAEMV 
AIDQVLDWCRQSGKSPSEVFEHTVLYVTVEPCIMCAAALRLMKIPLVVYGCQNERFGGCGSVLNIASADLPNTGR 

PFQCIPGYRAEEAVEMLKTFYKQENPNAPKSKVRKKECQKS (SEQ ID NO:69) 

Mouse ADAT-2: 

MEEKVESTTTPDGPCVVSVQETEKWMEEAMRMAKEALENIEVPVGCLMVYNNEVVGKGRNEVNQTKNATRHAEMV 

AIDQVLDWCHQHGQSPSTVFEHTVLYVTVEPCIMCAAALRLMKIPLVVYGCQNERFGGCGSVLNIASADLPNTGR 

PFQCIPGYRAEEAVELLKTFYKQENPNAPKSKVRKKDCQKS (SEQ ID NO:70) 

Mouse ADAT-1: 

MWTADEIAQLCYAHYNVRLPKQGKPEPNREWTLLAAVVKIQASANQACDIPEKEVQVTKEVVSMGTGTKCIGQSK 

MRESGDILNDSHAEI IARRSFQRYLLHQLHLAAVLKEDSIFVPGTQRGLWRLRPDLSFVFFSSHTPCGDASI IPM 

LEFEEQPCCPVIRSWANNSPVQETENLEDSKDKRNCEDPASPVAKKMRLGTPARSLSNCVAHHGTQESGPVKPDV 

SSSDLTKEEPDAANGIASGSFRVVDVYRTGAKCVPGETGDLREPGAAYHQVGLLRVKPGRGDRTCSMSCSDKMAR 

WNVLGCQGALLMHFLEKPIYLSAVVIGKCPYSQEAMRRALTGRCEETLVLPRGFGVQELEIQQSGLLFEQSRCAV 

HRKRGDSPGRLVPCGAAISWSAVPQQPLDVTANGFPQGTTKKEIGSPRARSRISKVELFRSFQKLLSS IADDEQP 

DSIRVTKKLDTYQEYKDAASAYQEAWGALRRIQPFASWIRNPPDYHQFK (SEQ ID NO:71) (underline: 
nucleic acid editing domain) 
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Human ADAT-1: 

MWTADE IAQLCYEHYGIRLPKKGKPEPNHEWTLLAAVVKIQSPADKACDTPDKPVQVTKEVVSMGTGTKCIGQSK 

MRKNGDILNDSHAEVIARRSFQRYLLHQLQLAATLKEDSIFVPGTQKGVWKLRRDLIFVFFSSHTPCGDASIIPM 

LEFEDQPCCPVFRNWAHNSSVEASSNLEAPGNERKCEDPDSPVTKKMRLEPGTAAREVTNGAAHHQSFGKQKSGP 

ISPGIHSCDLTVEGLATVTRIAPGSAKVIDVYRTGAKCVPGEAGDSGKPGAAFHQVGLLRVKPGRGDRTRSMSCS 

DKMARWNVLGCQGALLMHLLEEPIYLSAVVIGKCPYSQEAMQRALIGRCQNVSALPKGFGVQELKILQSDLLFEQ 

SRSAVQAKRADSPGRLVPCGAAISWSAVPEQPLDVTANGFPQGTTKKTIGSLQARSQISKVELFRSFQKLLSRIA 

RDKWPHSLRVQKLDTYQEYKEAASSYQEAWSTLRKQVFGSWIRNPPDYHQFK (SEQ ID NO:72) 
(underline: nucleic acid editing domain) 

[0092] In some embodiments, the enzymatic domain comprises one or more of a 

transcriptional activator. For example, in some embodiments, the general architecture of 

exemplary dCas9 fusion proteins with a transcriptional activator domain comprises the 

structure: 

[NH 2] -[NLS] - [Cas9] -[(transcriptional activator)]- [COOH], 

[NH 2]-[NLS]-[ (transcriptional activator)]- [Cas9] - -[COOH], 

[NH 2]-[Cas9]-[ (transcriptional activator)]- [COOH], or 

[NH 2 ]-[ (transcriptional activator)] -[Cas9] -[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH 2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, the fusion proteins comprises one or more repeats of the 

transcriptional activator, for example wherein n = 1-10 (e.g., n is 1, 2, 3, 4, 5, 6, 7, 8, 9, or 

10). In some embodiments, n = 1-20. In some embodiments, a linker is inserted between the 

dCas9 and the transcriptional activator domain. In some embodiments, a linker is inserted 

between the NLS and the transcriptional activator and/or dCas9 domain. In some 

embodiments, the NLS is located C-terminal of the transcriptional activator and/or the dCas9 

domain. In some embodiments, the NLS is located between the transcriptional activator 

domain and the dCas9 domain. Additional features, such as sequence tags, may also be 

present. In some embodiments, the transcriptional activator is selected from the group 

consisting of VP64, (SEQ ID NO:73), VP16 (SEQ ID NO:74), and p65 (SEQ ID NO:75).  

VP64 

GSGRADALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLGSDALDDFDLDMLIN (SEQID 
NO:73) 

VP16 

APPTDVSLGDELHLDGEDVAMAHADALDDFDLDMLGDGDSPGPGFTPHDSAPYGALDMADFEFEQMFT 

DALGIDEYGGEFPGIRR (SEQ ID NO:74) 
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p65: 

PSGQISNQALALAPSSAPVLAQTMVPSSAMVPLAQPPAPAPVLTPGPPQSLSAPVPKSTQAGEGTLSE 

ALLHLQFDADEDLGALLGNSTDPGVFTDLASVDNSEFQQLLNQGVSMSHSTAEPMLMEYPEAITRLVT 

GSQRPPDPAPTPLGTSGLPNGLSGDEDFSSIADMDFSALLSQISSSGQ (SEQ ID NO:75) 

[0093] In some embodiments, the enzymatic domain comprises one or more of a 

transcriptional repressor. For example, in some embodiments, the general architecture of 

exemplary dCas9 fusion proteins with a transcriptional repressor domain comprises the 

structure: 

[NH 2] -[NLS] -[Cas9] -[(transcriptional repressor)]- [COOH], 

[NH 2]-[NLS]-[ (transcriptional repressor)]- [Cas9] - -[COOH], 

[NH 2]-[Cas9]-[ (transcriptional repressor)n] -[COOH], or 

[NH 2 ]-[ (transcriptional repressor)n]- [Cas9] - [COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH 2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, the fusion proteins comprises one or more repeats of the 

transcriptional repressor, for example wherein n = 1-10 (e.g., n is 1, 2, 3, 4, 5, 6, 7, 8, 9, or 

10). In some embodiments, n = 1-20. In some embodiments, a linker is inserted between the 

dCas9 and the transcriptional repressor domain. In some embodiments, a linker is inserted 

between the NLS and the transcriptional repressor and/or dCas9 domain. In some 

embodiments, the NLS is located C-terminal of the transcriptional repressor and/or the dCas9 

domain. In some embodiments, the NLS is located between the transcriptional repressor 

domain and the dCas9 domain. Additional features, such as sequence tags, may also be 

present. In some embodiments, the transcriptional repressor is selected from the group 

consisting of the KRAB (Kriippel associated box) domain of KoxI, SID (mSin3 interaction 

domain), the CS (Chromo Shadow) domain of HPla, or the WRPW domain of HesI. These 

and other repressor domains are known in the art, and in some embodiments correspond to 

those described in Urrutia, KRAB-containing zinc-finger repressor proteins. Genome Biol.  

2003;4(10):231; Gilbert et al. CRISPR-mediated modular RNA-guided regulation of 

transcription in eukaryotes. Cell. 2013; 154, 442-45 1; Konermann et al., Optical control of 

mammalian endogenous transcription and epigenetic states. Nature. 2013; 500, 472-476; and 

published U.S. patent application U.S.S.N. 14/105,017, published as U.S. 2014/0186958 Al, 

the entire contents of which are incorporated herein by reference. In some embodiments, the 

transcription repressor domain comprises one or more repeats (e.g., 2, 3, 4, 5, 6, 7, 8, 9, or 10 
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repeats) of a KRAB domain. In some embodiments, the KRAB domain comprises an amino 

acid sequence selected from the group consisting of SEQ ID NOs:76-79. In some 

embodiments, the transcriptional repressor domains comprises one or more repeats of a SID 

protein. In some embodiments, the SID protein comprises an amino acid sequence set forth 

as SEQ ID NO:80. In some embodiments, the repressor domain comprises 2, 3, 4, 5, 6, 7, 8, 

9, or 10 repeats of a SID protein (e.g., SEQ ID NO:80). In some embodiments, the repressor 

domain comprises four repeats of SID (e.g., SID4x; SEQ ID NO:8 1).  

KRAB (human; GenBank: AAD20972.1) 

MNMFKEAVTFKDVAVAFTEEELGLLGPAQRKLYRDVMVENFRNLLSVGHPPFKQDVSPIERNEQLWIM 

TTATRRQGNLDTLPVKALLLYDLAQT (SEQ ID NO:76) 

KRAB protein domain, partial (human; GenBank: CAB52478. 1): 

EQVSFKDVCVDFTQEEWYLLDPAQKILYRDVILENYSNLVSVGYCITKPEVIFKIEQGEEPWILEKGF 

PSQCHP (SEQ ID NO:77) 

KRAB A domain, partial (human; GenBank: AAB03530.1): 

EAVTFKDVAVVFTEEELGLLDPAQRKLYRDVMLENFRNLLSV (SEQ ID NO:78) 

KRAB (mouse; C2H2 type domain containing protein; GenBank: CAM27971.1): 

MDLVTYDDVHVNFTQDEWALLDPSQKSLYKGVMLETYKNLTAIGYIWEEHTIEDHFQTSRSHGSNKKT 

H (SEQ ID NO:79) 

SID repressor domain: 

GSGMNIQMLLEAADYLERREREAEHGYASMLP (SEQ ID NO:80) 

SID4x repressor domain: 

GSGMNIQMLLEAADYLERREREAEHGYASMLPGSGMNIQMLLEAADYLERREREAEHGYASMLPGSGM 

NIQMLLEAADYLERREREAEHGYASMLPGSGMNIQMLLEAADYLERREREAEHGYASMLPSR(SEQ 

ID NO:81) 

[0094] In some embodiments, the enzymatic domain comprises an epigenetic 

modifier or a catalytic domain thereof. For example, in some embodiments, the general 

architecture of exemplary dCas9 fusion proteins with an epigenetic modifier or domain 

comprises the structure: 

[NH 2]-[NLS]-[Cas9]-[ epigenetic modifier] - [COOH], 
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[NH 2]-[NLS]-[ epigenetic modifier] - [Cas9] -[COOH], 

[NH2]-[Cas9]-[ epigenetic modifier] -[COOH], or 

[NH 2]-[ epigenetic modifier] -[Cas9] -[COOH]; 

wherein NLS is a nuclear localization signal, dCas9 comprises an intein as provided herein, 

NH 2 is the N-terminus of the fusion protein, and COOH is the C-terminus of the fusion 

protein. In some embodiments, a linker is inserted between the dCas9 and the epigenetic 

modifier domain. In some embodiments, a linker is inserted between the NLS and the 

epigenetic modifier and/or dCas9 domain. In some embodiments, the NLS is located C

terminal of the epigenetic modifier and/or the dCas9 domain. In some embodiments, the 

NLS is located between the epigenetic modifier domain and the dCas9 domain. Additional 

features, such as sequence tags, may also be present. Epigenetic modifiers are well known in 

the art, and typically catalyze DNA methylation (and demethylation) or histone modifications 

(e.g., histone methylation/demethylation, acetylation/deacetylation, ubiquitylation, 

phosphorylation, sumoylation, etc.). The presence of one more epigenetic modifications can 

affect the transcriptional activity of one or more genes, for example turning genes from an 

"on" state to an "off' state, and vice versa. Epigenetic modifiers include, but are not limited 

to, histone demethylase, histone methyltransferase, hydroxylase, histone deacetylase, and 

histone acetyltransferase. Exemplary epigenetic modifying proteins can be found in 

Konermann et al., Optical control of mammalian endogenous transcription and epigenetic 

states. Nature. 2013; 500, 472-476; Mendenhall et al., Locus-specific editing of histone 

modifications at endogenous enhancers. Nat. Biotechnol. 2013; 31, 1133-1136; and Maeder 

et al., Targeted DNA demethylation and activation of endogenous genes using programmable 

TALE-TETI fusion proteins. Nat. Biotechnol. 2013; 31, 1137-1142; the entire contents of 

each are incorporated herein by reference. In some embodiments, the epigenetic modifier 

domain is LSD1 (Lysine (K)-specific demethylase 1A) histone demethylase, which in some 

embodiments, comprises in whole or in part, an amino acid sequence set forth as SEQ ID 

NO:82 or SEQ ID NO:83. In some embodiments, the epigenetic modifier domain is TETI 

hydroxylase catalytic domain, which in some embodiments, comprises an amino acid 

sequence set forth as SEQ ID NO:84. In some embodiments, the epigenetic modifier is a 

histone deacetylase (HDAC) effector domain. In some embodiments, the HDAC effector 

domain comprises in whole in in part, an amino acid sequence corresponding to any of the 

HDAC effector proteins provided in Supplementary Table 2 of Konermann et al., Optical 

control of mammalian endogenous transcription and epigenetic states. Nature. 2013; 500, 

472-476; SEQ ID NOs:85-96. In some embodiments, the epigenetic modifier is a histone 
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methyltransferase (HMT) effector domain. In some embodiments, the HMT effector domain 

comprises in whole in in part, an amino acid sequence corresponding to any of the HDAC 

effector proteins provided in Supplementary Table 3 of Konermann et al., Optical control of 

mammalian endogenous transcription and epigenetic states. Nature. 2013; 500, 472-476; 

SEQ ID NOs:97-106.  

LSD1, isoform a (human): 
MLSGKKAAAAAAAAAAAATGTEAGPGTAGGSENGSEVAAQPAGLSGPAEVGPGAVGERTPRKKEPPRA 

SPPGGLAEPPGSAGPQAGPTVVPGSATPMETGIAETPEGRRTSRRKRAKVEYREMDESLANLSEDEYY 

SEEERNAKAEKEKKLPPPPPQAPPEEENESEPEEPSGQAGGLQDDSSGGYGDGQASGVEGAAFQSRLP 

HDRMTSQEAACFPDIISGPQQTQKVFLFIRNRTLQLWLDNPKIQLTFEATLQQLEAPYNSDTVLVHRV 

HSYLERHGLINFGIYKRIKPLPTKKTGKVIIIGSGVSGLAAARQLQSFGMDVTLLEARDRVGGRVATF 

RKGNYVADLGAMVVTGLGGNPMAVVSKQVNMELAKIKQKCPLYEANGQADTVKVPKEKDEMVEQEFNR 

LLEATSYLSHQLDFNVLNNKPVSLGQALEVVIQLQEKHVKDEQIEHWKKIVKTQEELKELLNKMVNLK 

EKIKELHQQYKEASEVKPPRDITAEFLVKSKHRDLTALCKEYDELAETQGKLEEKLQELEANPPSDVY 

LSSRDRQILDWHFANLEFANATPLSTLSLKHWDQDDDFEFTGSHLTVRNGYSCVPVALAEGLDIKLNT 

AVRQVRYTASGCEVIAVNTRSTSQTFIYKCDAVLCTLPLGVLKQQPPAVQFVPPLPEWKTSAVQRMGF 

GNLNKVVLCFDRVFWDPSVNLFGHVGSTTASRGELFLFWNLYKAPILLALVAGEAAGIMENISDDVIV 

GRCLAILKGIFGSSAVPQPKETVVSRWRADPWARGSYSYVAAGSSGNDYDLMAQPITPGPSIPGAPQP 

IPRLFFAGEHTIRNYPATVHGALLSGLREAGRIADQFLGAMYTLPRQATPGVPAQQSPSM (SEQ ID 
NO:X) 

LSD1, isoform b (human): 
MLSGKKAAAAAAAAAAAATGTEAGPGTAGGSENGSEVAAQPAGLSGPAEVGPGAVGERTPRKKEPPRA 

SPPGGLAEPPGSAGPQAGPTVVPGSATPMETGIAETPEGRRTSRRKRAKVEYREMDESLANLSEDEYY 

SEEERNAKAEKEKKLPPPPPQAPPEEENESEPEEPSGVEGAAFQSRLPHDRMTSQEAACFPDIISGPQ 

QTQKVFLFIRNRTLQLWLDNPKIQLTFEATLQQLEAPYNSDTVLVHRVHSYLERHGLINFGIYKRIKP 

LPTKKTGKVIIIGSGVSGLAAARQLQSFGMDVTLLEARDRVGGRVATFRKGNYVADLGAMVVTGLGGN 

PMAVVSKQVNMELAKIKQKCPLYEANGQAVPKEKDEMVEQEFNRLLEATSYLSHQLDFNVLNNKPVSL 

GQALEVVIQLQEKHVKDEQIEHWKKIVKTQEELKELLNKMVNLKEKIKELHQQYKEASEVKPPRDITA 

EFLVKSKHRDLTALCKEYDELAETQGKLEEKLQELEANPPSDVYLSSRDRQILDWHFANLEFANATPL 

STLSLKHWDQDDDFEFTGSHLTVRNGYSCVPVALAEGLDIKLNTAVRQVRYTASGCEVIAVNTRSTSQ 

TFIYKCDAVLCTLPLGVLKQQPPAVQFVPPLPEWKTSAVQRMGFGNLNKVVLCFDRVFWDPSVNLFGH 

VGSTTASRGELFLFWNLYKAPILLALVAGEAAGIMENISDDVIVGRCLAILKGIFGSSAVPQPKETVV 

SRWRADPWARGSYSYVAAGSSGNDYDLMAQPITPGPSIPGAPQPIPRLFFAGEHTIRNYPATVHGALL 

SGLREAGRIADQFLGAMYTLPRQATPGVPAQQSPSM (SEQ ID NO:X) 

