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ENGINEERED TRANSCRIPTION ACTIVATOR-LIKE EFFECTOR 
(TALE) DOMAINS AND USES THEREOF 

RELATED APPLICATION 

[0001] This application claims priority under 35 U.S.C. § 365(c) to U.S. application, 

U.S.S.N. 14/320,519, filed June 30, 2014, and also claims priority under 35 U.S.C. § 119(e) 

to U.S. provisional patent application, U.S.S.N. 61/868,846, filed August 22, 2013, each of 

which is incorporated herein by reference.  

GOVERNMENT SUPPORT 

[0002] This invention was made with U.S. Government support under grant HR0011

11-2-0003 and N66001-12-C-4207, awarded by the Defense Advanced Research Projects 

Agency; grant T32GM007753, awarded by the National Institute of General Medical 

Sciences; and grant DP1 GM105378 awarded by the National Institutes of Health. The U.S.  

Government has certain rights in this invention.  

BACKGROUND OF THE INVENTION 

[0003] Transcription activator-like effector nucleases (TALENs) are fusions of the 

FokI restriction endonuclease cleavage domain with a DNA-binding transcription activator

like effector (TALE) repeat array. TALENs can be engineered to specifically bind and 

cleave a desired target DNA sequence, which is useful for the manipulation of nucleic acid 

molecules, genes, and genomes in vitro and in vivo. Engineered TALENs are useful in the 

context of many applications, including, but not limited to, basic research and therapeutic 

applications. For example, engineered TALENs can be employed to manipulate genomes in 

the context of the generation of gene knockouts or knock-ins via induction of DNA breaks at 

a target genomic site for targeted gene knockout through non-homologous end joining 

(NHEJ) or targeted genomic sequence replacement through homology-directed repair (HDR) 

using an exogenous DNA template, respectively. TALENs are thus useful in the generation 

of genetically engineered cells, tissues, and organisms.  

[0004] TALENs can be designed to cleave any desired target DNA sequence, 

including naturally occurring and synthetic sequences. However, the ability of TALENs to 

distinguish target sequences from closely related off-target sequences has not been studied in 

depth. Understanding this ability and the parameters affecting it is of importance for the 

design of TALENs having the desired level of specificity and also for choosing unique target 
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sequences to be cleaved, e.g., in order to minimize the chance of undesired off-target 

cleavage.  

SUMMARY OF THE INVENTION 

[00051 TALENs are versatile tools for the manipulation of genes and genomes in 

vitro and in vivo, as they can be designed to bind and cleave virtually any target sequence 

within a nucleic acid molecule. For example, TALENs can be used for the targeted deletion 

of a DNA sequence within a cellular genome via induction of DNA breaks that are then 

repaired by the cellular DNA repair machinery through non-homologous end joining (NHEJ).  

TALENs can also be used for targeted sequence replacement in the presence of a nucleic acid 

comprising a sequence to be inserted into a genomic sequence via homology-directed repair 

(HDR). As TALENs can be employed to manipulate the genomes of living cells, the 

resulting genetically modified cells can be used to generate transgenic cell or tissue cultures 

and organisms.  

[0006] In scenarios where a TALEN is employed for the targeted cleavage of a DNA 

sequence in the context of a complex sample, e.g., in the context of a genome, it is often 

desirable for the TALEN to bind and cleave the specific target sequence only, with no or only 

minimal off-target cleavage activity (see, e.g., PCT Application Publication W02013/066438 

A2, the entire contents of which are incorporated herein by reference). In some 

embodiments, an ideal TALEN would specifically bind only its intended target sequence and 

have no off-target activity, thus allowing the targeted cleavage of a single sequence, e.g., a 

single allele of a gene of interest, in the context of a whole genome.  

[0007] Some aspects of this disclosure are based on the recognition that the tendency 

of TALENs to cleave off-target sequences and the parameters affecting the propensity of off

target TALEN activity are poorly understood. The work presented here provides a better 

understanding of the structural parameters that result in TALEN off-target activity. Methods 

and systems for the generation of engineered TALENs having no or minimal off-target 

activity are provided herein, as are engineered TALENs having increased on-target cleavage 

efficiency and minimal off-target activity. It will be understood by those of skill in the art 

that the strategies, methods, and reagents provided herein for decreasing non-specific or off

target DNA binding by TALENs are applicable to other DNA-binding proteins as well. In 

particular, the strategies for modifying the amino acid sequence of DNA-binding proteins for 

reducing unspecific binding to DNA by substituting cationic amino acid residues with amino 

acid residues that are not cationic, are uncharged, or are anionic at physiological pH, can be 
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used to decrease the specificity of, for example, other TALE effector proteins, engineered 

zinc finger proteins (including zinc finger nucleases), and Cas9 proteins.  

[0008] Some aspects of this disclosure provide engineered isolated Transcription 

Activator-Like Effector (TALE) domains. In some embodiments, the isolated TALE domain 

is an N-terminal TALE domain and the net charge of the isolated N-terminal domain is less 

than the net charge of the canonical N-terminal domain (SEQ ID NO: 1) at physiological pH.  

In some embodiments, the isolated TALE domain is a C-terminal TALE domain and the net 

charge of the C-terminal domain is less than the net charge of the canonical C-terminal 

domain (SEQ ID NO: 22) at physiological pH. In some embodiments, the isolated TALE 

domain is an N-terminal TALE domain and the binding energy of the N-terminal domain to a 

target nucleic acid molecule is smaller than the binding energy of the canonical N-terminal 

domain (SEQ ID NO: 1). In some embodiments, the isolated TALE domain is a C-terminal 

TALE domain and the binding energy of the C-terminal domain to a target nucleic acid 

molecule is smaller than the binding energy of the canonical C-terminal domain (SEQ ID 

NO: 22). In some embodiments, the net charge of the C-terminal domain is less than or equal 

to +6, less than or equal to +5, less than or equal to +4, less than or equal to +3, less than or 

equal to +2, less than or equal to +1, less than or equal to 0, less than or equal to -1, less than 

or equal to -2, less than or equal to -3, less than or equal to -4, or less than or equal to -5. In 

some embodiments, the C-terminal domain comprises an amino acid sequence that differs 

from the canonical C-terminal domain sequence in that at least one cationic amino acid 

residue of the canonical C-terminal domain sequence is replaced with an amino acid residue 

that exhibits no charge or a negative charge at physiological pH. In some embodiments, the 

N-terminal domain comprises an amino acid sequence that differs from the canonical N

terminal domain sequence in that at least one cationic amino acid residue of the canonical N

terminal domain sequence is replaced with an amino acid residue that exhibits no charge or a 

negative charge at physiological pH. In some embodiments, at least 1, at least 2, at least 3, at 

least4, atleast5, atleast6, atleast7, atleast 8, atleast9, atleast 10, atleast 11, atleast 12, 

at least 13, at least 14, or at least 15 cationic amino acid(s) in the isolated TALE domain 

is/are replaced with an amino acid residue that exhibits no charge or a negative charge at 

physiological pH. In some embodiments, the at least one cationic amino acid residue is 

arginine (R) or lysine (K). In some embodiments, the amino acid residue that exhibits no 

charge or a negative charge at physiological pH is glutamine (Q) or glycine (G). In some 

embodiments, at least one lysine or arginine residue is replaced with a glutamine residue. In 

some embodiments, the C-terminal domain comprises one or more of the following amino 
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acid replacements:K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some 

embodiments, the C-terminal domain comprises a Q3 variant sequence (K788Q, R792Q, 

K801Q). In some embodiments, the C-terminal domain comprises a Q7 variant sequence 

(K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, R801Q). In some embodiments, the N

terminal domain is a truncated version of the canonical N-terminal domain. In some 

embodiments, wherein the C-terminal domain is a truncated version of the canonical C

terminal domain. In some embodiments, the truncated domain comprises less than 90%, less 

than 80%, less than 70%, less than 60%, less than 50%, less than 40%, less than 30%, or less 

than 25% of the residues of the canonical domain. In some embodiments, the truncated C

terminal domain comprises less than 60, less than 50, less than 40, less than 30, less than 29, 

less than 28, less than 27, less than 26, less than 25, less than 24, less than 23, less than 22, 

less than 21, or less than 20 amino acid residues. In some embodiments, the truncated C

terminal domain comprises 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 

43,42,41,40,39,38,37,36,35,34,33,32,31,30,39,38,37,36,35,34,33,32,31,30,29, 

28, 27, 26, 25, 24, 23, 22, 21, 20, 19, 18, 17, 16, 15, 14, 13, 12, 11, or 10 residues. In some 

embodiments, the isolated TALE domain is comprised in a TALE molecule comprising the 

structure [N-terminal domain]-[TALE repeat array]-[C-terminal domain]-[effector domain]; 

or [effector domain]-[N-terminal domain]-[TALE repeat array]-[C-terminal domain]. In 

some embodiments, the effector domain comprises a nuclease domain, a transcriptional 

activator or repressor domain, a recombinase domain, or an epigenetic modification enzyme 

domain. In some embodiments, the TALE molecule binds a target sequence within a gene 

known to be associated with a disease or disorder.  

[0009] Some aspects of this disclosure provide Transcription Activator-Like Effector 

Nucleases (TALENs) having a modified net charge and/or a modified binding energy for 

binding their target nucleic acid sequence as compared to canonical TALENs. Typically, the 

inventive TALENs include (a) a nuclease cleavage domain; (b) a C-terminal domain 

conjugated to the nuclease cleavage domain; (c) a TALE repeat array conjugated to the C

terminal domain; and (d) an N-terminal domain conjugated to the TALE repeat array. In 

some embodiments, (i) the net charge on the N-terminal domain at physiological pH is less 

than the net charge on the canonical N-terminal domain (SEQ ID NO: 1) at physiological pH; 

and/or (ii) the net charge of the C-terminal domain at physiological pH is less than the net 

charge of the canonical C-terminal domain (SEQ ID NO: 22) at physiological pH. In some 

embodiments, (i) the binding energy of the N-terminal domain to a target nucleic acid 

molecule is less than the binding energy of the canonical N-terminal domain (SEQ ID NO: 
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1); and/or (ii) the binding energy of the C-terminal domain to a target nucleic acid molecule 

is less than the binding energy of the canonical C-terminal domain (SEQ ID NO: 22). In 

some embodiments, the net charge on the C-terminal domain at physiological pH is less than 

or equal to +6, less than or equal to +5, less than or equal to +4, less than or equal to +3, less 

than or equal to +2, less than or equal to +1, less than or equal to 0, less than or equal to -1, 

less than or equal to -2, less than or equal to -3, less than or equal to -4, or less than or equal 

to -5. In some embodiments, the N-terminal domain comprises an amino acid sequence that 

differs from the canonical N-terminal domain sequence in that at least one cationic amino 

acid residue of the canonical N-terminal domain sequence is replaced with an amino acid 

residue that does not have a cationic charge, has no charge, or has an anionic charge. In some 

embodiments, the C-terminal domain comprises an amino acid sequence that differs from the 

canonical C-terminal domain sequence in that at least one cationic amino acid residue of the 

canonical C-terminal domain sequence is replaced with an amino acid residue that does not 

have a cationic charge, has no charge, or has an anionic charge. In some embodiments, at 

least 1, atleast2, atleast3, atleast4, atleast5, atleast6, atleast7, atleast 8, atleast9, at 

least 10, at least 11, at least 12, at least 13, at least 14, or at least 15 cationic amino acid(s) 

is/are replaced with an amino acid residue that does not have a cationic charge, has no charge, 

or has an anionic charge in the N-terminal domain and/or in the C-terminal domain. In some 

embodiments, the at least one cationic amino acid residue is arginine (R) or lysine (K). In 

some embodiments, the amino acid residue that replaces the cationic amino acid is glutamine 

(Q) or glycine (G). Positively charged residues in the C-terminal domain that can be replaced 

according to aspects of this disclosure include, but are not limited to, arginine (R) residues 

and lysine (K) residues, e.g., R747, R770, K777, K778, K788, R789, R792, R793, R797, and 

R801 in the C-terminal domain (see. e.g., SEQ ID NO: 22, the numbering refers to the 

position of the respective residue in the full-length TALEN protein, the equivalent positions 

for the C-terminal domain as provide in SEQ ID NO: 22 are R8, R30, K37, K38, K48, R49, 

R52,R53,R57,R61). Positively charged residues in the N-terminal domain that can be 

replaced according to aspects of this disclosure include, but are not limited to, arginine (R) 

residues and lysine (K) residues, e.g., K57, K78, R84, R97, Ki10, K113, and R114 (see, e.g., 

SEQ ID NO: 1). In some embodiments, at least one lysine or arginine residue is replaced 

with a glutamine residue. In some embodiments, the C-terminal domain comprises one or 

more of the following amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, 

R793Q, R801Q. In some embodiments, the C-terminal domain comprises a Q3 variant 

sequence (K788Q, R792Q, R801Q). In some embodiments, the C-terminal domain 
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comprises a Q7 variant sequence (K777Q, K778Q, K788Q, R789Q, R792Q,R793Q, 

R801Q). In some embodiments, the N-terminal domain is a truncated version of the 

canonical N-terminal domain. In some embodiments, the C-terminal domain is a truncated 

version of the canonical C-terminal domain. In some embodiments, the truncated domain 

comprises less than 90%, less than 80%, less than 70%, less than 60%, less than 50%, less 

than 40%, less than 30%, or less than 25% of the residues of the canonical domain. In some 

embodiments, the truncated C-terminal domain comprises less than 60, less than 50, less than 

40, less than 30, less than 29, less than 28, less than 27, less than 26, less than 25, less than 

24, less than 23, less than 22, less than 21, or less than 20 amino acid residues. In some 

embodiments, the truncated C-terminal domain comprises 60, 59, 58, 57, 56, 55, 54, 53, 52, 

51,50,49,48,47,46,45,44,43,42,41,40,39,38,37,36,35,34,33,32,31,30,39,38,37, 

36,35,34,33,32,31,30,29,28,27,26,25,24,23,22,21,20,19,18,17,16,15,14,13,12, 

11, or 10 residues. In some embodiments, the nuclease cleavage domain is a FokI nuclease 

domain. In some embodiments, the FokI nuclease domain comprises a sequence as provided 

in SEQ ID NOs: 26-30. In some embodiments, the TALEN is a monomer. In some 

embodiments, the TALEN monomer dimerizes with another TALEN monomer to form a 

TALEN dimer. In some embodiments, the dimer is a heterodimer. In some embodiments, 

the TALEN binds a target sequence within a gene known to be associated with a disease or 

disorder. In some embodiments, the TALEN cleaves the target sequence upon dimerization.  

In some embodiments, the disease being treated or prevented is HIV infection or AIDS, or a 

proliferative disease. In some embodiments, the TALEN binds a CCR5 (C-C chemokine 

receptor type 5) target sequence in the treatment or prevention of HIV infection or AIDS. In 

some embodiments, the TALEN binds an ATM (ataxia telangiectasia mutated) target 

sequence. In some embodiments, the TALEN binds a VEGFA (Vascular endothelial growth 

factor A) target sequence.  

[0010] Some aspects of this disclosure provide compositions comprising a TALEN 

described herein, e.g., a TALEN monomer. In some embodiments, the composition 

comprises the inventive TALEN monomer and a different inventive TALEN monomer that 

form a heterodimer, wherein the dimer exhibits nuclease activity. In some embodiments, the 

composition is a pharmaceutical composition.  

[0011] Some aspects of this disclosure provide a composition comprising a TALEN 

provided herein. In some embodiments, the composition is formulated to be suitable for 

contacting with a cell or tissue in vitro. In some embodiments, the pharmaceutical 

composition comprises an effective amount of the TALEN for cleaving a target sequence, 
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e.g., in a cell or in a tissue in vitro or ex vivo. In some embodiments, the TALEN binds a 

target sequence within a gene of interest, e.g., a target sequence within a gene known to be 

associated with a disease or disorder, and the composition comprises an effective amount of 

the TALEN for alleviating a sign and/or symptom associated with the disease or disorder.  

Some aspects of this disclosure provide a pharmaceutical composition comprising a TALEN 

provided herein and a pharmaceutically acceptable excipient. In some embodiments, the 

pharmaceutical composition is formulated for administration to a subject. In some 

embodiments, the pharmaceutical composition comprises an effective amount of the TALEN 

for cleaving a target sequence in a cell in the subject. In some embodiments, the TALEN 

binds a target sequence within a gene known to be associated with a disease or disorder, and 

the composition comprises an effective amount of the TALEN for alleviating a sign and/or 

symptom associated with the disease or disorder.  

[0012] Some aspects of this disclosure provide methods of cleaving a target sequence 

in a nucleic acid molecule using a TALEN provided herein. In some embodiments, the 

method comprises contacting a nucleic acid molecule comprising the target sequence with an 

inventive TALEN binding the target sequence under conditions suitable for the TALEN to 

bind and cleave the target sequence. In some embodiments, the TALEN is provided as a 

monomer. In some embodiments, the inventive TALEN monomer is provided in a 

composition comprising a different TALEN monomer that can dimerize with the inventive 

TALEN monomer to form a heterodimer having nuclease activity. In some embodiments, the 

inventive TALEN is provided in a pharmaceutical composition. In some embodiments, the 

target sequence is in the genome of a cell. In some embodiments, the target sequence is in a 

subject. In some embodiments, the method comprises administering a composition, e.g., a 

pharmaceutical composition, comprising the TALEN to the subject in an amount sufficient 

for the TALEN to bind and cleave the target site.  

[0013] Some aspects of this disclosure provide methods of preparing engineered 

TALENs. In some embodiments, the method comprises replacing at least one amino acid in 

the canonical N-terminal TALEN domain and/or the canonical C-terminal TALEN domain 

with an amino acid having no charge or a negative charge as compared to the amino acid 

being replaced at physiological pH; and/or truncating the N-terminal TALEN domain and/or 

the C-terminal TALEN domain to remove a positively charged fragment; thus generating an 

engineered TALEN having an N-terminal domain and/or a C-terminal domain of decreased 

net charge at physiological pH. In some embodiments, the at least one amino acid being 

replaced comprises a cationic amino acid or an amino acid having a positive charge at 
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physiological pH. Positively charged residues in the C-terminal domain that can be replaced 

according to aspects of this disclosure include, but are not limited to, arginine (R) residues 

and lysine (K) residues, e.g., R747, R770, K777, K778, K788, R789, R792, R793, R797, and 

R801 in the C-terminal domain. Positively charged residues in the N-terminal domain that 

can be replaced according to aspects of this disclosure include, but are not limited to, arginine 

(R) residues and lysine (K) residues, e.g., K57, K78, R84, R97, K110, K113, and R114. In 

some embodiments, the amino acid replacing the at least one amino acid is a cationic amino 

acid or a neutral amino acid. In some embodiments, the truncated N-terminal TALEN 

domain and/or the truncated C-terminal TALEN domain comprises less than 90%, less than 

80%, less than 70%, less than 60%, less than 50%, less than 40%, less than 30%, or less than 

25% of the residues of the respective canonical domain. In some embodiments, the truncated 

C-terminal domain comprises less than 60, less than 50, less than 40, less than 30, less than 

29, less than 28, less than 27, less than 26, less than 25, less than 24, less than 23, less than 

22, less than 21, or less than 20 amino acid residues. In some embodiments, the truncated C

terminal domain comprises 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 

43,42,41,40,39,38,37,36,35,34,33,32,31,30,39,38,37,36,35,34,33,32,31,30,29, 

28, 27, 26, 25, 24, 23, 22, 21, 20, 19, 18, 17, 16, 15, 14, 13, 12, 11, or 10 amino acid residues.  

In some embodiments, the method comprises replacing 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, or at least 15 amino acids in the canonical N-terminal TALEN domain and/or in the 

canonical C-terminal TALEN domain with an amino acid having no charge or a negative 

charge at physiological pH. In some embodiments, the amino acid being replaced is arginine 

(R) or lysine (K). In some embodiments, the amino acid residue having no charge or a 

negative charge at physiological pH is glutamine (Q) or glycine (G). In some embodiments, 

the method comprises replacing at least one lysine or arginine residue with a glutamine 

residue.  

[0014] Some aspects of this disclosure provide kits comprising an engineered TALEN 

as provided herein, or a composition (e.g., a pharmaceutical composition) comprising such a 

TALEN. In some embodiments, the kit comprises an excipient and instructions for 

contacting the TALEN with the excipient to generate a composition suitable for contacting a 

nucleic acid with the TALEN. In some embodiments, the excipient is a pharmaceutically 

acceptable excipient.  

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

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

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

BRIEF DESCRIPTION OF THE DRAWINGS 

[00161 Figure 1. TALEN architecture and selection scheme. (A) Architecture of a 

TALEN. A TALEN monomer contains an N-terminal domain followed by an array of TALE 

repeats, a C terminal domain, and a FokI nuclease cleavage domain. The 12th and 13th 

amino acids (the RVD, red) of each TALE repeat recognize a specific DNA base pair. Two 

different TALENs bind their corresponding half-sites, allowing FokI dimerization and DNA 

cleavage. The C-terminal domain variants used in this study are shown. (B) A single

stranded library of DNA oligonucleotides containing partially randomized left half-site (L), 

spacer (S), right half-site (R) and constant region (thick black line) was circularized, then 

concatemerized by rolling circle amplification. The resulting DNA libraries were incubated 

with an in vitro-translated TALEN of interest. Cleaved library members were blunted and 

ligated to adapter #1. The ligation products were amplified by PCR using one primer 

consisting of adapter #1 and the other primer consisting of adapter #2-constant sequence, 

which anneals to the constant regions. Amplicons 1½ target-sequence cassettes in length 

were isolated by gel purification and subjected to high-throughput DNA sequencing and 

computational analysis.  

[0017] Figure 2. In vitro selection results. The fraction of sequences surviving 

selection (grey) and before selection (black) are shown for CCR5A TALENs (A) and ATM 

TALENs (B) as a function of the number of mutations in both half-sites. (C) Specificity 

scores for the L18+R18 CCR5A TALEN at all positions in the target half-sites plus a single 

flanking position. The colors range from a maximum specificity score of 1.0 to white (no 

specificity, score of 0) to a maximum negative score of - 1.0. Boxed bases represent the 

intended target base. (D) Same as (C) for the L18+R18 ATM TALEN. (E) Enrichment 

values from the selection of L13+R13 CCR5B TALEN for 16 mutant DNA sequences 

(mutations in red) relative to on-target DNA (OnB). (F) Correspondence between discrete in 

vitro TALEN cleavage efficiency (cleaved DNA as a fraction of total DNA) for the 

sequences listed in (E) normalized to on-target cleavage (= 1) versus their enrichment values 

in the selection normalized to the on-target enrichment value (= 1). (G) Discrete assays of on

target and off-target sequences used in (F) as analyzed by PAGE.  

[0018] Figure 3. Cellular modification induced by TALENs at on-target and 

predicted off-target genomic sites. (A) For cells treated with either no TALEN or CCR5A 
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TALENs containing heterodimeric EL/KK, heterodimeric ELD/KKR, or the homodimeric 

(Homo) FokI variants, cellular modification rates are shown as the percentage of observed 

insertions or deletions (indels) consistent with TALEN cleavage relative to the total number 

of sequences for on-target (On) and predicted off-target sites (Off). (B) Same as (A) for ATM 

TALENs. (C) Examples of modified sequences at the on-target site and off-target sites for 

cells treated with CCR5A TALENs containing the ELD/KKR FokI domains. For each 

example shown, the unmodified genomic site is the first sequence, followed by the top three 

sequences containing deletions. The numbers in parentheses indicate sequencing counts and 

the half-sites are underlined and bolded.  

[0019] Figure 4. Predicted off-target genomic cleavage as a function of TALEN 

length considering both TALEN specificity and off-target site abundance in the human 

genome. (A) The enrichment value of on-target (zero mutation) and off-target sequences 

containing one to six mutations are shown for CCR5B TALENs of varying TALE repeat 

array lengths. The TALENs targeted DNA sites of 32 bp (L16+R16), 29 bp (L16+R13 or 

L13+R16), 26 bp (L16+R1O or L13+R13 or LO+R16), 23 bp (L13+R1O or L1O+R13) or 20 

bp (L1O+R10) in length. (B) Number of sites in the human genome related to each of the nine 

CCR5B on-target sequences (L10, L13, or L16 combined with RIO, R13, or R16), allowing 

for a spacer length from 12 to 25 bps between the two half-sites. (C) For all nine CCR5B 

TALENs, overall genomic off-target cleavage frequency was predicted by multiplying the 

number of sites in the human genome containing a certain number of mutations by the 

enrichment value of off-target sequences containing that same number of mutations shown in 

(A). Because enrichment values level off at high mutation numbers likely due to the limit of 

sensitivity of the selection, it was necessary to extrapolate high-mutation enrichment values 

by fitting enrichment value as function of mutation number (Table 9). The overall predicted 

genomic cleavage was calculated only for mutation numbers with sites observed to occur 

more than once in the human genome.  

[0020] Figure 5. In vitro specificity and discrete cleavage efficiencies of TALENs 

containing canonical or engineered C-terminal domains. (A and B) On-target enrichment 

values for selections of (A) CCR5A TALENs or (B) ATM TALENs containing canonical, 

Q3, Q7, or 28-aa C-terminal domains. (C) CCR5A on-target sequence (OnC) and double

mutant sequences with mutations in lower case. (D) ATM on-target sequence (OnA) and 

single-mutant sequences with mutations in lower case. (E) Discrete in vitro cleavage 

efficiency of DNA sequences listed in (C) with CCR5A TALENs containing either canonical 

or engineered Q7 C-terminal domains. (F) Same as (E) for ATM TALENs.  
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[0021] Figure 6. Specificity of engineered TALENs in human cells. The cellular 

modification efficiency of canonical and engineered TALENs expressed as a percentage of 

indels consistent with TALEN-induced modification out of total sequences is shown for the 

on-target CCR5A sequence and for CCR5A off-target site #5, the most highly cleaved off

target substrate tested. Cellular specificity, defined as the ratio of on-target to off-target 

modification, is shown below each pair of bars.  

[0022] Figure 7. Target DNA sequences in human CCR5 and ATM genes. The 

target DNA sequences for the TALENs used in this study are shown in black. The N-terminal 

TALEN end recognizing the 5' T for each half-site target is noted (5') and TALENs are 

named according to number of base pairs targeted. TALENs targeting the CCR5 Li8 and 

R18 shown are referred to as CCR5A TALENs while TALENs targeting the LI, L13, L16, 

R10, R13 or R16 half-sites shown are referred to as CCR5B TALENs.  

[0023] Figure 8. Specificity profiles from all CCR5A TALEN selections as heat 

maps. Specificity scores for every targeted base pair in selections of CCR5A TALENs are 

shown. Specificity scores for the L18+R18 CCR5A TALEN at all positions in the target half

sites plus a single flanking position. The colors range from a maximum specificity score of 

1.0 to white (score of 0, no specificity) to a maximum negative score of -1.0. Boxed bases 

represent the intended target base. The titles to the right indicate if the TALEN used in the 

selection differs from the canonical TALEN architecture, which contains a canonical C

terminal domain, wildtype N-terminal domain, and EL/KK FokI variant. Selections 

correspond to conditions listed in Table 2. (A) Specificity profiles of canonical, Q3, Q7, 28

aa, 32 nM canonical, 8 nM canonical, 4 nM canonical, 32 nM Q7 and 8 nM Q7 CCR5A 

TALEN selections. (B) Specificity profiles of 4 nM Q7, NI, N2, N3, canonical ELD/KKR, 

Q3 ELD/KKR, Q7 ELD/KKR and N2 ELD/KKR CCR5A TALEN selections. When not 

specified, TALEN concentration was 16 nM.  

[0024] Figure 9. Specificity profiles from all CCR5A TALEN selections as bar 

graphs. Specificity scores for every targeted base pair in selections of CCR5A TALENs are 

shown. Positive specificity scores, up to complete specificity at a specificity score of 1.0, 

signify enrichment of that base pair over the other possibilities at that position. Negative 

specificity scores, down to complete antispecificity of -1.0, represents enrichment against 

that base pair. Specified positions were plotted as stacked bars above the X-axis (multiple 

specified base pairs at the same position were plotted over each other with the shortest bar in 

front, and not end-to-end) while anti-specified base pairs were plotted as narrow, grouped 

bars. The titles to the right indicate if the TALEN used in the selection differs from the 
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canonical TALEN architecture, which contains a canonical C-terminal domain, wild-type N

terminal domain, and EL/KK FokI variant. Selections correspond to conditions listed in Table 

2. (A) Specificity profiles of canonical, Q3, Q7, 28-aa, 32 nM canonical, and 8 nM canonical 

CCR5A TALEN selections. (B) Specificity profiles of 4 nM canonical, 32 nM Q7, 8 nM Q7, 
4 nM Q7, NI, and N2 CCR5A TALEN selections. (C) Specificity profiles of N3, canonical 

ELD/KKR, Q3 ELD/KKR, Q7 ELD/KKR, and N2 ELD/KKR CCR5A TALEN selections.  

When not specified, TALEN concentration was 16 nM.  

[00251 Figure 10. Specificity profiles from all ATM TALEN selections as heat 

maps. Specificity scores for every targeted base pair in selections of ATM TALENs are 

shown. Specificity scores for the L18+R18 ATM TALEN at all positions in the target half

sites plus a single flanking position. The colors range from a maximum specificity score of 

1.0 to white (score of 0, no specificity) to a maximum negative score of -1.0. Boxed bases 

represent the intended target base. The titles to the right indicate if the TALEN used in the 

selection differs from the canonical TALEN architecture, which contains a canonical C

terminal domain, wild type N-terminal domain, and EL/KK FokI variant. Selections 

correspond to conditions listed in Table 2. (A) Specificity profiles of (12 nM) canonical, Q3, 
(12 nM) Q7, 24 nM canonical, 6 nM canonical, 3 nM canonical, 24 nM Q7, and 6 nM Q7 

ATM TALEN selections. (B) Specificity profiles of N1, N2, N3, canonical ELD/KKR, Q3 

ELD/KKR, Q7 ELD/KKR, and N2 ELD/KKR ATM TALEN selections. When not specified, 

TALEN concentration was 12 nM.  

