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(57) ABSTRACT 
The invention relates to methods of altering expression of a 
genomic locus of interest or specifically targeting a genomic 
locus of interest in an animal cell, which may involve con 
tacting the genomic locus with a non-naturally occurring or 
engineered composition that includes a deoxyribonucleic 
acid (DNA) binding polypeptide having a N-terminal capping 
region, a DNA binding domain comprising at least five or 
more Transcription activator-like effector (TALE) monomers 
and at least one or more half-monomers specifically ordered 
to target the genomic locus of interest, and a C-terminal 
capping region, wherein the polypeptide includes at least one 
or more effector domains, and wherein the polypeptide is 
encoded by and translated from a codon optimized nucleic 
acid molecule so that the polypeptide preferentially binds to 
the DNA of the genomic locus. 
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FIG, 8 

GGKQALETVQRLLPVLCQAHG 

N Sri C & PolyA 
City editi f veg: EGFP siga Esi" S/""" sy for 

o: w 
G.S repeat NS 2A 

Nii, ii, NG, NN 
A.E. S. citring tackbone 

- ^i & C. tert PoiyA 
Cly NS £Cais -- C: rik iris 8sa ABsai f Sigal 

i.5 seat C T D NESN 
A 3G 3cier A.EN coing ackbone 
tetiates 

Pronoše regior A &tivate tsarscriptio 

A. 

Nigiriytic targe site &38 to 83 by as 

e AEN Right A.EN 
G&&rate cottiers: &lt; yieak 

  

  

  

  

  

  

    

  

  

  



Patent Application Publication 

š. 

May 30, 2013 Sheet 17 of 62 

FIG. 9 

is 8888sis: 8 xi 

& Resis& 
is assss & 

US 2013/O137174 A1 

S. 

S. 

  

  

  

  

  

  

  



Patent Application Publication May 30, 2013 Sheet 18 of 62 US 2013/O137174 A1 

FG, 10 

&y $3:8: Siegs &Six 

3 ex: 388tate 18878; itary piate 
using {: 

3 S-3 3rify and 88 salix8 
&3:38&sissis 3 && is 3:38: 
usis g ge: 

&: ; C-: *irst society &8:8 citigatiri to 
g&feate {iciaris&c &xane: 

8. $x{}ficie&s& feat:3&t to test8ws: 
f&:3-8x338's 

8-9 Asify exares assig R 

33.3S Get pisiify airpied 8xarters 
& Rese: &ixes & seat &ior 

{}w8 agit 88-8 Secord 3oicies (sate cit-iigatio: 
ic gesserate is a At 8 xxists' 38s 

28-35 assier &sider Gate cut-tigatio: 
{{sue: 

S. a SMSS £oix}sy PCR icicientity staccessius 
R.E & 38S, 3: Seeg Rites 

s SS-38 8stric; p &ga;&sicry are serici sa 'gies 
of $88.8 or verificatios 

SS: Sessi se as to East A.S. fissisi 

s 
: 3 : as: Qariy N.A. &c tra's exi ce; ité 

with Saccessi: {:}888 

8.8 faisas $8A or 388 fest transasiation sociation sing 
5 ci-FCSR or it rease activity tasig 

Sisiw eye ass&y 



Patent Application Publication May 30, 2013 Sheet 19 of 62 US 2013/O137174 A1 

FIG 11A 

All plasmids are available at the website of AddGene under TALE Toolbox. 

TALE Monomer templates: NI, NG, NN, and HD monomers 
For each plasmid, only the monomer sequence is shown. The variable diresidue is highlighted in 
yellow. All plasmids are kan. 

> pN v2 
CTCACCCCAGAGCAGGTCGTGGCAATTGCGAGCAACACGGGGGAAAGCAGGCACTCGAAACCGTCCAGAGGTTGCTGCCTGTGCTGT 
GCCAAGCGCACGGA 

> pNG v2 
CT CACCCCAGAGCAGGTCGTGGCAATTGCGAGCAACGGAGGGGGAAAGCAGGCACTCGAAACCGTCCAGAGGTTGCTGCCTGTGCTG 
TGCCAAGCGCACGGA 

> pNN v2 
CTCACCCCAGAGCAGGTCGTGGCAATTGCGAGCAAGAAGGGGGGAAAGCAGGCACTCGAAACCGTCCAGAGGTTGCTGCCTGTGCTGT 
GCCAAGCGCACGGA 

> pHD v2 
CTCACCCCAGAGCAGGTCGTGGCAATTGCGAGCCAEAGGGGGAAAGCAGGCACTCGAAACCGTCCAGAGGTTGCTGCCTGTGCTG 
TGCCAAGCGCACGGA 
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FIG. 24 A 

SEQID NO.s Monomers (RVD removed) Frecuency 

115 LTPDOVVAIASGGKQALETVQRLLPVLCECRHG 107 

LLPVLCQAF 

123 LTPEOVVAIASGGKOALETVQALLPVLCOAHG 19 

LTQDQVVA QALETVQRL 

129 LTPDOVVAIASGGKQALETVQRLLPVLROAHG 11 

131 LTPDOVVAIASGGKOALATWORLLPVLCQAHG 1O 

LTLAQVVAIASGGKQALETVQRLLPVLCQAHG 

137 LTPDOVVAIASGSKOALETVQRLLPVLCQDHG 8 

139 LTPDOVVAIASGGKOALGTVORLLPVLCQDHG 8 

AIASGGKQA LLPVLCQAF 

145 LTPDOVVTIASGGKQALETVQRLLPVLCQDHG 7 

147 LTPDOVVAIASGGNOALETVQRLLPVLCQDHG 6 

149 LPPDOVVAIASGGKQALETVQRLLPVLCQDHG 6 
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FIG. 24 C 

SEQID NO.S Monomers (RVD removed) Freduency 

195 LTPDOVMTIASGGKQALETVQRLLPVLCQDHG 3 

197 LTPAOVVAIASGGKQALETVQRLLPVLCRAHG 3 

203 LTPDOVVAIASGGKQALETMORLLPVLCQDHG 2 

2O5 LTPDOVVTIASGGKQALETVQRLLPVLCQAHG 2 

2O7 MTPDOVVAIASGGKQALETVQRLLPVLCQDHG 2 

213 LTPEQVVAIARGGKQALETVQRLLPVLCQAHG 2 

LEMVORLLPVL 

219 LTPDOVVAIASGGKQALETVQRLLPMLCODHG 2 

221 LTPDOVVAIASGGKQALETVQOLLPVLCQDHG 2 

223 LTPAOVVAIASGGKQALETVQRLLPMLCOAHG 2 

229 LTPEQVVAIACGGKQALETVQALLPVLROAHG 1. 
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FIG. 24 D 

SEQID NO.S Monomers (RVD removed) Frequency 

231 LTPEQVVAIASGGKQALETVQRLLPMLCOAHG 1. 

LTPDOVVAIASGGKQALETVQRLLPVLCQHHG 

237 LTLDOVVAIASGGKOALETVQRLLPVLCEGHG 1. 

239 LTPDOVVAIASGSKOALETMORLLPVLCQDHG 1. 

245 LTRECQVVAIASGGKQALETVQRLLPVLROAHG 1. 

LTLEOVVAIASGGKQALETVQRLLPVLCQAHG 

PVLCQDHG 

253 LPPEOVVAIASGGKQALETVQRLLPVLCQAHG 1. 

255 LTPDOVVAIANGGKOALETVQRLLPVLCQEHG 1. 

261 LTPCROVVAIASGGKOALETVQRLLPVLCQDHG 1. 

263 LSPDOVVTIASGGKOALETLORLLPVLCQDHG 1. 

VLCQTHG 

269 LTPDOVVAIASGGKQALETVQRLLPVLFOEHG 1. 
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FIG. 24 E 

SEQID NO.S Monomers (RVD removed) Frequency 

271 LTPVOVVAIASGGKOALATVORLLPVLCQDHG 1. 

277 LTPACRVVAVSGGKQALETVQRLLPVLCQTHG 1. 

279 LTPDOVVAIASGGKOALGTVORLLPVLCOAHG 1. 

LTTDQVVAIASGGKQALETVQRLLPVLCQDHG 

285 LTPNOLVAIANGGKOALETVQRLLPVLCODHG 1. 

287 LTPDOVVAIASGGKQALETVQRVLPVLCQAHG 1. 

293 LTODOVVAIASGGKQALETVQRLLPVLCQANG 1. 

295 LTPDOVVAIASSGKOALETMORLLPVLCQDHG 1. 

301 LTPDOVVAIASGGKOALETVRRLLOVLCODHG 1. 

303 LTPDOVVSIANGGKQALETVQRLLPVLCQAHG 1. 

309 LTPTOVVAIASGGKQALETVQRLLPVLCQDHG 1. 

  



Patent Application Publication May 30, 2013 Sheet 49 of 62 US 2013/O137174 A1 

FIG. 24 F 

SEQID NO.S Monomers (RVD removed) Frequency 

LTPGQVVAIASGGKRALETVQRLLPVLCQDHG 

315 LPPDOVVAIASGSKORALETVQRLLPVLCQDHG 1. 

321 LHPGOVVAIASGGKQALETVQRLLPVLCQAHG 1. 

LTPDOVVAIASGGKQALETVQRLLPALCQDHG 

327 LNPDOVVAIASGGKOALETVQRLLPVLCQAHG 1. 

329 LTLDOVVAIANGGKQALETVQRLLPVLCQAHG 1. 

LTPDQVVAIASGGKQALETVQRLLPGLCQAHG 

335 LTPAOVVAIASGGKQALETVQRLLPVLCQVHG 1. 
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NUCLEOTDE-SPECIFIC RECOGNITION 
SEQUENCES FOR DESIGNERTAL 

EFFECTORS 

INCORPORATION BY REFERENCE 

0001. This application is a continuation-in-part of U.S. 
application Ser. No. 13/554,922, filed Jul. 20, 2012, which 
claims priority from U.S. provisional application No. 61/565, 
171, filed on Nov.30, 2011. 

FEDERAL FUNDING 

0002 This invention was made with government support 
under Grant No. 7R01NS073124-03 awarded by the National 
Institutes of Health. The federal government may have certain 
rights in this invention. 
0003. The foregoing applications, and all documents cited 
therein or during their prosecution (“applin cited documents”) 
and all documents cited or referenced in the applin cited docu 
ments, and all documents cited or referenced herein (“herein 
cited documents'), and all documents cited or referenced in 
herein cited documents, together with any manufacturers 
instructions, descriptions, product specifications, and product 
sheets for any products mentioned herein or in any document 
incorporated by reference herein, are hereby incorporated 
herein by reference, and may be employed in the practice of 
the invention. Citation or identification of any document in 
this application is not an admission that such document is 
available as prior art to the present invention. 

SEQUENCE LISTING 
0004 The instant application contains a Sequence Listing 
which has been submitted in ASCII format via EFS-Web and 
is hereby incorporated by reference in its entirety. Said ASCII 
copy, created on Sep. 5, 2012, is named 44790126.txt and is 
465,621 bytes in size. 

FIELD OF THE INVENTION 

0005. The present invention broadly relates to gene edit 
ing, in particular to non-naturally occurring or engineered 
compositions which may comprise polypeptides that bind 
specific nucleic acid sequences to manipulate expression of a 
genomic locus or gene, particularly a mammalian genomic 
locus or a gene in a cell or tissue; nucleic acids encoding the 
same; methods of generating, preparing or constructing said 
polypeptides and the nucleic acids encoding the same; meth 
ods encompassing application of said polypeptides and 
nucleic acids; host cells, vectors and kits which may comprise 
said polypeptides and nucleic acids encoding them and uses 
thereof. 

BACKGROUND 

0006 Gene expression is the process by which an organ 
ism's genetic code is converted into a functional gene product 
and is common to all forms of life. Nearly all physiological 
processes depend on the regulation of gene expression and the 
ability to manipulate (e.g. alter, repress or activate) specific 
genes is a powerful tool in the life Sciences. Manipulation of 
a cellular genome in a sequence-specific manner would have 
wide applications in many areas, including research, diagnos 
tics and therapeutics. However, site-specific genome manipu 
lation requires efficient and precise genome targeting. Thus, 
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there is great need for improved compositions and methods 
that facilitate the targeting of specific genomic sites with 
efficiency and precision. 

SUMMARY OF THE INVENTION 

0007. The present invention provides for methods of tar 
geted manipulation of a gene or genomic locus. The manipu 
lation may occur by means of either altering gene expression, 
particularly by repression or activation or by means of site 
specific gene-editing particularly by the generation of site 
specific double-strand breaks followed by non-homologous 
repair or homology directed repair. In some embodiments, the 
methods of the invention use deoxyribonucleic acid (DNA)- 
binding polypeptides or proteins which may comprise one or 
more Transcription activator-like effector (TALE) monomers 
and half-monomers attached to additional sequences which 
include functional protein domains, to function as proteins 
that include but are not limited to engineered transcription 
factors (TALE-TFs) such as repressors and activators, engi 
neered nucleases (TALENs), recombinases (TALERs or 
TALRENs, both terms are used interchangeably throughout 
the application), transposases, integrases, methylases, dem 
ethylases and invertases. With regards to TALEs, mention is 
also made of U.S. patent application Ser. Nos. 13/016,297, 
13/019,526, 13/362,660, 13/218,050, 12/965,590, 13/068, 
735 and PCT application PCT/IB2010/000154, the disclo 
sures of which are incorporated by reference herein in their 
entirety. In a preferred embodiment the gene or genomic 
locus is present in an animal or non-plant cell. 
0008. The present invention provides for a method of 
repressing expression of a genomic locus of interest in an 
animal cell, which may comprise contacting the genomic 
locus with a non-naturally occurring or engineered composi 
tion which may comprise a DNA binding polypeptide which 
may comprise: a N-terminal capping region, a DNA binding 
domain which may comprise at least five or more TALE 
monomers and at least one or more half-monomers specifi 
cally ordered to target the genomic locus of interest, and a 
C-terminal capping region, wherein these three parts of the 
polypeptide are arranged in a predetermined N-terminus to 
C-terminus orientation, wherein the polypeptide includes at 
least one or more repressor domains, and wherein the 
polypeptide is encoded by and translated from a codon opti 
mized nucleic acid molecule so that the polypeptide prefer 
entially binds to DNA of the genomic locus. In a preferred 
embodiment the animal is a mammal. 
0009. The present invention provides for a method of 
selectively targeting a genomic locus of interest in an animal 
cell, which may comprise contacting the genomic locus with 
a non-naturally occurring or engineered composition which 
may comprise a DNA binding polypeptide which may com 
prise: a N-terminal capping region, a DNA binding domain 
which may comprise at least five or more TALE monomers 
and at least one or more half-monomers specifically ordered 
to target the genomic locus of interest, and a C-terminal 
capping region, wherein these three parts of the polypeptide 
are arranged in a predetermined N-terminus to C-terminus 
orientation, wherein the polypeptide includes at least one or 
more effector domains, wherein the polypeptide is encoded 
by and translated from a codon optimized nucleic acid mol 
ecule so that the polypeptide preferentially binds to DNA of 
the genomic locus, wherein the DNA binding domain may 
comprise (X-11-X12X13-X14-3s a 34-3s). Wherein X-11 is a 
chain of 11 contiguous amino acids, wherein XX is a 
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repeat variable diresidue (RVD), wherein Xass as is a 
chain of 21, 22 or 23 contiguous amino acids, wherein Z is at 
least 5 to 40, more preferably at least 10 to 26 and wherein at 
least one RVD is selected from the group consisting of (a) 
HH, KH, NH, NK, NQ, RH, RN, SS for recognition of gua 
nine (G); (b) SI for recognition of adenine (A); (c) HG, KG, 
RG for recognition of thymine (T); (d) RD, SD for recogni 
tion of cytosine (C); (e) NV, HN for recognition of A or G and 
(f) H*, HA, KA, N*, NA, NC, NS, RA, S*for recognition of 
A or Tor G or C, wherein () means that the amino acid at X 
is absent. In a preferred embodiment the animal is a mammal. 
0010. The present invention provides for a method of 
selectively targeting a genomic locus of interest in an animal 
cell, which may comprise contacting the genomic locus with 
a non-naturally occurring or engineered composition which 
may comprise a DNA binding polypeptide which may com 
prise: a N-terminal capping region, a DNA binding domain 
which may comprise at least five or more TALE monomers 
and at least one or more half-monomers specifically ordered 
to target the genomic locus of interest, and a C-terminal 
capping region, wherein these three parts of the polypeptide 
are arranged in a predetermined N-terminus to C-terminus 
orientation, wherein the polypeptide includes at least one or 
more effector domains, wherein the polypeptide is encoded 
by and translated from a codon optimized nucleic acid mol 
ecule so that the polypeptide preferentially binds to DNA of 
the genomic locus, wherein the DNA binding domain may 
comprise (X-11-X12Xis-X4sses ass). Wherein X-1 is a 
chain of 11 contiguous amino acids, wherein XX is a 
repeat variable diresidue (RVD), wherein Xass as is a 
chain of 21, 22 or 23 contiguous amino acids, wherein Z is at 
least 5 to 40, more preferably at least 10 to 26, and wherein at 
least one of the following is present LTLD (SEQID NO: 1) 
or LTLA (SEQID NO: 2) or LTQV (SEQ ID NO: 3) at 
X, or EQHG) (SEQID NO: 4) or RDHG) (SEQID NO: 
5) at positions X-so-sa or X -- or X-2-3s. In a preferred 
embodiment the animal is a mammal. 

0011. The present invention provides for a methodofalter 
ing expression of a genomic locus of interest, preferably in an 
animal or non-plant cell, which may comprise contacting the 
genomic locus with a non-naturally occurring or engineered 
composition which may comprise a DNA binding polypep 
tide which may comprise a N-terminal capping region, a 
DNA binding domain which may comprise at least one or 
more TALE monomers or half-monomers specifically 
ordered to target the genomic locus of interest and a C-termi 
nal capping region, wherein these three parts of the polypep 
tide are arranged in a predetermined N-terminus to C-termi 
nus orientation and wherein the polypeptide includes at least 
one or more regulatory or functional protein domains. In an 
advantageous embodiment of the invention the polypeptide is 
encoded by and expressed from a codon optimized nucleic 
acid molecule so that the polypeptide preferentially binds to 
DNA of the genomic locus. In a preferred embodiment the 
animal is a mammal. 

0012. The present invention provides for a method of 
repressing expression of a genomic locus of interest, prefer 
ably in a mammaliancell, which may comprise contacting the 
genomic locus with a non-naturally occurring or engineered 
composition which may comprise a DNA binding polypep 
tide which may comprise a N-terminal capping region, a 
DNA binding domain which may comprise at least one or 
more TALE monomers or half-monomers specifically 
ordered to target the genomic locus of interest and a C-termi 
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nal capping region, wherein these three parts of the polypep 
tide are arranged in a predetermined N-terminus to C-termi 
nus orientation and wherein the polypeptide includes at least 
one or more repressor domains. In an advantageous embodi 
ment of the invention the polypeptide is encoded by and 
expressed from a codon optimized nucleic acid molecule so 
that the polypeptide preferentially binds to the DNA of the 
genomic locus. 
0013 The present invention provides for a method of 
repressing expression of a gene in a cell or cell line (prefer 
ably of mammalian origin), which may comprise contacting 
specific nucleic acids associated with the gene with a non 
naturally occurring or engineered composition which may 
comprise a DNA binding polypeptide which may comprise a 
N-terminal capping region, a DNA binding domain which 
may comprise at least one or more TALE monomers or half 
monomers specifically ordered to target the genomic locus of 
interest and a C-terminal capping region, wherein these three 
parts of the polypeptide are arranged in a predetermined 
N-terminus to C-terminus orientation and wherein the 
polypeptide includes at least one or more repressor domains. 
In an advantageous embodiment of the invention the polypep 
tide is encoded by and expressed from a codon optimized 
nucleic acid molecule so that the polypeptide preferentially 
binds to DNA of the genomic locus. 
0014. The present invention also provides for a method of 
activating expression of a genomic locus of interest, prefer 
ably in a mammaliancell, which may comprise contacting the 
genomic locus with a non-naturally occurring or engineered 
composition which may comprise a DNA binding polypep 
tide which may comprise a N-terminal capping region, a 
DNA binding domain which may comprise at least one or 
more TALE monomers or half-monomers specifically 
ordered to target the genomic locus of interest and a C-termi 
nal capping region, wherein these three parts are arranged in 
a predetermined N-terminus to C-terminus orientation and 
wherein the polypeptide includes at least one or more activa 
tor domains. In an advantageous embodiment of the invention 
the polypeptide is encoded by and expressed from a codon 
optimized nucleic acid molecule so that the polypeptide pref 
erentially binds to the DNA of the genomic locus. 
0015 The present invention also provides for a method of 
activating expression of agene in a cellor cell line (preferably 
of mammalian origin), which may comprise contacting spe 
cific nucleic acids associated with the gene with a non-natu 
rally occurring or engineered composition which may com 
prise a DNA binding polypeptide which may comprise a 
N-terminal capping region, a DNA binding domain which 
may comprise at least one or more TALE monomers or half 
monomers specifically ordered to target the genomic locus of 
interest and a C-terminal capping region, wherein these three 
parts are arranged in a predetermined N-terminus to C-termi 
nus orientation and wherein the polypeptide includes at least 
one or more activator domains. In an advantageous embodi 
ment of the invention the polypeptide is encoded by and 
expressed from a codon optimized nucleic acid molecule so 
that the polypeptide preferentially binds to DNA of the 
genomic locus. 
0016. The present invention provides for a methodofalter 
ing expression of a genomic locus of interest, preferably in a 
mammalian cell, which may comprise contacting the 
genomic locus with a non-naturally occurring or engineered 
composition which may comprise a DNA binding polypep 
tide which may comprise a N-terminal capping region, a 
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DNA binding domain which may comprise at least one or 
more TALE monomers or half-monomers specifically 
ordered to target the genomic locus of interest and a C-termi 
nal capping region, wherein these three parts of the polypep 
tide are arranged in a predetermined N-terminus to C-termi 
nus orientation and wherein the polypeptide includes at least 
one or more recombinase domains. In an advantageous 
embodiment of the invention the polypeptide is encoded by 
and expressed from a codon optimized nucleic acid molecule 
so that the polypeptide preferentially binds to the DNA of the 
genomic locus. In a further advantageous embodiment, the 
polypeptide is delivered into the mammalian cell by a viral 
delivery system. In yet another embodiment, the viral deliv 
ery system is a lentiviral delivery system. 
0017. The present invention provides for a methodofalter 
ing expression of a gene in a cell or cell line (preferably of 
mammalian origin), which may comprise contacting specific 
nucleic acids associated with the gene with a non-naturally 
occurring or engineered composition which may comprise a 
DNA binding polypeptide which may comprise a N-terminal 
capping region, a DNA binding domain which may comprise 
at least one or more TALE monomers or half-monomers 
specifically ordered to target the genomic locus of interestand 
a C-terminal capping region, wherein these three parts of the 
polypeptide are arranged in a predetermined N-terminus to 
C-terminus orientation and wherein the polypeptide includes 
at least one or more recombinase domains. In an advanta 
geous embodiment of the invention the polypeptide is 
encoded by and expressed from a codon optimized nucleic 
acid molecule so that the polypeptide preferentially binds to 
DNA of the genomic locus. In a further advantageous 
embodiment, the polypeptide is delivered into the cell or cell 
line by a viral delivery system. In yet another embodiment, 
the viral delivery system is a lentiviral delivery system. 
0018. The present invention also provides for a non-natu 
rally occurring or engineered composition for preferentially 
binding to DNA of agenomic locus or of agene in a cellor cell 
line, preferably of an animal or non-plant origin, wherein the 
composition may comprise a DNA binding polypeptide 
which may comprise: a N-terminal capping region, a DNA 
binding domain which may comprise at least one or more 
TALE monomers or half-monomers specifically ordered to 
target the genomic locus of interest and a C-terminal capping 
region, wherein these three parts of the polypeptide are 
arranged in a predetermined N-terminus to C-terminus orien 
tation and wherein the polypeptide includes at least one or 
more regulatory or functional protein domains. In an advan 
tageous embodiment of the invention the polypeptide is 
encoded by and expressed from a codon optimized nucleic 
acid molecule so that the polypeptide preferentially binds to 
DNA of the genomic locus or gene. 
0019. The present invention also provides for a non-natu 
rally occurring or engineered composition for preferentially 
binding to DNA of agenomic locus or of agene in a cellor cell 
line, preferably of mammalian origin, wherein the composi 
tion may comprise a DNA binding polypeptide which may 
comprise: a N-terminal capping region, a DNA binding 
domain which may comprise at least one or more TALE 
monomers or half-monomers specifically ordered to target 
the genomic locus of interest and a C-terminal capping 
region, wherein these three parts of the polypeptide are 
arranged in a predetermined N-terminus to C-terminus orien 
tation and wherein the polypeptide includes at least one or 
more repressor domains. In an advantageous embodiment of 
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the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to DNA of the genomic locus 
or gene. 

0020. The present invention also provides for a non-natu 
rally occurring or engineered composition for preferentially 
binding to DNA of agenomic locus or of agene in a cellor cell 
line, preferably of mammalian origin, wherein the composi 
tion may comprise a DNA binding polypeptide which may 
comprise: a N-terminal capping region, a DNA binding 
domain which may comprise at least one or more TALE 
monomers or half-monomers specifically ordered to target 
the genomic locus of interest and a C-terminal capping 
region, wherein these three parts of the polypeptide are 
arranged in a predetermined N-terminus to C-terminus orien 
tation and wherein the polypeptide includes at least one or 
more activator domains. In an advantageous embodiment of 
the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to DNA of the genomic locus 
or gene. 

0021. The present invention also provides for a non-natu 
rally occurring or engineered composition for preferentially 
binding to DNA of agenomic locus or of agene in a cellor cell 
line, preferably of mammalian origin, wherein the composi 
tion may comprise a DNA binding polypeptide which may 
comprise: a N-terminal capping region, a DNA binding 
domain which may comprise at least one or more TALE 
monomers or half-monomers specifically ordered to target 
the genomic locus of interest and a C-terminal capping 
region, wherein these three parts of the polypeptide are 
arranged in a predetermined N-terminus to C-terminus orien 
tation and wherein the polypeptide includes at least one or 
more recombinase domains. In an advantageous embodiment 
of the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to DNA of the genomic locus 
or gene. 

0022. The present invention also provides for a method of 
modifying the sequence of a mammalian genomic locus of 
interest, which may comprise contacting the genomic locus 
with a non-naturally occurring or engineered composition 
which may comprise a DNA binding polypeptide which may 
comprise a N-terminal capping region, a DNA binding 
domain which may comprise at least one or more TALE 
monomers or half-monomers specifically ordered to target 
the genomic locus of interest and a C-terminal capping 
region, wherein these three parts are arranged in a predeter 
mined N-terminus to C-terminus orientation and wherein the 
DNA binding domain is attached to a catalytic domain of a 
restriction endonuclease. In an advantageous embodiment of 
the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to mammalian DNA. In an 
advantageous embodiment of the invention the sequence is 
modified by the introduction of a site-specific double strand 
break in the sequence which facilitates genome editing 
through non-homologous repair or homology directed repair. 
In an advantageous embodiment, an exogenous nucleic acid 
or DNA is introduced into the genomic locus. In an additional 
advantageous embodiment, integration into the genome 
occurs through non-homology dependent targeted integra 
tion. In certain preferred embodiments, the exogenous poly 
nucleotide may comprise a recombinase recognition site (e.g. 
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loxP, FLP or a Gin site) for recognition by a cognate recom 
binase (e.g. Cre, FRT or Gin invertase/recombinase, respec 
tively). In certain embodiments, the exogenous sequence is 
integrated into the genome of an animal. 
0023 The present invention also provides for a method of 
modifying the sequence of a gene in a cell or cell line (pref 
erably of mammalian origin), which may comprise contact 
ing specific nucleic acids associated with the gene with a 
non-naturally occurring or engineered composition which 
may comprise a DNA binding polypeptide which may com 
prise a N-terminal capping region, a DNA binding domain 
which may comprise at least one or more TALE monomers or 
half-monomers specifically ordered to target the genomic 
locus of interest and a C-terminal capping region, wherein 
these three parts are arranged in a predetermined N-terminus 
to C-terminus orientation and wherein the DNA binding 
domain is attached to a catalytic domain of a restriction endo 
nuclease. In an advantageous embodiment of the invention 
the polypeptide is encoded by and expressed from a codon 
optimized nucleic acid molecule so that the polypeptide pref 
erentially binds to mammalian DNA. In an advantageous 
embodiment of the invention the sequence is modified by the 
introduction of a site-specific double strand break in the 
sequence which facilitates genome editing through non-ho 
mologous repair or homology directed repair. In an advanta 
geous embodiment, an exogenous nucleic acid or DNA is 
introduced into the gene present in the cell or cell line. In an 
advantageous embodiment, an exogenous nucleic acid or 
DNA is introduced into the genomic locus. In an additional 
advantageous embodiment, integration into the genome 
occurs through non-homology dependent targeted integra 
tion. In certain preferred embodiments, the exogenous poly 
nucleotide may comprise a recombinase recognition site (e.g. 
loxP, FLP or a Gin site) for recognition by a cognate recom 
binase (e.g. Cre, FRT or Gin invertase/recombinase, respec 
tively). In certain embodiments, the exogenous sequence is 
integrated into the genome of an animal. 
0024. The present invention also provides for a method of 
construction and generation of the DNA binding polypep 
tides described herein which may comprise a N-terminal 
capping region, a DNA binding domain which may comprise 
at least one or more TALE monomers or half-monomers 
specifically ordered to target the genomic locus of interestand 
a C-terminal capping region. In an advantageous embodiment 
of the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to mammalian DNA. In a 
further advantageous embodiment, the construction of the 
DNA binding domain in the polypeptide uses hierarchical 
ligation assembly (as described in Example 2). 
0025. The present invention also provides for a method of 
selectively recognizing a specific nucleic acid sequence with 
a DNA binding polypeptide, wherein the polypeptide is con 
structed to include at least one or more TALE monomers and 
half monomers ordered or arranged in a particular orientation 
dictated by the sequence of the specific nucleic acid linked to 
additional TALE protein sequences, for efficiently recogniz 
ing the specific nucleic acid sequence. 
0026. The present invention also provides for pharmaceu 

tical compositions which may comprise the DNA binding 
polypeptide or the nucleic acids encoding them. In a preferred 
embodiment the composition may comprise one or more 
pharmaceutically acceptable excipients. 
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0027. In addition, advantageous embodiments of the 
invention include host cells, cell lines and transgenic organ 
isms (e.g., plants, fungi, animals) which may comprise these 
DNA-binding polypeptides/nucleic acids and/or modified by 
these polypeptides (e.g., genomic modification that is passed 
into the next generation). Further preferred embodiments 
include cells and cell lines which include but are not limited 
to plant cells, insect cells, bacterial cells, yeast cells, viral 
cells, human cells, primate cells, rat cells, mouse cells, 
Zebrafish cells, madin-darby canine cells, hamster cells, 
Xenopus cells and stem cells. An advantageous embodiment 
of the invention is the cell and cell lines being of mammalian 
origin. In a preferred embodiment, the DNA binding polypep 
tide further may comprise a reporter or selection marker. In 
advantageous embodiments the selection marker may be a 
fluorescent marker, while in other aspects, the reporter is an 
enzyme. 