TETI catalytic domain: 
SIVAQLSRPDPALAALTNDHLVALACLGGRPALDAVKKGLPHAPALIKRTNRRIPERTSHRVADHAQV 

VRVLGFFQCHSHPAQAFDDAMTQFGMSGGGSLPTCSCLDRVIQKDKGPYYTHLGAGPSVAAVREIMEN 

RYGQKGNAIRIEIVVYTGKEGKSSHGCPIAKWVLRRSSDEEKVLCLVRQRTGHHCPTAVMVVLIMVWD 

GIPLPMADRLYTELTENLKSYNGHPTDRRCTLNENRTCTCQGIDPETCGASFSFGCSWSMYFNGCKFG 

RSPSPRRFRIDPSSPLHEKNLEDNLQSLATRLAPIYKQYAPVAYQNQVEYENVARECRLGSKEGRPFS 

GVTACLDFCAHPHRDIHNMNNGSTVVCTLTREDNRSLGVIPQDEQLHVLPLYKLSDTDEFGSKEGMEA 

KIKSGAIEVLAPRRKKRTCFTQPVPRSGKKRAAMMTEVLAHKIRAVEKKPIPRIKRKNNSTTTNNSKP 

SSLPTLGSNTETVQPEVKSETEPHFILKSSDNTKTYSLMPSAPHPVKEASPGFSWSPKTASATPAPLK 

NDATASCGFSERSSTPHCTMPSGRLSGANAAAADGPGISQLGEVAPLPTLSAPVMEPLINSEPSTGVT 

EPLTPHQPNHQPSFLTSPQDLASSPMEEDEQHSEADEPPSDEPLSDDPLSPAEEKLPHIDEYWSDSEH 

IFLDANIGGVAIAPAHGSVLIECARRELHATTPVEHPNRNHPTRLSLVFYQHKNLNKPQHGFELNKIK 
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FEAKEAKNKKMKASEQKDQAANEGPEQSSEVNELNQIPSHKALTLTHDNVVTVSPYALTHVAGPYNHW 

V (SEQ ID NO:X) 

HDAC effector domains: 

HDAC8 (X. laevis): 
ASSPKKKRKVEASMSRVVKPKVASMEEMAAFHTDAYLQHLHKVSEEGDNDDPETLEYGLGYDCPITEG 

IYDYAAAVGGATLTAAEQLIEGKTRIAVNWPGGWHHAKKDEASGFCYLNDAVLGILKLREKFDRVLYV 

DMDLHHGDGVEDAFSFTSKVMTVSLHKFSPGFFPGTGDVSDIGLGKGRYYSINVPLQDGIQDDKYYQI 

CEGVLKEVFTTFNPEAVVLQLGADTIAGDPMCSFNMTPEGIGKCLKYVLQWQLPTLILGGGGYHLPNT 

ARCWTYLTALIVGRTLSSEIPDHEFFTEYGPDYVLEITPSCRPDRNDTQKVQEILQSIKGNLKRVVEF 

(SEQ ID NO:85) 

RPD3 (S. cerevisiae): 
ASSPKKKRKVEASRRVAYFYDADVGNYAYGAGHPMKPHRIRMAHSLIMNYGLYKKMEIYRAKPATKQE 

MCQFHTDEYIDFLSRVTPDNLEMFKRESVKFNVGDDCPVFDGLYEYCSISGGGSMEGAARLNRGKCDV 

AVNYAGGLHHAKKSEASGFCYLNDIVLGIIELLRYHPRVLYIDIDVHHGDGVEEAFYTTDRVMTCSFH 

KYGEFFPGTGELRDIGVGAGKNYAVNVPLRDGIDDATYRSVFEPVIKKIMEWYQPSAVVLQCGGDSLS 

GDRLGCFNLSMEGHANCVNYVKSFGIPMMVVGGGGYTMRNVARTWCFETGLLNNVVLDKDLPYEF 

(SEQ ID NO:86) 

MesoLo4 (M. loti): 
ASSPKKKRKVEASMPLQIVHHPDYDAGFATNHRFPMSKYPLLMEALRARGLASPDALNTTEPAPASWL 

KLAHAADYVDQVISCSVPEKIEREIGFPVGPRVSLRAQLATGGTILAARLALRHGIACNTAGGSHHAR 

RAQGAGFCTFNDVAVASLVLLDEGAAQNILVVDLDVHQGDGTADILSDEPGVFTFSMHGERNYPVRKI 

ASDLDIALPDGTGDAAYLRRLATILPELSARARWDIVFYNAGVDVHAEDRLGRLALSNGGLRARDEMV 

IGHFRALGIPVCGVIGGGYSTDVPALASRHAILFEVASTYAEF (SEQ ID NO:87) 

HDAC1 1 (human): 
ASSPKKKRKVEASMLHTTQLYQHVPETRWPIVYSPRYNITFMGLEKLHPFDAGKWGKVINFLKEEKLL 

SDSMLVEAREASEEDLLVVHTRRYLNELKWSFAVATITEIPPVIFLPNFLVQRKVLRPLRTQTGGTIM 

AGKLAVERGWAINVGGGFHHCSSDRGGGFCAYADITLAIKFLFERVEGISRATIIDLDAHQGNGHERD 

FMDDKRVYIMDVYNRHIYPGDRFAKQAIRRKVELEWGTEDDEYLDKVERNIKKSLQEHLPDVVVYNAG 

TDILEGDRLGGLSISPAGIVKRDELVFRMVRGRRVPILMVTSGGYQKRTARIIADSILNLFGLGLIGP 

ESPSVSAQNSDTPLLPPAVPEF (SEQ ID NO:88) 

HDT1 (A. thaliana): 
ASSPKKKRKVEASMEFWGIEVKSGKPVTVTPEEGILIHVSQASLGECKNKKGEFVPLHVKVGNQNLVL 

GTLSTENIPQLFCDLVFDKEFELSHTWGKGSVYFVGYKTPNIEPQGYSEEEEEEEEEVPAGNAAKAVA 

KPKAKPAEVKPAVDDEEDESDSDGMDEDDSDGEDSEEEEPTPKKPASSKKRANETTPKAPVSAKKAKV 

AVTPQKTDEKKKGGKAANQSEF (SEQ ID NO:89) 

SIRT3 (human): 
ASSPKKKRKVEASMVGAGISTPSGIPDFRSPGSGLYSNLQQYDLPYPEAIFELPFFFHNPKPFFTLAK 

ELYPGNYKPNVTHYFLRLLHDKGLLLRLYTQNIDGLERVSGIPASKLVEAHGTFASATCTVCQRPFPG 

EDIRADVMADRVPRCPVCTGVVKPDIVFFGEPLPQRFLLHVVDFPMADLLLILGTSLEVEPFASLTEA 

VRSSVPRLLINRDLVGPLAWHPRSRDVAQLGDVVHGVESLVELLGWTEEMRDLVQRETGKLDGPDKEF 

(SEQ ID NO:90) 
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HST2 (S. cerevisiae): 
ASSPKKKRKVEASTEMSVRKIAAHMKSNPNAKVIFMVGAGISTSCGIPDFRSPGTGLYHNLARLKLPY 

PEAVFDVDFFQSDPLPFYTLAKELYPGNFRPSKFHYLLKLFQDKDVLKRVYTQNIDTLERQAGVKDDL 

IIEAHGSFAHCHCIGCGKVYPPQVFKSKLAEHPIKDFVKCDVCGELVKPAIVFFGEDLPDSFSETWLN 

DSEWLREKITTSGKHPQQPLVIVVGTSLAVYPFASLPEEIPRKVKRVLCNLETVGDFKANKRPTDLIV 

HQYSDEFAEQLVEELGWQEDFEKILTAQGGMGEF (SEQ ID NO:91) 

CobB (E. coli (K]2)): 
ASSPKKKRKVEASMEKPRVLVLTGAGISAESGIRTFRAADGLWEEHRVEDVATPEGFDRDPELVQAFY 

NARRRQLQQPEIQPNAAHLALAKLQDALGDRFLLVTQNIDNLHERAGNTNVIHMHGELLKVRCSQSGQ 

VLDWTGDVTPEDKCHCCQFPAPLRPHVVWFGEMPLGMDEIYMALSMADIFIAIGTSGHVYPAAGFVHE 

AKLHGAHTVELNLEPSQVGNEFAEKYYGPASQVVPEFVEKLLKGLKAGSIAEF (SEQ ID NO:92) 

HST2 (C. albicans): 
ASSPKKKRKVEASMPSLDDILKPVAEAVKNGKKVTFFNGAGISTGAGIPDFRSPDTGLYANLAKLNLP 

FAEAVFDIDFFKEDPKPFYTLAEELYPGNFAPTKFHHFIKLLQDQGSLKRVYTQNIDTLERLAGVEDK 

YIVEAHGSFASNHCVDCHKEMTTETLKTYMKDKKIPSCQHCEGYVKPDIVFFGEGLPVKFFDLWEDDC 

EDVEVAIVAGTSLTVFPFASLPGEVNKKCLRVLVNKEKVGTFKHEPRKSDIIALHDCDIVAERLCTLL 

GLDDKLNEVYEKEKIKYSKAETKEIKMHEIEDKLKEEAHLKEDKHTTKVDKKEKQNDANDKELEQLID 

KAKAEF (SEQ ID NO:93) 

SIRT5 (human): 
ASSPKKKRKVEASSSSMADFRKFFAKAKHIVIISGAGVSAESGVPTFRGAGGYWRKWQAQDLATPLAF 

AHNPSRVWEFYHYRREVMGSKEPNAGHRAIAECETRLGKQGRRVVVITQNIDELHRKAGTKNLLEIHG 

SLFKTRCTSCGVVAENYKSPICPALSGKGAPEPGTQDASIPVEKLPRCEEAGCGGLLRPHVVWFGENL 

DPAILEEVDRELAHCDLCLVVGTSSVVYPAAMFAPQVAARGVPVAEFNTETTPATNRFRFHFQGPCGT 

TLPEALACHENETVSEF (SEQ ID NO:94) 

Sir2A (P. falciparum): 
ASSPKKKRKVEASMGNLMISFLKKDTQSITLEELAKIIKKCKHVVALTGSGTSAESNIPSFRGSSNSI 
WSKYDPRIYGTIWGFWKYPEKIWEVIRDISSDYEIEINNGHVALSTLESLGYLKSVVTQNVDGLHEAS 

GNTKVISLHGNVFEAVCCTCNKIVKLNKIMLQKTSHFMHQLPPECPCGGIFKPNIILFGEVVSSDLLK 

EAEEEIAKCDLLLVIGTSSTVSTATNLCHFACKKKKKIVEINISKTYITNKMSDYHVCAKFSELTKVA 

NILKGSSEKNKKIMEF (SEQ ID NO:95) 

SIRT6 (human): 
ASSPKKKRKVEASMSVNYAAGLSPYADKGKCGLPEIFDPPEELERKVWELARLVWQSSSVVFHTGAGI 

STASGIPDFRGPHGVWTMEERGLAPKFDTTFESARPTQTHMALVQLERVGLLRFLVSQNVDGLHVRSG 

FPRDKLAELHGNMFVEECAKCKTQYVRDTVVGTMGLKATGRLCTVAKARGLRACRGELRDTILDWEDS 

LPDRDLALADEASRNADLSITLGTSLQIRPSGNLPLATKRRGGRLVIVNLQPTKHDRHADLRIHGYVD 

EVMTRLMKHLGLEIPAWDGPRVLERALPPLEF (SEQ ID NO:96) 

HMT effector domains: 

NUE (C. trachomatis): 
ASSPKKKRKVEASMTTNSTQDTLYLSLHGGIDSAIPYPVRRVEQLLQFSFLPELQFQNAAVKQRIQRL 
CYREEKRLAVSSLAKWLGQLHKQRLRAPKNPPVAICWINSYVGYGVFARESIPAWSYIGEYTGILRRR 

QALWLDENDYCFRYPVPRYSFRYFTIDSGMQGNVTRFINHSDNPNLEAIGAFENGIFHIIIRAIKDIL 

PGEELCYHYGPLYWKHRKKREEFVPQEEEF (SEQ ID NO:97) 
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vSET (P. bursaria chlorella virus): 
ASSPKKKRKVEASMFNDRVIVKKSPLGGYGVFARKSFEKGELVEECLCIVRHNDDWGTALEDYLFSRK 

NMSAMALGFGAIFNHSKDPNARHELTAGLKRMRIFTIKPIAIGEEITISYGDDYWLSRPRLTQNEF 

(SEQ ID NO:98) 

SUV39H1 (human): 
ASSPKKKRKVEASNLKCVRILKQFHKDLERELLRRHHRSKTPRHLDPSLANYLVQKAKQRRALRRWEQ 
ELNAKRSHLGRITVENEVDLDGPPRAFVYINEYRVGEGITLNQVAVGCECQDCLWAPTGGCCPGASLH 

KFAYNDQGQVRLRAGLPIYECNSRCRCGYDCPNRVVQKGIRYDLCIFRTDDGRGWGVRTLEKIRKNSF 

VMEYVGEIITSEEAERRGQIYDRQGATYLFDLDYVEDVYTVDAAYYGNISHFVNHSCDPNLQVYNVFI 

DNLDERLPRIAFFATRTIRAGEELTFDYNMQVDPVDMESTRMDSNFGLAGLPGSPKKRVRIECKCGTE 

SCRKYLFEF (SEQ ID NO:99) 

DIM5 (N. crassa): 
ASSPKKKRKVEASMEKAFRPHFFNHGKPDANPKEKKNCHWCQIRSFATHAQLPISIVNREDDAFLNPN 

FRFIDHSIIGKNVPVADQSFRVGCSCASDEECMYSTCQCLDEMAPDSDEEADPYTRKKRFAYYSQGAK 

KGLLRDRVLQSQEPIYECHQGCACSKDCPNRVVERGRTVPLQIFRTKDRGWGVKCPVNIKRGQFVDRY 

LGEIITSEEADRRRAESTIARRKDVYLFALDKFSDPDSLDPLLAGQPLEVDGEYMSGPTRFINHSCDP 

NMAIFARVGDHADKHIHDLALFAIKDIPKGTELTFDYVNGLTGLESDAHDPSKISEMTKCLCGTAKCR 

GYLWEF (SEQ ID NO:100) 

KYP (A. thaliana): 
ASSPKKKRKVEASDISGGLEFKGIPATNRVDDSPVSPTSGFTYIKSLIIEPNVIIPKSSTGCNCRGSC 
TDSKKCACAKLNGGNFPYVDLNDGRLIESRDVVFECGPHCGCGPKCVNRTSQKRLRFNLEVFRSAKKG 

WAVRSWEYIPAGSPVCEYIGVVRRTADVDTISDNEYIFEIDCQQTMQGLGGRQRRLRDVAVPMNNGVS 

QSSEDENAPEFCIDAGSTGNFARFINHSCEPNLFVQCVLSSHQDIRLARVVLFAADNISPMQELTYDY 

GYALDSVHEF (SEQ ID NO:101) 

SUVR4 (A. thaliana): 
ASSPKKKRKVEASQSAYLHVSLARISDEDCCANCKGNCLSADFPCTCARETSGEYAYTKEGLLKEKFL 
DTCLKMKKEPDSFPKVYCKDCPLERDHDKGTYGKCDGHLIRKFIKECWRKCGCDMQCGNRVVQRGIRC 

QLQVYFTQEGKGWGLRTLQDLPKGTFICEYIGEILTNTELYDRNVRSSSERHTYPVTLDADWGSEKDL 

KDEEALCLDATICGNVARFINHRCEDANMIDIPIEIETPDRHYYHIAFFTLRDVKAMDELTWDYMIDF 

NDKSHPVKAFRCCCGSESCRDRKIKGSQGKSIERRKIVSAKKQQGSKEVSKKRKEF (SEQ ID 
NO: 102) 

Set4 (C. elegans): 
ASSPKKKRKVEASMQLHEQIANISVTFNDIPRSDHSMTPTELCYFDDFATTLVVDSVLNFTTHKMSKK 
RRYLYQDEYRTARTVMKTFREQRDWTNAIYGLLTLRSVSHFLSKLPPNKLFEFRDHIVRFLNMFILDS 

GYTIQECKRYSQEGHQGAKLVSTGVWSRGDKIERLSGVVCLLSSEDEDSILAQEGSDFSVMYSTRKRC 

STLWLGPGAYINHDCRPTCEFVSHGSTAHIRVLRDMVPGDEITCFYGSEFFGPNNIDCECCTCEKNMN 

GAFSYLRGNENAEPIISEKKTKYELRSRSEF (SEQ ID NO:103) 

Setl (C. elegans): 
ASSPKKKRKVEASMKVAAKKLATSRMRKDRAAAASPSSDIENSENPSSLASHSSSSGRMTPSKNTRSR 
KGVSVKDVSNHKITEFFQVRRSNRKTSKQISDEAKHALRDTVLKGTNERLLEVYKDVVKGRGIRTKVN 

FEKGDFVVEYRGVMMEYSEAKVIEEQYSNDEEIGSYMYFFEHNNKKWCIDATKESPWKGRLINHSVLR 

PNLKTKVVEIDGSHHLILVARRQIAQGEELLYDYGDRSAETIAKNPWLVNTEF (SEQ ID NO:104) 
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SETD8 (human) 
ASSPKKKRKVEASSCDSTNAAIAKQALKKPIKGKQAPRKKAQGKTQQNRKLTDFYPVRRSSRKSKAEL 

QSEERKRIDELIESGKEEGMKIDLIDGKGRGVIATKQFSRGDFVVEYHGDLIEITDAKKREALYAQDP 

STGCYMYYFQYLSKTYCVDATRETNRLGRLINHSKCGNCQTKLHDIDGVPHLILIASRDIAAGEELLY 

DYGDRSKASIEAFPWLKHEF (SEQ ID NO:105) 

TgSET8 (T. gondii): 
ASSPKKKRKVEASASRRTGEFLRDAQAPSRWLKRSKTGQDDGAFCLETWLAGAGDDAAGGERGRDREG 

AADKAKQREERRQKELEERFEEMKVEFEEKAQRMIARRAALTGEIYSDGKGSKKPRVPSLPENDDDAL 

IEIIIDPEQGILKWPLSVMSIRQRTVIYQECLRRDLTACIHLTKVPGKGRAVFAADTILKDDFVVEYK 

GELCSEREAREREQRYNRSKVPMGSFMFYFKNGSRMMAIDATDEKQDFGPARLINHSRRNPNMTPRAI 

TLGDFNSEPRLIFVARRNIEKGEELLVDYGERDPDVIKEHPWLNSEF (SEQ ID NO:106) 

[0095] In some embodiments, ligand-dependent Cas9-intein variants are provided 

herein that exhibit decreased off-target activity. For example, in some embodiment, Cas9

intein variants are provided herein that comprise a Cas9 nuclease domain, or a nuclease

deficient Cas9 domain and a heterologous nucleic acid-editing domain, such as, for example, 

a heterologous nuclease domain, a recombinase domain, or a deaminase domain. In some 

such embodiments, the ligand-dependent Cas9-inteins provided herein exhibit decreased, 

minimal, or no off-target activity in the presence of a ligand at a concentration effective to 

effect excision of the intein from the Cas9-intein variant, or at a concentration effective to 

induce a desired modification (e.g., cleavage, nicking, recombination, or deamination) of a 

target site. In some embodiments, the ligand-dependent Cas9-intein variants provided herein 

exhibit an off-target activity in their active state (e.g., in the presence of or after being 

contacted with a suitable ligand) that is decreased as compared to the off-target activity of 

wild-type Cas9. For example, in some embodiments, the off-target activity of a Cas9-intein 

variant provided herein is decreased to less than 80%, less than 75%, less than 50%, less than 

45%, less than 40%, less than 35%, less than 30%, less than 25%, less than 24%, less than 

23%, less than 22%, less than 21%, less than 20, less than 19%, less than 18%, less than 17%, 

less than 16%, less than 15%, less than 14%, less than 13%, less than 12%, less than 11%, 

less than 10%, less than 9%, less than 8%, less than 7%, less than 6%, less than 5%, less than 

4%, less than 3%, less than 2%, or less than 1% of wild-type Cas9 under the same conditions.  

