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(57) ABSTRACT 

The disclosure describes methods that include providing a 
first nucleic acid having a sequence encoding a first set com 
prising one or more transcription activator-like effector 
(TALE) repeat domains and/or one or more portions of one or 
more TALE repeat domains; contacting the first nucleic acid 
with a first enzyme, wherein the first enzyme creates a first 
ligatable end; providing a second nucleic acid having a 
sequence encoding a second set comprising one or more 
TALE repeat domains and/or one or more portions of one or 
more TALE repeat domains; contacting the second nucleic 
acid with a second enzyme, wherein the second enzyme cre 
ates a second ligatable end, and wherein the first and second 
ligatable ends are compatible; and ligating the first and sec 
ond nucleic acids through the first and second ligatable ends 
to produce a first ligated nucleic acid, wherein the first ligated 
nucleic acid is linked to a solid Support, and wherein the first 
ligated nucleic acid encodes a polypeptide comprising said 
first and second sets. 
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SEC E O NC: 

EACCCASGA&CAGSA CGAAG GCAA&CAG 
C f : {{GAAA SAACEAAACGGAAAGGGC 

SSAASACCACGi 
EACACCGGASCAAGGGGCCAGEAAGCAACACG 
GGCAAACAGGCCGAGACGGAGAGACCCCCAG 7 

CCGCAAGCCCAGGG 
GACCACAAGAGGAGCGCGAAAGA 

GACGCCACAAGGGCGECACGEAAAGGC 
GAAGAGGGGAAAAGAAGEGCGCGCGAC 

GGCCAGGACAGEGA 

GGGAAAAACAGAGA CAAGGCC 3 
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GACGGACEGGAEACCCCGACCCCAGGCGACCAGACAA CGAGGAAGAAGCCAGA 
CCCGGAAAAAAAAAAAAACAAGAASCA 

CGACAAGAGAAAAGE ASGSACGCSEGCGCCSAG ACGSGCACAAACGCGG 
ACAGAAAAGAAAAAAAAACGGGSCAAGAAGEAAAGGAGCCGCSA 
CAAAAGAAAGCCGGGACCCAACGACCCCCGCCAGAGCAAAAGACGAGCC 
CAAAAGCCAAAGGGACAAGCAA GGGGGAAAGGAAAGCCCACGCAGACA 
AAS GAAACAAG ACGEA ACSCAAA (AAAGSCSCCGSCAAGCCCA (SACA 
SAAGGGACCACCASEACACAEAAGASA ACCASGAGGGSGAS 
ACACAAGGGGGGAASCSGGACACGSGACCAAGCCCACCCAGACEAAGGGAS 

GGCACAAAACAAGGGACCAAAAGGAACAAECCCCCAGACGCAAAGGGGGAGGCG 
GA(SGGAGCCAAAASCAGAGCCS GAACA: SAGAAC(ACGCACEGGAECGAAAAA 
ACEA CECACAAGGAGACCAAEGCGEGCASCCA (AAAAAEGA:AGACSSAAAAACACAGA 
CACEAACAAGAGACGAGAAAAGGCCCAAGAAAAGASCAAGESGESCACASCGGGG ACC 
AGGGGAGAGGACACCGGAGCAACASCAAAGGAGAAAACAAGAAGGCAGGAGACCGCGC 
G(AACAACGAGGCCGGGGGCAGGECACAGGCAAGGCC CACA GCACCCGGCGE 
SGSACGGGSCGCAAAAAACAAGASCGCSCCCGAASCCASCAGASCAAGAGCCSCG 

GTAAACAES GSTCGGGAGCGSASCAGAGGGCGCGA, CGGGGGGGAGCAGGGGGCCCCGCCA 
GEA ACCGGGAGSCGAAGACGGAAGAGAGGGAAACASCGASAGGEACCAGCCGGC 
CAAGCGACCGGGGGAAAGAGAGAAAGCGCCGCGACAGAACAGGGCGCCAG 
XXXXXGAGA CGGAGGGAGCCACAGCCAAGAGCCCACCCGGGSCG 
AAGAAGAACGGGGCGGGAGCSGSGACCACCCGCGCCSAGAGAAAAAGESSECCCCA 
SCCCCAGAAAAAGAACCAAECCGGCSGACCASAEAACCCAGASCGGGAAACAS 
CAAAAGGAACGGAGAGAAGAAAAACGEAAAAGAAAAEGGAEGAAAAGAAAA 
GAAAGCCAGAAACCACAGGAAGAA CGAAAGAAGGAAGGAAAAAAGAGGAA 

ACA GOAAACAGSGCACAAGAAACCGACGAGAAAACGCGACAGAACGGGS 
ACGGGAACAAAGOAAEGCGGAEGGAAA CGAAGCCAAAGAAAAGAA CGAAGAA 
GAAAAAAAACCAAAAAAAACAAAAGAAGGGSAAAGAAGAACSGAAAAG 

AGGGGGCACEAAAGAAACAAAAGCCAGCACACGAAAAAACACAAGAAGGA 
GAGGAGAAGAGAAGGAAAAGAAAAGECGGCAA AACCACAGGAAGCAGA 
CGGAAAAAAACESGCASAAAACAAGGGCCCEAAGGAAGCCACCCAAECCCCGGG 
AEACGEACGGAAEACCACACAGAAAACCESGAEAGCCGAGAGG 
CAGCCACGGGCCGGCCCACCGGAAGGGCACCCCACGTCCAAAAAA 
GAGGAfAGCAGCAGGAGAGGGACAEGGGGGGRGGGGGGCAGGACAGCAGGGGG 
AGAGGGAAGAAAAGCASGCAGGGGGAGCGGGGSCAGGCGAGGCGGAAAGAAEAGCG 
GGGECAGGGSGACCACGCGCCGAGCGGCGCAAAGCGGGCGGGGGGGGA, CGCGAg(G 
ACGECACAGEACC, AigiCGECGE CEECECACGCGCCGRCES 
CGCAAGAAACGGGGCACCCAGGGCCGAAGGCACGGCACCCGACCCCAAAAAACGA 
AGGGGAGGCAGTAGGGGACG GAAGAGGCCC"GAGGAgCACAA 

AGGGACCGCCAAAEGGAACAACACCAAECCAGGCAC GAAAAGGCAGSGA 
CGGCAGGAAAAAAGAGGAAACAAAAAAAG GAAAATCGGGAAGGGSCAGA 

GGGGGGAAAAGEGCCCCCAEGAAAAAGCAAAGEAGAAAACAGAACCAEGG 
GGRAAAGCCCCAGGCCCCCAGAGGCAGAAAGCAAAGASACCAAAG 

{SEO D NO:10 

FG. A 
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F.G. B. 
AAACCAAGCCCGEAACECCCACCCCCCAFCCAEGCGCACCCASG 
GACAAAAGCAAGCGAGGCCGGCCCGAGACCAGAAGAEGAEGAGGC 
GAARCGAAAAACKGRAAACAGAAAAGGGAA 

AAAAC. AAEAACG.CAAGAAAACAAAGGARAAAAAAGCCAACCC 
AAGAAAAACAGAAAGAGAAGGAEAACAACAGCACCCAGAAGAAA CSCG 
AGCCAGCCAEGACGRECACAGGGCAAGAAAAGR: GAAAA 
T.GGCGGGCAGGGCGCGGAGES: AACTGACGA.GCACGGAAAGAGAAA 
G{GACGAGCCGGGAGGGGAA GTCACGEAEGGAAAAGCGAAGEGAA 
GAAGAGGAAGAGCAGGAEGGAA CGEA AGGCAAGCA 
CCGGGCAGAGASA ACAEGGAGASA GACCACCCCGCAGAAAGGGGGC 
GAA CGCCGGGAGCCGGGGAEAGGGGGGAAGEGASESAC 

AACGAGCAGC AAAGGACAAAAAAGAAAACACAAAAAAAAAAGASCAC 
GCACAGGGGGCCAAACCACAAGACACAGC GAA CCGCGACCAG8 AAGs. 
GCAACAGGAAGCGCCG (GGAA; GA CACAAECCAAEAAAACSACCSSAAR 
CAAAAGGAAAGGGGGGCCAAAGGAGAAACAAA GGGCGCACGCCCGCCCA 
GCGGAAACESGCAGCCAAAAACGGAAGCCGGGGAGAGSGGGGCSAGGCGC 
CCCSCSCGCCA (ACCSCCCGSCGCGGGCGCAGCGSACACCACCAAAGGC 
GAAACSGACCAAGAACAGGGAAACCASGAAAGAACAGASCAAAAGCCACAAAAGSCCAG8 
AACCGAAAAAGGCCGCGGCGGECCAAGGCCCGCCCCCGACGAGCACACAAAAACACGC 
AAGCA&AEGGAAACCCAAGAAAAAGAACCASGCGSC GAAGECCCGRCGCC 
GCGACCG (GCACCEAACCGCCCEEGGAAGCEGECGCC AACAC 

GACGEAAA&GAAA. AAAAAACACAAGCCAS 
AACAEGAAGAAGEAAAGGECACAGAAAGGCEAAACAA 
AAAACAAGSAECGAAGAAECSSAAAAAAG (SACCACCE 
AAAAAAAGASGSAAGAAAACCCAGAAAAAAAACAA 
AAA CGACCAG8 SSAGCCAG8 AAGAAAACACGAAGGGASCAGA 
AAAAAAAAACCAGACCAAAAAAAGAAAAAAACAAAGAAAAGAA 
ACGSCEGAAGAAAGAAGGAGACCACCAGGAECACAAEACC 
CGAGCSAGAAAAGAACGGAGCCACCACGSCCAG8 SCAAGAAGSA 
GACCAGCCACCGAGAAASCAAAAAAGAGGAAGGGSASCACAAGGG 
CAAA CCCCCCACCAGAAASGC3GGAAGCAGAGAAGAGGCCAGAAAGGC 
GAACSCCAGCCAGGAGS (ACG.SCGGGAGCCACAGCCGSC 
AACEAAAGSCGAGAAGAAGGCAAAAAAGGGAGCCGSCCCCGACGGCA 
GAAGAAGGGCCGCAGGACACAGAGGCAGCAC GAAACCACGCAGCCACCGAA 
GAGCCGGAGGGAGACCAACAAECAGAGAAAGGAEGCGGCGAGAGGCGC 
CGCGAAAGGGAAAACCCGCACAAGCAGAAAAAAGGCCAAGAAAACGCCGGGG 
CGAAAACAAGGAAGCGGAGACAEGAGFAACCCAGGACCCAAGACCACCA 
"ACACCAGCCG{GASCAAAAAAEGAAGCCAAAACGGAAAAAAGAAAAGGGA 

CACGGAAAGAAAAACCCAAAAGAAGAAAGGGAGASAGCGG 
AACAAGAAGAAGAAAAAAAAAAAAGGGGGGCAAECCCGAAAAGGCACESAE 

C (SEC, D NO: 
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S. A 
AACASCAAGAA CAAA ACCACA{CCGAAAAAGAAAACAAAASSAA 

SAACAA3ASCCCCCAAGAAGAAGAGAAGGSGGCACACCGC3G (GAAS33(ACGAGSAC 
ACCGSEAAACAAAAGGAGAAAACAAGAAGGCAGAGACCGCCGAACACACAG 

GGGAGCCA CCACGCAAGCGGCECACAG8 ACCCGGCCESSAGGGC 
CAAAACCAAGAAGAGCGGCCCGCCGAAGACGACGAGSCAAGA63GGC GAAAAG3 

(CGGCAGGAGCAGAGGCCGACGGGGAAGGGCCCCCGAGCCACA 
COGAGCCAA AAAGAAGGGSAGAACAC:{SEAGASAGCCACCCGCCCAAC 
SCCAEGGGGCCCCCGAACCGACCCCAGACCAGGASCGCAAGCSAAAAAAGGGAAAGCAAG 

SGAAAECGAAAGGGGGOSCE GAAGACCAGSCCACACCCAGAAGGGCA 
GCACCCACGACGGGGCAAAAGGCCGAGACGGCAGAGACCCCCAGCCGCAAGCCCACGG 
GCGACCCCGAAASSAGCGACGGAACAGGAGGGAAACAAGASGA.GACGCCAACGGC 
EGGGOSCAAGCCAGGGACGCCGCACAAGGGCGEAAACAAAAGGCGISAAG 
AGGCGCGGAAACAGACAGCGCCGCGCCGACGGCCAGGACAGGAGACCCCAGACCAGGAGC 
SCAAGGCAAACGGAGGGGGAAACAAGCCGGAAAGGAAAGGGGCC:GGCAAGA 
ACOGCCAAEGASCAAEGCGSGCASCAAAAAAACGGGGAAAAGSCCSAGASA 

GAGACCCCCAGCCGCAAGCCCACGGGCGACCCCGACAAGGAGCGAGCGCGCAGACGGA 
GGGAAAAACAGGARACGCAACGGCCCCCCGGGGCAAGCCCAGGGACG (CAAA 
{SGSCGECACGEGAAGGCGSCGGAAGAGSCGEGGAAAAACAGGGCGSACGC 
AGGACASGACGACCCCAGACCASGAGCGCAACSCGCAAAGGAGGGGGAAAGCAAGCCCGGAAAC 
GGCAAAGGGCCGGGCAA.GACCACGGEEAACCGGAEGAAGGGGCCAGECACCCA 
(ACGGGAAACAGGCCGAGACGEGEEAGAGACCAGCCESCAAGCCACGSCGA. 
ACAAGGAGCGAGCGCGAACAGGAGGGAAACAAGCAGGAGACGCCAAECGGCCCCCCGG 

GCAAGACGGGAGCCGCACAAGGGCGCCACGCCAAAACAACGGCGGAAGAGGCGSG 
AAACAAEAGOSCEGCCGACGCACGAAG ACCACCCCAEAAGSAGECGAA CGS 
ACAGACGGGGAAASCAAGCCCGGAAACCGGCAAAGGGCCGGCCGCAAGACCACGGCCA 
ACCGGAEGCAAGGGGCCAGCACCCAGACGGGAAAAGCCAGAG. AGAGAECCC 
AGCCGAAGEEEACGSCGAEEEGACAAGEGEAGAGAAAAAAGASGAAAAAG 
AGGAGACGCCAACGGCCCCCCGGGGCAAGCCACGGGACGCCGCACAAGGGCGCCA 
GAGCCAGAGGGGAAGAGCGCGGAAAAGAARCGCCGCCGACGGCAGACAG 
GASA. AEGAACAGGGGGCCAGAAGGGGGAGGARGSCCAGCCEGGAEEEAGASC 
AAGCCAGCCCCGACCCGGGGCGCGAACGAAGACCACGGGGGGGCAGCGGGGAC 
GACCCGSCACAGCAAAAASGGGCCACCiCAiiAAAAAGAACAACGGGA 
ififi A.A.GAGCGGGGA 

(SEQD NO:27) 
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FG. A 
CAEGASCASCACAGACAAAAGACCAGACGGGAAAAAGAEAGAEACGAACAAGGAGAE 
GAAAAGAGCCCCCAAGAAGAAGAGAAGEGGGSAEACCGCGEGACCAGGGACEGAAC 
ACCGGACCAA CAGAAACEGAEGAAAACAAGCCAAGGCAGCSA.G.ACGCGCGAACACCACA: 
{EGCGGGAGEGCCACCAGCCAAGCGCGCCACAGCACGCGGCGCGGGAEGGC 
GAAAA CCAAGAAGAGGGCCCGCCGAAGACKCACA3;{GAAGAGGGKGAAAAG 
{{SGAGCCAGCAGAGGGSGA. GGGGGGGAGAGGGEGGAEGGAA 
{{SGA3CGCGAAAGAAAAGGEGAGAA CAGCGAGAGSCAGGACGCGGCCAA 
(ACGGGGCCCCAA CGACCCAGACARA GAAEGAAAAAAGGGGAAACAAG 

GGAAACCGAAA GiGGCGGAAGACASGCACACCGGAGAAGGGGCA 
GAASCEACAGGGGAAACAGGCSAGACGGCAGAGACCAGGAAGECACGG 

GCGACCCCGACAAR 3 GCGAGCCAACAGSAGGGAAACAAGCAEGGAGACGCCfCGSC 
ECGGGGCAGCCAEGSGACGCCGCACAGGGGAEGCCAA CAAAACEGCGEGAAS 
(AGECGEAAAAGACAGCGCEGCGCCEAGGCCAGACAGEAGACCAGACCAG.AEC 
{GAARGGCGAACAGGGGGAAAGAARCCCGGAAACGGCAAAGGGGCGGCCGAAEGA 
{ACGSACACCRGAGCAAGCGGGECAGAAGAAAGGGGAAAAGGCGAGAGGCAG 
AgAAGCCGCAAGCCAGGGGACEACAAGGAGGAGGAAAAAAGGAG 

{GGAAAAAGCAGAGACGCCAAGGCCCCGGGAAGCCAGGAGCCCACAA 
{{SCAGCCCGAAGGGEGGAA CAGGGAAAAGAAGGCCGRCCGAGCA 
GGACAGACACCCCAGACCASGASCAAGGAEAACGGGGAAACAAGCCGGAAA 
GAAAG. GGCGGCSCAAGACACGGCACACCGGAGCAAGCEGGCCAGAAAAAAA 
EG&GAAAAGCCAGASSEAGAGACCAAASCCAG8 ACCCCEGA 
AAGGAGCCAGCGCCAA CGGGGAGGGAAACAAGCAEGAGACCAAGGCCCCCG 
GAA (ACGGGACCACAAGGGCCACCCAAAAAACGGGGAAGEAGGC.G.A.A. 
AEAGASAG CGGCCGASCAGGAAGACGACCAAAAGGCAAGA 
{A,A(EGGGGAAAOCAAGCC (GAAAEGGEAAAGGGGGGCCGCAAGAACCAA 
{{GAEAAGGGGCAGAASCAAGGGGAAAAGGGAGAGAAACCCA 
GCGCAACCCAGGGCGACCCCGAAAGAGGAGCSAAAAAAGGAGGAAAAACA 
GGAGAGCAACGGCCCCCGGGGCAA.A.CGGGACGGCACAAGGGCGCACG 