0028. Further advantageous embodiments of the invention 
include host cells which may comprise these polypeptides/ 
nucleic acids and/or modified by these polypeptides (e.g., 
genomic modification that is passed into the next generation). 
The host cell may be stably transformed or transiently trans 
fected or a combination thereof with one or more of these 
protein expression vectors. In other embodiments, the one or 
more protein expression vectors express one or more fusion 
proteins in the host cell. In another embodiment, the host cell 
may further comprise an exogenous polynucleotide donor 
sequence. Any prokaryotic or eukaryotic host cells may be 
employed, including, but not limited to, bacterial, plant, fish, 
yeast, algae, insect, worm or mammalian cells. In some 
embodiments, the host cell is a plant cell. In other aspects, the 
host cell is part of a plant tissue Such as the vegetative parts of 
the plant, storage organs, fruit, flower and/or seed tissues. In 
further embodiments, the host cell is an algae cell. In other 
embodiments, the host cell is a fibroblast. In any of the 
embodiments, described herein, the host cell may comprise a 
stem cell, for example an embryonic stem cell. The stem cell 
may be a mammalian stem cell, for example, a hematopoietic 
stem cell, a mesenchymal stem cell, an embryonic stem cell, 
a neuronal stem cell, a muscle stem cell, a liver stem cell, a 
skin stem cell, an induced pluripotent stem cell and/or com 
binations thereof. In certain embodiments, the stem cell is a 
human induced pluripotent stem cell (hiPSC) or a human 
embryonic stem cell (hESC). In any of the embodiments, 
described herein, the host cell may comprise an embryo cell, 
for example one or more mouse, rat, rabbit or other mammal 
cell embryos. In some aspects, stem cells or embryo cells are 
used in the development of transgenic animals, including, for 
example, animals with TALE-mediated genomic modifica 
tions that are integrated into the germline such that the muta 
tions are heritable. In further aspects, these transgenic ani 
mals are used for research purposes, i.e., mice, rats, rabbits: 
while in other aspects, the transgenic animals are livestock 
animals, i.e., cows, chickens, pigs, sheep, etc. In still further 
aspects, the transgenic animals are those used for therapeutic 
purposes, i.e. goats, cows, chickens, pigs; and in other 
aspects, the transgenic animals are companion animals, i.e. 
cats, dogs, horses, birds or fish. 
0029. The present invention also provides a method for 
identifying suitable or novel target sequences orbinding sites 
for engineered or designed DNA binding proteins. In some 
advantageous embodiments, the target site identified has an 
increased number of guanine nucleotides (“G”) as compared 
to a natural or wild-type TALE target sequence. In other 
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embodiments, the target does not require flanking thymidine 
nucleotides (“T”), as typical in naturally occurring TALE 
proteins. In some embodiments, the repeat-variable diresi 
dues (RVDs) (the 2 hypervariable amino acids at position 12 
and 13 in the TALE monomer the combination of which 
dictate nucleotide specificity) selected for use in the engi 
neered DNA-binding polypeptides of the invention are one or 
more of NH (asparagine-histidine), RN (arginine-asparagine) 
or KH (lysine-histidine) RVDs for the recognition of G nucle 
otides in the target sequence. Hence, additionally provided in 
this invention are novel (non-naturally occurring) RVDs, dif 
fering from those found in nature, which are capable of rec 
ognizing nucleotide bases. Non-limiting examples of atypical 
or non-naturally occurring RVDs (amino acid sequences at 
positions 12 and 13 of the TALE monomer) include RVDs as 
shown in FIGS. 4A and 4.B. In another advantageous embodi 
ment, selection of RVDs may be made on the basis of their 
measured activity, specificity or affinity for a particular nucle 
otide (as described in Example 3). 
0030. Another advantageous embodiment of the invention 

is that in any of the compositions or methods described 
herein, the regulatory or functional domain may be selected 
from the group consisting of a transcriptional repressor, a 
transcriptional activator, a nuclease domain, a DNA methyl 
transferase, a protein acetyltransferase, a protein deacetylase, 
a protein methyltransferase, a protein deaminase, a protein 
kinase, and a protein phosphatase. In some aspects, the func 
tional domain is an epigenetic regulator. In plants, such a 
TALE fusion may be removed by out-crossing using standard 
techniques. 
0031. A further advantageous embodiment of the inven 
tion is that in any of the compositions or methods described 
herein, the DNA-binding polypeptide may be encoded by a 
nucleic acid operably linked to a promoter, wherein the meth 
ods of altering gene expression comprise the step of first 
administering the nucleic acid encoding the polypeptide to a 
cell. In preferred embodiments the promoter may be consti 
tutive, inducible or tissue-specific. The polypeptide of the 
invention may be expressed from an expression vector which 
include but are not limited a retroviral expression vector, an 
adenoviral expression vector, a lentiviral vector, a DNA plas 
mid expression vector and an AAV expression vector. 
0032. The present invention also provides DNA binding 
polypeptides with effector domains that may be constructed 
to specifically target nucleic acids associated with genes that 
encode for proteins which include but are not limited to 
transcription factors, proteins that may be involved with the 
transport of neurotransmitters, neurotransmitter synthases, 
synaptic proteins, plasticity proteins, presynaptic active Zone 
proteins, post synaptic density proteins, neurotransmitter 
receptors, epigenetic modifiers, neural fate specification fac 
tors, axon guidance molecules, ion channels, CpG binding 
proteins, proteins involved in ubiquitination, hormones, 
homeobox proteins, growth factors, oncogenes, and proto 
Oncogenes. 

0033 Nucleic acids associated with a gene may be 
upstream of oradjacent to, a transcription initiation site of the 
gene. Alternatively, the target site may be adjacent to an RNA 
polymerase pause site downstream of a transcription initia 
tion site of the endogenous cellular gene. In still further 
embodiments, certain DNA binding proteins, e.g., TALENs 
bind to a site within the coding sequence of a gene or in a 
non-coding sequence within or adjacent to the gene. Such as 
for example, a leader sequence, trailer sequence or intron, or 
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within a non-transcribed region, either upstream or down 
stream of the coding region. Hence in preferred embodi 
ments, polypeptides of the invention may be constructed to 
function as nucleases, activators or repressors to alter the 
expression of any of the genes which encode proteins that 
include but are not limited to those listed in the previous 
paragraph. 
0034. The present invention also provides compositions 
and methods for in vivo genomic manipulation. In certain 
embodiments, mRNAs encoding DNA binding proteins 
which may comprise one or more functional or regulatory 
protein domains may be injected into germ line cells or 
embryos for introducing specific double strand breaks as 
required. 
0035. In yet a further advantageous embodiment, provided 
herein are kits which may comprise the DNA binding proteins 
of the invention and the nucleic acid molecules encoding 
them. These kits may comprise plasmids, expression vectors 
and host cells of the invention and may be used to facilitate 
genomic manipulation by the user. In some instances, the kits 
are used for diagnostic purposes. 
0036. Accordingly, it is an object of the invention not to 
encompass within the invention any previously known prod 
uct, process of making the product, or method of using the 
product such that Applicants reserve the right and hereby 
disclose a disclaimer of any previously known product, pro 
cess, or method. It is further noted that the invention does not 
intend to encompass within the scope of the invention any 
product, process, or making of the product or method of using 
the product, which does not meet the written description and 
enablement requirements of the USPTO (35 U.S.C. S112, 
first paragraph) or the EPO (Article 83 of the EPC), such that 
Applicants reserve the right and hereby disclose a disclaimer 
of any previously described product, process of making the 
product, or method of using the product. 
0037. It is noted that in this disclosure and particularly in 
the claims and/or paragraphs, terms such as "comprises'. 
“comprised', 'comprising and the like can have the meaning 
attributed to them in U.S. patent law; e.g., they can mean 
“includes”, “included”, “including, and the like; and that 
terms such as "consisting essentially of and "consists essen 
tially of have the meaning ascribed to them in U.S. patent 
law, e.g., they allow for elements not explicitly recited, but 
exclude elements that are found in the prior art or that affect 
a basic or novel characteristic of the invention. 
0038. These and other embodiments are disclosed or are 
obvious from and encompassed by, the following Detailed 
Description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0039. The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro 
vided by the Office upon request and payment of the neces 
sary fee. 
0040. The following detailed description, given by way of 
example, but not intended to limit the invention solely to the 
specific embodiments described, may best be understood in 
conjunction with the accompanying drawings, in which: 
0041 FIG. 1 is a schematic of an exemplary dTALE-re 
pressor architecture. 
0042 FIG. 2 provides amino acid sequences (SEQ ID 
NOS 29-32, respectively, in order of appearance) of exem 
plary TALE repressors. 



US 2013/O 137174 A1 

0043 FIG.3 shows the design of a dTALE repeat variable 
diresidue (“RVD) screening system. FIG. 3 discloses SEQ 
ID NOS 56-59, respectively, in order of appearance. 
0044 FIG. 4A shows the base-preference of various RVDs 
as determined using a RVD screening system described 
herein. 
0045 FIG. 4B shows the base-preference of additional 
RVDs as determined using a RVD screening system 
described herein. 
0046 FIG.5 shows the G/Abase specificity of CACNA1C 
dTALEs containing one of four different RVDs. FIG. 5A 
discloses SEQ ID NOS 60 and 61, respectively, in order of 
appearance. 
0047 FIG. 5B discloses SEQID NO: 62. 
0048 FIG. 6A-F provides amino acid sequences (SEQID 
NOS 38-48, respectively, in order of appearance) of exem 
plary CACNA1C TALE activators and repressors. 
0049 FIG. 7 shows the relative level of endogenous tran 
scriptional activation or repression by TALE1-NN, TALE1 
NK and TALE1-NH. FIG. 7 discloses SEQ ID NO: 63. 
0050 FIG. 8 shows in (a) Natural structure of TALEs 
derived from Xanthomonas sp. Each DNA-binding module 
consists of 34 amino acids, where the RVDs in the 12th and 
13th amino acid positions of each repeat specify the DNA 
base being targeted according to the cipher NG-T HD-C, 
NI=A, and NN=G or A. The DNA-binding modules are 
flanked by nonrepetitive N and C termini, which carry the 
translocation, nuclear localization (NLS) and transcription 
activation (AD) domains. A cryptic signal within the N ter 
minus specifies a thymine as the first base of the target site. 
FIG. 8(a)discloses SEQID NOS 64-65, respectively, in order 
of appearance. (b) The TALE toolbox allows rapid and inex 
pensive construction of custom TALE-TFs and TALENs. The 
kit consists of 12 plasmids in total: four monomer plasmids to 
be used as templates for PCR amplification, four TALE-TF 
and four TALEN cloning backbones corresponding to four 
different bases targeted by the 0.5 repeat. CMV, cytomega 
lovirus promoter; N term, nonrepetitive N terminus from the 
Hax3 TALE: C term, nonrepetitive C terminus from the Hax3 
TALE: Bsal, type IIs restriction sites used for the insertion of 
custom TALE DNA-binding domains; ccdB+CmR, negative 
selection cassette containing the ccdB negative selection gene 
and chloramphenicol resistance gene; NLS, nuclear localiza 
tion signal; VP64, synthetic transcriptional activator derived 
from VP16 protein of herpes simplex virus; 2A, 2A self 
cleavage linker; EGFP, enhanced green fluorescent protein; 
polyA signal, polyadenylation signal; FokI, catalytic domain 
from the FokI endonuclease. (c) TALEs may be used to gen 
erate custom TALE-TFs and modulate the transcription of 
endogenous genes from the genome. The TALE DNA-bind 
ing domain is fused to the synthetic VP64 transcriptional 
activator, which recruits RNA polymerase and other factors 
needed to initiate transcription. (d) TALENs may be used to 
generate site-specific double-strand breaks to facilitate 
genome editing through nonhomologous repair or homology 
directed repair. Two TALENs target a pair of binding sites 
flanking a 16-bp spacer. The left and right TALENs recognize 
the top and bottom Strands of the target sites, respectively. 
Each TALE DNA-binding domain is fused to the catalytic 
domain of FokI endonuclease; when FokI dimerizes, it cuts 
the DNA in the region between the left and right TALEN 
binding sites. 
0051 FIG.9 shows a list of applications of custom TALEs 
on endogenous genome targets. 
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0052 FIG. 10 shows the timeline for the construction of 
TALE-TFs and TALENs. Steps for the construction and func 
tional testing of TALE-TFs and TALENs are outlined. TALEs 
may be constructed and sequence verified in 5 d following a 
series of ligation and amplification steps. During the con 
struction phase, samples may be stored at -20°C. at the end 
of each step and continued at a later date. After TALE con 
struction, functional validation via qRT-PCR (for TALE-TFs) 
and Surveyor nuclease assay (for TALENs) may be com 
pleted in 2-3 d. 
0053 FIG. 11A-I shows a listing of sequences (SEQ ID 
NOS 66-77, respectively, in order of appearance) that are 
codon optimized for expression in human cells. 
0054 FIG. 12A-B shows a schematic of the construction 
process for a custom TALE containing an 18-mer tandem 
repeat DNA-binding domain. Stage 1: Specific primers are 
used to amplify each monomer and add the appropriate liga 
tion adaptors (Procedure Steps 1-9). Stage 2: hexameric tan 
dem repeats (1-6, 7-12 and 13-18) are assembled first using 
Golden gate digestion-ligation. The 5' ends of monomers 1.7 
and 13 and the 3' ends of monomers 6, 12 and 18 are designed 
so that each tandem hexamer assembles into an intact circle 
(Procedure Steps 10-15). Stage 3: the Golden Gate reaction is 
treated with an exonuclease to remove all linear DNA, leaving 
only the properly assembled tandem hexamer (Procedure 
Steps 16 and 17). Stage 4: each tandem hexamer is amplified 
individually using PCR and purified (Procedure Steps 18-25). 
Stage 5: tandem hexamers corresponding to 1-6, 7-12 and 
13-18 are ligated into the appropriate TALE-TF or TALEN 
cloning backbone using Golden Gate cut-ligation (Procedure 
Steps 26-28). Stage 6: the assembled TALE-TFor TALEN is 
transformed into competent cells, and Successful clones are 
isolated and sequence verified (Procedure Steps 29-38). 
0055 FIG. 13 shows a PCR plate setup used to generate a 
plate of monomers for constructing custom 18-mer TALE 
DNA-binding domains. One 96-well plate may be used to 
carry out 72 reactions (18 for each monomer template). The 
position of each monomer and the primers used for the posi 
tion is indicated in the well. Color coding in the well indicates 
the monomerused as the PCR template. Typically, two to four 
plates of 100-ul PCRs are pooled together and purified to 
generate a monomer library of sufficient quantity for produc 
tion of many TALEs. During TALE construction, the corre 
sponding monomer for each DNA base in the 18-bp target 
sequence may be easily picked from the plate. 
0056 FIG. 14 shows a protocol to build TALEs that target 
DNA sequences of different lengths. 
0057 FIG. 15 shows a listing of primer sequences (SEQ 
ID NOS 78-101, respectively, in order of appearance) for 
TALE construction. 
0058 FIG. 16 shows gel results from the TALE construc 
tion process explained in Example 1 (a) Lanes 1-6: products 
from the monomer PCR (Stage 1 in FIG. 12) after purification 
and gel normalization (Procedure Steps 8 and 9). The molar 
concentrations of samples shown on this gel were normalized 
so that equal moles of monomers are mixed for downstream 
steps. Monomers 1 and 6 are slightly longer than monomers 
2-5 because of the addition of sequences used for circulariza 
tion. Lane 7: result of the hexamer Golden Gate cut-ligation 
(Procedure Step 15). A series of bands with size ~700 bp and 
lower may be seen. Successful hexamer Golden Gate assem 
bly should show aband -700 bp (as indicated by arrow). Lane 
8: hexamer assembly after PlasmidSafe exonuclease treat 
ment (Procedure Step 17). Typically, the amount of circular 



US 2013/O 137174 A1 

DNA remaining is difficult to visualize by gel. Lane 9: result 
of hexamer amplification (Procedure Step 20). A band of 
~700 bp should be clearly visible. The hexamer gel band 
should be gel purified to remove shorter DNA fragments. (b) 
Properly assembled TALE-TFs and TALENs may be verified 
using bacterial colony PCR (2,175-bp band, lane 1: Proce 
dure Step 35) and restriction digestion with Afel (2,118-bp 
band for correctly assembled 18-mer in either backbone; 
other bands for TALE-TF are 165, 3,435, 3,544 bp; other 
bands for TALEN are 165, 2,803, 3.236 bp; the digest shown 
is for TALE-TF backbone vector, lane 2, see Procedure Step 
35). 
0059 FIG. 17 shows TALE-TF and TALEN activity in 
293FT cells. (a) This schematic shows a pair of TALENs 
designed to target the AAVS1 locus in the human genome. 
The TALENs target a pair of binding sites flanking a 16-bp 
spacer. The left and right TALENs recognize the top and 
bottom Strands of the target sites, respectively, and each rec 
ognition site begins with a T. The nucleotide sequences (SEQ 
ID NOS 102-103, respectively, in order of appearance) of the 
target sites are shown, with the corresponding TALEN RVD 
specifying the DNA base being targeted shown above. Each 
TALE DNA-binding domain is fused to the catalytic domain 
of FokI endonuclease; when FokI dimerizes, it cuts the DNA 
in the region between the left and right TALEN-binding sites. 
(b) Schematic of the Surveyor nuclease assay used to deter 
mine TALEN cleavage efficiency. First, genomic PCR 
(gPCR) is used to amplify the TALEN target region from a 
heterogeneous population of TALEN-modified and TALEN 
unmodified cells, and the gPCR products are reannealed 
slowly to generate heteroduplexes. The reannealed heterodu 
plexes are cleaved by Surveyor nuclease, whereas homodu 
plexes are left intact. TALEN cleavage efficiency is calculated 
based on the fraction of cleaved DNA. (c) Gel showing the 
Surveyor nuclease result from the AAVS1 TALEN pair. Lanes 
1-4: controls from un-transfected (NT) cells and cells trans 
fected with a plasmid carrying GFP (Mock), AAVS1 left 
TALEN only (L), and AAVS1 right TALEN only (R). Lanes 
5-7: cells transfected with AAVS1 left and right TALENs 
(L+R) for 24, 48 and 72 h. The two lower bands indicated by 
the arrows are Surveyor-cleaved DNA products. (d) This 
schematic shows a TALE-TF designed to target the SOX2 
locus in the human genome. The SOX2 TALE-TF recognizes 
the sense strand of the SOX2 proximal promoter, and the 
recognition site begins with T. The nucleotide sequence (SEQ 
ID NO: 104) of the target site is shown, with the correspond 
ing TALEN repeat variable diresidue (RVD) specifying each 
DNA base being targeted shown above. The TALE DNA 
binding domain is fused to the synthetic VP64 transcriptional 
activator, which recruits RNA polymerase and other factors 
needed to initiate transcription. (e) 293FT cells transfected 
with the SOX2 TALE-TF exhibited a five-fold increase in the 
amount of SOX2 mRNA compared with mock-transfected 
cells. Error bars indicates.e.m. n=3. *** indicates PK0.005. 
Panel e was modified with permission from ref3. 
0060 FIG. 18A-B shows a schematic for the identification 
of an optimal guanine-specific repeat variable diresidue 
(RVD). (a) Design of the TALERVD screening system. Each 
RVD screening TALE (RVD-TALE) contains 12.5 repeats 
with RVDs 5 and 6 substituted with the 23 naturally occurring 
RVDs, and is fused to a Gaussia luciferase gene via a 2A 
peptide linker. The truncations used for the TALE is marked 
at the N- and C-termini with numbers of amino acids retained 
(top). Four different base-specific reporters with A, T, G, and 
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C substituted in the 6th and 7th nucleotides of the binding site 
are used to determine the base-specificity of each RVD 
(middle). Each reporter is constructed by placing the TALE 
binding site upstream of a minimal CMV promoter driving 
Cypridina luciferase (bottom). FIG. 18(a) discloses SEQID 
NOS 56-59, respectively, in order of appearance. (b) Base 
preference of each natural RVD (top) is determined by mea 
suring the levels of relative luminescence unit (RLU) for each 
base-specific reporter after background Subtraction and nor 
malization based on TALE protein expression level (top). 
RVDs were clustered according to their base-preference after 
performing one-way analysis of variance (ANOVA) tests on 
each RVD. For RVDs with a single statistically significant 
reporter activity (p<0.05, one-way ANOVA), the reporter 
activity of the preferred base was plotted above the x axis, 
whereas the reporter activities for the non-preferred bases are 
shown below the x-axis as negative. RVDs were clustered and 
ranked without a single preferred base according to their total 
activity level. The abundance of each RVD in natural TALE 
sequences, as determined using all available Xanthomonas 
TALE sequences in GenBank, is plotted on a log scale (bot 
tom). All bases in the TALE binding site are color-coded 
(green for A, red for T, orange for G, and blue for C). NLS, 
nuclear localization signal; VP64, VP64 viral activation 
domain, 2A, 2A peptide linker, Gluc, Gaussia luciferase 
gene; minCMV, minimal CMV promoter; Cluc, Cypridina 
luciferase gene; polyA signal, poly-adenylation signal. All 
results are collected from three independent experiments in 
HEK 293FT cells. Error bars indicates.e.m.; n=3. 
0061 FIG. 19A-D shows the characterization of guanine 
specific repeat-variable diresidues (RVDs). (a) specificity and 
activity of different Guanine-targeting RVDs. Schematic 
showing the selection of two TALE binding sites within the 
CACNA1C locus of the human genome. The TALERVDs are 
shown above the binding site sequences and yellow rect 
angles indicate positions of G-targeting RVDs (left). Four 
different TALEs using NN, NK, NH, and HN as the putative 
G-targeting RVD were synthesized for each target site. The 
specificity for each putative G-targeting RVD is assessed 
using luciferase reporter assay, by measuring the levels of 
reporter activation of the wild-type TALE binding site and 
mutant binding sites, with either 2, 4, or all guanines Substi 
tuted by adenine. The mutated guanines and adenines are 
highlighted with orange and green, respectively. FIG. 190a) 
discloses SEQID NOS 63, 105-106, 60, 62, 107-108 and 61, 
respectively, in order of appearance. (b) Endogenous tran 
Scriptional modulation using TALEs containing putative 
G-specific RVDs. TALEs using NN, NK, NH, and HN as the 
G-targeting RVD were synthesized to target two distinct 18 
bp target sites in the human CACNA1C locus. Changes in 
mRNA are measured using qRT-PCR as described previ 
ously. VP64, VP64 transcription activation domain. All 
results are collected from three independent experiments in 
HEK293FT cells. Error bars indicates.e.m.; n=3. FIG. 19(b) 
discloses SEQ ID NOS 63 and 62, respectively, in order of 
appearance. 

0062 FIG. 20 shows the computational analysis of TALE 
RVD Specificity. Extensive free energy perturbation (FEP) 
calculations were performed for the relative binding affinities 
between the TALE and its bound DNA. Images show the 
three-dimensional configuration and results of the free energy 
calculation for NN:G (a) and NH:G (b) interactions from one 
repeat in the TALE-DNA complex. The second amino acid of 
the guanine-recognizing RVD (i.e., asparagine for RVD NN 
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and histidine for RVD NH) and the guanine base of the bound 
double-stranded DNA are presented in space filling model 
and labeled. The free energy calculation results are listed 
below their corresponding structures. 
0063 FIG. 21 shows the development of a TALE tran 
scriptional repressor architecture. (a) Design of SOX2 TALE 
for TALE repressor Screening. A TALE targeting a 14 bp 
sequence (SEQ ID NO: 104) within the SOX2 locus of the 
human genome was synthesized. (b) List of all repressors 
screened and their host origin (left). Eight different candidate 
repressor domains were fused to the C-term of the SOX2 
TALE. (c) The fold decrease of endogenous SOX2 mRNA is 
measured using qRTPCR by dividing the SOX2 mRNA levels 
in mock transfected cells by SOX2 mRNA levels in cells 
transfected with each candidate TALE repressor. (d) Tran 
scriptional repression of endogenous CACNA1C. TALEs 
using NN, NK, and NH as the G-targeting RVD were con 
structed to target a 18 bp target site (SEQID NO: 63) within 
the human CACNA1C locus (site 1 in FIG. 19). Each TALE 
is fused to the SID repression domain. NLS, nuclear local 
ization signal; KRAB, Krüppel-associated box: SID, mSin 
interaction domain. All results are collected from three inde 
pendent experiments in HEK293FT cells. Error bars indicate 
s.e.m.; n=3. * p-0.05, Student's t test. 
0064 FIG.22 shows the optimization of TALE transcrip 
tional repressor architecture using SID and SID4X. (a) 
Design of p11 TALE for testing of TALE repressor architec 
ture. ATALE targeting a 20 bp sequence (SEQID NO: 109) 
(p11 TALE binding site) within the p11 (S100a10) locus of the 
mouse (Mus musculus) genome was synthesized. (b) Tran 
Scriptional repression of endogenous mouse p11 mRNA. 
TALEs targeting the mouse p 11 locus harboring two different 
truncations of the wild type TALE architecture were fused to 
different repressor domains as indicated on the X-axis. The 
value in the bracket indicate the number of amino acids at the 
N- and C-termini of the TALE DNA binding domain flanking 
the DNA binding repeats, followed by the repressor domain 
used in the construct. The endogenous p11 mRNA levels were 
measured using qRT-PCR and normalized to the level in the 
negative control cells transfected with a GFP-encoding con 
struct. (c) Fold of transcriptional repression of endogenous 
mouse p11. The fold decrease of endogenous p11 mRNA is 
measured using qRT-PCR through dividing the p11 mRNA 
levels in cells transfected with a negative control GFP con 
struct by p11 mRNA levels in cells transfected with each 
candidate TALE repressors. The labeling of the constructs 
along the X-axis is the same as previous panel. NLS, nuclear 
localization signal; SID, mSin interaction domain; SID4X, an 
optimized four-time tandem repeats of SID domain linked by 
short peptide linkers. All results are collected from three 
independent experiments in Neuro2A cells. Error bars indi 
cates.e.m.; n=3. **p<0.001, Student's t test. 
0065 FIG. 23 shows a comparison of two different types 
of TALE architecture. 

0066 FIG. 24A-F shows a table listing monomer 
sequences (SEQ ID NOS 110-340, respectively, in order of 
appearance) (excluding the RVDs at positions 12 and 13) and 
the frequency with which monomers having a particular 
Sequence Occur. 

0067 FIG. 25 shows the comparison of the effect of non 
RVD amino acid on TALEactivity. FIG. 25 discloses SEQID 
NOS 111, 110, 117, 114, 140, 341, 110, 115, 230, 342, 147 
and 343, respectively, in order of appearance. 
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0068 FIG. 26 shows an activator screen comparing levels 
of activation between VP64, p.65 and VP16. 
0069 FIG. 27 shows (a) a customized TALE recognizing 
a designed sequence (SEQ ID NO: 65) wherein the grey 
portions indicate the TALE N-term (NH2) and C-term 
(COOH), the blue portions indicate the DNA binding domain 
consisting of the 34 amino acid repeats which bear the RVDs 
for DNA base recognition and where amino acid positions 12 
and 13 specify the DNA-binding code; (b) a TALE recombi 
nase (TALER) in which a TALE targeting the designated 
sequence is fused to the recombinase. FIG. 27(b) discloses 
SEQID NO:391. 
(0070 FIG. 28 shows the construction of designer TALEs 
and functional testing in mammalian cells. (a) Designer 
TALEs may be constructed using hierarchical ligation meth 
ods (Zhanget al., Nat. Biotech 2011). (b) Design of a reporter 
system for testing the activity of designer TALEs in mamma 
lian cells. A TALE is fused to a transcriptional activator 
(VP64) and the reporter construct has the TALE binding site 
positioned before a minimal CMV promoter. (c) Co-transfec 
tion of the designer TALE and its corresponding reporter led 
to mCherry expression, whereas transfection of the reporter 
alone did not lead to mCherry expression. FIG. 28(b) dis 
closes SEQID NO:391. 
(0071 FIG. 29 shows a TALER and the TALER delivery 
system. (a) ATALER wherein the orange portion indicates a 
truncated version of Gin recombinase retaining only the cata 
lytic domain, the grey portions indicate the TALE N-term 
(NH2) and C-term (COOH), the purple portion indicates the 
nuclear localization signal (NLS) and the deeper grey portion 
indicates the 2A peptide linker (FIG. 29(a) discloses SEQID 
NO: 391) (b) Schematic representation of a Recombinase 
TALE fusion construct and a schematic of the delivery sys 
tem. The recombinase provides the catalytic function while 
the designer TALEdomain provides the DNA targeting speci 
ficity. Rather than delivering the TALER genes, a lentivirus is 
engineered to package the TALER enzymes. The viral RNA 
encodes the genetic sequence that TALER inserts into the 
target genome. 
(0072 FIG.30 shows a TALER testing system in which the 
CMV segment indicates the CMV promoter, the Neo-3xPA 
segment indicates a neomycin cassette with triple (3x) poly 
adenylation signal and the Gin Site indicates the core 
sequences of Gin-DNA interactions. FIG. 30 discloses SEQ 
ID NOS 391 and 392, respectively, in order of appearance. 
0073 FIG. 31 shows the mechanism of the TALER 
reporter system. After the TALER successfully carries out the 
recombination reaction, the 3xPA cassette is removed, allow 
ing expression of the Cluc reporter gene. (Cluc: Cypridina 
luciferase reporter gene). 
(0074 FIG. 32 shows the TALER red fluorescent report 
system. FIG.32 discloses SEQID NOS 391 and 392, respec 
tively, in order of appearance. 
(0075 FIG.33 shows fluorescent images of TALER testing 
using a red fluorescent (mCherry) reporter. R3 and R5 are 
reporters with different spacer lengths as specified in the 
brackets. 
0076 FIG. 34 shows three different truncations used in 
TALER design. 
(0077 FIG. 35 shows a graphical representation of the 
testing of the TALER system in terms of TALER activity. 
(0078 FIG.36 shows a graphical representation of TALER 
tests depicting data at different time points (48 h and 72 h) 
using TALREN 1. 
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0079 FIG. 37 shows a graphical representation of the 
testing of the TALER system utilizing a novel core site. The 
data depicts TAL-recombinase activity for the LoxP site. 