Pharmaceutical compositions 

[0096] In some embodiments, any of the ligand-dependent site-specific enzymes 

described herein are provided as part of a pharmaceutical composition. For example, some 

embodiments provide pharmaceutical compositions comprising a Cas9 protein comprising an 

intein, or fusion proteins comprising a dCas9 protein with an intein fused to a nuclease, 
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recombinase, deaminase, or a transcriptional activator as provided herein, or a nucleic acid 

encoding such a protein, and a pharmaceutically acceptable excipient. Pharmaceutical 

compositions may further comprise one or more gRNA(s).  

[0097] In some embodiments, compositions provided herein are administered to a 

subject, for example, to a human subject, in order to effect a targeted genomic modification 

within the subject. In some embodiments, cells are obtained from the subject and are 

contacted with an inventive ligand-dependent site-specific enzyme ex vivo. In some 

embodiments, cells removed from a subject and contacted ex vivo with an inventive ligand

dependent site-specific enzyme are re-introduced into the subject, optionally after the desired 

genomic modification has been effected and/or detected in the cells. Although the 

descriptions of pharmaceutical compositions provided herein are principally directed to 

pharmaceutical compositions which are suitable for administration to humans, it will be 

understood by the skilled artisan that such compositions are generally suitable for 

administration to animals of all sorts. Modification of pharmaceutical compositions suitable 

for administration to humans in order to render the compositions suitable for administration 

to various animals is well understood, and the ordinarily skilled veterinary pharmacologist 

can design and/or perform such modification with merely ordinary, if any, experimentation.  

Subjects to which administration of the pharmaceutical compositions is contemplated 

include, but are not limited to, humans and/or other primates; mammals, domesticated 

animals, pets, and commercially relevant mammals such as cattle, pigs, horses, sheep, cats, 

dogs, mice, and/or rats; and/or birds, including commercially relevant birds such as chickens, 

ducks, geese, and/or turkeys.  

[0098] Formulations of the pharmaceutical compositions described herein may be 

prepared by any method known or hereafter developed in the art of pharmacology. In 

general, such preparatory methods include the step of bringing the active ingredient into 

association with an excipient, and then, if necessary and/or desirable, shaping and/or 

packaging the product into a desired single- or multi-dose unit.  

[0099] Pharmaceutical formulations may additionally comprise a pharmaceutically 

acceptable excipient, which, as used herein, includes any and all solvents, dispersion media, 

diluents, or other liquid vehicles, dispersion or suspension aids, surface active agents, isotonic 

agents, thickening or emulsifying agents, preservatives, solid binders, lubricants and the like, 

as suited to the particular dosage form desired. Remington's The Science and Practice of 

Pharmacy, 21" Edition, A. R. Gennaro (Lippincott, Williams & Wilkins, Baltimore, MD, 

2006; incorporated in its entirety herein by reference) discloses various excipients used in 
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formulating pharmaceutical compositions and known techniques for the preparation thereof.  

See also PCT application PCT/US2010/055131, incorporated in its entirety herein by 

reference, for additional suitable methods, reagents, excipients and solvents for producing 

pharmaceutical compositions comprising a nuclease. Except insofar as any conventional 

excipient medium is incompatible with a substance or its derivatives, such as by producing 

any undesirable biological effect or otherwise interacting in a deleterious manner with any 

other component(s) of the pharmaceutical composition, its use is contemplated to be within 

the scope of this disclosure.  

[00100] In some embodiments, compositions in accordance with the present invention 

may be used for treatment of any of a variety of diseases, disorders, and/or conditions, 

including, but not limited to, autoimmune disorders (e.g. diabetes, lupus, multiple sclerosis, 

psoriasis, rheumatoid arthritis); inflammatory disorders (e.g. arthritis, pelvic inflammatory 

disease); infectious diseases (e.g. viral infections (e.g., HIV, HCV, RSV), bacterial infections, 

fungal infections, sepsis); neurological disorders (e.g. Alzheimer's disease, Huntington's 

disease; autism; Duchenne muscular dystrophy); cardiovascular disorders (e.g.  

atherosclerosis, hypercholesterolemia, thrombosis, clotting disorders, angiogenic disorders 

such as macular degeneration); proliferative disorders (e.g. cancer, benign neoplasms); 

respiratory disorders (e.g. chronic obstructive pulmonary disease); gastrointestinal disorders 

(e.g. inflammatory bowel disease, ulcers); musculoskeletal disorders (e.g. fibromyalgia, 

arthritis); endocrine, metabolic, and nutritional disorders (e.g. diabetes, osteoporosis); 

genitourinary disorders (e.g. renal disease); psychological disorders (e.g. depression, 

schizophrenia); skin disorders (e.g. wounds, eczema); and blood and lymphatic disorders (e.g.  

anemia, hemophilia); etc.  

Methods 

[00101] In another aspect of this disclosure, methods for site-specific nucleic acid 

(e.g., DNA) modification are provided. In some embodiments, the methods comprise 

contacting a DNA with any of the ligand-dependent Cas9 proteins (complexed with a gRNA) 

described herein, either before or after contacting the protein with a ligand that induces self

excision of the ligand-dependent intein thereby activating the nuclease. For example, in 

some embodiments, the method comprises (a) contacting a RNA-guided nuclease (e.g., a 

Cas9 protein including Cas9 nickase) comprising a ligand-dependent intein with a ligand, 

wherein binding of the ligand to the intein induces self-excision of the intein; and (b); 

contacting a DNA with the RNA-guided nuclease, wherein the RNA-guided nuclease is 
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associated with a gRNA; whereby self-excision of the intein from the RNA-guided nuclease 

in step (a) allows the RNA-guided nuclease to cleave the DNA, thereby producing cleaved 

DNA. In some embodiments, for examples those involving the use of an intein containing 

Cas9 nickase, the method produces a single strand break in the DNA. In some embodiments, 

the method produces a double strand break in the DNA. In some embodiments, the RNA

guided nuclease is able to bind a gRNA and optionally bind a target nucleic acid prior to 

being contacted with a ligand that induces self-excision of the intein, but the RNA-guided 

nuclease is unable to cleave the target nucleic acid until self-excision of the intein occurs. In 

some embodiments, the RNA-guided nuclease is unable to bind a gRNA and therefore is 

unable to bind a target nucleic acid until the RNA-guided nuclease is contacted with a ligand 

that induces self-excision of the intein. In some embodiments, the RNA-guided nuclease is 

any nuclease comprising Cas9 (or a variant or a fragment thereof) which comprises a ligand

dependent intein as provided herein.  

[00102] In some embodiments, the method involves the use of fusion proteins 

comprising a nuclease-inactivated Cas9 (e.g., dCas9) fused to a nuclease domain (e.g., FokI), 

wherein the fusion protein comprises a ligand-dependent intein (e.g., in the dCas9 domain as 

provided herein), and the fusion protein lacks one or more activities (as described herein) 

prior to excision of the intein. In some embodiments, the fusion protein is any fusion 

protein described herein. In some embodiments, the method comprises contacting a target 

nucleic acid (e.g., DNA) with two such fusion proteins, each comprising a distinct gRNA that 

targets the nucleic acid, and the method comprises contacting the target nucleic acid with two 

such fusion proteins. The method increases the specificity of cleavage, and therefore 

decreases off target effects, as two fusions are required to bind the target site to elicit any 

nuclease activity as the nuclease domains fused to the dCas9 domain typically must dimerize 

at the target site to induce cleavage. In some embodiments, the method comprises contacting 

the fusion proteins with a ligand that induces self-excision of the intein, either before or after 

the gRNAs bind the fusion proteins, and/or before or after the fusion proteins bind the target 

nucleic acid. Once the fusion proteins are activated following excision of the intein, the 

nuclease domains (e.g., the FokI domains) dimerize and cleave and the target nucleic acid.  

Compositions and methods of using dCas9-FokI fusions are known to those of skill in the art 

(see, e.g., U.S. Patent Application No.: 14/320,498, titled "CAS9 VARIANTS AND USES 

THEREOF" which was filed on June 30, 2014; the entire contents of which are incorporated 

herein by reference). Those of skill in the art are routinely able to design appropriate gRNAs 

that target two of the fusion proteins to a target nucleic acid, and understand that in some 
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aspects the gRNAs are designed to hybridize to regions of the target nucleic acid that are no 

more than 10, no more than 15, no more than 20, no more than 25, no more than 30, no more 

than 40, no more than 50, no more than 60, no more than 70, no more than 80, no more than 

90, or no more than 100 base pairs apart.  

[00103] In some embodiments, any of the methods provided herein can be performed 

on DNA in a cell. For example, in some embodiments the DNA contacted by any of the 

inventive ligand-dependent site-specific Cas9 enzymes provided herein is in a eukaryotic cell.  

In some embodiments, the eukaryotic cell is in an individual. In some embodiments, the 

individual is a human. In some embodiments, any of the methods provided herein are 

performed in vitro. In some embodiments, any of the methods provided herein are performed 

in vivo.  

[00104] In some embodiments of this disclosure, methods for site-specific nucleic acid 

(e.g., DNA) recombination are provided. In some embodiments, the methods are useful for 

inducing recombination of or between two or more regions of two or more nucleic acids (e.g., 

DNA). In some embodiments, the methods are useful for inducing recombination of or 

between two or more regions in a single nucleic acid molecule (e.g., DNA). Because the 

recombinase fusion proteins used in the methods are ligand-dependent, the timing of 

recombination can be controlled to minimize off-target effects. In some embodiments, the 

recombination of one or more target nucleic acid molecules requires the formation of a 

tetrameric complex at the target site. Typically, the tetramer comprises four (4) inventive 

RNA-guided recombinase fusion proteins (e.g., a complex of any four inventive recombinase 

fusion proteins provided herein). In some embodiments, each recombinase fusion protein of 

the tetramer targets a particular DNA sequence via a distinct gRNA bound to each 

recombinase fusion protein. In some embodiments, the fusion proteins are first contacted 

with a ligand that induces self-excision of the intein, thereby allowing the fusion proteins to 

(i) bind a gRNA, (ii) bind a target nucleic acid(s), and (iii) form a complex to induce 

recombination between the target nucleic acid(s). In some embodiments, the fusion proteins 

are able to bind a gRNA prior to excision of the intein and optionally are able to bind the 

target nucleic acid(s) but are unable to induce recombination until the intein is excised (e.g., 

through the addition of a ligand that binds the ligand-dependent intein). Any of the ligand

dependent recombinase fusion proteins provided herein are useful for methods for site

specific recombination.  

[00105] In some embodiments, the method for site-specific recombination between 

two DNA molecules comprises (a) contacting a first DNA with a first ligand-dependent 
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RNA-guided recombinase fusion protein, wherein the nuclease-inactivated Cas9 domain 

binds a first gRNA that hybridizes to a region of the first DNA; (b) contacting the first DNA 

with a second ligand-dependent RNA-guided recombinase fusion protein, wherein the 

nuclease-inactivated Cas9 domain of the second fusion protein binds a second gRNA that 

hybridizes to a second region of the first DNA; (c) contacting a second DNA with a third 

ligand-dependent RNA-guided recombinase fusion protein, wherein the nuclease-inactivated 

Cas9 domain of the third fusion protein binds a third gRNA that hybridizes to a region of the 

second DNA; and (d) contacting the second DNA with a fourth ligand-dependent RNA

guided recombinase fusion protein, wherein the nuclease-inactivated Cas9 domain of the 

fourth fusion protein binds a fourth gRNA that hybridizes to a second region of the second 

DNA. In some embodiments, the fusion proteins are first contacted with a ligand that 

induces self-excision of the intein prior to forming a complex with a gRNA and/or prior to 

hybridizing with a target DNA. In some embodiments, the method comprises contacting the 

fusion proteins with the ligand after the fusion proteins form a complex and/or hybridizes to a 

target DNA. Typically, the binding of the fusion proteins in steps (a) - (d) results in the 

tetramerization of the recombinase catalytic domains of the fusion proteins, such that the 

DNAs are recombined (i.e., following excision of the intein). In some embodiments, the 

gRNAs of steps (a) and (b) hybridize to opposing strands of the first DNA, and the gRNAs of 

steps (c) and (d) hybridize to opposing strands of the second DNA. In some embodiments, 

the target sites of the gRNAs of steps (a) - (d) are spaced to allow for tetramerization of the 

recombinase catalytic domains. For example, in some embodiments, the target sites of the 

gRNAs of steps (a) - (d) are no more than 10, no more 15, no more than 20, no more than 25, 

no more than 30, no more than 40, no more than 50, no more than 60, no more than 70, no 

more than 80, no more than 90, or no more than 100 base pairs apart. In some embodiments, 

the two regions of the two DNA molecules being recombined share homology, such that the 

regions being recombined are at least 80%, at least 90%, at least 95%, at least 98%, or are 

100% homologous.  

[00106] In some embodiments, methods for site-specific recombination between two 

regions of a single DNA molecule are provided. In some embodiments, the methods 

comprise (a) contacting a DNA with a first dCas9-recombinase fusion protein, wherein the 

dCas9 domain binds a first gRNA that hybridizes to a region of the DNA; (b) contacting the 

DNA with a second dCas9-recombinase fusion protein, wherein the dCas9 domain of the 

second fusion protein binds a second gRNA that hybridizes to a second region of the DNA; 

(c) contacting the DNA with a third dCas9-recombinase fusion protein, wherein the dCas9 
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domain of the third fusion protein binds a third gRNA that hybridizes to a third region of the 

DNA; and (d) contacting the DNA with a fourth dCas9-recombinase fusion protein, wherein 

the dCas9 domain of the fourth fusion protein binds a fourth gRNA that hybridizes to a fourth 

region of the DNA. In some embodiments, the fusion proteins are first contacted with a 

ligand that induces self-excision of the intein prior to forming a complex with a gRNA and/or 

prior to hybridizing with a target DNA. In some embodiments, the method comprises 

contacting the fusion proteins with the ligand after the fusion proteins form a complex and/or 

hybridizes to a target DNA. Typically, the binding of the fusion proteins in steps (a) - (d) 

results in the tetramerization of the recombinase catalytic domains of the fusion proteins, 

such that the DNA is recombined (e.g. following the excision of the intein). In some 

embodiments, two of the gRNAs of steps (a) - (d) hybridize to the same strand of the DNA, 

and the other two gRNAs of steps (a)- (d) hybridize to the opposing strand of the DNA. In 

some embodiments, the gRNAs of steps (a) and (b) hybridize to regions of the DNA that are 

no more 10, no more than 15, no more than 20, no more than 25, no more than 30, no more 

than 40, no more than 50, no more than 60, no more than 70, no more than 80, no more than 

90, or no more than 100 base pairs apart, and the gRNAs of steps (c) and (d) hybridize to 

regions of the DNA that are no more than 10, no more 15, no more than 20, no more than 25, 

no more than 30, no more than 40, no more than 50, no more than 60, no more than 70, no 

more than 80, no more than 90, or no more than 100 base pairs apart. In some embodiments, 

the two regions of the DNA molecule being recombined share homology, such that the 

regions being recombined are at least 80%, at least 90%, at least 95%, at least 98%, or are 

100% homologous.  

[00107] In some embodiments, any of the inventive methods for site-specific 

recombination are amenable for inducing recombination, such that the recombination results 

in excision (e.g., a segment of DNA is excised from a target DNA molecule), insertion (e.g., 

a segment of DNA is inserted into a target DNA molecule), inversion (e.g., a segment of 

DNA is inverted in a target DNA molecule), or translocation (e.g., the exchange of DNA 

segments between one or more target DNA molecule(s)). In some embodiments, the 

particular recombination event (e.g., excision, insertion, inversion, translocation, etc.) 

depends, inter alia, on the orientation (e.g., with respect to the target DNA molecule(s)) of 

the bound RNA-guided recombinase fusion protein(s). In some embodiments, the 

orientation, or direction, in which a RNA-guided recombinase fusion protein binds a target 

nucleic acid can be controlled, e.g., by the particular sequence of the gRNA bound to the 

RNA-guided recombinase fusion protein(s). Methods for controlling or directing a particular 
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recombination event are known in the art, and include, for example, those described by Turan 

and Bode, "Site-specific recombinases: from tag-and-target- to tag-and-exchange-based 

genomic modifications." FASEB J. 2011; Dec;25(12):4088-107, the entire contents of which 

are hereby incorporated by reference.  