CCAGOCAAGGGGAASCAGCCAAACACACASCGCCGGCAC GGCCASGAAGGA 
GACACCGAA CAGGGSCGCASCAAGGGGGAGGACGGCAGCCGGASCCAGASCCAA 
GCAGSECACCGGGGAAGAAGAA.G.GCSE ASSESACSAC 
GAA (CAAAAAGGGCCACCCGAGAAAAAGAAAACGGGGACCCG 

AGAAAECCAGAGCCGGAE 

(SEC) NO:3) 
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... SA 
AGAGACACKAGAAAAAAAACAAAAAAAAACAAAAG8 AGA 

GAAAAGAGCCCCCAAGAAGAAAEGAAGGGGGCACACCCGGGGAAGGG&GACGAGSAC 
ACCSGACGAACAGAACASGAGAAAACAAGCCAAGSCAGGAGACGGCGSAACACAA&G 
GGASA. AAASCGCACAGCACCCCGCCGEAGC 
CAAAACCAAGAAGAGGGCCCCCCGAAG ACGCACGAGGCAAGAGGEGCGGAAAAG 

(CGGAGCGCGAGASAGGCCGCAC GSGCGGGACAGEGGCCCCGCCCAGCCACA 
(CGGGAGCGCAA ACGCGAAGAGAGGGAGAACAGCSGAGAG.GAGCCACCGGCCAAGC 
(GECAG8 (CCCKGAACK ACCCAGAAEAGAAACAAGEGAAACAAGC 
CCAAAGAAAGGGGGCCGCAAGACCACCACACCGAGAAGGGSCCA 
SEAAAAAAACGGGGAAAAGGGSAGAGGCASAGACCACCCGCAAGCCCAGSG 
GAACAAGASA GCGAAEAEGA (AAAAACAAGA (AAG 

CCCCGGGGCAAGCCAGGGAECCACAAGGGCGCCACCCAACAATAACGGCGGAAGC 
AGGCCGGAAACA (ACAGCGSGCGCCGAGCCAGGAAGSA ACCAGAAGGAG 
AACGCGACAGAGGGGGAAAGAAGCCGGAAACCGGCAAGGGGGGCCGCAAGA 
ACGEA ACACAAGCGSSAGEAA AACS-AAACAGCCAAG AC 
AGACCCAGCCGCAAGCCACGGGCSAGAAAGGAGGAGCGAffACAAGA 
G(AAACAAGAGGAGAGCCAAGSCEGGGGAAGCCAGGGAGCCGCACAAG 
GGEAGCCAAAGGAAGAGCCGAAAAGAAECTCCASGA 
GGACAGAGAAGACCASGACCCAAECGCGCEAAAGEGGGAAAGCAAGGGAAAG 
CAAAGGGGGCCEAAACAGCCCACACCSGAGAAGGGCCAAAAAAAA 
33(CAAACAGGGAGACGCSEACAGACCCAGCCSCAAG ACGSAGA 
AAA CGACCAAAAAAGAAAAAAGAAAAACC, 
GAAGCCCAGGGAGCCGCACAAGGGCGAGCCAAAACAAGGCGGAAGCAGCCGGGAA 

ACA ACASCG.ESCGCSACCSCCASGACAGESACAAGACCASGASCGAACGGCA 
AAGAAAAAGAAACCG (CAAAGESS (CSSAACA CA (CCAA 
CGGAECAAGCGGGCAGCAAOAAAGGGGAAAAGGCCGAGAGGE AGAGACCCCA 
SSCAAGAGGGSGACCACAAGGAGCSAGGCCAAGSGSAGGAAACAAGA 
GASA SCCAAGSCCSGSCAAGACGSCGCACCCAAAGGGSCAS 
CAAASCAC CCAGCGSACCACAAACAGCCCACCCGSCG 

GAAGAAGAASGGGCGGGAGCGGGGACGACCCCGCCGAGCAGAAAAAGGGC 
CCCAGCCSAACAAAACAAEAACGGGAEGAGASACECACGAGCCSCGGCAC 

(SEO ED NO:33) 
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Fs. A 
AGASCACACAGAAAAAGACCAA CGAAAAAGAAAACGAAAACAGA 

GAAAAGAGCCCCCAAGAAGAAAGAAGGGGGCACACCCGGGACCAGGGSACGAGSAC 
ACGGEACAACACAAAGAAAAA AAG (AAGSCAGAGCACCGCGCGCAAACACAG 
GGGGGGCAGSCCACCAGCGAAGCGGCACACAEGGGCGCSGGAGGGGC 
CAAAACCAAGAAGAGCGECCCGCCCGAASCACGACGAGGCAAGAGGGCGGAAAAGG 

GCGEGACGGAGCAGAGGCCGACGGGGGAAGGGCCCGECASCACA 
CSS3AGCGAAEACSSAAGAGASGSGAOAACASSCG ASAGSAGECACCCGSCCAAGC 

GCCACCGGGCCCCCGAACCGACCCCAGACASSAGGAAGSCACAACGGGSAAACAAGC 
GAAEGGCAAAGGGGSAAGACCACGGCEACACCGAGAAGGGGCCA 

GAAAAAAACGGGGAAAAGGCCRAESACGECASASACCCCAGAACCCAGGG 
GACCCCGACAAGGAEGCGAGCGCGAACAGGAGGGAAAAACAGSASACE GAACGGC 
CGGGCAAGCCCASGACCCGCACAAGGGCGCCAGCCAA CAAAACESGGAAC 

AGGCCSSAAACAGACAGCGCCSCG SACGSCCAGGAAGSASACCCAGAAGGASCG 
AACGGCACAGACGGGGGAAAGAAGCSEAAACGESCAAAGSGCSGGAAGA.CC 
ACGGCACAGACAAGCGSGCASCAAGAAGGGGGSCAAACAGGGAGACGSCAG 
AGACCCAGCCGCAAGCCACGGGCGACCCGACAAGGAGCGAGCGAAAACAAGGAG 
GAAAAACAAEAGECAiGCCGGGGCAAGCCAGGGAGCCGACAA 
GCECACCCAAAGGGAASCAGGGAAAAGAAECCCGCCGAEA 
GGACAGGACGACCCCAGACCASGAGCGCAACSCGCSAACAGGGGGAAASCAAGCCGGAAACCG 
CAAAGGGGGGCEEGAAGACCAGCCAEACGGAGAAGGGECACAAAAAAA 
GSCAAACAGGAGACGGAAGACAGCCGCAAGACGGCGAGA 

AAGGAGCGAGCCAAAAAAGGAGGGAAAAAGCAGSASACE GAACGGECCCCCGSG 
AASCCCASGACCCGAAAGSGAAACAACAASGCGSAASCAGGGGAA 

ACAGACASCGCEGCGSACGGCCASGACAGESAGACAGACCAGGAEGCGAACGCGA 
AGAGGGGGAAAGAAGCCGGAAACCGGCAAAGSSGCCSGGAAGACCAGCCACA 
CGGACAACGGGECASCAAGAAAGGGGAAACACCCGAGAGAGAAECCCCA 
GCGCAAGCCACGGGSACCCCGACAAGGARSCGAGGCCAAGGGSAGGGAAACAAGCA 
GAGACSCAAGGCEECSGGGCAACCCASGSGACGCCGACAAGGGCGEACG 

CAGASAGGCSGAAGAGGGGGAAAAGAAGCGCCGGCCGACGGCCAGGAAGGAC 
GACAEGAACA GGGGCGCCAGCAAAAAACGGAGGACGG, GCGGAGCCAGAGCCAA 
GECAGGSESACGCGGGEGCGAA CGAAGACCASGGGCGGGEAGGGGGACSA 
CCGCGACACAAAAAGGCCGCCAGCCGCAGAAAAAGAAAACGGCG:GACG 
AGAGAACTACGAGCCGGGACC 

(SEC). D. NC:35) 
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G. A 
AEAGCACAARACA CAAAGACAGACEAAAAAGAAAACGAAAAGGARAE 

GAGACAAGAGGCCCCCAAGAAGAAGAGGAAGGGGECACA, CCGCGGGGACCAGGGGA, CGAGAC 
ACCGGAAAAGAAG GAAAAACAAGAASGCASGAGACGCCGEAAACACAG 
GTGGGGCA CACCAGCCAAGC is ACACACGCGSCGC GCSAGGGC 

Aff CCAA&GAAGAGCECCCiCAA.G.A.K.ACGAGSCAAGAG.G.G.GAAAA 
GCGGGAGSCGAGCACGAGGCGCGGACGGGGGGGAGCAGGGGGCCCSCCAGCCGACA 
GGGCAGGGAAGACGGAAGAAGGGGGAGAACAGCGGAAGGCAGGCACGCCGGGAAC 

GCCAEGGCCCCXAACCGACCCCAGACCAGSAGEAACCRAAAAAAGGGGAAAiCAAG 
EGAAAECSGAAASSESEGGGAAACAEGGAEACCGACAAGGGSCA 
GAAGCAAGGGGGGGCAAAAGGCCGAGACGGCAGAGACCCCCAGCCAAGCCCA.G 
GSAEEAAAGGAEGEAGGAAAAAAG AEGAAAAAGE AGAGACGAACGGC 

CCG GGAAGCCCAGGACGECCAAAGGGCACAGCCAAGGGGAA 
GCAGGCGGGAAAAGAAGCGCCGCGCCGACGGECASEGACAEGACGACCCCAGASCAGGG 
CAAC GCACAAGGGGGAAACAAECCGAAAGAAAGGGGCCGGCCAAA 
ACGSAACGGACAARGTCG GGCAGA (ACGACGGGGAAAAGGCGAGA (GCA 

GAGACCCCCASG CAAGCCAGGGACCCCGACAAEACGA&CSASACEGGA 
GGGAAACAAGCAEGGAGACGCCAACGGCCCCCCGGGGCAAGCCCACGGGACGCCGCACAA 
(GGGCGCACGCCCAAAG GCGS AAGAGSCGCSGAAAAGACAGCOCGCGSGA CGGC 
AG8 AAGACGACEAACAAGCGCAAGCGAAAAAAGGGSGAAAAAECCC (AAAC 
CGCAAA. GGGGGCCAAGAAGGCACAGOA. AAGCGGCCAG8 AAAAA 
AACGGGGAAACAS SAGACGGCAAGACCCAGCCGAAGCCAGGSCGASCG 
ACAGSAGCSAGEGCGAAAGGAGSGAAAAACAGSAGAEGAA; GGCECCCGS 

AAAACEAAASCAGGAA is AAGE A83 
AAACAGAAGEGGAEGAGACAGAEGA (AACCAGAGECAA CGA 
AAAAAGGGGGAiiAAGCC GSAfif AAGGGGCCGGCGSCAAGACCACGGCCA 
ACCGASAACEAAAAAGGGGGCAAACAAGACGCACASAC 

- Air AAGCCAGCCCACCACAAGGAE. EACEAAGEGGA&AAAAAG 
CAGAGASCAAGE CCGGGAAGCCCACGG ACCCGCAAAGGGGCA 
CiAACAAAAGGCGAARAGGC&CSEAAACAGACA GigiCGCCGACGCCCAGGAAG 

GACACACECGAA A3CCAGCCAGACGGAEGAGCCACCGSAACGAGCC 
AAA&G EACG (GCCGAAGAAGACCAGGGGCGAGGGGGAE 
GACCCGSCCAGAGAAAAAGGGGCCACCCCCCAAAAAAGAACAACCSCGGAC 

CGAGAAACCACAGEGCGGGAC {SEC D NO:39) 
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METHODS OF TRANSCRIPTION 
ACTIVATOR LIKE EFFECTOR ASSEMBLY 

CLAIM OF PRIORITY 

0001. This application claims the benefit of U.S. Provi 
sional Patent Application Ser. No. 61/508.366, filed on Jul. 
15, 2011, and 61/601,409, filed on Feb. 21, 2012, and 61/610, 
212, filed on Mar. 13, 2012, and the entire contents of each of 
the foregoing applications are hereby incorporated by refer 
CCC. 

STATEMENT AS TO FEDERALLY SPONSORED 
RESEARCH 

0002 This invention was made with government support 
undergrant number DP1 OD006862 awarded by the National 
Institutes of Health. The government has certain rights in the 
invention. 

SEQUENCE LISTING 
0003. 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 Jul. 11, 2012, is named 2953936W.txt and is 
459,673 bytes in size. 

TECHNICAL FIELD 

0004. This invention relates to methods of producing 
nucleic acids encoding peptides and polypeptides encoding 
multiple transcription-like activator effector (TALE) repeat 
domains and the proteins themselves. 

BACKGROUND 

0005 TALE proteins of plant pathogenic bacteria in the 
genus Xanthomonas play important roles in disease, or trigger 
defense, by binding host DNA and activating effector-specific 
host genes (see, e.g., Gu et al., 2005, Nature 435:1122; Yang 
et al., 2006 Proc. Natl. Acad. Sci. USA 103:10503; Kay et al., 
2007, Science 318:648: Sugio et al., 2007, Proc. Natl. Acad. 
Sci. USA 104:10720; and Romer et al., 2007, Science 3.18: 
645). 
0006 Specificity for nucleic acid sequences depends on an 
effector-variable number of imperfect, typically ~33-35 
amino acid repeats (Schornack et al., 2006, J. Plant Physiol. 
163:256). Each repeat binds to one nucleotide in the target 
sequence, and the specificity of each repeat for its nucleotide 
is largely context-independent, allowing for the development 
of custom sequence-specific TALE proteins (Moscou et al., 
2009, Science 326:1501; Boch et al., 2009, Science 326: 
1509-1512). 

SUMMARY 

0007. This application is based, at least in part, on the 
development of rapid, simple, and easily automatable meth 
ods for assembling nucleic acids encoding custom TALE 
repeat array proteins. 
0008 Accordingly, this disclosure features a process that 
includes: (a) providing a first nucleic acid having a sequence 
encoding a first set comprising one or more (e.g., two or more, 
three or more, four or more, five or more, six or more, one to 
six, two to six, three to six, four to six, five or six, one two to 
five, three to five, four or five, one to four, two to four, three or 
four, one, to three, two or three, one or two, one, two, three, 

Sep. 18, 2014 

four, five, or six) transcription activator-like effector (TALE) 
repeat domains and/or one or more portions of one or more 
TALE repeat domains; (b) contacting the first nucleic acid 
with a first enzyme, wherein the first enzyme creates a first 
ligatable end; (c) providing a second nucleic acid having a 
sequence encoding a second set comprising one or more (e.g., 
two or more, three or more, four or more, five or more, six or 
more, one to six, two to six, three to six, four to six, five or six, 
one two to five, three to five, four or five, one to four, two to 
four, three or four, one to three, two or three, one or two, one, 
two, three, four, five, or six) TALE repeat domains and/or one 
or more portions of one or more TALE repeat domains; (d) 
contacting the second nucleic acid with a second enzyme, 
wherein the second enzyme creates a second ligatable end, 
and wherein the first and second ligatable ends are compat 
ible; and (e) ligating the first and second nucleic acids through 
the first and second ligatable ends to produce a first ligated 
nucleic acid, wherein the first ligated nucleic acid is linked to 
a solid Support, and wherein the first ligated nucleic acid 
encodes a polypeptide comprising said first and second sets. 
0009. In some embodiments, the methods include linking 
the first nucleic acid to a solid Support prior to (b) contacting 
the first nucleic acid with the first enzyme or prior to (e) 
ligating the first and second nucleic acids. In some embodi 
ments, the methods include linking the first ligated nucleic 
acid to a solid Support. 
0010. In some embodiments, the first set is N-terminal to 
the second set in the polypeptide. In some embodiments, the 
second set is N-terminal to the first set in the polypeptide. 
0011. In some embodiments, the first and second enzymes 
are a first and second restriction endonuclease, wherein the 
first restriction endonuclease cleaves at a site within the first 
nucleic acid and creates a first cut end, and the second restric 
tion endonuclease cleaves at a site within the second nucleic 
acid and creates a second cut end, and wherein the first and 
second ligatable ends are the first and second cut ends. When 
restriction endonucleases are used, the first ligated nucleic 
acid cannot include a restriction site recognized by the first 
restriction endonuclease. 

0012. The process can further include: (f) contacting the 
first ligated nucleic acid with a third enzyme, wherein the 
third enzyme creates a third ligatable end; (g) providing a 
third nucleic acid comprising a sequence encoding a third set 
comprising one or more (e.g., two or more, three or more, four 
or more, five or more, six or more, one to six, two to six, three 
to six, four to six, five or six, one two to five, three to five, four 
or five, one to four, two to four, three or four, one to three, two 
or three, one or two, one, two, three, four, five, or six) TALE 
repeat domains and/or one or more portions of one or more 
TALE repeat domains: (h) contacting the third nucleic acid 
with a fourth enzyme, wherein the fourth enzyme creates a 
fourth ligatable end, and wherein the third and fourth ligat 
able ends are compatible; and (i) ligating the first ligated and 
third nucleic acids through the third and fourth ligatable ends 
to produce a second ligated nucleic acid linked to the Solid 
Support, wherein the second ligated nucleic acid encodes a 
polypeptide comprising said first, second, and third sets. 
0013. In some embodiments, the third and fourth enzymes 
are a third and fourth restriction endonuclease, wherein the 
third restriction endonuclease cleaves at a site within the first 
ligated nucleic acid and creates a third cut end, and the fourth 
restriction endonuclease cleaves at a site within the third 
nucleic acid and creates a fourthcut end, and wherein the third 
and fourth ligatable ends are the third and fourth cut ends. 
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0014. In some embodiments, the ligated nucleic acid does 
not include a restriction site recognized by the first endonu 
clease, and the first and third restriction endonucleases are the 
same. In some embodiments, the second and fourth restric 
tion endonucleases are the same. 