[0026] Figure 11. Specificity profiles from all ATM TALEN selections as bar 

graphs. Specificity scores for every targeted base pair in selections of ATM TALENs are 

shown. Positive specificity scores, up to complete specificity at a specificity score of 1.0, 

signify enrichment of that base pair over the other possibilities at that position. Negative 

specificity scores, down to complete antispecificity of -1.0, represents enrichment against 

that base pair. Specified positions were plotted as stacked bars above the X-axis (multiple 

specified base pairs at the same position were plotted over each other with the shortest bar in 

front, and not end-to-end) while anti-specified base pairs were plotted as narrow, grouped 

bars. The titles to the right indicate if the TALEN used in the selection differs from the 

canonical TALEN architecture, which contains a canonical C-terminal domain, wild-type N

terminal domain, and EL/KK FokI variant. Selections correspond to conditions listed in Table 

2. (A) Specificity profiles of canonical, Q3, Q7, 32 nM canonical, and 8 nM canonical ATM 

TALEN selections. (B) Specificity profiles of 3 nM canonical, 24 nM Q7, 6 nM Q7, NI, N2, 

and N3 ATM TALEN selections. (C) Specificity profiles of canonical ELD/KKR, Q3 
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ELD/KKR, Q7 ELD/KKR, and N2 ELD/KKR ATM TALEN selections. When not specified, 

TALEN concentration was 12 nM.  

[0027] Figure 12. Specificity profiles from all CCR5B TALEN selections as heat 

maps. Specificity scores for every targeted base pair in selections of CCR5B TALENs are 

shown. Specificity scores for CCR5B TALENs targeting all possible combinations of the left 

(L10, L13, L16) and right (RO, R13, R16) half-sites at all positions in the target half-sites 

plus a single flanking position. The colors range from a maximum specificity score of 1.0) to 

white (score of 0, no specificity) to a maximum negative score of -1.0. Boxed bases represent 

the intended target base. The titles to the right notes the targeted left (L) and right (R) target 

half-sites for the CCR5B TALEN used in the selection. Selections correspond to conditions 

listed in Table 2.  

[0028] Figure 13. Specificity profiles from all CCR5B TALEN selections as bar 

graphs. Specificity scores for every targeted base pair in selections of CCR5B TALENs are 

shown. Positive specificity scores, up to complete specificity at a specificity score of 1.0, 

signify enrichment of that base pair over the other possibilities at that position. Negative 

specificity scores, down to complete antispecificity of -1.0, represents enrichment against 

that base pair. Specified positions were plotted as stacked bars above the X-axis (multiple 

specified base pairs at the same position were plotted over each other with the shortest bar in 

front, and not end-to-end) while anti-specified base pairs were plotted as narrow, grouped 

bars. The titles to the right notes the targeted left (L) and right (R) target half-sites for the 

CCR5B TALEN used in the selection. Selections correspond to conditions listed in Table 2.  

[0029] Figure 14. Observed versus predicted double-mutant sequence enrichment 

values. (A) For the L13+R13 CCR5A TALEN selection, the observed double-mutant 

enrichment values of individual sequences (post-selection sequence abundance + pre

selection sequence abundance) were normalized to the on-target enrichment value (= 1.0 by 

definition) and plotted against the corresponding predicted double-mutant enrichment values 

calculated by multiplying the enrichment value of the component single-mutants normalized 

to the on-target enrichment. The predicted double mutant enrichment values therefore assume 

independent contributions from each single mutation to the double-mutant's enrichment 

value. (B) The observed double-mutant sequence enrichment divided by the predicted 

double-mutant sequence enrichment plotted as a function of the distance (in base pairs) 

between the two mutations. Only sequences with two mutations in the same half-site were 

considered.  
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[0030] Figure 15. Effects of engineered TALEN domains and TALEN concentration 

on specificity. (A) The specificity score of the targeted base pair at each position of the 

CCR5A site was calculated for CCR5A TALENs containing the canonical, Q3, Q7, or 28-aa 

C-terminal domains. The specificity scores of the Q3, Q7, or 28-aa C-terminal domain 

TALENs subtracted by the specificity scores of the TALEN with the canonical C-terminal 

domain are shown. (B) Same as (A) but for CCR5A TALENs containing engineered N

terminal domains N, N2, or N3. (C) Same as (A) but comparing specificity scores 

differences of the canonical CCR5A TALEN assayed at 16 nM, 8 nM, or 4 nM subtracted by 

the specificity scores of canonical CCR5A TALENs assayed at 32 nM. (D-F) Same as (A-C) 

but for ATM TALENs. Selections correspond to conditions listed in Table 2.  

[00311 Figure 16. Spacer-length preferences of TALENs. (A) For each selection 

with CCR5A TALENs containing various combinations of the canonical, Q3, Q7, or 28-aa C

terminal domains; N1, N2, or N3 N-terminal mutations; and the EL/KK or ELD/KKR FokI 

variants and at 4, 8, 16, or 32 nM, the DNA spacer-length enrichment values were calculated 

by dividing the abundance of DNA spacer lengths in post-selection sequences by the 

abundance of DNA spacer lengths in the preselection library sequences. (B) Same as (A) but 

for ATM TALENs.  

[0032] Figure 17. DNA cleavage-site preferences of TALENs. (A) For each 

selection with CCR5A TALENs with various combinations of canonical, Q3, Q7, or 28-aa C

terminal domains; NI, N2, or N3 N-terminal mutations; and the EL/KK or ELD/KKR FokI 

variants and at 4, 8, 16, or 32 nM, histograms of the number of spacer DNA base pairs 

preceding the right half-site for each possible DNA spacer length, normalized to the total 

sequence counts of the entire selection, are shown. (B) Same as (A) for ATM TALENs.  

[0033] Figure 18. DNA cleavage-site preferences of TALENs comprising N

terminal domains with different amino acid substitutions.  

[0034] Figure 19. Exemplary TALEN plasmid construct.  

DEFINITIONS 

[0035] 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 agents.  

[0036] The term "canonical sequence," as used herein, refers to a sequence of DNA, 

RNA, or amino acids that reflects the most common choice of base or amino acid at each 

position amongst known molecules of that type. For example, the canonical amino acid 
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sequence of a protein domain may reflect the most common choice of amino acid resides at 

each position amongst all known domains of that type, or amongst the majority of known 

domains of that type. In some embodiments, a canonical sequence is a consensus sequence.  

[0037] The terms "consensus sequence" and "consensus site," as used herein in the 

context of nucleic acid sequences, refers to a calculated sequence representing the most 

frequent nucleotide residue found at each position in a plurality of similar sequences.  

Typically, a consensus sequence is determined by sequence alignment in which similar 

sequences are compared to each other and similar sequence motifs are calculated. In the 

context of nuclease target site sequences, a consensus sequence of a nuclease target site may, 

in some embodiments, be the sequence most frequently bound, bound with the highest 

affinity, and/or cleaved with the highest efficiency by a given nuclease.  

[0038] 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 protein 

binding domain and a small molecule). The association can be, for example, via a direct or 

indirect (e.g., via a linker) covalent linkage or via non-covalent interactions. In some 

embodiments, the association is covalent. In some embodiments, two molecules are 

conjugated via a linker connecting both molecules. For example, in some embodiments 

where two proteins are conjugated to each other, e.g., a binding domain and a cleavage 

domain of an engineered nuclease, to form a protein fusion, the two proteins may be 

conjugated via a polypeptide linker, e.g., an amino acid sequence connecting the C-terminus 

of one protein to the N-terminus of the other protein.  

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

biologically active agent that is sufficient to elicit a desired biological response. For 

example, in some embodiments, an effective amount of a TALE nuclease may refer to the 

amount of the nuclease that is sufficient to induce cleavage of a target site specifically bound 

and cleaved by the nuclease, e.g., in a cell-free assay, or in a target cell, tissue, or organism.  

As will be appreciated by the skilled artisan, the effective amount of an agent, e.g., a 

nuclease, a hybrid protein, 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 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 
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occur in nature. In some embodiments, an engineered molecule or complex, e.g., an 

engineered TALEN monomer, dimer, or multimer, is a TALEN that has been designed to 

meet particular requirements or to have particular desired features e.g., to specifically bind a 

target sequence of interest with minimal off-target binding, to have a specific minimal or 

maximal cleavage activity, and/or to have a specific stability.  

[0041] As used herein, the term "isolated" refers to a molecule, complex, substance, 

or entity that has been (1) separated from at least some of the components with which it was 

associated when initially produced (whether in nature or in an experimental setting), and/or 

(2) produced, prepared, synthesized, and/or manufactured by a human. Isolated substances 

and/or entities may be separated from at least about 10%, about 20%, about 30%, about 40%, 

about 50%, about 60%, about 70%, about 80%, about 90%, or more of the other components 

with which they were initially associated. In some embodiments, isolated agents are more 

than about 80%, about 85%, about 90%, about 91%, about 92%, about 93%, about 94%, 

about 95%, about 96%, about 97%, about 98%, about 99%, or more than about 99% pure. As 

used herein, a substance is "pure" if it is substantially free of other components.  

[0042] The term "library," as used herein in the context of nucleic acids or proteins, 

refers to a population of two or more different nucleic acids or proteins, respectively. For 

example, a library of nuclease target sites comprises at least two nucleic acid molecules 

comprising different nuclease target sites. In some embodiments, a library comprises at least 

101, at least 102, at least 103, at least 104, at least 105, at least 106, at least 107, at least 108, a 

least 109, at least 100, at least 10", at least 101, at least 101, at least 101, or at least 101a 

different nucleic acids or proteins. In some embodiments, the members of the library may 

comprise randomized sequences, for example, fully or partially randomized sequences. In 

some embodiments, the library comprises nucleic acid molecules that are unrelated to each 

other, e.g., nucleic acids comprising fully randomized sequences. In other embodiments, at 

least some members of the library may be related, for example, they may be variants or 

derivatives of a particular sequence, such as a consensus target site sequence.  

[0043] The term "linker," as used herein, refers to a chemical group or a molecule 

linking two molecules or moieties, e.g., a binding domain and a cleavage domain of a 

nuclease. Typically, the linker is positioned between, or flanked by, two groups, molecules, 

or other moieties and connected to each one via a covalent bond, thus connecting the two. In 

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

or protein). In some embodiments, the linker is an organic molecule, group, polymer, or 

chemical moiety.  
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[0044] The term "nuclease," as used herein, refers to an agent, for example a protein 

or a small molecule, capable of cleaving a phosphodiester bond connecting nucleotide 

residues in a nucleic acid molecule. In some embodiments, a 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 

recognizes a single stranded target site, while in other 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 sites asymmetrically, i.e., cutting each strand at a different 

position so that the ends comprise 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 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, while, in other 

embodiments, a nuclease protein has to dimerize or multimerize in order to cleave a target 

nucleic acid molecule. Binding domains and cleavage domains of naturally occurring 

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

to create nucleases that bind specific target sites, are well known to those of skill in the art.  
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For example, transcriptional activator like elements can be used as binding domains 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 desired 

target site.  

[00011 The terms "nucleic acid" and "nucleic acid molecule," as used herein, refer to 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

"DNA," "RNA," and/or similar terms include nucleic acid analogs, 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 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, 
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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).  

[00451 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.  

[0046] The terms "prevention" or "prevent" refer to the prophylactic treatment of a 

subject who is at risk of developing a disease, disorder, or condition (e.g., at an elevated risk 

as compared to a control subject, or a control group of subject, or at an elevated risk as 

compared to the average risk of an age-matched and/or gender-matched subject), resulting in 

a decrease in the probability that the subject will develop the disease, disorder, or condition 

(as compared to the probability without prevention), and/or to the inhibition of further 

advancement of an already established disorder.  

[0047] 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 neoplasms are also referred to as cancers.  

[0048] The terms "protein," "peptide," and "polypeptide" are used interchangeably 

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

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

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

protein, peptide, or polypeptide may refer to an individual protein or a collection of proteins.  

One or more of the amino acids in a protein, peptide, or polypeptide may be modified, for 

example, by the addition of a chemical entity such as a carbohydrate group, a hydroxyl group, 

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

conjugation, functionalization, or other modification, etc. A protein, peptide, or polypeptide 

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

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

peptide, or polypeptide may be naturally occurring, recombinant, or synthetic, or any 
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combination thereof. A protein may comprise different domains, for example, a nucleic acid 

binding domain and a nucleic acid cleavage domain. In some embodiments, a protein 

comprises a proteinaceous part, e.g., an amino acid sequence constituting a nucleic acid 

binding domain, and an organic compound, e.g., a compound that can act as a nucleic acid 

cleavage agent.  

[0049] The term "randomized," as used herein in the context of nucleic acid 

sequences, refers to a sequence or residue within a sequence that has been synthesized to 

incorporate a mixture of free nucleotides, for example, a mixture of all four nucleotides A, T, 

G, and C. Randomized residues are typically represented by the letter N within a nucleotide 

sequence. In some embodiments, a randomized sequence or residue is fully randomized, in 

which case the randomized residues are synthesized by adding equal amounts of the 

nucleotides to be incorporated (e.g., 25% T, 25% A, 25% G, and 25% C) during the synthesis 

step of the respective sequence residue. In some embodiments, a randomized sequence or 

residue is partially randomized, in which case the randomized residues are synthesized by 

adding non-equal amounts of the nucleotides to be incorporated (e.g., 79% T, 7% A, 7% G, 

and 7% C) during the synthesis step of the respective sequence residue. Partial 

randomization allows for the generation of sequences that are templated on a given sequence, 

but have incorporated mutations at a desired frequency. For example, if a known nuclease 

target site is used as a synthesis template, partial randomization in which at each step the 

nucleotide represented at the respective residue is added to the synthesis at 79%, and the 

other three nucleotides are added at 7% each, will result in a mixture of partially randomized 

target sites being synthesized, which still represent the consensus sequence of the original 

target site, but which differ from the original target site at each residue with a statistical 

frequency of 21% for each residue so synthesized (distributed binomially). In some 

embodiments, a partially randomized sequence differs from the consensus sequence by more 

than 5%, more than 10%, more than 15%, more than 20%, more than 25%, or more than 30% 

on average, distributed binomially. In some embodiments, a partially randomized sequence 

differs from the consensus site by no more than 10%, no more than 15%, no more than 20%, 

no more than 25%, nor more than 30%, no more than 40%, or no more than 50% on average, 

distributed binomially.  

[0050] The term "subject," as used herein, refers to an individual organism, for 

example, an individual mammal. In some embodiments, the subject is a human of either sex 

at any stage of development.. 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 
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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.  

[0051] 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.  

[0052] The term "target site," used herein interchangeably with the term "nuclease 

target site," refers to 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 

nucleases that dimerize, for example, nucleases comprising a FokI DNA cleavage domain, a 

target site typically comprises a left-half site (bound by one monomer of the nuclease), a 

right-half site (bound by the second monomer of the nuclease), and a spacer sequence 

between the half sites in which the cut is made. This structure ([left-half site]-[spacer 

sequence]-[right-half site]) is referred to herein as an LSR structure. In some embodiments, 

the left-half site and/or the right-half site is between 10-18 nucleotides long. In some 

embodiments, either or both half-sites are shorter or longer. In some embodiments, the left 

and right half sites comprise different nucleic acid sequences.  

[0053] The term "Transcriptional Activator-Like Effector," (TALE) as used herein, 

refers to proteins comprising a DNA binding domain, which contains a highly conserved 33

34 amino acid sequence comprising a highly variable two-amino acid motif (Repeat Variable 

Diresidue, RVD). The RVD motif determines binding specificity to a nucleic acid sequence, 

and can be engineered according to methods well known to those of skill in the art to 

specifically bind a desired DNA sequence (see, e.g., Miller, Jeffrey; et.al. (February 2011).  

"A TALE nuclease architecture for efficient genome editing". Nature Biotechnology 29 (2): 

143-8; Zhang, Feng; et.al. (February 2011). "Efficient construction of sequence-specific 

TAL effectors for modulating mammalian transcription". Nature Biotechnology 29 (2): 149

53; Geipler, R.; Scholze, H.; Hahn, S.; Streubel, J.; Bonas, U.; Behrens, S. E.; Boch, J.  

(2011), Shiu, Shin-Han. ed. "Transcriptional Activators of Human Genes with Programmable 

DNA-Specificity". PLoS ONE 6 (5): e19509; Boch, Jens (February 2011). "TALEs of 

genome targeting". Nature Biotechnology 29 (2): 135-6; Boch, Jens; et.al. (December 2009).  

"Breaking the Code of DNA Binding Specificity of TAL-Type III 

Effectors". Science 326 (5959): 1509-12; and Moscou, Matthew J.; Adam J. Bogdanove 

(December 2009). "A Simple Cipher Governs DNA Recognition by TAL 

Effectors". Science 326 (5959): 1501; the entire contents of each of which are incorporated 
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herein by reference). The simple relationship between amino acid sequence and DNA 

recognition has allowed for the engineering of specific DNA binding domains by selecting a 

combination of repeat segments containing the appropriate RVDs.  

[0054] The term "Transcriptional Activator-Like Element Nuclease," (TALEN) as 

used herein, refers to an artificial nuclease comprising a transcriptional activator like effector 

DNA binding domain to a DNA cleavage domain, for example, a FokI domain. A number of 

modular assembly schemes for generating engineered TALE constructs have been reported 

(Zhang, Feng; et.al. (February 2011). "Efficient construction of sequence-specific TAL 

effectors for modulating mammalian transcription". Nature Biotechnology 29 (2): 149-53; 

Geijler, R.; Scholze, H.; Hahn, S.; Streubel, J.; Bonas, U.; Behrens, S. E.; Boch, J. (2011), 

Shiu, Shin-Han. ed. "Transcriptional Activators of Human Genes with Programmable DNA

Specificity". PLoS ONE 6 (5): e19509; Cermak, T.; Doyle, E. L.; Christian, M.; Wang, L.; 

Zhang, Y.; Schmidt, C.; Baller, J. A.; Somia, N. V. et al. (2011). "Efficient design and 

assembly of custom TALEN and other TAL effector-based constructs for DNA 

targeting". Nucleic Acids Research; Morbitzer, R.; Elsaesser, J.; Hausner, J.; Lahaye, T.  

(2011). "Assembly of custom TALE-type DNA binding domains by modular 

cloning". Nucleic Acids Research; Li, T.; Huang, S.; Zhao, X.; Wright, D. A.; Carpenter, S.; 

Spalding, M. H.; Weeks, D. P.; Yang, B. (2011). "Modularly assembled designer TAL 

effector nucleases for targeted gene knockout and gene replacement in eukaryotes". Nucleic 

Acids Research.; Weber, E.; Gruetzner, R.; Werner, S.; Engler, C.; Marillonnet, S. (2011).  

Bendahmane, Mohammed. ed. "Assembly of Designer TAL Effectors by Golden Gate 

Cloning". PLoS ONE 6 (5): e19722; the entire contents of each of which are incorporated 

herein by reference).  

[0055] The terms "treatment," "treat," and "treating," refer to a clinical intervention 

aimed to reverse, alleviate, delay the onset of, or inhibit the progress of a disease or disorder, 

or one or more symptoms thereof, as described herein. As used herein, the terms "treatment," 

"treat," and "treating" refer to a clinical intervention aimed to reverse, alleviate, delay the 

onset of, or inhibit the progress of a disease or disorder, or one or more symptoms thereof, as 

described herein. In some embodiments, treatment may be administered after one or more 

symptoms have developed and/or after a disease has been diagnosed. In other embodiments, 

treatment may be administered in the absence of symptoms, e.g., to prevent or delay onset of 

a symptom or inhibit onset or progression of a disease. For example, treatment may be 

administered to a susceptible individual prior to the onset of symptoms (e.g., in light of a 

history of symptoms and/or in light of genetic or other susceptibility factors). Treatment may 
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also be continued after symptoms have resolved, for example to prevent or delay their 

recurrence.  

DETAILED DESCRIPTION OF CERTAIN EMBODIMENTS OF THE INVENTION 

[00561 Transcription activator-like effector nucleases (TALENs) are fusions of the 

FokI restriction endonuclease cleavage domain with a DNA-binding transcription activator

like effector (TALE) repeat array. TALENs can be engineered to reduce off-target cleavage 

activity and thus to specifically bind a target DNA sequence and can thus be used to cleave a 

target DNA sequence, e.g., in a genome, in vitro or in vivo. Such engineered TALENs can be 

used to manipulate genomes in vivo or in vitro, e.g., for gene knockouts or knock-ins via 

induction of DNA breaks at a target genomic site for targeted gene knockout through non

homologous end joining (NHEJ) or targeted genomic sequence replacement through 

homology-directed repair (HDR) using an exogenous DNA template.  

[0057] TALENs can be designed to cleave any desired target DNA sequence, 

including naturally occurring and synthetic sequences. However, the ability of TALENs to 

distinguish target sequences from closely related off-target sequences has not been studied in 

depth. Understanding this ability and the parameters affecting it is of importance for the 

design of TALENs having the desired level of specificity for their therapeutic use and also 

for choosing unique target sequences to be cleaved in order to minimize the chance of off

target cleavage.  

[0058] Some aspects of this disclosure are based on cleavage specificity data obtained 

from profiling 41 TALENs on 1012 potential off-target sites through in vitro selection and 

high-throughput sequencing. Computational analysis of the selection results predicted off

target substrates in the human genome, thirteen of which were modified by TALENs in 

human cells. Some aspect of this disclosure are based on the surprising findings that (i) 

TALEN repeats bind DNA relatively independently; (ii) longer TALENs are more tolerant of 

mismatches, yet are more specific in a genomic context; and (iii) excessive DNA-binding 

energy can lead to reduced TALEN specificity. Based on these findings, optimized TALENs 

were engineered with mutations designed to reduce non-specific DNA binding. Some of 

these engineered TALENs exhibit improved specificity, e.g., 34- to >116-fold greater 

specificity, in human cells compared to commonly used TALENs.  

[0059] The ability to engineer site-specific changes in genomes represents a powerful 

research capability with significant therapeutic implications. TALENs are fusions of the FokI 

restriction endonuclease cleavage domain with a DNA-binding TALE repeat array (Figure 
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TA). These arrays consist of multiple 34-amino acid TALE repeat sequences, each of which 

uses a repeat-variable di-residue (RVD), the amino acids at positions 12 and 13, to recognize 

a single DNA nucleotide. 2 Examples of RVDs that enable recognition of each of the four 

DNA base pairs are known, enabling arrays of TALE repeats to be constructed that can bind 

virtually any DNA sequence. TALENs can be engineered to be active only as heterodimers 

through the use of obligate heterodimeric FokI variants. 4 In this configuration, two distinct 

TALEN monomers are each designed to bind one target half-site and to cleave within the 

DNA spacer sequence between the two half-sites.  

[0060] In cells, e.g., in mammalian cells, TALEN-induced double-strand breaks can 

result in targeted gene knockout through non-homologous end joining (NHEJ)5 or targeted 

genomic sequence replacement through homology-directed repair (HDR) using an exogenous 

DNA template.6' 7 TALENs have been successfully used to manipulate genomes in a variety 
8117,12,13 of organisms8-l1 and cell lines.  

[0061] TALEN-mediated DNA cleavage at off-target sites can result in unintended 

mutations at genomic loci. While SELEX experiments have characterized the DNA-binding 

specificities of monomeric TALE proteins, 5' 7 the DNA cleavage specificities of active, 

dimeric nucleases can differ from the specificities of their component monomeric DNA

binding domains. 14 Full-genome sequencing of four TALEN-treated yeast strains 1 5 and two 

human cell lines 16 derived from a TALEN-treated cell revealed no evidence of TALE

induced genomic off-target mutations, consistent with other reports that observed no off

target genomic modification in Xenopus 17 and human cell lines. 18 In contrast, TALENs were 

observed to cleave off-target sites containing two to eleven mutations relative to the on-target 

sequence in vivo in zebrafish, 13'19 rats,9human primary fibroblasts,2 and embryonic stem 

cells. A systematic and comprehensive profile of TALEN specificity generated from 

measurements of TALEN cleavage on a large set of related mutant target sites has not been 

described before. Such a broad specificity profile is fundamental to understand and improve 

the potential of TALENs as research tools and therapeutic agents.  

[0062] Some of the work described herein relates to experiments performed to profile 

the ability of 41 TALEN pairs to cleave 10 off-target variants of each of their respective 

target sequences using a modified version of a previously described in vitro selection 1 4 for 

DNA cleavage specificity. These results from these experiments provide comprehensive 

profiles of TALEN cleavage specificities. The in vitro selection results were used to 

computationally predict off-target substrates in the human genome, 13 of which were 

confirmed to be cleaved by TALENs in human cells.  
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[0063] It was surprisingly found that, despite being less specific per base pair, 

TALENs designed to cleave longer target sites in general exhibit higher overall specificity 

than those that target shorter sites when considering the number of potential off-target sites in 

the human genome. The selection results also suggest a model in which excess non-specific 

TALEN binding energy gives rise to greater off-target cleavage relative to on-target cleavage.  

Based on this model, we engineered TALENs with substantially improved DNA cleavage 

specificity in vitro, and 30- to >150-fold greater specificity in human cells, than currently 

used TALEN constructs.  

[0064] Some aspects of this disclosure are based on data obtained from profiling the 

specificity of 41 heterodimeric TALENs designed to target one of three distinct sequence, as 

described in more detail elsewhere herein. The profiling was performed using an improved 

version of an in vitro selection method 1 4 (also described in PCT Application Publication 

W02013/066438 A2, the entire contents of which are incorporated herein by reference) with 

modifications that increase the throughput and sensitivity of the selection (Figure IB).  

[0065] Briefly, TALENs were profiled against libraries of >1012 DNA sequences and 

cleavage products were captured and analyzed to determine the specificity and off-target 

activity of each TALEN. The selection data accurately predicted the efficiency of off-target 

TALEN cleavage in vitro, and also indicated that TALENs are overall highly specific across 

the entire target sequence, but that some level of off-target cleavage occurs in conventional 

TALENs which can be undesirable in some scenarios of TALEN use. As a result of the 

experiments described herein, it was surprisingly found that that TALE repeats bind their 

respective DNA base pairs independently beyond a slightly increased tolerance for adjacent 

mismatches, which informed the recognition that TALEN specificity per base pair is 

independent of target-site length. It was experimentally validated that shorter TALENs have 

greater specificity per targeted base pair than longer TALENs, but that longer TALENs are 

more specific against the set of potential cleavage sites in the context of a whole genome than 

shorter TALENs for the tested TALEN lengths targeting 20- to 32-bp sites, as described in 

more detail elsewhere herein.  

[0066] Some aspects of this disclosure are based on the surprising discovery that 

excess binding energy in longer TALENs reduces specificity by enabling the cleavage of off

target sequences without a corresponding increase in the efficiency of on-target cleavage 

efficiency. Some aspects of this disclosure are based on the surprising discovery that 

TALENs can be engineered to more specifically cleave their target sequences by reducing 

off-target binding energy without compromising on-target cleavage efficiency. The 
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recognition that TALEN specificity can be improved by reducing non-specific DNA binding 

energy beyond what is required to enable efficient on-target cleavage served as the basis for 

the generation of engineered TALENs with improved target site specificity.  

[0067] Typically, a TALEN monomer, e.g., a TALEN monomer as provided herein, 

comprises or is of the following structure: 

[N-terminal domain]-[TALE repeat array]-[C-terminal domain]-[nuclease domain] 

wherein each "-" individually indicates conjugation, either covalently or non-covalently, and 

wherein the conjugation can be direct, e.g., via direct bond, or indirect, e.g., via a linker 

domain. See also Figure 1.  

[0068] Some aspects of this disclosure provide TALENs with enhanced specificity as 

compared to TALENs that were previously used. In general, the sequence specificity of a 

TALEN is conferred by the TALE repeat array, which binds to a specific nucleotide 

sequence. TALE repeat arrays consist of multiple 34-amino acid TALE repeat sequences, 

each of which uses a repeat-variable di-residue (RVD), the amino acids at positions 12 and 

13, to recognize a single DNA nucleotide. Some aspects of this disclosure provide that the 

specific binding of the TALE repeat array is sufficient for dimerization and nucleic acid 

cleavage, and that non-specific nucleic acid binding activity is due to the N-terminal and/or 

C-terminal domains of the TALEN.  

[0069] Based on this recognition, improved TALENs have been engineered as 

provided herein. As it was discovered that non-specific binding via the N-terminal domain 

can occur through excess binding energy conferred by amino acid residues that are positively 

charged (cationic) at physiological pH, some of the improved TALENs provided herein have 

a decreased net charge and/or a decreased binding energy for binding their target nucleic acid 

sequence as compared to canonical TALENs. This decrease in charge leads to a decrease in 

off-target binding via the modified N-terminal and C-terminal domains. The portion of target 

recognition and binding, thus, is more narrowly confined to the specific recognition and 

binding activity of the TALE repeat array. The resulting TALENs, thus, exhibit an increase 

in the specificity of binding and, in turn, in the specificity of cleaving the target site by the 

improved TALEN as compared to a TALEN using non-modified domains.  

[0070] In some embodiments, a TALEN is provided in which the net charge of the N

terminal domain is less than the net charge of the canonical N-terminal domain (SEQ ID NO: 

1); and/or the net charge of the C-terminal domain is less than the net charge of the canonical 

C-terminal domain (SEQ ID NO: 22). In some embodiments, a TALEN is provided in which 
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the binding energy of the N-terminal domain to a target nucleic acid molecule is less than the 

binding energy of the canonical N-terminal domain (SEQ ID NO: 1); and/or the binding 

energy of the C-terminal domain to a target nucleic acid molecule is less than the binding 

energy of the canonical C-terminal domain (SEQ ID NO: 22). In some embodiments, a 

modified TALEN N-terminal domain is provided the binding energy of which to the TALEN 

target nucleic acid molecule is less than the binding energy of the canonical N-terminal 

domain (SEQ ID NO: 1). In some embodiments, a modified TALEN C-terminal domain is 

provided the binding energy of which to the TALEN target nucleic acid molecule is less than 

the binding energy of the canonical C-terminal domain (SEQ ID NO: 22). In some 

embodiments, the binding energy of the N-terminal and/or of the C-terminal domain in the 

TALEN provided is decreased by at least 5%, at least 10%, at least 15%, at least 20%, at least 

25%, at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 55%, at least 

60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 90%, at least 

95%, at least 98%, or at least 99%.  