DETAILED DESCRIPTION 

0080 Provided herein are non-naturally occurring or engi 
neered or isolated compositions which may comprise non 
naturally occurring or engineered or isolated or recombinant 
polypeptides that bind specific nucleic acid sequences to 
manipulate a mammalian genomic locus. Manipulation may 
encompass (a) changes in the level of gene expression: gene 
expression may be repressed or activated or, (b) the genome 
may be altered: this may be done by homologous recombi 
nation after nuclease cleavage (e.g., by using the cell's own 
repair mechanism) whereby small insertions and deletions 
may be introduced into a specific genomic location to inacti 
vate a gene, activate it or give it a new function. Also provided 
herein are the nucleic acids that encode these polypeptides, 
wherein the nucleic acid molecules are codon optimized to 
ensure that the polypeptides bind specifically to mammalian 
DNA. 
0081. The present invention provides for a methodofalter 
ing expression of a mammalian genomic locus of interest, 
which may comprise contacting the genomic locus with a 
non-naturally occurring or engineered composition which 
may comprise a DNA binding polypeptide which may com 
prise a N-terminal capping region, a DNA binding domain 
which may comprise at least one or more TALE monomers or 
half-monomers specifically ordered to target the genomic 
locus of interest and a C-terminal capping region, wherein 
these three parts of the polypeptide are arranged in a prede 
termined N-terminus to C-terminus orientation and wherein 
the polypeptide includes at least one or more regulatory or 
functional protein domains. In an advantageous embodiment 
of the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to mammalian DNA. 
0082. The term “nucleic acid' or “nucleic acid molecule' 
or “nucleic acid sequence' or “polynucleotide' refer to deox 
yribonucleic or ribonucleic oligonucleotides in either single 
or double-stranded form. The term encompasses oligonucle 
otides containing known analogues of natural nucleotides. 
The term also encompasses nucleic-acid-like structures with 
synthetic backbones, see, e.g., Eckstein, 1991; Baserga et al., 
1992; Milligan, 1993: WO97/03211; WO 96/3915.4; Mata, 
1997; Strauss-Soukup, 1997; and Samstag, 1996. Hence the 
term encompasses both ribonucleic acid (RNA) and DNA, 
including cDNA, genomic DNA, synthetic (e.g., chemically 
synthesized) DNA, and DNA (or RNA) containing nucleic 
acid analogs. An advantageous embodiment of the invention 
is the nucleic acid being DNA. 
I0083. As used herein the term “wild type' is a term of the 
art understood by skilled persons and means the typical form 
of an organism, strain, gene or characteristic as it occurs in 
nature as distinguished from mutant or variant forms. Thus, in 
the present context, the wild type TALEs refer to naturally 
occurring TALEs. 
0084 As used herein the term “variant” should be taken to 
mean the exhibition of qualities that have a pattern that devi 
ates from what occurs in nature. As used with particular 
regards to TALE monomers or half monomers, variant TALE 
monomers are those that may be derived from natural or wild 
type TALE monomers and that have altered amino acids at 
positions usually highly conserved in nature and in particular 
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have a combination of amino acids as RVDs that do not occur 
in nature and which may recognize a nucleotide with a higher 
activity, specificity and affinity than a naturally occurring 
RVD. For example, the RVD NI has an accepted specificity 
for adenine in nature, however Applicants have shown that the 
RVD RI, which is not a naturally occurring RVD, may have a 
greater specificity for adenine than NI. Generally, variants 
may include deletions, insertions and Substitutions at the 
amino acid level and transversions, transitions and inversions 
at the nucleic acid level among other things, at one or more 
locations. Variants also include truncations. Variants include 
homologous and functional derivatives of parent molecules. 
Variants include sequences that are complementary to 
sequences that are capable of hybridizing to the nucleotide 
sequences presented herein. 
I0085. As used herein, the term “designer TAL Effectors” 
(dTALEs) refers to isolated or non-naturally occurring TALE 
polypeptides that may be constructed or engineered de novo 
or via the translation of isolated or non-naturally occurring 
nucleic acids that encode TALE polypeptides. In advanta 
geous embodiments, the DNA binding domain of the dTALE 
or the polypeptides of the invention may have at least 5 of 
more TALE monomers and at least one or more half-mono 
mers specifically ordered or arranged to target a genomic 
locus of interest. The construction and generation of dTALEs 
or polypeptides of the invention may involve any of the meth 
ods described herein (e.g., see Example 2). 
I0086. The terms “isolated” or “purified” or “non-naturally 
occurring” or “engineered” are used interchangeably and 
indicate the involvement of the hand of man. The terms, when 
referring to nucleic acid molecules or polypeptides mean that 
the nucleic acid molecule or the polypeptide is at least Sub 
stantially free from at least one other component with which 
they are naturally associated in nature and as found in nature. 
With respect to a polypeptide the terms means that the 
polypeptide is separated to Some extent from the cellular 
components with which it is normally found in nature (e.g., 
other polypeptides, lipids, carbohydrates, and nucleic acids). 
A purified polypeptide may yield a single major band on a 
non-reducing polyacrylamide gel. A purified polypeptide 
may be at least about 75% pure (e.g., at least 80%, 85%, 90%, 
95%, 97%, 98%, 99%, or 100% pure). Purified polypeptides 
may be obtained by, for example, extraction from a natural 
Source, de novo by chemical synthesis, or by recombinant 
production in a host cell or transgenic plant, and may be 
purified using, for example, affinity chromatography, immu 
noprecipitation, size exclusion chromatography, and ion 
exchange chromatography. The extent of purification may be 
measured using any appropriate method, including, without 
limitation, column chromatography, polyacrylamide gel 
electrophoresis, or high-performance liquid chromatography. 
With respect to nucleic acids for example, a DNA molecule 
may be deemed to be isolated when one of the nucleic acid 
sequences normally found immediately flanking that DNA 
molecule in a naturally occurring genome is removed or 
absent. Thus, an isolated nucleic acid includes, without limi 
tation, a DNA molecule that exists as a separate molecule 
(e.g., a chemically synthesized nucleic acid, or a cDNA or 
genomic DNA fragment produced by PCR or restriction 
endonuclease treatment) independent of other sequences, as 
well as DNA that is incorporated into a vector, an autono 
mously replicating plasmid, a virus (e.g., a pararetrovirus, a 
retrovirus, lentivirus, adenovirus, or herpes virus), or the 
genomic DNA of a prokaryote or eukaryote. In addition, an 
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isolated nucleic acid may include a recombinant nucleic acid 
such as a DNA molecule that is part of a hybrid or fusion 
nucleic acid. 

0087 Hence in preferred embodiments of the present 
invention, the dTALEs or polypeptides of the invention are 
isolated. As used herein, an "isolated polypeptide is Substan 
tially free of cellular material. The language “substantially 
free of cellular material includes preparations of dTALE 
polypeptide in which the polypeptide is separated from cel 
lular components of the cells in which it is produced. For 
example, an isolated dTALE polypeptide may have less than 
30% (by dry weight) of non-dTALE polypeptide, less than 
about 20% of non-dTALE polypeptide, less than about 10% 
of non-dTALE polypeptide, or less than about 5% non 
dTALE polypeptide. 
0088 dTALE polypeptides may be produced by recombi 
nant DNA techniques, as opposed to chemical synthesis. For 
example, a nucleic acid molecule encoding the protein is 
cloned into an expression vector, the expression vector is 
introduced into a host cell and the dTALE polypeptide is 
expressed in the host cell. The dTALE polypeptide may then 
be isolated from the cells by an appropriate purification 
scheme using standard protein purification techniques. As 
used herein, “recombinant” refers to a polynucleotide synthe 
sized or otherwise manipulated in vitro (e.g., “recombinant 
polynucleotide'), to methods of using recombinant poly 
nucleotides to produce gene products in cells or other bio 
logical systems, or to a polypeptide (“recombinant protein or 
polypeptide') encoded by a recombinant polynucleotide. 
“Recombinant means” or “recombination' encompasses the 
ligation of nucleic acids having various coding regions or 
domains or promoter sequences from different sources into 
an expression cassette or vector for expression of, e.g., induc 
ible or constitutive expression of polypeptide coding 
sequences in the vectors of invention. 
0089. As used herein, the term “genomic locus” or “locus’ 
(plural loci) is the specific location of a gene or DNA 
sequence on a chromosome. A "gene' refers to stretches of 
DNA or RNA that encode a polypeptide oran RNA chain that 
has functional role to play in an organism and hence is the 
molecular unit of heredity in living organisms. For the pur 
pose of this invention it may be considered that genes include 
regions which regulate the production of the gene product, 
whether or not such regulatory sequences are adjacent to 
coding and/or transcribed sequences. Accordingly, a gene 
includes, but is not necessarily limited to, promoter 
sequences, terminators, translational regulatory sequences 
Such as ribosome binding sites and internal ribosome entry 
sites, enhancers, silencers, insulators, boundary elements, 
replication origins, matrix attachment sites and locus control 
regions. 
0090. As used herein, “expression of a genomic locus” or 
“gene expression is the process by which information from 
a gene is used in the synthesis of a functional gene product. 
The products of gene expression are often proteins, but in 
non-protein coding genes such as rRNA genes or tRNA 
genes, the product is functional RNA. The process of gene 
expression is used by all known life—eukaryotes (including 
multicellular organisms), prokaryotes (bacteria and archaea) 
and viruses to generate functional products to Survive. As 
used herein “expression of a gene or nucleic acid encom 
passes not only cellular gene expression, but also the tran 
Scription and translation of nucleic acid(s) in cloning systems 
and in any other context. 

May 30, 2013 

0091. As used herein, the term “domain” or “protein 
domain refers to a part of a protein sequence that may exist 
and function independently of the rest of the protein chain. 
0092. The present invention provides for a DNA binding 
polypeptide. In an advantageous embodiment of the inven 
tion, provided herein are designer transcription activator 
receptors (dTALEs), which is a term used to describe isolated, 
non-naturally occurring, recombinant or engineered DNA 
binding proteins that comprise Transcription activator-like 
receptor (TALE) monomers or variant TALE monomers or 
half monomers as a part of their organizational structure that 
enable the targeting of nucleic acid sequences with improved 
efficiency and expanded specificity. 
(0093 Naturally occurring TALEs or “wild type TALEs” 
are nucleic acid binding proteins secreted by numerous spe 
cies of proteobacteria. TALEs contain a nucleic acid binding 
domain composed of tandem repeats of highly conserved 
monomer polypeptides that are predominantly 33, 34 or 35 
amino acids in length and that differ from each other mainly 
in amino acid positions 12 and 13. In advantageous embodi 
ments the nucleic acid is DNA. As used herein, the term 
"polypeptide monomers”, “TALE monomers' or “mono 
mers’ may be used to refer to the highly conserved repetitive 
polypeptide sequences within the TALE nucleic acid binding 
domain and the term “repeat variable di-residues” or “RVD 
may be used to refer to the highly variable amino acids at 
positions 12 and 13 of the polypeptide monomers. A general 
representation of a TALE monomer which is comprised 
Within the DNA binding domain is X-1-(XX)—X 
or 34 or 35, where the Subscript indicates the amino acid posi 
tion and X represents any amino acid. XX indicate the 
RVDs. In some polypeptide monomers, the variable amino 
acid at position 13 is missing or absent and in Such monomers, 
the RVD consists of a single amino acid. In Such cases the 
RVD may be alternatively represented as X*, where X repre 
sents X and (*) indicates that X is absent. The DNA 
binding domain may comprise several repeats of TALE 
monomers and this may be represented as (X-(XX)— 
X4ss sass), where in an advantageous embodiment, Zis 
at least 5 to 40. In a further advantageous embodiment, Z is at 
least 10 to 26. 

0094. The TALE monomers have a nucleotide binding 
affinity that is determined by the identity of the amino acids in 
its RVD. For example, polypeptide monomers with an RVD 
of NI preferentially bind to adenine (A), monomers with an 
RVD of NG preferentially bind to thymine (T), monomers 
with an RVD of HD preferentially bind to cytosine (C) and 
monomers with an RVD of NN preferentially bind to both 
adenine (A) and guanine (G). In yet another embodiment of 
the invention, monomers with an RVD of IG preferentially 
bind to T. Thus, the number and order of the polypeptide 
monomer repeats in the nucleic acid binding domain of a 
TALE determines its nucleic acid target specificity. In still 
further embodiments of the invention, monomers with an 
RVD of NS recognize all four base pairs and may bind to A, 
T. G or C. The structure and function of TALEs is further 
described in, for example, Moscou et al., Science 326:1501 
(2009); Boch et al., Science 326:1509-1512 (2009); and 
Zhang et al., Nature Biotechnology 29:149-153 (2011), each 
of which is incorporated by reference in its entirety. 
(0095 dTALEs or the polypeptides of the invention are 
isolated, non-naturally occurring, recombinant or engineered 
nucleic acid-binding proteins that have nucleic acid or DNA 
binding regions containing polypeptide monomer repeats that 
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are designed to target specific nucleic acid sequences. Previ 
ously described dTALEs, such as those in Zhanget al., Nature 
Biotechnology 29:149-153 (2011), used polypeptide mono 
mers having an RVD of NN to target guanine However, such 
dTALEs had incomplete target specificity because Such 
monomers are able to bind both adenine and guanine with 
comparable affinity. Furthermore, the small number of RVD 
sequences with known binding specificity made it difficult, if 
not impossible, to design dTALEs that recognized a reper 
toire of degenerative nucleotide sequences with high effi 
ciency. 

0096. As described herein, polypeptide monomers having 
an RVD of HN or NH preferentially bind to guanine and 
thereby allow the generation of dTALEs with high binding 
specificity for guanine containing target nucleic acid 
sequences. In a preferred embodiment of the invention, 
polypeptide monomers having RVDs RN, NN, NK, SN, NH, 
KN, HN, NQ, HH, RG, KH, RH and SS preferentially bind to 
guanine. In a much more advantageous embodiment of the 
invention, polypeptide monomers having RVDs RN, NK, 
NQ, HH, KH, RH, SS and SN preferentially bind to guanine 
and thereby allow the generation of dTALEs with high bind 
ing specificity for guanine containing target nucleic acid 
sequences. In an even more advantageous embodiment of the 
invention, polypeptide monomers having RVDs HH, KH, 
NH, NK, NQ, RH, RN and SS preferentially bind to guanine 
and thereby allow the generation of dTALEs with high bind 
ing specificity for guanine containing target nucleic acid 
sequences. In a further advantageous embodiment, the RVDs 
that have high binding specificity for guanine are RN, NHRH 
and KH. Furthermore, polypeptide monomers having an 
RVD of NV preferentially bind to adenine and guanine as do 
monomers having the RVD HN. Monomers having an RVD 
of NC preferentially bind to adenine, guanine and cytosine, 
and monomers having an RVD of S (or S*), bind to adenine, 
guanine, cytosine and thymine with comparable affinity. In 
more preferred embodiments of the invention, monomers 
having RVDs of H*, HA, KA, N*, NA, NC, NS, RA, and S* 
bind to adenine, guanine, cytosine and thymine with compa 
rable affinity. Such polypeptide monomers allow for the gen 
eration of degenerative dTALEs able to bind to a repertoire of 
related, but not identical, target nucleic acid sequences. 
0097. Provided herein are dTALE polypeptides having a 
nucleic acid binding domain containing polypeptide mono 
mers arranged in a predetermined N-terminus to C-terminus 
order Such that each polypeptide monomer binds to a nucle 
otide of a predetermined target nucleic acid sequence and 
where at least one of the polypeptide monomers has an RVD 
of HN or NH and preferentially binds to guanine, an RVD of 
NV and preferentially binds to adenine and guanine, an RVD 
of NC and preferentially binds to adenine, guanine and 
cytosine or an RVD of S and binds to adenine, guanine, 
cytosine and thymine. 
0098. In some embodiments, each polypeptide monomer 
of the nucleic acid binding domain that binds to adenine has 
an RVD of NI, NN, NV, NC or S. In certain embodiments, 
each polypeptide monomer of the nucleic acid binding 
domain that binds to guanine has an RVD of HN, NH, NN, 
NV. NC or S. In certain embodiments, each polypeptide 
monomer of the nucleic acid binding domain that binds to 
cytosine has an RVD of HD, NC or S. In some embodiments, 
each polypeptide monomer that binds to thymine has an RVD 
of NG or S. 
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0099. In some embodiments, each polypeptide monomer 
of the nucleic acid binding domain that binds to adenine has 
an RVD of NI. In certain embodiments, each polypeptide 
monomer of the nucleic acid binding domain that binds to 
guanine has an RVD of HN or NH. In certain embodiments, 
each polypeptide monomer of the nucleic acid binding 
domain that binds to cytosine has an RVD of HD. In some 
embodiments, each polypeptide monomer that binds to thym 
ine has an RVD of NG. 

0100. In even more advantageous embodiments of the 
invention the RVDs that have a specificity for adenine are NI, 
RI, KI, HI, and SI. In more preferred embodiments of the 
invention, the RVDs that have a specificity for adenine are 
HN, SI and RI, most preferably the RVD for adenine speci 
ficity is SI. In even more preferred embodiments of the inven 
tion the RVDs that have a specificity for thymine are NG, HG, 
RG and KG. In further advantageous embodiments of the 
invention, the RVDs that have a specificity for thymine are 
KG, HG and RG, most preferably the RVD for thymine 
specificity is KG or RG. In even more preferred embodiments 
of the invention the RVDs that have a specificity for cytosine 
are HD, ND, KD, RD, HH, YG and SD. In a further advan 
tageous embodiment of the invention, the RVDs that have a 
specificity for cytosine are SD and RD. Refer to FIG. 4B for 
representative RVDs and the nucleotides they target to be 
incorporated into the most preferred embodiments of the 
invention. In a further advantageous embodiment the variant 
TALE monomers may comprise any of the RVDs that exhibit 
specificity for a nucleotide as depicted in FIG. 4A. All such 
TALE monomers allow for the generation of degenerative 
dTALEs able to bind to a repertoire of related, but not iden 
tical, target nucleic acid sequences. In other embodiments of 
the invention, the RVD SH may have a specificity for G, the 
RVD IS may have a specificity for A and the RVD IG may 
have a specificity for T. In still further embodiments of the 
invention, the RVD NT may bind to G and A. In yet further 
embodiments of the invention, the RVD NP may bind to A.T 
and C. In more advantageous embodiments of the invention, 
at least one selected RVD may be NI, HD, NG, NN, KN, RN, 
NH, NO, SS, SN, NK, KH, RH, HH, KI, HI, RI, SI, KG, HG, 
RG, SD, ND, KD, RD, YG, HN, NV, NS, HA, S*, N*, KA, 
H*, RA, NA or NC. 
0101 The predetermined N-terminal to C-terminal order 
of the one or more polypeptide monomers of the nucleic acid 
or DNA binding domain determines the corresponding pre 
determined target nucleic acid sequence to which the dTALE 
or polypeptides of the invention may bind. As used herein the 
monomers and at least one or more half monomers are “spe 
cifically ordered to target the genomic locus or gene of 
interest. In plant genomes, the natural TALE-binding sites 
always begin with a thymine (T), which may be specified by 
a cryptic signal within the non-repetitive N-terminus of the 
TALE polypeptide; in Some cases this region may be referred 
to as repeat 0. In animal genomes, TALE binding sites do not 
necessarily have to begin with a thymine (T) and polypeptides 
of the invention may target DNA sequences that begin with T. 
A, G or C. The tandem repeat of TALE monomers always 
ends with a half-length repeat or a stretch of sequence that 
may share identity with only the first 20 amino acids of a 
repetitive full length TALE monomerand this halfrepeat may 
be referred to as a half-monomer (FIG. 8). Therefore, it fol 
lows that the length of the nucleic acid or DNA being targeted 
is equal to the number of full monomers plus two. 
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0102 For example, nucleic acid binding domains may be 
engineered to contain 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 21, 22, 23, 24, 25, or more polypeptide mono 
mers arranged in a N-terminal to C-terminal direction to bind 
to a predetermined 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 
18, 19, 20, 21, 22, 23, 24, 25 nucleotide length nucleic acid 
sequence. In more advantageous embodiments of the inven 
tion, nucleic acid binding domains may be engineered to 
contain 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 
21, 22, 23, 24, 25, 26 or more full length polypeptide mono 
mers that are specifically ordered or arranged to target nucleic 
acid sequences of length 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17. 
18, 19, 20, 21, 22, 23, 24, 25, 26, 27 and 28 nucleotides, 
respectively. In certain embodiments the polypeptide mono 
mers are contiguous. In some embodiments, half-monomers 
may be used in the place of one or more monomers, particu 
larly if they are present at the C-terminus of the dTALE. 
0103 Polypeptide monomers are generally 33, 34 or 35 
amino acids in length. With the exception of the RVD, the 
amino acid sequences of polypeptide monomers are highly 
conserved or as described herein, the amino acids in a 
polypeptide monomer, with the exception of the RVD, exhibit 
patterns that effect TALE activity, the identification of which 
may be used in preferred embodiments of the invention. Rep 
resentative combinations of amino acids in the monomer 
sequence, excluding the RVD, are shown by the Applicants to 
have an effect on TALE activity (FIG. 25). In more preferred 
embodiments of the invention, when the DNA binding 
domain may comprise (X1-11-X12X13-X14-33 or 34 or 
35)Z, wherein X1-11 is a chain of 11 contiguous amino acids, 
wherein X12X13 is a repeat variable diresidue (RVD), 
wherein X14-33 or 34 or 35 is a chain of 21, 22 or 23 con 
tiguous amino acids, wherein Z is at least 5 to 26, then the 
preferred combinations of amino acids are LTLD (SEQID 
NO: 1) or LTLA (SEQID NO: 2) or LTQV (SEQID NO: 
3) at X 1-4, or EQHG) (SEQID NO: 4) or RDHG (SEQID 
NO: 5) at positions X30-33 or X31-34 or X32-35. Further 
more, otheramino acid combinations of interest in the mono 
mers are LTPD (SEQ ID NO: 6) at X1-4 and NQALE 
(SEQ ID NO: 7) at X16-20 and DHG at X32-34 when the 
monomer is 34 amino acids in length. When the monomer is 
33 or 35 amino acids long, then the corresponding shift occurs 
in the positions of the contiguous amino acids NOALE 
(SEQID NO: 7) and DHG; preferably, embodiments of the 
invention may have NQALE (SEQID NO: 7) at X15-19 or 
X17-21 and DHG) at X31-33 or X33-35. 
0104. In still further embodiments of the invention, amino 
acid combinations of interest in the monomers, are LTPD 
(SEQ ID NO: 6) at X 1-4 and KRALE (SEQ ID NO: 8) at 
X16-20 and AHG at X32-34 or LTPE (SEQID NO: 9) at 
X1-4 and KRALE (SEQID NO: 8) at X16-20 and DHG at 
X32-34 when the monomer is 34 amino acids in length. When 
the monomer is 33 or 35 amino acids long, then the corre 
sponding shift occurs in the positions of the contiguous amino 
acids KRALE (SEQ ID NO: 8), AHG and DHG). In 
preferred embodiments, the positions of the contiguous 
amino acids may be (LTPD (SEQ ID NO: 6) at X1-4 and 
KRALE (SEQID NO:8) at X15-19 and IAHG) at X31-33) 
or (LTPE (SEQID NO: 9) at X 1-4 and KRALE (SEQID 
NO: 8) at X15-19 and DHG) at X31-33) or (LTPD (SEQID 
NO: 6) at X1-4 and KRALE (SEQID NO: 8) at X17-21 and 
AHG) at X33-35) or (LTPE (SEQID NO: 9) at X1-4 and 
KRALE (SEQID NO: 8) at X17-21 and DHG) at X33-35). 
In still further embodiments of the invention, contiguous 
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amino acids NGKQALE (SEQ ID NO: 10) are present at 
positions X14-20 or X13-19 or X15-21. These representative 
positions put forward various embodiments of the invention 
and provide guidance to identify additional amino acids of 
interest or combinations of amino acids of interest in all the 
TALE monomers described herein (FIGS. 24A-F and 25). 
0105 Provided below are exemplary amino acid 
sequences (SEQ ID NOS 11-23, respectively, in order of 
appearance) of conserved portions of polypeptide monomers. 
The position of the RVD in each sequence is represented by 
XX or by X* (wherein (*) indicates that the RVD is a single 
amino acid and residue 13 (X13) is absent). 

LTPYOVVAIASXXGSKQALETVQRLLPVLCQDHG 

(STAQVVAIASXXGGKQALEGIGEQLLKLRTAPYG 

(STAQVVAVASXXGGKPALEAVRAOLLALRAAPYG 

0106 A further listing of TALE monomers excluding the 
RVDs which may be denoted in a sequence (X1-11-X14-34 
or X1-11-X14-35), wherein X is any amino acid and the 
subscript is the amino acid position is provided in FIG.24A 
F. The frequency with which each monomer occurs is also 
indicated. 
0107 As described in Zhang et al., Nature Biotechnology 
29:149-153 (2011), dTALE binding efficiency may be 
increased by including amino acid sequences from the "cap 
ping regions” that are directly N-terminal or C-terminal of the 
DNA binding region of naturally occurring TALEs into 
dTALEs at positions N-terminal or C-terminal of the dTALE 
DNA binding region. Thus, in certain embodiments, the 
dTALEs described herein further comprise an N-terminal 
capping region and/or a C-terminal capping region. 
0108. An exemplary amino acid sequence of a N-terminal 
capping region is: 

(SEQ ID NO: 24) 
MDPIRSRTPSPARELLSGPOPDGVOPTADRGVSP 

PAGGPLDGLPARRTMSRTRLPSPPAPSPAFSADS 

FSDLLROFDPSLFNTSLFDSLPPFGAHHTEAATG 

EWDEVOSGLRAADAPPPTMRVAVTAARPPRAKPA 

PRRRAAQPSDASPAAQVDLRTLGYSQQQQEKIKP 

KVRSTWAQHHEALVGHGFTHAHIVALSOHPAALG 
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- Continued 

TVAVKYODMIAALPEATHEAIWGVGKOWSGARAL 

EALLTVAGELRGPPLOLDTGOLLKIAKRGGWTAV 

EAWHAWRNALTGAPLN 

0109 An exemplary amino acid sequence of a C-terminal 
capping region is: 

(SEQ ID NO: 25) 
RPALESIWAQLSRPDPALAALTNDHLVALACLG 

GRPALDAWKKGLPHAPALIKRTNRRIPERTSHR 

VADHAOVWRVLGFFOCHSHPAOAFDDAMTOFGM 

SRHGLLOLFRRVGVTELEARSGTLPPASORWDR 

ILOASGMKRAKPSPTSTOTPDOASLHAFADSLE 

RDLDAPSPMHEGDOTRAS 

0110. As used herein the predetermined “N-terminus’ to 
“C terminus' orientation of the 
0111 N-terminal capping region, the DNA binding 
domain which may comprise the repeat TALE monomers and 
the C-terminal capping region provide structural basis for the 
organization of different domains in the d-TALEs or polypep 
tides of the invention. 