0015 The process can further include: (i) contacting the 
second ligated nucleic acid with a fifth enzyme, wherein the 
fifth enzyme creates a fifth ligatable end; (k) providing a 
fourth nucleic acid having a sequence encoding a fourth set 
comprising one or more (e.g., two or more, three or more, four 
or more, five or more, six or more, one to six, two to six, three 
to six, four to six, five or six, one two to five, three to five, four 
or five, one to four, two to four, three or four, one to three, two 
or three, one or two, one, two, three, four, five, or six) TALE 
repeat domains and/or one or more portions of one or more 
TALE repeat domains; (1) contacting the fourth nucleic acid 
with a sixth enzyme, wherein the sixth enzyme creates a sixth 
ligatable end, and wherein the fifth and sixth ligatable ends 
are compatible; and (m) ligating the second ligated and fourth 
nucleic acids through the fifth and sixth ligatable ends to 
produce a third ligated nucleic acid linked to the Solid Sup 
port, wherein the third ligated nucleic acid encodes a 
polypeptide comprising said first, second, third, and fourth 
sets. One of ordinary skill would recognize that the process 
can be repeated with similar additional steps. Such methods 
are included within this disclosure. 

0016. In some embodiments, the fifth and sixth enzymes 
area fifth and sixth restriction endonuclease, wherein the fifth 
restriction endonuclease cleaves at a site within the second 
ligated nucleic acid and creates a fifth cut end, and the sixth 
restriction endonuclease cleaves at a site within the fourth 
nucleic acid and creates a sixth cut end, and wherein the fifth 
and sixth ligatable ends are the fifth and sixth cut ends. 
0017. In some embodiments, the second ligated nucleic 
acid does not include a restriction site recognized by the first 
endonuclease, and the first, third, and fifth restriction endo 
nucleases are the same. 

0.018. In some embodiments, the second, fourth, and sixth 
restriction endonucleases are the same. 

0019. In some embodiments, the solid support and linked 
nucleic acid are isolated, e.g., following any of the above 
steps (a)-(m). 
0020. In some embodiments, the second, third, or fourth 
set comprises one to four TALE repeat domains. 
0021. In some embodiments, the ligatable ends include an 
overhang of 1-10 nucleotides. In some embodiments, the 
ligatable ends are bluntends. In some embodiments, an over 
hang can be generated using an exonuclease and polymerase 
in the presence of one or more nucleotides. 
0022. In some embodiments, an enzyme or restriction 
endonuclease used in the above processes is a type IIS restric 
tion endonuclease. 

0023 The processes can further comprise unlinking a 
ligated nucleic acid from the Solid Support and inserting the 
ligated nucleic acid (or a processed derivative thereof com 
prising the TALE repeat array coding sequences) into a vec 
tor, e.g., an expression vector. The expression vector can 
include a sequence encoding an effector domain (e.g., a 
nuclease domain) configured to create a sequence encoding a 
fusion protein of the polypeptide and the effector domain. The 
expression vector can be inserted into a cell to affect the cell 
directly or for expression of the polypeptide or fusion protein. 
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When the polypeptide or fusion protein is to be expressed, the 
processes can further include expressing and purifying the 
polypeptide or fusion protein. 

0024. In another aspect, this disclosure features TALE 
proteins that bind to a target nucleotide sequence (e.g., a “half 
site') disclosed herein (e.g., in Table 6 or 7), TALE nucleases 
that include the TALE proteins, pairs of TALE proteins (e.g., 
TALENs) that bind to the target sites disclosed herein (e.g., in 
Table 6 or 7), and nucleic acids that encode any of the above. 
In some embodiments, the TALE proteins, TALE nucleases, 
and pairs of TALE proteins (e.g., TALENs) are those dis 
closed in Example 7. The nucleic acids encoding the TALE 
proteins, TALE nucleases, and pairs of TALE proteins (e.g., 
TALENs) can be those disclosed in Example 7 or other 
sequences that encode the proteins disclosed in Example 7. 
The disclosure also includes vectors and cells that include the 
nucleic acids encoding the TALE proteins, TALE nucleases, 
or pairs of TALE proteins (e.g., TALENs) disclosed herein 
and methods of expressing the TALE proteins, TALE 
nucleases, or pairs of TALE proteins (e.g., TALENs) that 
include culturing the cells. The methods of expressing the 
TALE proteins, TALE nucleases, or pairs of TALE proteins 
(e.g., TALENs) can also include isolating the TALE proteins, 
TALE nucleases, or pairs of TALE proteins (e.g., TALENs) 
from the cell culture. 

0025. In another aspect, the invention features a set, 
archive, or library of nucleic acids (e.g., plasmids) that 
include sequences encoding one or more TALE domains. In 
Some embodiments, the set, archive; or library includes 
sequences encoding one, two, three, and/or four (or more than 
four (e.g., five, six, or more)) TALE repeat domains. In some 
embodiments, the set, library, or archive of nucleic acids 
includes sequences encoding TALE repeat domains that bind 
to nucleotide sequences having one, two, three, four (or more 
than four (e.g., five, six, or more)) nucleotides. In some 
embodiments, the set, library, or archive includes restriction 
sites (e.g., sites for type IIS restriction endonucleases) Sur 
rounding the sequences encoding the TALE repeat domains. 
0026. The methods described herein provide several 
advantages, including avoiding extensive PCR amplification 
of the TALE repeats, thereby avoiding the introduction of 
mutations from PCR errors. Further, TALE repeat arrays of 
any desired length can be constructed, and the methods can be 
easily multiplexed and/or automated. 
0027. Unless otherwise defined, all technical and scien 

tific terms used herein have the same meaning as commonly 
understood by one of ordinary skill in the art to which this 
invention belongs. Although methods and materials similar or 
equivalent to those described herein can be used in the prac 
tice or testing of the present invention, Suitable methods and 
materials are described below. All publications, patent appli 
cations, patents, and other references mentioned herein are 
incorporated by reference in their entirety. In case of conflict, 
the present specification, including definitions, will control. 
In addition, the materials, methods, and examples are illus 
trative only and not intended to be limiting. 
0028. The details of one or more embodiments of the 
invention are set forth in the accompanying drawings and the 
description below. Other features, objects, and advantages of 
the invention will be apparent from the description and draw 
ings, and from the claims. 
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DESCRIPTION OF DRAWINGS 

0029 FIG. 1 is a schematic depiction of an exemplary 
method of assembling a nucleic acid encoding a TALE pro 
tein. 
0030 FIG. 2 is a schematic depiction of exemplary 
archives of nucleic acids encoding single (one-mer), two 
mer, three-mer, and four-mer TALE repeat domains. 
0031 FIG. 3 depicts the sequence of the puC57-ABsal 
plasmid. This plasmid is identical to plasmid pUC57 except 
for mutation of a single base (in bold, underlined and lower 
case) that destroys a Bsal restriction site. 
0032 FIG. 4A depicts the polypeptide sequences of exem 
plary TALE repeats of type C/e, B, Y, and 6. Polymorphic 
residues characteristic of each type are indicated in bold and 
italic. The hypervariable triplet SNI for binding to A is indi 
cated in underscore. 
0033 FIG.4B depicts the polynucleotide sequences of the 
exemplary TALE repeats of FIG. 4A. 
0034 FIGS. 5A-5B depict the common sequence of 
expression plasmids plDS70, p.JDS71, p.JDS74, p.JDS76, and 
pDS78. The region of the variable sequences is depicted as 
XXXXXXXXX (underlined and bold). 
0035 FIG. 6 is a schematic diagram of the enhanced green 
fluorescent protein (eGFP) gene and the location of the bind 
ing sites for synthetic TALE proteins described herein. 
0036 FIG. 7 is a bar graph depicting the % of TALE 
nuclease-modified, eGFP-negative cells at 2 and 5 days fol 
lowing transfection with plasmids encoding TALE nucleases 
designed to bind and cleave the eGFP reporter gene. 
0037 FIG. 8 is a depiction of the sequences of insertion 
deletion mutants of eGFP induced by TALE nucleases. 
Deleted bases are indicated by dashes and inserted bases 
indicated by double underlining; the TALEN target half-sites 
are single underlined. The net number of bases inserted or 
deleted is shown to the right. 
0038 FIG. 9 is a depiction of an electrophoresis gel of 
assembled DNA fragments encoding 17-mer TALE array 
preparations. 
0039 FIG. 10 is a depiction of an electrophoresis gel of 
16-mer TALE array preparations. 
0040 FIGS. 11A-11B depict the nucleotide (11A) and 
polypeptide (11B) sequence of engineered DR-TALE-0003. 
004.1 FIGS. 12A-12B depict the nucleotide (12A) and 
polypeptide (12B) sequence of engineered DR-TALE-0006. 
0042 FIGS. 13 A-13B depict the nucleotide (13A) and 
polypeptide (13B) sequence of engineered DR-TALE-0005. 
0043 FIGS. 14A-14B depict the nucleotide (14A) and 
polypeptide (14B) sequence of engineered DR-TALE-0010. 
0044 FIGS. 15A-15B depict the nucleotide (15A) and 
polypeptide (15B) sequence of engineered DR-TALE-0023. 
004.5 FIGS. 16A-16B depict the nucleotide (16A) and 
polypeptide (16B) sequence of engineered DR-TALE-0025. 
0046 FIGS. 17A-17B depict the nucleotide (17A) and 
polypeptide (17B) sequence of engineered DR-TALE-0020. 
0047 FIGS. 18A-18E3 depict the nucleotide (18A) and 
polypeptide (18B) sequence of engineered DR-TALE-0022. 
0048 FIG. 19A is a bar graph depicting activities of 48 
TALEN pairs and four ZFN pairs in the EGFP gene-disrup 
tion assay. Percentages of EGFP-negative cells as measured 2 
and 5 days following transfection of U2OS cells bearing a 
chromosomally integrated EGFP reporter gene with 
nuclease-encoding plasmids are shown. Mean percent dis 
ruption of EGFP and standard error of the mean from three 
independent transfections are shown. 
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0049 FIG. 19B is a bar graph depicting mean EGFP 
disruption activities from FIG. 19A, grouped by length of the 
TALENS. 

0050 FIG. 20A is a graph depicting the ratio of mean 
percent EGFP disruption values from day 2 to day 5. Ratios 
were calculated for groups of each length TALEN using the 
data from FIG. 19B. Values greater than 1 indicate a decrease 
in the average of EGFP-disrupted cells at day 5 relative to day 
2 

0051 FIG. 20B is a graph depicting the ratio of mean 
tdTomato-positive cells from day 2 to day 5 grouped by 
various lengths of TALENs. tdTomato-encoding control plas 
mids were transfected together with nuclease-encoding plas 
mids on day 0. 
0.052 FIGS. 21A-E depict DNA sequences and frequen 
cies of assembled TALEN-induced mutations at endogenous 
human genes. For each endogenous gene target, the wild-type 
(WT) sequence is shown at the top with the TALEN target 
half-sites underlined and the translation start codon of the 
gene (ATG) indicated by a box. Deletions are indicated by 
dashes and insertions by lowercase letters and double under 
lining. The sizes of the insertions (+) or deletions (A) are 
indicated to the right of each mutated site. The number of 
times that each mutant was isolated is shown in parentheses. 
Mutation frequencies are calculated as the number of mutants 
identified divided by the total number of sequences analyzed. 
Note that for several of the genes, we also identified larger 
deletions that extend beyond the sequences of the TALEN 
target sites. 
0053 FIG. 22 is a schematic depiction of an exemplary 
method of assembling a nucleic acid encoding a TALE pro 
tein containing TALE repeat domains or portions of TALE 
repeat domains. 

DETAILED DESCRIPTION 

0054 The methods described herein can be used to 
assemble engineered proteins containing TALE repeat 
domains for binding to specific sequences of interest. Assem 
bling long arrays (e.g., 12 or more) of TALE repeat domain 
repeats can be challenging because the repeats differ only at a 
small number of amino acids within their highly conserved 
-33-35 amino acid consensus sequence. PCR assembly can 
lead to the introduction of unwanted mutations. Hierarchical 
assembly methods that involve one or more passages of inter 
mediate plasmid constructs in E. coli can also be problematic 
because the highly repetitive nature of these constructs can 
make them unstable and prone to recombination and because 
the need to passage these intermediate constructs makes these 
approaches difficult to automate. 

TAL Effectors 

0055 TAL effectors of plant pathogenic bacteria in the 
genus Xanthomonas play important roles in disease, or trigger 
defense, by binding host DNA and activating effector-specific 
host genes. Specificity depends on an effector-variable num 
ber of imperfect, typically ~33-35 amino acid repeats. Poly 
morphisms are present primarily at repeat positions 12 and 
13, which are referred to herein as the “repeat variable-diresi 
due” (RVD). The RVDs of TAL effectors correspond to the 
nucleotides in their target sites in a direct, linear fashion, one 
RVD to one nucleotide, with some degeneracy and no appar 
ent context dependence. In some embodiments, the polymor 
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phic region that grants nucleotide specificity may be 
expressed as a triresidue or triplet e.g., encompassing resi 
dues 11, 12, and 13. 
0056. Each DNA binding repeat can include an RVD that 
determines recognition of a base pair in the target DNA 
sequence, wherein each DNA binding repeat is responsible 
for recognizing one base pair in the target DNA sequence, and 
wherein the RVD comprises, but is not limited to, one or more 
of the following: HA for recognizing C; ND for recognizing 
C; HI for recognizing C, HN for recognizing G: NA for 
recognizing G: SN for recognizing G or A.; YG for recogniz 
ing T. and NK for recognizing G, and one or more of HD for 
recognizing C, NG for recognizing T, NI for recognizing A: 
NN for recognizing G or A. NS for recognizing A or C or Gor 
T; N* for recognizing C or T, wherein * represents a gap in the 
second position of the RVD; HG for recognizing T. H* for 
recognizing T, wherein represents a gap in the second posi 
tion of the RVD; and IG for recognizing T. 
0057 TALE proteins are useful in research and biotech 
nology as targeted chimeric nucleases that can facilitate 
homologous recombination in genome engineering (e.g., to 
add or enhance traits useful for biofuels or biorenewables in 
plants). These proteins also are useful as, for example, tran 
Scription factors, and especially for therapeutic applications 
requiring a very high level of specificity Such as therapeutics 
against pathogens (e.g., viruses) as non-limiting examples. 