[0071] In some embodiments, the canonical N-terminal domain and/or the canonical 

C-terminal domain is modified to replace an amino acid residue that is positively charged at 

physiological pH with an amino acid residue that is not charged or is negatively charged. In 

some embodiments, the modification includes the replacement of a positively charged residue 

with a negatively charged residue. In some embodiments, the modification includes the 

replacement of a positively charged residue with a neutral (uncharged) residue. In some 

embodiments, the modification includes the replacement of a positively charged residue with 

a residue having no charge or a negative charge. In some embodiments, the net charge of the 

modified N-terminal domain and/or of the modified C-terminal domain is less than or equal 

to +10, less than or equal to +9, less than or equal to +8, less than or equal to +7, less than or 

equal to +6, less than or equal to +5, less than or equal to +4, less than or equal to +3, less 

than or equal to +2, less than or equal to +1, less than or equal to 0, less than or equal to -1, 

less than or equal to -2, less than or equal to -3, less than or equal to -4, or less than or equal 

to -5, or less than or equal to -10. In some embodiments, the net charge of the modified N

terminal domain and/or of the modified C-terminal domain is between +5 and -5, between +2 

and -7, between 0 and -5, between 0 and -10, between -1 and -10, or between -2 and -15. In 

some embodiments, the net charge of the modified N-terminal domain and/or of the modified 

C-terminal domain is negative. In some embodiments, the net charge of the modified N

terminal domain and of the modified C-terminal domain, together, is negative. In some 

embodiments, the net charge of the modified N-terminal domain and/or of the modified C
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terminal domain is neutral or slightly positive (e.g., less than +2 or less than +1). In some 

embodiments, the net charge of the modified N-terminal domain and of the modified C

terminal domain, together, is neutral or slightly positive (e.g., less than +2 or less than +1).  

[0072] In some embodiments, the modified N-terminal domain and/or the modified 

C-terminal domain comprise(s) an amino acid sequence that differs from the respective 

canonical domain sequence in that at least one cationic amino acid residue of the canonical 

domain sequence is replaced with an amino acid residue that exhibits no charge or a negative 

charge at physiological pH. In some embodiments, 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 11, at least 12, at least 

13, at least 14, or at least 15 cationic amino acid(s) is/are replaced with an amino acid residue 

that exhibits no charge or a negative charge at physiological pH in the modified N-terminal 

domain and/or in the modified C-terminal domain. In some embodiments, 1, 2, 3, 4, 5, 6, 7, 

8, 9, 10, 11, 12, 13, 14, 15 cationic amino acid(s) is/are replaced with an amino acid residue 

that exhibits no charge or a negative charge at physiological pH in the modified N-terminal 

domain and/or in the modified C-terminal domain.  

[0073] In some embodiments, the cationic amino acid residue is arginine (R), lysine 

(K), or histidine (H). In some embodiments, the cationic amino acid residue is R or H. In 

some embodiments, the amino acid residue that exhibits no charge or a negative charge at 

physiological pH is glutamine (Q), Glycine (G), Asparagine (N), Threonine (T), Serine (S), 

Aspartic acid (D), or Glutamic Acid (E). In some embodiments, the amino acid residue that 

exhibits no charge or a negative charge at physiological pH is Q. In some embodiments, at 

least one lysine or arginine residue is replaced with a glutamine residue in the modified N

terminal domain and/or in the modified C-terminal domain.  

[0074] In some embodiments, the C-terminal domain comprises one or more of the 

following amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, 

R801Q. In some embodiments, the C-terminal domain comprises two or more of the 

following amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, 

R801Q. In some embodiments, the C-terminal domain comprises three or more of the 

following amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, 

R801Q. In some embodiments, the C-terminal domain comprises four or more of the 

following amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, 

R801Q. In some embodiments, the C-terminal domain comprises five or more of the 

following amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, 

R801Q. In some embodiments, the C-terminal domain comprises six or more of the 
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following amino acid replacements: K777Q,K778Q, K788Q, R789Q, R792Q,R793Q, 

R801Q. In some embodiments, the C-terminal domain comprises all seven of the following 

amino acid replacements: K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some 

embodiments, the C-terminal domain comprises a Q3 variant sequence (K788Q, R792Q, 

R801Q, see SEQ ID NO: 23). In some embodiments, the C-terminal domain comprises a Q7 

variant sequence (K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, R801Q, see SEQ ID 

NO: 24).  

[00751 In some embodiments, the N-terminal domain is a truncated version of the 

canonical N-terminal domain. In some embodiments, the C-terminal domain is a truncated 

version of the canonical C-terminal domain. In some embodiments, the truncated N-terminal 

domain and/or the truncated C-terminal domain comprises less than 90%, less than 80%, less 

than 70%, less than 60%, less than 50%, less than 40%, less than 30%, or less than 25% of 

the residues of the canonical domain. In some embodiments, the truncated C-terminal 

domain comprises less than 60, less than 50, less than 40, less than 30, less than 29, less than 

28, less than 27, less than 26, less than 25, less than 24, less than 23, less than 22, less than 

21, or less than 20 amino acid residues. In some embodiments, the truncated C-terminal 

domain comprises 60, 59, 58, 57, 56, 55, 54, 53, 52, 51, 50, 49, 48, 47, 46, 45, 44, 43, 42, 41, 

40,39,38,37,36,35,34,33,32,31,30,39,38,37,36,35,34,33,32,31,30,29,28,27,26, 

25, 24, 23, 22, 21, 20, 19, 18, 17, 16, 15, 14, 13, 12, 11, or 10 residues. In some 

embodiments, the modified N-terminal domain and/or the modified C-terminal domain is/are 

truncated and comprise one or more amino acid replacement(s). It will be apparent to those 

of skill in the art that it is desirable in some embodiments to adjust the DNA spacer length in 

TALENs using truncated domains, e.g., truncated C-terminal domains, in order to 

accommodate the truncation.  

[0076] In some embodiments, the nuclease domain, also sometimes referred to as a 

nucleic acid cleavage domain is a non-specific cleavage domain, e.g., a FokI nuclease 

domain. In some embodiments, the nuclease domain is monomeric and must dimerize or 

multimerize in order to cleave a nucleic acid. Homo- or heterodimerization or 

multimerization of TALEN monomers typically occurs via binding of the monomers to 

binding sequences that are in sufficiently close proximity to allow dimerization, e.g., to 

sequences that are proximal to each other on the same nucleic acid molecule (e.g., the same 

double-stranded nucleic acid molecule).  

[0077] The most commonly used domains, e.g., the most widely used N-terminal and 

C-terminal domains, are referred to herein as canonical domains. Exemplary sequences of a 
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canonical N-terminal domain (SEQ ID NO: 1) and a canonical C-terminal domain (SEQ ID 

NO: 22) are provided herein. Exemplary sequences of FokI nuclease domains are also 

provided herein. In addition, exemplary sequences of TALE repeats forming a CCR5

binding TALE repeat array are provided. It will be understood that the sequences provided 

below are exemplary and provided for the purpose of illustrating some embodiments 

embraced by the present disclosure. They are not meant to be limiting and additional 

sequences useful according to aspects of this disclosure will be apparent to the skilled artisan 

based on this disclosure.  

[0078] Canonical N-terminal domain: 

VDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMI 

AALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLKIAKRGGVTAVEAVH 

AWRNALTGAPLN (SEQ ID NO: 1) 

[0079] Modified N-terminal domain: NI 

VDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMI 

AALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLQIAKRGGVTAVEAVH 

AWRNALTGAPLN (SEQ ID NO: 2) 

[0080] Modified N-terminal domain: N2 

VDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMI 

AALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLQIAQRGGVTAVEAVH 

AWRNALTGAPLN (SEQ ID NO: 3) 

[00811 Modified N-terminal domain: N3 

VDLRTLGYSQQQQEKIKPKVRSTVAQHHEALVGHGFTHAHIVALSQHPAALGTVAVKYQDMI 

AALPEATHEAIVGVGKQWSGARALEALLTVAGELRGPPLQLDTGQLLQIAQQGGVTAVEAVH 

AWRNALTGAPLN (SEQ ID NO: 4) 

[0082] TALE repeat array: L18 CCR5A 

MTPDQVVAIASNGGGKQALETVQRLLPVLCQDH (SEQ ID NO: 5) 

GLTPEQVVAIASHDGGKQALETVQRLLPVLCQAH (SEQ ID NO: 6) 

GLTPDQVVAIASNIGGKQALETVQRLLPVLCQAH (SEQ ID NO: 7) 

GLTPAQVVAIASNGGGKQALETVQRLLPVLCQDH (SEQ ID NO: 8) 
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GLTPDQVVAIASNGGGKQALETVQRLLPVLCQDH (SEQ ID NO: 9) 

GLTPEQVVAIASNIGGKQALETVQRLLPVLCQAH (SEQ ID NO: 10) 

GLTPDQVVAIASHDGGKQALETVQRLLPVLCQAH (SEQ ID NO: 11) 

GLTPAQVVAIASNIGGKQALETVQRLLPVLCQDH (SEQ ID NO: 12) 

GLTPDQVVAIASHDGGKQALETVQRLLPVLCQDH (SEQ ID NO: 13) 

GLTPEQVVAIASHDGGKQALETVQRLLPVLCQAH (SEQ ID NO: 14) 

GLTPDQVVAIASNGGGKQALETVQRLLPVLCQAH (SEQ ID NO: 15) 

GLTPAQVVAIANNNGGKQALETVQRLLPVLCQDH (SEQ ID NO: 16) 

GLTPDQVVAIASHDGGKQALETVQRLLPVLCQDH (SEQ ID NO: 17) 

GLTPEQVVAIASNIGGKQALETVQRLLPVLCQAH (SEQ ID NO: 18) 

GLTPDQVVAIANNNGGKQALETVQRLLPVLCQAH (SEQ ID NO: 19) 

GLTPAQVVAIASHDGGKQALETVQRLLPVLCQDH (SEQ ID NO: 20) 

GLTPEQVVAIASNGGGRPALE (SEQ ID NO: 21) 

[0083] Canonical C-terminal domain: 

SIVAQLSRPDPALAALTNDHLVALACLGGRPALDAVKKGLPHAPALIKRTNRRIPERTSHRV 

A (SEQ ID NO: 22) 

[0084] Modified C-terminal domain: Q3 

SIVAQLSRPDPALAALTNDHLVALACLGGRPALDAVKKGLPHAPALIQRTNQRIPERTSHQV 

A (SEQ ID NO: 23) 

[0085] Modified C-terminal domain: Q7 

SIVAQLSRPDPALAALTNDHLVALACLGGRPALDAVQQGLPHAPALIQQTNQQIPERTSHQV 

A (SEQ ID NO: 24) 

[00861 Modified C-terminal domain: 28-aa 

SIVAQLSRPDPALAALTNDHLVALACLG (SEQ ID NO: 25) 

[0087] FokI: homodimeric 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHL 

GGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMQRYVEENQTRNKHINPNEWW 

KVYPSSVTEFKFLFVSGHFKGNYKAQLTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEE 

VRRKFNNGEINF* (SEQ ID NO: 26) 
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[00881 FokI: EL 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHL 

GGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMERYVEENQTRNKHLNPNEWW 

KVYPSSVTEFKFLFVSGHFKGNYKAQLTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEE 

VRRKFNNGEINF* (SEQ ID NO: 27) 

[0089] FokI: KK 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHL 

GGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMQRYVKENQTRNKHINPNEWW 

KVYPSSVTEFKFLFVSGHFKGNYKAQLTRLNHKTNCNGAVLSVEELLIGGEMIKAGTLTLEE 

VRRKFNNGEINF* (SEQ ID NO: 28) 

[0090] FokI: ELD 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHL 

GGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMERYVEENQTRDKHLNPNEWW 

KVYPSSVTEFKFLFVSGHFKGNYKAQLTRLNHITNCNGAVLSVEELLIGGEMIKAGTLTLEE 

VRRKFNNGEINF* (SEQ ID NO: 29) 

[0091] FokI: KKR 

GSQLVKSELEEKKSELRHKLKYVPHEYIELIEIARNSTQDRILEMKVMEFFMKVYGYRGKHL 

GGSRKPDGAIYTVGSPIDYGVIVDTKAYSGGYNLPIGQADEMQRYVKENQTRNKHINPNEWW 

KVYPSSVTEFKFLFVSGHFKGNYKAQLTRLNRKTNCNGAVLSVEELLIGGEMIKAGTLTLEE 

VRRKFNNGEINF* (SEQ ID NO: 30) 

[0092] In some embodiments, a TALEN is provided herein that comprises a canonical 

N-terminal domain, a TALE repeat array, a modified C-terminal domain, and a nuclease 

domain. In some embodiments, a TALEN is provided herein that comprises a modified N

terminal domain, a TALE repeat array, a canonical C-terminal domain, and a nuclease 

domain. In some embodiments, a TALEN is provided herein that comprises a modified N

terminal domain, a TALE repeat array, a modified C-terminal domain, and a nuclease 

domain. In some embodiments, the nuclease domain is a FokI nuclease domain. In some 

embodiments, the FokI nuclease domain is a homodimeric FokI domain, or a FokI-EL, FokI

KK, FokI-ELD, or FokI-KKR domain.  
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[0093] All possible combinations of the specific sequences of canonical and modified 

domains provided herein are embraced by this disclosure, including the following: 

TALEN N-terminal TALE repeat C-terminal Nuclease domain 
domain array domain 

1 Canonical Sequence-specific Q3 Homodimeric 

2 Canonical Sequence-specific Q3 EL 

3 Canonical Sequence-specific Q3 KK 

4 Canonical Sequence-specific Q3 ELD 

5 Canonical Sequence-specific Q3 KKR 

6 Canonical Sequence-specific Q7 Homodimeric 

7 Canonical Sequence-specific Q7 EL 

8 Canonical Sequence-specific Q7 KK 

9 Canonical Sequence-specific Q7 ELD 

10 Canonical Sequence-specific Q7 KKR 

11 Canonical Sequence-specific Truncated (28aa) Homodimeric 

12 Canonical Sequence-specific Truncated (28aa) EL 

13 Canonical Sequence-specific Truncated (28aa) KK 

14 Canonical Sequence-specific Truncated (28aa) ELD 

15 Canonical Sequence-specific Truncated (28aa) KKR 

16 NI Sequence-specific Canonical Homodimeric 

17 NI Sequence-specific Canonical EL 

18 N1 Sequence-specific Canonical KK 

19 NI Sequence-specific Canonical ELD 

20 N1 Sequence-specific Canonical KKR 

21 NI Sequence-specific Q3 Homodimeric 

22 NI Sequence-specific Q3 EL 

23 N1 Sequence-specific Q3 KK 

24 NI Sequence-specific Q3 ELD 

25 N1 Sequence-specific Q3 KKR 

26 NI Sequence-specific Q7 Homodimeric 

27 N1 Sequence-specific Q7 EL 
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TALEN N-terminal TALE repeat C-terminal Nuclease domain 
domain array domain 

28 NI Sequence-specific Q7 KK 

29 N1 Sequence-specific Q7 ELD 

30 NI Sequence-specific Q7 KKR 

31 N1 Sequence-specific Truncated (28aa) Homodimeric 

32 NI Sequence-specific Truncated (28aa) EL 

33 N1 Sequence-specific Truncated (28aa) KK 

34 NI Sequence-specific Truncated (28aa) ELD 

35 NI Sequence-specific Truncated (28aa) KKR 

36 N2 Sequence-specific Canonical Homodimeric 

37 N2 Sequence-specific Canonical EL 

38 N2 Sequence-specific Canonical KK 

39 N2 Sequence-specific Canonical ELD 

40 N2 Sequence-specific Canonical KKR 

41 N2 Sequence-specific Q3 Homodimeric 

42 N2 Sequence-specific Q3 EL 

43 N2 Sequence-specific Q3 KK 

44 N2 Sequence-specific Q3 ELD 

45 N2 Sequence-specific Q3 KKR 

46 N2 Sequence-specific Q7 Homodimeric 

47 N2 Sequence-specific Q7 EL 

48 N2 Sequence-specific Q7 KK 

49 N2 Sequence-specific Q7 ELD 

50 N2 Sequence-specific Q7 KKR 

51 N2 Sequence-specific Truncated (28aa) Homodimeric 

52 N2 Sequence-specific Truncated (28aa) EL 

53 N2 Sequence-specific Truncated (28aa) KK 

54 N2 Sequence-specific Truncated (28aa) ELD 

55 N2 Sequence-specific Truncated (28aa) KKR 

56 N3 Sequence-specific Canonical Homodimeric 

57 N3 Sequence-specific Canonical EL 
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TALEN N-terminal TALE repeat C-terminal Nuclease domain 
domain array domain 

58 N3 Sequence-specific Canonical KK 

59 N3 Sequence-specific Canonical ELD 

60 N3 Sequence-specific Canonical KKR 

61 N3 Sequence-specific Q3 Homodimeric 

62 N3 Sequence-specific Q3 EL 

63 N3 Sequence-specific Q3 KK 

64 N3 Sequence-specific Q3 ELD 

65 N3 Sequence-specific Q3 KKR 

66 N3 Sequence-specific Q7 Homodimeric 

67 N3 Sequence-specific Q7 EL 

68 N3 Sequence-specific Q7 KK 

69 N3 Sequence-specific Q7 ELD 

70 N3 Sequence-specific Q7 KKR 

71 N3 Sequence-specific Truncated (28aa) Homodimeric 

72 N3 Sequence-specific Truncated (28aa) EL 

73 N3 Sequence-specific Truncated (28aa) KK 

74 N3 Sequence-specific Truncated (28aa) ELD 

75 N3 Sequence-specific Truncated (28aa) KKR 

76 Canonical Sequence-specific Canonical EL 

77 Canonical Sequence-specific Canonical KK 

78 Canonical Sequence-specific Canonical ELD 

79 Canonical Sequence-specific Canonical KKR 

80 Canonical Sequence-specific Truncated (28aa) Homodimeric 

81 Canonical Sequence-specific Truncated (28aa) EL 

82 Canonical Sequence-specific Truncated (28aa) KK 

83 Canonical Sequence-specific Truncated (28aa) ELD 

84 Canonical Sequence-specific Truncated (28aa) KKR 

Table 1: Exemplary TALENs embraced by the present disclosure. The respective TALE 

repeat array employed will depend on the specific target sequence. Those of skill in the art 

will be able to design such sequence-specific TALE repeat arrays based on the instant 
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disclosure and the knowledge in the art. Sequences for the different N-terminal, C-terminal, 

and Nuclease domains are provided above (See, SEQ ID NOs 1-4 and 22-30).  

[0094] It will be understood by those of skill in the art that the exemplary sequences 

provided herein are for illustration purposes only and are not intended to limit the scope of 

the present disclosure. The disclosure also embraces the use of each of the inventive TALEN 

domains, e.g., the modified N-terminal domains, C-terminal domains, and nuclease domains 

described herein, in the context of other TALEN sequences, e.g., other modified or 

unmodified TALEN structures. Additional sequences satisfying the described principles and 

parameters that are useful in accordance to aspects of this disclosure will be apparent to the 

skilled artisan.  

[0095] In some embodiments, the TALEN provided is a monomer. In some 

embodiments, the TALEN monomer can dimerize with another TALEN monomer to form a 

TALEN dimer. In some embodiments the formed dimer is a homodimer. In some 

embodiments, the dimer is a heterodimer.  

[0096] In some embodiments, TALENs provided herein cleave their target sites with 

high specificity. For example, in some embodiments an improved TALEN is provided that 

has been engineered to cleave a desired target site within a genome while binding and/or 

cleaving less than 1, less than 2, less than 3, less than 4, less than 5, less than 6, less than 7, 

less than 8, less than 9 or less than 10 off-target sites at a concentration effective for the 

nuclease to cut its intended target site. In some embodiments, a TALEN is provided that has 

been engineered to cleave a desired unique target site that has been selected to differ from 

any other site within a genome by at least 3, at least 4, at least 5, at least 6, at least 7, at least 

8, at least 9, or at least 10 nucleotide residues.  

[0097] Some aspects of this disclosure provide nucleic acids encoding the TALENs 

provided herein. For example, nucleic acids are provided herein that encode the TALENs 

described in Table 1. In some embodiments, the nucleic acids encoding the TALEN are 

under the control of a heterologous promoter. In some embodiments, the encoding nucleic 

acids are included in an expression construct, e.g., a plasmid, a viral vector, or a linear 

expression construct. In some embodiments, the nucleic acid or expression construct is in a 

cell, tissue, or organism.  

[0098] The map of an exemplary nucleic acid encoding a TALEN provided herein is 

illustrated in Figure 19. An exemplary sequence of such a nucleic acid is provided below. It 
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will be understood by those of skill in the art that the maps and sequences provided herein are 

exemplary and do not limit the scope of this disclosure.  

[0099] As described elsewhere herein, TALENs, including the improved TALENs 

provided by this disclosure, can be engineered to bind (and cleave) virtually any nucleic acid 

sequence based on the sequence-specific TALE repeat array employed. In some 

embodiments, an improved TALEN provided herein binds a target sequence within a gene 

known to be associated with a disease or disorder. In some embodiments, TALENs provided 

herein may be used for therapeutic purposes. For example, in some embodiments, TALENs 

provided herein may be used for treatment of any of a variety of diseases, disorders, and/or 

conditions, including but not limited to one or more of the following: 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); digestive disorders (e.g. inflammatory bowel disease, ulcers); musculoskeletal 

disorders (e.g. fibromyalgia, arthritis); endocrine, metabolic, and nutritional disorders (e.g.  

diabetes, osteoporosis); urological disorders (e.g. renal disease); psychological disorders (e.g.  

depression, schizophrenia); skin disorders (e.g. wounds, eczema); blood and lymphatic 

disorders (e.g. anemia, hemophilia); etc. In some embodiments, the TALEN cleaves the 

target sequence upon dimerization. In some embodiments, a TALEN provided herein cleaves 

a target site within an allele that is associated with a disease or disorder. In some 

embodiments, the TALEN cleaves a target site the cleavage of which results in the treatment 

or prevention of a disease or disorder. In some embodiments, the disease is HIV/AIDS. In 

some embodiments, the disease is a proliferative disease. In some embodiments, the TALEN 

binds a CCR5 target sequence(e.g., a CCR5 sequence associated with HIV). In some 

embodiments, the TALEN binds an ATM target sequence (e.g., an ATM target sequence 

associated with ataxia telangiectasia). In some embodiments, the TALEN binds a VEGFA 

target sequence (e.g., a VEGFA sequence associated with a proliferative disease). In some 

embodiments, the TALEN binds a CFTR target sequence (e.g., a CFTR sequence associated 

with cystic fibrosis). In some embodiments, the TALEN binds a dystrophin target sequence 

(e.g., a dystrophin gene sequence associated with Duchenne muscular dystrophy). In some 
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embodiments, the TALEN binds a target sequence associated with haemochromatosis, 

haemophilia, Charcot-Marie-Tooth disease, neurofibromatosis, phenylketonuria, polycystic 

kidney disease, sickle-cell disease, or Tay-Sachs disease. Suitable target genes, e.g., genes 

causing the listed diseases, are known to those of skill in the art. Additional genes and gene 

sequences associated with a disease or disorder will be apparent to those of skill in the art.  

[00100] Some aspects of this disclosure provide isolated TALE effector domains, e.g., 

N- and C-terminal TALE effector domains, with decreased non-specific nucleic acid binding 

activity as compared to previously used TALE effector domains. The isolated TALE effector 

domains provided herein can be used in the context of suitable TALE effector molecules, 

e.g., TALE nucleases, TALE transcriptional activators, TALE transcriptional repressors, 

TALE recombinases, and TALE epigenome modification enzymes. Additional suitable 

TALE effectors in the context of which the isolated TALE domains can be used will be 

apparent to those of skill in the art based on this disclosure. In general, the isolated N- and C

terminal domains provided herein are engineered to optimize, e.g., minimize, excess binding 

energy conferred by amino acid residues that are positively charged (cationic) at 

physiological pH. Some of the improved N-terminal or C-terminal TALE domains provided 

herein have a decreased net charge and/or a decreased binding energy for binding a target 

nucleic acid sequence as compared to the respective canonical TALE domains. When used 

as part of a TALE effector molecule, e.g., a TALE nuclease, TALE transcriptional activator, 

TALE transcriptional repressor, TALE recombinase, or TALE epigenome modification 

enzyme, this decrease in charge leads to a decrease in off-target binding via the modified N

terminal and C-terminal domain(s). The portion of target recognition and binding, thus, is 

more narrowly confined to the specific recognition and binding activity of the TALE repeat 

array, as explained in more detail elsewhere herein. The resulting TALE effector molecule, 

thus, exhibits an increase in the specificity of binding and, in turn, in the specificity of the 

respective effect of the TALE effector (e.g., cleaving the target site by a TALE nuclease, 

activation of a target gene by a TALE transcriptional activator, repression of expression of a 

target gene by a TALE transcriptional repressor, recombination of a target sequence by a 

TALE recombinase, or epigenetic modification of a target sequence by a TALE epigenome 

modification enzyme) as compared to TALE effector molecules using unmodified domains.  

[00101] In some embodiments, an isolated N-terminal TALE domain is provided in 

which the net charge is less than the net charge of the canonical N-terminal domain (SEQ ID 

NO: 1). In some embodiments, an isolated C-terminal TALE domain is provided in which 

the net charge is less than the net charge of the canonical C -terminal domain (SEQ ID NO: 
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22). In some embodiments, an isolated N-terminal TALE domain is provided in which the 

binding energy to a target nucleic acid molecule is less than the binding energy of the 

canonical N-terminal domain (SEQ ID NO: 1). In some embodiments, an isolated C-terminal 

TALE domain is provided in which the binding energy to a target nucleic acid molecule is 

less than the binding energy of the canonical C-terminal domain (SEQ ID NO: 22). In some 

embodiments, the binding energy of the isolated N-terminal and/or of the isolated C-terminal 

TALE domain provided herein is decreased by at least 5%, at least 10%, at least 15%, at least 

20%, at least 25%, at least 30%, at least 35%, at least 40%, at least 45%, at least 50%, at least 

55%, at least 60%, at least 65%, at least 70%, at least 75%, at least 80%, at least 85%, at least 

90%, at least 95%, at least 98%, or at least 99%.  

[00102] In some embodiments, the canonical N-terminal domain and/or the canonical 

C-terminal domain is modified to replace an amino acid residue that is positively charged at 

physiological pH with an amino acid residue that is not charged or is negatively charged to 

arrive at the isolated N-terminal and/or C-terminal domain provided herein. In some 

embodiments, the modification includes the replacement of a positively charged residue with 

a negatively charged residue. In some embodiments, the modification includes the 

replacement of a positively charged residue with a neutral (uncharged) residue. In some 

embodiments, the modification includes the replacement of a positively charged residue with 

a residue having no charge or a negative charge. In some embodiments, the net charge of the 

isolated N-terminal domain and/or of the isolated C-terminal domain provided herein is less 

than or equal to +10, less than or equal to +9, less than or equal to +8, less than or equal to 

+7, less than or equal to +6, less than or equal to +5, less than or equal to +4, less than or 

equal to +3, less than or equal to +2, less than or equal to +1, less than or equal to 0, less than 

or equal to -1, less than or equal to -2, less than or equal to -3, less than or equal to -4, or less 

than or equal to -5, or less than or equal to -10 at physiological pH. In some embodiments, 

the net charge of the isolated N-terminal domain and/or of the isolated C-terminal domain is 

between +5 and -5, between +2 and -7, between 0 and -5, between 0 and -10, between -1 and 

-10, or between -2 and -15 at physiological pH. In some embodiments, the net charge of the 

isolated N-terminal TALE domain and/or of the isolated C-terminal TALE domain is 

negative. In some embodiments, an isolated N-terminal TALE domain and an isolated C

terminal TALE domain are provided and the net charge of the isolated N-terminal TALE 

domain and of the isolated C-terminal TALE domain, together, is negative. In some 

embodiments, the net charge of the isolated N-terminal TALE domain and/or of the isolated 

C-terminal TALE domain is neutral or slightly positive (e.g., less than +2 or less than +1 at 
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physiological pH). In some embodiments, an isolated N-terminal TALE domain and an 

isolated C-terminal TALE domain are provided, and the net charge of the isolated N-terminal 

TALE domain and of the isolated C-terminal TALE domain, together, is neutral or slightly 

positive (e.g., less than +2 or less than +1 at physiological pH).  

[00103] In some embodiments, the isolated N-terminal domain and/or the isolated C

terminal domain provided herein comprise(s) an amino acid sequence that differs from the 

respective canonical domain sequence in that at least one cationic amino acid residue of the 

canonical domain sequence is replaced with an amino acid residue that exhibits no charge or 

a negative charge at physiological pH. In some embodiments, at least 1, at least 2, at least 3, 

atleast4, atleast 5, atleast6, atleast7, atleast 8, atleast9, atleast 10, atleast 11, atleast 

12, at least 13, at least 14, or at least 15 cationic amino acid(s) is/are replaced with an amino 

acid residue that exhibits no charge or a negative charge at physiological pH in the isolated 

N-terminal domain and/or in the isolated C-terminal domain provided. In some 

embodiments, 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 cationic amino acid(s) is/are 

replaced with an amino acid residue that exhibits no charge or a negative charge at 

physiological pH in the isolated N-terminal domain and/or in the isolated C-terminal domain.  

[00104] In some embodiments, the cationic amino acid residue is arginine (R), lysine 

(K), or histidine (H). In some embodiments, the cationic amino acid residue is R or H. In 

some embodiments, the amino acid residue that exhibits no charge or a negative charge at 

physiological pH is glutamine (Q), glycine (G), asparagine (N), threonine (T), serine (S), 

aspartic acid (D), or glutamic acid (E). In some embodiments, the amino acid residue that 

exhibits no charge or a negative charge at physiological pH is Q. In some embodiments, at 

least one lysine or arginine residue is replaced with a glutamine residue in the isolated N

terminal domain and/or in the isolated C-terminal domain.  