0112 The entire N-terminal and/or C-terminal capping 
regions are not necessary to enhance the binding activity of 
the DNA binding region. Therefore, in certain embodiments, 
fragments of the N-terminal and/or C-terminal capping 
regions are included in the dTALEs described herein. 
0113. In certain embodiments, the dTALEs described 
herein contain a N-terminal capping region fragment that 
included at least 10, 20, 30, 40, 50, 54, 60, 70, 80, 87, 90,94, 
100, 102, 110, 117, 120, 130, 140, 147, 150, 160, 170, 180, 
190, 200,210, 220, 230, 240,250, 260 or 270 amino acids of 
an N-terminal capping region. In certain embodiments, the 
N-terminal capping region fragment amino acids are of the 
C-terminus (the DNA-binding region proximal end) of an 
N-terminal capping region. As described in Zhang et al., 
Nature Biotechnology 29:149-153 (2011), N-terminal cap 
ping region fragments that include the C-terminal 240 amino 
acids enhance binding activity equal to the full length capping 
region, while fragments that include the C-terminal 147 
amino acids retain greater than 80% of the efficacy of the full 
length capping region, and fragments that include the C-ter 
minal 117 amino acids retain greater than 50% of the activity 
of the full-length capping region. 
0114. In some embodiments, the dTALEs described 
herein contain a C-terminal capping region fragment that 
included at least 6, 10, 20, 30, 37, 40, 50, 60, 68, 70, 80,90, 
100, 110, 120, 127, 130, 140, 150, 155, 160, 170, 180 amino 
acids of a C-terminal capping region. In certain embodi 
ments, the C-terminal capping region fragment amino acids 
are of the N-terminus (the DNA-binding region proximal 
end) of a C-terminal capping region. As described in Zhanget 
al., Nature Biotechnology 29:149-153 (2011), C-terminal 
capping region fragments that include the C-terminal 68 
amino acids enhance binding activity equal to the full length 
capping region, while fragments that include the C-terminal 
20 amino acids retain greater than 50% of the efficacy of the 
full length capping region. 
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0.115. In certain embodiments, the capping regions of the 
dTALEs described herein do not need to have identical 
sequences to the capping region sequences provided herein. 
Thus, in Some embodiments, the capping region of the 
dTALEs described herein have sequences that are at least 
50%, 60%, 70%, 80%, 85%, 90%, 91%, 92%, 93%, 94%, 
95%.96%,97%.98% or 99% identical or share identity to the 
capping region amino acid sequences provided herein. 
Sequence identity is related to sequence homology. Homol 
ogy comparisons may be conducted by eye, or more usually, 
with the aid of readily available sequence comparison pro 
grams. These commercially available computer programs 
may calculate percent (%) homology between two or more 
sequences and may also calculate the sequence identity 
shared by two or more amino acid or nucleic acid sequences. 
In some preferred embodiments, the capping region of the 
dTALEs described herein have sequences that are at least 
95% dentical or share identity to the capping region amino 
acid sequences provided herein. 
0116 Sequence homologies may be generated by any of a 
number of computer programs known in the art, for example 
BLAST or FASTA, etc. A suitable computer program for 
carrying out such an alignment is the GCG Wisconsin Bestfit 
package (University of Wisconsin, U.S.A.; Devereux et al., 
1984, Nucleic Acids Research 12:387). Examples of other 
Software than may perform sequence comparisons include, 
but are not limited to, the BLAST package (see Ausubel et al., 
1999 ibid Chapter 18), FASTA (Atschulet al., 1990, J. Mol. 
Biol. 403-410) and the GENEWORKS suite of comparison 
tools. Both BLAST and FASTA are available for offline and 
online searching (see Ausubel et al., 1999 ibid, pages 7-58 to 
7-60). However it is preferred to use the GCG Bestfit pro 
gram. 
0117 % homology may be calculated over contiguous 
sequences, i.e., one sequence is aligned with the other 
sequence and each amino acid or nucleotide in one sequence 
is directly compared with the corresponding amino acid or 
nucleotide in the other sequence, one residue at a time. This is 
called an “ungapped alignment. Typically, Such ungapped 
alignments are performed only over a relatively short number 
of residues. 
0118. Although this is a very simple and consistent 
method, it fails to take into consideration that, for example, in 
an otherwise identical pair of sequences, one insertion or 
deletion may cause the following amino acid residues to be 
put out of alignment, thus potentially resulting in a large 
reduction in % homology when a global alignment is per 
formed. Consequently, most sequence comparison methods 
are designed to produce optimal alignments that take into 
consideration possible insertions and deletions without 
unduly penalizing the overall homology or identity score. 
This is achieved by inserting 'gaps' in the sequence align 
ment to try to maximize local homology or identity. 
0119) However, these more complex methods assign "gap 
penalties' to each gap that occurs in the alignment so that, for 
the same number of identical amino acids, a sequence align 
ment with as few gaps as possible—reflecting higher related 
ness between the two compared sequences—may achieve a 
higher score than one with many gaps. "Affine gap costs' are 
typically used that charge a relatively high cost for the exist 
ence of a gap and a smaller penalty for each Subsequent 
residue in the gap. This is the most commonly used gap 
scoring system. High gap penalties may, of course, produce 
optimized alignments with fewer gaps. Most alignment pro 
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grams allow the gap penalties to be modified. However, it is 
preferred to use the default values when using such software 
for sequence comparisons. For example, when using the GCG 
Wisconsin Bestfit package the default gap penalty for amino 
acid sequences is -12 for a gap and -4 for each extension. 
0120 Calculation of maximum '% homology therefore 

first requires the production of an optimal alignment, taking 
into consideration gap penalties. A suitable computer pro 
gram for carrying out such an alignment is the GCG Wiscon 
sin Bestfit package (Devereux et al., 1984 Nuc. Acids 
Research 12 p 387). Examples of other software than may 
perform sequence comparisons include, but are not limited to, 
the BLAST package (see Ausubel et al., 1999 Short Protocols 
in Molecular Biology, 4" Ed. Chapter 18), FASTA (Alts 
chul et al., 1990 J. Mol. Biol. 403-410) and the GENE 
WORKS suite of comparison tools. Both BLAST and FASTA 
are available for offline and online searching (see Ausubel et 
al., 1999, Short Protocols in Molecular Biology, pages 7-58 
to 7-60). However, for some applications, it is preferred to use 
the GCG Bestfit program. A new tool, called BLAST 2 
Sequences is also available for comparing protein and nucle 
otide sequences (see FEMS Microbiol Lett. 1999 174(2): 
247-50; FEMS Microbiol Lett. 1999 177(1): 187-8 and the 
website of the National Center for Biotechnology informa 
tion at the website of the National Institutes for Health). 
0121 Although the final% homology may be measured in 
terms of identity, the alignment process itself is typically not 
based on an all-or-nothing pair comparison. Instead, a scaled 
similarity Score matrix is generally used that assigns scores to 
each pair-wise comparison based on chemical similarity or 
evolutionary distance. An example of Such a matrix com 
monly used is the BLOSUM62 matrix the default matrix 
for the BLAST suite of programs. GCG Wisconsin programs 
generally use either the public default values or a custom 
symbol comparison table, if Supplied (see user manual for 
further details). For some applications, it is preferred to use 
the public default values for the GCG package, or in the case 
of other software, the default matrix, such as BLOSUM62. 
0122 Alternatively, percentage homologies may be calcu 
lated using the multiple alignment feature in DNASISTM (Hi 
tachi Software), based on an algorithm, analogous to 
CLUSTAL (Higgins D G & Sharp PM (1988), Gene 73(1), 
237-244). Once the software has produced an optimal align 
ment, it is possible to calculate % homology, preferably % 
sequence identity. The Software typically does this as part of 
the sequence comparison and generates a numerical result. 
0123. The sequences may also have deletions, insertions 
or Substitutions of amino acid residues which produce a silent 
change and result in a functionally equivalent Substance. 
Deliberate amino acid substitutions may be made on the basis 
of similarity in amino acid properties (such as polarity, 
charge, solubility, hydrophobicity, hydrophilicity, and/or the 
amphipathic nature of the residues) and it is therefore useful 
to group amino acids together in functional groups. Amino 
acids may be grouped together based on the properties of their 
side chains alone. However, it is more useful to include muta 
tion data as well. The sets of amino acids thus derived are 
likely to be conserved for structural reasons. These sets may 
be described in the form of a Venn diagram (Livingstone C.D. 
and Barton G. J. (1993) “Protein sequence alignments: a 
strategy for the hierarchical analysis of residue conservation' 
Comput. Appl. Biosci. 9; 745-756) (Taylor W. R. (1986) “The 
classification of amino acid conservation' J. Theor: Biol. 119, 
205-218). Conservative substitutions may be made, for 
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example according to the table below which describes agen 
erally accepted Venn diagram grouping of amino acids. 

Set Sub-set 

FWYHKMILWAGC Aromatic FWYH 
Aliphatic ILW 

Hydrophobic 

Polar WYHKREDCSTNO Charged HKRED 
Positively HKR 
charged 
Negatively ED 
charged 

Small WCAGSPTND Tiny AGS 

0.124. Embodiments of the invention include sequences 
which may comprise homologous Substitution (Substitution 
and replacement are both used hereinto mean the interchange 
of an existing amino acid residue, with an alternative residue) 
that may occur i.e., like-for-like Substitution such as basic for 
basic, acidic for acidic, polar for polar, etc. Non-homologous 
Substitution may also occur i.e., from one class of residue to 
another or alternatively involving the inclusion of unnatural 
amino acids Such as ornithine (hereinafter referred to as Z), 
diaminobutyric acid ornithine (hereinafter referred to as B), 
norleucine ornithine (hereinafter referred to as O), pyriylala 
nine, thienylalanine, naphthylalanine and phenylglycine. 
0.125 Variant amino acid sequences may include suitable 
spacer groups that may be inserted between any two amino 
acid residues of the sequence including alkyl groups such as 
methyl, ethyl or propyl groups in addition to amino acid 
spacers such as glycine or B-alanine residues. A further form 
of variation, which involves the presence of one or more 
amino acid residues in peptoid form, may be well understood 
by those skilled in the art. For the avoidance of doubt, “the 
peptoid form' is used to refer to variant amino acid residues 
wherein the C-carbon Substituent group is on the residue's 
nitrogenatom rather than the C-carbon. Processes for prepar 
ing peptides in the peptoid form are known in the art, for 
example Simon RJ et al., PNAS (1992) 89(20), 9367-9371 
and Horwell DC, Trends Biotechnol. (1995) 13(4), 132-134. 
0.126 Additional sequences for the conserved portions of 
polypeptide monomers and for N-terminal and C-terminal 
capping regions are included in the sequences with the fol 
lowing gene accession numbers: AAW59491.1, AAQ79773. 
2, YP 450163.1, YP 001.912778.1, ZP 02242672.1, 
AAW59493.1, AAY54170.1, ZP 022.45314.1, 
ZP 02243372.1, AAT46123.1, AAW59492.1, YP 451030. 
1, YP 001915105.1, ZP 0224253.4.1, AAW77510.1, 
ACD1 1364.1, ZP 0224.5056.1, ZP 0224.5055.1, 
ZP 02242539.1, ZP 02241531.1, ZP 02243779.1, 
AAN01357.1, ZP 0224.5177.1, ZP 02243366.1, 
ZP 02241530. 1, AAS58130.3, ZP 02242537.1, 
YP 200918.1, YP 200770.1, YP 451187.1, YP 451156. 
1, AAS58127.2, YP 451027.1, YP 451025.1, AAA92974. 
1, YP 001913755.1, ABB70183.1, YP 451893.1, 
YP 450167.1, ABY60855.1, YP 200767.1, 
ZP 022.45186.1, ZP 02242931.1, ZP 02242535.1, 
AAY54169.1, YP 450165.1, YP 001913452.1, 
AAS58129.3, ACM44927.1, ZP 02244836.1, AAT46125.1, 
YP 450161.1, ZP 02242546.1, AAT46122.1, 
YP 451897.1, AAF983.43.1, YP 001913484.1, 
AAY54166.1, YP 0019 15093.1, YP 001913457.1, 
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ZP 02242538.1, YP 200766.1, YP 453043.1, 
YP 0019 15089.1, YP 001912981.1, ZP 02242929.1, 
YP 001911730. 1, YP 201654.1, YP 199877.1, 
ABB70129.1, YP 451696.1, YP 199876.1, AAS75145.1, 
AAT46124.1, YP 200914.1, YP 001915101.1, 
ZP 02242540.1, AAG02079.2, YP 451895.1, 
YP 451189.1, YP 200915.1, AAS46027.1, 
YP 001913759.1, YP 001912987.1, AAS58128.2, 
AAS46026.1, YP 201653.1, YP 202894.1, 
YP 001913480.1, ZP 02242666.1, YP 001.912775.1, 
ZP 02242662.1, AAS46025.1, AAC43587.1, BAA37119.1, 
NP 644725.1, ABO77779.1, BAA37120.1, ACZ62652.1, 
BAF46271.1, ACZ62653.1, NP 644793.1, ABO77780.1, 
ZP 022.43740.1, ZP 02242930.1, AAB69865.1, 
AAY54168.1, ZP 0224.51911, YP 0019 15097.1, 
ZP 02241539.1, YP 451158.1, BAA37121.1, 
YP 001913182.1, YP 200903.1, ZP 02242528.1, 
ZP 06705357.1, ZP 06706392.1, ADI48328.1, 
ZP 06731493.1, ADI48327.1, ABO77782.1, 
ZP 06731656.1, NP 94.2641.1, AAY43360.1, 
ZP 06730254.1, ACN39605.1, YP 451894.1, 
YP 201652.1, YP 001965982. 1, BAF46269.1, 
NP 644708.1, ACN82432.1, ABO77781.1, P14727.2, 
BAF46272.1, AAY43359.1, BAF46270.1, NP 644743.1, 
ABG37631.1, AAB00675.1, YP 199878.1, ZP 02242536. 
1, CAA48680.1, ADM80412.1, AAA27592.1 ABG37632.1, 
ABP97430.1, ZP 06733167.1, AAY43358. 1, 2KQ5 A, 
BAD42396.1, ABO27075.1, YP 002253357.1, 
YP 002252977.1, ABO27074.1, ABO27067.1, ABO27072. 
1, ABO27068.1, YP 003750492.1, ABO27073.1, 
NP 519936.1, ABO27071.1, ABO27070. 1, and 
ABO27069.1, each of which is hereby incorporated by refer 
CCC. 

0127. In some embodiments, the dTALEs described 
herein also include a nuclear localization signal and/or cellu 
lar uptake signal. Such signals are known in the art and may 
target a dTALE to the nucleus and/or intracellular compart 
ment of a cell. Such cellular uptake signals include, but are not 
limited to, the minimal Tat protein transduction domain 
which spans residues 47-57 of the human immunodeficiency 
virus Tat protein: YGRKKRRQRRR (SEQID NO: 26). 
0128. In some embodiments, the dTALEs described 
herein include a nucleic acid or DNA binding domain that is 
a non-TALE nucleic acid or a non-TALE DNA binding 
domain. As used herein the term “non-TALE DNA binding 
domain” refers to a DNA binding domain that has a nucleic 
acid sequence corresponding to a nucleic acid sequence 
which is not substantially homologous to a nucleic acid that 
encodes for a TALE protein or fragment thereof, e.g., a 
nucleic acid sequence which is different from a nucleic acid 
that encodes for a TALE protein and which is derived from the 
same or a different organism. In other embodiments of the 
invention, the dTALEs described herein include a nucleic 
acid or DNA binding domain that is linked to a non-TALE 
polypeptide. A “non-TALE polypeptide' refers to a polypep 
tide having an amino acid sequence corresponding to a pro 
tein which is not substantially homologous to a TALE protein 
or fragment thereof, e.g., a protein which is different from a 
TALE protein and which is derived from the same or a dif 
ferent organism. In this context, the term “linked' is intended 
include any manner by which the nucleic acid binding domain 
and the non-TALE polypeptide could be connected to each 
other, including, for example, through peptide bonds by being 
part of the same polypeptide chain or through other covalent 
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interactions, such as a chemical linker. The non-TALE 
polypeptide may be linked, for example to the N-terminus 
and/or C-terminus of the nucleic acid binding domain, may be 
linked to a C-terminal or N-terminal cap region, or may be 
connected to the nucleic acid binding domain indirectly. 
I0129. In still further advantageous embodiments of the 
invention, the dTALEs or polypeptides of the invention com 
prise chimeric DNA binding domains. Chimeric DNA bind 
ing domains may be generated by fusing a full TALE (includ 
ing the N- and C-terminal capping regions) with another 
TALE or non-TALE DNA binding domain such as zinc finger 
(ZF), helix-loop-helix, or catalytically-inactivated DNA 
endonucleases (e.g., EcoRI, meganucleases, etc), or parts of 
TALE may be fused to other DNA binding domains. The 
chimeric domain may have novel DNA binding specificity 
that combines the specificity of both domains. 
0.130. In advantageous embodiments described herein, the 
dTALEs or polypeptides of the invention include a nucleic 
acid binding domain linked to the one or more effector 
domains. The terms “effector domain” or “regulatory and 
functional domain refer to a polypeptide sequence that has 
an activity other than binding to the nucleic acid sequence 
recognized by the nucleic acid binding domain. By combin 
ing a nucleic acid binding domain with one or more effector 
domains, the polypeptides of the invention may be used to 
target the one or more functions or activities mediated by the 
effector domain to a particular target DNA sequence to which 
the nucleic acid binding domain specifically binds. 
0131. In some embodiments of the dTALEs described 
herein, the activity mediated by the effector domain is a 
biological activity. For example, in Some embodiments the 
effector domain is a transcriptional inhibitor (i.e., a repressor 
domain). Such as an mSin interaction domain (SID) or a 
Krüppel-associated box (KRAB) or fragments of the KRAB 
domain (further described in Example 3). In some embodi 
ments the effector domain is an enhancer of transcription (i.e. 
an activation domain), such as the VP16, VP64 or p65 acti 
Vation domain. 
0.132. As used herein, VP16 is a herpesvirus protein. It is a 
very strong transcriptional activator that specifically activates 
viral immediate early gene expression. VP16 contains two 
functional domains. The amino-terminal portion of the pro 
tein, in association with host cellular proteins, binds to spe 
cific sequences upstream of the immediate early gene core 
promoters. The transcriptional activation domain resides in 
the carboxyl-terminal 78 amino acids. Embodiments of the 
invention use this activation domain as it may strongly acti 
vate transcription in various systems when attached to the 
DNA-binding domain of a heterologous protein. The VP16 
activation domain is rich in acidic residues and has been 
regarded as a classic acidic activation domain (AAD). As 
used herein, VP64 activation domain is a tetrameric repeat of 
VP16’s minimal activation domain. As used herein, p65 is 
one of two proteins that the NF-kappa B transcription factor 
complex is composed of The other protein is p50. The p65 
activation domain is a part of the p65 subunit is a potent 
transcriptional activator even in the absence of p50. 
0133. In certain embodiments, the effector domain is a 
mammalian protein or biologically active fragment thereof. 
Such effector domains are referred to as “mammalian effector 
domains. 

I0134. In certain embodiments, the activity of the effector 
domain is a non-biological activity. Examples of non-biologi 
cal activities include fluorescence, luminescence, maltose 
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binding protein (“MBP), glutathione S transferase (GST), 
hexahistidine (SEQ ID NO: 27), c-myc, and the FLAG 
epitope activity, for facilitating detection, purification, moni 
toring expression, and/or monitoring cellular and Subcellular 
localization. In such embodiments, the dTALE polypeptide 
may also be used as a diagnostic reagent, for example, to 
detect mutations in gene sequences, to purify restriction frag 
ments from a solution, or to visualize DNA fragments of agel. 
0135. In other embodiments of the invention, one or more 
effector domains may be fused to the nucleic acid binding 
domain of polypeptides of the invention such that it is at the 
N-terminus, C-terminus, or internal to the polypeptide, so 
long as it is not located within the dTALE nucleic acid binding 
domain. The positioning of an effector domain for activity 
(e.g., enhanced or optimal activity) may be engineered 
according to structural position requirements and methods 
well known in the art. In certain host cells (e.g., mammalian 
host cells), expression and/or secretion of dTALEs may be 
increased through use of heterologous signal sequences. 
0136. In some other preferred embodiments of the inven 

tion, the biological activities of effector domains include but 
are not limited to transposase, integrase, recombinase, 
resolvase, invertase, protease, DNA methyltransferase, DNA 
demethylase, histone acetylase, histone deacetylase, 
nuclease, transcriptional repressor, transcriptional activator, a 
nuclear-localization signal, a transcription-protein recruiting 
protein, cellular uptake activity, nucleic acid binding, oranti 
body presentation activity. 
0.137 As used herein, the term “recombinase” refers to 
enzymatic proteins that are involved in genetic recombina 
tion. DNA recombinase are frequently utilized to manipulate 
the structure of genomes to control gene expression. Recom 
binases generally target sites that are specific to each recom 
binase and catalyze DNA exchange between the target sites in 
a particular direction. The types of resulting DNA alterations 
may include but are not limited to excision/insertions, inver 
sions, transleations and cassette exchange. Enzymes catego 
rized as recombinases may include but are not limited to Gin 
recombinase, Cre recombinase, Hin recombinase, RecA/ 
RAD51, Tre recombinase and FLP recombinase. 
0.138. As described above, the dTALEs described herein 
are able to specifically bind to cytosine containing target 
nucleic acid sequences. In mammals, genomic DNA methy 
lation of CpG di-nucleotides is an important epigenetic regu 
lator of transcription and epigenetic structure. The dTALEs 
described herein are therefore useful for the regulation of 
mammalian DNA methylation. Such dTALEs may contain an 
effector domain that has DNA methyltransferase activity, 
such as a DNMT1, DNMT3a or DNMT3b domain, or a 
biologically active fragment thereof. Hence it is a preferred 
embodiment of the invention wherein the polypeptide has a 
DNA methyltransferase domain. 
0.139. In some embodiments, the nucleic acid binding is 
linked, for example, with an effector domain that includes but 
is not limited to a transposase, integrase, recombinase, 
resolvase, invertase, protease, DNA methyltransferase, DNA 
demethylase, histone acetylase, histone deacetylase, 
nuclease, transcriptional repressor, transcriptional activator, 
transcription factor recruiting, protein nuclear-localization 
signal or cellular uptake signal. 
0140. In some embodiments, the effector domain is a pro 
tein domain which exhibits activities which include but are 
not limited to transposase activity, integrase activity, recom 
binase activity, resolvase activity, invertase activity, protease 
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activity, DNA methyltransferase activity, DNA demethylase 
activity, histone acetylase activity, histone deacetylase activ 
ity, nuclease activity, nuclear-localization signaling activity, 
transcriptional repressor activity, transcriptional activator 
activity, transcription factor recruiting activity, or cellular 
uptake signaling activity. Other preferred embodiments of the 
invention may include any combination the activities 
described herein. 

0.141. As described in Zhang et al., Nature Biotechnology 
29:149-153 (2011), a dTALE having a nucleic acid binding 
domain and an effector domain may be used to target the 
effector domains activity to a genomic position having a 
predetermined nucleic acid sequence recognized by the 
nucleic acid binding domain. In some embodiments of the 
invention described herein, dTALE polypeptides are 
designed and used for targeting gene regulatory activity. Such 
as transcriptional or translational modifier activity, to a regu 
latory, coding, and/or intergenic region, such as enhancer 
and/or repressor activity, that may affect transcription 
upstream and downstream of coding regions, and may be used 
to enhance or repress gene expression. For example, dTALE 
polypeptide may comprise effector domains having DNA 
binding domains from transcription factors, effector domains 
from transcription factors (activators, repressors, co-activa 
tors, co-repressors), silencers, nuclear hormone receptors, 
and/or chromatin associated proteins and their modifiers 
(e.g., methylases, kinases, phosphatases, acetylases and 
deacetylases). In a further embodiment, useful domains for 
regulating gene expression may also be obtained from the 
gene products of oncogenes. In yet further advantageous 
embodiments of the invention, effector domains having inte 
grase or transposase activity may be used to promote integra 
tion of exogenous nucleic acid sequence into specific nucleic 
acid sequence regions, eliminate (knock-out) specific endog 
enous nucleic acid sequence, and/or modify epigenetic sig 
nals and consequent gene regulation, Such as by promoting 
DNA methyltransferase, DNA demethylase, histone acety 
lase and histone deacetylase activity. In other embodiments, 
effector domains having nuclease activity may be used to alter 
genome structure by nicking or digesting target sequences to 
which the polypeptides of the invention specifically bind, and 
may allow introduction of exogenous genes at those sites. In 
still further embodiments, effector domains having invertase 
activity may be used to alter genome structure by Swapping 
the orientation of a DNA fragment. 
0142. In particularly advantageous embodiments, the 
dTALEs or polypeptides of the invention may be used to 
target transcriptional activity. As used herein, the term “tran 
scription factor” refers to a protein or polypeptide that binds 
specific DNA sequences associated with a genomic locus or 
gene of interest to control transcription. Transcription factors 
may promote (as an activator) or block (as a repressor) the 
recruitment of RNA polymerase to a gene of interest. Tran 
Scription factors may perform their function alone or as a part 
of a larger protein complex. Mechanisms of gene regulation 
used by transcription factors include but are not limited to a) 
stabilization or destabilization of RNA polymerase binding, 
b) acetylation or deacetylation of histone proteins and c) 
recruitment of co-activator or co-repressor proteins. Further 
more, transcription factors play roles in biological activities 
that include but are not limited to basal transcription, 
enhancement of transcription, development, response to 
intercellular signaling, response to environmental cues, cell 
cycle control and pathogenesis. With regards to information 
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on transcriptional factors, mention is made of Latchman and 
DS (1997) Int. J. Biochem. Cell Biol. 29 (12): 1305-12: Lee T 
I, Young RA (2000) Annu. Rev. Genet. 34: 77-137 and Mitch 
ell P J, Tjian R (1989) Science 245 (4916): 371-8, herein 
incorporated by reference in their entirety. 
0143. In some embodiments, effector domains having 
resolvase activity may alter the genomic structure by chang 
ing the linking state of the DNA, e.g., by releasing concate 
mers. In some embodiments, effector domains having deami 
nase activity may be used to remove amino group(s) from a 
molecule. For example, dTALE having a transcription acti 
vator effector domain may increase a gene’s expression, and 
a dTALE having an effector domain with epigenetic modifi 
cation activity may alter the epigenetic status of a locus to 
render it either more or less heterochromatic. In some 
embodiments of the polypeptides described herein, the effec 
tor domain may have a nucleic acid binding activity distinct 
from the activity mediated by the nucleic acid binding domain 
of the polypeptide. 
0144. In other advantageous embodiments of the polypep 
tides of the invention, the effector domain may comprise a 
peptide or polypeptide sequence responsive to a ligand. Such 
as a hormone receptor ligand binding domain and may be 
used to act as a “gene Switch' and be regulated by inducers, 
Such as Small molecule or protein ligands, specific for the 
ligand binding domain. In still further embodiments of the 
invention, the effector domain may comprise sequences or 
domains of polypeptides that mediate direct or indirect pro 
tein-protein interactions, such as, for example, a leucine Zip 
per domain, a STAT protein N-terminal domain, and/or an 
FK506 binding protein. Specific examples of nucleic acid and 
protein sequences useful as effector domains are well known 
in the art. With regards to effector domains, mention is made 
of PCT publication WO 1999/045132, the contents of which 
are incorporated by reference herein in their entirety. 
0145. In additional advantageous embodiments of the 
invention one or more effector domains comprise an N-ter 
minal domain 5' or a C-terminal domain 3', or a fragment or 
polypeptide sequence thereof that is at least 50%, at least 
55%, at least 60%, at least 65%, at least 70%, at least 75%, at 
least 80%, at least 85%, at least 90%, at least 95%, at least 
99%, or more identical to the amino acid sequence of the 
N-terminal domain and/or C-terminal domain from a wild 
type TALE. In a preferred embodiment of the invention, the 
N-terminal capping region or fragment thereof is 95% iden 
tical to a wild type N-terminal capping region. In another 
preferred embodiment, the C-terminal capping region or frag 
ment thereof is 95% identical to a wild type C-terminal cap 
ping region. In Such embodiments, the N-terminal and/or 
C-terminal domains or a fragment or polypeptide sequence 
thereof may be selected to enhance the biological activity of 
another effector domain, such as, for example, to enhance 
transcriptional activation of a transcriptional activation effec 
tor domain. 

0146 The polypeptides of the invention which may com 
prise an effector domain may be produced by standard recom 
binant DNA techniques. For example, DNA fragments cod 
ing for the different polypeptide sequences are ligated 
together in-frame in accordance with conventional tech 
niques, for example by employing blunt-ended or stagger 
ended termini for ligation, restriction enzyme digestion to 
provide for appropriate termini, filling-in of cohesive ends as 
appropriate, alkaline phosphatase treatment to avoid undesir 
able joining, and enzymatic ligation. In another embodiment, 
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the fusion gene may be synthesized by conventional tech 
niques including automated DNA synthesizers. Alternatively, 
PCR amplification of gene fragments may be carried out 
using anchor primers which give rise to complementary over 
hangs between two consecutive gene fragments which may 
Subsequently be annealed and reamplified to generate a chi 
meric gene sequence (see, for example, Current Protocols in 
Molecular Biology, eds. Ausubel et al. John Wiley & Sons: 
1992). Moreover, many expression vectors are commercially 
available that already encode a fusion moiety (e.g., a nuclear 
localization signal, effector domain, etc.). With regards to 
these molecular techniques, mention is made of U.S. Pat. No. 
7,674,892, the contents of which are incorporated by refer 
ence herein in their entirety. 
0147 The present invention provides for a method of 
repressing expression of a mammalian genomic locus of 
interest, which may comprise contacting the genomic locus 
with a non-naturally occurring or engineered composition 
which may comprise a DNA binding polypeptide which may 
comprise a N-terminal capping region, a DNA binding 
domain which may comprise at least one or more TALE 
monomers or half-monomers and a C-terminal capping 
region, wherein these three parts of the polypeptide are 
arranged in a predetermined N-terminus to C-terminus orien 
tation and wherein the polypeptide includes at least one or 
more repressor domains. In an advantageous embodiment of 
the invention the polypeptide is encoded by and expressed 
from a codon optimized nucleic acid molecule so that the 
polypeptide preferentially binds to mammalian DNA. 
0.148. For example, in some advantageous embodiments 
of the invention, the effector domain is a transcriptional 
inhibitor (i.e., a repressor domain). Such as an mSin interac 
tion domain (SID), SID4X or a Krippel-associated box 
(KRAB). As used herein the SID domain is an interaction 
domain which is present in several transcriptional repressor 
proteins and may function with additional repressor domains 
and corepressors. As used herein, SID4X is a tandem repeat of 
four SID domains linker together by short peptide linkers. As 
used herein, the KRAB domain is a domain that is usually 
found in the N-terminal of several zinc finger protein based 
transcription factors. The KRAB domain may consist of 75 
amino acids which repression may be accomplished by a 
module of about 45 amino acids. Hence, preferred embodi 
ments of the invention may use KRAB domains or fragments 
thereofas repressor domains. 
014.9 The present invention also provides for a method of 
activating expression of a mammalian genomic locus of inter 
est, which may comprise contacting the genomic locus with a 
non-naturally occurring or engineered composition which 
may comprise a DNA binding polypeptide which may com 
prise a N-terminal capping region, a DNA binding domain 
which may comprise at least one or more TALE monomers or 
half-monomers and a C-terminal capping region, wherein 
these three parts are arranged in a predetermined N-terminus 
to C-terminus orientation and wherein the polypeptide 
includes at least one or more activator domains. In an advan 
tageous embodiment of the invention the polypeptide is 
encoded by and expressed from a codon optimized nucleic 
acid molecule so that the polypeptide preferentially binds to 
mammalian DNA. 

0150. In some embodiments the effector domain is an 
enhancer of transcription (i.e., an activation domain). Such as 
the VP64 or p65 or VP16 activation domains. A graphical 
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comparison of the effect these different activation domains 
have on Sox2 mRNA level is provided in FIG. 26. 
0151. Provided herein are nucleic acid molecules encod 
ing the dTALE polypeptides described herein. As used herein, 
the term “encoding is open. Thus, a nucleic acid molecule 
encoding a dTALE polypeptide may also encode other 
polypeptides and may include additional non-coding nucleic 
acid sequences (e.g., promoters, enhancers). As used herein 
and as mentioned previously, the term “nucleic acid mol 
ecule' is intended to include DNA molecules (i.e., cDNA or 
genomic DNA) and RNA molecules (i.e., mRNA) and ana 
logs of the DNA or RNA generated using nucleotide analogs 
in any number of forms and/or conformations. 
0152. In certain embodiments, the dTALE-encoding 
nucleic acid described herein is isolated. As described previ 
ously, an "isolated nucleic acid is free of sequences which 
naturally flank the nucleic acid (i.e., sequences located at the 
5' and 3' ends of the nucleic acid) in the nucleic acid (e.g., 
genomic DNA) of the organism from which the nucleic acid 
is derived and is substantially free of cellular material of the 
organism from which the nucleic acid is derived. 
0153. In certain embodiments the dTALE-encoding 
nucleic acid is part of a vector. As used herein, the term 
“vector” refers to a nucleic acid molecule capable of trans 
porting another nucleic acid to which it has been linked. One 
type of vector is a “plasmid', which refers to a circular 
double-stranded DNA loop into which additional DNA seg 
ments may be ligated. Another type of vector is a viral vector, 
wherein additional DNA segments may be ligated into the 
viral genome. Certain vectors are capable of autonomous 
replication in a host cell into which they are introduced (e.g., 
bacterial vectors having a bacterial origin of replication and 
episomal mammalian vectors). Other vectors (e.g., non-epi 
Somal mammalian vectors) are integrated into the genome of 
a host cell upon introduction into the host cell, and thereby are 
replicated along with the host genome. 
0154. In certain embodiments, the dTALE nucleic acid 
molecule described herein is an expression vector. As used 
herein, “expression vectors' are vectors capable of directing 
the expression of dTALE polypeptide. Such expression vec 
tors include one or more regulatory sequences operably 
linked to a sequence that encodes a dTALE polypeptide, 
thereby allowing dTALE polypeptide to be expressed in a 
host cell. Within a recombinant expression vector, “operably 
linked' means that the nucleotide sequence of interest is 
linked to the regulatory sequence(s) in a manner which allows 
for expression of the nucleotide sequence (e.g., in an in vitro 
transcription/translation system or in a host cell when the 
vector is introduced into the host cell). The term “regulatory 
sequence' includes promoters, enhancers and other expres 
sion control elements (e.g., polyadenylation signals). Regu 
latory sequences include constitutive regulatory signals, 
inducible regulatory signals and tissue-specific regulatory 
signals. 
0155. In addition, advantageous embodiments of the 
invention include host cells, cell lines and transgenic organ 
isms (e.g., plants, fungi, animals) which may comprise these 
DNA-binding polypeptides/nucleic acids and/or modified by 
these polypeptides (e.g., genomic modification that is passed 
into the next generation). Further preferred embodiments 
include cells and cell lines which include but are not limited 
to plant cells, insect cells, bacterial cells, yeast cells, viral 
cells, human cells, primate cells, rat cells, mouse cells, 
Zebrafish cells, madin-darby canine cells, hamster cells, 
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Xenopus cells and stem cells. Advantageous embodiments of 
the invention are the cell and cell lines being of animal origin, 
most preferably of mammalian origin. In a preferred embodi 
ment, the DNA binding polypeptide further may comprise a 
reporter or selection marker. In advantageous embodiments 
the selection marker may be a fluorescent marker, while in 
other aspects, the reporter is an enzyme. 
0156 Further advantageous embodiments of the invention 
include host cells which may comprise these polypeptides/ 
nucleic acids and/or modified by these polypeptides (e.g., 
genomic modification that is passed into the next generation). 
The host cell may be stably transformed or transiently trans 
fected or a combination thereof with one or more of these 
protein expression vectors. In other embodiments, the one or 
more protein expression vectors express one or fusion pro 
teins in the host cell. In another embodiment, the host cell 
may further comprise an exogenous polynucleotide donor 
Sequence. 