[00108] In some embodiments, any of the methods for site-specific recombination can 

be performed in vivo or in vitro. In some embodiments, any of the methods for site-specific 

recombination are performed in a cell (e.g., recombining genomic DNA in a cell). The cell 

can be prokaryotic or eukaryotic. The cell, such as a eukaryotic cell, can be in an individual, 

such as a subject, as described herein (e.g., a human subject). The methods described herein 

are useful for the genetic modification of cells in vitro and in vivo, for example, in the context 

of the generation of transgenic cells, cell lines, or animals, or in the alteration of genomic 

sequence, e.g., the correction of a genetic defect, in a cell in or obtained from a subject. In 

some embodiments, a cell obtained from a subject and modified according to the methods 

provided herein, is re-introduced into a subject (e.g., the same subject), e.g., to treat a disease, 

or for the production of genetically modified organisms in agricultural, medical, or biological 

research.  

[00109] In applications in which it is desirable to recombine two or more nucleic acids 

so as to insert a nucleic acid sequence into a target nucleic acid, a nucleic acid comprising a 

donor sequence to be inserted is also provided, e.g., to a cell. By a "donor sequence" it is 

meant a nucleic acid sequence to be inserted at the target site induced by one or more RNA

guided recombinase fusion protein(s). In some embodiments, e.g., in the context of genomic 

modifications, the donor sequence will share homology to a genomic sequence at the target 

site, e.g., 1%, 2%, 3%, 4%, 5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 85%, 90%, 

95%, or 100% homology with the nucleotide sequences flanking the target site, e.g., within 

about 100 bases or less of the target site, e.g. within about 90 bases, within about 80 bases, 

within about 70 bases, within about 60 bases, within about 50 bases, within about 40 bases, 

within about 30 bases, within about 15 bases, within about 10 bases, within about 5 bases, or 

immediately flanking the target site. In some embodiments, the donor sequence does not 

share any homology with the target nucleic acid, e.g., does not share homology to a genomic 

sequence at the target site. Donor sequences can be of any length, e.g., 10 nucleotides or 

more, 50 nucleotides or more, 100 nucleotides or more, 250 nucleotides or more, 500 

nucleotides or more, 1000 nucleotides or more, 5000 nucleotides or more, 10000 nucleotides 

or more, 100000 nucleotides or more, etc.  
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[00110] Typically, the donor sequence is not identical to the target sequence that it 

replaces or is inserted into. In some embodiments, the donor sequence contains at least one 

or more single base changes, insertions, deletions, inversions, or rearrangements with respect 

to the target sequence (e.g., target genomic sequence). In some embodiments, donor 

sequences also comprise a vector backbone containing sequences that are not homologous to 

the DNA region of interest and that are not intended for insertion into the DNA region of 

interest.  

[00111] The donor sequence may comprise certain sequence differences as compared 

to the target (e.g., genomic) sequence, for example, restriction sites, nucleotide 

polymorphisms, selectable markers (e.g., drug resistance genes, fluorescent proteins, 

enzymes etc.), which can be used to assess successful insertion of the donor sequence at the 

target site or in some cases may be used for other purposes (e.g., to signify expression at the 

targeted genomic locus). In some embodiments, if located in a coding region, such 

nucleotide sequence differences will not change the amino acid sequence, or will make silent 

amino acid changes (e.g., changes which do not affect the structure or function of the 

protein). In some embodiments, these sequences differences may include flanking 

recombination sequences such as FLPs, loxP sequences, or the like, that can be activated at a 

later time for removal of e.g., a marker sequence. The donor sequence may be provided to 

the cell as single-stranded DNA, single-stranded RNA, double-stranded DNA, or double

stranded RNA. It may be introduced into a cell in linear or circular form. If introduced in 

linear form, the ends of the donor sequence may be protected (e.g., from exonucleolytic 

degradation) by methods known to those of skill in the art. For example, one or more 

dideoxynucleotide residues are added to the 3' terminus of a linear molecule and/or self

complementary oligonucleotides are ligated to one or both ends. See, e.g., Chang et al., 

Proc. Natl. Acad Sci USA. 1987; 84:4959-4963; Nehls et al., Science. 1996; 272:886-889. In 

some embodiments, a donor sequence is introduced into a cell as part of a vector molecule 

having additional sequences such as, for example, replication origins, promoters, and genes 

encoding antibiotic resistance. In some embodiments, donor sequences can be introduced as 

naked nucleic acid, as nucleic acid complexed with an agent such as a liposome or polymer 

(e.g., poloxamer), or can be delivered by viruses (e.g., adenovirus, AAV, etc.).  

[00112] In some embodiments, any of the methods provided herein can be performed 

on DNA in a cell. For example, in some embodiments the DNA contacted by any 

RNA/gRNA-comprising complex provided herein is in a eukaryotic cell. In some 

embodiments, the eukaryotic cell is in an individual. In some embodiments, the individual is 
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a human. In some embodiments, any of the methods provided herein are performed in vitro.  

In some embodiments, any of the methods provided herein are performed in vivo.  

[00113] In some embodiments of this disclosure, methods for site-specific nucleic acid 

(e.g., DNA) editing are provided. In some embodiments, the fusion protein is used to 

introduce a point mutation into a nucleic acid by deaminating a target nucleobase, e.g., a 

cytidine (C) residue. In some embodiments, the method comprises contacting a DNA 

molecule with a ligand-dependent fusion protein comprising a nuclease inactivated RNA

guided nuclease (e.g., dCas9), which comprises a ligand dependent intein, fused to a 

deaminase, and (b) a gRNA targeting the fusion protein of step (a) to a target nucleotide 

sequence of the DNA strand; wherein the DNA molecule is contacted with the fusion protein 

and the gRNA in an amount effective and under conditions suitable for the deamination of a 

nucleotide base. Any of the fusion proteins comprising a gene editing domain as provided 

herein are amenable for use in the methods. In some embodiments, the method first 

comprises contacting the fusion protein with a ligand that induces self-excision of the intein 

prior to forming a complex with the gRNA. In some embodiments, the method comprises 

contacting the fusion protein with a ligand that induces self-excision of the intein after the 

fusion protein has formed a complex with the gRNA.  

[00114] 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., a lysosomal storage disorder or a metabolic disease, such as, for 

example, type I diabetes. In some embodiments, the methods provided herein are used to 

introduce a deactivating point mutation into a gene or allele that encodes a gene product that 

is associated with a disease or disorder. For example, in some embodiments, methods are 

provided herein that employ a DNA editing fusion protein to introduce a deactivating point 

mutation into an oncogene (e.g., in the treatment of a proliferative disease). A deactivating 

mutation may, in some embodiments, generate a premature stop codon in a coding sequence, 

which results in the expression of a truncated gene product, e.g., a truncated protein lacking 

the function of the full-length protein.  

[00115] In some embodiments, the purpose of the methods provided herein is to 

restore the function of a dysfunctional gene via genome editing. Compositions and methods 

of using gene editing enzymes fused e.g., to Cas9 are known, and include those described in 

U.S. Patent Application No.: 14/325,815 titled "FUSIONS OF CAS9 DOMAINS AND 

NUCLEIC ACID-EDITING DOMAINS," and filed on July 8, 2014; the entire contents of 
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which are incorporated herein by reference. The fusion proteins provided herein (comprising 

ligand-dependent inteins) 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 fusion proteins provided herein, e.g., the fusion proteins 

comprising a dCas9 domain (e.g., comprising a ligand-dependent intein) and a nucleic acid 

deaminase domain can be used to correct any single point T -> C or A -> G mutation. In the 

first case, deamination of the mutant C back to U corrects the mutation, and in the latter case, 

deamination of the C that is base-paired with the mutant G, followed by a round of 

replication, corrects the mutation.  

[00116] An exemplary disease-relevant mutation that can be corrected by the provided 

fusion proteins in vitro or in vivo is the H1047R (A3140G) polymorphism in the PI3KCA 

protein. The phosphoinositide-3-kinase, catalytic alpha subunit (PI3KCA) protein acts to 

phosphorylate the 3-OH group of the inositol ring of phosphatidylinositol. The PI3KCA gene 

has been found to be mutated in many different carcinomas, and thus it is considered to be a 

potent oncogene (Lee et al., PIK3CA gene is frequently mutated in breast carcinomas and 

hepatocellular carcinomas. Oncogene. 2005; 24(8):1477-80). In fact, the A3140G mutation 

is present in several NCI-60 cancer cell lines, such as, for example, the HCT1 16, SKOV3, 

and T47D cell lines, which are readily available from the American Type Culture Collection 

(ATCC)(Ikediobi et al., Mutation analysis of 24 known cancer genes in the NCI-60 cell line 

set. Mol Cancer Ther. 2006; 5(11):2606-12.  

[00117] In some embodiments, a cell carrying a mutation to be corrected, e.g., a cell 

carrying a point mutation, e.g., an A3140G point mutation in exon 20 of the PI3KCA gene, 

resulting in a H1047R substitution in the PI3KCA protein is contacted with an expression 

construct encoding a ligand-dependent Cas9 deaminase fusion protein and an appropriately 

designed gRNA targeting the fusion protein to the respective mutation site in the encoding 

PI3KCA gene. Control experiments can be performed where the gRNAs are designed to 

target the fusion enzymes to non-C residues that are within the PI3KCA gene. Genomic DNA 

of the treated cells can be extracted, and the relevant sequence of the PI3KCA genes PCR 

amplified and sequenced to assess the activities of the fusion proteins in human cell culture.  

[00118] It will be understood that the example of correcting point mutations in 

PI3KCA is provided for illustration purposes and is not meant to limit the instant disclosure.  

The skilled artisan will understand that the instantly disclosed ligand-dependent DNA-editing 

fusion proteins can be used to correct other point mutations and mutations associated with 

other cancers and with diseases other than cancer including other proliferative diseases.  
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[00119] The successful correction of point mutations in disease-associated genes and 

alleles opens up new strategies for gene correction with applications in therapeutics and basic 

research. Site-specific single-base modification systems like the disclosed fusions of ligand

dependent Cas9 and deaminase enzymes or domains also have applications in "reverse" gene 

therapy, where certain gene functions are purposely suppressed or abolished. In these cases, 

site-specifically mutating Trp (TGG), Gln (CAA and CAG), or Arg (CGA) residues to 

premature stop codons (TAA, TAG, TGA) can be used to abolish protein function in vitro, ex 

vivo, or in vivo.  

[00120] 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 ligand-dependent Cas9 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., a cancer associated with a PI3KCA point mutation as described above, an 

effective amount of a ligand-dependent Cas9 deaminase fusion protein that corrects the point 

mutation or introduces a deactivating mutation into the disease-associated gene, e.g., 

following subsequent administration of the small molecule (e.g., ligand) that activates the 

fusion protein. In some embodiments, the disease is a proliferative disease. In some 

embodiments, the disease is a genetic disease. In some embodiments, the disease is a 

neoplastic disease. In some embodiments, the disease is a metabolic disease. 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.  

[00121] The instant disclosure provides methods for the treatment of additional 

diseases or disorders, e.g., diseases or disorders that are associated or caused by a point 

mutation that can be corrected by deaminase-mediated gene editing. Some such diseases are 

described herein, and additional suitable diseases that can be treated with the strategies and 

fusion proteins provided herein will be apparent to those of skill in the art based on the 

instant disclosure. Exemplary suitable diseases and disorders include, without limitation, 

cystic fibrosis (see, e.g., Schwank et al., Functional repair of CFTR by CRISPR/Cas9 in 

intestinal stem cell organoids of cystic fibrosis patients. Cell stem cell. 2013; 13: 653-658; 

and Wu et. al., Correction of a genetic disease in mouse via use of CRISPR-Cas9. Cell stem 

cell. 2013; 13: 659-662, neither of which uses a deaminase fusion protein to correct the 

genetic defect); phenylketonuria - e.g., phenylalanine to seine mutation at position 835 in 
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phenylalanine hydroxylase gene (T>C mutation) - see, e.g., McDonald et al., Genomics.  

1997; 39:402-405; Bernard-Soulier syndrome (BSS) - e.g., phenylalanine to serine mutation 

at position 55 in the platelet membrane glycoprotein IX (T>C mutation) - see, e.g., Noris et 

al., British Journal of Haematology. 1997; 97: 312-320; epidermolytic hyperkeratosis (EHK) 

- e.g., leucine to proline mutation at position 160 in keratin 1 (T>C mutation) - see, e.g., 

Chipev et al., Cell. 1992; 70: 821-828; chronic obstructive pulmonary disease (COPD) - e.g., 

leucine to proline mutation at position 55 in cai-antitrypsin (T>C mutation) - see, e.g., Poller 

et al., Genomics. 1993; 17: 740-743; Charcot-Marie-Toot disease type 4J - e.g., leucine to 

proline mutation at position 197 in FIG4 (T>C mutation) - see, e.g., Kundu et al., 3 Biotech.  

2013; 3: 225-234; neuroblastoma (NB) - e.g., isoleucine to threonine mutation at position 41 

in Caspase-9 (T>C mutation) - see, e.g., Lenk et al., PLoS Genetics. 2011; 7: e1002104; von 

Willebrand disease (vWD) - e.g., cysteine to arginine mutation at position 509 in von 

Willebrand factor (T>C mutation) - see, e.g., Lavergne et al., Br. J. Haematol. 1992; 82: 66

72; myotonia congenital - e.g., cysteine to arginine mutation at position 277 in the muscle 

chloride channel gene CLCN1 (T>C mutation) - see, e.g., Weinberger et al., The J. of 

Physiology. 2012; 590: 3449-3464; hereditary renal amyloidosis - e.g., stop codon to 

arginine mutation at position 78 in apolipoprotein All (T>C mutation) - see, e.g., Yazaki et 

al., Kidney Int. 2003; 64: 11-16; dilated cardiomyopathy (DCM) - e.g., tryptophan to 

Arginine mutation at position 148 in the FOXD4 gene (T>C mutation), see, e.g., Minoretti et.  

al., Int. J. of Mol. Med. 2007; 19: 369-372; hereditary lymphedema - e.g., histidine to 

arginine mutation at position 1035 in tyrosine kinase (A>G mutation), see, e.g., Irrthum et al., 

Am. J. Hum. Genet. 2000; 67: 295-301; familial Alzheimer's disease - e.g., isoleucine to 

valine mutation at position 143 in presenilinI (A>G mutation), see, e.g., Gallo et. al., J.  

Alzheimer's disease. 2011; 25: 425-43 1; Prion disease - e.g., methionine to valine mutation 

at position 129 in prion protein (A>G mutation) - see, e.g., Lewis et. al., J. of General 

Virology. 2006; 87: 2443-2449; chronic infantile neurologic cutaneous articular syndrome 

(CINCA) - e.g., Tyrosine to Cysteine mutation at position 570 in cryopyrin (A>G mutation) 

- see, e.g., Fujisawa et. al. Blood. 2007; 109: 2903-2911; and desmin-related myopathy 

(DRM) - e.g., arginine to glycine mutation at position 120 in cdB crystallin (A>G mutation) 

see, e.g., Kumar et al., J. Biol. Chem. 1999; 274: 24137-24141. The entire contents of each 

of the foregoing references and database entries are incorporated herein by reference.  

[00122] According to another aspect, methods for transcriptional activation of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 
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comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional activator (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional activation of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene. Methods for inducing gene activation using 

fusion proteins comprising a transcriptional activator are known in the art, and include those 

described by Perex-Pinera et al., "RNA-guided gene activation by CRISPR-Cas9-based 

transcription factors." Nature Methods. 2013; 10, 973-976; the entire contents of which are 

incorporated herein by reference.  

[00123] According to another aspect, methods for transcriptional repression of a gene 

are provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising a gene with (a) a ligand-dependent dCas9 fusion protein comprising a 

transcriptional repressor (e.g., any of those provided herein) and (b) a gRNA targeting the 

fusion protein of (a) to a target nucleotide sequence of the DNA strand; wherein the DNA 

molecule is contacted with the fusion protein and the gRNA in an amount effective and under 

conditions suitable for the transcriptional repression of the gene. In some embodiments, the 

method further comprises contacting the fusion protein with a ligand that induces self

excision of the intein. In some embodiments, the fusion protein is contacted with the ligand 

prior to forming a complex with a gRNA. In some embodiments, the fusion protein is 

contacted with the ligand after forming a complex with a gRNA. In some embodiments, the 

gRNA targets the promoter region of a gene. Methods for inducing gene repression using 

fusion proteins comprising a transcriptional repressor are known in the art, and include those 

described by Gilbert et al., CRISPR-mediated modular RNA-guided regulation of 

transcription in eukaryotes. Cell. 2013; 154, 442-45 1; the entire contents of which are 

incorporated herein by reference.  

[00124] According to another aspect, methods for epigenetic modification of DNA are 

provided. In some embodiments, the methods comprise contacting a DNA molecule 

comprising with (a) a ligand-dependent dCas9 fusion protein comprising an epigenetic 

modifier (e.g., any of those provided herein) and (b) a gRNA targeting the fusion protein of 
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(a) to a target nucleotide sequence of the DNA strand; wherein the DNA molecule is 

contacted with the fusion protein and the gRNA in an amount effective and under conditions 

suitable for the epigenetic modification of the DNA. In some embodiments, the DNA 

comprises one or more genes. In some embodiments, the method further comprises 

contacting the fusion protein with a ligand that induces self-excision of the intein. In some 

embodiments, the fusion protein is contacted with the ligand prior to forming a complex with 

a gRNA. In some embodiments, the fusion protein is contacted with the ligand after forming 

a complex with a gRNA. In some embodiments, the gRNA targets the promoter region of a 

gene. In some embodiments, the epigenetic modification that results is methylation od DNA.  