Assembly Methods 

0058 An example of the methods described herein of 
assembling a TALE repeat domain array is shown in FIG. 1 
and includes the following steps: (1) provision a single bioti 
nylated PCR product encoding one single N-terminal TALE 
repeat domain (a one-mer) with a linker Suitable for attach 
ment to a solid Support (in the example shown here, a mag 
netic streptavidin coated bead is used but other solid supports 
can also be utilized as well as other ways of tethering the 
initial DNA fragment to the solid support); (2) creation of an 
overhang at the 3' end of the one-mer DNA (e.g., using a Type 
IIS restriction enzyme); (3) ligation of a second fragment 
containing four TALE repeat domain (i.e., a pre-assembled 
four-mer), creating a five-mer; (4) attachment of the five-mer 
to the solid Support; (5) ligation of additional pre-assembled 
TALE repeat domains to create a long array, e.g., a piece or 
pieces of DNA encoding one, two, three, or four TALE repeat 
domains depending upon the length of the desired final array, 
and (6) release of the extended DNA encoding the TALE 
repeats from the Solid Support (e.g., by using a Type IIS 
restriction enzyme whose site is built in at the 5' end of the 
initial biotinylated DNA product). The final fragment can 
then be prepared for ligation to an appropriate expression 
plasmid. 
0059 Alternatively, the method can proceed as follows: 
(1) attachment of a single biotinylated PCR product encoding 
one single N-terminal TALE repeat domains to a solid Sup 
port (in the example shown here, a magnetic Streptavidin 
coated bead is used but other solid supports such as the 
streptavidin-coated wells of a multi-well plate can also be 
utilized as well as other ways of tethering the initial DNA 
fragment to the Solid Support), (2) creation of an overhang at 
the 3' end of the anchored DNA (e.g., using a Type IIS restric 
tion enzyme), (3) ligation of a second fragment containing 
four TALE repeat domain, (4) additional cycles of steps (2) 
and (3) to create a long array, (5) in the final cycle performing 
ligation of a piece of DNA encoding one, two, three, or four 
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TALE repeat domains depending upon the length of the 
desired final array, and (6) release of the extended DNA 
encoding the TALE repeats from the solid Support (e.g., by 
using a Type IIS restriction enzyme whose site is built in at the 
5' end of the initial biotinylated DNA product). 
0060 Another example of a method of assembling a 
TALE repeat domain array based on the methods described 
herein is shown in FIG.22 and includes the following steps: 
(1) provision a single biotinylated PCR product encoding a 
portion of one single N-terminal TALE repeat domain (a 
partial one-mer) with a linker suitable for attachment to a 
Solid Support (in the example shown here, a magnetic strepta 
vidin coated bead is used but other solid supports can also be 
utilized as well as other ways of tethering the initial DNA 
fragment to the Solid Support); (2) creation of an overhang at 
the 3' end of the partial one-mer DNA (e.g., using a Type IIS 
restriction enzyme); (3) ligation of a second fragment con 
taining consisting of two partial and three full TALE repeats; 
(4) attachment of the second fragment to the Solid Support; (5) 
ligation of additional pre-assembled TALE repeat domains or 
portions of TALE repeat domains to create a long array, e.g., 
a piece or pieces of DNA encoding one, two, three, or four 
TALE repeat domains (or portions of TALE repeat domains) 
depending upon the length of the desired final array, and (6) 
release of the extended DNA encoding the TALE repeats 
from the solid Support (e.g., by using a Type IIS restriction 
enzyme whose site is built in at the 5' end of the initial 
biotinylated DNA product). The final fragment can then be 
prepared for ligation to an appropriate expression plasmid. 
0061 The initial nucleic acid encoding one or more TALE 
repeat domains (or portions) is linked to a solid Support. The 
initial nucleic acid can be prepared by any means (e.g., chemi 
cal synthesis, PCR, or cleavage from a plasmid). Addition 
ally, the nucleic acid can be linked to the solid Support by any 
means, e.g., covalently or noncovalently. 
0062. In some embodiments, the nucleic acid is linked 
noncovalently by using a nucleic acid modified with one 
member of a binding pair and incorporating the other member 
of the binding pair on the Solid Support. A member of a 
binding pair is meant to be one of a first and a second moiety, 
wherein said first and said second moiety have a specific 
binding affinity for each other. Suitable binding pairs for use 
in the invention include, but are not limited to, antigens/ 
antibodies (for example, digoxigeninfanti-digoxigenin, dini 
trophenyl (DNP)/anti-DNP dansyl-X/anti-dansyl, Fluores 
cein/anti-fluorescein, lucifer yellow/anti-lucifer yellow, 
peptide/anti-peptide, ligand/receptor and rhodamine/anti 
rhodamine), biotin/avidin (or biotin/streptavidin) and calm 
odulin binding protein (CBP)/calmodulin. Other suitable 
binding pairs include polypeptides such as the FLAG-peptide 
(Hopp et al., 1988, BioTechnology, 6:1204 10); the KT3 
epitope peptide (Martin et al., Science 255:192 194 (1992)); 
tubulin epitope peptide (Skinner et al., J. Biol. Chem. 266: 
15163-66 (1991)); and the T7 gene 10 protein peptide tag 
(Lutz-Freyerinuth et al., Proc. Natl. Acad. Sci. USA, 87:6393 
97 (1990)) and the antibodies each thereto. 
0063. In some embodiments, the individual nucleic acids 
encoding one or more TALE repeat domains are present in an 
archive or library of plasmids (see FIG. 2). Although nucleic 
acids encoding one to four TALE repeat domains are shown, 
the library of plasmids can contain nucleic acids encoding 
more than four (e.g., five, six, or more) TALE repeat domains. 
Alternatively, as shown FIG. 22, the nucleic acids encoding 
parts or portions of one or more TALE repeat domains can 
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also be joined together to create final DNA fragments encod 
ing the desired full-length arrays of TALE repeat domains. 
Numerous TALE repeat domain sequences with binding 
specificity for specific nucleotides or sets of nucleotides are 
known in the art, and one of ordinary skill can design and 
prepare a library of plasmids based on these known sequences 
and the disclosures herein. 

0064. As used herein, a solid support refers to any solid or 
semisolid or insoluble Support to which the nucleic acid can 
be linked. Such materials include any materials that are used 
as Supports for chemical and biological molecule syntheses 
and analyses, such as, but not limited to: polystyrene, poly 
carbonate, polypropylene, nylon, glass, dextran, chitin, sand, 
pumice, agarose, polysaccharides, dendrimers, buckyballs, 
polyacryl-amide, silicon, rubber, and other materials used as 
Supports for Solid phase syntheses, affinity separations and 
purifications, hybridization reactions, immunoassays and 
other such applications. The Solid Support can be particulate 
or can be in the form of a continuous Surface. Such as a 
microtiter dish or well, a glass slide, a silicon chip, a nitro 
cellulose sheet, nylon mesh, or other such materials. When 
particulate, typically the particles have at least one dimension 
in the 5-10 mm range or smaller. Such particles, referred 
collectively herein as “beads.” are often, but not necessarily, 
spherical. Such reference, however, does not constrain the 
geometry of the matrix, which can be any shape, including 
random shapes, needles, fibers, and elongated. Roughly 
spherical “beads, particularly microspheres that can be used 
in the liquid phase, also are contemplated. The “beads' can 
include additional components, such as magnetic or para 
magnetic particles (see, e.g., Dynabeads (Dynal, Oslo, Nor 
way)) for separation using magnets, as long as the additional 
components do not interfere with the methods described 
herein. 
0065. The ligatable ends can be produced by cutting with 
a restriction endonuclease (e.g., a type II or type IIS restric 
tion endonuclease) or by “chewing back the end using an 
enzyme (or enzymes) with exonuclease and polymerase 
activities in the presence of one or more nucleotides (see, 
Aslanidis et al., 1990, Nucl. Acids Res., 18:6069-74). Suit 
able enzymes are known to those of ordinary skill in the art. 
When restriction endonucleases are used, the nucleic acids 
can be designed to include restriction sites for the enzymes at 
Suitable locations. 
0.066 Following a ligation reaction, any unligated ends 
with 5' or 3' overhangs can be “blunted by use of a poly 
merase, e.g., a DNA polymerase with both 3'->5' exonuclease 
activity and 5'-->3' polymerase activity. This blunting step can 
reduce the appearance of undesired or partial assembly prod 
ucts. Alternatively, these ends can be capped using either a 
"hairpin' oligo bearing a compatible overhang (Briggs et al., 
2012, Nucleic Acids Res, PMID: 2274.0649) or by short 
double-stranded DNAs bearing a compatible overhang on 
one end and a blunt end on the other. 

0067. To prepare the ligated nucleic acid for further down 
stream processing, it can be useful to select nucleic acids of 
the expected size, to reduce the presence of minor products 
created by incomplete ligations. Methods of selecting nucleic 
acids by size are known in the art, and include gel electro 
phoresis (e.g., slab gel electrophoresis or capillary gel elec 
trophoresis (see, e.g., Caruso et al., 2003, Electrophoresis, 
24:1-2:78-85)), liquid chromatography (e.g., size exclusion 
chromatography or reverse phase chromatography (see, e.g., 
Huber et al., 1995, Anal. Chem., 67:578-585)), and lab-on-a- 
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chip systems (e.g., LabChip(R) XT system, Caliper Life Sci 
ences, Hopkinton, Mass.). In some embodiments, a size 
exclusion step can be performed using an automated system, 
e.g., an automated gel electrophoresis system (e.g., a Pippin 
PrepTM automated DNA size selection system, Sage Science, 
Beverly, Mass.). 

Automation 

0068. The methods disclosed herein can be performed 
manually or implemented in laboratory automation hardware 
(e.g., SciClone G3 Liquid Handling Workstation, Caliper 
Life, Sciences, Hopkinton, Mass.) controlled by a compatible 
Software package (e.g., MaestroTM liquid handling software) 
programmed according to the new methods described herein 
or a new software package designed and implemented to 
carry out the specific method steps described herein. When 
performed by laboratory automation hardware, the methods 
can be implemented by computer programs using standard 
programming techniques following the method steps 
described herein. 
0069. Examples of automated laboratory system robots 
include the ScicloneTMG3 liquid handling workstation (Cali 
per Life Sciences, Hopkinton, Mass.), Biomek R. FX liquid 
handling system (Beckman-Coulter, Fullerton, Calif.), Tek 
BenchTM automated liquid handling platform (TekCel, Hop 
kinton, Mass.), and Freedom EVOR) automation platform 
(Tecan Trading AG, Switzerland). 
0070 The programs can be designed to execute on a pro 
grammable computer including at least one processor, at least 
one data storage system (including volatile and non-volatile 
memory and/or storage elements, e.g., RAM and ROM), at 
least one communications port that provides access for 
devices such as a computer keyboard, telephone, or a wire 
less, hand-held device. Such as a PDA, and optionally at least 
one output device. Such as a monitor, printer, or website. The 
central computer also includes a clock and a communications 
port that provides control of the lab automation hardware. 
These are all implemented using known techniques, software, 
and devices. The system also includes a database that includes 
data, e.g., data describing the procedure of one or more 
method steps described herein. 
0071 Program code is applied to data input by a user (e.g., 
location of samples to be processed, timing and frequency of 
manipulations, amounts of liquid dispensed or aspirated, 
transfer of samples from one location in the system to 
another) and data in the database, to perform the functions 
described herein. The system can also generate inquiries and 
provide messages to the user. The output information is 
applied to instruments, e.g., robots, that manipulate, heat, 
agitate, etc. the vessels that contain the reactants as described 
herein. In addition, the system can include one or more output 
devices such as a telephone, printer, or a monitor, or a web 
page on a computer monitor with access to a website to 
provide to the user information regarding the synthesis and/or 
its progress. 
0072 Each program embodying the new methods is pref 
erably implemented in a high level procedural or object 
oriented programming language to communicate with a com 
puter system. However, the programs can also be 
implemented in assembly or machine language if desired. In 
any case, the language can be a compiled or interpreted lan 
gllage. 
0073. Each such computer program is preferably stored on 
a storage medium or device (e.g., RAM, ROM, optical, mag 
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netic) readable by a general or special purpose programmable 
computer, for configuring and operating the computer when 
the storage media or device is readby the computer to perform 
the procedures described herein. The system can also be 
considered to be implemented as a computer- or machine 
readable storage medium (electronic apparatus readable 
medium), configured with a program, whereby the storage 
medium so configured causes a computer or machine to oper 
ate in a specific and predefined manner to perform the func 
tions described herein. 
0074 The new methods can be implemented using various 
means of data storage. The files can be transferred physically 
on recordable media or electronically, e.g., by email on a 
dedicated intranet, or on the Internet. The files can be 
encrypted using standard encryption Software from Such 
companies as RSA Security (Bedford, Mass.) and Balti 
more(R). The files can be stored in various formats, e.g., 
spreadsheets or databases. 
0075. As used herein, the term “electronic apparatus is 
intended to include any Suitable computing or processing 
apparatus or other device configured or adapted for storing 
data or information. Examples of electronic apparatus Suit 
able for use with the present invention include stand-alone 
computing apparatus; communications networks, including 
local area networks (LAN), wide area networks (WAN). 
Internet, Intranet, and Extranet; electronic appliances such as 
a personal digital assistants (PDAs), cellular telephones, 
“Smartphones.” pagers and the like; and local and distributed 
processing Systems. 
0076. As used herein, “stored’ refers to a process for 
encoding information on an electronic apparatus readable 
medium. Those skilled in the art can readily adopt any of the 
presently known methods for recording information on 
known media to generate manufactures comprising the 
sequence information. 
0077. A variety of software programs and formats can be 
used to store method data on an electronic apparatus readable 
medium. For example, the data and machine instructions can 
be incorporated in the system of the software provided with 
the automated system, represented in a word processing text 
file, formatted in commercially-available software such as 
WordPerfect.R and Microsoft(R) Word(R), or represented in the 
form of an ASCII file, stored in a database application, such as 
Microsoft Access(R, Microsoft SQL Server.R, Sybase(R, 
Oracle(R), or the like, as well as in otherforms. Any number of 
data processor structuring formats (e.g., text file or database) 
can be employed to obtain or create a medium having 
recorded thereon the relevant data and machine instructions 
to implement the methods described herein. 
0078. By providing information in electronic apparatus 
readable form, the programmable computer can communi 
cate with and control the lab automation hardware to perform 
the methods described herein. One skilled in the art can input 
data in electronic apparatus readable form (or a form that is 
converted to electronic apparatus readable form) to describe 
the completion of various method steps by the lab automation 
hardware. 

Polypeptide Expression Systems 

0079. In order to use the engineered proteins of the present 
invention, it is typically necessary to express the engineered 
proteins from a nucleic acid that encodes them. This can be 
performed in a variety of ways. For example, the nucleic acid 
encoding the engineered TALE repeat protein is typically 
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cloned into an intermediate vector for transformation into 
prokaryotic or eukaryotic cells for replication and/or expres 
Sion. Intermediate vectors are typically prokaryote vectors, 
e.g., plasmids, or shuttle vectors, or insect vectors, for storage 
or manipulation of the nucleic acid encoding the engineered 
TALE protein or production of protein. The nucleic acid 
encoding the engineered TALE repeat protein is also typically 
cloned into an expression vector, for administration to a plant 
cell, animal cell, preferably a mammalian cell or a human 
cell, fungal cell, bacterial cell, or protozoan cell. 
0080. To obtain expression of a cloned gene or nucleic 
acid, the engineered TALE repeat protein is typically Sub 
cloned into an expression vector that contains a promoter to 
direct transcription. Suitable bacterial and eukaryotic pro 
moters are well known in the art and described, e.g., in Sam 
brooketal. Molecular Cloning, A Laboratory Manual (3d ed. 
2001); Kriegler, Gene Transfer and Expression: A Laboratory 
Manual (1990); and Current Protocols in Molecular Biology 
(Ausubel et al., eds., 2010). Bacterial expression systems for 
expressing the engineered TALE repeat protein are available 
in, e.g., E. coli, Bacillus sp., and Salmonella (Palva et al., 
1983, Gene 22:229-235). Kits for such expression systems 
are commercially available. Eukaryotic expression systems 
for mammalian cells, yeast, and insect cells are well known in 
the art and are also commercially available. 
I0081. The promoter used to direct expression of the engi 
neered TALE repeat protein nucleic acid depends on the 
particular application. For example, a strong constitutive pro 
moter is typically used for expression and purification of the 
engineered TALE repeat protein. In contrast, when the engi 
neered TALE repeat protein is to be administered in vivo for 
gene regulation, either a constitutive oran inducible promoter 
can be used, depending on the particular use of the engineered 
TALE repeat protein. In addition, a preferred promoter for 
administration of the engineered TALE repeat protein can be 
a weak promoter, such as HSV TK or a promoter having 
similar activity. The promoter typically can also include ele 
ments that are responsive to transactivation, e.g., hypoxia 
response elements, GalA response elements, lac repressor 
response element, and Small molecule control systems such 
as tet-regulated systems and the RU-486 system (see, e.g., 
Gossen & Bujard, 1992, Proc. Natl. Acad. Sci. USA,89:5547: 
Oligino et al., 1998, Gene Ther. 5:491-496; Wang et al., 
1997, Gene Ther., 4:432-441; Neering et al., 1996, Blood, 
88: 1147-55; and Rendahl et al., 1998, Nat. Biotechnol., 
16:757-761). 
I0082 In addition to the promoter, the expression vector 
typically contains a transcription unit or expression cassette 
that contains all the additional elements required for the 
expression of the nucleic acid in host cells, either prokaryotic 
or eukaryotic. A typical expression cassette thus contains a 
promoter operably linked, e.g., to the nucleic acid sequence 
encoding the TALE repeat protein signals required, e.g., for 
efficient polyadenylation of the transcript, transcriptional ter 
mination, ribosome binding sites, or translation termination. 
Additional elements of the cassette can include, e.g., enhanc 
ers, and heterologous spliced intronic signals. 
I0083. The particular expression vector used to transport 
the genetic information into the cell is selected with regard to 
the intended use of the engineered TALE repeat protein, e.g., 
expression in plants, animals, bacteria, fungus, protozoa, etc. 
Standard bacterial expression vectors include plasmids Such 
as pBR322 based plasmids, pSKF, pET23D, and commer 
cially available fusion expression systems such as GST and 
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Lacz. A preferred fusion protein is the maltose binding pro 
tein, “MBP.” Such fusion proteins can be used for purification 
of the engineered TALE repeat protein. Epitope tags can also 
be added to recombinant proteins to provide convenient 
methods of isolation, for monitoring expression, and for 
monitoring cellular and Subcellular localization, e.g., c-myc 
or FLAG. 
0084 Expression vectors containing regulatory elements 
from eukaryotic viruses are often used in eukaryotic expres 
sion vectors, e.g., SV40 vectors, papilloma virus vectors, and 
vectors derived from Epstein-Barr virus. Other exemplary 
eukaryotic vectors include pMSG, p.AV009/A+, pMT010/ 
A+, pMAMneo-5, baculovirus plSVE, and any other vector 
allowing expression of proteins under the direction of the 
SV40 early promoter, SV40 late promoter, metallothionein 
promoter, murine mammary tumor virus promoter, Roussar 
coma virus promoter, polyhedrin promoter, or other promot 
ers shown effective for expression in eukaryotic cells. 
0085. Some expression systems have markers for selec 
tion of stably transfected cell lines such as thymidine kinase, 
hygromycin B phosphotransferase, and dihydrofolate reduc 
tase. High yield expression systems are also suitable. Such as 
using a baculovirus vector in insect cells, with the engineered 
TALE repeat protein encoding sequence under the direction 
of the polyhedrin promoter or other strong baculovirus pro 
moters. 