0157. As described previously and as used herein, a “vec 
tor” is a tool that allows or facilitates the transfer of an entity 
from one environment to another. It is a replicon, Such as a 
plasmid, phage, or cosmid, into which another DNA segment 
may be inserted so as to bring about the replication of the 
inserted segment. Generally, a vector is capable of replication 
when associated with the proper control elements. The term 
“vector” includes cloning and expression vectors, as well as 
viral vectors and integrating vectors. An "expression vector” 
is a vector that includes one or more expression control 
sequences, and an “expression control sequence' is a DNA 
sequence that controls and regulates the transcription and/or 
translation of another DNA sequence. Suitable expression 
vectors include, without limitation, plasmids and viral vec 
tors derived from, for example, bacteriophage, baculoviruses, 
tobacco mosaic virus, herpes viruses, cytomegalovirus, ret 
roviruses, vaccinia viruses, adenoviruses, and adeno-associ 
ated viruses. Numerous vectors and expression systems are 
commercially available from Such corporations as Novagen 
(Madison, Wis.), Clontech (Palo Alto, Calif.), Stratagene (La 
Jolla, Calif.), and Invitrogen/Life Technologies (Carlsbad, 
Calif.). By way of example, some vectors used in recombi 
nant DNA techniques allow entities, such as a segment of 
DNA (such as a heterologous DNA segment, such as a heter 
ologous cDNA segment), to be transferred into a target cell. 
The present invention comprehends recombinant vectors that 
may include viral vectors, bacterial vectors, protozoan Vec 
tors, DNA vectors, or recombinants thereof. With regards to 
recombination and cloning methods, mention is made of U.S. 
patent application Ser. No. 10/815,730, the contents of which 
are herein incorporated by reference in their entirety. 
0158. A vector may have one or more restriction endonu 
clease recognition sites (whether type I, II or IIs) at which the 
sequences may be cut in a determinable fashion without loss 
of an essential biological function of the vector, and into 
which a nucleic acid fragment may be spliced or inserted in 
order to bring about its replication and cloning. Vectors may 
also comprise one or more recombination sites that permit 
exchange of nucleic acid sequences between two nucleic acid 
molecules. Vectors may further provide primer sites, e.g., for 
PCR, transcriptional and/or translational initiation and/or 
regulation sites, recombinational signals, replicons, select 
able markers, etc. A vector may further contain one or more 
selectable markers suitable for use in the identification of 
cells transformed with the vector. 
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0159. As mentioned previously, vectors capable of direct 
ing the expression of genes and/or nucleic acid sequence to 
which they are operatively linked, in an appropriate host cell 
(e.g., a prokaryotic cell, eukaryotic cell, or mammalian cell), 
are referred to herein as “expression vectors.” If translation of 
the desired nucleic acid sequence is required, such as for 
example, the mRNA encoding a dTALE polypeptide, the 
vector also typically may comprise sequences required for 
proper translation of the nucleotide sequence. The term 
“expression” as used herein with regards to expression vec 
tors, refers to the biosynthesis of a nucleic acid sequence 
product, i.e., to the transcription and/or translation of a nucle 
otide sequence, for example, a nucleic acid sequence encod 
ing a dTALE polypeptide in a cell. Expression also refers to 
biosynthesis of a microRNA or RNAi molecule, which refers 
to expression and transcription of an RNAi agent such as 
siRNA, shRNA, and antisense DNA, that do not require trans 
lation to polypeptide sequences. 
0160. In general, expression vectors of utility in the meth 
ods of generating and compositions which may comprise 
polypeptides of the invention described herein are often in the 
form of "plasmids.” which refer to circular double-stranded 
DNA loops which, in their vector form, are not bound to a 
chromosome. In some embodiments of the aspects described 
herein, all components of a given dTALE polypeptide may be 
encoded in a single vector. For example, in some embodi 
ments, a vector may be constructed that contains or may 
comprise all components necessary for a functional dTALE 
polypeptide as described herein. In some embodiments, indi 
vidual components (e.g., one or more monomer units and one 
or more effector domains) may be separately encoded in 
different vectors and introduced into one or more cells sepa 
rately. Moreover, any vector described herein may itself com 
prise predetermined dTALE polypeptide encoding compo 
nent sequences, such as an effector domain and/or dTALE 
monomer unit, at any location or combination of locations, 
such as 5' to. 3' to, or both 5' and 3' to the exogenous nucleic 
acid molecule which may comprise one or more component 
dTALE encoding sequences to be cloned in. Such expression 
vectors are termed herein as which may comprise “backbone 
sequences.” 
0161 Several embodiments of the invention relate to vec 
tors that include but are not limited to plasmids, episomes, 
bacteriophages, or viral vectors, and Such vectors may inte 
grate into a host cells genome or replicate autonomously in 
the particular cellular system used. In some embodiments of 
the compositions and methods described herein, the vector 
used is an episomal vector, i.e., a nucleic acid capable of 
extra-chromosomal replication and may include sequences 
from bacteria, viruses or phages. Other embodiments of the 
invention relate to vectors derived from bacterial plasmids, 
bacteriophages, yeast episomes, yeast chromosomal ele 
ments, and viruses, vectors derived from combinations 
thereof, such as those derived from plasmid and bacterioph 
age genetic elements, cosmids and phagemids. In some 
embodiments, a vector may be a plasmid, bacteriophage, 
bacterial artificial chromosome (BAC) or yeast artificial chro 
mosome (YAC). A vector may be a single- or double-stranded 
DNA, RNA, or phage vector. 
0162 Viral vectors include, but are not limited to, retrovi 
ral vectors, such as lentiviral vectors or gammaretroviral vec 
tors, adenoviral vectors, and baculoviral vectors. For 
example, a lentiviral vector may be used in the form of len 
tiviral particles. Other forms of expression vectors known by 
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those skilled in the art which serve equivalent functions may 
also be used. Expression vectors may be used for stable or 
transient expression of the polypeptide encoded by the 
nucleic acid sequence being expressed. A vector may be a 
self-replicating extrachromosomal vector or a vector which 
integrates into a host genome. One type of vector is a genomic 
integrated vector, or “integrated vector, which may become 
integrated into the chromosomal DNA or RNA of a host cell, 
cellular system, or non-cellular system. In some embodi 
ments, the nucleic acid sequence encoding the dTALE 
polypeptides or component sequences. Such as an effector 
domain sequence and/or dTALE monomer unit sequence, 
described herein, integrates into the chromosomal DNA or 
RNA of a host cell, cellular system, or non-cellular system 
along with components of the vector sequence. 
0163 The recombinant expression vectors used herein 
comprise a dTALE nucleic acid in a form suitable for expres 
sion of the nucleic acid in a host cell, which indicates that the 
recombinant expression vector(s) include one or more regu 
latory sequences, selected on the basis of the host cell(s) to be 
used for expression, which is operatively linked to the nucleic 
acid sequence to be expressed. 
0164. As used herein, the term “regulatory sequence' is 
intended to include promoters, enhancers and other expres 
sion control elements (e.g., 5' and 3' untranslated regions 
(UTRs) and polyadenylation signals). With regards to regu 
latory sequences, mention is made of U.S. patent application 
Ser. No. 10/491,026, the contents of which are incorporated 
by reference herein in their entirety. 
(0165. The terms “promoter”, “promoter element” or “pro 
moter sequence are equivalents and as used herein, refer to a 
DNA sequence which when operatively linked to a nucleotide 
sequence of interest is capable of controlling the transcription 
of the nucleotide sequence of interest into mRNA. Promoters 
may be constitutive, inducible or regulatable. The term “tis 
Sue-specific' as it applies to a promoter refers to a promoter 
that is capable of directing selective expression of a nucle 
otide sequence of interest to a specific type of tissue in the 
relative absence of expression of the same nucleotide 
sequence of interest in a different type of tissue. Tissue speci 
ficity of a promoter may be evaluated by methods known in 
the art. The term "cell-type specific' as applied to a promoter 
refers to a promoter, which is capable of directing selective 
expression of a nucleotide sequence of interest in a specific 
type of cell in the relative absence of expression of the same 
nucleotide sequence of interest in a different type of cell 
within the same tissue. The term “cell-type specific’ when 
applied to a promoter also means a promoter capable of 
promoting selective expression of a nucleotide sequence of 
interest in a region within a single tissue. Cell-type specificity 
of a promoter may be assessed using methods well known in 
the art., e.g., GUS activity staining or immunohistochemical 
staining. The term “minimal promoter” as used herein refers 
to the minimal nucleic acid sequence which may comprise a 
promoter element while also maintaining a functional pro 
moter. A minimal promoter may comprise an inducible, con 
stitutive or tissue-specific promoter. With regards to promot 
ers, mention is made of PCT publication WO 2011/028929 
and U.S. application Ser. No. 12/51 1,940, the contents of 
which are incorporated by reference herein in their entirety. 
0166 In advantageous embodiments of the invention, the 
expression vectors described herein may be introduced into 
host cells to thereby produce proteins or peptides, including 
fusion proteins or peptides, encoded by nucleic acids as 
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described herein (e.g., dTALE polypeptides, variant forms of 
dTALE polypeptides, dTALE fusion proteins, etc.). 
0167. In some embodiments, the recombinant expression 
vectors which may comprise a nucleic acid encoding a 
dTALE polypeptide described herein further comprise a 5' 
UTR sequence and/or a 3' UTR sequence, thereby providing 
the nucleic acid sequence transcribed from the expression 
vector additional stability and translational efficiency. 
0168 Certain embodiments of the invention may relate to 
the use of prokaryotic vectors and variants and derivatives 
thereof. Other embodiments of the invention may relate to the 
use of eukaryotic expression vectors. With regards to these 
prokaryotic and eukaryotic vectors, mention is made of U.S. 
Pat. No. 6,750,059, the contents of which are incorporated by 
reference herein in their entirety. Other embodiments of the 
invention may relate to the use of viral vectors, with regards to 
which mention is made of U.S. patent application Ser. No. 
13/092,085, the contents of which are incorporated by refer 
ence herein in their entirety. 
0169. In some embodiments of the aspects described 
herein, a dTALE polypeptide is expressed using a yeast 
expression vector. Examples of vectors for expression in 
yeast S. cerivisae include, but are not limited to, pYepSec1 
(Baldari, et al., (1987) EMBO.J. 6:229-234), pMFa (Kurjan 
and Herskowitz, (1982) Cell 30:933-943), p.JRY88 (Schultz 
et al., (1987) Gene 54:113-123), and pYES2 (Invitrogen Cor 
poration, San Diego, Calif.). 
0170. In other embodiments of the invention, a dTALE 
polypeptide is expressed in insect cells using, for example, 
baculovirus expression vectors. Baculovirus vectors avail 
able for expression of proteins in cultured insect cells (e.g., Sf 
9 cells) include, but are not limited to, the p Ac series (Smith 
et al. (1983) Mol. Cell. Biol. 3:2156-2165) and the pVL series 
(Lucklow and Summers (1989) Virology 170:31-39). 
0171 In some embodiments of the aspects described 
herein, a dTALE polypeptide is expressed in mammaliancells 
using a mammalian expression vector. Non-limiting 
examples of mammalian expression vectors include pCDM8 
(Seed, B. (1987) Nature 329:840) and pMT2PC (Kaufman et 
al. (1987) EMBO.J. 6:187-195). When used in mammalian 
cells, the expression vector's control functions are often pro 
vided by viral regulatory elements. For example, commonly 
used promoters are derived from polyoma, Adenovirus 2, 
cytomegalovirus and Simian Virus 40. With regards to viral 
regulatory elements, mention is made of U.S. patent applica 
tion Ser. No. 13/248,967, the contents of which are incorpo 
rated by reference herein in their entirety. 
0172. In some such embodiments, the mammalian expres 
sion vector is capable of directing expression of the nucleic 
acid encoding the dTALE polypeptide in a particular cell type 
(e.g., tissue-specific regulatory elements are used to express 
the nucleic acid). Tissue-specific regulatory elements are 
known in the art and in this regard, mention is made of U.S. 
Pat. No. 7,776,321, the contents of which are incorporated by 
reference herein in their entirety. 
0173 The vectors which may comprise nucleic acid 
sequences encoding the dTALE polypeptides described 
herein may be “introduced into cells as polynucleotides, 
preferably DNA, by techniques well known in the art for 
introducing DNA and RNA into cells. The term “transduc 
tion” refers to any method whereby a nucleic acid sequence is 
introduced into a cell, e.g., by transfection, lipofection, elec 
troporation (methods whereby an instrument is used to create 
micro-sized holes transiently in the plasma membrane of cells 
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under an electric discharge, see, e.g., Banerjee et al., Med. 
Chem. 42:4292-99 (1999); Godbey et al., Gene Ther. 6: 1380 
88 (1999); Kichler et al., Gene Ther. 5:855-60 (1998); Bir 
chaa et al., J. Pharm. 183:195-207 (1999)), biolistics, passive 
uptake, lipid: nucleic acid complexes, viral vector transduc 
tion, injection, contacting with naked DNA, gene gun 
(whereby the nucleic acid is coupled to a nanoparticle of an 
inert solid (commonly gold) which is then “shot directly into 
the target cell's nucleus), calcium phosphate, DEAE dextran, 
lipofectin, lipofectamine, DIMRIE CTM, SuperfectTM, and 
EffectinTM (QiagenTM), UnifectinTM, MaxifectinTM, 
DOTMA, DOGSTM (Transfectam; dioctadecylamidoglycyl 
spermine), DOPE (1,2-dioleoyl-sn-glycero-3-phosphoetha 
nolamine), DOTAP (1,2-dioleoyl-3-trimethylammonium 
propane), DDAB (dimethyl dioctadecylammonium bro 
mide), DHDEAB (N,N-di-n-hexadecyl-N,N-dihydroxyethyl 
ammonium bromide), HDEAB (N-n-hexadecyl-N,N-dihy 
droxyethylammonium bromide), polybrene, poly(ethylen 
imine) (PEI), Sono-poration (transfection via the application 
of Sonic forces to cells), optical transfection (methods 
whereby a tiny (~1 um diameter) hole is transiently generated 
in the plasma membrane of a cell using a highly focused 
laser), magnetofection (refers to a transfection method, that 
uses magnetic force to deliver exogenous nucleic acids 
coupled to magnetic nanoparticles into target cells), impale 
fection (carried out by impaling cells by elongated nanostruc 
tures, such as carbon nanofibers or silicon nanowires which 
were coupled to exogenous nucleic acids), and the like. In this 
regard, mention is made of U.S. patent application Ser. No. 
13/088.009, the contents of which are incorporated by refer 
ence herein in their entirety. 
0.174. The nucleic acid sequences encoding the dTALE 
polypeptides or the vectors which may comprise the nucleic 
acid sequences encoding the dTALE polypeptides described 
herein may be introduced into a cell using any method known 
to one of skill in the art. The term “transformation' as used 
herein refers to the introduction of genetic material (e.g., a 
vector which may comprise a nucleic acid sequence encoding 
a dTALE polypeptide) into a cell, tissue or organism. Trans 
formation of a cell may be stable or transient. The term 
“transient transformation” or “transiently transformed 
refers to the introduction of one or more transgenes into a cell 
in the absence of integration of the transgene into the host 
cells genome. Transient transformation may be detected by, 
for example, enzyme-linked immunosorbent assay (ELISA), 
which detects the presence of a polypeptide encoded by one 
or more of the transgenes. For example, a nucleic acid 
sequence encoding a dTALE polypeptide may further com 
prise a constitutive promoter operably linked to a second 
output product, Such as a reporter protein. Expression of that 
reporter protein indicates that a cell has been transformed or 
transfected with the nucleic acid sequence encoding a dTALE 
polypeptide. Alternatively, or in combination, transient trans 
formation may be detected by detecting the activity of the 
dTALE polypeptide. The term “transient transformant” refers 
to a cell which has transiently incorporated one or more 
transgenes. 
0.175. In contrast, the term “stable transformation' or “sta 
bly transformed refers to the introduction and integration of 
one or more transgenes into the genome of a cell or cellular 
system, preferably resulting in chromosomal integration and 
stable heritability through meiosis. Stable transformation of a 
cell may be detected by Southern blot hybridization of 
genomic DNA of the cell with nucleic acid sequences, which 
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are capable of binding to one or more of the transgenes. 
Alternatively, stable transformation of a cell may also be 
detected by the polymerase chain reaction of genomic DNA 
of the cell to amplify transgene sequences. The term “stable 
transformant” refers to a cell, which has stably integrated one 
or more transgenes into the genomic DNA. Thus, a stable 
transformant is distinguished from a transient transformantin 
that, whereas genomic DNA from the stable transformant 
contains one or more transgenes, genomic DNA from the 
transient transformant does not contain a transgene. Trans 
formation also includes introduction of genetic material into 
plant cells in the form of plant viral vectors involving epichro 
mosomal replication and gene expression, which may exhibit 
variable properties with respect to meiotic stability. Trans 
formed cells, tissues, or plants are understood to encompass 
not only the end product of a transformation process, but also 
transgenic progeny thereof. 
0176 For stable transfection of mammalian cells, it is 
known that, depending upon the expression vector and trans 
fection technique used, only a small fraction of cells may 
integrate the foreign DNA into their genome. In order to 
identify and select these integrants, a gene that encodes a 
selectable biomarker (e.g., resistance to antibiotics) is gener 
ally introduced into the host cells along with the gene of 
interest. Selectable markers include those which conferresis 
tance to drugs, such as G418, hygromycin and methotrexate. 
Nucleic acid encoding a selectable biomarker may be intro 
duced into a host cell on the same vector as that encoding 
dTALE or may be introduced on a separate vector. Cells 
stably transfected with the introduced nucleic acid may be 
identified by drug selection (e.g., cells that have incorporated 
the selectable biomarker gene survive, while the other cells 
die). With regards to transformation, mention is made to U.S. 
Pat. No. 6,620.986, the contents of which are incorporated by 
reference herein in their entirety. 
0177. A host cell, such as a prokaryotic or eukaryotic host 
cell in culture, may be used to produce (i.e., express) a dTALE 
polypeptide as described herein, or may be the cell in which 
the dTALE polypeptide is expressed to mediate its effect on a 
target gene sequence. A "host cell as used herein may be any 
cell, including non-plant, moneran, fungal, prokaryotic or 
eukaryotic cell. As defined herein, a “cell' or “cellular sys 
tem’ is the basic structural and functional unit of all known 
independently living organisms. It is the Smallest unit of life 
that is classified as a living thing, and is often called the 
building block of life. Some organisms, such as most bacteria, 
are unicellular (consist of a single cell). Other organisms, 
such as humans, are multicellular. A "natural cell as defined 
herein, refers to any prokaryotic or eukaryotic cell found 
naturally. A “prokaryotic cell may comprise a cell envelope 
and a cytoplasmic region that contains the cell genome 
(DNA) and ribosomes and various sorts of inclusions. In other 
embodiments, the cell or cellular system is an artificial or 
synthetic cell. As defined herein, an “artificial cell' or a “syn 
thetic cell' is a minimal cell formed from artificial parts that 
may do many things a natural cell may do, Such as transcribe 
and translate proteins and generate ATP 
0.178 For example, a dTALE polypeptide may be 
expressed in bacterial cells, such as E. coli; insect cells, such 
as SF9 or SF-21 cells from Spodoptera frugiperda or S2 cells 
from Drosophila melanogaster, plant cells, such as a tobacco 
plant cell; yeast or fungal cells. Such as a cell from Pichia 
pastoris, Rhizopus, Aspergillus, or S. cerevisiae; animal cells, 
Such as nematode, insect, plant, bird, reptile, or mammalian 
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cells (such as, for example, cells from a mouse, rat, rabbit, 
hamster, gerbil, dog, cat, goat, pig, cow, horse, whale, mon 
key, or human, e.g., 293FT cells, Fao hepatoma cells, primary 
hepatocytes, Chinese hamster ovary cells (CHO), or COS 
cells). The cells may be primary cells, immortalized cells, 
stem cells, or transformed cells. Other suitable host cells are 
known to those skilled in the art. With regards to host cells, 
mention is made of U.S. patent application Ser. No. 13/088, 
009, the contents of which are incorporated by reference 
herein in their entirety. 
0179. In some embodiments of the aspects described 
herein, a primary somatic cell is used as the host cell for 
expression of a dTALE polypeptide and/or is the cell type in 
which the dTALE polypeptide is expressed to mediate its 
effect on a target gene sequence via its nucleic acid binding 
domain. Essentially any primary Somatic cell type may be 
used as a host cell for expressing a dTALE polypeptide. Some 
non-limiting examples of primary cells include, but are not 
limited to, fibroblast, epithelial, endothelial, neuronal, adi 
pose, cardiac, skeletal muscle, immune cells, hepatic, splenic, 
lung, circulating blood cells, gastrointestinal, renal, bone 
marrow, and pancreatic cells. The cell may be a primary cell 
isolated from any Somatic tissue including, but not limited to, 
brain, liver, lung, gut, stomach, intestine, fat, muscle, uterus, 
skin, spleen, endocrine organ, bone, etc. The term “somatic 
cell as used herein, further encompasses primary cells grown 
in culture, provided that the Somatic cells are not immortal 
ized. With regards to these cells, mention is made of U.S. 
patent application Ser. No. 13/147.713, the contents of which 
are incorporated by reference herein in their entirety. 
0180. Where the cell is maintained under in vitro condi 
tions, conventional tissue culture conditions and methods 
may be used, and are known to those of skill in the art. 
Isolation and culture methods for various cells are well within 
the abilities of one skilled in the art. 
0181 Further, the parental cell may be from any mamma 
lian species, with non-limiting examples including a murine, 
bovine, simian, porcine, equine, Ovine, or human cell. In 
Some embodiments, the cell is a human cell. In an alternate 
embodiment, the cell is from a non-human organism Such as 
a non-human mammal. 

0182. The dTALE polypeptides described herein may be 
used to repress or activate transcription of known pluripo 
tency factors, such as SOX2 in 293FT cells. Other factors 
include but are not limited to KLF4, c-Myc, and Oct-4. 
Accordingly, in Some embodiments of the aspects described 
herein, cells of a cell line are used as the host cell for expres 
sion of a dTALE polypeptide and/or are the cell type in which 
the dTALE polypeptide is expressed to mediate its effect on a 
target gene sequence via its nucleic acid binding domain. In 
Some Such embodiments, the host cell is a mammalian cell 
line. In some such embodiments, the mammalian cell line is a 
human cell line. 

0183 Examples of human cell lines useful with the com 
positions and methods provided herein include, but are not 
limited to, 293T (embryonic kidney), BT-549 (breast), DMS 
114 (small cell lung), DU145 (prostate), HT-1080 (fibrosar 
coma), HEK 293 (embryonic kidney), HeLa (cervical carci 
noma), HepG2 (hepatocellular carcinoma), HL-60(TB) (leu 
kemia), HS 578T (breast), HT-29 (colon adenocarcinoma), 
Jurkat (T lymphocyte), M14 (melanoma), MCF7 (mam 
mary), MDA-MB-453 (mammary epithelial), PERC6.R. (E1 
transformed embryonal retina), RXF 393 (renal), SF-268 
(CNS), SF-295 (CNS), THP-1 (monocyte-derived macroph 
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ages), TK-10 (renal), U293 (kidney), UACC-257 (mela 
noma), and XF498 (CNS). In this regard, mention is made of 
U.S. Pat. No. 8,183,038, the contents of which are incorpo 
rated by reference herein in their entirety. 
0184 Examples of non-human primate cell lines useful 
with the compositions and methods provided herein include, 
but are not limited to, monkey kidney (CVI-76) cells, African 
green monkey kidney (VERO-76) cells, green monkey fibro 
blast (Cos-1) cells, and monkey kidney (CVI) cells trans 
formed by SV40 (Cos-7). Additional mammalian cell lines 
are known to those of ordinary skill in the art and are cata 
logued at the American Type Culture Collection catalog 
(ATCC(R), Mamassas, Va.). With regard to non-human pri 
mate cell lines, mention is made of U.S. Pat. No. 5,168,050, 
the contents of which are incorporated by reference herein in 
their entirety. 
0185. Examples of rodent cell lines useful with the com 
positions and methods provided herein include, but are not 
limited to, mouse Sertoli (TM4) cells, mouse mammary 
tumor (MMT) cells, rat hepatoma (HTC) cells, mouse 
myeloma (NSO) cells, murine hybridoma (Sp2/0) cells, 
mouse thymoma (EL4) cells, Chinese Hamster Ovary (CHO) 
cells and CHO cell derivatives, murine embryonic (NIH/3T3, 
3T3 L1) cells, rat myocardial (H9c2) cells, mouse myoblast 
(C2C12) cells, and mouse kidney (miMCD-3) cells. Aspects 
of rodent cell lines are further described in PCT publication 
WO/2011/11990, the contents of which are incorporated by 
reference herein in their entirety. 
0186. In other advantageous embodiments of the inven 