In some embodiments, the epigenetic modification that results is demethylation of DNA. In 

some embodiments, the epigenetic modification that results is methylation of histone protein.  

In some embodiments, the epigenetic modification that results is demethylation of histone 

protein. In some embodiments, the epigenetic modification that results is acetylation of 

histone protein. In some embodiments, the epigenetic modification that results is 

deacetylation of histone protein. Methods for inducing epigenetic modifications using fusion 

proteins comprising an epigenetic modifier are known in the art, and include those described 

by Konermann et al., Optical control of mammalian endogenous transcription and epigenetic 

states. Nature. 2013; 500, 472-476; Mendenhall et al., Locus-specific editing of histone 

modifications at endogenous enhancers. Nat. Biotechnol. 2013; 31, 1133-1136; and Maeder 

et al., Targeted DNA demethylation and activation of endogenous genes using programmable 

TALE-TETI fusion proteins. Nat. Biotechnol. 2013; 31, 1137-1142; the entire contents of 

which are incorporated herein by reference.  

[00125] In some embodiments, any of the methods provided herein can be performed 

on DNA in a cell. For example, in some embodiments the DNA contacted by any 

RNA/gRNA-comprising complex provided herein is in a eukaryotic cell. In some 

embodiments, the eukaryotic cell is in an individual. In some embodiments, the individual is 

a human. In some embodiments, any of the methods provided herein are performed in vitro.  

In some embodiments, any of the methods provided herein are performed in vivo.  

[00126] In some embodiments of the methods provided herein, the ligand-dependent 

Cas9 protein, e.g., the Cas9-intein or the Cas9-intein fusion protein, is contacted with the 

ligand 

at a concentration effective to excise the intein from the Cas9-intein variant, or at a 

concentration effective to induce a desired modification (e.g., cleavage, nicking, 

recombination, or deamination) of a target site. In some embodiments, a ligand-dependent 
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Cas9 protein provided herein is contacted with a suitable ligand at a concentration resulting in 

decreased off-target activity of the Cas9 protein as compared to the off-target activity of wild

type Cas9. For example, in some embodiments, a method provided herein comprises 

contacting a population of ligand-dependent Cas9 proteins in vitro or in vivo in the presence 

of a target nucleic acid to be modified with a suitable ligand at a concentration resulting in 

the desired modification of the target nucleic acid, and in either no off-target activity (i.e., no 

modification of any non-target nucleic acids) or in an off-target activity of less than 80%, less 

than 75%, less than 50%, less than 45%, less than 40%, less than 35%, less than 30%, less 

than 25%, less than 24%, less than 23%, less than 22%, less than 21%, less than 20, less than 

19%, less than 18%, less than 17%, less than 16%, less than 15%, less than 14%, less than 

13%, less than 12%, less than 11%, less than 10%, less than 9%, less than 8%, less than 7%, 

less than 6%, less than 5%, less than 4%, less than 3%, less than 2%, or less than 1% of the 

off-target activity observed or expected under the same conditions when using wild-type 

Cas9.  

Polynucleotides, Vectors, Cells, Kits 

[00127] In another aspect of this disclosure, polynucleotides encoding one or more of 

the inventive proteins and/or gRNAs are provided. For example, polynucleotides encoding 

any of the proteins described herein are provided, e.g., for recombinant expression and 

purification of isolated nucleases, recombinases, gene editing enzymes, and other nucleic acid 

modifying enzymes, e.g., comprising Cas9 variants (e.g., dCas9) comprising ligand

dependent inteins. In some embodiments, an isolated polynucleotide comprises one or more 

sequences encoding a ligand dependent RNA-guided nuclease (e.g., Cas9). In some 

embodiments, an isolated polynucleotide comprises one or more sequences encoding a Cas9 

fusion protein, for example, any of the Cas9 fusion proteins described herein (e.g., those 

comprising a nuclease-inactivated Cas9 fused to a nuclease, recombinase, deaminase domain, 

or transcriptional activator). In some embodiments, an isolated polynucleotides comprises 

one or more sequences encoding a gRNA, alone or in combination with a sequence encoding 

any of the proteins described herein.  

[00128] In some embodiments, vectors encoding any of the proteins described herein 

are provided, e.g., for recombinant expression and purification of Cas9 proteins, and/or 

fusions comprising Cas9 proteins (e.g., variants). In some embodiments, the vector 

comprises or is engineered to include an isolated polynucleotide, e.g., those described herein.  

In some embodiments, the vector comprises one or more sequences encoding a Cas9 protein 
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(as described herein), a gRNA, or combinations thereof, as described herein. Typically, the 

vector comprises a sequence encoding an inventive protein operably linked to a promoter, 

such that the fusion protein is expressed in a host cell.  

[00129] In some embodiments, cells are provided, e.g., for recombinant expression and 

purification of any of the Cas9 proteins provided herein. The cells include any cell suitable 

for recombinant protein expression, for example, cells comprising a genetic construct 

expressing or capable of expressing an inventive protein (e.g., cells that have been 

transformed with one or more vectors described herein, or cells having genomic 

modifications, for example, those that express a protein provided herein from an allele that 

has been incorporated into the cell's genome). Methods for transforming cells, genetically 

modifying cells, and expressing genes and proteins in such cells are well known in the art, 

and include those provided by, for example, Green and Sambrook, Molecular Cloning: A 

Laboratory Manual (4h ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.  

(2012)) and Friedman and Rossi, Gene Transfer: Delivery and Expression of DNA and RNA, 

A Laboratory Manual (1st ed., Cold Spring Harbor Laboratory Press, Cold Spring Harbor, 

N.Y. (2006)).  

[00130] Some aspects of this disclosure provide kits comprising a ligand-dependent 

Cas9 variant (e.g., a ligand dependent Cas9 nuclease (or nickase), and/or a ligand-dependent 

dCas9 variant fused to a nuclease, recombinase, deaminase, or a transcriptional activator as 

provided herein. In some embodiments, the kit comprises a polynucleotide encoding an 

inventive Cas9 variant, nuclease, recombinase, and/or deaminase e.g., as provided herein. In 

some embodiments, the kit comprises a vector for recombinant protein expression, wherein 

the vector comprises a polynucleotide encoding any of the proteins provided herein. In some 

embodiments, the kit comprises a cell (e.g., any cell suitable for expressing Cas9 proteins or 

fusions comprising Cas9 proteins, such as bacterial, yeast, or mammalian cells) that 

comprises a genetic construct for expressing any of the proteins provided herein. In some 

embodiments, any of the kits provided herein further comprise one or more gRNAs and/or 

vectors for expressing one or more gRNAs. In some embodiments, the kit comprises an 

excipient and instructions for contacting the Cas9 proteins or dCas9 fusions with the 

excipient to generate a composition suitable for contacting a nucleic acid with the inventive 

protein. In some embodiments, the composition is suitable for delivering an inventive protein 

to a cell, or for delivering a nucleic acid encoding the protein to a cell. In some 

embodiments, the composition is suitable for delivering an inventive protein to a subject. In 

some embodiments, the excipient is a pharmaceutically acceptable excipient.  
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EXAMPLES 

Example 1: Small molecule-controlled Cas9 

[00131] Cas9 variants that can be activated in the presence of a small molecule were 

engineered, allowing spatiotemporal control over DNA cleavage. These engineered Cas9 

variants contain a small-molecule-regulated intein (Buskirk et al., Proc. Natl. Acad. Sci. USA.  

2004; 101, 10505-105 10), which has been optimized for mammalian cells (Peck et al., Chem.  

Biol. 2011; 18 (5), 619-630), that renders the protein inactive as a nuclease. Upon addition of 

the cell-permeable molecule, 4-hydroxytamoxifen (4-HT), the intein excises itself from the 

protein and ligates the flanking extein sequences, restoring Cas9 activity. Because these 

Cas9 variants can be active over a smaller time window than wild-type Cas9, the likelihood 

of having off-target cleavage is reduced.  

[00132] The 37R3-2 intein was inserted at 15 different positions into human codon

optimized Streptococcus pyogenes Cas9 (e.g., SEQ ID NO:2). The intein was inserted in 

place of a single cysteine, alanine, seine, or threonine residue. Upon excision, the intein 

leaves a cysteine residue. Thus, the primary structure generated following protein splicing is 

either identical to the unmodified version of Cas9 when the intein is inserted in place of 

cysteine, or it is one amino acid different when the intein is inserted in place of alanine, 

serine, or threonine.  

[00133] Plasmid constructs were generated in which the intein replaced amino acid 

residues: Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, 

Thr995, Ser1O06, Ser 154, Ser 159, or Ser1274 (e.g., in the amino acid sequence set forth as 

SEQ ID NO:2). These plasmids express the Cas9 variant with a nuclear localization signal 

(NLS) and 3xFLAG tag from the CMV promoter.  

[00134] HEK293-GFP stable cells were transfected with the Cas9 expression plasmid, 

a gRNA (targeting Emerald GFP; Guilinger et al., Nature Biotechnology (2014)), and 

iRFP670 (transfection control), using Lipofectamine 2000. Twelve hours after transfection, 

media, either containing 4-HT (1 pM) or without 4-HT, was added.  

[00135] Five days after transfection, cells were trypsinized and analyzed on a flow 

cytometer. Cells lacking GFP indicated genome modification. Cas9 variants that induced 

minimal genome modification in the absence of 4-HT but induce significant genome 

modification in the presence of 4-HT were deemed small-molecule-regulated variants in this 

Example. Of fifteen targeted insertions, five demonstrated minimal genome modification in 

the absence of 4-HT. These variants are highlighted in bold in the Table I below.  
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[00136] Additionally, a time course was performed in which incubation with 4-HT was 

limited to 2, 4, 8, 12 or 24 hours, after which point the media was replaced. Presumably, the 

shorter time an "active" cas9 is present, the less off-target cleavage. As depicted in Table II 

below, treating with 4-HT for 2 hours is sufficient for on-target cleavage and longer treatment 

periods do not show significant increased cleavage in this assay.  

[00137] To assess the ability of the ligand-dependent Cas9 proteins to affect genomic 

modifications in the presence of absence of ligand, HEK293-GFP stable cells (GenTarget) 

were transfected with Cas9 expression plasmids and sgRNAs targeting EMX, VEGF, or 

CLTA genomic sites using Lipofectamine 2000 as previously described (Guilinger et al., 

Fusion of catalytically inactive Cas9 to FokI nuclease improves the specificity of genome 

modification Nature Biotechnology. 2014; 32(6):577-82). 4-HT (1 pM) was added during 

transfection for + 4-HT samples. 12 hours after transfection the media was replaced. 60 

hours after transfection, cells were trypsinized and genomic DNA was isolated using the 

DNAdvance kit (Agencourt). 40-80 ng of genomic DNA was used as a template to PCR 

amplify the targeted genomic loci with flanking Survey primer pairs as previously described 

(Guilinger et al., Fusion of catalytically inactive Cas9 to FokI nuclease improves the 

specificity of genome modification Nature Biotechnology. 2014; 32(6):577-82). PCR 

products were purified with a QlAquick PCR Purification Kit (Qiagen) and quantified with a 

Quant-iT PicoGreen dsDNA Kit (Life Technologies). 200 ng of purified PCR DNA was then 

combined with 2 [tL of NEBuffer 2 (NEB) in a total volume of 19 [iL and denatured then re

annealed with thermocycling at 95'C for 5 min, 95-85'C at 20 C/s, 85-20'C at 0.20 C/s. The 

re-annealed DNA was incubated with 1 [tL of T7 Endonuclease I (1OU/ [tL, NEB) at 37 0 C for 

15 min. 10 [tL of 50% glycerol was added to the T7 Endonuclease reaction and 15 piL was 

analyzed on a 5% TBE 18-well Criterion PAGE gel (Bio-Rad) electrophoresed for 30 min at 

200V and stained with EtBr for 15 min.  

[00138] As shown in Figure 2, the addition of 4-HT to ligand-dependent Cas9:Intein 

variants (Cas9:Intein with 37R3-2 replacing S219 (SEQ ID NO:30) and Cas9:Intein with 

37R3-2 replacing C574 (SEQ ID NO:33)) resulted in genomic modification of the target 

sites, comparable to modification by wild-type Cas9. In the absence of 4-HT, the Cas9:Intein 

variants displayed minimal or no modification of the EMX and VEGF genomic target sites, 

while some background cleavage was observed for the CLTA genomic target site. Gene 

modification levels can be estimated by comparing the intensities of the cleaved (two smaller 

fragments) and uncleaved bands. These results demonstrate that Cas9 cleavage of genomic 
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target sites can be controlled by the addition of ligand (here, 4-HT) which activates the 

proteins.  

Table 1 

Cas9 Variant Cells without GFP (%) 

- 4-HT + 4-HT 

None 4.65 3.42 

wild-type cas9 48.49 40.49 

intein(Cys8O)-Cas9 (SEQ ID NO:27) 7.08 4.96 

intein(Ala127)-Cas9 (SEQ ID NO:28) 7.97 19.73 

intein(Thr146)-Cas9 (SEQ ID NO:29) 8.77 21.60 

intein(Ser219)-Cas9 (SEQ ID NO:30) 6.53 23.98 

intein(Thr333)-Cas9 (SEQ ID NO:31) 4.96 9.17 

intein(Thr519)-Cas9 (SEQ ID NO:32) 9.49 25.96 

intein(Cys574)-Cas9 (SEQ ID NO:33) 5.74 21.44 

intein(Thr622)-Cas9 (SEQ ID NO:34) 5.67 3.96 

intein(Ser70l)-Cas9 (SEQ ID NO:35) 6.54 9.56 

intein(Ala728)-Cas9 (SEQ ID NO:36) 20.82 41.89 

intein(Thr995)-Cas9 (SEQ ID NO:37) 14.95 21.39 

intein(Ser1O06)-Cas9 (SEQ ID NO:38) 6.80 12.61 

intein(Ser1154)-Cas9 (SEQ ID NO:39) 21.14 41.94 

intein(Ser1159)-Cas9 (SEQ ID NO:40) 5.65 13.21 

intein(Ser1274)-Cas9 (SEQ ID NO:41) 3.08 5.00 
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Table 2 

Cas9 Variant Cells without GFP (%) 

- 4-HT + 4-HT 

2hrs 4hrs 8hrs 12hrs 24hrs 

None 2.98 2.60 3.78 3.71 2.76 2.82 

wild-type cas9 34.65 42.28 37.68 33.89 33.81 37.26 

intein(Ala127)
Cas9 (SEQ ID 5.03 18.95 18.57 18.64 18.35 16.83 

NO:28) 

intein(Thrl46)
Cas9 (SEQ ID 4.28 16.29 15.07 13.65 14.44 19.57 

NO:29) 

intein(Ser219)
Cas9 (SEQ ID 3.92 17.25 17.07 15.12 15.28 24.39 

NO:30) 

intein(Thr519)
Cas9 (SEQ ID 4.29 14.55 13.98 14.74 13.93 18.04 

NO:32) 

intein(Cys574)
Cas9 (SEQ ID 2.91 14.57 13.11 16.91 16.10 14.52 

NO:33) 

Example 2: Small Molecule-controlled Cas9 Protein with Improved Genome-Editing 

Specificity 

[00139] Cas9 nucleases that are activated by the presence of a cell-permeable small 

molecule were developed by inserting an evolved 4-hydroxytamoxifen (4-HT)-responsive 

intein at specific positions in Cas9. In human cells, conditionally active Cas9s modify target 

genomic sites with up to 25-fold higher specificity than wild-type Cas9.  

[00140] The RNA-guided endonuclease Cas9 from the type II CRISPR-Cas system 

enables simple and efficient genome editing in a wide variety of organisms. Virtually any 

target DNA locus can be cleaved by programming Cas9 with a single guide RNA (sgRNA) 
1-3 that contains a stretch of -20 nucleotides complementary to the target sequence - . Due to its 

simplicity and robustness, the Cas9 system has been widely adopted for biological research 

and therapeutic development. The DNA cleavage specificity of Cas9 is imperfect4-8, however, 

raising concerns over off-target genome modification that may limit its usefulness in 

therapeutic or research applications. Cas9 off-target activity has been reduced through 
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protein9- 12 and sgRNA1 3 engineering, and by direct delivery of Cas9:sgRNA protein:RNA 
14-16 complexes into cells4

[00141] A complementary, underexplored strategy to improve Cas9 specificity is to 

reduce its activity once it has had sufficient opportunity to modify the target DNA locus.  

Indeed, higher concentrations of Cas9 in cells have been observed to degrade specificity4-6 

(defined as the ratio of on-target:off-target DNA cleavage activity), presumably because any 

Cas9 protein present after the target locus has been modified can only process off-target 

substrates. Unfortunately, wild-type Cas9 nucleases are not known to be regulated by other 

molecules and therefore are used in constitutively active form. While Cas9 can be regulated 
17,18 at the transcriptional level through the use of inducible promoters , transcriptional control 

cannot limit activity to the short temporal windows that may be necessary to maximize 
16,19 

genome-editing specificity , in contrast with the high temporal resolution of post

translational strategies that directly control protein activity.  

[00142] Engineered variants of Cas9 that can be controlled with a readily available, 

cell-permeable small molecule were developed. We previously evolved inteins that undergo 

protein splicing only in the presence of 4-hydroxytamoxifen (4-HT)20. These inteins were 

developed by inserting the human estrogen receptor ligand-binding domain into the M.  

tuberculosis RecA intein and evolving the resulting inactive fusion protein into a 

conditionally active intein that requires the presence of 4-HT20 -n. Subsequent evolution at 37 

'C yielded a second-generation intein, 37R3-2, with improved splicing properties in 

mammalian cells. We envisioned that inserting the 37R3-2 intein into Cas9 at a location 

that disrupts Cas9 activity until protein splicing has taken place could result in conditionally 

active Cas9 nucleases that are active only in the presence of 4-HT (Fig. 3a).  