[00105] In some embodiments, an isolated C-terminal TALE domain is provided 

herein that comprises one or more of the following amino acid replacements: K777Q, 

K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises two or more of the following amino acid replacements: K777Q, 

K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises three or more of the following amino acid replacements: K777Q, 

K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises four or more of the following amino acid replacements: K777Q, 

K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises five or more of the following amino acid replacements: K777Q, 
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K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises six or more of the following amino acid replacements: K777Q, 

K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises all seven of the following amino acid replacements: K777Q, 

K778Q, K788Q, R789Q, R792Q, R793Q, R801Q. In some embodiments, the isolated C

terminal domain comprises a Q3 variant sequence (K788Q, R792Q, R801Q, see SEQ ID NO: 

23). In some embodiments, the isolated C-terminal domain comprises a Q7 variant sequence 

(K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, R801Q, see SEQ ID NO: 24).  

[00106] In some embodiments, an isolated N-terminal TALE domain is provided that 

is a truncated version of the canonical N-terminal domain. In some embodiments, an isolated 

C-terminal TALE domain is provided that is a truncated version of the canonical C-terminal 

domain. In some embodiments, the truncated N-terminal domain and/or the truncated C

terminal domain comprises less than 90%, less than 80%, less than 70%, less than 60%, less 

than 50%, less than 40%, less than 30%, or less than 25% of the residues of the canonical 

domain. In some embodiments, the truncated C-terminal domain comprises less than 60, less 

than 50, less than 40, less than 30, less than 29, less than 28, less than 27, less than 26, less 

than 25, less than 24, less than 23, less than 22, less than 21, or less than 20 amino acid 

residues. In some embodiments, the truncated C-terminal domain comprises 60, 59, 58, 57, 

56,55,54,53,52,51,50,49,48,47,46,45,44,43,42,41,40,39,38,37,36,35,34,33,32, 

31,30,39,38,37,36,35,34,33,32,31,30,29,28,27,26,25,24,23,22,21,20,19,18,17, 

16, 15, 14, 13, 12, 11, or 10 residues. In some embodiments, an isolated N-terminal TALE 

domain and/or an isolated C-terminal domain is provided herein that is/are truncated and 

comprise(s) one or more amino acid replacement(s). In some embodiments, the isolated N

terminal TALE domains comprise an amino acid sequence as provided in any of SEQ ID 

NOs 2-5. In some embodiments, the isolated C-terminal TALE domains comprise an amino 

acid sequence as provided in any of SEQ ID NOs 23-25.  

[00107] It will be apparent to those of skill in the art that the isolated C- and N

terminal TALE domains provided herein may be used in the context of any TALE effector 

molecule, e.g., as part of a TALE nuclease, a TALE transcriptional activator, a TALE 

transcriptional repressor, a TALE recombinase, a TALE epigenome modification enzyme, or 

any other suitable TALE effector molecule. In some embodiments, a TALE domain provided 

herein is used in the context of a TALE molecule comprising or consisting essentially of the 

following structure 

[N-terminal domain]-[TALE repeat array]-[C-terminal domain]-[effector domain] 
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or 

[effector domain]-[N-terminal domain]-[TALE repeat array]-[C-terminal domain], 

wherein the effector domain may, in some embodiments, be a nuclease domain, a 

transcriptional activator or repressor domain, a recombinase domain, or an epigenetic 

modification enzyme domain.  

[00108] It will also be apparent to those of skill in the art that it is desirable, in some 

embodiments, to adjust the DNA spacer length in TALE effector molecules comprising such 

a spacer, when using a truncated domain, e.g., truncated C-terminal domain as provided 

herein, in order to accommodate the truncation.  

[00109] Some aspects of this disclosure provide compositions comprising a TALEN 

provided herein, e.g., a TALEN monomer. In some embodiments, the composition comprises 

the TALEN monomer and a different TALEN monomer that can form a heterodimer with the 

TALEN, wherein the dimer exhibits nuclease activity.  

[00110] In some embodiments, the TALEN is provided in a composition formulated 

for administration to a subject, e.g., to a human subject. For example, in some embodiments, 

a pharmaceutical composition is provided that comprises the TALEN and a pharmaceutically 

acceptable excipient. In some embodiments, the pharmaceutical composition is formulated 

for administration to a subject. In some embodiments, the pharmaceutical composition 

comprises an effective amount of the TALEN for cleaving a target sequence in a cell in the 

subject. In some embodiments, the TALEN binds a target sequence within a gene known to 

be associated with a disease or disorder and wherein the composition comprises an effective 

amount of the TALEN for alleviating a symptom associated with the disease or disorder.  

[00111] For example, some embodiments provide pharmaceutical compositions 

comprising a TALEN as provided herein, or a nucleic acid encoding such a nuclease, and a 

pharmaceutically acceptable excipient. Pharmaceutical compositions may optionally 

comprise one or more additional therapeutically active substances.  

[00112] 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/or one or more other accessory ingredients, and then, if 

necessary and/or desirable, shaping and/or packaging the product into a desired single- or 

multi-dose unit.  

[00113] Pharmaceutical formulations may additionally comprise a pharmaceutically 

acceptable excipient, which, as used herein, includes any and all solvents, dispersion media, 
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diluents, or other liquid vehicles, dispersion or suspension aids, surface active agents, isotonic 

agents, thickening or emulsifying agents, preservatives, solid binders, lubricants and the like, 

as suited to the particular dosage form desired. Remington's The Science and Practice of 

Pharmacy, 21st Edition, A. R. Gennaro (Lippincott, Williams & Wilkins, Baltimore, MD, 

2006; incorporated herein by reference) discloses various excipients used in formulating 

pharmaceutical compositions and known techniques for the preparation thereof. 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 invention.  

[00114] In some embodiments, a composition provided herein is administered to a subject, 

for example, to a human subject, in order to effect a targeted genomic modification within the 

subject. In some embodiments, cells are obtained from the subject and contacted with a 

nuclease or a nuclease-encoding nucleic acid ex vivo, and re-administered to the subject after 

the desired genomic modification has been effected 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 no more than routine experimentation.  

Subjects to which administration of the pharmaceutical compositions is contemplated 

include, but are not limited to, humans and/or other primates; mammals, including, but not 

limited to, 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.  

[00115] The scope of this disclosure embraces methods of using the TALENs provided 

herein. It will be apparent to those of skill in the art that the TALENs provided herein can be 

used in any method suitable for the application of TALENs, including, but not limited to, 

those methods and applications known in the art. Such methods may include TALEN

mediated cleavage of DNA, e.g., in the context of genome manipulations such as, for 

example, targeted gene knockout through non-homologous end joining (NHEJ) or targeted 

genomic sequence replacement through homology-directed repair (HDR) using an exogenous 

DNA template, respectively. The improved features of the TALENs provided herein, e.g., 
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the improved specificity of some of the TALENs provided herein, will typically allow for 

such methods and applications to be carried out with greater efficiency. All methods and 

applications suitable for the use of TALENs, and performed with the TALENs provided 

herein, are contemplated and are within the scope of this disclosure. For example, the instant 

disclosure provides the use of the TALENs provided herein in any method suitable for the 

use of TALENs as described in Boch, Jens (February 2011). "TALEs of genome targeting".  

Nature Biotechnology 29 (2): 135-6. doi:10.1038/nbt.1767. PMID 21301438; Boch, Jens; 

et.al. (December 2009). "Breaking the Code of DNA Binding Specificity of TAL-Type III 

Effectors". Science 326 (5959): 1509-12. Bibcode:2009Sci...326.1509B.  

doi:10.1126/science.1178811. PMID 19933107; Moscou, Matthew J.; Adam J. Bogdanove 

(December 2009). "A Simple Cipher Governs DNA Recognition by TAL Effectors". Science 

326 (5959): 1501. Bibcode:2009Sci...326.1501M. doi:10.1126/science.1178817. PMID 

19933106; Christian, Michelle; et.al. (October 2010). "Targeting DNA Double-Strand 

Breaks with TAL Effector Nucleases". Genetics 186 (2): 757-61.  

doi:10.1534/genetics.110.120717. PMC 2942870. PMID 20660643; Li, Ting; et.al. (August 

2010). "TAL nucleases (TALNs): hybrid proteins composed of TAL effectors and FokI 

DNA-cleavage domain". Nucleic Acids Research 39: 1-14. doi:10.1093/nar/gkq704. PMC 

3017587. PMID 20699274; Mahfouz, Magdy M.; et.al. (February 2010). "De novo

engineered transcription activator-like effector (TALE) hybrid nuclease with novel DNA 

binding specificity creates double-strand breaks". PNAS 108 (6): 2623-8.  

Bibcode:2011PNAS..108.2623M. doi:10.1073/pnas.1019533108. PMC 3038751. PMID 

21262818; Cermak, T.; Doyle, E. L.; Christian, M.; Wang, L.; Zhang, Y.; Schmidt, C.; 

Baller, J. A.; Somia, N. V. et al. (2011). "Efficient design and assembly of custom TALEN 

and other TAL effector-based constructs for DNA targeting". Nucleic Acids Research.  

doi:10.1093/nar/gkr2l8; Miller, Jeffrey; et.al. (February 2011). "A TALE nuclease 

architecture for efficient genome editing". Nature Biotechnology 29 (2): 143-8.  

doi:10.1038/nbt.1755. PMID 21179091; Hockemeyer, D.; Wang, H.; Kiani, S.; Lai, C. S.; 

Gao, Q.; Cassady, J. P.; Cost, G. J.; Zhang, L. et al. (2011). "Genetic engineering of human 

pluripotent cells using TALE nucleases". Nature Biotechnology 29 (8).  

doi:10.1038/nbt.1927; Wood, A. J.; Lo, T. -W.;Zeitler, B.; Pickle, C. S.; Ralston, E. J.; Lee, 

A. H.; Amora, R.; Miller, J. C. et al. (2011). "Targeted Genome Editing Across Species 

Using ZFNs and TALENs". Science 333 (6040): 307. doi:10.1126/science.1207773. PMC 

3489282. PMID 21700836; Tesson, L.; Usal, C.; M6noret, S. V.; Leung, E.; Niles, B. J.; 

Remy, S. V.; Santiago, Y.; Vincent, A. I. et al. (2011). "Knockout rats generated by embryo 
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microinjection of TALENs". Nature Biotechnology 29 (8): 695. doi:10.1038/nbt.1940; 

Huang, P.; Xiao, A.; Zhou, M.; Zhu, Z.; Lin, S.; Zhang, B. (2011). "Heritable gene targeting 

in zebrafish using customized TALENs". Nature Biotechnology 29 (8): 699.  

doi:10.1038/nbt.1939; Doyon, Y.; Vo, T. D.; Mendel, M. C.; Greenberg, S. G.; Wang, J.; Xia, 

D. F.; Miller, J. C.; Umov, F. D. et al. (2010). "Enhancing zinc-finger-nuclease activity with 

improved obligate heterodimeric architectures". Nature Methods 8 (1): 74-79.  

doi:10.1038/nmeth.1539. PMID 21131970; Szczepek, M.; Brondani, V.; BUchel, J.; Serrano, 

L.; Segal, D. J.; Cathomen, T. (2007). "Structure-based redesign of the dimerization interface 

reduces the toxicity of zinc-finger nucleases". Nature Biotechnology 25 (7): 786.  

doi:10.1038/nbtl317. PMID 17603476; Guo, J.; Gaj, T.; Barbas Iii, C. F. (2010). "Directed 

Evolution of an Enhanced and Highly Efficient FokI Cleavage Domain for Zinc Finger 

Nucleases". Journal of Molecular Biology 400 (1): 96. doi:10.1016/j.jmb.2010.04.060. PMC 

2885538. PMID 20447404; Mussolino, C.; Morbitzer, R.; Lutge, F.; Dannemann, N.; Lahaye, 

T.; Cathomen, T. (2011). "A novel TALE nuclease scaffold enables high genome editing 

activity in combination with low toxicity". Nucleic Acids Research. doi:10.1093/nar/gkr597; 

Zhang, Feng; et.al. (February 2011). "Efficient construction of sequence-specific TAL 

effectors for modulating mammalian transcription". Nature Biotechnology 29 (2): 149-53.  

doi:10.1038/nbt.1775. PMC 3084533. PMID 21248753; Morbitzer, R.; Elsaesser, J.; 

Hausner, J.; Lahaye, T. (2011). "Assembly of custom TALE-type DNA binding domains by 

modular cloning". Nucleic Acids Research. doi:10.1093/nar/gkrl5l; Li,T.;Huang,S.; 

Zhao, X.; Wright, D. A.; Carpenter, S.; Spalding, M. H.; Weeks, D. P.; Yang, B. (2011).  

"Modularly assembled designer TAL effector nucleases for targeted gene knockout and gene 

replacement in eukaryotes". Nucleic Acids Research. doi:10.1093/nar/gkrl88; Geipler,R.; 

Scholze, H.; Hahn, S.; Streubel, J.; Bonas, U.; Behrens, S. E.; Boch, J. (2011).  

"Transcriptional Activators of Human Genes with Programmable DNA-Specificity". In Shiu, 

Shin-Han. PLoS ONE 6 (5): e19509. doi:10.1371/journal.pone.0019509; Weber, E.; 

Gruetzner, R.; Werner, S.; Engler, C.; Marillonnet, S. (2011). "Assembly of Designer TAL 

Effectors by Golden Gate Cloning". In Bendahmane, Mohammed. PLoS ONE 6 (5): e19722.  

doi:10.1371/journal.pone.0019722; Sander et al. "Targeted gene disruption in somatic 

zebrafish cells using engineered TALENs". Nature Biotechnology Vol 29:697-98 (5 August 

2011) Sander, J. D.; Cade, L.; Khayter, C.; Reyon, D.; Peterson, R. T.; Joung, J. K.; Yeh, J.  

R. J. (2011). "Targeted gene disruption in somatic zebrafish cells using engineered 

TALENs". Nature Biotechnology 29 (8): 697. doi:10.1038/nbt.1934; the entire contents of 

each of which are incorporated herein by reference.  
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[00116] In some embodiments, the TALENs, TALEN domains, TALEN-encoding or 

TALEN domain-encoding nucleic acids, compositions, and reagents described herein are 

isolated. In some embodiments, the TALENs, TALEN domains, TALEN-encoding or 

TALEN domain-encoding nucleic acids, compositions, and reagents described herein are 

purified, e.g., at least 60%, at least 70%, at least 80%, at least 90%, or at least 95% pure.  

[00117] Some aspects of this disclosure provide methods of cleaving a target sequence 

in a nucleic acid molecule using an inventive TALEN as described herein. In some 

embodiments, the method comprises contacting a nucleic acid molecule comprising the target 

sequence with a TALEN binding the target sequence under conditions suitable for the 

TALEN to bind and cleave the target sequence. In some embodiments, the TALEN is 

provided as a monomer. In some embodiments, the inventive TALEN monomer is provided 

in a composition comprising a different TALEN monomer that can dimerize with the first 

inventive TALEN monomer to form a heterodimer having nuclease activity. In some 

embodiments, the inventive TALEN is provided in a pharmaceutical composition. In some 

embodiments, the target sequence is in a cell. In some embodiments, the target sequence is in 

the genome of a cell. In some embodiments, the target sequence is in a subject. In some 

embodiments, the method comprises administering a composition, e.g., a pharmaceutical 

composition, comprising the TALEN to the subject in an amount sufficient for the TALEN to 

bind and cleave the target site.  

[00118] Some aspects of this disclosure provide methods of preparing engineered 

TALENs. In some embodiments, the method comprises replacing at least one amino acid in 

the canonical N-terminal TALEN domain and/or the canonical C-terminal TALEN domain 

with an amino acid having no charge or a negative charge at physiological pH; and/or 

truncating the N-terminal TALEN domain and/or the C-terminal TALEN domain to remove a 

positively charged fragment; thus generating an engineered TALEN having an N-terminal 

domain and/or a C-terminal domain of decreased net charge. In some embodiments, the at 

least one amino acid being replaced comprises a cationic amino acid or an amino acid having 

a positive charge at physiological pH. In some embodiments, the amino acid replacing the at 

least one amino acid is a cationic amino acid or a neutral amino acid. In some embodiments, 

the truncated N-terminal TALEN domain and/or the truncated C-terminal TALEN domain 

comprises less than 90%, less than 80%, less than 70%, less than 60%, less than 50%, less 

than 40%, less than 30%, or less than 25% of the residues of the respective canonical domain.  

In some embodiments, the truncated C-terminal domain comprises less than 60, less than 50, 
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less than 40, less than 30, less than 29, less than 28, less than 27, less than 26, less than 25, 

less than 24, less than 23, less than 22, less than 21, or less than 20 amino acid residues.  

[00119] In some embodiments, the truncated C-terminal domain comprises 60, 59, 58, 

57,56,55,54,53,52,51,50,49,48,47,46,45,44,43,42,41,40,39,38,37,36,35,34,33, 

32,31,30,39,38,37,36,35,34,33,32,31,30,29,28,27,26,25,24,23,22,21,20,19,18, 

17, 16, 15, 14, 13, 12, 11, or 10 amino acid residues. In some embodiments, the method 

comprises replacing 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, or at least 15 amino acids in 

the canonical N-terminal TALEN domain and/or in the canonical C-terminal TALEN domain 

with an amino acid having no charge or a negative charge at physiological pH. In some 

embodiments, the amino acid being replaced is arginine (R) or lysine (K). In some 

embodiments, the amino acid residue having no charge or a negative charge at physiological 

pH is glutamine (Q) or glycine (G). In some embodiments, the method comprises replacing 

at least one lysine or arginine residue with a glutamine residue.  

[00120] In some embodiments, the improved TALENs provided herein are designed 

and/or generated by recombinant technology. In some embodiments, designing and/or 

generating comprises designing a TALE repeat array that specifically binds a desired target 

sequence, or a half-site thereof.  

[00121] Some aspects of this disclosure provide kits comprising an engineered TALEN 

as provided herein, or a composition (e.g., a pharmaceutical composition) comprising such a 

TALEN. In some embodiments, the kit comprises an excipient and instructions for 

contacting the TALEN with the excipient to generate a composition suitable for contacting a 

nucleic acid with the TALEN. In some embodiments, the excipient is a pharmaceutically 

acceptable excipient.  

[00122] Typically, the kit will comprise a container housing the components of the kit, 

as well as written instructions stating how the components of the kit should be stored and 

used.  

[00123] The function and advantage of these and other embodiments of the present 

invention will be more fully understood from the Examples below. The following Examples 

are intended to illustrate the benefits of the present invention and to describe particular 

embodiments, but are not intended to exemplify the full scope of the invention. Accordingly, 

it will be understood that the Examples are not meant to limit the scope of the invention.  
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EXAMPLES 

EXAMPLE 1 

Materials and Methods 

Oligonucleotides, PCR and DNA Purification 

[00124] All oligonucleotides were purchased from Integrated DNA Technologies 

(IDT). Oligonucleotide sequences are listed in Table 10. PCR was performed with 0.4 L of 

2 U/tL Phusion Hot Start II DNA polymerase (Thermo-Fisher) in 50 [L with lx HF Buffer, 

0.2 mM dNTP mix (0.2 mM dATP, 0.2 mM dCTP, 0.2 mM dGTP, 0.2 mM dTTP) (NEB), 

0.5 pM to 1 pM of each primer and a program of: 98 °C, 1 min; 35 cycles of [98 °C, 15 s; 62 

°C, 15 s; 72 °C, 1 min] unless otherwise noted. Many DNA reactions were purified with a 

QlAquick PCR Purification Kit (Qiagen) referred to below as Q-column purification or 

MinElute PCR Purification Kit (Qiagen) referred to below as M-column purification.  

TALEN Construction 

[00125] The canonical TALEN plasmids were constructed by the FLASH method1 2 

with each TALEN targeting 10-18 base pairs. N-terminal mutations were cloned by PCR with 

Q5 Hot Start Master Mix (NEB) [98 °C, 22 s; 62 °C, 15 s; 72 °C, 7 min]) using 

phosphorylated TAL-Nlfwd (for Ni), phosphorylated TAL-N2fwd (for N2), or 

phosphorylated TAL-N3fwd (for N3) and phosphorylated TALNrev as primers. 1 [iL DpnI 

(NEB) was added and the reaction was incubated at 37 °C for 30 min then M-column 

purified. -25 ng of eluted DNA was blunt-end ligated intramolecularly in 10 [L 2x Quick 

Ligase Buffer, 1 L of Quick Ligase (NEB) in a total volume of 20 L at room temperature 

(-21 °C) for 15 min. 1 L of this ligation reaction was transformed into Top10 chemically 

competent cells (Invitrogen). C-terminal domain mutations were cloned by PCR using TAL

Cifwd and TAL-Cirev primers, then Q-column purified. -1 ng of this eluted DNA was used 

as the template for PCR with TALCifwd and either TAL-Q3 (for Q3) or TAL-Q7 (for Q7) for 

primers, then Q-column purified. -1 ng of this eluted DNA was used as the template for PCR 

with TAL-Cifwd and TAL-Ciirev for primers, then Qcolumn purified. -1 g of this DNA 

fragment was digested with HpaI and BamHI in 1x NEBuffer 4 and cloned into -2 pg of 

desired TALEN plasmid pre-digested with HpaI and BamHI.  

In Vitro TALEN Expression 

[00126] TALEN proteins, all containing a 3xFLAG tag, were expressed by in vitro 

transcription/translation. 800 ng of TALEN-encoding plasmid or no plasmid ("empty lysate" 
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control) was added to an in vitro transcription/translation reaction using the TNT@ Quick 

Coupled Transcription/Translation System, T7 Variant (Promega) in a final volume of 20 pL 

at 30 °C for 1.5 h. Western blots were used to visualize protein using the anti-FLAG M2 

monoclonal antibody (Sigma-Aldrich). TALEN concentrations were calculated by 

comparison to standard curve of 1 ng to 16 ng N-terminally FLAG-tagged bacterial alkaline 

phosphatase (Sigma-Aldrich).  

In Vitro Selection for DNA Cleavage 

[00127] Pre-selection libraries were prepared with 10 pmol of oligo libraries 

containing partially randomized target half-site sequences (CCR5A, ATM, or CCR5B) and 

fully randomized 10- to 24-bp spacer sequences (Table 10). Oligonucleotide libraries were 

separately circularized by incubation with 100 units of CircLigase II ssDNA Ligase 

(Epicentre) in lx CircLigase II Reaction Buffer (33 mM Tris-acetate, 66 mM potassium 

acetate, 0.5 mM dithiothreitol, pH 7.5) supplemented with 2.5 mM MnCl2 in 20 pL total for 

16 h at 60 °C then incubated at 80 °C for 10 min. 2.5 pL of each circularization reaction was 

used as a substrate for rolling-circle amplification at 30 °C for 16 h in a 50-IL reaction using 

the Illustra TempliPhi 100 Amplification Kit (GE Healthcare). The resulting concatemerized 

libraries were quantified with Quant-iTTM PicoGreen* dsDNA Kit (Invitrogen) and libraries 

with different spacer lengths were combined in an equimolar ratio.  

[00128] For selections on the CCR5B sequence libraries, 500 ng of pre-selection 

library was digested for 2 h at 37 °C in lx NEBuffer 3 with in vitro transcribed/translated 

TALEN plus empty lysate (30 L total). For all CCR5B TALENs, in vitro 

transcribed/translated TALEN concentrations were quantified by Western blot (during the 

blot, TALENs were stored for 16 h at 4 °C) and then TALEN was added to 40 nM final 

concentration per monomer. For selections on CCR5A and ATM sequence libraries, the 

combined pre-selection library was further purified in a 300,000 MWCO spin column 

(Sartorius) with three 500-pL washes in lx NEBuffer 3. 125 ng pre-selection library was 

digested for 30 min at 37 °C in lx NEBuffer 3 with a total 24 L of fresh in vitro 

transcribed/translated TALENs and empty lysate. For all CCR5A and ATM TALENs, 6 pL 

of in vitro transcription/translation left TALEN and 6 pL of right TALEN were used, 

corresponding to a final concentration in a cleavage reaction of 16 nM± 2 nM or 12 nM ±1.5 

nM for CC5A or ATM TALENs, respectively. These TALEN concentrations were quantified 

by Western blot performed in parallel with digestion.  
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[00129] For all selections, the TALEN-digested library was incubated with 1 pL of 100 

pg/tL RNase A (Qiagen) for 2 min and then Q-column purified. 50 pL of purified DNA was 

incubated with 3 tL of 10 mM dNTP mix (10 mM dATP, 10 mM dCTP, 10 mM dGTP, 10 

mM dTTP) (NEB), 6 L of lOx NEBuffer 2, and 1 iL of 5 U/pL Klenow Fragment DNA 

Polymerase (NEB) for 30 min at room temperature and Q-column purified. 50 pL of the 

eluted DNA was ligated with 2 pmol of heated and cooled #1 adapters containing barcodes 

corresponding to each sample (selections with different TALEN concentrations or constructs) 

(Table 10A). Ligation was performed in 1x T4 DNA Ligase Buffer (50 mM Tris-HCl, 10 

mM MgCl2, 1 mM ATP, 10 mM DTT, pH 7.5) with 1 L of 400 U/pL T4 DNA ligase 

(NEB) in 60 pL total volume for 16 h at room temperature, then Q-column purified.  

[00130] 6 pL of the eluted DNA was amplified by PCR in 150 pL total reaction 

volume (divided into 3x 50 pL reactions) for 14 to 22 cycles using the #2A adapter primers in 

Table 10A. The PCR products were purified by Q-column. Each DNA sample was quantified 

with Quant-iTTMPicoGreen@ dsDNA Kit (Invitrogen) and then pooled into an equimolar 

mixture. 500 ng of pooled DNA was run a 5% TBE 18-well Criterion PAGE gel (BioRad) for 

30 min at 200 V and DNAs of length -230 bp (corresponding to 1.5 target site repeats plus 

adapter sequences) were isolated and purified by Qcolumn. -2 ng of eluted DNA was 

amplified by PCR for 5 to 8 cycles with #2B adapter primers (Table 1OA) and purified by M

column.  

[00131] 10 pL of eluted DNA was purified using 12 iL of AMPure XP beads 

(Agencourt) and quantified with an Illumina/Universal Library Quantification Kit (Kapa 

Biosystems). DNA was prepared for high-throughput DNA sequencing according to Illumina 

instructions and sequenced using a MiSeq DNA Sequencer (Illumina) using a 12 pM final 

solution and 156-bp paired-end reads. To prepare the preselection library for sequencing, the 

pre-selection library was digested with 1 L to 4 tL of appropriate restriction enzyme 

(CCR5A = Tsp45I, ATM = Acc65I, CCR5B = Aval (NEB)) for 1 h at 37 °C then ligated as 

described above with 2 pmol of heated and cooled #1 library adapters (Table 10A). Pre

selection library DNA was prepared as described above using #2A library adapter primers 

and #2B library adapter primers in place of #2A adapter primers and #2B adapter primers, 

respectively (Table 10A). The resulting pre-selection library DNA was sequenced together 

with the TALEN-digested samples.  
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Discrete In Vitro TALEN Cleavage Assays 

[00132] Discrete DNA substrates for TALEN digestion were constructed by 

combining pairs of oligonucleotides as specified in Table 9B with restriction cloning14 into 

pUC19 (NEB). Corresponding cloned plasmids were amplified by PCR (59 °C annealing for 

15 s) for 24 cycles with pUC190fwd and pUC19Orev primers (Table 1OB) and Q-column 

purified. 50 ng of amplified DNAs were digested in lx NEBuffer 3 with 3 pL each of in vitro 

transcribed/translated TALEN left and right monomers (corresponding to a -16 nM to -12 

nM final TALEN concentration), and 6 pL of empty lysate in a total reaction volume of 120 

pL. The digestion reaction was incubated for 30 min at 37 °C, then incubated with 1pL of 

100 [g/tL RNase A (Qiagen) for 2 min and purified by M-column. The entire 10 pL of 

eluted DNA with glycerol added to 15% was analyzed on a 5% TBE 18-well Criterion PAGE 

gel (Bio-Rad) for 45 min at 200 V, then stained with lx SYBR Gold (Invitrogen) for 10 min.  

Bands were visualized and quantified on an Alphamager HP (Alpha Innotech).  

Cellular TALEN Cleavage Assays 

[00133] TALENs were cloned into mammalian expression vectors12 and the resulting 

TALEN vectors transfected into U2OS-EGFP cells as previously described. 12 Genomic DNA 

was isolated after 2 days as previously described. 12For each assay, 50 ng of isolated genomic 

DNA was amplified by PCR [98 °C, 15s 67.5 °C, 15 s; 72 °C, 22s] for 35 cycles with pairs of 

primers with or without 4% DMSO as specified in Table 10C. The relative DNA content of 

the PCR reaction for each genomic site was quantified with Quant-iTTM PicoGreen @ dsDNA 

Kit (Invitrogen) and then pooled into an equimolar mixture, keeping no-TALEN and all 

TALEN-treated samples separate. DNA corresponding to 150 to 350 bp was purified by 

PAGE as described above.  

[00134] 44 L of eluted DNA was incubated with 5 L of 1x T4 DNA Ligase Buffer 

and IpL of 10 U/pL Polynucleotide kinase (NEB) for 30 min at 37 °C and Q-column 

purified. 43 pL of eluted DNA was incubated with 1 pL of 10 mM dATP (NEB), 5 pL of 1Ox 

NEBuffer 2, and 1 L of 5 U/aL DNA Klenow Fragment (3'-> 5'exo-) (NEB) for 30 min at 

37 °C and purified by M-column. 10pL of eluted DNA was ligated as above with 10 pmol of 

heated and cooled G (genomic) adapters (Table 10A). 8 pL of eluted DNA was amplified by 

PCR for 6 to 8 cycles with G-B primers containing barcodes corresponding to each sample.  

Each sample DNA was quantified with Quant-iTTM PicoGreen @ dsDNA Kit (Invitrogen) 

and then pooled into an equimolar mixture. The combined DNA was subjected to high 

throughput sequencing using a MiSeq as described above.  
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Data Analysis 

[00135] Illumina sequencing reads were filtered and parsed with scripts written in 

Unix Bash as outlined in the Algorithms section. The source code is available upon request.  