tion, a stem cell is used as the host cell for expression of the 
polypeptides of the invention and/or is the cell type in which 
the dTALE polypeptide is expressed to mediate its effect on a 
target gene sequence via its nucleic acid binding domain. As 
used herein, stem cells refer to undifferentiated cells defined 
by their ability at the single cell level to both self-renew and 
differentiate to produce progeny cells, including self-renew 
ing progenitors, non-renewing progenitors, and terminally 
differentiated cells. Stem cells, depending on their level of 
differentiation, are also characterized by their ability to dif 
ferentiate in vitro into functional cells of various cell lineages 
from multiple germ layers (endoderm, mesoderm and ecto 
derm), as well as to give rise to tissues of multiple germ layers 
following transplantation and to contribute Substantially to 
most, if not all, tissues following injection into blastocysts. 
(mention is made of U.S. Pat. Nos. 5,750,376, 5,851,832, 
5,753,506, 5,589,376, 5,824,489, 5,654,183, 5,693,482, 
5,672,499, and 5,849,553, all herein incorporated in their 
entireties by reference). Stem cells that may be used in the 
compositions and methods which may comprise dTALE 
polypeptides and nucleic acid sequences encoding dTALE 
polypeptides described herein may be naturally occurring 
stem cells or “induced stem cells generated using the com 
positions, kits, and methods described herein, or by any 
method or composition known to one of skill in the art. 
0187 Stem cells may be obtained from any mammalian 
species, e.g., human, primate, equine, bovine, porcine, 
canine, feline, rodent, e.g., mice, rats, hamsters, etc. Stem 
cells are classified by their developmental potential as: (1) 
totipotent, meaning able to give rise to all embryonic and 
extraembryonic cell types; (2) pluripotent, meaning able to 
give rise to all embryonic cell types; (3) multipotent, meaning 
able to give rise to a subset of cell lineages, but all within a 
particular tissue, organ, or physiological system (for 
example, hematopoietic stem cells (HSC) may produce prog 
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eny that include HSC (self-renewal), blood cell restricted 
oligopotent progenitors and the cell types and elements (e.g., 
platelets) that are normal components of the blood); (4) oli 
gopotent, meaning able to give rise to a more restricted Subset 
of cell lineages than multipotent stem cells; and (5) unipotent, 
meaning able to give rise to a single cell lineage (e.g., sper 
matogenic stem cells). 
0188 DNA binding polypeptides of the invention may be 
used in conjunction with stem cells that include but are not 
limited to embryonic cells of various types, exemplified by 
human embryonic stem (hES) cells, described by Thomson et 
al. (1998) Science 282:1145; embryonic stem cells from other 
primates, such as Rhesus stem cells (Thomson et al. (1995) 
Proc. Natl. Acad. Sci. USA 92:7844); marmoset stem cells 
(Thomson et al. (1996) Biol. Reprod. 55:254); and human 
embryonic germ (hEG) cells (Shambloft et al., Proc. Natl. 
Acad. Sci. USA95:13726, 1998). Also of interest are lineage 
committed stem cells, such as hematopoietic or pancreatic 
stem cells. In some embodiments, the host cell transfected 
with the expression vector which may comprise a sequence 
encoding a dTALE polypeptide is a multipotent stem cell or 
progenitor cell. Examples of multipotent cells useful in meth 
ods provided herein include, but are not limited to, murine 
embryonic stem (ES-D3) cells, human umbilical vein endot 
helial (HuVEC) cells, human umbilical artery smooth muscle 
(HuASMC) cells, human differentiated stem (HKB-II) cells, 
and human mesenchymal stem (hMSC) cells. An additional 
stem cell type of interest for use with the compositions and 
methods described herein are cancer stem cells. With regards 
to stem cells, mention is made of PCT publication WO/2011/ 
119901, the contents of which are incorporated by reference 
herein in their entirety. 
0189 Cells derived from embryonic sources may include 
embryonic stem cells or stem cell lines obtained from a stem 
cell bank or other recognized depository institution. Other 
means of producing stem cell lines include the method of 
Chung et al. (2006) which may comprise taking a blastomere 
cell from an early stage embryo prior to formation of the 
blastocyst (at around the 8-cell stage). The technique corre 
sponds to the pre-implantation genetic diagnosis technique 
routinely practiced in assisted reproduction clinics. The 
single blastomere cell is then co-cultured with established 
ES-cell lines and then separated from them to form fully 
competent ES cell lines. 
0.190 Cells may also be derived from human umbilical 
cord blood cells (HUCBC), which are recognized as a rich 
Source of hematopoietic and mesenchymal stem cells 
(Broxmeyer et al., 1992 Proc. Natl. Acad. Sci. USA 89:4109 
4113). Cord blood cells are used as a source of transplantable 
stem and progenitor cells and as a Source of marrow repopu 
lating cells for the treatment of malignant diseases (e.g., acute 
lymphoid leukemia, acute myeloid leukemia, chronic 
myeloid leukemia, myelodysplastic syndrome, and neuro 
blastoma) and non-malignant diseases Such as Fanconi's ane 
mia and aplastic anemia (Kohli-Kumar et al., 1993 Br. J. 
Haematol. 85:419-422; Wagner et al., 1992 Blood 79; 1874 
1881; Lu et al., 1996 Crit. Rev. Oncol. Hematol. 22:61-78; Lu 
et al., 1995 Cell Transplantation 4:493-503). One advantage 
of HUCBC for use with the methods and compositions 
described herein is the immature immunity of these cells, 
which is very similar to fetal cells, and thus significantly 
reduces the risk for rejection by the host (Taylor & Bryson, 
1985 J. Immunol. 134:1493-1497). With regards to cord 
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blood cells, mention is made of U.S. application Ser. No. 
10/777,425, the contents of which are incorporated by refer 
ence herein in their entirety. 
0191 In other embodiments of the aspects described 
herein, cancer stem cells are used as the host cells for expres 
sion of a dTALE polypeptide described herein, in order to, for 
example, differentiate or alter the phenotype of a cancer stem 
cell to a non-tumorigenic state by activating one or more 
target gene sequences. Examples of tumors from which 
samples containing cancer stem cells may be isolated from or 
enriched, for use with the compositions and methods 
described herein, include sarcomas and carcinomas such as, 
but not limited to: fibrosarcoma, myxosarcoma, liposarcoma, 
chondrosarcoma, osteogenic sarcoma, chordoma, angiosar 
coma, endotheliosarcoma, lymphangiosarcoma, mesothe 
lioma, Ewing's tumor, lymphangioendotheliosarcoma, Syn 
ovioma, leiomyosarcoma, rhabdomyosarcoma, colon 
carcinoma, pancreatic cancer, breast cancer, ovarian cancer, 
prostate cancer, squamous cell carcinoma, basal cell carci 
noma, adenocarcinoma, Sweat gland carcinoma, sebaceous 
gland carcinoma, papillary carcinoma, papillary adenocarci 
nomas, cystadenocarcinoma, medullary carcinoma, bron 
chogenic carcinoma, renal cell carcinoma, hepatoma, bile 
duct carcinoma, choriocarcinoma, seminoma, embryonal 
carcinoma, Wilms tumor, cervical cancer, testicular tumor, 
lung carcinoma, Small cell lung carcinoma, bladder carci 
noma, epithelial carcinoma, astrocytic tumors (e.g., diffuse, 
infiltrating gliomas, anaplastic astrocytoma, glioblastoma, 
gliosarcoma, pilocytic astrocytoma, pleomorphic Xanthoas 
trocytoma), oligodendroglial tumors and mixed gliomas 
(e.g., oligodendroglioma, anaplastic oligodendroglioma, oli 
goastrocytoma, anaplastic oligoastrocytoma), ependymal 
tumors (e.g., ependymoma, anaplastic ependymoma, myxo 
papillary ependymoma, Subependymoma), choroid plexus 
tumors, neuroepithelial tumors of uncertain origin (astroblas 
toma, chordoid glioma, gliomatosis cerebri), neuronal and 
mixed-neuronal-glial tumors (e.g., ganglioglioma and gan 
gliocytoma, desmoplastic infantile astrocytoma and gan 
glioglioma, dysembryoplastic neuroepithelial tumor, central 
neurocytoma, cerebellar liponeurocytoma, paragan 
glioglioma), pineal parenchymal tumors, embryonal tumors 
(medulloepithelioma, ependymoblastoma, medulloblas 
toma, primitive neuroectodemmal tumor, atypical teratoid/ 
rhabdoid tumor), peripheral neuroblastic tumors, tumors of 
cranial and peripheral nerves (e.g., Schwannoma, neurinofi 
broma, perineurioma, malignant peripheral nerve sheath 
tumor), meningeal tumors (e.g., meningeomas, mesenchy 
mal, non-meningothelial tumors, haemangiopericytomas, 
melanocytic lesions), germ cell tumors, tumors of the sellar 
region (e.g., craniopharyngioma, granular cell tumor of the 
neurohypophysis), hemangioblastoma, melanoma, and ret 
inoblastoma. Additionally, the stem cell isolation methods of 
the invention are applicable to isolating stem cells from tis 
Sues other than characterized tumors (e.g., from tissues of 
diseases such as the so called “stem cell pathologies’). With 
regards to tumor and cancer stem cells, mention is made of 
U.S. application Ser. No. 10/195,117, the contents of which 
are incorporated by reference herein in their entirety. 
0.192 In other aspects, methods for producing dTALE pro 
tein using host cells are further provided. In some embodi 
ments of these methods, the method includes culturing the 
host cell (into which a recombinant expression vector encod 
ing a dTALE polypeptide has been introduced) in a suitable 
medium until dTALE polypeptide is produced. In some Such 

May 30, 2013 

embodiments, the method further may comprise isolating the 
dTALE polypeptide produced from the medium or the host 
cell. 
0193 The term "heterologous' or “exogenous” when used 
with reference to a nucleic acid, indicates that the nucleic acid 
is in a cell or a virus where it is not normally found in nature; 
or, may comprise two or more Subsequences that are not 
found in the same relationship to each other as are normally 
found in nature, or is recombinantly engineered so that its 
level of expression, or physical relationship to other nucleic 
acids or other molecules in a cell, or structure, is not normally 
found in nature. For instance, a heterologous nucleic acid is 
typically recombinantly produced, having two or more 
sequences from unrelated genes arranged in a manner not 
found in nature; e.g., a human gene operably linked to a 
promoter sequence inserted into an adenovirus-based vector 
of the invention. As an example, a heterologous nucleic acid 
of interest may encode an immunogenic gene product, 
wherein the adenovirus is administered therapeutically or 
prophylactically as a carrier or drug-vaccine composition. 
Heterologous sequences may comprise various combinations 
of promoters and sequences, examples of which are described 
in detail herein. 
0194 The present invention also provides for pharmaceu 
tical compositions which may comprise the DNA binding 
polypeptides of the invention or the nucleic acids encoding 
them. In a preferred embodiment the composition may com 
prise one or more pharmaceutically acceptable excipients. 
Pharmaceutically acceptable carrier or excipients, are known 
to those of skill in the art. See, for example, Remington's 
Pharmaceutical Sciences, 17th ed., 1985; and PCT publica 
tion WO 00/42219, the contents of which are incorporated by 
reference herein in their entirety. 
0.195 As used herein, the terms “drug composition', 
“drug”, “vaccinal composition”, “vaccine”, “vaccine compo 
sition”, “therapeutic composition' and “therapeutic-immu 
nologic composition' cover any composition that induces 
protection against an antigen or pathogen. In some embodi 
ments, the protection may be due to an inhibition or preven 
tion of infection by a pathogen. In other embodiments, the 
protection may be induced by an immune response against 
the antigenCs) of interest, or which efficaciously protects 
against the antigen; for instance, after administration or injec 
tion into the Subject, elicits a protective immune response 
against the targeted antigen or immunogen, or provides effi 
cacious protection against the antigen or immunogen 
expressed from the inventive adenovirus vectors of the inven 
tion. The term “pharmaceutical composition” means any 
composition that is delivered to a subject. In some embodi 
ments, the composition may be delivered to inhibit or prevent 
infection by a pathogen. 
0196. The terms “immunogenic composition' and 
“immunological composition' and “immunogenic or immu 
nological composition' cover any composition that confers in 
a Subject a therapeutic effect and/or elicits in a subject an 
immune response against the antigen, immunogen, or patho 
gen of interest; for instance, after administration into a Sub 
ject, elicits an immune response against the targeted immu 
nogen or antigen of interest. 
0.197 An “immunological response' to a composition, 
Vaccine, antigen, immunogen, pathogen or ligand is the 
development in the host of a cellular and/or antibody-medi 
ated immune response to the composition, vaccine, antigen, 
immunogen, pathogen or ligand of interest. Usually, an 
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“immunological response includes but is not limited to one 
or more of the following effects: the production of antibodies, 
B cells, helper T cells, and/or cytotoxic T cells, directed 
specifically to an antigen or antigens included in the compo 
sition or vaccine of interest. Preferably, the host displays both 
a rapid (e.g., within (24 hrs.) therapeutic effect and a long 
term protective immunological response Such that resistance 
to new infection is enhanced and/or the clinical severity of the 
disease reduced. Such protection is demonstrated by either a 
reduction or lack of symptoms normally displayed by an 
infected host, a quicker recovery time and/or a lowered viral 
titer in the infected host. 

0198 A “therapeutically effective amount’ or an “immu 
nologically effective amount’ is an amount or concentration 
of the recombinant vector encoding the gene of interest, that, 
when administered to a Subject, produces a therapeutic 
response or an immune response to the gene product of inter 
eSt. 

0199 Hence, particularly advantageous embodiments of 
the invention relate to the administration of a therapeutically 
effective amount of the polypeptide or polypeptides of the 
invention to target tissues and cells in an animal in need 
thereof. In preferred embodiments, the animal is a mammal. 
Formulations suitable for parenteral administration, such as, 
for example, by intravenous, intramuscular, intradermal, and 
Subcutaneous routes, include aqueous and non-aqueous, iso 
tonic sterile injection solutions, which may contain antioxi 
dants, buffers, bacteriostats, and solutes that render the for 
mulation isotonic with the blood of the intended recipient, 
and aqueous and non-aqueous sterile Suspensions that may 
include Suspending agents, solubilizers, thickening agents, 
stabilizers, and preservatives. In the practice of this invention, 
compositions may be administered, for example, by intrave 
nous infusion, orally, topically, intraperitoneally, intravesi 
cally or intrathecally. The formulations of compounds may be 
presented in unit-dose or multi-dose sealed containers, such 
as ampules and vials. Injection Solutions and Suspensions 
may be prepared from Sterile powders, granules, and tablets 
of the kind previously described. 
0200. The dTALES or polypeptides of the invention may 
also be Supplied as components of diagnostic kits. In one 
embodiment they allow for the rapid identification of 
genomic markers of interest. In a further embodiment, these 
proteins may be purified from cells and used in diagnostic kits 
or for diagnostic reagents for uses such as analyzing the allele 
type of a gene of interest, measuring mRNA expression lev 
els, etc. The polypeptides of the invention may be attached to 
silicon chips or beads for multichannel or microfluidic analy 
ses. In yet a further aspect, the polypeptides of the invention 
may be utilized in kits used to facilitate genomic manipula 
tion by the user and so may provide a polypeptide with an 
effector domain, for example, a TALEN that cleaves a desired 
target or a safe harbor locus within a genome. The TALEN 
may be provided either as nucleic acid (e.g., DNA or RNA) or 
may be provided as protein. In some instances, the protein 
may beformulated to increase stability, or may be provided in 
a dried form. In some instances, the kits are used for diagnos 
tic purposes. In some embodiments of the invention, the 
TALE-fusion included in the kit is a transcriptional regulator. 
In other embodiments, the TALE-fusion may comprise a 
reporter. In yet another embodiment, the kit may comprise 
any additional component which aids in the construction and 
delivery of the DNA binding polypeptides of the invention. 
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0201 The dTALE-expressing nucleic acid molecules 
described herein may be constructed, for example, using the 
methods described in Zhang et al., Nature Biotechnology 
29:149-153 (2011) (Further described in Example 2). These 
nucleic acids encode for the polypeptides of the invention that 
are characterized by all the embodiments described herein. 

EXAMPLES 

Example 1 

Targeting the SOX2 Gene Promoter with SID and 
KRAB Repression Domains 

0202 TALEs targeting the promoter of the human SOX2 
gene with the mSin interaction domain (SID) or the Krüppel 
associated box (KRAB) repression domain were engineered. 
TALEs were constructed using a Golden-Gate-like cut-liga 
tion strategy. Different truncations of the KRAB domain and 
SID were codon optimized for mammalian expression and 
synthesized with flanking NheI and Xbal restriction sites. All 
repressor domains were cloned into the TALE backbone by 
replacing the VP64 activation domain using NheI and Xbal 
restriction sites and verified by sequencing. FIG. 1 depicts a 
schematic of an exemplary TALE-repressor architecture, 
while the amino acid sequences of the TALE repressors are 
provided in FIG. 2. When TALE repressors were introduced 
into HEK 293FT cells using liposomal transfection, the SID 
domain repressed the endogenous SOX2 locus 26% more 
effectively than the KRAB domain (FIG. 1). 
(0203 To identify an RVD specific for G residues, 23 
RVDs were evaluated for residue binding (FIGS. 3 and 4). To 
directly compare the DNA binding specificity and activity of 
the RVDs, a set of 23 12.5-repeat TALEs were designed 
where RVDs 5 and 6 were systematically substituted with the 
23 test RVDs (RVD-TALEs: FIG. 3). Each RVD-TALE was 
used to assess the base-preference and activity strength of its 
corresponding RVD, which was measured by comparing each 
RVD-TALEs transcriptional activation of four base-specific 
luciferase reporter plasmids with A, G, T, and C substituted in 
the 5th and 6th positions of the TALE binding site (A-G-, T 
or C-reporters: FIG. 3). Luciferase reporter assays were per 
formed by co-transfecting HEK 293FT cells with TALE 
expression and luciferase reporter plasmids, as well as a con 
trol Gaussia luciferase plasmid (pCMV-Gluc, New England 
BioLabs). HEK 293FT cells were seeded into 24-well plates 
the day prior to transfection at densities of 2x10 cells/well. 
Approximately 24 h after initial seeding, cells were trans 
fected using Lipofectamine2000 (Invitrogen) following the 
manufacturer's protocol. For each well of the 24-well plates 
700 ng of dTALE and 50 ng of each reporter plasmids were 
used to transfect HEK 293FT cells. 
(0204. The 23 RVD-TALEs exhibited a wide range of DNA 
base preferences and biological activities in the reporter 
assay. In particular, NH and HN-TALEs activated the G-re 
porter preferentially and at levels similar to the NN-TALE. 
The NH-TALE also exhibited significantly higher specificity 
for the G-reporter than the NN-TALE (ratio of G- to A-re 
porter activations: 16.4 for NH-TALE and 3.5 for NN-TALE: 
FIG.4). Additionally, the RVDNA exhibited similar levels of 
reporter activation for all four bases. 
(0205 To further investigate NH and HN as G-specific 
RVDs, the specificity and activity strength of NN, NK, NH, 
and HN were compared. Two 18 bp targets within the 
CACNA1C locus in the human genome were selected and 
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four TALEs for each target, using NN, NK, NH, or HN as the 
G-targeting RVD, were constructed (FIGS. 5A-B). Amino 
acid sequences of exemplary CACNA1C TALES are pro 
vided in FIG. 6A-F. Aluciferase assay was designed to further 
characterize the G-specificity of each RVD. For each 
CACNA1C target site, two luciferase reporters were con 
structed, one with the original genomic target sequence, and 
the other with all of the Gs in the target sequences replaced 
with AS (G-to-A reporter), and compared the activity of each 
TALE on the wild type and G-to-A reporter (FIG. 5A). 
Luciferase reporter plasmids were designed and synthesized 
by cloning the TALE binding site upstream of the minimal 
CMV promoter driving the expression of a Cypridina 
luciferase gene. 
0206 Dual luciferase reporter assays were carried out 
with the BioLux Gaussia luciferase flex assay kit and BioLux 
Cypridina luciferase assay kit (New England Biolabs) fol 
lowing the manufacturer's recommended protocol. Briefly, 
media from each well of transfected cells were collected 48 
hours after transfection. For each sample, 20 uL of the media 
were added into a 96-well assay plate, mixed with each one of 
the dual luciferase assay mixes. After brief incubation, as 
indicated in the manufacturer's protocol, luminescence levels 
of each sample were measured using the Varioskan flash 
multimode reader (Thermo Scientific). The fold induction of 
the luciferase reporters was calculated according to the fold 
change of luminescence level in the Cypridina luciferase 
assay, normalized to the corresponding luminescence level in 
the Gaussia luciferase assay to control for sample differ 
CCCS. 

0207. The TALE with NH as the G-targeting RVD exhib 
ited the highest levels of G-specificity across the CACNA1C 
targets (less than 10% activation of the G-to-A reporter; FIG. 
5A), whereas the TALE with HN as the G-targeting RVD was 
able to activate the G-to-Aluciferase reporters with at least 
60% activity. 
0208. Using qRT-PCR, the levels of transcriptional modu 
lation by TALEs carrying different G-targeting RVDs were 
compared (NN, NK, and NH; FIG. 5B and FIG. 7). HEK 
293FT cells were seeded into 24-well plates. 1 g of TALE 
plasmid was transfected using Lipofectamine 2000 (Invitro 
gen) according to manufacturer's protocol. Transfected cells 
were cultured at 37° C. for 72 hours before RNA extraction. 
At least 100,000 cells were harvested and subsequently pro 
cessed for total RNA extraction using the RNAeasy Plus Mini 
Kit (Qiagen). cDNA was generated using the High Capacity 
RNA-to-cDNA Master Mix (Applied Biosystems) according 
to the manufacturer's recommended protocol. After cDNA 
synthesis, cDNA from each samples were added to the qRT 
PCR assay with the TaqMan Advanced PCR Master Mix 
(Applied Biosystems) using a StepOne Plus qRT-PCR 
machine. 
0209. The fold activation in the transcriptional levels of 
SOX2 and CACNA1C mRNA were detected using standard 
TaqMan Gene Expression Assays with probes having the best 
coverage (Applied Biosystems; SOX2: Hs01053049 s 1: 
CACNA1C: Hs00167681 ml). For both CACNA1C targets, 
TALEs carrying the VP64 activation domain and using NH as 
the G-targeting RVD were able to achieve similar levels of 
transcriptional activation as TALEs using NN (-5 and ~3 
folds of activation for targets 1 and 2) and twice as much as 
TALEs using NK (FIG. 5B and FIG. 7). TALEs targeting the 
SID repression domain to the first CACNA1C target (FIG. 7) 
showed that the TALE repressor using NH as the G-targeting 
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RVD was able to achieve the same level of transcriptional 
repression as the NN-containing TALE repressor (~4 fold 
repression), while the TALE repressor using NK was signifi 
cantly less active (~2 fold repression). 

Example 2 

A Transcription Activator-Like Effector Toolbox for 
Genome Editing 

0210 Customized TALEs may be used for a wide variety 
of genome engineering applications, including transcrip 
tional modulation and genome editing. Here, Applicants 
describe a toolbox for rapid construction of custom TALE 
transcription factors (TALE-TFs) and nucleases (TALENs) 
using a hierarchical ligation procedure. This toolbox facili 
tates affordable and rapid construction of custom TALE-TFs 
and TALENs within 1 week and may be easily scaled up to 
construct TALEs for multiple targets in parallel. Applicants 
also provide details for testing the activity in mammaliancells 
of custom TALE-TFs and TALENs using quantitative 
reverse-transcription PCR and Surveyor nuclease, respec 
tively. The TALE toolbox enables a broad range of biological 
applications. 
0211 Systematic reverse-engineering of the functional 
architecture of the mammalian genome requires the ability to 
perform precise perturbations on gene sequences and tran 
Scription levels. Tools capable of facilitating targeted genome 
editing and transcription modulation are essential for eluci 
dating the genetic and epigenetic basis of diverse biological 
functions and diseases. The recent discovery of the TALE 
code (1,2) has enabled the generation of custom TALE DNA 
binding domains with programmable specificity (3, 4, 5, 6, 7, 
8, 9, 10, 11, 12). When coupled to effector domains, custom 
ized TALES provide a promising platform for achieving a 
wide variety of targeted genome manipulations (3, 4, 5, 8, 11, 
13, 14). Here Applicants describe an improved protocol for 
rapid construction of customized TALEs and methods to 
apply these TALEs to achieve endogenous transcriptional 
activation (3, 4, 5, 8) and site-specific genome editing (4, 7, 9, 
11, 12, 13, 14, 15). Investigators should be able to use this 
protocol to construct TALEs for targets of their choice in less 
than 1 week. 
0212 TALEs are natural bacterial effector proteins used 
by Xanthomonas sp. to modulate gene transcription in host 
plants to facilitate bacterial colonization (16, 17). The central 
region of the protein contains tandem repeats of 34-aa 
sequences (termed monomers) that are required for DNA 
recognition and binding (18, 19, 20, 21) (FIG. 8). Naturally 
occurring TALEs were found to have a variable number of 
monomers, ranging from 1.5 to 33.5 (ref. 16). Although the 
sequence of each monomer is highly conserved, they differ 
primarily in two positions termed the repeat variable diresi 
dues (RVDs, 12th and 13th positions). Recent reports have 
found that the identity of these two residues determines the 
nucleotide-binding specificity of each TALE repeat and that a 
simple cipher specifies the target base of each RVD (NIA, 
HD=C, NG=T, NN=G or A) (1, 2). Thus, each monomer 
targets one nucleotide and the linear sequence of monomers 
in a TALE specifies the target DNA sequence in the 5' to 3' 
orientation. The natural TALE-binding sites within plant 
genomes always begin with a thymine (1, 2), which is pre 
Sumably specified by a cryptic signal within the nonrepetitive 
N terminus of TALEs. The tandem repeat DNA-binding 
domain always ends with a half-length repeat (0.5 repeat, 
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FIG. 8). Therefore, the length of the DNA sequence being 
targeted is equal to the number of full repeat monomers plus 
tWO. 

0213 Comparison with Other Genome Manipulation 
Methods: 

0214 For targeted gene insertion and knockout, there are 
several techniques that were used widely in the past, Such as 
homologous gene targeting (22, 23, 24), transposases (25. 
26), site-specific recombinases (27), meganucleases (28) and 
integrating viral vectors (29, 30). However, most of these 
tools target a preferred DNA sequence and cannot be easily 
engineered to function at noncanonical DNA target sites. The 
most promising, programmable DNA-binding domain has 
been the artificial zinc-finger (ZF) technology, which enables 
arrays of ZF modules to be assembled into a tandem array and 
target new DNA-binding sites in the genome. Each finger 
module in a ZF array targets three DNA bases (31. 32). In 
comparison, TALE DNA-binding monomers target single 
nucleotides and are much more modular than ZF modules. 
For instance, when two independent ZF modules are 
assembled into a new array, the resulting target site cannot be 
easily predicted based on the known binding sites for the 
individual finger modules. Most of the intellectual property 
Surrounding the ZF technology platform is proprietary and 
expensive (>S10,000 per target site). A public effort for ZF 
technology development also exists through the Zinc Finger 
Consortium, but the publicly available ZF modules may only 
target a subset of the 64 possible trinucleotide combinations 
(33, 34, 35). TALEs theoretically may target any sequence 
and have already been used in many organisms with impres 
sive success (FIG. 9). Although TALEs seem superior in 
many ways, ZFS have a longer track record in DNA-targeting 
applications (32), including their use in human clinical trials 
(36). Despite their relatively recent development, early 
results with TALEs were promising and it seems that they 
may be applied in the same way as ZFS for many DNA 
targeting applications (e.g., transcriptional modulator (3, 4, 5, 
8), nuclease (4, 7, 9, 11, 12, 13, 14, 15), recombinase (37,38, 
39), transposase (40, 41). 
0215 Constructing Customized TALE-TFs and TALENs: 
0216. Because of the repetitive nature of TALEs, construc 
tion of the DNA-binding monomers may be difficult. Previ 
ously, a hierarchical ligation strategy was used to overcome 
the difficulty of assembling the monomers into ordered mul 
timer arrays, taking advantage of degeneracy in the codons 
Surrounding the monomer junction and Type IIs restriction 
enzymes (3,6,7,8,9, 10). In the present protocol, Applicants 
use the same basic strategy used (3) to construct TALE-TFs to 
modulate transcription of endogenous human genes. Appli 
cants have further improved the TALE assembly system with 
a few optimizations, including maximizing the dissimilarity 
of ligation adaptors to minimize misligations and combining 
separate digest and ligation steps into single Golden Gate (42. 
43. 44) reactions. Briefly, each nucleotide-specific monomer 
sequence is amplified with ligation adaptors that uniquely 
specify the monomer position within the TALE tandem 
repeats. Once this monomer library is produced, it may con 
veniently be reused for the assembly of many TALEs. For 
each TALE desired, the appropriate monomers are first 
ligated into hexamers, which are then amplified via PCR. 
Then, a second Golden Gate digestion-ligation with the 
appropriate TALE cloning backbone (FIG. 8) yields a fully 
assembled, sequence-specific TALE. The backbone contains 
a ccdB negative selection cassette flanked by the TALEN and 
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C termini, which is replaced by the tandem repeat DNA 
binding domain when the TALE has been successfully con 
structed. ccdB selects against cells transformed with an 
empty backbone, thereby yielding clones with tandem 
repeats inserted (7). 
0217. Assemblies of monomeric DNA-binding domains 
may be inserted into the appropriate TALE-TF or TALEN 
cloning backbones to construct customized TALE-TFs and 
TALENs. TALE-TFs are constructed by replacing the natural 
activation domain within the TALEC terminus with the syn 
thetic transcription activation domain VP64 (ref 3: FIG. 8). 
By targeting a binding site upstream of the transcription start 
site, TALE-TFs recruit the transcription complex in a site 
specific manner and initiate gene transcription. TALENs are 
constructed by fusing a C-terminal truncation (+63 aa) of the 
TALE DNA-binding domain (4) with the nonspecific FokI 
endonuclease catalytic domain (FIG. 8). The +63-aa C-ter 
minal truncation has also been shown to function as the mini 
mal C terminus sufficient for transcriptional modulation (3). 
TALENs form dimers through binding to two target 
sequences separated by ~17 bases. Between the pair of bind 
ing sites, the FokI catalytic domains dimerize and function as 
molecular Scissors by introducing double-strand breaks 
(DSBs: FIG. 8). Normally, DSBs are repaired by the nonho 
mologous end joining (45) pathway (NHEJ), resulting in 
Small deletions and functional gene knockout. Alternatively, 
TALEN-mediated DSBs may stimulate homologous recom 
bination, enabling site-specific insertion of an exogenous 
donor DNA template (4.13). 
0218 Applicants also present a short procedure for veri 
fying correct TALE assembly by using colony PCR to verify 
the correct insert length followed by DNA sequencing. With 
this cloning procedure, high efficiency (correct length) and 
high accuracy (correct sequence) is routinely achieved. The 
cloning procedure is modular in several ways: TALEs to 
target DNA sequences of different lengths are constructed, 
and the protocol is the same for producing either TALE-TFs 
or TALENs. The backbone vectors may be modified with 
different promoters to achieve cell type-specific expression. 
0219. The present protocol includes functional assays for 
evaluating TALE-TF and TALEN activity in human cells. 
This step is important because some variability in TALE 
activity on the endogenous genome has been observed, pos 
sibly because of epigenetic repression and/or inaccessible 
chromatin at certain loci. For TALE-TFs, Applicants per 
formed quantitative reverse-transcription PCR (qRT-PCR) to 
quantify changes in gene expression. For TALENs, Appli 
cants used the Surveyor mutation detection assay (i.e., the 
base-mismatch cleaving endonuclease Cel2) to quantify 
NHE.J. These assays are standard and were described else 
where (46, 47). Functional characterization is integral to 
TALE production and is presented in this Application with the 
assembly procedure. Other functional assays, such as plas 
mid-based reporter constructs (3, 7), restriction sites 
destroyed by NHEJ (48) or other enzymes that detect DNA 
mismatch (49), may also be used to validate TALE activity. 
0220 Applicants’ protocol (FIG. 2) begins with the gen 
eration of a monomer library, which takes 1 d and may be 
reused for building many TALEs. Using the monomer library, 
several TALES may be constructed in a single day with an 
additional 2 d for transformation and sequence verification. 
To assess TALE function on the endogenous genome. ~3 dare 
taken to go from mammalian cell transfection to qRT-PCR or 
Surveyor results. 
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0221 Comparison with Other TALE Assembly Proce 
dures: 

0222. A number of TALE assembly procedures have 
described the use of Golden Gate cloning to construct cus 
tomized TALE DNA-binding domains (3, 6, 7, 8, 9, 10). 
These methods rely on the use of a large collection of plas 
mids (typically over 50 plasmids) encoding repeat monomers 
and intermediate cloning vectors. Applicants’ PCR-based 
approach requires substantially less initial plasmid prepara 
tion, as the monomer library may be amplified on one 96-well 
PCR plate, and it facilitates more rapid construction of cus 
tom TALEs. Plasmid-based amplification has a much lower 
mutation/error rate but, the combination of a high-fidelity 
polymerase and the short length of the monomer template 
(~100 nt) results in accurate assembly. For building similar 
length TALEs to those presented in this protocol, the plasmid 
based approaches also require an additional transformation 
and colony selection that extends the time needed to build 
TALEs. Thus, these alternative assembly protocols require a 
greater time investment both up-front (for monomer library 
preparation) and on a recurring basis (for each new TALE). 
For laboratories seeking to produce TALEs quickly, Appli 
cants’ protocol requires only a few hours to prepare a com 
plete monomer library and less than 1 d to proceed from 
monomers to the final transformation into bacteria. 

0223 Targeting Limitations: 
0224. There are a few key limitations with the TALE tech 
nology. Although the RVD cipher is known, it is still not well 
understood as to why different TALEs designed according to 
the same cipher act on their target sites in the native genome 
with different levels of activity. It is possible that there are 
yet-unknown sequence dependencies for efficient binding or 
site-specific constraints (e.g., chromatin States) that are 
responsible for differences in functional activity. Therefore, 
at least two or three TALE-TFs or TALEN pairs for each 
target locus are to be constructed. In addition, it is possible 
that engineered TALEs may have off-target effects—i.e., 
binding unintended genomic loci—which may be difficult to 
detect without additional functional assays at these loci. 
Given the relatively early state of TALE technology develop 
ment, these issues remain to be addressed in a conclusive 
a. 