[00143] We genetically inserted the 4-HT-dependent intein at each of fifteen positions 

in Cas9 (Cys8O, Ala127, Thr146, Ser219, Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, 

Thr995, Ser1O06, Ser 154, Ser 159, and Ser1274), chosen to distribute the location of the 

intein across the structural domains of Cas93 (Fig. 3b and Example 1). Because intein 

splicing leaves behind a single Cys residue, the intein was inserted in place of one Cas9 

amino acid in each of the 15 candidate constructs. In addition to replacing natural Cys amino 

acids, we also favored replacing Ala, Ser, or Thr residues to minimize the likelihood that the 

resulting Cys point mutation resulting from protein splicing would disrupt Cas9 activity. The 

15 intein-Cas9 candidates were expressed in HEK293-GFP cells together with a sgRNA that 

targets the genomic EGFP locus in these cells. Twelve hours post-transfection, cells were 

treated with or without 1 pM 4-HT. Five days post-transfection, cells were analyzed on a 
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flow cytometer for loss of GFP expression from Cas9-mediated EGFP cleavage and 

subsequent non-homologous end joining.  

[00144] Eight of the candidates, corresponding to intein insertion at A127, T146, S219, 

T333, T519, C574, S 1006, and S 1159, demonstrated 4-HT-dependent loss of GFP expression 

consistent with 4-HT-triggered Cas9 activity (Fig. 3c). Interestingly, three intein-Cas9 

proteins (insertion at A728, T995, and S 1154) showed high DNA modification rates both in 

the presence and absence of 4-HT, suggesting that large protein insertions at these positions 

do not significantly inhibit nuclease activity, or that the intein lost its 4-HT dependence due 

to context-dependent conformational perturbations. We speculate that it may be possible to 

engineer split Cas9 variants by dividing the protein at these locations, given their tolerance of 

a 413-residue insertion. The lack of nuclease activity of the remaining four Cas9-inteins 

(insertion at C80, T622, S701, and S1274) in the presence or absence of 4-HT could result 

from the inability of the intein to splice in those contexts, the inability of Cas9 to refold 

properly following splicing, or intolerance of replacement of native Thr or Ser residues with 

Cys. We pursued two intein-Cas9 variants corresponding to insertion at S219 and C574 (Fig.  

3b). These two variants combined high activity in the presence of 4-HT and low activity in 

the absence of 4-HT.  

[00145] To evaluate the genome modification specificity of conditionally active Cas9 

variants, we expressed intein-Cas9(S219), intein-Cas9(C574), and wild-type Cas9 in 

HEK293-GFP cells together with each of three previously described" sgRNAs that target the 

well-studied EMX, VEGF, and CLTA genomic loci. We assayed these Cas9:sgRNA 

combinations in human cells for their ability to modify the three on-target loci as well as 11 

known off-target genomic sites (Table 3)4'5'10'13. Cells were treated with or without 1 kM 4

HT during transfection, and after 12 h the media was replaced with fresh media lacking 4

HT. We observed no cellular toxicity arising from 12 or 60 h of treatment with 1 PM 4-HT in 

untransfected or transfected HEK293 cells (Fig. 5). Genomic DNA was isolated 60 h post

transfection and analyzed by high-throughput DNA sequencing 

[00146] Overall on-target genome modification frequency of intein-Cas9(S219) and 

intein-Cas9 (C574) in the presence of 1 kM 4-HT was similar to that of wild-type Cas9 (Fig.  

4a, Tables 4 and 5). On-target modification frequency in the presence of 4-HT was 3.4- to 

7.3-fold higher for intein-Cas9(S219), and 3.6- to 9.6-fold higher for intein-Cas9(C574), than 

in the absence of 4-HT, whereas modification efficiency for wild-type Cas9 was 1.2- to 1.8

fold lower in the presence of 4-HT (Fig. 4a). Both intein-Cas9 variants exhibited a low level 
20-22 of background activity in the absence of 4-HT, consistent with previous reports. Western 
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blot analysis of intein-Cas9(S219) from transfected HEK293 cells confirmed the presence of 

spliced product at the earliest assayed time point (4 h) following 4-HT treatment; no spliced 

product was detected in the absence of 4-HT (Fig. 6). Together, these results indicate that 

intein-Cas9(S219) and intein-Cas9(C574) are slightly less active than wild-type Cas9 in the 

presence of 4-HT, likely due to incomplete splicing (Fig. 6), but much less active in the 

absence of 4-HT.  

[00147] High-throughput sequencing of 11 previously described off-target sites that 

are modified by wild-type Cas9:sgRNA complexes targeting the EMX, VEGF, and CLTA loci 

revealed that both intein-Cas9 variants when treated with 4-HT for 12 h exhibit substantially 

improved specificity compared to that of wild-type Cas9 (Fig. 7, Tables 4, 6, and 7). On

target:off-target indel modification ratios for both intein-Cas9 variants were on average 6

fold higher, and as much as 25-fold higher, than that of wild-type Cas9 (Fig. 4b-d). In the 

absence of 4-HT, the genome modification specificity of both intein-Cas9 variants was on 

average 14-fold higher than that of wild-type Cas9 in the absence of 4-HT (Fig. 8), 

presumably resulting from the much lower activity of the intein-Cas9 variants in the absence 
4-6 of 4-HT4-.  

[00148] Since intein-Cas9s can result in slightly lower on-target modification rates 

compared to wild-type Cas9 (Fig. 4a), we sought to verify that the improvements in 

specificity among the intein-Cas9s were not simply a result of reduced activity. Both on- and 

off-target activity of Cas9 has been shown to be dependent on the amount of Cas9 expression 

plasmid transfected-6 . By transfecting lower amounts of the wild-type Cas9 expression 

plasmid, we compared intein-Cas9s with wild-type Cas9 under conditions that result in very 

similar levels of on-target modification. To minimize potential differences in transfection 

efficiency, we supplemented with a plasmid that does not express Cas9 so that the same total 

amount of plasmid DNA was transfected into each sample. High-throughput sequencing 

revealed that wild-type Cas9 shows slightly improved specificity, as expected, as the on

target cleavage rate is reduced. The intein-Cas9 variants, however, remain substantially more 

specific than wild-type Cas9 at similar on-target DNA cleavage rates (Figs. 9-11, Tables 6 

and 8). For example, intein-Cas9(C574) and wild-type Cas9 (80 ng) have virtually identical 

on-target DNA cleavage rates (both 6.4%) at the EMX locus but all four off-target sites are 

modified at an average of 4-fold lower frequencies (P < 1 x 10- ) by intein-Cas9(C574) than 

by wild-type Cas9. These findings indicate that specificity improvements of intein-Cas9 

variants do not simply arise from differences in overall genome editing activity.  
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[00149] Intein 37R3-2 can be activated by other estrogen receptor modulators. To 

enable intein-Cas9 applications in which endogenous j-estradiol is present, we inserted into 

the estrogen receptor ligand-binding domain a point mutation (G521R) that renders the 

domain more specific for 4-HT2 4 . This mutation slightly reduces affinity for 4-HT but almost 

abolishes affinity for j-estradiol. The addition of this mutation to intein-Cas9(S219) 

eliminates the ability of j-estradiol to trigger Cas9 activity (Fig. 12).  

[00150] The intein-Cas9 variants developed here demonstrate small-molecule control 

of Cas9 function, thereby enhancing genome-modification specificity. The use of ligand

dependent Cas9 variants provides greater control over genomic modification efficiencies and 

specificities than is currently achievable with constitutively active or transcriptionally 

regulated genome editing. This approach can synergize with other specificity-augmenting 
16 strategies such as direct delivery of transient Cas9 protein into cells , using truncated guide 

RNAs 13 , paired Cas9 nickases 9' 10, or FokJ-dCas9 fusions11 '12 . This approach could also be 

applied to other genome engineering proteins to enable, for example, small-molecule control 

of TALE-based or Cas9-mediated transcriptional regulators.  
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EMX On GAGTCCGAGCAGAAGAAGAAGGG (SEQ ID NO: XX) 

EMX Off 1 GAGgCCGAGCAGAAGAAagACGG (SEQ ID NO: XX) 

EMX Off 2 GAGTCCtAGCAGgAGAAGAAGaG (SEQ ID NO: XX) 

EMX Off 3 GAGTCtaAGCAGAAGAAGAAGaG (SEQ ID NO: XX) 

EMX Off 4 GAGTtaGAGCAGAAGAAGAAAGG (SEQ ID NO: XX) 

VEGF On GGGTGGGGGGAGTTTGCTCCTGG (SEQ ID NO: XX) 
VEGF Off 1 GGaTGGaGGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 2 GGGaGGGtGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 3 cGGgGGaGGGAGTTTGCTCCTGG (SEQ ID NO: XX) 

VEGF Off 4 GGGgaGGGGaAGTTTGCTCCTGG (SEQ ID NO: XX) 

CLTA On GCAGATGTAGTGTTTCCACAGGG (SEQ ID NO: XX) 

CLTA Off 1 aCAtATGTAGTaTTTCCACAGGG (SEQ ID NO: XX) 

CLTA Off 2 cCAGATGTAGTaTTcCCACAGGG (SEQ ID NO: XX) 

CLTA Off 3 ctAGATGaAGTGcTTCCACATGG (SEQ ID NO: XX) 

Table 3. On-target and 11 known off-target substrates of Cas9:sgRNAs that target sites in 

EMX, VEGF, and CLTA. List of genomic on-target and off-targets sites of the EMX, VEGF, 
and CLTA sites are shown with mutations from the on-target sequence shown in lower case.  

Protospacer-adjacent motifs (PAMs) are shown underlined.  
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intein-Cas9(S219) intein-Cas9(C574) wt Cas9 
(+ 4-HT vs. - 4-HT) (+ 4-HT vs. - 4-HT) (+ 4-HT vs. - 4-HT) 

EMX On < 3.3 x 10-16 < 3.3 x 10-16 1 

VEGF On < 3.3 x 10-16 < 3.3 x 10-16 1 

CLTA On < 3.3 x 10-16 < 3.3 x 10-16 1 

Table 5. P-values for comparisons between conditions in Fig. 2a. P-values were obtained 
using the Fisher exact test and adjusted for multiple comparisons using the Benjamini
Hochberg Method.  
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Independent Experiment 1 Independent Experiment 2 
+ 4-HT intein- + 4-HT intein- + 4-HT intein- + 4-HT intein

Cas9(S219) vs. + 4- Cas9(C574) vs. + 4- Cas9(S219) vs. + 4- Cas9(C574) vs. + 4
HT wt Cas9 (500 ng) HT wt Cas9 (500 ng) HT wt Cas9 (500 ng) HT wt Cas9 (500 ng) 

EMX On < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

EMX Off 1 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

EMX Off 2 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

EMX Off 3 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

EMX Off 4 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF On 2.8 x 10-12 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 1 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 2 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 3 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

VEGF Off 4 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

CLTA On 1 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

CLTA Off 1 < 2.4 x 10-16 < 2.4 x 10-16 < 3.9 x 10-16 < 3.9 x 10-16 

CLTA Off 2 9.1 x 10-1 4.4 x 10-1 1.4 x 104 4.6 x 10-6 

CLTA Off 3 1.3 x 10-1 1.5 x 10-14 3.1 x 10-15 3.5 x 10-11 

Table 7. P-values for comparisons between conditions in Fig. 7. P-values were obtained 

using the Fisher exact test and adjusted for multiple comparisons using the Benjamini

Hochberg Method.  
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+ 4-HT wt Cas9 (500 ng) 
-sgRNA 

Indels Total Modification 
frequency 

EMX On 8 78943 0.01% 

EMX Off 1 1 42232 0.00% 

EMX Off 2 4 79008 0.01% 

EMX Off 3 60 113629 0.05% 

EMX Off 4 5 104159 0.00% 

VEGF On 0 60667 0.00% 

VEGF Off 1 2 111409 0.00% 

VEGF Off 2 0 52048 0.00% 

VEGF Off 3 4 88105 0.00% 

VEGF Off 4 2 123559 0.00% 

CLTA On 491 68600 0.72% 

CLTA Off 1 10 116033 0.01% 

CLTA Off 2 6 75723 0.01% 

CLTA Off 3 4 53885 0.01% 

Table 9. Raw sequence counts and modification frequencies (for cells transfected with wild

type Cas9 (500 ng) but without a targeting sgRNA, in the presence of 4-HT). Total: total 

number of sequence counts. Modification frequency: number of indels divided by the total 

number of sequences listed as percentages.  
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Sequences 

[00151] Intein 37R32: 

TGCCTTGCCGAGGGTACCCGAATCTTCGATCCGGTCACTGGTACAACGCATCGCA 
TCGAGGATGTTGTCGATGGGCGCAAGCCTATTCATGTCGTGGCTGCTGCCAAGGA 
CGGAACGCTGCTCGCGCGGCCCGTGGTGTCCTGGTTCGACCAGGGAACGCGGGA 
TGTGATCGGGTTGCGGATCGCCGGTGGCGCCATCGTGTGGGCGACACCCGATCAC 
AAGGTGCTGACAGAGTACGGCTGGCGTGCCGCCGGGGAACTCCGCAAGGGAGAC 
AGGGTGGCCGGACCGGGTGGTTCTGGTAACAGCCTGGCCTTGTCCCTGACGGCCG 
ACCAGATGGTCAGTGCCTTGTTGGATGCTGAGCCCCCCATACTCTATTCCGAGTA 
TGATCCTACCAGTCCCTTCAGTGAAGCTTCGATGATGGGCTTACTGACCAACCTG 
GCAGACAGGGAGCTGGTTCACATGATCAACTGGGCGAAGAGGGTGCCAGGCTTT 
GTGGATTTGACCCTCCATGATCAGGCCCACCTTCTAGAACGTGCCTGGCTAGAGA 
TCCTGATGATTGGTCTCGTCTGGCGCTCCATGGAGCACCCAGGGAAGCTACTGTT 
TGCTCCTAACTTGCTCTTGGACAGGAACCAGGGAAAATGTGTAGAGGGCATGGT 
GGAGATCTTCGACATGCTGCTGGCTACATCATCTCGGTTCCGCATGATGAATCTG 
CAGGGAGAGGAGTTTGTGTGCCTCAAATCTATTATTTTGCTTAATTCTGGAGTGT 
ACACATTTCTGTCCAGCACCCTGAAGTCTCTGGAAGAGAAGGACCATATCCACCG 
AGCCCTGGACAAGATCACGGACACTTTGATCCACCTGATGGCCAAGGCAGGCCT 
GACCCTGCAGCAGCAGCACCAGCGGCTGGCCCAGCTCCTCCTCATCCTCTCCCAC 
ATCAGGCACATGAGTAACAAAGGAATGGAGCATCTGTACAGCATGAAGTACAAG 
AACGTGGTGCCCCTCTATGACCTGCTGCTGGAGATGCTGGACGCCCACCGCCTAC 
ATGCGGGTGGTTCTGGTGCTAGCCGCGTGCAGGCGTTCGCGGATGCCCTGGATGA 
CAAATTCCTGCACGACATGCTGGCGGAAGGACTCCGCTATTCCGTGATCCGAGAA 
GTGCTGCCAACGCGGCGGGCACGAACGTTCGACCTCGAGGTCGAGGAACTGCAC 
ACCCTCGTCGCCGAAGGGGTTGTCGTGCACAACTGC (SEQ ID NO: XX) 

[00152] Cas9-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE 
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LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ 
HKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENIIHLFTLTNLGA 
PAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGSPKKKRKVSS 
DYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00153] Intein-Cas9(C80)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAA 
KDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKG 
DRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLA 
DRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAP 
NLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLS 
STLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKG 
MEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDML 
AEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCYLQEIFSNEMAKVDDS 
FFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLI 
YLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAIL 
SARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDT 
YDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEH 
HQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG 
TEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL 
TFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN 
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK 
VTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE 
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQ 
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00154] Intein-Cas9(A127)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVV 
SWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGN 
SLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWA 
KRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKC 
VEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHI 
HRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYK 
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NVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIRE 
VLPTRRARTFDLEVEELHTLVAEGVVVHNCYHEKYPTIYHLRKKLVDSTDKADLRLI 
YLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAIL 
SARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDT 
YDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEH 
HQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG 
TEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL 
TFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN 
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK 
VTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE 
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQ 
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00155] Intein-Cas9(T146)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSCLAEGTRIFDPVTGTTHRIEDVVDGRK 
PIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRA 
AGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMM 
GLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 
PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLN 
SGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHI 
RHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDD 
KFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCDKADLRLIY 
LALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILS 
ARLSKSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTY 
DDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHH 
QDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTE 
ELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTF 
RIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLP 
NEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKV 
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILED 
IVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 
GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
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AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00156] Intein-Cas9(S219)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKCLAEGTRIFDPV 
TGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVW 
ATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIL 
YSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERA 
WLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMM 
NLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTL 
QQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAG 
GSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAE 
GVVVHNCRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD 
TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE 
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD 
GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI 
LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDK 
NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNR 
KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI 
LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD 
KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG 
SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE 
GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP 
QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN 
LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT 
LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY 
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI 
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP 
KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK 
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY 
EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