Specificity scores were calculated as previously described. Statistical analysis on the 

distribution of number of mutations in various TALEN selections in Table 3 was performed 

as previously described. Statistical analysis of modified sites in Table 7 was performed as 

previously described.  

Algorithms 

[00136] All scripts were written in bash or MATLAB.  

Computational Filtering of Pre-selection Sequences and Selected Sequences 

[00137] For Pre-selection Sequences 

1) Search for 16 bp constant sequence (CCR5A = CGTCACGCTCACCACT, CCR5B 

CCTCGGGACTCCACGCT, ATM = GGTACCCCACTCCGCGT) immediately after 

first 4 bases read (random bases), accepting only sequences with the 16bp constant 

sequence allowing for one mutation.  

2) Search for 9 bp final sequence at a position at least the minimum possible full site length 

away and up to the max full site length away from constant sequence to confirm the 

presence of a full site, accept only sequences with this 9 bp final sequence. (Final 

sequence: CCR5A = CGTCACGCT, CCR5B = CCTCGGGAC, ATM = GGTACGTGC) 

3) Search for best instances of each half site in the full site, accept any sequences with proper 

left and right half-site order of left then right.  

4) Determine DNA spacer sequence between the two half sites, the single flanking nucleotide 

to left of the left half-site and single flanking nucleotide to right of the right half-site 

(sequence between half sites and constant sequences).  

5) Filter by sequencing read quality scores, accepting sequences with quality scores of A or 

better across three fourths of the half site positions.  

[00138] For Selected Sequences 

1) Output to separate files all sequence reads and position quality scores of all sequences 

starting with correct 5 bp barcodes corresponding to different selection conditions.  

2) Search for the initial 16 bp sequence immediately after the 5 bp barcode repeated at a 

position at least the minimum possible full site length away and up to the max full site 
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length away from initial sequence to confirm the presence of a full site with repeated 

sequence, accept only sequences with a 16bp repeat allowing for 1 mutation.  

3) Search for 16 bp constant sequence within the full site, accept only sequences with a 

constant sequence allowing for one mutation. Parse sequence to start with constant 

sequence plus 5' sequence to second instance of repeated sequence then initial sequence 

after barcode to constant sequence resulting in constant sequences sandwiching the 

equivalent of one full site: 

CONSTANT - LFLANK - LHS - SPACER - RHS - RFLANK - CONSTANT 

LFLANK = Left Flank Sequence (designed as a single random base) 

LHS = Left Half Site Sequence 

RHS = Right Half Site Sequence 

RFLANK = Right Flank Sequence (designed as a single random base) 

CONSTANT = Constant Sequence (CCR5A = CGTCACGCTCACCACT, CCR5B 

CCTCGGGACTCCACGCT, ATM = GGTACCCCACTCCGCGT) 

4) Search for best instances of each half site in the full site, accept any sequences with proper 

left and right half-site order of left then right.  

5) With half site positions determine corresponding spacer (sequence between the two half 

sites), left flank and right flank sequences (sequence between half sites and constant 

sequences).  

6) Determine sequence end by taking sequence from the start of read after the 5 bp barcode 

sequence to the beginning of the constant sequence.  

SEQUENCESTART - RHS - RFLANK - CONSTANT 

7) Filter by sequencing read quality scores, accepting sequences with quality scores of A or 

better across three fourths of the half site positions.  

8) Selected sequences were filtered by sequence end, by accepting only sequences with 

sequence ends in the spacer that were 2.5-fold more abundant than the amount of sequence 

end background calculated as the mean of the number of sequences with ends zero to five 

base pairs into each half-site from the spacer side (sequence end background number was 

calculated for both half sites with the closest half site to the sequence end utilized as 

sequence end background for comparison).  

[00139] Computational Search for Genomic Off-Target Sites Related to the CCR5B 

Target Site 

1) The Patmatch program39 was used to search the human genome (GRCh37/hgl9 build) for 

pattern sequences as follows: CCR5B left half-site sequence (L16, L13 or L10) 
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NNNNNNNNN... CCR5B right half-site sequence (R16, R13 or RO)[M,0,0] where 

number of Ns varied from 12 to 25 

and M (indicating mutations allowed) varied from 0 to 14.  

2) The number of output off-target sites were de-cumulated since the program outputs all 

sequences with X or fewer mutations, resulting in the number of off-target sites in the human 

genome that are a specific number of mutations away from the target site.  

[00140] Identification of Indels in Sequences of Genomic Sites 

1) For each sequence the primer sequence was used to identify the genomic site.  

2) Sequences containing the reference genomic sequence corresponding to 8 bp to the left of 

the target site and reference genomic sequence 8 bp (or 6 bp for genomic sites at the very 

end of sequencing reads) to the right of the full target site were considered target site 

sequences.  

3) Any target site sequences corresponding to the same size as the reference genomic site 

were considered unmodified and any sequences not the reference size were aligned with 

ClustalW 40 to the reference genomic site.  

4) Aligned sequences with more than two insertions or two deletions in the DNA spacer 

sequence between the two half-site sequences were considered indels.  

Results 

Specificity Profiling of TALENs targeting CCR5 and ATM 

[00141] We profiled the specificity of 41 heterodimeric TALEN pairs (hereafter 

referred to as TALENs) in total, comprising TALENs targeting left and right half-sites of 

various lengths and TALENs with different domain variants. Each of the 41 TALENs was 

designed to target one of three distinct sequences, which we refer to as CCR5A, CCR5B, or 

ATM, in two different human genes, CCR5 and ATM (Figure 7). We used an improved 

version of a previously described in vitro selection method with modifications that increase 

the throughput and sensitivity of the selection (Figure 1B).  

[00142] Briefly, preselection libraries of > 101 DNA sequences each were digested 

with 3 nM to 40 nM of an in vitro translated TALEN. These concentrations correspond to 

-20 to -200 dimeric TALEN molecules per human cell nucleus,2 1 a relatively low level of 
22,23 cellular protein expression. Cleaved library members contained a free 5' monophosphate 

that was captured by adapter ligation and isolated by gel purification (Figure 1B). In the 

control sample, all members of the pre-selection library were cleaved by a restriction 

endonuclease at a constant sequence to enable them to be captured by adapter ligation and 
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isolated by gel purification. High-throughput sequencing of TALEN-treated or control 

samples surviving this selection process and computational analysis revealed the abundance 

of all TALEN-cleaved sequences as well as the abundance of the corresponding sequences 

before selection. The enrichment value for each library member surviving selection was 

calculated by dividing its post-selection sequence abundance by its preselection abundance.  

The pre-selection DNA libraries were sufficiently large that they each contain, in theory, at 

least ten copies of all possible DNA sequences with six or fewer mutations relative to the on

target sequence.  

[00143] For all 41 TALENs tested, the DNA that survived the selection contained 

significantly fewer mean mutations in the targeted half-sites than were present in the pre

selection libraries (Table 3 and 4). For example, the mean number of mutations in DNA 

sequences surviving selection after treatment with TALENs targeting 18-bp left and right 

half-sites was 4.06 for CCR5A and 3.18 for ATM sequences, respectively, compared to 7.54 

and 6.82 mutations in the corresponding pre-selection libraries (Figure 2A and 2B). For all 

selections, the on-target sequences were enriched by 8- to 640-fold (Table 5). To validate our 

selection results in vitro, we assayed the ability of the CCR5B TALENs targeting 13-bp left 

and right half-sites (L13+R13) to cleave each of 16 diverse off-target substrates (Figure 2E 

and 2F). The resulting discrete in vitro cleavage efficiencies correlated well with the observed 

enrichment values (Figure 2G).  

[00144] To determine the specificity at each position in the TALEN target site for all 

four possible base pairs, a specificity score was calculated as the difference between pre

selection and post-selection base pair frequencies, normalized to the maximum possible 

change of the pre-selection frequency from complete specificity (defined as 1.0) to complete 

anti-specificity (defined as -1.0). For all TALENs tested, the targeted base pair at every 

position in both half-sites is preferred, with the sole exception of the base pair closest to the 

spacer for some ATM TALENs at the right-half site (Figure 2C, 2D and Figures 8 through 

13). The 5' T nucleotide recognized by the N-terminal domain is highly specified, and the 5' 

DNA end (the N-terminal TALEN end) generally exhibits higher specificity than the 3' DNA 

end; both observations are consistent with previous reports. 24,2 Taken together, these results 

show that the selection data accurately predicts the efficiency of off-target TALEN cleavage 

in vitro, and that TALENs are overall highly specific across the entire target sequence.  
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TALEN Off-Target Cleavage in Cells 

[00145] To test if off-target cleavage activities reported by the selection are relevant to 

off-target cleavage in cells, we used the in vitro selection results to train a machine-learning 

algorithm to generate potential TALEN off-target sites in the human genome.26 This 

computational step was necessary because the preselection libraries cover all sequences with 

six or fewer mutations, while almost all potential off-target sites in the human genome for 

CCR5 and ATM sequences differ at more than six positions relative to the target sequence.  

The algorithm calculates the posterior probability of each nucleotide in each position of a 

target to occur in a sequence that was cleaved by the TALENs in opposition to sequences 

27 from the target library that were not observed to be cleaved. These posterior probabilities 

were then used to score the likelihood that the TALEN used to train the algorithm would 

cleave every possible target sequence in the human genome with monomer spacing of 10 to 

30 bps. Using the machine-learning algorithm, we identified 36 CCR5A and 36 ATM 

TALEN off-target sites that differ from the on-target sequence at seven to fourteen positions 

(Table 6).  

[00146] The 72 best-scoring genomic off-target sites for CCR5A and ATM TALENs 

were amplified from genomic DNA purified from human U2OS-EGFP cells12 expressing 

either CCR5A or ATM TALENs. 3 Sequences containing insertions or deletions of three or 

more base pairs in the DNA spacer of the potential genomic off-target sites and present in 

significantly greater numbers in the TALEN-treated samples versus the untreated control 

sample were considered TALEN-induced modifications. Of the 35 CCR5A off-target sites 

that we successfully amplified, we identified six off-target sites with TALEN-induced 

modifications; likewise, of the 31 ATM off-target sites that we successfully amplified, we 

observed seven off-target sites with TALEN-induced modifications (Figure 3 and Table 7).  

The inspection of modified on-target and off-target sites yielded a prevalence of deletions 

ranging from three to dozens of base pairs (Figure 3), consistent with previously described 

characteristics of TALEN-induced genomic modification.2 8 

[00147] These results collectively indicate that the in vitro selection data, processed 

through a machine-learning algorithm, can predict bona fide off-target substrates that undergo 

TALEN-induced modification in human cells. TALE Repeats Productively Bind Base Pairs 

with Relative Independence The extensive number of quantitatively characterized off-target 

substrates in the selection data enabled us to assess whether mutations at one position in the 

target sequence affect the ability of TALEN repeats to productively bind other positions. We 

generated an expected enrichment value for every possible double-mutant sequence for the 
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L13+R13 CCR5B TALENs assuming independent contributions from the two corresponding 

single-mutation enrichments. In general, the predicted enrichment values closely resembled 

the actual observed enrichment values for each double-mutant sequence (Figure 14A), 

suggesting that component single mutations independently contributed to the overall 

cleavability of double-mutant sequences. The difference between the observed and predicted 

double-mutant enrichment values was relatively independent of the distance between the two 

mutations, except that two neighboring mismatches were slightly better tolerated than would 

be expected (Figure 14B).  

[00148] To determine the potential interdependence of more than two mutations, we 

evaluated the relationship between selection enrichment values and the number of mutations 

in the post-selection target for the L13+R13 CCR5B TALEN (Figure 4A, black line). For 0 to 

5 mutations, enrichment values closely followed a simple exponential function of the mean 

number of mutations (m) (Table 8). This relationship is consistent with a model in which 

each successive mutation reduces the binding energy by a constant amount (AG), resulting in 

an exponential decrease in TALEN binding (Keq(m)) such that Keq(m) - eAG*m. The 

observed exponential relationship therefore suggests that the mean reduction in binding 

energy from a typical mismatch is independent of the number of mismatches already present 

in the TALEN:DNA interaction. Collectively, these results indicate that TALE repeats bind 

their respective DNA base pairs independently beyond a slightly increased tolerance for 

adjacent mismatches.  

Longer TALENs are Less Specific Per Recognized Base Pair 

[00149] The independent binding of TALE repeats simplistically predicts that TALEN 

specificity per base pair is independent of target-site length. To experimentally characterize 

the relationship between TALE array length and off-target cleavage, we constructed TALENs 

targeting 10, 13, or 16 bps (including the 5' T) for both the left (L10, L13, L16) and right 

(R1O, R13, R16) half-sites. TALENs representing all nine possible combinations of left and 

right CCR5B TALENs were subjected to in vitro selection. The results revealed that shorter 

TALENs have greater specificity per targeted base pair than longer TALENs (Table 3). For 

example, sequences cleaved by the L1O+R1O TALEN contained a mean of 0.032 mutations 

per recognized base pair, while those cleaved by the L16+R16 TALEN contained a mean of 

0.067 mutations per recognized base pair. For selections with the longest CCR5B TALENs 

targeting 16+16 base pairs or CCR5A and ATM TALENs targeting 18+18 bp, the mean 
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selection enrichment values do not follow a simple exponential decrease as function of 

mutation number (Figure 4A and Table 8).  

[00150] We hypothesized that excess binding energy from the larger number of TALE 

repeats in longer TALENs reduces specificity by enabling the cleavage of sequences with 

more mutations, without a corresponding increase in the cleavage of sequences with fewer 

mutations, because the latter are already nearly completely cleaved. Indeed, the in vitro 

cleavage efficiencies of discrete DNA sequences for these longer TALENs are independent 

of the presence of a small number of mutations in the target site (Figures 5C-5F), suggesting 

there is nearly complete binding and cleavage of sequences containing few mutations.  

Likewise, higher TALEN concentrations also result in decreased enrichment values of 

sequences with few mutations while increasing the enrichment values of sequences with 

many mutations (Table 5). These results together support a model in which excessive 

TALEN binding arising from either long TALE arrays or high TALEN concentrations 

decreases observed TALEN DNA cleavage specificity of each recognized base pair.  

Longer TALENs Induce Less Off-Target Cleavage in a Genomic Context 

[00151] Although longer TALENs are more tolerant of mismatched sequences (Figure 

4A) than shorter TALENs, in the human genome there are far fewer closely related off-target 

sites for a longer target site than for a shorter target site (Figure 4B). Since off-target site 

abundance and cleavage efficiency both contribute to the number of off-target cleavage 

events in a genomic context, we calculated overall genome cleavage specificity as a function 

of TALEN length by multiplying the extrapolated mean enrichment value of mutant 

sequences of a given length with the number of corresponding mutant sequences in the 

human genome. The decrease in potential off-target site abundance resulting from the longer 

target site length is large enough to outweigh the decrease in specificity per recognized base 

pair observed for longer TALENs (Figure 4C). As a result, longer TALENs are predicted to 

be more specific against the set of potential cleavage sites in the human genome than shorter 

TALENs for the tested TALEN lengths targeting 20- to 32-bp sites.  

Engineering TALENs with Improved Specificity 

[00152] The findings above suggest that TALEN specificity can be improved by 

reducing non-specific DNA binding energy beyond what is needed to enable efficient on

target cleavage. The most widely used 63-aa C-terminal domain between the TALE repeat 

array and the FokI nuclease domain contains ten cationic residues. We speculated that 
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reducing the cationic charge of the canonical TALE C-terminal domain would decrease non

specific DNA binding and improve TALEN specificity.  

[00153] We constructed two C-terminal domain variants in which three ("Q3", K788Q, 

R792Q, R801Q) or seven ("Q7", K777Q, K778Q, K788Q, R789Q, R792Q, R793Q, R801Q) 

cationic Arg or Lys residues in the canonical 63-aa C-terminal domain were mutated to Gln.  

We performed in vitro selections on CCR5A and ATM TALENs containing the canonical, 

engineered Q3, and engineered Q7 C-terminal domains, as well as a previously reported 28

aa truncated C-terminal domain with a theoretical net charge identical to that of the Q7 C

terminal domain (-1).  

[00154] The on-target sequence enrichment values for the CCR5A and ATM selections 

increased substantially as the net charge of the C-terminal domain decreased (Figure 5A and 

5B). For example, the ATM selections resulted in on-target enrichment values of 510, 50, and 

20 for the Q7, Q3, and canonical 63-aa C-terminal variants, respectively. These results 

suggest that the TALEN variants in which cationic residues in the C-terminal domain have 

been partially replaced by neutral residues or completely removed are substantially more 

specific in vitro than the TALENs that containing the canonical 63-aa C-terminal domain.  

Similarly, mutating one, two, or three cationic residues in the TALEN N-terminus to Gln also 

increased cleavage specificity (Table 5, and Figures 8-11).  

[00155] In order to confirm the greater DNA cleavage specificity of Q7 over canonical 

63-aa C-terminal domains in vitro, a representative collection of 16 off-target DNA substrates 

were digested in vitro with TALENs containing either canonical or engineered Q7 C-terminal 

domains. ATM and CCR5A TALENs with the canonical 63-aa C-terminal domain TALEN 

demonstrate comparable in vitro cleavage activity on target sites with zero, one, or two 

mutations (Figures 5C-5F). In contrast, for 11 of the 16 off-target substrates tested, the 

engineered Q7 TALEN variants showed substantially higher (-4-fold or greater) 

discrimination against off-target DNA substrates with one or two mutations than the 

canonical 63-aa C-terminal domain TALENs, even though the Q7 TALENs cleaved their 

respective on-target sequences with comparable or greater efficiency than TALENs with the 

canonical 63-aa C-terminal domains (Figures 5C-5F). Overall, the discrete cleavage assays 

are consistent with the selection results and indicate that TALENs with engineered Q7 C

terminal domains are substantially more specific than TALENs with canonical 63-aa C

terminal domains in vitro.  
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Improved Specificity of Engineered TALENs in Human Cells 

[00156] To determine if the increased specificity of the engineered TALENs observed 

in vitro also applies in human cells, TALEN-induced modification rates of the on-target and 

top 36 predicted off-target sites were measured for CCR5A and ATM TALENs containing all 

six possible combinations of the canonical 63-aa, Q3, or Q7 C-terminal domains and the 

EL/KK or ELD/KKR FokI domains (12 TALENs total).  

[00157] For both FokI variants, the TALENs with Q3 C-terminal domains demonstrate 

significant on-target activities ranging from 8% to 24% modification, comparable to the 

activity of TALENs with the canonical 63-aa C-terminal domains. TALENs with canonical 

63-aa or Q3 C-terminal domains and the ELD/KKR FokI domain are both more active in 

modifying the CCR5A and ATM on-target site in cells than the corresponding TALENs with 

the Q7 C-terminal domain by -5-fold (Figure 6 and Table 7).  

[00158] Consistent with the improved specificity observed in vitro, the engineered Q7 

TALENs are more specific than the Q3 variants, which in turn are more specific than the 

canonical 63-aa C-terminal domain TALENs. Compared to the canonical 63-aa C-terminal 

domains, TALENs with Q3 C-terminal domains demonstrate a mean increase in cellular 

specificity (defined as the ratio of the cellular modification percentage for on-target to off

target sites) of more than 13-fold and more than 9-fold for CCR5A and ATM sites, 

respectively, with the ELD/KKR FokI domain (Table 7). These mean improvements can only 

be expressed as lower limits due to the absence or near-absence of observed cleavage events 

by the engineered TALENs for many off-target sequences. For the most abundantly cleaved 

off-target site (CCR5A off-target site #5), the Q3 C-terminal domain is 34-fold more specific 

(Figure 6), and the Q7 C-terminal domain is > 116-fold more specific, than the canonical 63

aa C-terminal domain.  

[00159] Together, these results reveal that for targeting the CCR5 and ATM 

sequences, replacing the canonical 63-aa C-terminal domain with the engineered Q3 C

terminal domain results in comparable activity for the on-target site in cells, a 34-fold 

improvement in specificity in cells for the most readily cleaved off-target site, and a 

consistent increase in specificity for other off-target sites. When less activity is required, the 

engineered Q7 C-terminal domain offers additional gains in specificity.  

Engineering N-Terminal Domains for Improved TALEN DNA Cleavage Specificity 

[00160] The model of TALEN binding and specificity described herein predicts that 

reducing excess TALEN binding energy will increase TALEN DNA cleavage specificity. To 
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further test this prediction and potentially further augment TALEN specificity, we mutated 

one ("NI", K150Q), two ("N2", K150Q and K153Q), or three ("N3", K150Q, K153Q, and 

R154Q) Lys or Arg residues to Gln in the N-terminal domain of TALENs targeting CCR5A 

and ATM. These N-terminal residues have been shown in previous studies to bind non

specifically to DNA, and mutations at these specific residues to neutralize the cationic charge 

decrease non-specific DNA binding energy.33 We hypothesized the reduction in non-specific 

binding energy from these N-terminal mutations would decrease excess TALEN binding 

energy resulting in increased specificity. In vitro selections on these three TALEN variants 

revealed that the less cationic N-terminal TALENs indeed exhibit greater enrichment values 

of on-target cleavage (Table 5).  

Effects of N-Terminal and C-Terminal Domains and TALEN Concentration on Specificity 

[00161] All TALEN constructs tested specifically recognize the intended base pair 

across both half-sites (Figures 8 to 13), except that some of the ATM TALENs do not 

specifically interact with the base pair adjacent to the spacer (targeted by the most C-terminal 

TALE repeat) (Figures 10 and 11). To compare the broad specificity profiles of canonical 

TALENs with those containing engineered C-terminal or N-terminal domains, the specificity 

scores of each target base pair from selections using CCR5A and ATM TALENs with the 

canonical, Q3, or Q7 C-terminal domains and NI, N2, or N3 N-terminal domains were 

subtracted by the corresponding specificity scores from selections on the canonical TALEN 

(canonical 63-aa C-terminal domain, wild-type N-terminal domain).  

[00162] The results are shown in Figure 15. Mutations in the C-terminal domain that 

increase specificity did so most strongly in the middle and at the C-terminal end of each half

site. Likewise, the specificity-increasing mutations in the N-terminus tended to increase 

specificity most strongly at positions near the TALEN N-terminus (5' DNA end) although 

mutations in the N-terminus of ATM TALEN targeting the right half-site did not significantly 

alter specificity. These results are consistent with a local binding compensation model in 

which weaker binding at either terminus demands increased specificity in the TALE repeats 

near this terminus. To characterize the effects of TALEN concentration on specificity, the 

specificity scores from selections of ATM and CCR5A TALENs performed at three different 

concentrations ranging from 3 nM to 16 nM were each subtracted by the specificity scores of 

corresponding selections performed at the highest TALEN concentration assayed, 24 nM for 

ATM, or 32 nM for CCR5A. The results (Figure 15) indicate that specificity scores increase 

fairly uniformly across the half-sites as the concentration of TALEN is decreased.  
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DNA Spacer-Length and Cut-Site Preferences 

[00163] To assess the spacer-length preference of various TALEN architectures (C

terminal mutations, N-terminal mutations, and FokI variants) and various TALEN 

concentrations, the enrichment values of library members with 10- to 24- base pair spacer 

lengths in each of the selections with CCR5A and ATM TALEN with various combinations 

of the canonical, Q3, Q7, or 28-aa C-terminal domains; N, N2, or N3 N-terminal mutations; 

and the EL/KK or ELD/KKR FokI variants at 4 nM to 32 nM CCR5A and ATM TALEN 

were calculated (Figure 16). All of the tested concentrations, N-terminal variants, C-terminal 

variants, and FokI variants demonstrated a broad DNA spacer-length preference ranging from 

14- to 24- base pairs with three notable exceptions. First, the CCR5A 28-aa C-terminal 

domain exhibited a much narrower DNA spacer-length preference than the broader DNA 

spacer-length preference of the canonical C-terminal domain, consistent with previous 

reports.34-36 Second, the CCR5A TALENs containing Q7 C-terminal domains showed an 

increased tolerance for 12-base spacers compared to the canonical C-terminal domain variant 

(Figure 16). This slightly broadened spacer-length preference may reflect greater 

conformational flexibility in the Q7 C-terminal domain, perhaps resulting from a smaller 

number of non-specific protein:DNA interactions along the TALEN:DNA interface. Third, 

the ATM TALENs with Q7 C-terminal domains and the ATM TALENs with N3 mutant N

terminal domains showed a narrowed spacer preference.  

[00164] These more specific TALENs (Table 5) with lower DNA-binding affinity may 

have faster off-rates that are competitive with the rate of cleavage of non-optimal DNA 

spacer lengths, altering the observed spacer-length preference. While previous reports have 

focused on the length of the TALEN C-terminal domain as a primary determinant of DNA 

spacer-length preference, these results suggest the net charge of the C-terminal domain as 

well as overall DNA-binding affinity can also affect TALEN spacer-length preference.  

[00165] We also characterized the location of TALEN DNA cleavage within the 

spacer. We created histograms reporting the number of spacer DNA bases observed 

preceding the right half-site in each of the sequences from the selections with CCR5A and 

ATM TALEN with various combinations of the canonical, Q3, Q7, or 28-aa C-terminal 

domains; N1, N2, or N3 N-terminal mutations; and the EL/KK or ELD/KKR FokI variants 

(Figure 17). The peaks in the histogram were interpreted to represent the most likely 

locations of DNA cleavage within the spacer. The cleavage positions are dependent on the 

length of the DNA spacer between the TALEN binding half-sites, as might be expected from 
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conformational constraints imposed by the TALEN C-terminal domain and DNA spacer 

lengths.  

Discussion 

[00166] The in vitro selection of 41 TALENs challenged with 10 12closed related off

target sequences and subsequent analysis inform our understanding of TALEN specificity 

through four key findings: (i) TALENs are highly specific for their intended target base pair 

at all positions with specificity increasing near the N-terminal TALEN end of each TALE 

repeat array (corresponding to the 5' end of the bound DNA); (ii) longer TALENs are more 

specific in a genomic context while shorter TALENs have higher specificity per nucleotide; 

(iii) TALE repeats each bind their respective base pair relatively independently; and (iv) 

excess DNA-binding affinity leads to increased TALEN activity against off-target sites and 

therefore decreased specificity.  

[00167] The observed decrease in specificity for TALENs with more TALE repeats or 

more cationic residues in the C-terminal domain or N-terminus are consistent with a model in 

which excess TALEN binding affinity leads to increased promiscuity. Excess binding energy 

could also explain the previously reported promiscuity at the 5' terminal T of TALENs with 

longer C-terminal domains 3 and is also consistent with a report of higher TALEN protein 

concentrations resulting in more off-target site cleavage in vivo.9 While decreasing TALEN 

protein expression in cells in theory could reduce off-target cleavage, the Kd values of some 

TALEN constructs for their target DNA sequences are likely already comparable to, or 

below, the theoretical minimum protein concentration in a human cell nucleus, -0.2 nM.2 1 

[00168] The difficulty of improving the specificity of such TALENs by lowering their 

expression levels, coupled with the need to maintain sufficient TALEN concentrations to 

effect desired levels of on-target cleavage, highlight the value of engineering TALENs with 

higher intrinsic specificity such as those described in this work. Our findings suggest that 

mutant C-terminal domains with reduced non-specific DNA binding may be used to fine-tune 

the DNA-binding affinity of TALENs such that on-target sequences are cleaved efficiently 

but with minimal excess binding energy, resulting in better discrimination between on-target 

and off-target sites. Since TALENs targeting up to 46 total base pairs have been shown to be 

active in cells, 5 the results presented here are consistent with the notion that specificity may 

be even further improved by engineering TALENs with a combination of mutant N-terminal 

and C-terminal domains that impart reduced non-specific DNA binding, a greater number of 
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TALE repeats to contribute additional on-target DNA binding, and the more specific (but 

lower-affinity) NK RVD to recognize G.25,31 

[00169] Our study has identified more bona fide TALEN genomic off-target sites than 

other studies using methods such as SELEX or integrase-deficient lentiviral vectors 

32 (IDLVs). Our model and the resulting improved TALENs would have been difficult to 

derive from cellular off-target cleavage methods, which are intrinsically limited by the small 

number of sequences closely related to a target sequence of interest that are present in a 

genome, or from SELEX experiments with monomeric TALE repeat arrays,5 which do not 

measure DNA cleavage activity and therefore does not characterize active, dimeric TALENs.  

In contrast, each TALEN in this study was evaluated for its ability to cleave any of 1012 close 

variants of its on-target sequence, a library size several orders of magnitude greater than the 

number of different sequences in a mammalian genome. This dense coverage of off-target 

sequence space enabled the elucidation of detailed relationships between DNA-cleavage 

specificity and target base pair position, TALE repeat length, TALEN concentration, 

mismatch location, and engineered TALEN domain composition.  

EXAMPLE2 

[00170] A number of TALENs were generated in which at least one cationic amino 

acid residue of the canonical N-terminal domain sequence was replaced with an amino acid 

residue that exhibits no charge or a negative charge at physiological pH. The TALENs 

comprised substitutions of glycine (G) and/or glutamine (Q) in their N-terminal domains (see 

Figure 18). An evaluation of the cutting preferences of the engineered TALENs 

demonstrated that mutations to glycine (G) are equivalent to glutamine (Q). Mutating the 

positively charged amino acids in the TALEN N-terminal domain (K150Q, K153Q, and 

R154Q ) result in similar decreases in binding affinity and off-target cleavage for mutations 

to either Q or G. For example, TALENs comprising the M3 and M4 N-terminus, which 

comprises the same amino acid (R154) mutated to either Q or G, respectively, demonstrated 

roughly equivalent amounts of cleavage. Similarly TALENs comprising the M6 and M8 N

terminus, varying only in whether Q or G substitutions were introduced at positions K150 

and R154, and TALENs comprising the M9 and M10 N-terminus, varying only in whether Q 

or G substitutions were introduced at positions K150, K153, and R154, showed similar 

cleavage activity.  
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EXAMPLE3 

[00171] A plasmid was generated for cloning and expression of engineered TALENs 

as provided herein. A map of the plasmid is shown in Figure 19. The plasmid allows for the 

modular cloning of N-terminal and C-terminal domains, e.g., engineered domains as provided 

herein, and for TALE repeats, thus generating a recombinant nucleic acid encoding the 

desired engineered TALEN. The plasmid also encodes amino acid tags, e.g., an N-terminal 

FLAG tag and a C-terminal V5 tag, which can, optionally be utilized for purification or 

detection of the encoded TALEN. Use of these tags is optional and one of skill in the art will 

understand that the TALEN-encoding sequences will have to be cloned in-frame with the tag

encoding sequences in order to result in a tagged TALEN protein being encoded.  