I0086. The elements that are typically included in expres 
sion vectors also include a replicon that functions in E. coli, a 
gene encoding antibiotic resistance to permit selection of 
bacteria that harbor recombinant plasmids, and unique 
restriction sites in nonessential regions of the plasmid to 
allow insertion of recombinant sequences. 
0087 Standard transfection methods are used to produce 

bacterial, mammalian, yeast or insect cell lines that express 
large quantities of protein, which are then purified using 
standard techniques (see, e.g., Colley et al., 1989, J. Biol. 
Chem., 264:17619-22: Guide to Protein Purification, in 
Methods in Enzymology, Vol. 182 (Deutscher, ed., 1990)). 
Transformation of eukaryotic and prokaryotic cells are per 
formed according to standard techniques (see, e.g., Morrison, 
1977, J. Bacteriol. 132:349-351; Clark-Curtiss & Curtiss, 
Methods in Enzymology 101:347-362 (Wu et al., eds, 1983). 
0088 Any of the well-known procedures for introducing 
foreign nucleotide sequences into host cells can be used. 
These include the use of calcium phosphate transfection, 
polybrene, protoplast fusion, electroporation, liposomes, 
microinjection, naked DNA, plasmid vectors, viral vectors, 
both episomal and integrative, and any of the other well 
known methods for introducing cloned genomic DNA, 
cDNA, synthetic DNA or other foreign genetic material into 
a host cell (see, e.g., Sambrook et al., Supra). It is only nec 
essary that the particular genetic engineering procedure used 
be capable of Successfully introducing at least one gene into 
the host cell capable of expressing the protein of choice. 

Characterization of TALE Proteins 

0089 Engineered TALE repeat array proteins designed 
using methods of the present invention can be further char 
acterized to ensure that they have the desired characteristics 
for their chosen use. For example, TALE repeat array protein 
can be assayed using a bacterial two-hybrid, bacterial pro 
moter repression, phage-display, or ribosome display system 
or using an electrophoretic mobility shift assay or “EMSA 
(Buratowski & Chodosh, in Current Protocols in Molecular 
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Biology pp. 12.2.1-12.2.7). Equally, any other DNA binding 
assay known in the art could be used to verify the DNA 
binding properties of the selected protein. 
0090. In one embodiment, a bacterial “two-hybrid’ sys 
tem is used to express and test a TALE repeat protein of the 
present invention. The bacterial two-hybrid system has an 
additional advantage, in that the protein expression and the 
DNA binding “assay” occur within the same cells, thus there 
is no separate DNA binding assay to set up. 
(0091 Methods for the use of the bacterial two-hybrid sys 
tem to express and assay DNA binding proteins are described 
in Joung et al., 2000, Proc. Natl. Acad. Sci. USA, 97:7382, 
Wright et al., 2006, Nat. Protoc, 1:1637-52; Maeder et al., 
2008, Mol. Cell, 31:294-301; Maeder et al., 2009, Nat. Pro 
toc., 4:1471-1501; and US Patent Application No. 2002/ 
01 19498, the contents of which are incorporated herein by 
reference. Briefly, in a bacterial two-hybrid system, the DNA 
binding protein is expressed in a bacterial strain bearing the 
sequence of interest upstream of a weak promoter controlling 
expression of a reporter gene (e.g., histidine 3 (HIS3), the 
beta-lactamase antibiotic resistance gene, or the beta-galac 
tosidase (lacZ) gene). Expression of the reporter gene occurs 
in cells in which the DNA binding protein expressed by the 
cell binds to the target site sequence. Thus, bacterial cells 
expressing DNA binding proteins that bind to their target site 
are identified by detection of an activity related to the reporter 
gene (e.g., growth on selective media, expression of beta 
galactosidase). 
0092. In some embodiments, calculations of binding affin 
ity and specificity are also made. This can be done by a variety 
of methods. The affinity with which the selected TALE repeat 
array protein binds to the sequence of interest can be mea 
Sured and quantified in terms of its K. Any assay system can 
be used, as long as it gives an accurate measurement of the 
actual K, of the TALE repeat array protein. In one embodi 
ment, the K, for the binding of a TALE repeat array protein to 
its target is measured using an EMSA 
0093. In one embodiment, EMSA is used to determine the 
K, for binding of the selected TALE repeat array protein both 
to the sequence of interest (i.e., the specific K) and to non 
specific DNA (i.e., the non-specific K). Any Suitable non 
specific or “competitor double stranded DNA known in the 
art can be used. In some embodiments, calf thymus DNA or 
human placental DNA is used. The ratio of the non-specific 
K, to the specific KD is the specificity ratio. TALE repeat 
array proteins that bind with high specificity have a high 
specificity ratio. This measurement is very useful in deciding 
which of a group of selected TALE should be used for a given 
purpose. For example, use of TALE repeat array protein in 
Vivo requires not only high affinity binding but also high 
specificity binding. 

Construction of Chimeric TALE Proteins 

0094. Often, the aim of producing a custom-designed 
TALE repeat array DNA binding domain is to obtain a TALE 
repeat array protein that can be used to perform a function. 
The TALE repeat array DNA binding domain can be used 
alone, for example to bind to a specific site on a gene and thus 
block binding of other DNA-binding domains. However, in 
some embodiments, the TALE repeat array protein will be 
used in the construction of a chimeric TALE protein contain 
ing a TALE repeat array DNA binding domain and an addi 
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tional domain having some desired specific function (e.g., 
gene activation) or enzymatic activity i.e., a “functional 
domain.” 

0095 Chimeric TALE repeat array proteins designed and 
produced using the methods described herein can be used to 
perform any function where it is desired to target, for 
example, Some specific enzymatic activity to a specific DNA 
sequence, as well as any of the functions already described for 
other types of synthetic or engineered DNA binding mol 
ecules. Engineered TALE repeat array DNA binding 
domains, can be used in the construction of chimeric proteins 
useful for the treatment of disease (see, for example, U.S. 
patent application 2002/0160940, and U.S. Pat. Nos. 6.511, 
808, 6,013,453 and 6,007.988, and International patent appli 
cation WO 02/057308), or for otherwise altering the structure 
or function of a given gene in vivo. The engineered TALE 
repeat array proteins of the present invention are also useful as 
research tools, for example, in performing either in vivo or in 
vitro functional genomics studies (see, for example, U.S. Pat. 
No. 6,503,717 and U.S. patent application 2002/0164575). 
0096. To generate a functional recombinant protein, the 
engineered TALE repeat array DNA binding domain will 
typically be fused to at least one “functional domain. Fusing 
functional domains to synthetic TALE repeat array proteins to 
form functional transcription factors involves only routine 
molecular biology techniques which are commonly practiced 
by those of skill in the art, see for example, U.S. Pat. Nos. 
6,511,808, 6,013,453, 6,007,988, 6.503,717 and U.S. patent 
application 2002/0160940). 
0097. Functional domains can be associated with the engi 
neered TALE repeat array domain at any suitable position, 
including the C- or N-terminus of the TALE protein. Suitable 
“functional domains for addition to the engineered protein 
made using the methods of the invention are described in U.S. 
Pat. Nos. 6,511,808, 6,013,453, 6,007,988, and 6,503,717 
and U.S. patent application 2002/0160940. 
0098. In one embodiment, the functional domain is a 
nuclear localization domain which provides for the protein to 
be translocated to the nucleus. Several nuclear localization 
sequences (NLS) are known, and any suitable NLS can be 
used. For example, many NLSs have a plurality of basic 
amino acids, referred to as a bipartite basic repeats (reviewed 
in Garcia-Bustos et al., 1991, Biochim. Biophys. Acta, 1071: 
83-101). An NLS containing bipartite basic repeats can be 
placed in any portion of chimeric protein and results in the 
chimeric protein being localized inside the nucleus. It is pre 
ferred that a nuclear localization domain is routinely incor 
porated into the final chimeric protein, as the ultimate func 
tions of the chimeric proteins of the present invention will 
typically require the proteins to be localized in the nucleus. 
However, it may not be necessary to add a separate nuclear 
localization domain in cases where the engineered TALE 
repeat array domain itself, or another functional domain 
within the final chimeric protein, has intrinsic nuclear trans 
location function. 

0099. In another embodiment, the functional domain is a 
transcriptional activation domain Such that the chimeric pro 
tein can be used to activate transcription of the gene of inter 
est. Any transcriptional activation domain known in the art 
can be used, such as for example, the VP16 domain form 
herpes simplex virus (Sadowski et al., 1988, Nature, 335:563 
564) or the p65 domain from the cellular transcription factor 
NF-kappaB (Ruben et al., 1991, Science, 251:1490-93). 

Sep. 18, 2014 

0100. In yet another embodiment, the functional domain is 
a transcriptional repression domain Such that the chimeric 
protein can be used to repress transcription of the gene of 
interest. Any transcriptional repression domain known in the 
art can be used, such as for example, the KRAB (Kruppel 
associated box) domain found in many naturally occurring 
KRAB proteins (Thiesen et al., 1991, Nucleic Acids Res., 
19:3996). 
0101. In a further embodiment, the functional domain is a 
DNA modification domain such as a methyltransferase (or 
methylase) domain, a de-methylation domain, a deaminase 
domain, a hydroxylase domain, an acetylation domain, or a 
deacetylation domain. Many such domains are known in the 
art and any Such domain can be used, depending on the 
desired function of the resultant chimeric protein. For 
example, it has been shown that a DNA methylation domain 
can be fused to a TALE repeat array DNA binding protein and 
used for targeted methylation of a specific DNA sequence 
(Xu et al., 1997, Nat. Genet., 17:376-378). The state of 
methylation of a gene affects its expression and regulation, 
and furthermore, there are several diseases associated with 
defects in DNA methylation. 
0102. In a still further embodiment the functional domain 
is a chromatin modification domain Such as a histone acety 
lase or histone de-acetylase (or HDAC) domain. Many such 
domains are known in the art and any such domain can be 
used, depending on the desired function of the resultant chi 
meric protein. Histone deacetylases (such as HDAC1 and 
HDAC2) are involved in gene repression. Therefore, by tar 
geting HDAC activity to a specific gene of interest using an 
engineered TALE protein, the expression of the gene of inter 
est can be repressed. 
(0103. In an alternative embodiment, the functional 
domain is a nuclease domain, Such as a restriction endonu 
clease (or restriction enzyme) domain. The DNA cleavage 
activity of a nuclease enzyme can be targeted to a specific 
target sequence by fusing it to an appropriate engineered 
TALE repeat array DNA binding domain. In this way, 
sequence specific chimeric restriction enzyme can be pro 
duced. Several nuclease domains are known in the art and any 
Suitable nuclease domain can be used. For example, an endo 
nuclease domain of a type IIS restriction endonuclease (e.g., 
FokI) can be used, as taught by Kim et al., 1996, Proc. Natl. 
Acad. Sci. USA, 6: 1156-60). In some embodiments, the 
endonuclease is an engineered Fold variant as described in 
US 2008/013 1962. Such chimeric endonucleases can be used 
in any situation where cleavage of a specific DNA sequence is 
desired. Such as in laboratory procedures for the construction 
of recombinant DNA molecules, or in producing double 
stranded DNA breaks in genomic DNA in order to promote 
homologous recombination (Kim et al., 1996, Proc. Natl. 
Acad. Sci. USA, 6:1156-60; Bibikova et al., 2001, Mol. Cell. 
Biol., 21:289-297; Porteus & Baltimore, 2003, Science, 300: 
763; Miller et al., 2011, Nat. Biotechnol., 29:143-148; Cer 
mak et al., 2011, Nucl. Acids Res., 39:e82). Repair of TALE 
nuclease-induced double-strand breaks (DSB) by error-prone 
non-homologous end-joining leads to efficient introduction 
of insertion or deletion mutations at the site of the DSB 
(Miller et al., 2011, Nat. Biotechnol., 29:143-148; Cermaket 
al., 2011, Nucl. Acids Res., 39:e82). Alternatively, repair of a 
DSB by homology-directed repair with an exogenously intro 
duced “donor template” can lead to highly efficient introduc 
tion of precise base alterations or insertions at the break site 
(Bibikova et al., 2003, Science, 300:764; Urnov et al., 2005, 
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Nature, 435:646-651; Porteus et al., 2003, Science, 300:763; 
Miller et al., 2011, Nat. Biotechnol., 29:143-148). 
0104. In some embodiments, the functional domain is an 
integrase domain, Such that the chimeric protein can be used 
to insert exogenous DNA at a specific location in, for 
example, the human genome. 
0105. Other suitable functional domains include silencer 
domains, nuclear hormone receptors, resolvase domains 
oncogene transcription factors (e.g., myc, jun, fos, my b, max, 
mad, rel, ets, bcl, my b, mos family members etc.), kinases, 
phosphatases, and any other proteins that modify the structure 
of DNA and/or the expression of genes. Suitable kinase 
domains, from kinases involved in transcription regulation 
are reviewed in Davis, 1995, Mol. Reprod. Dev., 42:459-67. 
Suitable phosphatase domains are reviewed in, for example, 
Schonthal & Semin, 1995, Cancer Biol. 6:239-48. 
0106 Fusions of TALE repeat arrays to functional 
domains can be performed by standard recombinant DNA 
techniques well known to those skilled in the art, and as are 
described in, for example, basic laboratory texts such as Sam 
brook et al., Molecular Cloning: A Laboratory Manual 3d ed. 
(2001), and in U.S. Pat. Nos. 6,511,808, 6,013,453, 6,007, 
988, and 6,503,717 and U.S. patent application 2002/ 
O160940. 

0107. In some embodiments, two or more engineered 
TALE repeat array proteins are linked together to produce the 
final DNA binding domain. The linkage of two or more engi 
neered proteins can be performed by covalent or non-covalent 
means. In the case of covalent linkage, engineered proteins 
can be covalently linked together using an amino acid linker 
(see, for example, U.S. patent application 2002/0160940, and 
International applications WO 02/099084 and WO 
01/53480). This linker can be any string of amino acids 
desired. In one embodiment the linker is a canonical TGEKP 
linker. Whatever linkers are used, standard recombinant DNA 
techniques (such as described in, for example, Sambrook et 
al., Molecular Cloning: A Laboratory Manual 3d ed. (2001)) 
can be used to produce Such linked proteins. 
0108. In embodiments where the engineered proteins are 
used in the generation of chimeric endonuclease, the chimeric 
protein can possess a dimerization domain as such endonu 
cleases are believed to function as dimers. Any suitable 
dimerization domain can be used. In one embodiment the 
endonuclease domain itself possesses dimerization activity. 
For example, the nuclease domain of FokI which has intrinsic 
dimerization activity can be used (Kim et al., 1996, Proc. 
Natl. Acad. Sci., 93:1156-60). 

Assays for Determining Regulation of Gene Expression by 
Engineered Proteins 

0109) A variety of assays can be used to determine the 
level of gene expression regulation by the engineered TALE 
repeat proteins, see for example U.S. Pat. No. 6,453,242. The 
activity of a particular engineered TALE repeat protein can be 
assessed using a variety of in vitro and in vivo assays, by 
measuring, e.g., protein or mRNA levels, product levels, 
enzyme activity, tumor growth; transcriptional activation or 
repression of a reporter gene; second messenger levels (e.g., 
cGMP. cAMP, IP3, DAG, Ca"): cytokine and hormone pro 
duction levels; and neovascularization, using, e.g., immu 
noassays (e.g., ELISA and immunohistochemical assays with 
antibodies), hybridization assays (e.g., RNase protection, 
northerns, in situ hybridization, oligonucleotide array stud 
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ies), colorimetric assays, amplification assays, enzyme activ 
ity assays, tumor growth assays, phenotypic assays, and the 
like. 

0110 TALE proteins can be first tested for activity in vitro 
using cultured cells; e.g., 293 cells, CHO cells, VERO cells, 
BHK cells, HeLa cells, COS cells, and the like. In some 
embodiments, human cells are used. The engineered TALE 
repeat array protein is often first tested using a transient 
expression system with a reporter gene, and then regulation of 
the target endogenous gene is tested in cells and in animals, 
both in vivo and ex vivo. The engineered TALE repeat array 
protein can be recombinantly expressed in a cell, recombi 
nantly expressed in cells transplanted into an animal, or 
recombinantly expressed in a transgenic animal, as well as 
administered as a protein to an animal or cell using delivery 
vehicles described below. The cells can be immobilized, be in 
Solution, be injected into an animal, or be naturally occurring 
in a transgenic or non-transgenic animal. 
0111 Modulation of gene expression is tested using one of 
the in vitro or in vivo assays described herein. Samples or 
assays are treated with the engineered TALE repeat array 
protein and compared to un-treated control samples, to exam 
ine the extent of modulation. For regulation of endogenous 
gene expression, the TALE repeat array protein ideally has a 
K of 200 nM or less, more preferably 100 nM or less, more 
preferably 50 nM, most preferably 25 nM or less. The effects 
of the engineered TALE repeat array protein can be measured 
by examining any of the parameters described above. Any 
suitable gene expression, phenotypic, or physiological 
change can be used to assess the influence of the engineered 
TALE repeat array protein. When the functional conse 
quences are determined using intact cells or animals, one can 
also measure a variety of effects such as tumor growth, 
neovascularization, hormone release, transcriptional changes 
to both known and uncharacterized genetic markers (e.g., 
northern blots or oligonucleotide array studies), changes in 
cell metabolism Such as cell growth or pH changes, and 
changes in intracellular second messengers such as cCMP. 
0112 Preferred assays for regulation of endogenous gene 
expression can be performed in vitro. In one in vitro assay 
format, the engineered TALE repeat array protein regulation 
of endogenous gene expression in cultured cells is measured 
by examining protein production using an ELISA assay. The 
test sample is compared to control cells treated with an empty 
vector or an unrelated TALE repeat array protein that is tar 
geted to another gene. 
0113. In another embodiment, regulation of endogenous 
gene expression is determined in vitro by measuring the level 
of target gene mRNA expression. The level of gene expres 
sion is measured using amplification, e.g., using RT-PCR, 
LCR, or hybridization assays, e.g., northern hybridization, 
RNase protection, dot blotting. RNase protection is used in 
one embodiment. The level of protein or mRNA is detected 
using directly or indirectly labeled detection agents, e.g., 
fluorescently or radioactively labeled nucleic acids, radioac 
tively or enzymatically labeled antibodies, and the like, as 
described herein. 