[00157] Intein-Cas9(T333)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
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RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLCLAEGTRIFDPVTG 
TTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATP 
DHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 
YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEI 
LMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQ 
GEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQ 
HQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSG 
ASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGV 
VVHNCLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG 
TEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKIL 
TFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKN 
LPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRK 
VTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILE 
DIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQ 
SGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00158] Intein-Cas9(T519)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFCL 
AEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGL 
RIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVS 
ALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHD 
QAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLA 
TSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHL 
MAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEML 
DAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEV 
EELHTLVAEGVVVHNCVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKV 
TVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILED 
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IVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 
GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00159] Intein-Cas9(C574)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECLA 
EGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRI 
AGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSAL 
LDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQA 
HLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATS 
SRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMA 
KAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDA 
HRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEE 
LHTLVAEGVVVHNCFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILED 
IVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQS 
GKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 
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[00160] Intein-Cas9(T622)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLCLAEGTRIFDPVTG 
TTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATP 
DHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSE 
YDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEI 
LMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQ 
GEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQ 
HQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSG 
ASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGV 
VVHNCLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDK 
QSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSP 
AIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGI 
KELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQ 
SFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL 
TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITL 
KSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYK 
VYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV 
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK 
KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKG 
YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYE 
KLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKP 
IREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID 
LSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00161] Intein-Cas9(S70 1)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWF 
DQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLA 
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LSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRV 
PGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEG 
MVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRA 
LDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 
PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPT 
RRARTFDLEVEELHTLVAEGVVVHNCLTFKEDIQKAQVSGQGDSLHEHIANLAGSPA 
IKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00162] Intein-Cas9(A728)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLCLAEGTRIFDPVTGTTHRIEDVV 
DGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEY 
GWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSE 
ASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWR 
SMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKS 
IILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLL 
ILSHIRHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFAD 
ALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCGSPAI 
KKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIK 
ELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSF 
LKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTK 
AERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKS 
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVY 
DVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWD 
KGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKY 
GGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKE 
VKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLK 
GSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIRE 
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QAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDLSQ 
LGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00163] Intein-Cas9(T995)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKD 
GTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDR 
VAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADR 
ELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNL 
LLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLOGEEFVCLKSIILLNSGVYTFLSSTL 
KSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGME 
HLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAE 
GLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCALIKKYPKLESEFVYGDY 
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI 
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP 
KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK 
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY 
EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

[00164] Intein-Cas9(S 1006)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
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SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLECLAEGTRIFDPVTGTTHRIEDVVDGRK 
PIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRA 
AGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMM 
GLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEH 
PGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLN 
SGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHI 
RHMSNKGMEHLYSMKYKNVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDD 
KFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAEGVVVHNCEFVYGDYK 
VYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIV 
WDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPK 
KYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKG 
YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYE 
KLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKP 
IREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID 
LSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00165] Intein-Cas9(S1 154)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWF 
DQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLA 
LSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRV 
PGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEG 
MVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRA 
LDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYKNVV 
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PLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPT 
RRARTFDLEVEELHTLVAEGVVVHNCKKLKSVKELLGITIMERSSFEKNPIDFLEAKG 
YKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYE 
KLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKP 
IREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRID 
LSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00166] Intein-Cas9(S1 159)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKSKKLKCLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPV 
VSWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSG 
NSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINW 
AKRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGK 
CVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDH 
IHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYK 
NVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIRE 
VLPTRRARTFDLEVEELHTLVAEGVVVHNCVKELLGITIMERSSFEKNPIDFLEAKGY 
KEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEK 
LKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPI 
REQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRIDL 
SQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: XX) 

[00167] Intein-Cas9(S 1274)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLP 
GEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYA 
DLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPE 
KYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQR 
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TFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFA 
WMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTV 
YNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFD 
SVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERL 
KTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRN 
FMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK 
VMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQL 
QNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNKVLTRSDK 
NRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNLTKAERGGLSELDKAGFIK 
RQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKV 
REINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGK 
ATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSM 
PQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVV 
AKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFE 
LENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQ 
HKHYLDEIIEQICLAEGTRIFDPVTGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVV 
SWFDQGTRDVIGLRIAGGAIVWATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGN 
SLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINWA 
KRVPGFVDLTLHDQAHLLERAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKC 
VEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHI 
HRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYK 
NVVPLYDLLLEMLDAHRLHAGGSGASRVQAFADALDDKFLHDMLAEGLRYSVIRE 
VLPTRRARTFDLEVEELHTLVAEGVVVHNCEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

[00168] Intein-Cas9(S219-G52 1R)-NLS-3xFLAG: 

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGE 
TAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHE 
RHPIFGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEG 
DLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKCLAEGTRIFDPV 
TGTTHRIEDVVDGRKPIHVVAAAKDGTLLARPVVSWFDQGTRDVIGLRIAGGAIVW 
ATPDHKVLTEYGWRAAGELRKGDRVAGPGGSGNSLALSLTADQMVSALLDAEPPIL 
YSEYDPTSPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQAHLLERA 
WLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGKCVEGMVEIFDMLLATSSRFRMM 
NLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDHIHRALDKITDTLIHLMAKAGLTL 
QQQHQRLAQLLLILSHIRHMSNK MEHLYSMKYKNVVPLYDLLLEMLDAHRLHAG 
GSGASRVQAFADALDDKFLHDMLAEGLRYSVIREVLPTRRARTFDLEVEELHTLVAE 
GVVVHNCRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKD 
TYDDDLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDE 
HHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMD 
GTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKI 
LTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNFDK 
NLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLFKTNR 
KVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDI 
LEDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRD 
KQSGKTILDFLKSDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAG 
SPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRERMKRIEE 
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GIKELGSQILKEHPVENTQLQNEKLYLYYLQNGRDMYVDQELDINRLSDYDVDHIVP 
QSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDN 
LTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDENDKLIREVKVIT 
LKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDY 
KVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEI 
VWDKGRDFATVRKVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDP 
KKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAK 
GYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHY 
EKLKGSPEDNEQKQLFVEQHKHYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDK 
PIREQAENIIHLFTLTNLGAPAAFKYFDTTIDRKRYTSTKEVLDATLIHQSITGLYETRI 
DLSQLGGDGSPKKKRKVSSDYKDHDGDYKDHDIDYKDDDDKAAG (SEQ ID NO: 
XX) 

Indel Calling Algorithm 

Read 1: 

@M00265:68:000000000-AA85W:1:1101:14923:1642 1:N:O:1 
TGCAGTCTCATGACTTGGCCTTTGTAGGAAAACACCATTAGAAGAGTAGATGGTT 
GGGTAGTGGCTCTCTTCTGCTTAGACTCTTGTCTACTATGAATAAAGGGCTCTA 
TTTGCAAAGGCCGTGATGGGTTGAAGCACATTGAGAAAGAGGCT 

3>>A?FFFFFFFFGGGGBGGGGHHGHHHGHHGHHHGHHHHHGHHHGHHHHHHHHH 
GGGGHGHFHGGHHHHHHGHHHHHHHHHHHHHGHFHHGHHHHHHHHHHFGGHH 
HHHHHHHHHGHHHHG@EEHHHHHGGHHHHHHHHHHHHHHHHHHHGG 

Read 2: 
@M00265:68:000000000-AA85W:1:1101:14923:1642 2:N:O:1 
CTCACCTGGGCGAGAAAGGTAACTTATGTTTCAGTAGCCTCTTTCTCAATGTGCTT 
CAACCCATCACGGCCTTTGCAAATAGAGCCCTTTATTCATAGTAGACAAGAGTCT 
AAGCAGAAGAGAGCCACTACCCAACCATCTACTCTTCTAATGGT 

3>>AAFCFFBBBGGGGGGGGGGHGHHHHHHHHHHHHHHHHHHHHHHHHHHHGH 
HHHHHHHHGGHHFHDFGGGHHHHHHHHGHFHHHGGGHHHHHHHHHHFHHHHHH 
HHHHHGHHHHHGHHHGHGHHHHHHHHHHHGGGHHHGHHGHHHHHHHHH@ 

Step 1: Search for sequences (or reverse complements) flanking the on/off target sites in both 
Illumina reads from the following set: 

target site 5' flanking 3' flanking 

sequence sequence 

EMXOn GAGTCCGAGCAGAAGAAGAAGGG AGCTGGAGGAGGAAGGGCCT CTCCCATCACATCAACCGGT 

EMXOff 1 GAGGCCGAGCAGAAGAAAGACGG CCCCTTCTTCTGCAAATGAG CGACAGATGTTGGGGGGAGG 

EMXOff2 GAGTCCTAGCAGGAGAAGAAGAG GGCTGGGGCCAGCATGACCT GCAGCCTAGAGTCTTCTGTG 

EMXOff3 GAGTCTAAGCAGAAGAAGAAGAG CCTTTATTCATAGTAGACAA AGCCACTACCCAACCATCTA 

EMXOff4 GAGTTAGAGCAGAAGAAGAAAGG CATGGCAAGACAGATTGTCA CATGGAGTAAAGGCAATCTT 
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VEGFOn GGGTGGGGGGAGTTTGCTCCTGG GGGAATGGGCTTTGGAAAGG ACCCCCTATTTCTGACCTCC 

VEGFOffl GGATGGAGGGAGTTTGCTCCTGG CATCTAAGGACGGATTTGTG GGTGTCAGAATGTCCTGTCT 

VEGFOff2 GGGAGGGTGGAGTTTGCTCCTGG CTGGTCAGCCCATTATGATA GGATGGAAGGGCCGGCTCCG 

VEGFOff3 CGGGGGAGGGAGTTTGCTCCTGG CTGGAGAGAGGCTCCCATCA GGAACCTGTGATCCCCACAG 

VEGFOff4 GGGGAGGGGAAGTTTGCTCCTGG CATTTTTGCTGTCACAACTC CATTCAGTGGGTAGAGTCCA 

CLTAOn GCAGATGTAGTGTTTCCACAGGG CTGAGTAGGATTAAGATATT TGGCTCTTCAGTGCACCAGC 

CLTAOffl ACATATGTAGTATTTCCACAGGG GTTGGGAAGAGATGCATACA AATACAATGGACAAATAACC 

CLTAOff2 CCAGATGTAGTATTCCCACAGGG GCCTCCTTGATTGAGGTGTC GTCTGGCAGGCCCCTCCTGT 

CLTAOff3 CTAGATGAAGTGCTTCCACATGG CTCATCTAGAGTTCTTTCCA CTTTCATTAGAGTTTAGTCC 

Step 2: Extract the sequence between the target sites in both reads and ensure that it is 
identical (reverse complementary) in read 1 and read 2 and all positions within read 1 and 
read 2 have a quality score >= '?' (Phred score >= 30) 

In above reads, CTCTTCTGCTTAGACTC is reverse complement of 
GAGTCTAAGCAGAAGAG 

Step 3: Align extracted sequence to the reference sequence for the relevant on/off target 
sequence 

GAGT C TAAGCAGAAGAAGAAGAG reference sequence 
GAGTCTAAGC------AGAAGAG sequence read 

Step 4: For deletions, count only if deletion occurred in close proximity to expected cleavage 
site (within 8 bp of 3' end of reference sequence) 

Methods and Materials 

[00169] Cas9, intein-Cas9, and sgRNA expression plasmids. A plasmid encoding 

the human codon-optimized Streptococcus pyogenes Cas9 nuclease with an NLS and 

3xFLAG tag (Addgene plasmid 4386 1)5 was used as the wild-type Cas9 expression plasmid.  

Intein 37R3-2 was subcloned at the described positions into the wild-type Cas9 expression 

plasmid using USER (NEB M5505) cloning. sgRNA expression plasmids used in this study 

have been described previously". Plasmid constructs generated in this work will be deposited 

with Addgene.  

[00170] Modification of genomic GFP. HEK293-GFP stable cells (GenTarget), 

which constitutively express Emerald GFP, served as the reporter cell line. Cells were 

maintained in "full serum media": Dulbecco's Modified Eagle's Media plus GlutaMax (Life 
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Technologies) with 10% (vol/vol) FBS and penicillin/streptomycin (lx, Amresco). 5 x 104 

cells were plated on 48-well collagen-coated Biocoat plates (Becton Dickinson). 16-18 h after 

plating, cells were transfected with Lipofectamine 2000 (Life Technologies) according to the 

manufacturer's protocol. Briefly, 1.5 pL of Lipofectamine 2000 was used to transfect 650 ng 

of total plasmid: 500 ng Cas9 expression plasmid, 125 ng sgRNA expression plasmid, and 25 

ng near-infrared iRFP670 expressing plasmid (Addgene plasmid 45457)26. 12 h after 

transfection, the media was replaced with full serum media, with or without 4-HT (1 PM, 

Sigma-Aldrich T176). The media was replaced again 3-4 days after transfection. Five days 

after transfection, cells were trypsinized and resuspended in full serum media and analyzed 

on a C6 flow cytometer (Accuri) with a 488-nm laser excitation and 520-nm filter with a 20

nm band pass. Transfections and flow cytometry measurements were performed in triplicate.  

[00171] High-throughput DNA sequencing of genome modifications. HEK293-GFP 

stable cells were transfected with plasmids expressing Cas9 (500 ng) and sgRNA (125 ng) as 

described above. For treatments in which a reduced amount of wild-type Cas9 expression 

plasmid was transfected, pUC 19 plasmid was used to bring the total amount of plasmid to 

500 ng. 4-HT (1 pM final), where appropriate, was added during transfection. 12 h after 

transfection, the media was replaced with full serum media without 4-HT. Genomic DNA 

was isolated and pooled from three biological replicates 60 h after transfection using a 

previously reported" protocol with a DNAdvance Kit (Agencourt). 150 ng or 200 ng of 

genomic DNA was used as a template to amplify by PCR the on-target and off-target 

genomic sites with flanking HTS primer pairs described previously". PCR products were 

purified using RapidTips (Diffinity Genomics) and quantified using the PicoGreen dsDNA 

Assay Kit (Invitrogen). Purified DNA was PCR amplified with primers containing 

sequencing adaptors, purified with the MinElute PCR Purification Kit (Qiagen) and AMPure 

XP PCR Purification (Agencourt). Samples were sequenced on a MiSeq high-throughput 

DNA sequencer (Illumina), and sequencing data was analyzed as described previously.  

[00172] Western blot analysis of intein splicing. HEK293-GFP stable cells were 

transfected with 500 ng Cas9 expression plasmid and 125 ng sgRNA expression plasmid. 12 

h after transfection, the media was replaced with full serum media, with or without 4-HT (1 

pM). Cells were lysed and pooled from three technical replicates 4, 8, 12, or 24 h after 4-HT 

treatment. Samples were run on a Bolt 4-12% Bis-Tris gel (Life Technologies). An anti

FLAG antibody (Sigma-Aldrich F1804) and an anti-mouse 800CW IRDye (LI-COR) were 

used to visualize the gel on an Odyssey IR imager.  
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[00173] Statistical analysis. Statistical tests were performed as described in the figure 

captions. All p-values were calculated with the R software package. p-values for the Fisher 

exact test were calculated using the fisher.test function, with a one-sided alternative 

hypothesis (alternative = "greater" or alternative = "less", as appropriate). Upper bounds on 

p-values that are close to zero were determined manually. The Benjamini-Hochberg 

adjustment was performed using the R function p.adjust (method = "fdr").  

[00174] Sensitivity limit of off-target cleavage assays. We used paired end 

sequencing to identify indels caused by genomic on- and off-target cleavage. Given that 

published studies (see the reference below) have shown that the Illumina platform has an 

indel rate that is several orders of magnitude lower than the -0. 1% substitution error rate, and 

our requirement that all called indels occur in both paired reads, the sensitivity of the high

throughput sequencing method for detecting genomic off-target cleavage in our study is 

limited by the amount genomic DNA (gDNA) input into the PCR amplification of each 

genomic target site. A 1 ng sample of human gDNA represents only -330 unique genomes, 

and thus only -330 unique copies of each genomic site are present. PCR amplification for 

each genomic target was performed on a total of 150 ng or 200 ng of input gDNA, which 

provides amplicons derived from at most 50,000 or 65,000 unique gDNA copies, 

respectively. Therefore, the high-throughput sequencing assay cannot detect rare genome 

modification events that occur at a frequency of less than approximately 1 in 50,000 

(0.002%). When comparing between two conditions, such as wt Cas9 vs. intein-Cas9, this 

threshold becomes approximately 10 in 50,000 (0.02%) when using the Fisher exact test and 

a conservative multiple comparison correction (Bonferroni with 14 samples). See also 

Minoche, A. E., Dohm, J. C., & Himmelbauer, H. Evaluation of genomic high-throughput 

sequencing data generated on Illumina HiSeq and Genome Analyzer systems. Genome 

Biology 12, R112 (2011).  
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[00175] All publications, patents, patent applications, publication, and database entries 

(e.g., sequence database entries) mentioned herein, e.g., in the Background, Summary, 

Detailed Description, Examples, and References sections, are incorporated by reference in 

their entirety as if each individual publication, patent, patent application, publication, and 

database entry was specifically and individually incorporated herein by reference. In case of 

conflict, the present application, including any definitions herein, will control.  

EQUIVALENTS AND SCOPE 

[00176] 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.  

[00177] 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.  

[00178] 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 
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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.  

[00179] 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.  

[00180] 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.  

[00181] 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.  

[00182] All publications, patents and sequence database entries mentioned herein, 

including those items listed above, are hereby incorporated by reference in their entirety as if 
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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.  
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CLAIMS 

What is claimed is: 

1. A Cas9 protein comprising an intein.  

2. The Cas9 protein of claim 1, wherein an activity of the Cas9 protein is disrupted by 

the intein, and wherein the disrupted activity is restored upon excision of the intein from the 

Cas9 protein, 

3. The Cas9 protein of claim 1 or claim 2, wherein the nuclease activity of the Cas9 

protein is disrupted.  

4. The Cas9 protein of claim 3, wherein the Cas9 protein exhibits no or minimal 

nuclease activity prior to excision of the intein.  

5. The Cas9 protein of claim 4, wherein the nuclease activity of the Cas9 protein 

increases at least 2-fold, at least 3-fold, at least 4-fold, at least 5-fold, at least 6-fold, at least 

7-fold, at least 8-fold, at least 9-fold, at least 10-fold, at least 15-fold, at least 20-fold, at least 

30-fold, at least 40-fold, or at least 50-fold upon excision of the intein.  

6. The Cas9 protein of any one of claims 1-5, wherein the Cas9 protein is capable of 

binding a guide RNA (gRNA) prior to excision of the intein.  

7. The Cas9 protein of any one of claims 1-5, wherein the Cas9 protein has no or 

minimal gRNA binding activity prior to excision of the intein.  

8. The Cas9 protein of any one of claims 1-7, wherein the Cas9 protein is capable of 

binding a gRNA and cleaving a target nucleic acid upon excision of the intein.  

9. The Cas9 protein of claim 8, wherein the intein is inserted into the gRNA binding 

domain, the HNH nuclease domain, or the RuvC nuclease domain.  
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10. The Cas9 protein of any one of claims 1-9, wherein the Cas9 protein comprises a 

nuclease-inactivated Cas9 (dCas9) domain.  