[00172] An exemplary sequence of a cloning vector as illustrated in Figure 19 is 

provided below. Those of skill in the art will understand that the sequence below is 

illustrative of an exemplary embodiment and does not limit this disclosure.  

>pExpCCR5A-L18_(63aa) 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTCGACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTAAGCC 

AGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCAAAATTTAAGCTACAACAAGGCAAG 

GCTIGACCGACAATTGCATGAAGAATCTGCTIAGGGTTAGGCGITTTGCGCTGCTTCGCGATGTACGGGCCAGAT 

ATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTAGTTCATAGCCCATATA 

TGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAACGACCCCCGCCCATTGACGT 

CAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGACGTCAATGGGTGGACTATTTACGGT 

AAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACGCCCCCTATTGACGTCAATGACGGTAAAT 

GGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTTTCCTACTTGGCAGTACATCTACGTATTAGTCA 

TCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCAATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTC 

CAAGTCTCCACCCCATTGACGTCAATGGGAGTTTGTTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTA 

ACAACTCCGCCCCATTGACGCAAATGGGCGGTAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGC 

TAACTAGAGAACCCACTGCTTACTGGCTTATCGAA-ATTAATACGACTCACTATAGGGAGACCCAAGCTGGCTAGC 

ACCATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAGATG 

GCCCCCAAGAAGAAGAGGAAGGTGGGCATTCACCGCGGGGTACCTATGGTGGACTTGAGGACACTCGGTTATTCG 

CAACAGCAACAGGAGAAAATCAAGCCTAAGGTCAGGAGCACCGTCGCGCAACACCACGAGGCGCTTGTGGGGCAT 

GGCTTCACTCATGCGCATATTGTCGCGCTTTCACAGCACCCTGCGGCGCTTGGGACGGTGGCTGTCAAATACCAA 

GATATGATTGCGGCCCTGCCCGAAGCCACGCACGAGGCAATTGTAGGGGTCGGTAAACAGTGGTCGGGAGCGCGA 

GCACTTGAGGCGCTGCTGACTGTGGCGGGTGAGCTTAGGGGGCCTCCGCTCCAGCTCGACACCGGGCAGCTGCTG 

AAGATCGCGAAGAGAGGGGGAGTAACAGCGGTAGAGGCAGTGCACGCCTGGCGCAATGCGCTCACCGGGGCCCCC 

TTGAACCTGACCCCAGACCAGGTAGTCGCAATCGCGTCAAACGGAGGGGGAAAGCAAGCCCTGGAAACCGTGCAA 

AGGITGTIGCCGGTCCTTTGTCAAGACCACGGCCTTACACCGGAGCAAGTCGTGGCCATTGCATCCCACGACGGT 

GGCAAACAGGCTCTTGAGACGGTTCAGAGACTTCTCCCAGTTCTCTGTCAAGCCCACGGGCTGACTCCCGATCAA 

GTTGTAGCGATTGCGTCGAACATTGGAGGGAAACAAGCATTGGAGACTGTCCAACGGCTCCTTCCCGTGTTGTGT 
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CAAGCCCACGGTTTGACGCCTGCACAAGTGGTCGCCATCGCCTCGAATGGCGGCGGTAAGCAGGCGCTGGAAACA 

GTACAGCGCCTGCTGCCTGTACTGTGCCAGGATCATGGACTGACCCCAGACCAGGTAGTCGCAATCGCGTCAAAC 

GGAGGGGGAAAGCAAGCCCTGGAAACCGTGCAAAGGTTGTTGCCGGTCCTTTGTCAAGACCACGGCCTTACACCG 

GAGCAAGTCGTGGCCATTGCAAGCAACATCGGTGGCAAACAGGCTCTTGAGACGGTTCAGAGACTTCTCCCAGTT 

CTCTGTCAAGCCCACGGGCTGACTCCCGATCAAGTTGTAGCGATTGCGTCGCATGACGGAGGGAAACAAGCATTG 

GAGACTGTCCAACGGCTCCTTCCCGTGTTGTGTCAAGCCCACGGTTTGACGCCTGCACAAGTGGTCGCCATCGCC 

TCCAATATTGGCGGTAAGCAGGCGCTGGAAACAGTACAGCGCCTGCTGCCTGTACTGTGCCAGGATCATGGACTG 

ACCCCAGACCAGGTAGTCGCAATCGCGTCACATGACGGGGGAAAGCAAGCCCTGGAAACCGTGCAAAGGTTGTTG 

CCGGTCCTTTGTCAAGACCACGGCCTTACACCGGAGCAAGTCGTGGCCATTGCATCCCACGACGGTGGCAAACAG 

GCTCTTGAGACGGTTCAGAGACTTCTCCCAGTTCTCTGTCAAGCCCACGGGCTGACTCCCGATCAAGTTGTAGCG 

ATTGCGTCCAACGGTGGAGGGAAACAAGCATTGGAGACTGTCCAACGGCTCCTTCCCGTGTTGTGTCAAGCCCAC 

GGTTTGACGCCTGCACAAGTGGTCGCCATCGCCAACAACAACGGCGGTAAGCAGGCGCTGGAAACAGTACAGCGC 

CTGCTGCCTGTACTGTGCCAGGATCATGGACTGACCCCAGACCAGGTAGTCGCAATCGCGTCACATGACGGGGGA 

AAGCAAGCCCTGGAAACCGTGCAAAGGTTGTTGCCGGTCCTTTGTCAAGACCACGGCCTTACACCGGAGCAAGTC 

GTGGCCATTGCAAGCAACATCGGTGGCAAACAGGCTCTTGAGACGGTTCAGAGACTTCTCCCAGTTCTCTGTCAA 

GCCCACGGGCTGACTCCCGATCAAGTTGTAGCGATTGCGAATAACAATGGAGGGAAACAAGCATTGGAGACTGTC 

CAACGGCTCCTTCCCGTGTTGTGTCAAGCCCACGGTTTGACGCCTGCACAAGTGGTCGCCATCGCCAGCCATGAT 

GGCGGTAAGCAGGCGCTGGAAACAGTACAGCGCCTGCTGCCTGTACTGTGCCAGGATCATGGACTGACACCCGAA 

CAGGTGGTCGCCATTGCTTCTAATGGGGGAGGACGGCCAGCCTTGGAGTCCATCGTAGCCCAATTGTCCAGGCCC 

GATCCCGCGTTGGCTGCGTTAACGAATGACCATCTGGTGGCGTTGGCATGTCTTGGTGGACGACCCGCGCTCGAT 

GCAGTCAAAAAGGGTCTGCCTCATGCTCCCGCATTGATCAAAAGAACCAACCGGCGGATTCCCGAGAGAACTTCC 

CATCGAGTCGCGGGATCCCAACTAGTCAAAAGTGAACTGGAGGAGAAGAAATCTGAACTTCGTCATAATTGAAA 

TATGTGCCTCATGAATATATTGAATTAATTGAAATTGCCAGAAATTCCACTCAGGATAGA ATTCTTGAAATGAAG 

GTAATGGAATTTTTTATGAAAGTTTATGGATATAGAGGTAAACATTTGGGTGGATCAAGGAAACCGGACGGAGCA 

ATTIATACTGTCGGAICTCCTATIGATTACGGTGTGATCGTGGATACTAAAGCTTATAGCGGAGGTTATAATCTG 

CCAATTGGCCAAGCAGATGAAATGGAGCGATATGTCGAAGAAAATCAAACACGAAACAAACATATCAACCCTAAT 

GAATGGTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGAAAC 

TACAAAGCTCAGCTTACACGATTAAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTTTTA 

ATTGGTGGAGAAATGATTAAAGCCGGCACATTAACCTTAGAGGAAGTGAGACGGAAATTTAATAACGGCGAGATA 

AACTTTTAAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGCGTACCGGTCAT 

CATCACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGCCAGCCATCTGTTGTT 

TGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTCCTAATAAAATGAGGAAATT 

GCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGCAGGACAGCAAGGGGGAGGATTGG 

GAAGACAATAGCAGGCATGCTGGGGATGCGGIGGGCTCTATGGCTTCTGAGGCGGAAAGAACCAGCTGGGGCTCT 

AGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCT 

ACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCC 

CGTCAAGCTCTAAATCGGGGCATCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTT 

GATTAGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACG 

TTCTTTAATAGTGGACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGTCTATTCTTTTGATTTATAA 

GGGATTTTGGGGATTTCGGCCTATTGGTTAAAAAATGAGCTGATTTAACAAAATTTAACGCGAATTAATTCTGT 

GGAATGTGTGTCAGTTAGGGTGTGGAAAGTCCCCAGGCTCCCCAGGCAGGCAGAAGTATGCAAAGCATGCATCTC 
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AATTAGTCAGCAACCAGGTGTGGAAAGTCCCCAGGCTCCCCAGCAGGCAGAAGTATGCAAAGCATGCATCTCAAT 

TAGTCAGCAACCATAGTCCCGCCCCTAACTCCGCCCATCCCGCCCCTAACTCCGCCCAGTTCCGCCCATTCTCCG 

CCCCATGGCTGACTAATTTTTTTTATTTATGCAGAGGCCGAGGCCGCCTCTGCCTCTGAGCTATTCCAGAAGTAG 

TGAGGAGGCTTTTTTGGAGGCCTAGGCTTTTGCAAAAAGCTCCCGGGAGCTTGTATATCCATTTTCGGATCTGAT 

CAGCACGTGTTGACAATTAATCATCGGCATAGTATATCGGCATAGTATAATACGACAAGGTGAGGAACTAAACCA 

TGGCCAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACAATCAACAGCATCCCCATCT 

CTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTTCACTGGTGTCAATGTATATCATT 

TTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCTGCTGCTGCGGCAGCTGGCAACCTGACTTGTA 

TCGTCGCGATCGGAAATGAGAACAGGGGCATCTTGAGCCCCTGCGGACGGTGTCGACAGGTGCTTCTCGATCTGC 

ATCCTGGGATCAAAGCGATAGTGAAGGACAGTGATGGACAGCCGACGGCAGTTGGGATTCGTGAATTGCTGCCCT 

CTGGTTATGTGTGGGAGGGCTAAGCACTTCGTGGCCGAGGAGCAGGACTGACACGTGCTACGAGATTTCGATTCC 

ACCGCCGCCTTCTATGAAAGGTTGGGCTTCGGAATCGTTTTCCGGGACGCCGGCTGGATGATCCTCCAGCGCGGG 

GATCTCATGCTGGAGTTCTTCGCCCACCCCAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGC 

ATCACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCT 

TATCATGTCTGTATACCGTCGACCTCTAGCTAGAGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAAT 

TGTIATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTG 

AGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAA 

TGAATCGGCCAACGCGCGGGGAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTG 

CGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGG 

GATAACGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGGCG 

TTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACA 

GGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCGACCCTGCCGCTTACC 

GGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCAATGCTCACGCTGTAGGTATCTCAGTTCG 

GTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGT 

AACTATCGTCTIGAGICCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACIGGTAACAGGATTAGC 

AGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTA 

TTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAACC 

ACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCAAGAAGATCCT 

TTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGATTTTGGTCATGAGATTATCA 

AAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCAATCTAAAGTATATATGAGTAAACT 

TGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTT 

GCCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCG 

CGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGT 

CCTGCAACTTTATCCGCCTCCATCCAGICTATTAATTGTTGCCGGGAAGCTAGAGTAAGIAGTTCGCCAGTTAAT 

AGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGC 

TCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCT 

CCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACT 

GTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATAGTGTATGCGG 

CGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATC 

ATTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACT 

CGTGCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAAT 
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GCCGCAAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAAGC 

ATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATAGGGGTTCCG 

CGCACATTTCCCCGAAAAGTGCCACCTGACGTC (SEQ ID NO: 42) 
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[00173] 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/or References sections, are hereby 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.  
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EQUIVALENTS AND SCOPE 

[00174] 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.  

[00175] 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.  

[00176] Furthermore, it is to be understood that the invention encompasses all 

variations, combinations, and permutations in which one or more limitations, elements, 

clauses, descriptive terms, etc., from one or more of the claims or from relevant portions of 

the description is introduced into another claim. For example, any claim that is dependent on 

another claim can be modified to include one or more limitations found in any other claim 

that is dependent on the same base claim. Furthermore, where the claims recite a 

composition, it is to be understood that methods of using the composition for any of the 

purposes disclosed herein are included, and methods of making the composition according to 

any of the methods of making disclosed herein or other methods known in the art are 

included, unless otherwise indicated or unless it would be evident to one of ordinary skill in 

the art that a contradiction or inconsistency would arise.  

[00177] 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, 
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features, steps, etc., the invention also provides embodiments that consist or consist 

essentially of those elements, features, steps, etc.  

[00178] 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.  

[00179] 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.  
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TABLES 

A 
Selecicnname T6et Lft+Right S'e N-trmia C-terminal FWKTLE 

sihe ha-M engthi domaSn donn oincn Z ~($M) 
CR5A. 32 EM 
canonca5A L1+R1 36 ani3ca Cancnica ELUKK 32 
OCR5A.16 nM 

(of C4CR5A32 
aA L1 8R16 36 conical Cnonia ELKK 16 

CCR-5A. nM 
aonical CGOR5A L18+R1. 36 canonical Canonical ELKK 3E 

CCR5.A,4n 
"ann<c'CR\ L1+1 h3 cannical Canonica ELUKK 4 

r''r< n' 

CCR5A 03 DCR5A 1+R canonca 03 ELKK 16 
CCR5FA 32 nM 07 CCR5A L1+R18 36 canonical 07 E 32 
CCR5A.16 nM 
(or0 CR5A 07 R LiR 36 canonical 07 ELKK 16 
CCR5A nM Q7 -'RA L18R18 36 anni 07 ELKK B 
CCR5A 4 NM Q7 CCR5A L18 36 Canonical 07 LEKK 4 

C0R5A2-a CCR5A L_ 1 +R18 36 cannical 28-aa ELKK 16 
CCR'5A NI GCR5A L116 36 N1 Canica EUKK 16 

CCR5A N2 CCR5A L1+6 N'2 Canunias ELKK 16 

CRAC A 16 N3 CaGnA LUKE 16 
CCR5A cnne 

ELD$3KR CCR5A Li+"18R 3 canonical Canonicai EL DYKR 16 
CCR-nA ELDKKR R L+R18 36 canoical W3 ELDXKKR 16 
CCR5A C7 ELD.KER CRSA L1 + RV 36 caonical 07 ELMiKR 16 
CCR5A N2 ELDKKR CCRSA L18+R1. 36 N2 Canonical E LD/KKR 16 

B 
Seleclion name Target Left + RctI S:te N-termna C-ermina AkM TALEN 

ATM 32 nM canonica ATM L8-R-8 36 can d Canonical ELKK 24 
ATM ''6 M canoncas 
(or ATM )Inca AM L1+6 3I cann!ca Canaalcal EL:KK 12 
ATM 8 nM anoica ATM L 18+R!8 3 ao!c Canoniical EUiKK 6 
ATM 4 ma" cw"c A'I L E < canom1 Canonical EUKK 3 

ATM Q3ATTMl L 18+,- R±1A 36 canc a31 Q3 ELKK 12 

ATM 327M Q7 ATM L18R1 36< icnnal Q ELKK 24I 
ATM16 nM 07 
(or ATM Q7) ATI-M L+ LUKK 12 
ATM B M 07 ATM L+R18 6 cann 07 EL/KE 6 
ATM 4nO 7 ATM L18+R18 36 ca7 EL/KK 3 
ATM2B-aa ATM   L1+1 36 can 28aa ELUKK 12 
ATM N1 ATM L1R1 36 NI anonical CEUKK 12 

ATMN2 ATM L4CR. 36 N2 C"anonical ELKK 12 
ATM N3 ATM L1n 36 N3 Caouic ELKK 12 
ATM canonica 
ELAiKKR ATM L1 8+0 36' can1n!"fd Carnalcal ELC+KR $2 
ATM Q3 ELIKKR ATM4 LR1 36 cann 0 LKKR 12 

ATM 07 ELDMKR ATM L1+R1 16 cno 7 ELDX R 12 

ATM N2 EL/KKR AT L2 anoncl ELDKKR 12 
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C 
onname Target Leti+Righ S±ite N-enlnra C-termina Fokl TALEN 

Cite thalf-site engt daian domanR do'mairn conc. hM 

LB B L1R 32 canonial Cancnicfa EL/KK 10 

L +R13 CCR&B 1 29 canonicaf Cancnica ELKK 10 
C-R 

L +R1*O CCR5B B L+R13 26 canonicl Canonkca ELJKK 10 

CCR5 
L'3+R16 CCRE B+ 29a canoni4ca Canonica ELDKK N CR5 

L13+DR 16 C CR B Ll 0+R3 2 canonical Canonic-al EU-KK 10 L13RCCRB B 23 canonica Canj7nTic ELKK 0 
CCRP 

LA+R CCR5 B L+R6 26 canoni[a - Cnnca2 EUKK 10 

L*GR1 cCRE B L0+R 23 caonica Carnoca ELUKK 13 

L-R10 CCR5B B LiB+10 20 canonica Canonica EUKK 10 

Table 2. TALEN constructs and concentrations used in the selections. For each selection 

using TALENs targeting the CCR5A target sequence (A), ATM target sequence (B) and 

CCR5B target sequence (C), the selection name, the target DNA site, the TALEN N-terminal 

domain, the TALEN C-terminal domain, the TALEN FokI domain, and the TALEN 

concentration (conc.) are shown.  
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A 
S&edcton;name Seq Man Stdev MutJp P-value Pvalue 

count mut. mutvsEry vsote TALEN, 
CCR5A 32 TM vss C5 canornal 

a 538M3 42 1A3 0.20 3 E10 ELDMKR= 8.260 
CR5A 1M vs. CRFAA Q3 
canonsta§ 21340 4J1 1.A3- 0113 5AE-10 E LDElKKR = 02 
CR5A 8& nMle 

canonc 29568 3.751 1.3.34 0.104 33 E-10 
CCRt5A 4 nM 
canortCa31 1355 0.093 15E-10 
CCR5A Q3 5164 34 '.30 S.1 7E-10 
CCR5A 32 iM C7 48473 2.707673 4 4E-11 

GCR5A 16 nM 7 565'9 2-55 1.154 0.071 1E- 11 
CCREA 8 M 07 43895 2 33 1 157 064 3 0-11 

CCR5A4aMC7 43737 21 1.234 0.056 21E

CR5A 23-aa 47395 212.-3 0.073 4E-11 
vs CC R5A E. fNM 

CCR5A N1 6 372 1. 3 0.103 1E-- 10 cannic  =0 03 
CC-R5A N2 457 3 0087 >2E-1> 

CR5A N3 240634 2474 1 493 0_069 > 1E-1 
CCR5A canonricai 

ELDKK 4699 423- 149 0.120 4.lE-1 
C CRA Q3 

E 56978 4.9 1A15 0.114 22E-10 
CCR5-A Q7 

EDK KR 590 3. 234 1.330 W .191 7.3E-11 
CCR5A N2 

ELD/KR 7963132 3286 1341 0.091 5.2E-11 

B 
Selection name Mean Sidev Mut'bp P-value P-value 

Seq c n m vs. lary vs. olher TALEN-s 
ATM 24 nM- vs, ATM- -canonica 

cann9571 3.262 - 0.091 65-1 ELD. ?K KR =0.02 
ATM 12 nM 
canoncal 
(AT-an a)973 38 1.30-7 5 0.03 536E

ATM~' F>n 

2aoia 7852 2736 159 0176- 33E-I1 
ATM1c 3 nM 

caoia82527 2 552 1-251 O.071 2 71E-I1 
vs. ATM 4 nM04 

ATM Q3 96542 2351 1248 0.07 1 2.3E- canoncal =0222 
ATM 24 nM Q7 1.3166 7"8 2 0.052 2.6E- G 
ATM 1'2 20.N 7f7 
('Or.ATM07 46_V62 1326, 2AD83 0.045 5.3 E - G 

vs- ATM16 n0 
A TM &nM C-7 1290 1_700 2_376 II 47 -7_E-9 = 3 

ATMN1 84402 2 S2 7 11 a L073 29z2E
ATM, N2 621114 7 2.3 1T 1.i3 :614 29E1 

AT N310 2.72C0 2.1363 L.T7 2 69-06-D 
ATM canonical 
ELDiKKR 107970 3.279 1.329 0.91 5ASE-1i 

TMQ3 ELDs'KKR 10409-9) 2E846 1.244 ata. -1
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ATM 07 ELDKKR 21103 1.444 1.56 0.40 3.02E-11 
ATM N2 ELDRKR 7015 2.45 1.444 0D6805 2.82E-1I 

C 

Seq. Mean Sidev Mubpt. P-value P-value 
SeleclOnname cfont mul st s.1,1awr vAother TALENs 

L6RIG CR5B 34904 .13 11 007 41E-1 

L16+R13 CCRB 38229 f581 1.142 G.055 2.7E-11 
L16+R0 CCR5B 37801 G.187n.949 0046 2-2E-11 

LI3+R I SG CR5B 46 1 5a5 1 0T0 0.052 1-E-1 

L13+R13 CCR5B 51,3973 05996 1 025 G.038 8.8E-12 

L 3+ RI CCR5F 60550 0-737 (;84 0.032 74E-12 

LI0+RIk6 CCR5B 36927 1.3137 0371 0.5 3 30E-I1 

LI0+R13 CCR5B 1 8339 LB 0 36 .1E- 2 

L.10+*R10 CCR5F 57331 064 6 .77 0.032 1D E-1I 

Table 3. Statistics of sequences selected by TALEN digestion. Statistics are shown for each 

TALEN selection on the CCR5A target sequence (A), ATM target sequence (B), and CCR5B 

target sequences (C). Seq. counts: total counts of high-throughput sequenced and 

computationally filtered selection sequences. Mean mut.: mean mutations in selected 

sequences. Stdev. mut.: standard deviation of mutations in selected sequences. Mut./bp: mean 

mutation normalized to target site length (bp). P-value vs. library: P-values between the 

TALEN selection sequence distributions to the corresponding pre-selection library sequence 

distributions (Table 5) were determined as previously reported.5 P-value vs. other TALENs: 

all pair-wise comparisons between all TALEN digestions were calculated and P-values 

between 0.01 and 0.5 are shown. Note that for the 3 nM Q7 ATM and the 28-aa ATM 

selection not enough sequences were obtained to interpret, although these selections were 

performed.  
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Target Left + Rght Ste Ser Mean Stdev Mutibp 
Ubrary name ste half-s'te lergth count mu P rut 
CCR5 A LJ-LUbr CR5A L18+R18 36 158643 7-539 2475 1.209 

ATMI Uravy ATM L18+R16 36 212661 6B320 2-327 89 
CCR5DuibTrary C CR5B L+R1 32 280223 &500 241 0203 
CCR5 Libranry CCR 5 L1+R1 29 280223 T14 5 336 0 204 

CCR5B UbRry CCR5B L16+R1 20 280223 5.273 2218 1 203 

CCR5 LibraN CCR5B L13+R16 2: 280223 5.969 2_340 0 206 

C)CR5B.WL1 CR L3R13 2.223 5.36 2230 27 

CCR5B Ubrary CCR5B L13+R1 23 280223 4_42 2.1D6 0_206 
CCR5B LUbary CCR5B 10-R 16 26 230223 5.'96 2.217 D.208 

GCR5 Uhry CCR5B 310+R13 23 230223 4310 2-100 C 209 

CCR5B t Ubary CCR L10+R 10 20 2K0223 4.169 1. 971 .208 

Table 4. Statistics of sequences from pre-selection libraries. For each preselection library 

containing a distribution of mutant sequences of the CCR5A target sequence, ATM target 

sequence and CCR5B target sequences. Seq. counts: total counts of high-throughput 

sequenced and the computationally filtered selection sequences. Mean mut.: mean mutations 

of sequences. Stdev. mut.: standard deviation of sequences. Mut./bp: mean mutation 

normalized to target site length (bp).  
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A 
Setecsr Enichment value 

D MAut IMu. 2 Mut 3Mit Mut 5 u, 6 Mut. 7 Mut 8 Mut 
CCR--5A 32 WnM 

canonc 9 F79 9.191 8335 4.149 235 2.2O69 1. .32 095 

12.182 131200 10322 7A195 4 442 2. 0.74 0.216 @ 052 
C'CR5fA 8 nM 

an 19 373 17335 13.731 505 4.512 1 756 " 31 0116 Q022 
CCR 5A 4 nM 
canon0caitS 36 737 29 407 19.224 9.958 4. 47 1242 0 302 0 058 G014 

CCR5AQ3 1855D 466 2 D24 8.C7T 4¾32 1.93M G.*72 0.26 0026 
CCR5"-A 32 WnM Q7 603 54 117 '31 D-82 11 031 2.6& 4D a 46;9 G,073 .13 Q0 
CCR5A 16 nM 07 2 2'94 64.689 315 03 2 13 0.322 00-46 G.01 1.005 
C.AnM7634 & 74 1s A 425 o 189 000 D.1'i 0007 

CCR5A 4 W 197 130( 497 3.3 8 1 5.42 0'19 0.07 
CR5A28 70,441 6223 3A1 1A8 2.317 11402 G:064 0 -012 0, 06 

CC<R 5 A N1 19 j3 19 - 52 13I 8 78 454 97 OA9 0.1`5 GQ-(K 
CRA N2 4I 7T5 3852 22 632 10 24 3 777 0 . 0S38 0.0M7 

CCR5A N3 -7329 2 31£6 s.770 153 50 0 06 0.036 Q0.27 
..CR35As canonical 
ELD9KKR 10 112 &22D C.147 4.1 22 01 0232 G0.3 
C CR 5 A IQ3 
E3DKKR 1 4 2.975 9A9' 619 4,544 223 5 0.797 i " a 09 0041 
Z:CCR5'A Q7 
ELDKKR 37A<5 32.922 2 '3 10.397 3 57 1 87 G.23 2M O46 0.010 

ELD35390 3 4634 20.1315 10 139 3.9 315 0.260 0.050 013 

Seiecuon' itnscflgetale 
0Mit Mit 2 MuL 3 Mt4. 4 Met 5 Mut 6 Mut 7 Mkit 8Mt 

ATM 24 nMl 
Canonical 19.90 1621 12i'2 &313 2 0""4 0.22E 0.057 0015 
ATM 12 nM 
cann2A372 17445 12.7s24 64 2.6'6 04"3 0,102 0.039 s0D307 
ATtMl6 nMI 
canocal41 1 27.53 65351 0431 0 &3 0.019 000 
ATM 3 4M 

canonIa 56.1 37.15 9830 - 196 153 '.30 0.05 0.01 00108 
ATMQ3 50 43 36Q37 19 D -245 5 0294 057 001 C10 
A TMl24 MQ7 353'4 90 3 Ir 1A " t31 186, 0 12t .16 0.18 0.111 
A TM 12 nM - 0 7 S1 3,8,5 Rs995,72 1 310 a_ 60 0 190 093 G.1 5 02 0 1 

ATM 6 n<M 7 644 4 .7 82074 7 '5 0.77 0170 07 & 20 5 03 0 . 071 
ATMN-1 57.28 35L38 17 '-13 6- 124 S41 03 76 0023 011 
ATM N2 119 240 5318 1.7 7 4.742 0.992 0.23 276 . Q037 

ATMNT3 2 '38 5a48 ,24-4 317 G,7 64 0-."7 0154A 0173 0287 
ATMcanonite 
ELDKKIAR 19.2 1 13855 G403 2.736 0399 0224 0054 0011 

ATM 03 ELO.{8R 3216 215 1 16.172 6.727 2.399 0 506 0 095 0.018 0.004 
ATM07ELDYXIK 4479 9166 13.90 1.43 0.170 0 53 0.049 0.045 0,04 
ATMN2 ELDKKR 99@25 4552r 13 526e 1.297 0.274 0 075 0.035 Q0'27 
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C 
Seect Erichment value 

0 Muu 2 Mut 3 4 Mut 5 Mt Mut. 7 Mut. Mut.  

LI6+R16 CCR5F 59A22 35A99 13_719 3_77 0(737 0 132 D 024 0_011 0100 
L 116+-R1 CiICRfB 80.852 31A4 7. 74 1 3220 2'8 9 .4 O-.22 0' C1 I 017 
Li +10 I CRS 64.944 2 6 3C R.55 .15 0 1 00 0.006 0.007 
L!3+R16CCR5B 1N 255 82 1.9: 017 0.0 0. 016 0-011 0.014 
LI+R13 CCR5B 1102 2582 3 0.31 5l ".044 0 022 lu 0.17 0.016 
LI 3+RR10 RB 794 '15 1. ".022 0 2.011 0..013 0.008 
L10+R16 CCR5B 00180 22.393 5.286 0.777 0.084 0.012 0.006 0,006 0000 
LI0+R13CCRSB 74.204 13.696 1.673 0.152 0.021 I."1 0.010 0.000 0 0 
Lli+R1D CCR5B 431903 7._t 0.740 0.061 C.013 0 0017 0.00 0.08 1.005 

Table 5. Enrichment values of sequences as a function of number of mutations. For each 

TALEN selection on the CCR5A target sequence (A), ATM target sequence (B) and CCR5B 

target sequence (C), enrichment values calculated by dividing the fractional abundance of 

post-selection sequences from a TALEN digestion by the fractional abundance of pre

selection sequences as a function of total mutations (Mut.) in the half-sites.  
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A 
C&R5A Spacer 
Ste Score Mut Let ad-e length RM haIde Ge 