0114. Alternatively, a reporter gene system can be devised 
using the target gene promoter operably linked to a reporter 
gene Such as luciferase, green fluorescent protein, CAT, or 
beta-galactosidase. The reporter construct is typically co 
transfected into a cultured cell. After treatment with the TALE 
repeat array protein, the amount of reporter gene transcrip 
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tion, translation, or activity is measured according to standard 
techniques known to those of skill in the art. 
0115. Another example of an assay format useful for 
monitoring regulation of endogenous gene expression is per 
formed in vivo. This assay is particularly useful for examin 
ing TALE repeat array proteins that inhibit expression of 
tumor promoting genes, genes involved in tumor Support, 
Such as neovascularization (e.g., VEGF), or that activate 
tumor Suppressor genes Such as p53. In this assay, cultured 
tumor cells expressing the engineered TALE protein are 
injected Subcutaneously into an immune compromised 
mouse such as an athymic mouse, an irradiated mouse, or a 
SCID mouse. After a suitable length of time, preferably 4-8 
weeks, tumor growth is measured, e.g., by Volume or by its 
two largest dimensions, and compared to the control. Tumors 
that have statistically significant reduction (using, e.g., Stu 
dent’s T test) are said to have inhibited growth. Alternatively, 
the extent of tumor neovascularization can also be measured. 
Immunoassays using endothelial cell specific antibodies are 
used to stain for vascularization of the tumor and the number 
of vessels in the tumor. Tumors that have a statistically sig 
nificant reduction in the number of vessels (using, e.g., Stu 
dent’s T test) are said to have inhibited neovascularization. 
011.6 Transgenic and non-transgenic animals can also be 
used for examining regulation of endogenous gene expres 
sion in vivo. Transgenic animals can express the engineered 
TALE repeat array protein. Alternatively, animals that tran 
siently express the engineered TALE repeat array protein, or 
to which the engineered TALE repeat array protein has been 
administered in a delivery vehicle, can be used. Regulation of 
endogenous gene expression is tested using any one of the 
assays described herein. 

Use of Engineered TALE Repeat-Containing Proteins in 
Gene Therapy 

0117 The engineered proteins of the present invention can 
be used to regulate gene expression or alter gene sequence in 
gene therapy applications in the same. Similar methods have 
been described for synthetic zinc finger proteins, see for 
example U.S. Pat. No. 6,511,808, U.S. Pat. No. 6,013,453, 
U.S. Pat. No. 6,007,988, U.S. Pat. No. 6,503,717, U.S. patent 
application 2002/0164.575, and U.S. patent application 2002/ 
O160940. 

0118 Conventional viral and non-viral based gene trans 
fer methods can be used to introduce nucleic acids encoding 
the engineered TALE repeat array protein into mammalian 
cells or targettissues. Such methods can be used to administer 
nucleic acids encoding engineered TALE repeat array pro 
teins to cells in vitro. Preferably, the nucleic acids encoding 
the engineered TALE repeat array proteins are administered 
for in vivo or ex vivo gene therapy uses. Non-viral vector 
delivery systems include DNA plasmids, naked nucleic acid, 
and nucleic acid complexed with a delivery vehicle such as a 
liposome. Viral vector delivery systems include DNA and 
RNA viruses, which have either episomal or integrated 
genomes after delivery to the cell. For a review of gene 
therapy procedures, see Anderson, 1992, Science, 256:808 
813; Nabel & Felgner, 1993, TIBTECH, 11:211-217; Mitani 
& Caskey, 1993, TIBTECH, 11:162-166; Dillon, 1993, 
TIBTECH, 11:167-175; Miller, 1992, Nature, 357:455-460; 
Van Brunt, 1988, Biotechnology, 6:1149-54; Vigne, 1995, 
Restorat. Neurol. Neurosci., 8:35-36; Kremer & Perricaudet, 
1995, Br. Med. Bull., 51:31-44; Haddada et al., in Current 
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Topics in Microbiology and Immunology Doerfler and Bohm 
(eds) (1995); and Yu et al., 1994, Gene Ther., 1:13-26. 
0119 Methods of non-viral delivery of nucleic acids 
encoding the engineered TALE repeat array proteins include 
lipofection, microinjection, biolistics, Virosomes, liposomes, 
immunoliposomes, polycation or lipid: nucleic acid conju 
gates, naked DNA or RNA, artificial virions, and agent-en 
hanced uptake of DNA or RNA. Lipofection is described in 
e.g., U.S. Pat. Nos. 5,049.386, 4,946,787; and 4,897,355) and 
lipofection reagents are sold commercially (e.g., Trans 
fectamTM and LipofectinTM). Cationic and neutral lipids that 
are suitable for efficient receptor-recognition lipofection of 
polynucleotides include those of Felgner, WO 91/17424, WO 
91/16024. Delivery can be to cells (ex vivo administration) or 
target tissues (in vivo administration). 
0.120. The preparation of lipid:nucleic acid complexes, 
including targeted liposomes Such as immunolipid com 
plexes, is well known to one of skill in the art (see, e.g., 
Crystal, 1995, Science, 270:404-410; Blaese et al., 1995, 
Cancer Gene Ther. 2:291-297: Behr et al., 1994, Bioconju 
gate Chem. 5:382-389; Remy et al., 1994, Bioconjugate 
Chem., 5:647-654; Gao et al., Gene Ther. 2:710-722: Ahmad 
et al., 1992, Cancer Res., 52:4817-20; U.S. Pat. Nos. 4,186, 
183, 4,217,344, 4,235,871, 4,261,975, 4,485,054, 4,501,728, 
4,774,085, 4,837,028, and 4,946,787). 
I0121. The use of RNA or DNA viral based systems for the 
delivery of nucleic acids encoding the engineered TALE 
repeat array proteins takes advantage of highly evolved pro 
cesses for targeting a virus to specific cells in the body and 
trafficking the viral payload to the nucleus. Viral vectors can 
be administered directly to patients (in vivo) or they can be 
used, to treat cells in vitro and the modified cells are admin 
istered to patients (ex vivo). Conventional viral based systems 
for the delivery of TALE repeat array proteins could include 
retroviral, lentivirus, adenoviral, adeno-associated, Sendai, 
and herpes simplex virus vectors for gene transfer. Viral vec 
tors are currently the most efficient and versatile method of 
gene transfer in target cells and tissues. Integration in the host 
genome is possible with the retrovirus, lentivirus, and adeno 
associated virus genetransfer methods, often resulting in long 
term expression of the inserted transgene. Additionally, high 
transduction efficiencies have been observed in many differ 
ent cell types and target tissues. 
0.122 The tropism of a retrovirus can be altered by incor 
porating foreign envelope proteins, expanding the potential 
target population of target cells. Lentiviral vectors are retro 
viral vectors that are able to transduce or infect non-dividing 
cells and typically produce high viral titers. Selection of a 
retroviral gene transfer system would therefore depend on the 
target tissue. Retroviral vectors are comprised of cis-acting 
long terminal repeats with packaging capacity for up to 6-10 
kb of foreign sequence. The minimum cis-acting LTRS are 
Sufficient for replication and packaging of the vectors, which 
are then used to integrate the therapeutic gene into the target 
cell to provide permanent transgene expression. Widely used 
retroviral vectors include those based upon murine leukemia 
virus (Mul V), gibbon ape leukemia virus (Gal. V), Simian 
Immuno deficiency virus (SW), human immuno deficiency 
virus (HIV), and combinations thereof (see, e.g., Buchscher 
et al., 1992, J. Virol. 66:2731-39; Johann et al., 1992, J. 
Virol. 66:1635-40; Sommerfelt et al., 1990, Virology, 176: 
58-59; Wilson et al., 1989, J. Virol., 63:2374-78; Miller et al., 
1991, J. Virol. 65:2220-24; WO94/26877). 
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0123. In applications where transient expression of the 
engineered TALE repeat array protein is preferred, adenoviral 
based systems can be used. Adenoviral based vectors are 
capable of very high transduction efficiency in many cell 
types and do not require cell division. With such vectors, high 
titer and levels of expression have been obtained. This vector 
can be produced in large quantities in a relatively simple 
system. Adeno-associated virus (AAV) vectors are also 
used to transduce cells with target nucleic acids, e.g., in the in 
vitro production of nucleic acids and peptides, and for in vivo 
and ex vivo gene therapy procedures (see, e.g., West et al., 
1987, Virology 160:38-47; U.S. Pat. No. 4,797,368; WO 
93/24641; Kotin, 1994, Hum. Gene Ther. 5:793-801; Muzy 
czka, 1994, J. Clin. Invest., 94:1351). Construction of recom 
binant AAV vectors are described in a number of publications, 
including U.S. Pat. No. 5,173,414: Tratschinet al., 1985, Mol. 
Cell. Biol. 5:3251-60; Tratschin et al., 1984, Mol. Cell. Biol., 
4:2072-81; Hermonat & Muzyczka, 1984, Proc. Natl. Acad. 
Sci. USA, 81:6466-70; and Samulski et al., 1989, J. Virol., 
63:3822-28. 

0.124. In particular, at least six viral vector approaches are 
currently available for gene transfer in clinical trials, with 
retroviral vectors by far the most frequently used system. All 
of these viral vectors utilize approaches that involve comple 
mentation of defective vectors by genes inserted into helper 
cell lines to generate the transducing agent. 
0.125 plaSN and MFG-S are examples are retroviral vec 
tors that have been used in clinical trials (Dunbar et al., 1995, 
Blood, 85:3048; Kohn et al., 1995, Nat. Med., 1:1017; 
Malech et al., 1997, Proc. Natl. Acad. Sci. USA, 94:12133 
38). PA317/pLASN was the first therapeutic vector used in a 
gene therapy trial. (Blaese et al., 1995, Science, 270:475 
480). Transduction efficiencies of 50% or greater have been 
observed for MFG-S packaged vectors (Ellem et al., 1997, 
Immunol Immunother., 44:10-20; Dranoffet al., 1997, Hum. 
Gene Ther., 1:111-112). 
0126 Recombinant adeno-associated virus vectors 
(ra AV) are a promising alternative gene delivery systems 
based on the defective and nonpathogenic parvovirusadeno 
associated type 2 virus. Typically, the vectors are derived 
from a plasmid that retains only the AAV 145 bp inverted 
terminal repeats flanking the transgene expression cassette. 
Efficient gene transfer and stable transgene delivery due to 
integration into the genomes of the transduced cell are key 
features for this vector system (Wagner et al., 1998, Lancet, 
351:1702-1703; Kearns et al., 1996, Gene Ther., 9:748-55). 
0127 Replication-deficient recombinant adenoviral vec 
tors (Ad) are predominantly used for colon cancer gene 
therapy, because they can be produced at high titer and they 
readily infect a number of different cell types. Most adenovi 
rus vectors are engineered Such that a transgene replaces the 
Ad E1a, E1b, and E3 genes; subsequently the replication 
defector vector is propagated in human 293 cells that Supply 
deleted gene function in trans. Advectors can transduce mul 
tiple types of tissues in Vivo, including nondividing, differen 
tiated cells such as those found in the liver, kidney and muscle 
system tissues. Conventional Advectors have a large carrying 
capacity. An example of the use of an Ad Vector in a clinical 
trial involved polynucleotide therapy for antitumor immuni 
zation with intramuscular injection (Sterman et al., 1998, 
Hum. Gene Ther. 7:1083-89). Additional examples of the use 
of adenovirus vectors for gene transfer in clinical trials 
include Roseneckeret al., 1996, Infection, 24:15-10; Sterman 
et al., 1998, Hum. Gene Ther., 9:7 1083-89; Welsh et al., 
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1995, Hum. Gene Ther. 2:205-218: Alvarez et al., 1997, 
Hum. Gene Ther. 5:597-613: Topfet al., 1998, Gene Ther. 
5:507-513; Sterman et al., 1998, Hum. Gene Ther. 7:1083 
89. 

I0128 Packaging cells are used to form virus particles that 
are capable of infecting a host cell. Such cells include 293 
cells, which package adenovirus, and T2 cells or PA317 cells, 
which package retrovirus. Viral vectors used in gene therapy 
are usually generated by producer cell line that packages a 
nucleic acid vector into a viral particle. The vectors typically 
contain the minimal viral sequences required for packaging 
and Subsequent integration into a host, other viral sequences 
being replaced by an expression cassette for the protein to be 
expressed. The missing viral functions are Supplied in trans 
by the packaging cell line. For example, AAV vectors used in 
gene therapy typically only possess ITR sequences from the 
AAV genome which are required for packaging and integra 
tion into the host genome. Viral DNA is packaged in a cell 
line, which contains a helperplasmid encoding the other AAV 
genes, namely rep and cap, but lacking ITR sequences. The 
cell line is also infected with adenovirus as a helper. The 
helper virus promotes replication of the AAV vector and 
expression of AAV genes from the helper plasmid. The helper 
plasmid is not packaged in significant amounts due to a lack 
of ITR sequences. Contamination with adenovirus can be 
reduced by, e.g., heat treatment to which adenovirus is more 
sensitive than AAV. 

I0129. In many gene therapy applications, it is desirable 
that the genetherapy vector be delivered with a high degree of 
specificity to a particular tissue type. A viral vector is typi 
cally modified to have specificity for a given cell type by 
expressing a ligand as a fusion protein with a viral coat 
protein on the viruses outer Surface. The ligand is chosen to 
have affinity for a receptor known to be present on the cell 
type of interest. For example, Han et al., 1995, Proc. Natl. 
Acad. Sci. USA, 92.9747-51, reported that Moloney murine 
leukemia virus can be modified to express human heregulin 
fused to gp70, and the recombinant virus infects certain 
human breast cancer cells expressing human epidermal 
growth factor receptor. This principle can be extended to 
other pairs of virus expressing a ligand fusion protein and 
target cell expressing a receptor. For example, filamentous 
phage can be engineered to display antibody fragments (e.g., 
Fab or Fv) having specific binding affinity for virtually any 
chosen cellular receptor. Although the above description 
applies primarily to viral vectors, the same principles can be 
applied to nonviral vectors. Such vectors can be engineered to 
contain specific uptake sequences thought to favor uptake by 
specific target cells. 
0.130 Gene therapy vectors can be delivered in vivo by 
administration to an individual patient, typically by Systemic 
administration (e.g., intravenous, intraperitoneal, intramus 
cular, Subdermal, or intracranial infusion) or topical applica 
tion, as described below. Alternatively, vectors can be deliv 
ered to cells ex vivo, Such as cells explanted from an 
individual patient (e.g., lymphocytes, bone marrow aspirates, 
tissue biopsy) or stem cells (e.g., universal donor hematopoi 
etic stem cells, embryonic stem cells (ES), partially differen 
tiated stem cells, non-pluripotent stem cells, pluripotent stem 
cells, induced pluripotent stem cells (iPS cells) (see e.g., 
Sipioneet al., Diabetologia, 47:499-508, 2004)), followed by 
reimplantation of the cells into a patient, usually after selec 
tion for cells which have incorporated the vector. 
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0131 Ex vivo cell transfection for diagnostics, research, 
or for gene therapy (e.g., via re-infusion of the transfected 
cells into the host organism) is well known to those of skill in 
the art. In a preferred embodiment, cells are isolated from the 
Subject organism, transfected with nucleic acid (gene or 
cDNA), encoding the engineered TALE repeat array protein, 
and re-infused back into the Subject organism (e.g., patient). 
Various cell types suitable for ex vivo transfection are well 
known to those of skill in the art (see, e.g., Freshney et al., 
Culture of Animal Cells, A Manual of Basic Technique (5th 
ed. 2005)) and the references cited therein for a discussion of 
how to isolate and culture cells from patients). 
0.132. In one embodiment, stem cells (e.g., universal donor 
hematopoietic stem cells, embryonic stem cells (ES), par 
tially differentiated stem cells, non-pluripotent stem cells, 
pluripotent stem cells, induced pluripotent stem cells (iPS 
cells) (see e.g., Sipione et al., Diabetologia, 47:499-508. 
2004)) are used in ex vivo procedures for cell transfection and 
gene therapy. The advantage to using stem cells is that they 
can be differentiated into other cell types in vitro, or can be 
introduced into a mammal (such as the donor of the cells) 
where they will engraft in the bone marrow. Methods for 
differentiating CD34+ cells in vitro into clinically important 
immune cell types using cytokines such a GM-CSF, IFN 
gamma and TNF-alpha are known (see Inaba et al., 1992, J. 
Exp. Med., 176:1693-1702). 
0133 Stem cells can be isolated for transduction and dif 
ferentiation using known methods. For example, stem cells 
can be isolated from bone marrow cells by panning the bone 
marrow cells with antibodies which bind unwanted cells, 
such as CD4+ and CD8+ (T cells), CD45+ (panB cells), GR-1 
(granulocytes), and lad (differentiated antigen presenting 
cells) (see Inaba et al., 1992, J. Exp. Med., 176:1693-1702). 
0134 Vectors (e.g., retroviruses, adenoviruses, lipo 
Somes, etc.) containing nucleic acids encoding the engineered 
TALE repeat array protein can be also administered directly 
to the organism for transduction of cells in vivo. Alternatively, 
naked DNA can be administered. Administration is by any of 
the routes normally used for introducing a molecule into 
ultimate contact with blood or tissue cells. Suitable methods 
of administering Such nucleic acids are available and well 
known to those of skill in the art, and, although more than one 
route can be used to administer a particular composition, a 
particular route can often provide a more immediate and more 
effective reaction than another route. Alternatively, stable 
formulations of the engineered TALE repeat array protein can 
also be administered. 
0135 Pharmaceutically acceptable carriers are deter 
mined in part by the particular composition being adminis 
tered, as well as by the particular method used to administer 
the composition. Accordingly, there is a wide variety of Suit 
able formulations of pharmaceutical compositions available, 
as described below (see, e.g., Remington: The Science and 
Practice of Pharmacy, 21st ed., 2005). 