11. The Cas9 protein of any one of claims 1-10, wherein the Cas9 protein is a Cas9 

nickase.  

12. The Cas9 protein of any one of claims 1-11, 

wherein the intein replaces amino acid residue Cys80, Ala127, Thr146, Ser219, 

Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, Thr995, Ser1O06, Ser1154, Ser1159, or 

Ser1274 in the Cas9 polypeptide sequence set forth as SEQ ID NO:2, in the dCas9 

polypeptide sequence set forth as SEQ ID NO:5, or in the Cas9 nickase polypeptide sequence 

set forth as SEQ ID NO:4, or an amino acid residue corresponding or homologous to any one 

of these residues; or 

wherein the intein replaces or is inserted at an amino acid residue that is within 5, 

within 10, within 15, or within 20 amino acid residues of Cys8O, Ala127, Thr146, Ser219, 

Thr333, Thr519, Cys574, Thr622, Ser701, Ala728, Thr995, Ser1O06, Ser1154, Ser1159, or 

Ser1274 in the Cas9 polypeptide sequence set forth as SEQ ID NO:2, in the dCas9 

polypeptide sequence set forth as SEQ ID NO:5, or in the Cas9 nickase polypeptide sequence 

set forth as SEQ ID NO:4, or an amino acid residue corresponding or homologous to any one 

of these residues.  

13. The Cas9 protein of any one of claims 1-11, wherein the intein replaces amino acid 

residue Ala127, Thr146, Ser219, Thr519, or Cys574 in the Cas9 polypeptide sequence set 

forth as SEQ ID NO:2, or in the dCas9 polypeptide sequence set forth as SEQ ID NO:5, or in 

the Cas9 nickase polypeptide sequence set forth as SEQ ID NO:4, or an amino acid residue 

corresponding or homologous to any one of these residues.  

14. The Cas9 protein of any one of claims 1-13, wherein the intein is a ligand-dependent 

intein.  

15. The Cas9 protein of any one of claims 1-14, wherein the intein comprises a ligand

binding domain.  
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16. The Cas9 protein of claim 15, wherein the ligand-binding domain comprises an 

estrogen-binding domain.  

17. The Cas9 protein of claim 16, wherein the ligand binding domain is derived from the 

ligand binding domain of the estrogen receptor.  

18. The Cas9 protein of claim 17, wherein the ligand-binding domain comprises an amino 

acid sequence as provided in residues 304-551 of the human estrogen receptor, or an 

estrogen-binding fragment or variant thereof.  

19. The Cas9 protein of claim 18, 

wherein the estrogen-binding domain comprises the sequence amino acid sequence 

NSLALSLTADQMVSALLDAEPPILYSEYDPTSPFSEASMMGLLTNLADRELVHMINW 

AKRVPGFVDLTLHDQAHLLECAWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQGK 

CVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEKDH 

IHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMKYT 

NVVPLYDLLLEMLDAHRLHA, or 

wherein the estrogen-binding domain comprises the amino acid sequence 

NSLALSLTADQMVSALLDAEPPIL*YSEYD*PTSPFSEASMMGLLTNLADRELVHMIN 

WAKRVPGFVDLTLHDQAHLLEC*AWLEILMIGLVWRSMEHPGKLLFAPNLLLDRNQ 

GKCVEGMVEIFDMLLATSSRFRMMNLQGEEFVCLKSIILLNSGVYTFLSSTLKSLEEK 

DHIHRALDKITDTLIHLMAKAGLTLQQQHQRLAQLLLILSHIRHMSNKGMEHLYSMK 

YT*NVVPLYDLLLEMLDAHRLHA, wherein at least one of the residues L*, D*, C*, or T* 

is mutated.  

20. The Cas9 protein of claim 19, wherein the estrogen-binding domain comprises at least 

one of the following mutations: L*P, D*N, C*R, or T*K.  

21. The Cas9 protein of any one of claims 1-20, wherein the intein comprises an amino 

acid sequence selected from the group consisting of SEQ ID NOs:7-14.  

22. The Cas9 protein of any one of claims 14-21, wherein the ligand is selected from the 

group consisting of small molecules, peptides, proteins, polynucleotides, amino acids, and 

nucleotides.  
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23. The Cas9 protein of claim 22, wherein the ligand is a small molecule.  

24. The Cas9 protein of any one of claims 14-23, wherein the ligand is 17p-estradiol, 

17ax-ethynyl estradiol, tamoxifen, a tamoxifen analog, 3-hydroxytamoxifen (droloxifene), a 

tamoxifen metabolite, raloxifene, toremifene, ICI- 182, or ICI-780.  

25. The Cas9 protein of claim 24, wherein the ligand is 4-hydroxytamoxifen.  

26. The Cas9 protein of any one of claims 10-25, wherein the Cas9 protein comprises: (i) 

a dCas9 domain; (ii) a ligand-dependent intein; and (iii) a recombinase catalytic domain.  

27. The Cas9 protein of claim 26, wherein the recombinase catalytic domain is a 

monomer of the recombinase catalytic domain of Hin recombinase, Gin recombinase, or Tn3 

recombinase.  

28. The Cas9 protein of claim 26 or 27, wherein the Cas9 protein has no or minimal 

recombinase activity prior to excision of the intein.  

29. The Cas9 protein of any one of claims 26-28, wherein the Cas9 protein is capable of 

binding a gRNA prior to excision of the intein.  

30. The Cas9 protein of any one of claims 16-29, wherein the Cas9 protein has no or 

minimal RNA binding activity prior to excision of the intein.  

31. The Cas9 protein of any one of claims 16-30, wherein the Cas9 protein is capable of 

binding a gRNA and hybridizing to a target nucleic acid upon excision of the intein.  

32. The Cas9 protein of any one of claims 7-25, wherein the Cas9 protein is a Cas9 

protein comprising three domains: (i) a dCas9 domain; (ii) a ligand-dependent intein; and (iii) 

a nucleic acid-editing domain.  

33 The Cas9 protein of claim 32, wherein the nucleic acid-editing domain is a DNA

editing domain.  
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34. The Cas9 protein of claim 32 or 33, wherein the nucleic acid-editing domain is a 

deaminase domain.  

35. The Cas9 protein of any one of claims 32-34, wherein the deaminase is a cytidine 

deaminase.  

36. The Cas9 protein of claim 35, wherein the deaminase is an apolipoprotein B mRNA

editing complex (APOBEC) family deaminase.  

37. The Cas9 protein of claim 36, wherein the deaminase is an APOBECI family 

deaminase.  

38. The Cas9 protein of claim 35, wherein the deaminase is an activation-induced 

cytidine deaminase (AID).  

39. The Cas9 protein of claim 35, wherein the deaminase is an ACF1/ASE deaminase.  

40. The Cas9 protein of any one of claims 32-34, wherein the deaminase is an adenosine 

deaminase.  

41. The Cas9 protein of claim 40, wherein the deaminase is an ADAT family deaminase.  

42. The Cas9 protein of any one of claims 32-41, wherein the Cas9 protein exhibits no or 

minimal deaminase activity prior to excision of the intein.  

43. The Cas9 protein of any one of claims 32-42, wherein the Cas9 protein is capable of 

binding a gRNA prior to excision of the intein.  

44. The Cas9 protein of any one of claims 32-42, wherein the Cas9 protein exhibits no or 

minimal RNA binding activity prior to excision of the intein.  

45. The Cas9 protein of any one of claims 32-44, wherein the Cas9 protein is capable of 

binding a gRNA and hybridizing to a target nucleic acid upon excision of the intein.  

245



WO 2016/022363 PCT/US2015/042770 

46. The Cas9 protein of any one of claims 7-25, wherein the Cas9 protein comprises: (i) a 

dCas9 domain; (ii) a ligand-dependent intein; and (iii) a transcriptional activator domain.  

47. The Cas9 protein of claim 46, wherein the transcriptional activator is selected from 

the group consisting of VP64, VP16, and p65.  

48. The Cas9 protein of any one of claims 7-25, wherein the Cas9 protein comprises: (i) a 

dCas9 domain; (ii) a ligand-dependent intein; and (iii) a transcriptional repressor domain.  

49. The Cas9 protein of claim 48, wherein the transcriptional repressor comprises a 

KRAB or SID domain.  

50. The Cas9 protein of any one of claims 7-25, wherein the Cas9 protein comprises: (i) a 

dCas9 domain; (ii) a ligand-dependent intein; and (iii) an epigenetic modifier domain.  

51. The Cas9 protein of claim 50, wherein the epigenetic modifier is selected from the 

group consisting of histone demethylase, histone methyltransferase, hydroxylase, histone 

deacetylase, and histone acetyltransferase.  

52. The Cas9 fusion protein of claim 51, wherein the epigenetic modifier comprises the 

LSD1 histone demethylase or TETI hydroxylase.  

53. The Cas9 protein of any one of claims 1-52, wherein one or more domains of the 

Cas9 protein are separated by a peptide linker or a non-peptide linker.  

54. The Cas9 protein of claim 53, wherein the peptide linker comprises an XTEN linker 

or an amino acid sequence comprising one or more repeats of the tri-peptide GGS.  

55. A method for site-specific DNA cleavage comprising: 

(a) contacting a Cas9 protein of any one of claims 1-54 with a ligand, wherein binding 

of the ligand to the intein induces self-excision of the intein; and 

(b) contacting a DNA with the Cas9 protein, wherein the Cas9 protein is associated 

with a gRNA; 
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wherein self-excision of the intein from the Cas9 protein in step (a) allows the RNA

guided nuclease to cleave the DNA, thereby producing cleaved DNA.  

56. The method of claim 55, wherein step (b) precedes step (a).  

57. The method of claim 55 or 56, wherein the RNA-guided nuclease is able to bind the 

gRNA after excision of the intein.  

58. A method for site-specific recombination between two DNA molecules, comprising: 

(a) contacting a first DNA with a first Cas9 protein of any one of claims 26-31, 

wherein the dCas9 domain of the first Cas9 protein binds a first gRNA that hybridizes to a 

region of the first DNA; 

(b) contacting the first DNA with a second Cas9 protein of any one of claims 26-31, 

wherein the dCas9 domain of the second Cas9 protein binds a second gRNA that hybridizes 

to a second region of the first DNA; 

(c) contacting a second DNA with a third Cas9 protein of any one of claims 26-31, 

wherein the dCas9 domain of the third Cas9 protein binds a third gRNA that hybridizes to a 

region of the second DNA; and 

(d) contacting the second DNA with a fourth Cas9 protein of any one of claims 26-31, 

wherein the dCas9 domain of the fourth Cas9 protein binds a fourth gRNA that hybridizes to 

a second region of the second DNA; 

wherein the binding of the Cas9 proteins in steps (a) - (d) results in the tetramerization 

of the recombinase catalytic domains of the Cas9 proteins, under conditions such that the 

DNAs are recombined.  

59. The method of claim 58, wherein the gRNAs of steps (a) and (b) hybridize to 

opposing strands of the first DNA, and the gRNAs of steps (c) and (d) hybridize to opposing 

strands of the second DNA.  

60. The method of claim 59, wherein the gRNAs of steps (a) and (b); and/or the gRNAs 

of steps (c) and (d) hybridize to regions of their respective DNAs that are no more than 10, no 

more than 15, no more than 20, no more than 25, no more than 30, no more than 40, no more 

than 50, no more than 60, no more than 70, no more than 80, no more than 90, or no more 

than 100 base pairs apart.  
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61. A method for site-specific recombination between two regions of a single DNA 

molecule, comprising: 

(a) contacting the DNA with a first Cas9 protein of any one of claims 26-31, wherein 

the dCas9 domain if the first Cas9 protein binds a first gRNA that hybridizes to a region of 

the DNA; 

(b) contacting the DNA with a second Cas9 protein of any one of claims 26-31, 

wherein the dCas9 domain of the second Cas9 protein binds a second gRNA that hybridizes 

to a second region of the DNA; 

(c) contacting the DNA with a third Cas9 protein of any one of claims 26-31, wherein 

the dCas9 domain of the third Cas9 protein binds a third gRNA that hybridizes to a third 

region of the DNA; 

(d) contacting the DNA with a fourth Cas9 protein of any one of claims 26-31, 

wherein the dCas9 domain of the fourth Cas9 protein binds a fourth gRNA that hybridizes to 

a fourth region of the DNA; 

wherein the binding of the Cas9 proteins in steps (a) - (d) results in the tetramerization 

of the recombinase catalytic domains of the Cas9 proteins, under conditions such that the 

DNA is recombined.  

62. The method of claim 61, wherein two of the gRNAs of steps (a) - (d) hybridize to the 

same strand of the DNA, and the other two gRNAs of steps (a)- (d) hybridize to the opposing 

strand of the DNA.  

63. The method of claim 61 or 62, wherein the gRNAs of steps (a) and (b) hybridize to 

regions of the DNA that are no more than 50, no more than 60, no more than 70, no more 

than 80, no more than 90, or no more than 100 base pairs apart, and the gRNAs of steps (c) 

and (d) hybridize to regions of the DNA that are no more than 10, no more than 15, no more 

than 20, no more than 25, no more than 30, no more than 40, no more than 50, no more than 

60, no more than 70, no more than 80, no more than 90, or no more than 100 base pairs apart.  

64. The method of any one of claims 58-63, wherein the method further comprises 

contacting the Cas9 proteins with a ligand that induces self-excision of the intein.  
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65. The method of claim 64, wherein the Cas9 proteins are contacted with the ligand prior 

to forming a complex with a gRNA.  

66. The method of claim 64, wherein the Cas9 proteins are contacted with the ligand after 

forming a complex with a gRNA.  

67. A method of DNA editing, the method comprising contacting a DNA molecule with 

(a) a Cas9 protein of any one of claims 32-45; and 

(b) a gRNA targeting the Cas9 protein of (a) to a target nucleotide sequence of the 

DNA strand; 

wherein the DNA molecule is contacted with the Cas9 protein and the gRNA in an 

amount effective and under conditions suitable for the deamination of a nucleotide base.  

68. The method of claim 67, wherein the method further comprises contacting the Cas9 

protein with a ligand that induces self-excision of the intein.  

69. The method of claim 68, wherein the Cas9 protein is contacted with the ligand prior to 

forming a complex with a gRNA.  

70. The method of claim 68, wherein the Cas9 protein is contacted with the ligand after 

forming a complex with a gRNA.  

71. The method of claim 67, wherein the target DNA sequence comprises a sequence 

associated with a disease or disorder, and wherein the deamination of the nucleotide base 

results in a sequence that is not associated with a disease or disorder.  

72. The method of claim 71, wherein the DNA sequence comprises a T->C or A->G 

point mutation associated with a disease or disorder, and wherein the deamination of the 

mutant C or G base results in a sequence that is not associated with a disease or disorder.  

73. The method of claim 71 or 72, wherein the deamination corrects a point mutation in 

the sequence associated with the disease or disorder.  
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74. The method of claim 71 or 72, wherein the sequence associated with the disease or 

disorder encodes a protein, and wherein the deamination introduces a stop codon into the 

sequence associated with the disease or disorder, resulting in a truncation of the encoded 

protein.  

75. The method of any one of claims 67-72, wherein the deamination corrects a point 

mutation in the PIK3CA gene, thus correcting an H1047R and/or a A3140G mutation.  

76. The method of any one of claims 71-75, wherein the contacting is in vivo in a subject 

having or diagnosed with the disease or disorder.  

77. The method of any one of claims 71-76, wherein the disease or disorder is a cancer.  

78. A method for transcriptional activation, comprising contacting a DNA molecule 

comprising a gene with 

(a) a Cas9 protein of claims 46 or 47; and 

(b) a gRNA targeting the Cas9 protein of (a) to a target nucleotide sequence of the 

DNA strand; 

wherein the DNA molecule is contacted with the Cas9 protein and the gRNA in an 

amount effective and under conditions suitable for the transcriptional activation of the gene.  

79. A method for transcriptional repression, comprising contacting a DNA molecule 

comprising a gene with 

(a) a Cas9 protein of claims 48 or 49; and 

(b) a gRNA targeting the Cas9 protein of (a) to a target nucleotide sequence of the 

DNA strand; 

wherein the DNA molecule is contacted with the Cas9 protein and the gRNA in an amount 

effective and under conditions suitable for the transcriptional repression of the gene.  

80. A method for epigenetic modification, comprising contacting a DNA molecule with 

(a) a Cas9 protein of any one of claims 50-52; and 

(b) a gRNA targeting the Cas9 protein of (a) to a target nucleotide sequence of the 

DNA strand; 
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wherein the DNA molecule is contacted with the Cas9 protein and the gRNA in an amount 

effective and under conditions suitable for the epigenetic modification of the DNA.  

81. The method of any one of claims 78-80, wherein the method further comprises 

contacting the Cas9 protein with a ligand that induces self-excision of the intein.  

82. The method of any one of claims 78-80, wherein the Cas9 protein is contacted with 

the ligand prior to forming a complex with a gRNA.  

83. The method of any one of claims 78-80, wherein the Cas9 protein is contacted with 

the ligand after forming a complex with a gRNA.  

84. The method of any one of claims 55-83, wherein the DNA is in a cell.  

85. The method of claim 84, wherein the cell is a eukaryotic cell.  

86. The method of claim 85, wherein the cell is a human cell.  

87. The method of claim 85 or 86, wherein the cell is in a subject.  

88. The method of claim 87, wherein the subject is a human.  

89. A polynucleotide encoding a Cas9 protein of any one of claims 1-54.  

90. A vector comprising a polynucleotide of claim 89.  

91. A cell comprising a genetic construct for expressing a Cas9 protein of any one of 

claims 1-54.  

92. A kit comprising a Cas9 protein of any one of claims 1-54.  

93. A kit comprising a polynucleotide of claim 89 and/or a vector of claim 90.  
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94. A kit comprising a vector for recombinant protein expression, wherein the vector 

comprises a polynucleotide encoding a Cas9 protein of any one of claims 1-54.  

95. A kit comprising a cell that comprises a genetic construct for expressing a Cas9 

protein of any one of claims 1-54.  
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