A .008 0 TTOATTAOACCTSCAGCT 18 AGTATCAATTCTGGAAGA W5" 
MiL j 1 

ffC-1 .747 9 TacATcAAtaTACAaT 29 tGTAT7AtTTTg & E-RCq37 A 
ARL 17A 

O0fC-2 9.747 9 TacATCFAtaTCAaaT 29 tGTATCAtTYCTGgACA & LRC-37A 
ARL j17A 

OfC-3 0.747 9 TacATcACAtaTlCAaaT 29 tGTATCAtTCT G   &R 

C4 747 11 TeCATaACcaTttT 10 t.cATCAtTcTGG A Z..AN5A 

1.804 11 TecATAwetC'occa-a 14 Atg'gcA"cCTfXgA-A 

O tC6 18 10 "Th"Z'r"'"tcT axaac 163 gTctTCGGgGA 3 7 

Offc,-73 g 34 1 TcGaAAOCettw:a 26 taTATCAATTtqGgWQgAGA 

O-1 9 12 ecaA tc' anaaT 25 t 

Off-11 1. 16 12 TTCAgaACACaTa tac 23 tGTATCAgTTiTG,3AtGA GAPA 

OffC-12 O.904 13 'cATztatC ec CT 28 ggAT!AATTtgGGAgGA 

OF, -13 1.905 11 TCAaTAtACcThtt'aT I6 ctcATcAATTcTGgtGA 

OffC14 0.906 12 TT'&TzACACtccactT 18 gGTATCAAaTCTGggGA SYN3 

Ofc- 1 5 1 96 12 TT'"gA&Tca aCgaT 26 g T cT GAAt A SPOCK3 

O1-1 .96 9 TTcTTcACah'gtCc 28, AGATAC -C TGGAA 

OfC-17 31907 1 TTATaACAtCTCAacT 4 c,,-CAAa TCTG AtCA Ah P1AS 

OfC-18 0.9'9 13 "TcA -c"cTecc-tcc- 1f .Ggc~gcTCGAgGA ~TCw7 
fC 09091 8 TTOATTAcTctTo1 30 etTATCAcTTtTGGAAGA 

Of2 2 .912 1" A TTA a Cca' At-tT CA Tcc' ' TGlAA 

O'ffC 1.91 11 TTAaaACAcaTaCAtcT 28 AacaCA'T¾tIAGVA PRA2 

O`KC-22 i..9 1 15 TcATTAccacTGCAGaT 25 gacATCAgTTaTGQAtGA 

OfC-23 0. 1 13 T 1 -caAcCc tCe-tca 3 gacATAaCTGgACA 

0OwC-24 i927 12 <'&aaAC"cc tftcc 26 taTATectTTCTGAACA 

Off- 123 12 TgaAaTAACCTQcetaT 13 geTA' ggTGAtGA 7)L5 

C '09 12 TgccaaAcetcTtac- 22 AGgATCAcTTCTGGMAGA 

D'ffC-27 0.9.43 $ 12 Tgeact~tac 2,2 AgT~TCGA 

0#0-2 0 93 8 TtATTACActT3CA~aT 9 gTletfTGAG DPR 

OffC-2 i.32 1 TacAaaAaaCtTt-Ctsag 27 tGACA~goAAFEXL17, 
- .92 1 TCCAa AACCCaCAGaC 19 gGTATagAT'gTGGAAGA ZNF365 

C-31 0.934 13 T-T72AT'3c2Cc c-a 2 tTATCAicatgGGAAGA Y- Kll 

OffC-32 .934 11 TTCAaTAtgcCaaCAGCT 1 AGctTCAATtgGGAgGA 

Og'C-3 '<934 12 TTCAaTACACtT taT 12 targTC'tTTCTGg9ttA 

01C-4 M'9 11 TTCAacACACCTtCaaa 12 tTgT5AbTaaT AAGA 

Ogr-35 ,935 10 TTCAaaACAtCT-acatT 10 AaTAgaAATTCTGGAAGA 

Of-3 1- 1- cTCcTaAtAcOTGCAaT 21 aTtAtTTTGGtgGA 
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B 

ATM Sie Scn: Mu. xtft ha-site enth Rzght half-ste Gne 

OrATM 1.0 D TAA-TTG-2GTGCTT 1 TTTLATTTACTGTcTTTAr AM 

OA-1 . TGAa 'stTaTTT 2 TTTATTTTACTGTtTTTA 

OfA2 0.C.9 79 T glT I*ear aacTT 10 "ITTTTit :T'TT 

(A' 5 :'2'P '3 TV'AT'P%'t~tst 

OffA-4 0.97 S TgT T GATa:CTcTT 1F TTTATTTTtTaTtTTTA 

COfA-4 097 9 T a-ATacTcTTT 1 TTTATTTTttTaTtTTTA 

Of,-A-5 T T aCTaTT 1 TTATTT9ttaTtTTTA 

OFA-7 &.697 9 T g;T cGATa C T 1 TTT TT TTtT a t TTT 

"A- C.7 T T"IacaTG'aT 1 0 TTT1AITTTTA" :T. T MA4C 

OffA- t.708 10 TGAAT-aa'A ecT-cTT 19 , gTAa -ACT':TtTTTA BRhA2 

OA- 0 711 10 Tc AaaaATaCTaT7T 18 TTAT"tTtTaTtTT CP4NEI 

OfI 0G7 0 TvAT za-,cc, gg T ij TTTATTTTAtTaTtTTTA 

04A-3 - 729 TAa a a 1 TTTgaatTTTA NAAADL2 

A'14 0731 TGA½aa-AT- 17 25 TA A IATa t 
Offzin 0.74 1 TGA~gGG~acacca 29 TTATTTtTa:TtTTTA 

.4'--31G~ !4' 5.-a 3 39T G' -a ' a', C"a '4 3a I 

Of'A-16 C_72 2 TaAA2LT g 'a a AT QC T GTT-c 24 a TTAT TT TAt-T GT tT TT t 

OffA--1 01762 a TaTG GATaCT agT 5 T TTTgTTACTaTtTc TA 

OFA-1a F8 11 T 'gA7cKa 23 T T tT DEC 

15-1 079 11Z T2AT. ~rccg 23 TTTTt~~TT 

oA-20 (.80 8 TGAATTaCAatT 13 TTTATTTTAtTTtaTTA THSD7B 

-A-21 0.07 2 TaA½.TTaaaAia'Tca 23 taTATTTItiTTA AR4D18 

Of'A-22 011 0 TGAATaSGaATatTcTT 12 TTATTTattTaTtTTA 

OfA -23 04811 9 TagATTfaaJATcCTTT 1 TTT"TTTPTT KLHL4 

OfA- 24 038 16 10 TGAcTa'aaAT-aTG T TTTATTTTctTaTtTTTA 

OIA-25n Sa81 12 TAATTia.aaaT7'e 13. aATTAt'a-'tTTTA 
0 A-2f8 2 7 1 2 T cGAcATi_., aTG 13 aT -a a aTCTTTA 

f-2 0.81- 10 TGg-ATcaT TT T ATTTTt:TATt TTA 

Of1FA-2 0.9 TGAgT-arAT"GT 21 TTTrATA2T"tT 

Of0A-2 04 TC1AFTiT2CA-TaTaTaT 2 4 TTATTTgAtTaTTTTA 

OfA3 G4-,S342 9 TGtATTG'GQATaCcaTT TciTTTTAtTSTTt 

OfRA-311 C.8S33 TcAATT,- IGGAT'aTea-a 23 TAT~~~TT 

OFA -32 . 9' j TAIA',GaA, atTgT 23 'TTATTTTACTaTtTTTA 

OfA-33 0.41 TGg tTTGGATTGTqT 27 TTTATgTTttTaTtTTTA PTc H2 

Of'A-24 0.841 9 TCA aCAracg 2 TTTATTTT0tTaTtTTaA 

O4A-35 0.G44 10 T'TAAATTG A TaCTGTag 29 cTTAaaTaAaTaStTTTA ST&GALNA03 

OfIA-36 04844 10 T7AATTtaTtT'acT 18 TTCAgTttTCTCTTTA 

Table 6. Predicted off-target sites in the human genome. (A) Using a machine learning 

"classifier" algorithm trained on the output of the in vitro CCR5A TALEN selection,6 mutant 

sequences of the target site allowing for spacer lengths of 10 to 30 base pairs were scored.  

The resulting 36 predicted off-targets sites with the best scores for the CCR5A TALENs are 

shown with classifier scores, mutation numbers, left and right half-site sequences (mutations 

from on-target in lower case), the length of the spacer between half-sites in base pairs, and 

the gene (including introns) in which the predicted off-target sites occurs, if it lies within a 

gene. (B) Same as (A) for ATM TALENs. Sequences relate to SEQ ID NOs: 43-XX.  
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A 
domin Nc TALEN Q7 07 Q3 3 Canonical Qnic3a Caonica@ 

~o~Idmain NcTALEN EUKK< ELD/KRi ELKK ELKR2 EU1KK ELD/KKR Homo 

CCR5A Sites 

OnC 

_nel 8. 347 7053 1430 373 641 2004 31943 

Tota 23844 7192 12867 1 153I:1 )646 7267 8422 

%Modiied 0.021% 2044% 5.566% a490% 24.257% 91.841% 27577% 46818% 

P-value 12-33< 2.5E-160 <1DE0-200 <10.E20. 54.9E-00 <>.jE-20 <12E-200~ 

n s 0 1 3 C 1 1 

Tota 51241 38975 7985 35491 7784 :34227 87497 42498 

%A MAdif-e «..00l6% ~ <0 06% «rlrDrc% <0.006% <n0%<,08 < 0% >0 

OffC

Ond*s % <f3 0 0 10 

Total 12435, 916280 57387 13337 159817 85103 13332 1146 
Mo4e3<.096% «O 06.% <0DGt>% <0.006% <0.008% «'<"06 'o106 <95006% 

pe9d <>307 >835 >12:74 >3639 >4137 >7023 

ines 504 1 0 6 

Total 99085 75958 13027 72919 131112 87192 13E798 90039 
Mod984ed <0.006% <0.093% <(1:943(6% <0DO0S% <0.006% <006% <3.003% <0(006% 

indis 10 0 00 

Toai 45377 4467.4 52876 353 399 26C034 4224 40452 

Mscdiied <0.006% <0.096% <0:9006% <0DO0S% <(.006% <0D256% <0.006-% <0 006% 

e 0 1 03 22 134 3635 35 

Total 27009 26172 26036 22432 2800 2t5273 17045 17(177 

Mod&ified A <07% <0.006% -0 % 13% 0.085% 7 2.209% 2.21% 

P5-vaue 2.7E-L0.6 4.5E-31 4.9E487 2.6E-89 
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Spcey>576 >143 535, 285 19 12 2 

ineU 0 U 0 0 1 0 

7Tnal 1O7T6 12309 1386 9240 1 a 18 1050- 5943 560 

M1dmed <11009% <0.006% <.009% <0011% <009% <.010% <107% <0.015% 

P-v .afue 

OffC-7 

Totad ' D 0 0 0 

Mo1f51526 2825 31742 177 102 h320 15400 

P-value <.005% <0 006% <0.006% <aLOOS% <Cv00% <'0008% <1050% <0.006% 

*nen 0 0 0 1 0 - 0 0 

Ta 40D3 3975 47974 51595 44002 3452 252 30771 

Mod0he <0.0% <11006% <0.005% <0065% 0.006% CD 006% <0.005% C 076% 
Palue 

0nde' 0 0 0 0 0 0 

T 4142 9591 5157 1413 7975 4378 2215 3779 

M<0024% <0.010% <0.019% <0.071% <0013% <.023% <0.045% <0.025% 

P-<alue 

Spedlhcity 

O -11 

inde': 0 0 0 -. 0 0 0 0 

Total 71180 55455 65015 44847 7307 5396.7 65257 50191 

Medited <00T% <0 06% <0.006% <.006% <0.005% <D 006% <.006% <0.006% 

P-alue 

ines 0 0 0 D. 0 0 0 0 

Total 3242 1784 30274 14006 497 1930 9747 12910 

Modfied <0031% <0056% <0005% <0007% <0.020% <D006% <0.010% <&0085% 
P-value 

ines 0 0 0 D0 0 0 0 
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552459 53413 3156 61600 47922 7 57211 73540 

Modified <0.006% <D0.006% <0.0063% <0.06% <-0064% <0.006%8% <38 ~000% 

O00,6 4 

1ndei 0 D 0 0 U 02 
Tcoai 34:607 7217 26301 8333 29845 1081 9471 19026 

Mdfe <0.006% <D.014% 0.006% <0.012% <0,006% <0.093% Q.021% <(186% 

P-v"ANDse 

8nes 0 U 0 U 16 2 

Toai 4989 A43 6026 2370 9158 7371 6967 48662 

Modif<ed <020% <0.020% <0.017% <0.011% 40.011% <0014% 230% &043% 

Spet221 >725 1 

ott.,-l 

Fndeis 1. 1: 14 1 F2 0 

Ta a8 36228 34728 34403 3488. 44362 363F4 33 3263 

Mi6ed CD006% <1%00% <.008% <0.06% 0:032% 0 3% 01% D.005% 

P-vtae86-04 53
Se ty >307 -&35 >1274 769 >1i476 8 3 

tnel . 2 0 01 0 00 

Toa 32 112 23901 31273 33 468 27437 29670 2713 31.299 

Macdited CO-DG%008% <0.008% <0.006.0% <0:006%9 <0 DDG% 0.006% <0.008% 

offC4-I 

idei 0 0 0 0 0 
Ta 9437 9 3505 1400 13 4 12720 8624 2204 

Mdited -0.11% < 010% <0 007% <0 007% 0.007% <0 0008% <8.015% D .008% 

d 1 2 2 1 

11479 22702 15258 20733 17449 146:38 28478 

Moded <0.006% D 009% <0.006% 0.013% 0:010% 0.011% L.007% C 006% 

P- al:ue 
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OffC-210 
nde5s D G D 0 0 1 0 13 

Tota 23335 28164 30782 152: 20231 21184 14144 18972 

Mo Ae 3.003% <3.06% <V0.00%<0 -"7% <3:006% <5.306% <3.007% <3.336% 

P34aue 

indets~ 0 0: 7 

TotaI 1332 2757S 31694 24451 25826 27192 18110 21161 

M5dmeu <6.305% <3.0 6% <<06% <36313% <0_006% L 26% <008% < 0_06% 
P-aue 

OftC-22 

anes 1G G 10 G 0 0 fl 
1n1 ]13 2' )4 25,03 21,ILWE 7 2 *33 

Tota! 91337 86687 74274 79004 93477 2089 75359 134857 

Modylled <0 00% <;3106% <.06% <03036% 3116% <6.303% <3.006% <3.336% 

P-value 

ONC-23 

2214 5M 213 2A3 1 7 31 23 G 9 Q 

Total 13812 19337 23634 25633 25(123 28615 17172 2133 

Modeed <MS 06% <0.006% <3.336% <0 :5% <:05% <0.336% <5.536% <3.336% 

Off C-25 

To2I 2353. 21673 24594 2768 18343 29113 2179 23613 

Mad3ed 5.3% <3316% t< D66% %<3.03% <3.006% <5.336% <.3.06% <3.306% 

P-value 

Toal 2~3941 25323 25071 1641 21422 20171 18946 13711 

Modined <13306% <0.0036% <3.336% <0 039% <3.006% <s.0&08% <4 006% '<3.6% 
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lees :0 1 a0 0 0 0 

Ta! 1631 46454 62650 450D1 0175 6513T 27795 64632 

Moaded 0.00% <0006% i003% <0.00<% D0006% <0.o06% ooc-6% <3.005% 

OffC-27 

ines 00 0 0 0 0 0 0 

Toa 121E1 2423 11250 71358 5126 4 O03 2116 4003 
% Modilled <00 1S% <0.041% -0 <9% < 014% <0.020% <0.025% <0.047% <0 022% 

Offc-28 
ndes 12 5 
Tota 10651 0410 16179 13350 13022 7232 7379 6978 

% <03% 10.007% 0.046%C 0.014% C,163% II056% 
P-value1 4E-02 5,3E-04 

:Sp >1 3 526 712 170 M3 

OMC-29 
ndes 0 0 0 0 0 0 0 0 
Toal 4262 3766 4228 3234 516 2466 1810 

7.014% % <00% 041% <" 055% 

P-value 
091C-30 
ndets 0 0 0 0 0 0 0 
Tota 11840 122.57 3617 34 397 20507 0529 22245 6285 

% Moifid 4 <00:% <0D081% 4.0£10% <0.006% D006% <0.020% 0.0:06% 0.016% 

des 0 0 0 0 0 0 0 
To' 64522 67791 5005 50056 56241 4287 72230 100410 

%3Mydified 40.C0.0% <0.006% « 006% <0.00-% «O. % % <0.00 6 - 0-% . f005% 

2C6 

ines 000 0 8 0 0 
Tota' 1344 68883 330 327 4591 55693 13607 191 

%' M-diied 021% <0D015% 0.O11% <0.031% <0 022% <0.015% <0.007%5 <0.00C% 
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P-vaiue 

0 0 0C0 0 0 

Toa 9 34475 27039 18547 31967 15745 17075 4 18644 

% id <09006% <09C6% <0.006% <0.006% <1.006% <.057% 225,000% <0 006% 

c-"D0% C.'D11 

offC -4 

2 -1,2a 

nes 0 0 0 
Toa1 90532 16758 13647 11796 6945 5114 4979 9972 

% Modid <0.0191% <.16% <6.007% <300% <01.014% <7.016% <0.20% <6.011% 

offC46 

087 

Ines 0 0 0 C: 0000 

Tt 23639 290 25133 24190 10 1:0459 22554 11697 

%Modi~ed <0.006% tO:006% <5.006% <0.006% <10900% <0.010% 0O.006% <03008% 

Ines 1 8 01 2 1 01 

Tota' 234112< 24394 23427 24132 19723 239 12461 181052 
Moile 0.006% <07C06% <0.006% <9.006% 0.0107% <0300% 0,5% 008 

peiity>397 >635 >24 232 1476 181 1699 

Doam No TALEN 07 Q7 Q3 01Q '93 Canos s aonicai Canontca 

DomE3a8n No TALEN EUYKK ELD0 KR EL/KK EL0640KR EUKK0 ELD4KKR Homum 

ATM Sites 

ines 3 46 154 709 1289 410 ~ 99 

Toa! 86 1669 232t9 1199 1806 19025 2533 00 
Moshd .3% 0.09% 1.63% 8.66% 17.09% 6.78% 16.19% 18.17% 

P-value 0 2.2E-11 3-.2E-2< 4.9E9-61 6 4E-276 4.5E-105: 1.5E-228 

ne1 0 1 1 0 13 34 
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Totai 52490 45383 34195 32325 47589 39754 5I349 4405g 

Mscd3ed <67006% 43.006% <6.05&% <0.006% <0.67 % <6.006% 0.626% 6:077% 

P-value 33E-04 55E9 

>274 >1302 2564 116 627 23j 

OffA-3 

ind.s 0 6 0 
T6a4 8777 11646 11362 12273 2'764 376 .6506 5326 

Mcd0ed <0.0% <D0-%-<j.6k% 0.008% KL.06% <0 26% << .1D% C .26% 
P-walue 

Sp ECmcity 

OffA-3 

22ndels 2 5 1 30 0 1 0 2111 D-2 

Tota4 47338 14352 21253 17777 265.12 19483 43728 29469 

Mtdmed < 6% <6.07% <5.06$%40.06% <6.6% <D07.6% <6.006% <,064% 

Pl-value 

OffA-4 

Tota_ 129 2 12 2597 661 2596 1356 3773 
Modmed' <6.60% <6.188% <6.072%3 <6.039% <6.:16%6 <6.038% <6>674% <6.528% 

P-valu 

Toa659 22646 25573 19654 25315 31754 66622 66925 

Mod ed <6.646% <60330% <6.6605% < 06% <4.00&% 40 006% <0.006% <6.006% 

ines 00 0 0 0 0 0 

Tota 6859 22846 25673 '9664 26315 31754 66622 60925.  

Modified <6.006% <6.6% <:.06% <6.606% <006 0 0% <.06 "06 

Tota1 0859 246 235.73 19654 3'2315 31754 6622 6926 

Mod56ed <6.06% <6.06% <6.643% 6.006% <6.006% C6.606% 61.006% <0.06% 
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Specmdcity 

OffA-_ 
Wndels 0 0 0 00 

Taa 9170 1614 5934 3215 2450 12750 10120 13003 

Maded 0.011% <0062% <0.017% <0 1% <0.041% <0.008% <G310% MD008% 

P-value 

Specialty 

ndets 0 0 U 0 0 0 3 

Ta Q753 ~ 12766 9574 10114 -086 10676 9013 1111 

Modhed <0.011% 0.008% <0.021% 0.010% <.0.009% <.0209% <0011% 0.027% 
Value 

Off A- 10 

n 2 2 3 
Toal15 1683 8854 7061 3891 32138 14883 412 

M 0.012% <D.006% <0.011% 0.028% 0.022% 0.009% 0.034% 0.017% 

P-value 

Specmcity 

OttA-11 

0 0 0 0 0 9 7 

TC M 412343 32352 23 24 28705 261.865 32519 24894 1958.  

Mde <. <5006% <0.06% <3006% <0.00% <3."006% r 036% 52388 
P-value 27E-03 25E-18 

Specmc1ty 30 >274 1302 >2554 81016 446 47 

OffA-12 

0 0 0 0 
Total 13188 2826 13 81 12911 21134 9220 7792 065 

Modi;ed 0.008% <0.043% <1.007% <0.008% <0.006% <0.011% <0.513% 40 012% 
-value 

Speccityt 

(nde3 0 0 0 0 29 

Tal 32704 32015 123.12 23645 26315 24078 36111 223641 

Modxaded <0.06% <0.006% <0.006% <0.006% <0206% 0.302% 0.025% <006% 

P-value 270 

pec8c1ty >0 >.225 >1302 2564 616 642: 2725 
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indels 0 a D D 1 00 O0 
Total 14654 15934 12313 651 1353 1 6 S613 091E 21551 

ModSt5ed <D 007% <6.006% <31.003% 4001%PC8% < 0 <U 00%U <0006 

P-value 

Wnels 1 0 : 00 0 12 

Tois> 65 90 35639 7'fl?2n52 3M37 31489 225 13594 20922 
Mod4sed <CR0016% 435006% <S.DDE% < 1006% <r3.006% <0.006% <0.007% 3.057% 

P-value 73.9E-04 

Specchy >0 >274 >1302 >2564 >706 >2200 317 

OffA-17A 

aldeis 0 0 5 D '0 0 
Tota 512 606 143 2 72 1 55 6 

Mcdied <3 051% <.165% << % 0.1 37% <016% 043% 
P-value 4E-0 

Spcey>0 >2183 >483 >49 >71 

OffA-13 

lees 0 0N 6 

To54259 995 143 18 1 2132 1934 1534 5816 

ecfN 

MaAe <:1% 0.01 <31.069% <'>055% <0.0'32%3 <002% <0065% <017% 

P-value 

spe&mcity 

OffA-1 

5nel 19 2 1. 12, i , 54 ," 1 1 35 S 

Tal 31094 41252 33213 29518 32337 25904% 27575 3811 

Modmed <e005% <0.006% <000% <04306% <0.526% <3036% <0.006% 04308% 
P-value 

Speimcity 

OffA-2 

'ne2 a 0 

Total 15297 15791-1 1219 1453 21692 15 1151 

Mod~oed <0.007% <0.010% <5'.056% <0.j08% <0 006% <006%. <9 006% <o.006% 
P-value 

OftA-22 

laes 2 1 38 46 32 50 5 57 

Total 9458 11150 11516 102469 13614 14057 119385 14291 

Mad2ed 0287% 0.36&% 5 31 0448% 232% 0.356% QA71% 0.399% 
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OffA4 

Ines 0 0 0 10 20 

Totai 5671 9363 2203 7011 7078 1290 34 84 8619 

Modified 0.018% 0.011% <004 0.014% <:0.01% <0.008% 13287% i}232% 

-value 3.5E-03 8 E-05 

S 12i0 >818 56 78 

adels 4 1 9 1 0 1 0 2 

Tal128: 79 426 279936 6943 L6333 ~ 14973 195 

Modire '7123% « 03 0.007%> <0.03% <0.014% 0.016% <0.007% .10% 

Spe ,: icit 

OffA-27 

ines 3 0 0 

TotaI 2389 1452 v 53 108581 11574 20918 125327 711

Modfe <0.005% <Q006% <0.00% 0.06% <00<% <0.006% <0.008% <0.008% 

P-,ialue 

Sp eciNicy 

OffA2 

1ne13000 0 03 0 

Tta74352 21253 17777 26512 943 4329 29469 

Modied <0.00% <:.0117% <0.006% < ... <0.006% <0.006% <:006% 0.006% 

P--vahue 
0 0 0 0 0 0 0 

Toa 5,7 12618.*.. 369<19 18063 16488 17934 9999 350372 

Modife <0.1319% <0 08% <0.006% <0.038% <0.006%4 <0.106% <0.010% <0.0% 

Spec: NIiy 
Thtal 43082 06831 38333 9851 89552 20092 29190 21350 
Modified 3.009% 0.007% <0.006% 0.30% <0.00G% 0.020% <0.008% 0.014% 
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OfA-32 

inels 0 0 0 0 

Total 13405 t721 14013 7513 14135 22376 6407 13720 

Modded <0.17% <015% <0.007% <0.013% 0.007% <.00% <0.016% <0.007% 

P-va!ue 

Spec ci ty 

Ttal 108222 46866 157329 4861 2559 152094 201408 225805 

Modmed <0.006% <0 006% < 006% <0.006% <0.006% <D 006% <0 006% <0.006% 

OffA-34 
zndels 0 0 0 0 2 
Tota! 38892 3158 2203$ 2235, 2112 3022 2322 2431 

ModmeS <0.026% <0.032% <3.034% '> <0.041% < 3.4% 0033% <0 043% 0.06r% 

ines 00 0 1 000 33 

To0t 48482 37431 38043 31033 44803 37257 41073 47273 

M 06e0 <0.006% <0.006% <0 006% <0.006% <0.06% G006% <0 006% 0.070% 

P vaue 3.2E-09 

>0 >274 >1302 *'22.64 016 >2428 260 

OffA-3

idels 0 0 2 0 000 0 

T30tl 27115 17075 45425 35059 22298 19610 12620 27170 

McoleO <0.006% <0.006% <0006% <0.006% <0 &06% <006% <0.006% <0.006% 

Table 7. Cellular modification induced by TALENs at on-target and predicted off-target 

genomic sites. (A) Results from sequencing CCR5A on-target and each predicted genomic 

off-target site that amplified from genomic DNA isolated from human cells treated with 

either no TALEN or TALENs containing canonical, Q3 or Q7 C-terminal domains, and either 

EI/KK heterodimeric, ELD/KKR heterodimeric, or homodimeric (Homo) FokI domains.  

Indels: the number of observed sequences containing insertions or deletions consistent with 

TALEN-induced cleavage. Total: total number of sequence counts. Modified: number of 

indels divided by total number of sequences as percentages. Upper limits of potential 

modification were calculated for sites with no observed indels by assuming there is less than 

one indel then dividing by the total sequence count to arrive at an upper limit modification 
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percentage, or taking the theoretical limit of detection (1/16,400), whichever value was more 

conservative (larger). P-values: calculated as previously reported between each TALEN

treated sample and the untreated control sample. P-values less than 0.05 are shown.  

Specificity: the ratio of ontarget to off-target genomic modification frequency for each site.  

(B) Same as (A) for the ATM target sites.  

TALEN seectin a bR 
L13+R10 CCR5B 10 -1.8p 0 999937 
LI0R10 CCRSB 1.00 -1.85 0.9999M1 
L1 CFCG R5B 0 71 0 999822 

L13iR6 CC15B 1.0 -1 __15 099828.  
L16+R1 E CCR5B 1_0 -.124 0,998252 
LI0+R'16 CCRB 1G1 -1 08I_ 0 -99634 
L1C+RI3 CCR5B 11 -A1 4 C995844 
Li6+RI6 CCR5B 1.03 -G 7 97788G 
Li8R18 ATM 1`8 -3 Q<9137 

18+R18 CCR5A 1.13 -021 .798923 

Table 8. Exponential fitting of enrichment values as function of mutation number.  

Enrichment values of post-selection sequences as function of mutation were normalized 

relative to on-target enrichment (= 1.0 by definition). Normalized enrichment values of 

sequences with zero to four mutations were fit to an exponential function, a*eb, with R2 

reported using the non-linear least squares method.  
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TALt N sie:ecn rRange bR 
L I+'R I CCR5B 3-5 1 -00 -1.638 0.9999:8 
LI6+RI3 CCRSE{ 2-4 100 -1. 733 09998 
L16+R10O CCR5 2-4 1 00 -2.023 0_99999 
L13+R16 CCR5B 2-4 1 0P -1.844 0 99997 
L13+-R13OCR5E 1-3 1 -2.014 0_19998 
L13+R10GOR5B 1-3 1 00 -2-205 0O9999:9 

10+R16 CCRB 2-4 1.00 -1.929 0 99995 

13G-+R O R 1-3 1L7*9 2_ S4}1 3.9 9 

Table 9. Exponential fitting and extrapolation of enrichment values as function of mutation 

number. Enrichment values of all sequences from all nine of the CCR5B selections as 

function of mutation number were normalized relative to enrichment values of sequences 

with the lowest mutation number in the range shown (= 1.0 by definition). Normalized 

enrichment values of sequences from the range of mutations specified were fit to an 

exponential function, a*eb, with R2 reported utilizing the non-linear least squares method.  