Delivery Vehicles 
0.136 An important factor in the administration of 
polypeptide compounds, such as the engineered TALE repeat 
array proteins of the present invention, is ensuring that the 
polypeptide has the ability to traverse the plasma membrane 
of a cell, or the membrane of an intra-cellular compartment 
Such as the nucleus. Cellular membranes are composed of 
lipid-protein bilayers that are freely permeable to small, non 
ionic lipophilic compounds and are inherently impermeable 
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to polar compounds, macromolecules, and therapeutic or 
diagnostic agents. However, proteins and other compounds 
such as liposomes have been described, which have the ability 
to translocate polypeptides such as engineered TALE repeat 
array protein across a cell membrane. 
0.137 For example, “membrane translocation polypep 
tides' have amphiphilic or hydrophobic amino acid subse 
quences that have the ability to act as membrane-translocat 
ing carriers. In one embodiment, homeodomain proteins have 
the ability to translocate across cell membranes. The shortest 
internalizable peptide of a homeodomain protein, Antenna 
pedia, was found to be the third helix of the protein, from 
amino acid position 43 to 58 (see, e.g., Prochiantz, 1996, 
Curr. Opin. Neurobiol. 6:629-634). Another subsequence, 
the h (hydrophobic) domain of signal peptides, was found to 
have similar cell membrane translocation characteristics (see, 
e.g., Lin et al., 1995, J. Biol. Chem., 270: 14255-58). 
0.138 Examples of peptide sequences that can be linked to 
a protein, for facilitating uptake of the protein into cells, 
include, but are not limited to: peptide fragments of the tat 
protein of HIV (Endoh et al., 2010, Methods Mol. Biol., 
623:271-281; Schmidt et al., 2010, FEBS Lett., 584:1806-13; 
Futaki, 2006, Biopolymers, 84:241-249); a 20 residue pep 
tide sequence which corresponds to amino acids 84-103 of 
the p16 protein (see Fahraeus et al., 1996, Curr. Biol. 6:84); 
the third helix of the 60-amino acid long homeodomain of 
Antennapedia (Derossi et al., 1994, J. Biol. Chem..., 269: 
10444); the h region of a signal peptide. Such as the Kaposi 
fibroblast growth factor (K-FGF) h region (Lin et al., Supra); 
or the VP22 translocation domain from HSV (Elliot & 
O'Hare, 1997, Cell, 88:223-233). See also, e.g., Caronet al., 
2001, Mol. Ther. 3:310-318; Langel, Cell-Penetrating Pep 
tides Processes and Applications (CRC Press, Boca Raton 
Fla. 2002); El-Andaloussi et al., 2005, Curr. Pharm. Des. 
11:3597-3611; and Deshayes et al., 2005, Cell. Mol. Life. 
Sci., 62:1839-49. Other suitable chemical moieties that pro 
vide enhanced cellular uptake can also be chemically linked 
to TALE repeat array proteins described herein. 
0.139. Toxin molecules also have the ability to transport 
polypeptides across cell membranes. Often, Such molecules 
are composed of at least two parts (called “binary toxins): a 
translocation orbinding domain or polypeptide and a separate 
toxin domain or polypeptide. Typically, the translocation 
domain or polypeptide binds to a cellular receptor, and then 
the toxin is transported into the cell. Several bacterial toxins, 
including Clostridium perfingens iota toxin, diphtheria toxin 
(DT), Pseudomonas exotoxin A (PE), pertussis toxin (PT), 
Bacillus anthracis toxin, and pertussis adenylate cyclase 
(CYA), have been used in attempts to deliver peptides to the 
cell cytosol as internal or amino-terminal fusions (Arora et 
al., 1993, J. Biol. Chem., 268:3334-41; Perelle et al., 1993, 
Infect. Immun., 61:5147-56; Stenmark et al., 1991, J. Cell 
Biol., 113:1025-32: Donnelly et al., 1993, Proc. Natl. Acad. 
Sci. USA, 90:3530-34; Carbonetti et al., 1995, Abstr. Annu. 
Meet. Am. Soc. Microbiol. 95:295; Sebo et al., 1995, Infect. 
Immun., 63:3851-57; Klimpel et al., 1992, Proc. Natl. Acad. 
Sci. USA, 89:10277-81; and Novak et al., 1992, J. Biol. 
Chem., 267: 17186-93). 
0140. Such subsequences can be used to translocate engi 
neered TALE repeat array proteins across a cell membrane. 
The engineered TALE repeat array proteins can be conve 
niently fused to orderivatized with Such sequences. Typically, 
the translocation sequence is provided as part of a fusion 
protein. Optionally, a linker can be used to link the engineered 
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TALE repeat array protein and the translocation sequence. 
Any suitable linker can be used, e.g., a peptide linker. 
0141. The engineered TALE repeat array protein can also 
be introduced into an animal cell, preferably a mammalian 
cell, via liposomes and liposome derivatives such as immu 
noliposomes. The term “liposome' refers to vesicles com 
prised of one or more concentrically ordered lipid bilayers, 
which encapsulate an aqueous phase. The aqueous phase 
typically contains the compound to be delivered to the cell, 
i.e., the engineered TALE repeat array protein. 
0142. The liposome fuses with the plasma membrane, 
thereby releasing the compound into the cytosol. Alterna 
tively, the liposome is phagocytosed or taken up by the cell in 
a transport vesicle. Once in the endosome or phagosome, the 
liposome either degrades or fuses with the membrane of the 
transport vesicle and releases its contents. 
0143. In current methods of drug delivery via liposomes, 
the liposome ultimately becomes permeable and releases the 
encapsulated compound (e.g., the engineered TALE repeat 
array protein or a nucleic acid encoding the same) at the target 
tissue or cell. For systemic or tissue specific delivery, this can 
be accomplished, for example, in a passive manner wherein 
the liposome bilayer degrades over time through the action of 
various agents in the body. Alternatively, active compound 
release involves using an agent to induce a permeability 
change in the liposome vesicle. Liposome membranes can be 
constructed so that they become destabilized when the envi 
ronment becomes acidic near the liposome membrane (see, 
e.g., Proc. Natl. Acad. Sci. USA, 84:7851 (1987); Biochem 
istry, 28:908 (1989)). When liposomes are endocytosed by a 
target cell, for example, they become destabilized and release 
their contents. This destabilization is termed fusogenesis. 
Dioleoylphosphatidylethanolamine (DOPE) is the basis of 
many “fusogenic systems. 
0144. Such liposomes typically comprise the engineered 
TALE repeat array protein and a lipid component, e.g., a 
neutral and/or cationic lipid, optionally including a receptor 
recognition molecule Such as an antibody that binds to a 
predetermined cell Surface receptor or ligand (e.g., an anti 
gen). A variety of methods are available for preparing lipo 
Somes as described in, e.g., Szoka et al., 1980, Annu. Rev. 
Biophys. Bioeng., 9:467, U.S. Pat. Nos. 4,186,183, 4,217, 
344, 4,235,871, 4,261,975, 4,485,054, 4,501,728, 4,774,085, 
4,837,028, 4,235,871, 4,261,975, 4,485,054, 4,501,728, 
4,774,085, 4,837,028, 4,946,787, PCT Publication. No. WO 
91/17424, Deamer & Bangham, 1976, Biochim. Biophys. 
Acta, 443:629-634; Fraley, et al., 1979, Proc. Natl. Acad. Sci. 
USA, 76:3348-52; Hope et al., 1985, Biochim. Biophys. 
Acta, 812:55-65; Mayer et al., 1986, Biochim Biophys. Acta, 
858:161-168; Williams et al., 1988, Proc. Natl. Acad. Sci. 
USA, 85:242-246; Liposomes (Ostro (ed.), 1983, Chapter 1); 
Hope et al., 1986, Chem. Phys. Lip., 40:89; Gregoriadis, 
Liposome Technology (1984) and Lasic, Liposomes: from 
Physics to Applications (1993)). Suitable methods include, 
for example, Sonication, extrusion, high pressure/homogeni 
Zation, microfluidization, detergent dialysis, calcium-in 
duced fusion of Small liposome vesicles and ether-fusion 
methods, all of which are well known in the art. 
0145. In certain embodiments, it is desirable to target lipo 
Somes using targeting moieties that are specific to a particular 
cell type, tissue, and the like. Targeting of liposomes using a 
variety of targeting moieties (e.g., ligands, receptors, and 
monoclonal antibodies) has been previously described (see, 
e.g., U.S. Pat. Nos. 4,957,773 and 4,603,044). 
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0146 Examples of targeting moieties include monoclonal 
antibodies specific to antigens associated with neoplasms, 
Such as prostate cancer specific antigen and MAGE. Tumors 
can also be diagnosed by detecting gene products resulting 
from the activation or overexpression of oncogenes, such as 
ras or c-erbB2. In addition, many tumors express antigens 
normally expressed by fetal tissue. Such as the alphafetopro 
tein (AFP) and carcinoembryonic antigen (CEA). Sites of 
viral infection can be diagnosed using various viral antigens 
such as hepatitis B core and surface antigens (HBVc, HBVs) 
hepatitis C antigens, Epstein-Barr virus antigens, human 
immunodeficiency type-1 virus (HIV1) and papilloma virus 
antigens. Inflammation can be detected using molecules spe 
cifically recognized by Surface molecules which are 
expressed at sites of inflammation Such as integrins (e.g., 
VCAM-1), selectin receptors (e.g., ELAM-1) and the like. 
0147 Standard methods for coupling targeting agents to 
liposomes can be used. These methods generally involve 
incorporation into liposomes lipid components, e.g., phos 
phatidylethanolamine, which can be activated for attachment 
of targeting agents, or derivatized lipophilic compounds, Such 
as lipid derivatized bleomycin. Antibody targeted liposomes 
can be constructed using, for instance, liposomes which 
incorporate protein A (see Renneisen et al., 1990, J. Biol. 
Chem., 265:16337-42 and Leonetti et al., 1990, Proc. Natl. 
Acad. Sci. USA, 87:2448-51). 

Dosages 

0.148. For therapeutic applications, the dose of the engi 
neered TALE repeat array protein to be administered to a 
patient is calculated in a similar way as has been described for 
Zinc finger proteins, see for example U.S. Pat. No. 6.51 1,808, 
U.S. Pat. No. 6,492,117, U.S. Pat. No. 6,453,242, U.S. patent 
application 2002/0164.575, and U.S. patent application 2002/ 
0160940. In the context of the present disclosure, the dose 
should be sufficient to effect a beneficial therapeutic response 
in the patient over time. In addition, particular dosage regi 
mens can be useful for determining phenotypic changes in an 
experimental setting, e.g., in functional genomics studies, and 
in cell or animal models. The dose will be determined by the 
efficacy, specificity, and K of the particular engineered 
TALE repeat array protein employed, the nuclear volume of 
the target cell, and the condition of the patient, as well as the 
body weight or surface area of the patient to be treated. The 
size of the dose also will be determined by the existence, 
nature, and extent of any adverse side-effects that accompany 
the administration of a particular compound or vector in a 
particular patient. 

Pharmaceutical Compositions and Administration 
0149 Appropriate pharmaceutical compositions for 
administration of the engineered TALE repeat array proteins 
of the present invention can be determined as described for 
Zinc finger proteins, see for example U.S. Pat. Nos. 6.511, 
808, 6.492,117, 6,453.242, U.S. patent application 2002/ 
0164575, and U.S. patent application 2002/0160940. Engi 
neered TALE repeat array proteins, and expression vectors 
encoding engineered TALE repeat array proteins, can be 
administered directly to the patient for modulation of gene 
expression and for therapeutic or prophylactic applications, 
for example, cancer, ischemia, diabetic retinopathy, macular 
degeneration, rheumatoid arthritis, psoriasis, HIV infection, 
sickle cell anemia, Alzheimer's disease, muscular dystrophy, 
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neurodegenerative diseases, vascular disease, cystic fibrosis, 
stroke, and the like. Examples of microorganisms that can be 
inhibited by TALE repeat array protein-mediated gene 
therapy include pathogenic bacteria, e.g., chlamydia, rickett 
sial bacteria, mycobacteria, Staphylococci, streptococci, 
pneumococci, meningococci and conococci, klebsiella, pro 
teus, serratia, pseudomonas, legionella, diphtheria, salmo 
nella, bacilli, cholera, tetanus, botulism, anthrax, plague, lep 
to spirosis, and Lyme disease bacteria; infectious fungus, e.g., 
Aspergillus, Candida species; protozoa Such as sporozoa 
(e.g., Plasmodia), rhizopods (e.g., Entamoeba) and flagel 
lates (Trypanosoma, Leishmania, Trichomonas, Giardia, 
etc.); Viral diseases, e.g., hepatitis (A, B, or C), herpes virus 
(e.g., VZV, HSV-1, HSV-6, HSV-II, CMV, and EBV), HIV, 
Ebola, adenovirus, influenza virus, flaviviruses, echovirus, 
rhinovirus, coxsackie virus, cornovirus, respiratory syncytial 
virus, mumps virus, rotavirus, measles virus, rubella virus, 
parvovirus, vaccinia virus, HTLV virus, dengue virus, papil 
lomavirus, poliovirus, rabies virus, and arboviral encephalitis 
virus, etc. 
0150 Administration of therapeutically effective amounts 

is by any of the routes normally used for introducing TALE 
repeat array proteins into ultimate contact with the tissue to be 
treated. The TALE repeat array proteins are administered in 
any Suitable manner, preferably with pharmaceutically 
acceptable carriers. Suitable methods of administering Such 
modulators are available and well known to those of skill in 
the art, and, although more than one route can be used to 
administer a particular composition, a particular route can 
often provide a more immediate and more effective reaction 
than another route. 
0151 Pharmaceutically acceptable carriers are deter 
mined in part by the particular composition being adminis 
tered, as well as by the particular method used to administer 
the composition. Accordingly, there is a wide variety of Suit 
able formulations of pharmaceutical compositions that are 
available (see, e.g., Remington: The Science and Practice of 
Pharmacy, 21st ed., 2005). 
0152 The engineered TALE repeat array proteins, alone 
or in combination with other Suitable components, can be 
made into aerosol formulations (i.e., they can be “nebulized”) 
to be administered via inhalation. Aerosol formulations can 
be placed into pressurized acceptable propellants. Such as 
dichlorodifluoromethane, propane, nitrogen, and the like. 
0153. Formulations suitable for parenteral administration, 
Such as, for example, by intravenous, intramuscular, intrad 
ermal, and Subcutaneous routes, include aqueous and non 
aqueous, isotonic sterile injection Solutions, which can con 
tain antioxidants, buffers, bacteriostats, and solutes that 
render the formulation isotonic with the blood of the intended 
recipient, and aqueous and non-aqueous sterile Suspensions 
that can include Suspending agents, Solubilizers, thickening 
agents, stabilizers, and preservatives. The disclosed compo 
sitions can be administered, for example, by intravenous influ 
Sion, orally, topically, intraperitoneally, intravesically or 
intrathecally. The formulations of compounds can be pre 
sented in unit-dose or multi-dose sealed containers, such as 
ampules and vials. Injection solutions and Suspensions can be 
prepared from sterile powders, granules, and tablets of the 
kind previously described. 

Use of TALE Nucleases 

0154 TALE nucleases engineered using the methods 
described herein can be used to induce mutations in a 
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genomic sequence, e.g., by cleaving at two sites and deleting 
sequences in between, by cleavage at a single site followed by 
non-homologous end joining, and/or by cleaving at a site so 
as to remove or replace one or two or a few nucleotides. In 
Some embodiments, the TALE nuclease is used to induce 
mutation in an animal, plant, fungal, or bacterial genome. 
Targeted cleavage can also be used to create gene knock-outs 
(e.g., for functional genomics or target validation) and to 
facilitate targeted insertion of a sequence into a genome (i.e., 
gene knock-in); e.g., for purposes of cell engineering or pro 
tein overexpression. Insertion can be by means of replace 
ments of chromosomal sequences through homologous 
recombination or by targeted integration, in which a new 
sequence (i.e., a sequence not present in the region of inter 
est), flanked by sequences homologous to the region of inter 
est in the chromosome, is used to insert the new sequence at 
a predetermined target site via homologous recombination. 
Exogenous DNA can also be inserted into TALE nuclease 
induced double stranded breaks without the need for flanking 
homology sequences (see, Orlando et al., 2010, Nucl. Acids 
Res., 1-15, doi:10.1093/nar/gkg512). 
(O155 As demonstrated in Example 3 below, the TALE 
nucleases produced by the methods described herein were 
capable of inducing site-specific mutagenesis in mammalian 
cells. A skilled practitioner will readily appreciate that TALE 
nucleases produced by the methods described herein would 
also function to induce efficient site-specific mutagenesis in 
other cell types and organisms (see, for example, Cade et al., 
2012, Nucleic Acids Res., PMID: 226.84503 and Moore et al., 
2012, PLoS One, PMID: 22655075). 
0156 The same methods can also be used to replace a 
wild-type sequence with a mutant sequence, or to convertone 
allele to a different allele. 