0225. TALE-TF Target Site Selection: 
0226. The programmable nature of TALEs allows for a 
virtually arbitrary selection of target DNA-binding sites. As 
previously reported, the N terminus of the TALE requires that 
the target site begin with a thymine nucleotide. For TALE 
TFs, Applicants have successfully targeted 14- to 20-bp 
sequences within 200 bp of the transcription start site (FIG. 
8). It may be advantageous to select a longer sequence to 
reduce off-target activation, as it is known from reporter 
activation assays that TALEs interact less efficiently with 
targets containing more than one mismatching base. In the 
present assembly protocol, ligation of 18 monomers into a 
backbone containing a nucleotide-specific final 0.5 monomer 
is described; combined with the initial thymine requirement, 
this yields a total sequence specificity of 20 nt. Specifically, 
the TALE-TF-binding site takes the form 5'-TN'-3', When 
selecting TALE-TF-targeting sites for modulating endog 
enous gene transcription, it is recommended that multiple 
target sites within the proximal promoter region be targeted 
(targeting either the sense or antisense strand), as epigenetic 
and local chromatin dynamics might impede TALE binding. 
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Larger TALEs might be beneficial for TALE-TFs targeting 
genes with less unique regions upstream of their transcription 
start site. 
0227. TALEN Target Site Selection: 
0228 Because TALENs function as dimers, a pair of TAL 
ENs, referred to as the left and right TALENs, need to be 
designed to target a given site in the genome. The left and 
right TALENs target sequences on opposite strands of DNA 
(FIG. 8). As with TALE-TF, Applicants designed each 
TALEN to target a 20-bp sequence. TALENs are engineered 
as a fusion of the TALE DNA-binding domain and a mono 
meric FokI catalytic domain. To facilitate FokI dimerization, 
the left and right TALEN target sites are chosen with a spac 
ing of approximately 14-20 bases. Therefore, for a pair of 
TALENs, each targeting 20-bp sequences, the complete tar 
get site should have the form 5'-TN'N'''N'A-3', where 
the left TALEN targets 5'-TN'-3' and the right TALEN tar 
gets the antisense strand of 5'-N'A-3' (N=A, G, T or C). 
TALENs should have fewer off-target effects because of the 
dimerization requirement for the FokI nuclease, although no 
significant off-target effects are observed in limited sequenc 
ing verifications (13). Because DSB formation only occurs if 
the spacer between the left and right TALEN-binding sites 
(FIG. 8) is approximately 14-20 bases, nuclease activity is 
restricted to genomic sites with both the specific sequences of 
the left TALEN and the right TALEN with this small range of 
spacing distances between those sites. These constraints 
should greatly reduce potential off-target effects. 
0229. TALE Monomer Design: 
0230. To ensure that all synthesized TALEs are tran 
scribed at a similar level, all of the monomers are optimized to 
share identical DNA sequences except in the variable diresi 
dues, and they are codon-optimized for expression in human 
cells (FIG. 11). This should minimize any difference in trans 
lation due to codon availability. 
0231 Construction Strategy: 
0232 Synthesis of monomeric TALE DNA-binding 
domains in a precise order is challenging because of their 
highly repetitive nature. Applicants previously took advan 
tage of codon redundancy at the junctions between neighbor 
ing monomers and devised a hierarchical ligation strategy to 
construct ordered assemblies of multiple monomers. In this 
protocol, Applicants describe a similar strategy, but with sev 
eral important improvements that make the procedure easier, 
more flexible and more reliable (FIG. 12). 
0233 Previously (3), the digestion and ligation steps were 
carried out separately with an intervening DNA purification 
step. This improved protocol adopts the powerful Golden 
Gate cloning technique (42, 43, 44) requiring less hands-on 
time and resulting in a more efficient reaction. The Golden 
Gate procedure involves combining the restriction enzyme 
and ligase together in a single reaction with a mutually com 
patible buffer. The reaction is cycled between optimal tem 
peratures for digestion and ligation. Golden Gate digestion 
ligation capitalizes on Type IIs restriction enzymes, for which 
the recognition sequence is spatially separated from where 
the cut is made. During a Golden Gate reaction, the correctly 
ligated products no longer contain restriction enzyme recog 
nition sites and cannot be further digested. In this manner, 
Golden Gate drives the reaction toward the correct ligation 
product, as the number of cycles of digestion and ligation 
increases. 
0234 For the hierarchical ligation steps, Applicants opti 
mized previous cloning strategy for faster TALE production. 
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The improved design takes advantage of a circularization step 
that allows only properly assembled hexameric intermediates 
to be preserved (FIG. 12). Correctly ligated hexamers consist 
of six monomers ligated together in a closed circle, and 
incomplete ligation products are left as linear DNA. After this 
ligation step, an exonuclease degrades all noncircular DNA, 
leaving intact only the complete circular hexamers. Without 
circularization and exonuclease treatment, the correct liga 
tion product would need to be gel purified before proceeding. 
The combination of Golden Gate digestion-ligation and cir 
cularization reduces the overall hands-on time required for 
TALE assembly. 
0235 Primer Design for Monomer Library Preparation. 
0236 Each monomer in the tandem repeat must have its 
position uniquely specified. The monomer primers are 
designed to add ligation adaptors that enforce this position 
ing. The Applicants’ protocol uses a hierarchical ligation 
strategy: For the 18-mer tandem repeat, monomers are first 
ligated into hexamers. Then, three hexamers are ligated 
together to form the 18-mer. By breaking down the assembly 
into two steps, unique ligationjunctions for each monomer in 
the 18-mer are not needed. Instead, the same set of ligation 
junctions internal to each hexamer are reused in all three 
hexamers (first ligation step), whereas unique (external) liga 
tionjunctions are used to flank each hexamer (second ligation 
step). As shown in FIG. 13, the internal primers used to 
amplify the monomers within each hexamer are the same, but 
the external primers differ between the hexamers. By reusing 
the same internal primers between different hexamers, the 
protocol herein minimizes the number of primers necessary 
for monomer amplification. 
0237 Controls. 
0238. As a negative control for Golden Gate assembly, it is 
recommended that a separate reaction with only the TALE 
TFor TALEN backbone be performed. Transformation of this 
negative control should result infew or no colonies because of 
the omission of the tandem repeats and resulting relegation of 
the toxic ccdB insert. After completing the TALE cloning, 
colony PCR or restriction digests to screen for correct length 
clones are used. For the final verification of proper assembly, 
the entire length of the tandem repeats is sequenced. Owing to 
limits in Sanger sequencing read length, other TALE assem 
bly protocols have difficulty sequencing the entire tandem 
repeat region (7, 9, 10). The similarity of the monomers 
within the region makes primer annealing to specific mono 
mers impossible. This problem is overcome by slightly modi 
fying the codon usage at the 5' end of monomer 7 to create a 
unique annealing site, so that a TALE with an 18-mer DNA 
binding array may be verified through a combination of three 
staggered sequencing reads. Specifically, during the mono 
meramplification, the codons for the first five amino acids in 
monomer 7 are mutated via PCR to use different but synony 
mous codons, creating a unique priming site without chang 
ing the encoded TALE protein. This modification allows each 
hexamer in the 18-mer to be sequenced with a separate 
sequencing read and requires only a standard read length of 
~700 bp for complete sequence verification. For TALEs con 
taining more than 18 full monomer repeats, a third unique 
priming site is introduced for sequencing at the 3' end of the 
18th monomer using a similar approach. For the construction 
of TALEs containing up to 24 full monomers with the entire 
tandem repeat region easily sequenced. 
0239 Building TALEs that target DNA sequences of dif 
ferent lengths: In the main protocol, hierarchical ligation 
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strategy is presented for the construction of TALEs that con 
tain 18 full monomer repeats; however the general approach 
may be adapted to construct TALEs of any length. The TALEs 
containing 18 full repeat monomers bind to 20-bp DNA 
sequences, where the first and last bases are specified by the 
N-terminus and the 0.5 repeat, respectively (FIG. 8). This 
length was chosen because, empirically 20-bp sequences tend 
to be unique within the human genome. Nevertheless, for 
different species (e.g., with larger or more repetitive 
genomes) or for repetitive regions within the human genome, 
it may be advantageous to construct longer or shorter TALEs. 
For certain genomic loci, it might also be difficult to identify 
TALEN target sites that satisfy the spacing constraints when 
the binding sites for both left and right TALENs are restricted 
to 20-bp sequences. The main protocol is modified for the 
construction of TALEs containing up to 24 full monomer 
repeats by changing the order in which particular primers are 
used during the preparation of the monomer library plate (as 
described in Procedure steps 1-9). All other steps remain 
essentially the same. A plate of the monomer amplification 
primers (similar to FIG. 13) may be prepared for building 
TALEs with 24 full monomer repeats, which bind to 26-bp 
DNA sequences, as illustrated below. In this case, a fourth 
circular hexamer, corresponding to monomers 19through 24, 
is also built and treated identically as the other three circular 
hexamers (1-6, 7-12 and 13-18) (FIG. 14). For building 
shorter TALEs, only a single change to monomer amplifica 
tion is needed: the final monomer should be amplified with 
the Ex-R4 reverse primer. For example, to build TALEs with 
17 monomers instead of 18, the monomer templates (NI, NG, 
NN, HD) should be amplified with the forward/reverse primer 
combination IN-F5/Ex-R4. During Gel purification (Step 20 
in Procedure) the desired PCR amplicon is a pentamer con 
taining monomers 13-17 and it runs faster than the hexamers 
(1-6, 7-12). After purification, it is ensured that the pentam 
eric and hexameric intermediates are used at an equimolar 
ratio in the final Golden Gate digestion-ligation. 
0240. Design of Functional Validation Assays. 
0241 For TALE-TFs, qRT-PCR quantitatively measures 
the increase in transcription driven by the TALE-TF. For 
TALENs, the Surveyor assay provides a functional validation 
of TALEN cutting and quantifies the cutting efficiency of a 
particular pair of TALENs. These assays should be performed 
in the same cell type as intended for the TALE application, as 
TALE efficacy may vary between cell types, presumably 
because of differences in chromatin State or epigenetic modi 
fications. 
0242 For qRT-PCR, commercially available probes are 
used to measure increased transcription of the TALE-TF 
targeted gene. For most genes in the human or mouse 
genomes, specific probes may be purchased (e.g., TaqMan 
gene expression probes from Applied Biosystems). There are 
a wide variety of qRT-PCR protocols, and although one of 
them is described here others may be substituted. For 
example, a more economical option is to design custom, 
transcript-specific primers (e.g., with NCBI Primer-BLAST) 
and use a standard fluorescent dye to detect amplified double 
stranded DNA (e.g., SYBR Green). 
0243 For Surveyor, the recommendations given by the 
assay manufacturer are followed when designing specific 
primers for genomic PCR. Design primers are typically 
designed that are ~30 nt long and with melting temperatures 
of ~65°C. The primers should flank the TALEN target site 
and generate an amplicon of approximately 300-800 bp with 
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the TALEN target site near the middle. During the design, it is 
checked that the primers are specific over the intended 
genome using NCBI Primer-BLAST (see NCBI primer-blast 
website). Before using the primers for Surveyor, the primers 
and specific PCR cycling parameters should be tested to 
ensure that amplification results in a single clean band. In 
difficult cases in which a single-band product cannot be 
achieved, it is acceptable to gel-extract the correct-length 
band before proceeding with heteroduplex reannealing and 
Surveyor nuclease digestion. 

Reagents 

0244 TALE construction: TALE monomer template plas 
mids (Addgene): pNI V2, pNG V2, pNN V2, pHD V2 
0245 TALE transcriptional activator (TALE-TF) plas 
mids (Addgene): pTALE-TF V2 (NI), pTALE-TF V2 (NG), 
pTALE-TF V2 (NN), pTALE-TF v2 (HD) 
0246 TALE nuclease (TALEN) backbone plasmids 
(Addgene): pTALEN v2 (NI), pTALEN v2 (NG), pTAL 
EN v2 (NN), pTALEN v2 (HD). These plasmids may be 
obtained individually or bundled together as a single kit from 
the Zhang Lab plasmid collection at Addgene (see add-gene 
website). See FIG. 11 for plasmid sequences. 
0247 PCR primers for TALE construction (FIG. 15, Inte 
grated DNA Technologies, custom DNA oligonucleotides) 
0248. Herculase II fusion polymerase (Agilent Technolo 
gies, cat. no. 600679) 
0249 Critical: 
(0250 Standard Taq polymerase, which lacks 3'-5' exonu 
clease proofreading activity, has lower fidelity and may lead 
to errors in the final assembled TALE. Herculase II is a 
high-fidelity polymerase (equivalent fidelity to Pfu) that pro 
duces high yields of PCR product with minimal optimization. 
Other high-fidelity polymerases may be substituted. 
0251 Herculase II reaction buffer (5x: Agilent Technolo 
gies, included with polymerase) 
Taq-B polymerase (Enzymatics, cat. no. P725L) 
Taq-B buffer (10x: Enzymatics, included with polymerase) 
dNTP solution mix (25 mM (each); Enzymatics, cat. no. 
N205L) 
MinElute gel extraction kit (Qiagen, cat. no. 28606) 
0252 Critical: 
0253 MinElute columns should be stored at 4° C. until 
SC. 

QIAprep spin miniprep kit (Qiagen, cat. no. 27106) 
QIAquick 96 PCR purification (Qiagen, cat. no. 28.181) 
UltraPure DNaseRNase-free distilled water (Invitrogen, cat. 
no. 10977-023) 
UltraPure TBE buffer (10x: Invitrogen, cat. no. 15581-028) 
0254 SeaKem LE agarose (Lonza, cat. no. 50004) 
SYBR Safe DNA stain (10,000x: Invitrogen, cat. no. S33102) 
Low-DNA mass ladder (Invitrogen, cat. no. 10068-013) 
1-kb Plus DNA ladder (Invitrogen, cat. no. 10787-018) 
TrackIt Cyanorange loading buffer (Invitrogen, cat. no. 
10482-028) 
0255 Restriction enzymes: BsmBI (Esp3I) (Fermentas/ 
ThermoScientific, cat. no. ER0451), 
Bsal-HF (New England Biolabs, cat. no. R3535L), Afel (New 
England Biolabs, cat. no. R0652S) 
Fermentas Tango Buffer and 10x NEBuffer 4 (included with 
enzymes) 
Bovine serum albumin (100x; New England Biolabs, 
included with Bsal-HF) 
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DL-dithiothreitol (DTT; Fermentas/ThermoScientific, cat. 
no. R0862) 
T7 DNA ligase (3,000 U ul-1; Enzymatics, cat. no. L602L) 
0256 Critical: 
0257 Do not substitute the more commonly used T4 
ligase. T7 ligase has 1,000-fold higher activity on the sticky 
ends than on the blunt ends and higher overall activity than 
commercially available concentrated T4 ligases. 
Adenosine 5'-triphosphate (10 mM; New England Biolabs, 
cat. no. P0756S) 
PlasmidSafe ATP-dependent DNase (Epicentre, cat. no. 
E3101K) 
One Shot Stbl3 chemically competent Escherichia coli (E. 
coli) (Invitrogen, cat. no. C7373-03) 
0258 SOC medium (New England Biolabs, cat. no. 
B9020S) 
LB medium (Sigma, cat. no. L3022) 
LBagar medium (Sigma, cat. no. L2897) 
Ampicillin, sterile filtered (100 mg ml-1. Sigma, cat. no. 
A5354) 
TALEN and TALE-TF functional validation in mammalian 
cells 

HEK293FT cells (Invitrogen, cat. no. R700-07) 
Dulbecco's minimum Eagle's medium (DMEM, 1x, high 
glucose: Invitrogen, cat. no. 10313-039) 
(0259 Dulbecco's phosphate-buffered saline (DPBS, 1x: 
Invitrogen, cat. no. 14190-250) 
Fetal bovine serum, qualified and heat inactivated (Invitro 
gen, cat. no. 10438-034) 
Opti-MEMI reduced-serum medium (FBS: Invitrogen, cat. 
no. 11058-021) 

GlutaMAX-I (100x: Invitrogen, cat. no. 35050079) 

Penicillin-streptomycin (100x: Invitrogen, cat. no. 
15140-163) 
0260 Trypsin, 0.05% (wt/vol) (1x) with EDTA'4Na(In 
vitrogen, cat. no. 253.00-062) 
Lipofectamine 2000 transfection reagent (Invitrogen, cat. no. 
11668027) 
QuickExtract DNA extraction solution (Epicentre, cat. no. 
QE09050) 
Herculase II fusion polymerase 
0261 Critical: 
0262. As Surveyor assay is sensitive to single-base mis 
matches, it is important to use only a high-fidelity poly 
merase. Other high-fidelity polymerases may be substituted; 
refer to the Surveyor manual for PCR buffer compatibility 
details. 

0263. Herculase II reaction buffer (5x) 
Surveyor mutation detection kit for standard gel electro 
phoresis (Transgenomic, cat. no. 706025) 
0264 Critical: 
0265. The Surveyor assay includes the Cel2 base-mis 
match nuclease. Alternatives include the Cell, T7, mung bean 
and S1 nucleases (50, 51). Of these, Cell has been applied 
extensively for mutation detection (52, 53, 54) and estab 
lished protocols are available for its purification (52, 54). 
0266 Primers for Surveyor assay of TALEN cutting effi 
ciency (Integrated DNA Technologies, custom DNA oligo 
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nucleotides; see Experimental design for further information 
on primer design) 
0267 RNeasy mini kit (Qiagen, cat. no. 74104) 
QIAshredder (Qiagen, cat. no. 79654) 
0268 RNAse ZAP (Applied Biosystems, cat. no. 
AM9780) 
iScript cDNA synthesis kit (Bio-Rad, cat. no. 170-8890) 
TaqMan universal master mix (Applied Biosystems, cat. no. 
4364341) 
TaqMan gene expression assay probes for the TALE-TF 
targeted gene (Applied Biosystems, Refer to website of 
appliedbiosystems/genomic-products/gene-expression). 
Equipment 
0269 96-well thermocycler with programmable tempera 
ture stepping functionality (Applied Biosystems Veriti, cat. 
no. 4375786) 
0270 Critical: 
0271 Programmable temperature stepping is needed for 
the TALEN (Surveyor) functional assay. Other steps only 
require a PCR-capable thermocycler. 
qPCR system (96 well; StepOnePlus real-time PCR system, 
Applied Biosystems, cat. no. 4376600) 
Optical plates (96 well; MicroAmp, Applied Biosystems, cat. 
no. N801-0560) 
PCR plates (96 well: Axygen, cat. no. PCR-96-FS-C) 
Strip PCR tubes (8 well; Applied Biosystems, cat. no. N801 
0580) 
QIAvac 96 vacuum manifold (Qiagen, cat. no. 19504) 
0272 Gel electrophoresis system (PowerPac basic power 
supply, Bio-Rad, cat. no. 164-5050, and Sub-Cell GT System 
gel tray, Bio-Rad, cat. no. 170-4401) 
Digital gel imaging system (GelDoc EZ, Bio-Rad, cat. no. 
170-8270, and blue sample tray, Bio-Rad, cat. no. 170-8273) 
Blue light transilluminator and orange filter goggles (Safe 
Imager 2.0, Invitrogen, cat. no. G6600) 
Sterile 20-ul pipette tips for colony picking 
Gel quantification software (Bio-Rad, ImageLab, included 
with GelDoc EZ, or open-source Image.J from the National 
Institutes of Health, available at the NIH website) 
0273 TALE reference sequence generator (Zhang Lab, 

visit the website for tale effectors under tools) 
Petri dishes (60 mmx 15 mm; BD Biosciences, cat. no. 
351007) 
Incubator for bacteria plates (Quincy Lab, cat. no. 12-140E) 
Shaking incubator for bacteria suspension culture (Infors HT 
Ecotron) 
Cell culture-treated polystyrene plates (6 well; Corning, cat. 
no.3506) 
UV spectrophotometer (NanoDrop 2000c, Thermo Scien 
tific) 
Kimwipes (Kimberly-Clark). 
Reagent Setup 
(0274 Tris-borate EDTA (TBE) electrophoresis solution 
Dilute TBE buffer in distilled water to 1x working solution 
for casting agarose gels and for use as a buffer for gel elec 
trophoresis. Buffer may be stored at room temperature (18 
22°C.) for at least 1 year. 
0275 BSA, 10x 
Dilute 100xBSA (supplied with Bsal-HF) to 10x concentra 
tion and store it at -20°C. for at least 1 year in 20-ul aliquots. 
0276 ATP, 10 mM 
Divide 10 mM ATP into 50-ul aliquots and store at -20°C. for 
up to 1 year, avoid repeated freeze-thaw cycles. 
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0277 DTT, 10 mM 
Prepare 10 mM DTT solution in distilled water and store in 
20-1A1 aliquots at -70° C. for up to 2 years; for each reaction, 
use a new aliquot, as DTT is easily oxidized. 
0278 D10 culture medium 
For culture of HEK293FT cells, prepare D10 culture medium 
by supplementing DMEM with 1x GlutaMAX and 10% (vol/ 
Vol) FBS. As indicated in the protocol, this medium may also 
be supplemented with 1x penicillin-streptomycin. D10 
medium may be made inadvance and stored at 4°C. for up to 
1 month. 

Procedure 

0279 Steps 1-9: Amplification and normalization of 
monomer library with ligation adaptors for 18-mer TALE 
DNA-binding domain construction (Timing: 6 h) 
0280) 1. Prepare diluted forward and reverse monomer 
primer mixes. In a 96-well PCR plate, prepare primer mixes 
for amplifying a TALE monomer library (FIG. 12, stage 1). 
Mix forward and reverse primers for each of the 18 positions 
according to the first two rows (A and B) of FIG. 13 and 
achieve a final concentration of 10 uM for each primer. If 
multichannel pipettes are used, arrange the oligonucleotide 
primers in the order indicated in FIG. 13 to allow for easy 
pipetting. Typically, prepare 50-ul mixes for each primer pair 
(40 ul of dd H2O, 5ul of 100 uM forward primer, 5ul of 100 
uM reverse primer). 
0281 2. Set up two 96-well monomer library plates 
according to the organization shown in FIG. 13; each plate 
contains a total of 72 PCRs (18 positions for each monomerx4 
types of monomers). Although it is acceptable to have 
smaller-volume PCRs, the monomer set is typically made in 
larger quantities, as one monomer library plate may be used 
repeatedly for the construction of many TALEs. Each PCR 
should be made up as follows to a total volume of 200 ul, and 
then split between the two 96-well plates so that each well 
contains a 100-ul PCR: 

Amount Final 
Component (II) concentration 

Monomer template plasmid (5 ngul') 2 50 pg || 
dNTP, 100 mM (25 mM each) 2 1 mM 
Herculase II PCR buffer, 5x 40 1x 
Primer mix, 20 M (10 IM forward primer 4 200 nM 
and 10 IM reverse primers from Step 1) 
Herculase II Fusion polymerase 2 
Distilled water 150 

Total 200 (for 2 
reactions) 

0282 Perform PCR on the reactions from Step 2 using the 
following cycling conditions: 

Cycle number Denature Anneal Extend 

1 95° C., 2 min 
2-31 95° C., 20s 60° C., 20s 72° C., 10s 
32 72° C., 3 min 

0283 4. After the reaction has completed, use gel electro 
phoresis to verify that monomer amplification was success 
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ful. Casta 2% (wt/vol) agarose gel in 1XTBE electrophoresis 
buffer with 1xSYBR Safe dye. The gel should have enough 
lanes to run out 2 ul of each PCR product from Step 3. Run the 
gel at 15 V cm-1 for 20 min. It is not necessary to check all 72 
reactions at this step; it is sufficient to check all 18 reactions 
for one type of monomer template. Successful amplification 
should show an ~100-bp product. Monomers positioned at 
the ends of each hexamer (monomers 1, 6, 7, 12, 13 and 18) 
should be slightly longer than the other monomers because of 
the length difference of the longer external primers. 
0284. 5. Pool both of the 100-ul PCR plates into a single 
deep-well plate. Purify the combined reactions using the 
QIAquick 96 PCR purification kit according to the manufac 
turer's directions. Elute the DNA from each well using 100 ul 
of Buffer EB (included with the kit), prewarmed to 55° C. 
Alternatively, PCR products may also be purified using indi 
vidual columns found in standard PCR cleanup kits. 
0285 Critical step: Before eluting the DNA, let the 
96-well column plate air-dry, preferably at 37°C., for 30 min 
on a clean Kimwipe so that all residual ethanol has enough 
time to evaporate. 
0286 6. Normalization of monomer concentration. Casta 
2% (wt/vol) agarose gel. The gel should have enough lanes to 
run out 2 ul of each purified PCR product from Step 5. Include 
in one lane 10 ul of the quantitative DNA ladder. Run the gel 
at 20 V cm-1 for 20 min. 
0287 7. Image the gel using a quantitative gel imaging 
system. Monomers 1, 6, 7, 12, 13 and 18 are ~170 bp in size, 
whereas the other monomers are ~150 bp in size (FIG. 16, 
lanes 1-6). Make Sure the exposure is short enough so that 
none of the bands are saturated. 
0288 8. Quantify the integrated intensity of each PCR 
product band using Image.J or other gel quantification soft 
ware. Use the quantitative ladder with known DNA mass (5. 
10, 20, 40, 100 ng) to generate a linear fit and quantify the 
concentration of each purified PCR product. 
0289. 9. Adjust the plate of purified PCR products by 
adding Buffer EB so that each monomer has the same molar 
concentration. As monomers 1, 6, 7, 12, 13 and 18 are longer 
than the other monomers, it is necessary to adjust them to a 
slightly higher concentration. For example, monomers 1, 6, 7, 
12, 13 and 18 are adjusted to 18 ngul-1 and the other mono 
mers to 15 ngul-1. 
0290 Critical step: For subsequent digestion and ligation 
reactions, it is important that all monomers are at equimolar 
concentrations. 
0291 Pause point: Amplified monomers may be stored at 
-20°C. for several months and may be reused for assembling 
additional TALEs. 
0292 Steps 10-28: Construction of custom 20-bp-target 
ing TALEs (Timing: 1.5 d (5 h hands-on time)). 
0293 10. Select target sequence(s). Typical TALE recog 
nition sequences are identified in the 5' to 3’ direction and 
begin with a 5' thymine. The procedure below describes the 
construction of TALEs that bind a 20-bp target sequence 
(5'- 
TNNNNNNN,NNNNNNNNNN, 
N.N-3', where N=A, G, T or C), where the first base 
(typically a thymine) and the last base are specified by 
sequences within the TALE backbone vector. The middle 18 
bp are specified by the RVDs within the middle tandem repeat 
of 18 monomers according to the cipher NIA, HD-C, NG-T 
and NN-G or A. For targeting shorter or longer sequences, 
see Box 1. 
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0294 11. Divide target sequences into hexamers. Divide 
N1-N18 into subsequences of length 6 (NNNNNN, 
NNNNNN and NNNNN,Ns). For 
example, a TALE targeting 5'-TGAAGCACTTACTTTA 
GAAA-3' (SEQID NO: 28) may be divided into hexamers as 
(T) GAAGCA CTTACT TTAGAA (A) (SEQ ID NO: 28), 
where the initial thymine and final adenine (in parentheses) 
are encoded by the appropriate backbone. In this example, the 
three hexamers are: hexamer 1=NN-NI-NI-NN-HD-NI, hex 
amer 2=HD-NG-NG-NI-HD-NG and hexamer 3=NG-NG 
NI-NN-NI-NI. Because of the adenine in the final position, 
one of the NI backbones is used: pTALE-TF V2(NI) or 
pTALEN v2(NI). 
0295 12. Assembling hexamers using Golden Gate diges 
tion-ligation (FIG. 12, stage 2). Prepare one reaction tube for 
each hexamer. Using the monomer plate schematic (FIG. 13), 
pipette 1 Jul of each normalized monomer into the correspond 
ing hexamer reaction tube. Repeat this for all hexamers. For 
example, for the target from Step 10, set up tube 1 (1 ul from 
each of G1, A2, A3, G4, E5 and A6), tube 2 (1 ul from each of 
E7, C8, C9, A10, E11 and C12) and tube 3 (1 ul from each of 
D1, D2, B3, H4, B5 and B6). To construct a TALE with 18 full 
repeats, three separate hexamer tubes are used. 
0296 Critical step: Pay close attention when pipetting the 
monomers; it is very easy to accidentally pipette from the 
wrong well during this step. 
0297 13. To perform a simultaneous digestion-ligation 
(Golden Gate) reaction to assemble each hexamer (FIG. 12, 
stage 2), add the following reagents to each hexamer tube: 

Amount Final 
Component (II) concentration 

Esp31 (BSmBI), 10 Ull 0.75 0.375 Uill 
Tango buffer, 10x 1 1x 
DTT, 10 mM 1 1 mM 
T7 ligase, 3,000 Ull O.25 75 Ull 
ATP, 10 mM 1 1 mM 

4 
Six monomers 6 x 1 

Total 10 

0298 Critical step: DTT is easily oxidized in air. It should 
befreshly made orthawed from aliquots stored at -70° C. and 
used immediately. 
0299. 14. Place each hexamer tube in a thermocycler to 
carry out the Golden Gate reactions using the following 
cycling conditions for 3 h. 