These exponential decrease, b, were used to extrapolate all mean enrichment values beyond 

five mutations.  
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A 

name 
T.AL-NWev In&ACGTCCiT 
TAL. CPsA~CGAAAiGIGAGTAACG 

TAL-N21tl~ t~OJASTGOAAAOS-GA(S&A 
T--Ncfwsl 5PN Rh&tVATCfCflA GcflAGTA flifYAG GTAf 

T,-Cv, GA G,",-CA YT C CAJ 

~~ki~-~uk-~fl~~Tc4TTmlTT(TGcr~ G CAScGc+A@CTGAGZc.SAfT 

A 5L 4 

-CA Libranl IG rrQ,-.i~A~ ZTFG~~ 

2 T- -~W ' -At e A A T~~ --- ~ A t % % ~ 3- --- -A- ' - -------- ------------

RU'cNBF U' ray 4tNMNN~~ 

''L~~p N N CNA P'W"-A' C '-Gh'*' T K. JiGAA C T--'KtG TCAGC 
Tlt<TLN~~~~4 

CF . x~ ',AttckA' Utn MZN ('t' 'Nt% 

ci'-C :B l--tfp.
2 N iN N t'% 3

'At N~- t.'4 

A T,-NV Uhr r 2  NNN,,'-'N'NN-A- .u'.i'.'5ttA'J%'%T ,'%T%iiCi.T . G % Q . C r 

.ASTA LhrOsrv * -4NN'NNN.4 A%(T%% T%CA%A'Y-T N'7 %T CC-' 

AT, A UN4NNNNINI t NNAXQT'T.A TAGAA*,. t' ..  

JQR5A irrv24 '' 

LXPP4 '.'. TNmL% GATTA 24~~2~CtNNNNGA 
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NNNNNNNNNNNNNN~lNT%T%T%A%T%T%TF%T%A%C%T%G%T%CT%T%T%AGTACC 
A 

#1 daper'd" AATGATACGG~CGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTACTGT 
dprter-ev1 ACAGTAGATCGGAAGAGCGTCGGAGGGAAAGAGTGTAGAT 

#1 adaertwd"2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCTA.CACACGCTCTTCCGATCTCTGAA 
#1adte-e"2 TTCAGAGATCGAAAGCGTCGTGTACAAAGAGTGTAGA TCGGTGG 

#1 adapte-ydi''S AAGTCGGCACAACAATTTCCCTACACGACGCTCTTCGGATCTTCA 
#1 adanterreC*3 TTCAAGAYCGGNAGAGGGGYTA3CGAAAGAGTGTAGATTCriGTGG 

#1 dapte-yId"4 AATGATACGGGACCAGGAGATTACACTCT NCCCTACACGACGTCTITICGATCTGACT 

_AGATCGGACGTCGGTAGGGAAGATGTAGCTGGTGG 
#1 dapter'fwd"* AATGATACGGCGACCACCGAGATCTACACTCTT TCCTACACGACGCTCTTCCGATCTCATT 
#1adapter-re* AGTGG 

#adapter4wd"'t AA MTGAACGCGCACCCG CAGATCTACACTCTTTAGCCTCCGTCTCATGA 
#1 adce-rev"6 TATGAGATCGAAACGTCTGTfAGGAAAGTTAA TCTCGGTGG 

#2P~c~~-f~ AAT~ 

#1adapter-hyd**T AATAAGCACGGGTTCCCT CTCCAGTTCGTTTC 

#1 aGGTAGATCT(fGGWGG 

1adapterhd' ATAAGGACGGGTTATTT CTCCAGTTCATTTAGT 

#1 adater-rev'* ACTAGAGATCGGAAGAGDZGTCGTGTAGGAAAGATGTAGATCTCGG 
#1 dapter-fwyd''9 AATGiATACGCACCACGGAGATCTACACTCTTTCCCTACACGACGCTCTCCGATCTGCTAA 
_1ugd re-reC*M_ TAGCAATCGAAGAGCCGGTAGGAAAGATGTGAGATCCGGGG 

1adapterw1 PAIATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCTCAGTA 
#1adpter-rev"11 TATAACGAACTGGAGAAATTG CCGG 

d " AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACACGCTCTTL.GATCTGTACT 

4 ..... N 't~o- .r Z.~r'~r~ 

#1 adapter-rev"1 GAAACGAGGGCTTAGAAGGGTGT CGG 
ad 3 .-#d 5 

#adapter-N v m AGNGTAGAYCGG3AAGAGCGTCGTGTAGGGAAAGAGTGTAGATCTGGTG 
#1 adaptrwd'1 ATGATACGGCGACCAGGGAGATCTACAGTCTTTCCCTACACGACGGTTCCGATCTGCTAA 

A IdaTer-ev'*4 T TAGCAGATCGGAAGAGCGTCGTGTAGGGAAAAGTGTAGATCTCGGTGG 
Sda:pterfwd *14 AATGATACGGOGAOCACCGAGATCTACACTCTT TCCCTACACGAGCTCTTCCGATCTCAGTA 

-#1 adapter-rev**14 TACT1GAGATCGGAZAGAGCTCGTGTAGGAAAGAGTGTAGATCTCGGTGG 
#1 dapte w**1 AATGATACGGCGCACCGAGATCTACACTC4TTTCCCTACACGSACGCTCTTCCGATCTGTAC 

#1 adapter-twd"16 AA TGATACGCGACCACCGAGATCTAACTCTTTCCCTACACACGCTCTTCCGATCTACTG9T 

#A pAATGATACGGCGACC AC 
#2A primer
reVCCR5A GZTTCAGACGTG3TGCTCTTCCGATCTNNNNAGZTGGTGAGGGTGACG 
#2Armr-e T GTTCAGACGTGTGCTCTCGATCTNNNNACGCGCGAGTGGGGTACC 

rev'CCR56 CAGA(W~CGTGTG3CTCTTCCG3ATONNNNAGCGTGG4IACCGAG 

__2Bprmer ___d AIATATACGGGCCAC'r$ 

#21 pimerr" CA AGCAGAAGCCATACAGZAT TGTTGAUYGTGACTGAG~TAACGT GTCTTT

28prir-fe2 CAAGCAGAAACG GCAACGAGATA GG'A ACTGATGGAT TCAGACGTGTGCTCTTC 
2Bplmer rev **4 CGCAGAAGACGGCZATACAGA TCGGGACGGTGACTGGAGTCAGACGTGCC TT 

AGCAGAAGACGGCATAGAAT0GTGATGTGACTGAGTTCAGACGTGTGCTCTCC 
-#1 LZ adapiN GACCAATCGAAGAGCACACGTCTGAAC TCAGTLCAACTGATCCTATGCCGCTT 

Lib dpter 
GCRA GG ACTGGA GTTCAGACTTGCTCTTCCGATCTG 
Ladapter - GTACGATCATCGSGAAGAAC GTCTGAACTCAGTCA.TTAGGCATTCCGTATGCGTC 

Nkwd'ATM_ TTCTGCTTG 

my*ATM ~ GTGACTG;GAGTTCAGACGTTGCTCTTOCCATCGCATC 'C -, 

!.wd*WCCR55 CTTCTGC;TTG 

e' 'R G-¾TGACTGGATTCAGAGGSTGTGCTTCCGATCACGTT 
#2A . prim- CAAGCAGAAGACGCATA0GA 

wCCR5A TAGTACAT - ------ A

96



WO 2015/027134 PCT/US2014/052231 

¶t4,ITM i3TAGCCCA TCCGCQQ1T 
#?2A:k. pfirn'ru 

.263 L§.p2fMC, E wV GC(AGAAGAC00CATAC3A, 
0g2 , tine-wc AT*AA.C4,3QQC 

GC jjdlp ----G -CCQTC;TC~AtCC CTT 

G-F3 2N 2 CAJAACGAC.GCALACAATAO$2TAAC-GTGTATGAGT-- AGAC-,,GTC-TGCT 

_________CjAA(AAOACO0OATA.CAGAT~k4C0AATsiTG---ACTG~A.TTCA('AC~GT0O-.Gl1 

C C _a_ _ _____J___a C 

11Cn %evflTA.CACTfATT x~CA.JCAfTC&fTC'AAA4 

tCR5Anj:i.- W-AGJTC½A3ATCTCGCOAG&A.AAIGA 

______________ CGACTr-;C3AGTTAOGAi{AATGAA 

OCRAS4,v CGAAGCTTF&TTTCACC AT t TAAFACTGATAAAcTj&O 

\Ti;,AIUVW. A ;-COACAkTTT.AATTGC-"ATOCTOTTTAATTATATC;T A:,TAAAT 

CiTTCuTCATT-sCC 
CCt fw GACGAGCT1 TAf3AtASTAoAMTAATGAATT.ACA 

CCOC---------- CAOTAAGCTAaACTS CTCTAT' TV 
0CRE~t~sd CC3ACG0C-Tl:- AC~MTCTTOA,'-TIAACCC 3K TTF 

C0R6naI~~sd OAGCTCTGACJ.TTC~aAACCTCAC TCTCTTT 

CCRCETmAtwi C:C4GACOOTAG3T CTTOAGAT TGAC CACCATTT 
CORC~kE~pw CAO.GAAkGCTTTCTTC0"A3AATTCATATCT TALA-WA CC 

C:-v-~CCCCAACTCC:CA CAAT& ATAfACT$~TATCAVV\TC',A~PC.'A-Ac 
CO5CI~e C-12 .C.GA ATPDTCA.AAMACATCSCOACX# r.AC 

(4305 ' 
jC05bI Kjt4 AG 3 -i ,G 
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EUNA-sa~~11~ 5-----------T i5Esiia5 ie~ 

Al ATMmut1Nvd + ATMonArev 
A2 ATMmut2fwd + ATMonArev 
A3 ATAonAlwd +ATMmutirev 
A4 ATAyd +AT.mui2rev 
A5 ATMmut2fwd +ATmut2rev 
AS ATMmut iwd +ATImut3rev 
AT ATMmuhyd +ATtmutirev 
A8 ATMmut4htd +ATmut4rev 

C1 CCR5AmutiAvd + CCR§Aci:Nev 
C2 CCRV5Amut2Nd + CCR5AonCrev 

G3 CCR5AmutC-wd + CCR.CAonCrev 
C4 CCR5Amut4vd + CCR5Acrev 
C5 CCR5AonAfwd + CCR5Amut~rev 

C65 CCR5AonAvd+ CCR5Amut2rev 
C7 CCR5AfnAfwd 4 CCR5Amtt3rev 

CS CCR5AonA:4+CRAmutrev 
B1 CR utIfWd + CCRtBon~rev 

62 CCRnmut2Av-d CCR5BonBrev 
B3 CCR5BmuI3fwd + CCR5Bnrev 
64 CCR5BonBfwd 4 CCR5Butlrev 
65 ___ __ __ ___ __ __ __ ___ __ __ ___ __ __ __ 

BS6 CCR5BonB d ± CCR5Bmut3rev 
B7 COR5BonBfwd + CCR5Bul4rev 

E8nCCR5rmut4Iwd + CCR5Bonnrev 
BS 9_ CCR5Bnut5wd +R5BmnBrev 

BIC CCR5Bmu61%d + CCR5BonBrev 
B11 CCR5BonBtwd + CCR5|Bu:rev 

613 CCR5BonBfwd + CCRBut7rev 
EB 14 CC 6R5BmutIAw + CCR'5Bmulirev 

5 CRBmut2twd CCR5Bm:urev 
B16 CCR56mutIA + CCR5Bmut3tev 
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C 

OnTACRT5A TCACTTGG GTGGGGCTGAGGA TAAAGG 

Of"C-' AGTCCAAGACCAGCCTGGG AA AC T GTTGTCTAATC'AGCAIC___ 

GAACCTGTTGTCTAATCAGCGTC CT A G G 

OffC- AGTCAAGACCGCTGGGG T A 

C-5 TGACTGTTTCAGTC TTC CCATAGGGTCCC'AAC 

OC-6 GCCCGGCCTG;TCCTGTATT C.ACCACACATGCAC'TCCC___ 

T C-T CTGG TT TilCTCITTCA: ACATGCCCAGGGNil TTGTG.GA 

C GCGAAGCGT ATCCTAA TCACCTAAGACTGCCCAT AT 

fC-9C ACTCACA CAGTGGGGAGATGCAAA N 
OffC-10 TTCCAGGTCCTTTGC'ACAATA GCAAGGTCGTAT GGATAGAAG A 

12 TTATTCTCACCATCTGGAATTGG TCTGGCTGGACTGCTCTGGTT 

OftC-13 TGCATTGGATCAG TACCA TA GAACATGCC CCCGAACA G 

C k-14 CTGCGTCATGTC-AGGG TTTGAATCCCC TCCCCAT 

GfIC-1 ATGAGGGCTTGGATTGGCTG CCACCTCCACTCATA 
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OffC-17 GGAGGCCTTCATTGTGTCACG AACJTCCAC CTGGGTGCOCTA 

O CGTGGTCCCCCAGAAATCAC GGAGCAGGAGTTGGTGGCAT 
O s-1 GATTCTYAGGTAGCATTGCC GCCTGTTGGTTGACTCC 

0-C-20 TTC CA GCGAkjATG'GAAAGT, GCT AA C.C AG ATAt GGGCCA 

O__C-21_ AAGCATGCTCAOAC*TGTGGkTGTA TTGCTTGAGGCGGAAGTTGC 

offC-22 TGACCCTCCAGCAAAGGTGA CCCAGGGACTGAGCATGAG 

OffC-23 GTTGCTTG0CACCTGCCTT GGGACAGACTGTGAGGGCT 

OI~'24 ITCArAAGGATGTGAT,,CGCCACA GCC~WTCTTTGAGG3GCAGTT 

C'C-25 CACGGGCTCAATTCTTAGACCG AAAAGAGCAGG -'TGCATC 

f''-26 TGTTCATGCTGCACAGTGc; TGGATGTGCCTCTACCACA 

011C-27 TTT1GGCAAGGATCACAGT ATGCCTGCACAGTGGTTG 

OfC -2 GGAGGATGTCTTGTGGTAGGGG CGCTGCAAGCAAATCAA 

OtC 29 TDCCCAACTTCACTGT TT GICAATGAGCATG--TGGACACCA 

OMfC-3 TTCCTGT7TTCCA3GTGATTTCAGA G:¾TCGCAAACAGCCAGTTGC +DMSc 

ffC-31 TGGCTTGTTAATGGACAATGG CCTGCAAGAGCAAGCTC +MS0 

OTfC-2 TGGGTTCG T TACTTI AAA, GGACAAGAGGGCAGGGTTT 

OfC-36 T TC CTA AGGG GCAGT GTGGTGAG TGGGTGTGGC-AG +S 

OATIM AGCGCTATTCGAATT AG T T 

OVA-1 CTG CATGAATTCCAGCCT TGTCTGCCTTTC'CTGTCCCC 

CfA-2 GANCGCATGCACTCCtAC GGATAC;CCTTGCGTCCCCAC 
OfA-3 TCTTTCCTTCTA CTGGGAGACACAGGTGGCAG 
Of7A-4 TTCCTTCCTCA CTGGGAGACACAGGTCCAG_ 

OffA-5 0TGGGAACAAGGTGGCAG AGGACAATGGCCAATCT 

OftA-6 ,TGGGAGACACA-GTGGCAG AGGACCAATGGGGCAACT 

OffA-7 CTGGGAGACACAGGTGGCAG AGGACCAATGGGGkCCAATCT 
O;A-8 GCATGCAAAAAAATTGTAGGC TTCCCCTGTCATGCTCTT CA 

O4A-3 GCATCTCTOGATTCCTCAGAAGTGG AGAAACTGAGCAAGCCTCAGTCAA 

OA-10 GCGATACCAAACAGTTTTGTTTTTT CAGAGGCTGCATGAGCCAAA 

OffA-1 TGCAGCTACGATGAAAACCAT TCAGAATACCT _CSCCCAG 

Of4-12 GCATAAACACAGAGGAG TCCTCTTTAACGGTTATGTTGGC 

OfA-13 TGGGTTAAGTAATTTCGAAAGGAGAA ATGTGCCCCACACA 2 TTGCC+M 

O444-4 GA GCAGGTGAGC CA CC04t3 CCTGTCGGGTGGCACAAG ND 

OfA-1f5 CCTCCCTCTGGCTCCCTCCC ACCAGGGCCTGTTGGG-GTT 

0VA -1S TGCTC -TGACC TTCCT GA CCATTGGAATGAGAACC-TT'CTGG 

41T G- GGGAACAATCCACCT GT AI 3SAG G GTG'ACGCCCACGC 
O4A-18 GGCTTCAACATAAAATCAS CCTTJCTAGCAGCTGGGvAAA 

C41A-194 2AOCGGACCCAGGAGGTGG- cC:TCCATTxGGAGCC~TGGT___ 

OfA4-C 2 CAGCTGC CTGGTGACAG CATCG-7AGCTCAAACTGCT+M 
04fA-21 GCCAC;TGCATTGCATTTTCh TGAGGGCAGGTCTGTTTCCTG ND 

Ofk-22 GGGAGGATCTCTCGAG0TCAGG CCTTGCCTGACTTGCCCTGT 
OffA-3 TGTTTATAAT§TAAGSACCCTGGCTTTC: GGACAGGTACAAAGCAGTCCAT4 

OffA-24 GCTTGATTTCATCTTTTCC CA TTGCTGCCATC.-TCC 
MA-26 AAACTGCCATG3TACTC-T ACATGATTTGATTTTTCATGTGTTT 

OA,-26 NGGTGGAAGAGA GATT CGCAGATGGCATTTATT ND 
OfA-27 C-TCCATTTTCCTTC CA GAC TGCC ACTG ACT CC CAC 
OfA-28 AG 4ACCAAAATTGCACCATTGC GTCC TG AGGAGG-TGAGA ND 

OTCA TGGTTGGA GCTCTG TCA ToGTC kAT AAT-A ATA CCT TTT C'C 
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OffA-3C TGWTTASTmTAAAG&TCATGATGGA AAAAAThGATGCAAAGCCAQ~AA +D____so_ 

offA-31 , GGGACACAGAGCCASAACGT TGTGACA&TACCTAAACT ND 

OfA3 ATATGTTTCTAGTGGG TTGG--AATTTGGGT--------------C---AA-------A

- -------- - CIA -, _G 7'-' r G.,' 
O ffA-34 TCGTGTGTTTTGCTTCA CGGTCGAAA 

OffA-35 TGGAATGTAATCTGACTGGTG CTGATTGCATOGGT _ 

OffA G CTGAATTGCTITTTGGCA TGGACCCCTCCTTACACC 

Table 10. Oligonucleotides used in this study. (A) All oligonucleotides were purchased from 

Integrated DNA Technologies. '/5Phos/' indicates 5' phosphorylated oligonucleotides. A % 

symbol indicates that the preceding nucleotide was incorporated as a mixture of 

phosphoramidites consisting of 79 mol% of the phosphoramidite corresponding to the 

preceding nucleotide and 7 mol% of each of the other three canonical phosphoramidites. An 

(*) indicates that the oligonucleotide primer was specific to a selection sequence (either 

CCR5A, ATM or CCR5B). An (**) indicates that the oligonucleotide adapter or primer had a 

unique sequence identifier to distinguish between different samples (selection conditions or 

cellular TALEN treatment). (B) Combinations of oligonucleotides used to construct discrete 

DNA substrates used in TALEN digestion assays. (C) Primer pairs for PCR amplifying on

target and off-target genomic sites. +DMSO: DMSO was used in the PCR; ND: no correct 

DNA product was detected from the PCR reaction. Sequences relate to SEQ ID NOs: XX

XX.  
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CLAIMS 

What is claimed is: 

1. A Transcription Activator-Like Effector (TALE) domain, wherein 

(i) the TALE domain comprises an N-terminal TALE domain according to SEQ ID NO: 

1, wherein at least one of Ki10, Ki13, and RI14 is replaced with an amino acid residue that 

does not have a cationic charge, has no charge, or has an anionic charge at physiological pH; or 

(ii) the TALE domain comprises a C-terminal TALE domain according to SEQ ID NO: 

22, wherein at least one of R8, R30, K37, K38, K48, R49, R52, R53, R57, and R61 is replaced 

with an amino acid residue that does not have a cationic charge, has no charge, or has an anionic 

charge at physiological pH.  

2. The TALE domain of claim 1, wherein the net charge of the C-terminal domain is less than or 

equal to +6, less than or equal to +5, less than or equal to +4, less than or equal to +3, less than or 

equal to +2, less than or equal to +1, less than or equal to 0, less than or equal to -1, less than or 

equal to -2, less than or equal to -3, less than or equal to -4, or less than or equal to -5.  

3. The TALE domain of any one of claim 1 or claim 2, wherein at least 1, at least 2, at least 3, at 

least4, atleast5, atleast6, atleast7, atleast 8, atleast9, atleast 10, atleast 11, atleast 12, at 

least 13, at least 14, or at least 15 cationic amino acid(s) in the TALE domain is/are replaced 

with an amino acid residue that exhibits no charge or a negative charge at physiological pH.  

4. The TALE domain of claim 3, wherein the at least one cationic amino acid residue is arginine 

(R) or lysine (K).  

5. The TALE domain of any one of claims 1-4, wherein the amino acid residue that does not 

have a cationic charge, has no charge, or has an anionic charge at physiological pH is glutamine 

(Q) or glycine (G).  
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6. The TALE domain of any one of claims 3-5, wherein at least one lysine or arginine residue is 

replaced with a glutamine residue.  

7. The TALE domain of any one of claims 1-6, wherein the C-terminal domain comprises one or 

more of the following amino acid replacements: K37Q, K38Q, K48Q, R49Q, R52Q, R53Q, or 

R61Q in SEQ ID NO: 22.  

8. The TALE domain of any one of claims 1-7, wherein the C-terminal domain comprises a Q3 

variant sequence (K48Q, R52Q, and R61Q in SEQ ID NO: 22).  

9. The TALE domain of any one of claims 1-7, wherein the C-terminal domain comprises a Q7 

variant sequence (K37Q, K38Q, K48Q, R49Q, R52Q, R53Q, and R61Q in SEQ ID NO: 22).  

10. The TALE domain of any one of claims 1-9, wherein the N-terminal domain is a truncated 

version of the canonical N-terminal domain.  

11. The TALE domain of any one of claims 1-7 or 10, wherein the C-terminal domain is a 

truncated version of the canonical C-terminal domain.  

12. The TALE domain of claim 11, wherein the truncated domain comprises less than 90%, less 

than 80%, less than 70%, less than 60%, less than 50%, less than 40%, less than 30%, or less 

than 25% of the residues of the canonical domain.  

13. The TALE domain of claim 11, wherein the truncated C-terminal domain comprises less 

than 60, less than 50, less than 40, less than 30, less than 29, less than 28, less than 27, less than 

26, less than 25, less than 24, less than 23, less than 22, less than 21, or less than 20 amino acid 

residues.  

14. The TALE domain of claim 11, wherein the truncated C-terminal domain comprises 60, 59, 

58,57,56,55,54,53,52,51,50,49,48,47,46,45,44,43,42,41,40,39,38,37,36,35,34,33, 
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32,31,30,39,38,37,36,35,34,33,32,31,30,29,28,27,26,25,24,23,22,21,20,19,18,17, 

16, 15, 14, 13, 12, 11, or 10 residues.  

15. The TALE domain of any one of claims 1-14, wherein the TALE domain is comprised in a 

TALE molecule comprising the structure: 

[N-terminal domain]-[TALE repeat array]-[C-terminal domain]-[effector domain] 

or 

[effector domain]-[N-terminal domain]-[TALE repeat array]-[C-terminal domain].  

16. The TALE domain of claim 15, wherein the effector domain comprises a nuclease domain, a 

transcriptional activator or repressor domain, a recombinase domain, or an epigenetic 

modification enzyme domain.  

17. The TALE domain of claim 15 or 16, wherein the TALE molecule binds a target sequence 

within a gene known to be associated with a disease or disorder.  

18. The TALE domain of any preceding claim, wherein the binding energy of the N-terminal 

domain to a target nucleic acid molecule is less than the binding energy of the canonical N

terminal domain (SEQ ID NO: 1).  

19. The TALE domain of any preceding claim, wherein the binding energy of the C-terminal 

domain to a target nucleic acid molecule is less than the binding energy of the canonical C

terminal domain (SEQ ID NO: 22).  

20. The TALE domain of any preceding claim, wherein the N-terminal TALE domain 

comprises the amino acid sequence of SEQ ID NO: 2, SEQ ID NO: 3, or SEQ ID NO: 4.  

21. The TALE domain of any preceding claim, wherein the C-terminal TALE domain 

comprises the amino acid sequence of SEQ ID NO: 23 or SEQ ID NO: 24.  

104



22. A Transcription Activator-Like Effector Nuclease (TALEN), comprising 

(a) a nuclease cleavage domain; 

(b) a C-terminal domain as defined in any one of claims 1-14, conjugated to the nuclease 

cleavage domain; 

(c) a TALE repeat array conjugated to the C-terminal domain; and 

(d) an N-terminal domain as defined in any one of claims 1-10, conjugated to the TALE 

repeat array.  

23. The TALEN of claim 22, wherein the nuclease cleavage domain is a FokI nuclease domain.  

24. The TALEN of claim 23, wherein the FokI nuclease domain comprises a sequence as 

provided in SEQ ID NOs: 26-30.  

25. The TALEN of any one of claims 22, 23, and 24, wherein the TALEN is a monomer.  

26. The TALEN of claim 25, wherein the TALEN monomer can dimerize with another TALEN 

monomer to form a TALEN dimer.  

27. The TALEN of claim 26, wherein the dimer is a heterodimer.  

28. The TALEN of any one of claims 22-27, wherein the TALEN binds a target sequence within 

a gene known to be associated with a disease or disorder.  

29. The TALEN of claim 28, wherein the TALEN cleaves the target sequence upon 

dimerization.  

30. The TALEN of claim 28 or 29, wherein the disease is HIV/AIDS or a proliferative disease.  

31. The TALEN of any one of claims 23-30, wherein the TALEN binds a CCR5 target 

sequence.  
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32. The TALEN of any one of claims 21-30, wherein the TALEN binds an ATM target 

sequence.  

33. The TALEN of any one of claims 21-30, wherein the TALEN binds a VEGFA target 

sequence.  

34. A composition comprising the TALEN of any one of claims 21-33 and a different TALEN 

that can form a heterodimer with the TALEN, wherein the dimer exhibits nuclease activity.  

35. A pharmaceutical composition comprising the TALEN of any one of claims 21-33, or the 

composition of claim 34, and a pharmaceutically acceptable excipient.  

36. The pharmaceutical composition of claim 35, wherein the pharmaceutical composition is 

formulated for administration to a subject.  

37. The pharmaceutical composition of claim 35 or 36, wherein the pharmaceutical composition 

comprises an effective amount of the TALEN for cleaving a target sequence in a cell in the 

subject.  

38. The pharmaceutical composition of claim 35 or 36, wherein the TALEN binds a target 

sequence within a gene known to be associated with a disease or disorder and wherein the 

composition comprises an effective amount of the TALEN for alleviating a symptom associated 

with the disease or disorder.  

39. A method of cleaving a target sequence in a nucleic acid molecule, comprising contacting a 

nucleic acid molecule comprising the target sequence with a TALEN binding the target sequence 

under conditions suitable for the TALEN to bind and cleave the target sequence, wherein the 

TALEN is a TALEN of any one of claims 21-33, or wherein the TALEN is comprised in the 

composition of claim 34 or the pharmaceutical composition of any one of claims 35-38.  
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40. The method of claim 39, wherein the target sequence is comprised in a cell.  

41. The method of claim 39 or 40, wherein the target sequence is comprised in a subject.  

42. The method of claim 41, wherein the method comprises administering the composition or 

the pharmaceutical composition comprising the TALEN to the subject in an amount sufficient 

for the TALEN to bind and cleave the target site.  

43. A method of preparing an engineered TALEN comprising the TALE domain as defined in 

any one of claims 1-21, the method comprising: 

replacing at least one amino acid in the canonical N-terminal TALEN domain and/or the 

canonical C-terminal TALEN domain with an amino acid residue that does not have a cationic 

charge, has no charge, or has an anionic charge at physiological pH; and/or 

truncating the N-terminal TALEN domain and/or the C-terminal TALEN domain to 

remove a positively charged fragment; 

thus generating an engineered TALEN having an N-terminal domain and/or a C-terminal domain 

of a decreased net charge.  

44. The method of claim 43, wherein the at least one amino acid being replaced comprises a 

cationic amino acid or an amino acid having a positive charge at physiological pH.  

45. The method of claim 43 or 44, wherein the amino acid replacing the at least one amino acid 

is a cationic amino acid or a neutral amino acid.  

46. The method of any one of claims 43-45, wherein the truncated N-terminal TALEN domain 

and/or the truncated C-terminal TALEN domain comprises less than 90%, less than 80%, less 

than 70%, less than 60%, less than 50%, less than 40%, less than 30%, or less than 25% of the 

residues of the respective canonical domain.  
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47. The method of any one of claims 43-46, wherein the truncated C-terminal domain comprises 

less than 60,less than 50,less than40,less than 30,less than29,less than28,less than27,less 

than 26, less than 25, less than 24, less than 23, less than 22, less than 21, or less than 20 amino 

acid residues.  

48. The method of any one of claims 43-46, wherein the truncated C-terminal domain comprises 

60,59,58,57,56,55,54,53,52,51,50,49,48,47,46,45,44,43,42,41,40,39,38,37,36,35, 

34,33,32,31,30,39,38,37,36,35,34,33,32,31,30,29,28,27,26,25,24,23,22,21,20, 19, 

18, 17, 16, 15, 14, 13, 12, 11, or 10 amino acid residues.  

49. The method of any one of claims 43-48, wherein the method comprises replacing at least 2, 

atleast3, atleast4, atleast5, atleast6, atleast7, atleast8, atleast9, atleast 10, atleast 11, at 

least 12, at least 13, at least 14, or at least 15 amino acids in the canonical N-terminal TALEN 

domain and/or in the canonical C-terminal TALEN domain with an amino acid having no charge 

or a negative charge at physiological pH.  

50. The method of any one of claims 43-49, wherein the amino acid residue having no charge or 

a negative charge at physiological pH is glutamine (Q) or glycine (G).  

51. The method of any one of claims 43-50, wherein the method comprises replacing at least 

one lysine or arginine residue with a glutamine residue.  

52. The method of any one of claims 43-51, wherein the net charge of the C-terminal domain is 

less than or equal to +5 at physiological pH.  
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