Cycle number Digest Ligate 

1-15 Hold at 4°C. 37° C., 5 min 20° C., 5 min 

0300 Pause point: This reaction may be left to run over 
night. 
0301 15. Run out the ligation product on a gel to check for 
~700-bp bands corresponding to the hexamer products (FIG. 
16, lane 7). Cast a 2% (wt/vol) agarose gel in 1xTBE electro 
phoresis buffer with 2xSYBR Safe dye. The additional dye 
helps to visualize faint bands. The gel should have enough 
lanes to run out each Golden Gate reaction from Step 14; load 
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3ul of each ligation product in separate lanes. Include 1 g of 
the 1-kb Plus DNA ladder in one lane. Run the gel at 15 V 
cm-1 until there is separation of the 650-bp ladder band from 
neighboring bands. 
0302 16. Exonuclease treatment to degrade noncircular 
ligation products (FIG. 12, stage 3). During the Golden Gate 
reaction, only fully ligated hexamers should be able to circu 
larize. PlasmidSafe exonuclease selectively degrades noncir 
cular (incomplete) ligation products. Add the following 
reagents to each hexamer reaction tube: 

Amount Final 
Component (l) concentration 

PlasmidSafe DNAse, 10 U Lil' 1 0.66 Ul 
PlasmidSafe reaction buffer, 10x 1 1x 
ATP, 10 mM 1 1 mM 

3 
Golden Gate reaction from Step 14 7 

Total 10 

0303 17. Incubate each hexamer reaction tube with Plas 
midSafe at 37° C. for 30 min; follow by inactivation at 70° C. 
for 30 min. 
0304 Pause point: After completion, the reaction may be 
frozen and continued later. The circular DNA should be stable 
for at least 1 week. 
0305 18. Hexamer PCR (FIG. 12, stage 4). Amplify each 
PlasmidSafe-treated hexamer in a 50-ul PCR using high 
fidelity Herculase II polymerase and the hexamer forward and 
reverse primers (Hex-F and Hex-R: FIG. 15). Add the follow 
ing reagents to each PCR: 

Amount Final 
Component (II) concentration 

dNTP, 100 mM (25 mM each) O.S 1 mM 
Herculase II reaction buffer, 5x 10 1x 
Hex-F and Hex-R primers, 10 IM each 1 200 nM 
Herculase II Fusion DNA polymerase O.S 1x 
Distilled water 37 

49 
PlasmidSafe-treated hexamer from 1 
Step 17 

Total 50 

(0306 19. Perform PCR on the reactions in Step 18 using 
the following cycling conditions: 

Cycle number Denature Anneal Extend 

1 95° C., 2 min 
2-36 95° C., 20s 60° C., 20s 72° C., 30s 
37 72° C., 3 min 

0307 20. Gel purification of amplified hexamers. Because 
of the highly repetitive template, it is necessary to purify the 
amplified hexamer product from the other amplicons. Cast a 
2% (wt/vol) agarose gel in 1XTBE electrophoresis buffer with 
1xSYBR Safe dye. The gel should have enough lanes to run 

32 
May 30, 2013 

out each PCR product from Step 19, and the comb size should 
be big enough to load 40-50 ul of PCR product. Include 1 lug 
of the 1-kb Plus DNA ladder in one lane. Run the gel at 15 V 
cm-1 until there is separation of the 650-bp ladder band from 
neighboring bands. Use a clean razor blade to excise each 
hexamer band, which should be nearly aligned with the 650 
bp band from the ladder (FIG. 16, lane 9). 
0308 Caution: Wear appropriate personal protective 
equipment, including a face mask, to minimize risks associ 
ated with prolonged light or mutagenic DNA dye exposure. 
0309 Critical step: Avoid any cross-contamination by 
ethanol sterilization of work surfaces, razor blades, etc. dur 
ing the gel extraction and between each individual band exci 
S1O. 

0310 21. Purify the hexamer gel bands from Step 20 using 
the MinElute gel extraction kit according to the manufactur 
er's directions. Elute the DNA from each reaction using 20 ul 
of Buffer EB prewarmed to 55° C. 
0311 22. Gel normalization of purified hexamer concen 
trations. Cast a 2% (wt/vol) agarose gel in 1xTBE electro 
phoresis buffer with 1xSYBR Safe dye. The gel should have 
enough lanes to run out 2 ul of each purified hexamer from 
Step 21. Include 10 ul of the quantitative DNA ladder in one 
lane. Run the gel at 15 V cm-1 until all lanes of the quanti 
tative ladder are clearly separated. Each hexamer lane should 
contain only a single (purified) band. 
0312 23. Image the gel using a quantitative gel imaging 
system. Each lane should have only the ~700-bp hexamer 
product. Make Sure the exposure is short enough so that none 
of the bands are saturated. 
0313 24. Quantify the integrated intensity of each hex 
amer band using Image or other gel quantification software. 
Use the quantitative ladder with known DNA mass (5, 10, 20, 
40, 100 ng) to generate a linear fit and quantify the concen 
tration of each purified hexamer. 
0314. 25. Adjust the concentration of each hexamer to 20 
ng ul-1 by adding Buffer EB. 
0315 26. Golden Gate assembly of hexamers into TALE 
backbone (FIG. 12, stage 5). Combine the hexamers and the 
appropriate TALE backbone vector (transcription factor or 
nuclease) in a Golden Gate digestion-ligation. For example, a 
TALE backbone with NI as the 0.5 repeat for the target 
sequence in Step 10 is used as N19-A. For this ligation, a 1:1 
molar ratio of insert to vector works well. Setup one reaction 
tube for each TALE. In addition, prepare a negative control 
ligation by including the TALE backbone vector without any 
hexamers. 

TALE Negative Final 
Component (l) control (ul) concentration 

TALE backbone vector 1 1 10 ngul 
(100 ngul') 
Bsal-HF (20 Uil") 0.75 0.75 1.5 Ul 
NEBuffer 4, 10x 1 1 1x 
BSA, 10x 1 1 1x 
ATP, 10 mM 1 1 1 mM 
T7 ligase (3,000 Uil") O.25 O.25 75 Ull 

5 5 
Three purified hexamers 3 (1 each) 2 ng Lil' each 
(20 ngul') 
Distilled water 2 5 

Total 10 10 
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0316 Critical step: As a negative control, set up a separate 
reaction Substituting an equal Volume of water in place of the 
purified hexamers (i.e., including only the TALEN or TALE 
TF backbone). 
0317 27. Place the tubes from Step 26 in athermocyclerto 
carry out the Golden Gate reactions using the following 
cycling conditions for ~4h: 

Cycle number Digest Ligate Inactivate 

1-2O 37° C., 5 min 20° C., 5 min 
21 80° C., 20 min 

0318 Pause point: Ligation products may be frozen at 
-20°C. and stored for at least 1 month for transformation into 
bacteria at a later time. 
0319 28. Although it is not necessary, it is possible to run 
out the ligation product on a gel to check for ~1.8-kbp band 
corresponding to the properly assembled 18-mer tandem 
repeat. To check the ligation product, cast a 2% (wt/vol) 
agarose gel in 1XTBE electrophoresis buffer with 2xSYBR 
Safe dye. The additional dye helps to visualize faint bands. 
Load 5ul of the ligation product from Step 27. Include 1 lug of 
the 1-kb Plus DNA ladder in one lane. Run the gel at 15 V 
cm-1 until there is clear separation of the 1,650- and 2,000-bp 
ladder bands. Alternatively, proceed directly to transforma 
tion (Step 29) without running a gel; transformation is very 
sensitive and, even when a clear band cannot be visualized on 
the gel, there is often enough plasmid for transformation of 
high-competency cells. 
0320 Steps 29-38: Verifying the correct TALE repeat 
assembly (Timing: 3d (4h hands-on time)) 
0321) 29. Transformation. Transform the ligation products 
from Step 27 into a competent E. coli strain; e.g., Stb13 for 
routine transformation. Transformation may be done accord 
ing to the protocol supplied with the cells. Briefly, add 5ul of 
the ligation product to 50 ul of ice-cold chemically competent 
Stb13 cells, incubate on ice for 5 min, incubate at 42°C. for 
45s, return immediately to ice for 5 min, add 250 ul of SOC 
medium, incubate at 37° C. for 1 h on a shaking incubator 
(250 rp.m.), plate 100 ul of the transformation on an LB plate 
containing 100 g ml-1 amplicillin and incubate overnight at 
370 C. 
0322. 30. Inspect all plates from Step 29 for bacterial 
colony growth. Typically, few colonies on the negative con 
trol plates are seen (only backbone in the Golden Gate diges 
tion-ligation) and tens to hundreds of colonies on the com 
plete TALE ligation plates. 
0323. 31. For each TALE plate, pick eight colonies to 
check the assembly fidelity. Use a sterile 20-ul pipette tip to 
touch a single colony, streak onto a single square on a pre 
warmed, new, gridded LB-amplicillin plate to save the colony, 
and then swirl the tip in 100 ul of distilled water to dissolve the 
colony for colony PCR. Repeat this procedure for all colonies 
to be checked, streaking each new colony into a separate 
square on the gridded LB-ampicillin plate. After finishing, 
incubate the gridded plate at 37°C. for at least 4h to grow the 
colony streaks. 
0324, 32. Colony PCR. By using the colonies selected in 
Step 31 as templates, set up colony PCR to verify that the 
correctly assembled tandem 18-mer repeat has been ligated 
into the TALE backbone. The colony PCR is found to be 
sensitive to excessive template concentration, and therefore 
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typically 1 ul of the 100-ul colony suspension from Step 31 is 
used. For colony PCR, use primers TALE-Seq-F1 and TALE 
Seq-R1 for amplification (FIG. 15). Set up the following 
colony PCR: 

Amount Final 
Component (l) concentration 

Colony suspension from Step 31 1 
dNTP, 100 mM (25 mM each) O.25 1 mM 
Taq-B polymerase buffer, 10x 2.5 1x 
TALE-Seq-F1 and TALE-Seq-R1 primers, O.25 100 nM 
10 IM each 
Taq-B polymerase (5 Uul') O.1 0.02 Ull 
Distilled water 20.9 

Total 25 

0325 33. Perform colony PCR on the reactions in Step 32 
using the following cycling conditions: 

Cycle number Denature Anneal Extend 

1 94° C., 3 min 
2-31 94° C., 30s 60° C., 30s 68 C., 2 min 
32 68°C., 5 min 

0326) 34. To check the colony PCR result, cast a 1% (wit/ 
Vol) agarose gel in 1XTBE electrophoresis buffer with 
1xSYBR Safe dye. The gel should have enough lanes to run 
out 10 ul of each PCR product from Step 33. Include 1 lug of 
the 1-kb Plus DNA ladder in one lane. Run the gel at 15 V 
cm until there is clear separation of the 1,650- and 2,000-bp 
ladder bands. 
0327 35. Image the gel and identify which colonies have 
the correct insert size. For an insert of 18 monomers (three 
hexamers ligated into the TALE backbone vector), the prod 
uct should be a single band of size 2,175bp (FIG. 16b, lane 1). 
Incorrect ligation products show bands of different sizes. In 
place of colony PCR, plasmid DNA from prepared clones 
may be digested with Afel. In both backbones (TALE-TF and 
TALEN), Afel cuts four times. For both backbones, one frag 
ment contains the entire tandem repeat region and should be 
2,118 bp in size for a correctly assembled 18-mer. For the 
TALE-TF backbone, the correct clone produces four bands 
with sizes 165, 2,118, 3.435 and 3,544 bp (FIG. 16b, lane 2). 
The 3.435- and 3,544-bp bands are difficult to separate on a 
1% (wt/vol) agarose gel, and therefore a correct clone shows 
three bands with the middle 2,118-bp band indicating an 
intact tandem 18-mer repeat (FIG. 16b, lane 2). For the 
TALEN backbone, the correct clone produces four bands 
with sizes 165, 2,118, 2,803 and 3,236 bp. 
0328. 36. Miniprep and sequencing. For each clone with 
the correct band size, inoculate a colony from the gridded 
plate into 3 ml of LB medium with 100 lug ml-1 amplicillin 
and incubate it at 37°C. in a shaking incubator overnight. 
0329 37. Isolate plasmid DNA from overnight cultures 
using a QIAprep Spin miniprep kit according to the manu 
facturers instructions. 
0330 38. Verify the sequence of each clone by sequencing 
the tandem repeat region using sequencing primers (Table 2) 
TALE-Seq-F1 (forward primer annealing just before the first 
monomer), TALE-Seq-F2 (forward primer annealing at the 
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beginning of the seventh monomer) and TALE-Seq-R1 (re 
verse primerannealing after the final 0.5 monomer). For most 
TALEs, reads from all three primers are necessary to unam 
biguously verify the entire sequence. Reference sequences 
for each custom TALE may be generated using the Appli 
cants free online software (available at the website of talef 
fectors under the section “tools”). After entering the target 
site sequence, the Applicants Software generates a TALE-TF 
or TALEN reference sequence in either FASTA format or as 
an annotated GenBank vector map (*.gb file) that may be 
viewed using standard plasmid editor Software (e.g., every 
VECTOR, Vector NTI or LaserGene SeqBuilder). Detailed 
instructions may be found on the website mentioned above. 
0331 Steps 39-45: Transfection of TALE-TF and TALEN 
into HEK293FT cells (Timing: 2 d (1 h hands-on time)) 
0332 39. Plate HEK293FT cells onto six-well plates in 
D10 culture medium without antibiotics -24 h before trans 
fectionata seeding density of around 1x106 cells per well and 
a seeding Volume of 2 ml. Scale up and down the culture 
according to the manufacturer's manual provided with the 
293FT cells, if needed. 
0333 40. Prepare DNA for transfection. Quantify the 
DNA concentration of the TALE plasmids used for transfec 
tion using reliable methods (such as UV spectrophotometry 
or gel quantification). 
0334 Critical step: The DNA concentration of the TALE 
plasmids are quantified to guarantee that an accurate amount 
of TALE DNA is used during the transfection. 
0335) 41. Prepare the DNA-Opti-MEM mix as follows 
using option A if you are testing transcriptional modulation, 
or option B if you are testing nuclease activity. 
0336 A. DNA-Opti-MEM Mix for Testing Transcrip 
tional Modulation. 
0337 i. Mix4 ug of TALE-TF plasmid DNA with 250 ul of 
Opti-MEM medium. Include controls (e.g., RFP plasmid or 
mock transfection) to monitor transfection efficiency and cell 
health, respectively. 
0338 B. DNA-Opti-MEM Mix for Testing Nuclease 
Activity. 
0339) i. Mix 2 g of the left and 2 ug of the right TALEN 
(FIG. 17) plasmid DNA with 250 ul of Opti-MEM medium. 
Control transfections should be done by omitting one or both 
of the TALENs. Also include controls (e.g., an RFP plasmid 
or mock transfection) to monitor transfection efficiency and 
cell health, respectively. For all transfections, make sure the 
total amount of DNA transfected is the same across condi 
tions—when omitting one or both TALENs, supplement with 
empty vector DNA to maintain the same total DNA amount. 
0340 42. Prepare the Lipofectamine-Opti-MEM solution 
by diluting 10 ul of Lipofectamine 2000 with 250 ul of Opti 
MEM. Mix the solution thoroughly by tapping the tube and 
incubating for 5 min at room temperature. 
0341. 43. Add the Lipofectamine-Opti-MEM solution to 
the DNA-Opti-MEM solution to form the DNA-Lipo 
fectamine complex. Mix well by gently pipetting up and 
down. Incubate for 20 min at room temperature. 
0342 Critical step: Make sure the complex is thoroughly 
mixed. Insufficient mixing results in lower transfection effi 
ciency. 
0343 Pause point: The transfection complex remains 
stable for 6 hat room temperature. 
0344 44. Add 500 ul of the DNA-Lipofectamine complex 

to each well of the six-well plates from Step 39 directly. Mix 
gently by rocking the plates back and forth. 
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(0345 45. Incubate cells at 37°C. with 5% CO2 for 24 h. At 
this point, determine the transfection efficiency by estimating 
the fraction of fluorescent cells in the positive control trans 
fection (e.g., RFP plasmid) using a fluorescence microscope. 
0346 Critical step: If incubation beyond 48 h is needed, 
change the culture medium with fresh D10 supplemented 
with antibiotics on a daily basis. This will not affect the 
transfection efficiency. 
(0347 Step 46: TALE Functional Characterization. 
0348 46. To measure TALEN cutting efficiency using 
Surveyor nuclease follow option A, or to measure TALE-TF 
transcriptional activation using qRT-PCR, follow option B. 
0349 A. Measuring TALEN Cutting Efficiency Using 
Surveyor Nuclease (Timing: 6 h (3 h Hands-on Time)). 
0350) i. Remove culture medium from each well from Step 
45 and add 100 ul of QuickExtract DNA extraction solution to 
each well and pipette thoroughly to lyse cells. Transfer the 
lysate to a PCR tube. 
0351) ii. Extract DNA from the lysate from Step 46A(i) 
using the following cycling conditions: 

Cycle number Condition 

1 68°C., 15 min 
2 95° C., 8 min 

0352 iii. PCR amplification of the region surrounding 
TALEN target site. Prepare the following PCR using the 
genomic DNA from Step 46A(ii): 

Amount Final 
Component (l) concentration 

gDNA from Step 46A(ii) O.S 
dNTP, 100 mM (25 mM each) O.S 1 mM 
Herculase II reaction buffer, 5x 10 1x 
Target-specific Surveyor forward 1 200 nM 
and reverse primers, 10 M 
each (see EXPERIMENTAL 
DESIGN) 
Herculase II Fusion DNA polymerase O.S 1x 
Distilled water 37.5 

Total 50 

0353 Critical step: The Surveyor procedure (Steps 46A 
(iii-XV)) is carried out according to the manufacturer's proto 
col and is described in greater detail in the Surveyor manual. 
Brief details are provided here, as mutation detection by 
mismatch endonuclease is not a very common procedure. 
0354 Critical step: When performing the Surveyor assay 
for the first time, carrying out the positive control reaction 
included with the Surveyor nuclease kit is Suggested. 
0355 iv. Perform PCR using the following cycling condi 
tions: 

Cycle number Denature Anneal Extend 

1 95° C., 3 min 
2-36 95° C., 30s 55° C., 15 s 72° C., 30s 
37 72° C., 5 min 
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0356) v. Check the PCR result by running 5 ul of PCR 
product on a 2% (wt/vol) agarose gel in 1XTBE electrophore 
sis buffer with 1xSYBR Safe dye. Include 10 ul of the quan 
titative DNA ladder in one lane. Run the gel at 15 V cm-1 
until all bands are clearly separated. For all templates, it is 
important to make Sure that there is only a single band corre 
sponding to the intended product for the primer pair. The size 
of this band should be the same as calculated from the dis 
tance between the two primer annealing sites in the genome. 
0357 Critical step: If multiple amplicons are generated 
from the PCR, redesign primers and reoptimize the PCR 
conditions to avoid off-target amplification. 
0358 vi. Image the gel using a quantitative gel imaging 
system. Make Sure the exposure is short enough so that none 
of the bands are saturated. Quantify the integrated intensity of 
each PCR product using Image or other gel quantification 
software. Use the quantitative ladder with known DNA mass 
(5, 10, 20, 40, 100 ng) to generate a linear fit. Adjust the DNA 
concentration of the PCR product by diluting it with 1x Her 
culase II reaction buffer so that it is in the range of 25-80 ng 
ul-1. 
0359 vii. DNA heteroduplex formation. At this point, the 
amplified PCR product includes a mixture of both modified 
and unmodified genomic DNA (TALEN-modified DNA has a 
few bases of sequence deletion near the TALEN cut site 
because of NHEJ exonuclease activity). For Surveyor mis 
match detection, this mixture of products must first be melted 
and reannealed such that heteroduplexes are formed. DNA 
heteroduplexes contain strands of DNA that are slightly dif 
ferent but annealed (imperfectly) together. Given the pres 
ence of both unmodified and modified DNA in a sample, a 
heteroduplex may include one strandofunmodified DNA and 
one strand of TALEN-modified DNA. Heteroduplexes may 
also be formed from reannealing of two different TALEN 
modified products, as NHEJ exonuclease activity may pro 
duce different mutations. To cross-hybridize wild type and 
TALEN-modified PCR products into hetero- and homodu 
plexes, all Strands are melted and then slowly reannealed 
(FIG. 17b). Place 300 ng of the PCR product from Step 
46A(vi) in a thermocycler tube and bring it to a total volume 
of 20 Jul with 1x Herculase II reaction buffer. 
0360 viii. Perform cross-hybridization on the diluted 
PCR amplicon from Step 46A(vii) using the following 
cycling conditions: 

Cycle number Condition 

1 95° C., 10 min 
2 95-85°C., -2° C. s. 
3 85°C., 1 min 
4 85-75° C. -0.3° C. s. 
5 75° C., 1 min 
6 75-65 C. -0.3° C. s. 
7 65° C., 1 min 
8 65-55° C. -0.3° C. s. 
9 55° C., 1 min 
10 55-45° C. -0.3° C. s. 
11 45°C., 1 min 
12 45-35° C. -0.3° C. s. 
13 35° C., 1 min 
14 35-25° C. -0.3° C. s. 
15 25°C., 1 min 

0361 ix. Surveyor Nuclease S digestion. To treat the 
cross-hybridized homo- and heteroduplexes using Surveyor 
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Nuclease S to determine TALEN cleavage efficiency (FIG. 
17b), add the following components together on ice and mix 
by pipetting gently: 

Amount Final 
Component (l) concentration 

MgCl2 solution, 0.15M 2 15 mM 
Surveyor nuclease S 1 1x 
Surveyor enhancer S 1 1x 

4 
Reannealed duplexes from Step 16 
46A(viii) 

Total 2O 

0362 X. Incubate the reaction from Step 46A(ix) at 42°C. 
for 1 h. 
0363 xi. Add 2 ul of the Stop Solution from the Surveyor 

kit. 
0364 Pause point: The digestion product may be stored at 
-20°C. for analysis at a later time. 
0365 xii. Cast a 2% (wt/vol) agarose gel in 1xTBE elec 
trophoresis buffer with 1xSYBR Safe dye. When casting the 
gel, it is preferable to use a thin comb size (<1 mm) for the 
sharpest possible bands. The gel should have enough lanes to 
run out 20 ul of each digestion product band from Step 46A 
(xi). Include 1 lug of the 1-kb Plus DNA ladder in one lane. 
Run the gel at 5 V cm-1 until the Orange G loading dye has 
migrated two-thirds of the way down the gel. 
0366 xiii. Image the gel using a quantitative gel imaging 
system. Make Sure the exposure is short enough so that none 
of the bands are Saturated. Each lane from samples trans 
fected with both left and right TALENs should have a larger 
band corresponding to the uncut genomic amplicon (the same 
size as in Step 46A(V)) and Smaller bands corresponding to 
the DNA fragments resulting from the cleavage of the 
genomic amplicon by Surveyor nuclease. Controls (no trans 
fection, control plasmid transfection or transfection omitting 
one of the TALENs) should only have the larger band corre 
sponding to the uncut genomic amplicon. 
0367 xiv. Quantify the integrated intensity of each band 
using Image.J or other gel quantification Software. For each 
lane, calculate the fraction of the PCR product cleaved (fcut) 
using the following formula: feut-a/(a+b), where a=the inte 
grated intensity of both of the cleavage product bands and 
b=the integrated intensity of uncleaved PCR product band. A 
sample Surveyor gel for TALENs targeting human AAVS1 is 
shown in FIG. 17c. 
0368 XV. Estimate the percentage of TALEN-mediated 
gene modification using the following formula (47): 

100x (1-(1-ft.) '') 

0369. This calculation may be derived from the binomial 
probability distribution given a few conditions: that strand 
reassortment during the duplex formation is random, that 
there is a negligible probability of the identical mutations 
reannealing during duplex formation and that the Surveyor 
nuclease digestion is complete. 
0370 B. Measuring TALE-TF Transcriptional Activation 
Using qRT-PCR (Timing: 5 h (3 h Hands-on Time)) 
i. RNA extraction. Aspirate the medium in each well of the 
six-well plates from Step 45 at 72 h after transfection. 
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0371 Critical step: Use proper RNA handling techniques 
to prevent RNA degradation, including cleaning bench Sur 
faces and pipettes with RNaseZAP. Use RNase-free consum 
ables and reagents. 
ii. Wash the cells in each well twice with 1 ml of DPBS. 
iii. Harvest approximately 1x106 cells for subsequent total 
RNA extraction by trypsinizing the cells with 500 ultrypsin 
with EDTA. Incubate for 1-2 minto let the cells detach from 
the bottom of the wells. 
0372 Critical step: Do not leave the cells in trypsin for 
longer than a few minutes. 
iv. Neutralize the trypsin by adding 2 ml of D10 medium. 
V. In a 15-ml centrifuge tube, centrifuge the cell Suspension at 
300 g for 5 min at 4°C. Carefully aspirate all of the superna 
tant. 

0373 Critical step: Incomplete removal of the supernatant 
may result in inhibition of cell lysis. 
Pause point: Cells may be frozen at -80° C. for 24 h. 
vi. Extract and purify RNA from the cells in Step 46B(V) 
using the RNeasy mini kit and QIAshredder following the 
manufacturer's directions. Elute the RNA from each column 
using 30 ul of nuclease-free water. 
vii. Measure the RNA concentration using a UV spectropho 
tOmeter. 

viii. cDNA reverse transcription. Generate cDNA using the 
iScript cloNA synthesis kit according to the manufacturers 
directions. For matched negative controls, perform the 
reverse transcription without the reverse-transcriptase 
enzyme. 
ix. Quantitative PCR. Thaw on ice the appropriate TaqMan 
probe for the target gene and for an endogenous control gene. 
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0374 Critical step: Protect the probes from light and do 
not allow the thawed probes to stay on ice for an extended 
time. 
X. By following the TaqMan Universal PCR Master Mix 
manufacturer's directions, prepare four technical replicate 
qPCRs for each sample in optical thermocycler strip tubes or 
96-well plates. Setup negative controls for nonspecific ampli 
fication as indicated in the directions: namely, RNA template 
processed without reverse transcriptase (no RT) and a no 
template control. 
xi. Briefly centrifuge the samples to remove any bubbles and 
amplify them in a TaqMan-compatible qRT-PCR machine 
with the following cycling parameters. 

Cycle number Denature Anneal and extend 

1 95° C., 10 min 
2-41 92° C., 15 sec 60° C., 1 min 

Xii. Analyze data and calculate the level of gene activation 
using the AACt method46, 55. TALE-TF results from qRT 
PCR assay of SOX2 activation in HEK293 cells are shown in 
FIG. 17d, e. 
0375 Critical step: The AAC, method assumes that ampli 
fication efficiency is 100% (i.e., the number of amplicons 
doubles after each cycle). For new probes (such as custom 
Taq Man probes), amplification from a template dilution 
series (spanning at least five orders of magnitude) should be 
performed to characterize amplification efficiency. For stan 
dard TaqMan gene expression assay probes, this is not nec 
essary, as they are designed to have 100+10% amplification 
efficiency. 

Troubleshooting Table: 

Step 

4 

15 

24 

28 

30 

Problem 

Uneven amplification 
80OSS OOCS 

Low DNA 
concentration after 
elution 

No visible hexamer 
band (~700 bp) 

No visible hexamer 
band (~700 bp) but 
Smaller bands present 

No visible hexamer 
band (~700 bp) 

Low concentration for 
purified hexamers 
No visible 18-mer 
band (~1.8 kbp) 

More than a few 
colonies on negative 
control plate 

Possible reason 

Not using Herculase 
I Fusion 
polymerase 
Residual ethanol on 
purification column 
incorrect Wacuum 
pressure during 
DNA binding 
Equimolar amounts 
of monomers were 
not added 
Degraded DTT or 
ATP 
Wrong monomer(s) 
added during 
pipetting 
Monomer 
concentration is too 
OW 

Unsuccessful 
Golden Gate 
digestion-ligation 
Unsuccessful gel 
extraction 
Unsuccessful 
Golden Gate 
digestion-ligation 
Compromised TALE 
backbone 

Solution 

Optimize annealing temperature and Mg" and 
DMSO concentrations 

Air-dry columns before elution at 37° C. for a 
longer period of time 
Adjust vacuum pressure according to the 
manufacturers suggestions 

Gel-normalize the monomer concentration 

Use fresh stocks of DTT and ATP, which 
degrade easily 
Re-select monomers 

Increase the number of Golden Gate digestion 
ligation cycles and/or increase the concentration 
of monomers to >20 ng Lil'; there is no 
detrimental effect to using more monomers in an 
equimolar ratio 
Verify on a gel that the Golden Gate digestion 
ligation product from Step 15 is visible; increase 
the monomer concentration 
Ensure that there is no residual ethanol during 
elution or increase PCR reaction volume 
Increase hexamer concentration in Golden Gate 
digestion-ligation in Step 26 or proceed directly 
to transformation in Step 29 
Perform a restriction digest of the backbone to 
verify integrity 



US 2013/O 137174 A1 

-continued 

37 
May 30, 2013 

Troubleshooting Table: 

Step Problem Possible reason Solution 

35 Colony PCR bands Too much template 
are Smeared 

38 Monomers assembled Misligation 
in incorrect order 

45 Low transfection Low DNA quality 
efficiency preparation 

Suboptimal ratio of 
DNA to 
Lipofectamine 2000 

46A(v) Multiple amplicons Nonspecific primers 

No amplification Suboptimal PCR 
condition 

46A(xiii) No cleavage bands TALEN is unable to 
visible cleave the target sequences 

site 
46B(xii) No increase in TALE-TF is unable 

transcription in target to access the target sequences 
mRNA site 

0376 Timing: 
Steps 1-9, Monomer library amplification and normalization: 
6 h 

Steps 10-28, TALE hierarchical ligation assembly: 1.5 d (5h 
hands-on time) 
Steps 29-38, TALE transformation and sequence verification: 
3 d (4h hands-on time) 
Steps 39-45, Transfection of TALE-TF and TALEN into 
HEK293FT cells: 2 d (1 h hands-on time) 
Steps 46A and 46B, TALE functional characterization with 
qRT-PCR or Surveyor: 5-6 h (3 h hands-on time) 
0377 TALE-TFs and TALENs may facilitate site-specific 
transcriptional modulation (3, 4, 5, 8) and genome editing (4. 
7, 9, 11, 12, 13, 14, 15) (FIG. 9). TALENs may be readily 
designed to introduce double-stranded breaks at specific 
genomic loci with high efficiency. In Applicants’ experience, 
a pair of TALENs designed to target the human AAVS1 locus 
is able to achieve up to 3.6% cutting efficiency in 293FT cells, 
as determined by Surveyor nuclease assay (FIG. 17a-d). 
TALE-TFs may also robustly increase the mRNA levels of 
endogenous genes. For example, a TALE-TF designed to 
target the proximal promoter region of SOX2 in human cells 
is able to elevate the level of endogenous SOX2 gene expres 
sion by up to fivefold (FIG. 17d, e). The ability for TALE 
TFS and TALENs to act at endogenous genomic loci is depen 
dent on the chromatin state, as well as yet-to-be-determined 
mechanisms regulating TALE DNA binding (56, 57). For 
these reasons, several TALE-TFs or TALEN pairs for each 
genomic locus targeted are typically built. These TALE-TFs 
and TALENs are designed to bind to neighboring regions 
around a specific target site, as some binding sites might be 
more accessible than others. The reason why some TALEs 
exhibit significantly lower levels of activity remains 
unknown, although it is likely to be due to position- or cell 
state-specific epigenetic modifications preventing access to 
the binding site. Because of differences in epigenetic states 
between different cells, it is possible that TALEs that fail to 
work in a particular cell type might work in a different cell 
type. 

Dilute colony Suspension 10x to 100x 

Misligation occurs at a very low frequency; 
analyze two additional clones 
Prepare DNA using high-quality plasmid 

Titrate the ratio of DNA to Lipofectamine 2000 to 
determine optimal transfection conditions 

Design new primers and verify specificity using 
PrimerBLAST: use touchdown PCR 
Optimize annealing temperature and Mg" and 
DMSO concentrations 
Design new TALEN pairs targeting nearby 

Design new TALE-TFs targeting nearby 
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