0157 Targeted cleavage of infecting or integrated viral 
genomes can be used to treat viral infections in a host. Addi 
tionally, targeted cleavage of genes encoding receptors for 
viruses can be used to block expression of Such receptors, 
thereby preventing viral infection and/or viral spread in a host 
organism. Targeted mutagenesis of genes encoding viral 
receptors (e.g., the CCR5 and CXCR4 receptors for HIV) can 
be used to render the receptors unable to bind to virus, thereby 
preventing new infection and blocking the spread of existing 
infections. Non-limiting examples of viruses or viral recep 
tors that can be targeted include herpes simplex virus (HSV), 
such as HSV-1 and HSV-2, varicella Zoster virus (VZV), 
Epstein-Barr virus (EBV) and cytomegalovirus (CMV), 
HHV6 and HHV7. The hepatitis family of viruses includes 
hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C 
virus (HCV), the delta hepatitis virus (HDV), hepatitis Evirus 
(HEV) and hepatitis G. virus (HGV). Other viruses or their 
receptors can be targeted, including, but not limited to, Picor 
naviridae (e.g., polioviruses, etc.); Caliciviridae. Togaviridae 
(e.g., rubella virus, dengue virus, etc.); Flaviviridae; Coro 
naviridae: Reoviridae; Bimaviridae; Rhabodoviridae (e.g., 
rabies virus, etc.); Filoviridae; Paramyxoviridae (e.g., mumps 
virus, measles virus, respiratory syncytial virus, etc.); Orth 
omyxoviridae influenza virus types A, B and C, etc.); Bun 
yaviridae, Arenaviridae; Retroviradae; lentiviruses (e.g., 
HTLV-I; HTLV-II: HIV-1 (also known as HTLV-III, LAV, 
ARV, hTLR, etc.) HIV-II); simian immunodeficiency virus 
(SIV), human papillomavirus (HPV), influenza virus and the 
tick-borne encephalitis viruses. See, e.g., Virology, 3rd Edi 
tion (W. K. Joklik, ed. 1988); Fundamental Virology, 4th 
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Edition (Knipe and Howley, eds. 2001), for a description of 
these and other viruses. Receptors for HIV, for example, 
include CCR-5 and CXCR-4. 

0158. In similar fashion, the genome of an infecting bac 
terium can be mutagenized by targeted DNA cleavage fol 
lowed by non-homologous endjoining, to blockorameliorate 
bacterial infections. 

0159. The disclosed methods for targeted recombination 
can be used to replace any genomic sequence with a homolo 
gous, non-identical sequence. For example, a mutant 
genomic sequence can be replaced by its wild-type counter 
part, thereby providing methods for treatment of e.g., genetic 
disease, inherited disorders, cancer, and autoimmune disease. 
In like fashion, one allele of a gene can be replaced by a 
different allele using the methods of targeted recombination 
disclosed herein. 

0160 Exemplary genetic diseases include, but are not lim 
ited to, achondroplasia, achromatopsia, acid maltase defi 
ciency, adenosine deaminase deficiency (OMIM No. 
102700), adrenoleukodystrophy, aicardi syndrome, alpha-1 
antitrypsin deficiency, alpha-thalassemia, androgen insensi 
tivity syndrome, apert syndrome, arrhythmogenic right ven 
tricular, dysplasia, ataxiatelangictasia, barth syndrome, beta 
thalassemia, blue rubber bleb nevus syndrome, canavan 
disease, chronic granulomatous diseases (CGD), cri du chat 
syndrome, cystic fibrosis, dercum’s disease, ectodermal dys 
plasia, Fanconianemia, fibrodysplasia ossificans progressive, 
fragile X syndrome, galactosemis, Gaucher's disease, gener 
alized gangliosidoses (e.g., GM1), hemochromatosis, the 
hemoglobin C mutation in the 6th codon of beta-globin 
(HbO), hemophilia, Huntington's disease, Hurler Syndrome, 
hypophosphatasia, Klinefelter's syndrome, Krabbes Disease, 
Langer-Giedion Syndrome, leukocyte adhesion deficiency 
(LAD, OMIM No. 116920), leukodystrophy, long QT syn 
drome, Marfan syndrome, Moebius syndrome, mucopolysac 
charidosis (MPS), nail patella syndrome, nephrogenic diabe 
tes insipdius, neurofibromatosis, Neimann-Pick disease, 
osteogenesis imperfecta, porphyria, Prader-Willi syndrome, 
progeria, Proteus syndrome, retinoblastoma, Rett syndrome, 
Rubinstein-Taybi syndrome, Sanfilippo syndrome, severe 
combined immunodeficiency (SCID), Shwachman syn 
drome, sickle cell disease (sickle cell anemia), Smith-Mage 
nis Syndrome, Stickler syndrome, Tay-Sachs disease, Throm 
bocytopenia Absent Radius (TAR) syndrome, Treacher 
Collins syndrome, trisomy, tuberous Sclerosis, Turner's Syn 
drome, urea cycle disorder, Von Hippel-Landau disease, 
Waardenburg syndrome, Williams syndrome, Wilson's dis 
ease, Wiskott-Aldrich syndrome, X-linked lymphoprolifera 
tive syndrome (XLP, OMIM No. 308240). 
0161 Additional exemplary diseases that can be treated 
by targeted DNA cleavage and/or homologous recombination 
include acquired immunodeficiencies, lysosomal storage dis 
eases (e.g., Gaucher's disease, GM1, Fabry disease and Tay 
Sachs disease), mucopolysaccahidosis (e.g., Hunter's dis 
ease, Hurler’s disease), hemoglobinopathies (e.g., sickle cell 
diseases, HbC, alpha-thalassemia, beta-thalassemia) and 
hemophilias. 
0162. In certain cases, alteration of a genomic sequence in 
a pluripotent cell (e.g., a hematopoietic stem cell) is desired. 
Methods for mobilization, enrichment and culture of hemato 
poietic stem cells are known in the art. See for example, U.S. 
Pat. Nos. 5,061,620; 5,681,559; 6,335, 195; 6,645,489 and 
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6,667,064. Treated stem cells can be returned to a patient for 
treatment of various diseases including, but not limited to, 
SCID and sickle-cell anemia. 

0163. In many of these cases, a region of interest com 
prises a mutation, and the donor polynucleotide comprises the 
corresponding wild-type sequence. Similarly, a wild-type 
genomic sequence can be replaced by a mutant sequence, if 
Such is desirable. For example, overexpression of an onco 
gene can be reversed either by mutating the gene orby replac 
ing its control sequences with sequences that Supporta lower, 
non-pathologic level of expression. As another example, the 
wild-type allele of the Apo AI gene can be replaced by the 
ApoAI Milano allele, to treat atherosclerosis. Indeed, any 
pathology dependent upon a particular genomic sequence, in 
any fashion, can be corrected or alleviated using the methods 
and compositions disclosed herein. 
0.164 Targeted cleavage and targeted recombination can 
also be used to alter non-coding sequences (e.g., sequences 
encoding microRNAS and long non-coding RNAS, and regu 
latory sequences such as promoters, enhancers, initiators, 
terminators, splice sites) to alter the levels of expression of a 
gene product. Such methods can be used, for example, for 
therapeutic purposes, functional genomics and/or target vali 
dation studies. 

0.165. The compositions and methods described herein 
also allow for novel approaches and systems to address 
immune reactions of a host to allogeneic grafts. In particular, 
a major problem faced when allogeneic stem cells (or any 
type of allogeneic cell) are grafted into a host recipient is the 
high risk of rejection by the host’s immune system, primarily 
mediated through recognition of the Major Histocompatibil 
ity Complex (MHC) on the surface of the engrafted cells. The 
MHC comprises the HLA class I protein(s) that function as 
heterodimers that are comprised of a common beta Subunit 
and variable alpha subunits. It has been demonstrated that 
tissue grafts derived from stem cells that are devoid of HLA 
escape the host’s immune response. See, e.g., Coffman et al., 
1993, J. Immunol., 151:425-35; Markmann et al., 1992, 
Transplantation, 54.1085-89; Koller et al., 1990, Science, 
248: 1227-30. Using the compositions and methods described 
herein, genes encoding HLA proteins involved in graft rejec 
tion can be cleaved, mutagenized or altered by recombina 
tion, in either their coding or regulatory sequences, so that 
their expression is blocked or they express a non-functional 
product. For example, by inactivating the gene encoding the 
common beta Subunit gene (beta2 microglobulin) using 
TALE nuclease fusion proteins as described herein, HLA 
class I can be removed from the cells to rapidly and reliably 
generate HLA class I null stem cells from any donor, thereby 
reducing the need for closely matched donor/recipient MHC 
haplotypes during stem cell grafting. 
0166 Inactivation of any gene (e.g., the beta2 microglo 
bulin gene) can beachieved, for example, by a single cleavage 
event, by cleavage followed by non-homologous endjoining, 
by cleavage at two sites followed by joining so as to delete the 
sequence between the two cleavage sites, by targeted recom 
bination of a missense or nonsense codon into the coding 
region, or by targeted recombination of an irrelevant 
sequence (i.e., a “'stuffer sequence) into the gene or its regu 
latory region, so as to disrupt the gene or regulatory region. 
0.167 Targeted modification of chromatin structure, as 
disclosed in WO 01/83793, can be used to facilitate the bind 
ing of fusion proteins to cellular chromatin. 
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0168. In additional embodiments, one or more fusions 
between a TALE binding domain and a recombinase (or func 
tional fragment thereof) can be used, in addition to or instead 
of the TALE-cleavage domain fusions disclosed herein, to 
facilitate targeted recombination. See, for example, 
co-owned U.S. Pat. No. 6,534.261 and Akopian et al. (2003) 
Proc. Natl. Acad. Sci. USA 100:8688-8691. 
0169. In additional embodiments, the disclosed methods 
and compositions are used to provide fusions of TALE repeat 
DNA-binding domains with transcriptional activation or 
repression domains that require dimerization (either 
homodimerization or heterodimerization) for their activity. In 
these cases, a fusion polypeptide comprises a TALE repeat 
DNA-binding domain and a functional domain monomer 
(e.g., a monomer from a dimeric transcriptional activation or 
repression domain). Binding of two Such fusion polypeptides 
to properly situated target sites allows dimerization so as to 
reconstitute a functional transcription activation or repression 
domain. 

Regulation of Gene Expression in Plants 
0170 Engineered TALE repeat array proteins can be used 
to engineer plants for traits such as increased disease resis 
tance, modification of structural and storage polysaccharides, 
flavors, proteins, and fatty acids, fruit ripening, yield, color, 
nutritional characteristics, improved storage capability, and 
the like. In particular, the engineering of crop species for 
enhanced oil production, e.g., the modification of the fatty 
acids produced in oilseeds, is of interest. 
0171 Seed oils are composed primarily of triacylglycerols 
(TAGs), which are glycerol esters offatty acids. Commercial 
production of these vegetable oils is accounted for primarily 
by six major oil crops (soybean, oil palm, rapeseed, Sun 
flower, cotton seed, and peanut). Vegetable oils are used pre 
dominantly (90%) for human consumption as margarine, 
shortening, salad oils, and frying oil. The remaining 10% is 
used for non-food applications such as lubricants, oleochemi 
cals, biofuels, detergents, and other industrial applications. 
0172. The desired characteristics of the oil used in each of 
these applications varies widely, particularly in terms of the 
chain length and number of double bonds present in the fatty 
acids making up the TAGs. These properties are manipulated 
by the plant in order to control membrane fluidity and tem 
perature sensitivity. The same properties can be controlled 
using TALE repeat array proteins to produce oils with 
improved characteristics for food and industrial uses. 
0173 The primary fatty acids in the TAGs of oilseed crops 
are 16 to 18 carbons in length and contain 0 to 3 double bonds. 
Palmitic acid (16:016 carbons: 0 double bonds), oleic acid 
(18:1), linoleic acid (18:2), and linolenic acid (18:3) predomi 
nate. The number of double bonds, or degree of saturation, 
determines the melting temperature, reactivity, cooking per 
formance, and health attributes of the resulting oil. 
0.174. The enzyme responsible for the conversion of oleic 
acid (18:1) into linoleic acid (18:2) (which is then the precur 
sor for 18:3 formation) is delta-12-oleate desaturase, also 
referred to as omega-6 desaturase: A block at this step in the 
fatty acid desaturation pathway should result in the accumu 
lation of oleic acid at the expense of polyunsaturates. 
0.175. In one embodiment engineered TALE repeat array 
proteins are used to regulate expression of the FAD2-1 gene in 
Soybeans. Two genes encoding microsomal delta-6 desatu 
rases have been cloned recently from soybean, and are 
referred to as FAD2-1 and FAD2-2 (Heppard et al., 1996, 
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Plant Physiol. 110:311-319). FAD2-1 (delta-12 desaturase) 
appears to control the bulk of oleic acid desaturation in the 
Soybean seed. Engineered TALE repeat array proteins can 
thus be used to modulate gene expression of FAD2-1 in 
plants. Specifically, engineered TALE repeat array proteins 
can be used to inhibit expression of the FAD2-1 gene in 
Soybean in order to increase the accumulation of oleic acid 
(18:1) in the oil seed. Moreover, engineered TALE proteins 
can be used to modulate expression of any other plant gene, 
such as delta-9 desaturase, delta-12 desaturases from other 
plants, delta-15 desaturase, acetyl-CoA carboxylase, acyl 
ACP-thioesterase, ADP-glucose pyrophosphorylase, starch 
synthase, cellulose synthase, Sucrose synthase, senescence 
associated genes, heavy metal chelators, fatty acid hydroper 
oxide lyase, polygalacturonase, EPSP synthase, plant viral 
genes, plant fungal pathogen genes, and plant bacterial patho 
gen genes. 

(0176 Recombinant DNA vectors suitable for transforma 
tion of plant cells are also used to deliver protein (e.g., engi 
neered TALE repeat array protein)-encoding nucleic acids to 
plant cells. Techniques for transforming a wide variety of 
higher plant species are well known and described in the 
technical and Scientific literature (see, e.g., Weising et al., 
1988, Ann. Rev. Genet., 22:421-477). A DNA sequence cod 
ing for the desired TALE repeat array protein is combined 
with transcriptional and translational initiation regulatory 
sequences which will direct the transcription of the TALE 
protein in the intended tissues of the transformed plant. 
(0177. For example, a plant promoter fragment can be 
employed which will direct expression of the engineered 
TALE repeat array protein in all tissues of a regenerated plant. 
Such promoters are referred to herein as “constitutive' pro 
moters and are active under most environmental conditions 
and states of development or cell differentiation. Examples of 
constitutive promoters include the cauliflower mosaic virus 
(CaMV) 35 S transcription initiation region, the 1'- or 2'-pro 
moter derived from T-DNA of Agrobacterium tumefaciens, 
and other transcription initiation regions from various plant 
genes known to those of skill. 
0.178 Alternatively, the plant promoter can direct expres 
sion of the engineered TALE repeat array protein in a specific 
tissue or can be otherwise under more precise environmental 
or developmental control. Such promoters are referred to here 
as “inducible' promoters. Examples of environmental condi 
tions that can affect transcription by inducible promoters 
include anaerobic conditions or the presence of light. 
0179 Examples of promoters under developmental con 
trol include promoters that initiate transcription only in cer 
tain tissues, such as fruit, seeds, or flowers. For example, the 
use of a polygalacturonase promoter can direct expression of 
the TALE repeat array protein in the fruit, a CHS-A (chalcone 
synthase A from petunia) promoter can direct expression of 
the TALE repeat array protein in the flower of a plant. 
0180. The vector comprising the TALE repeat array pro 
tein sequences will typically comprise a marker gene which 
confers a selectable phenotype on plant cells. For example, 
the marker can encode biocide resistance, particularly antibi 
otic resistance, such as resistance to kanarpycin, G418, bleo 
mycin, hygromycin, or herbicide resistance, Such as resis 
tance to chlorosulfuron or Basta. 

0181 Such DNA constructs can be introduced into the 
genome of the desired plant host by a variety of conventional 
techniques. For example, the DNA construct can be intro 
duced directly into the genomic DNA of the plant cell using 
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techniques such as electroporation and microinjection of 
plant cell protoplasts, or the DNA constructs can be intro 
duced directly to plant tissue using biolistic methods, such as 
DNA particle bombardment. Alternatively, the DNA con 
structs can be combined with suitable T-DNA flanking 
regions and introduced into a conventional Agrobacterium 
tumefaciens host vector. The virulence functions of the Agro 
bacterium tumefaciens host will direct the insertion of the 
construct and adjacent marker into the plant cell DNA when 
the cell is infected by the bacteria. 
0182 Microinjection techniques are known in the art and 
well described in the scientific and patent literature. The 
introduction of DNA constructs using polyethylene glycol 
precipitation is described in Paszkowski et al., 1984, EMBO 
J., 3:2717-22. Electroporation techniques are described in 
Fromm et al. 1985, Proc. Natl. Acad. Sci. USA, 82:5824. 
Biolistic transformation techniques are described in Klein et 
al., 1987, Nature, 327:70-73. 
0183 Agrobacterium tumefaciens-meditated transforma 
tion techniques are well described in the scientific literature 
(see, e.g., Horsch et al., 1984, Science, 233:496-498; and 
Fraley et al., 1983, Proc. Natl. Acad. Sci. USA, 80:4803). 
0184 Transformed plant cells which are derived by any of 
the above transformation techniques can be cultured to regen 
erate a whole plant which possesses the transformed geno 
type and thus the desired TALE repeat array protein-con 
trolled phenotype. Such regeneration techniques rely on 
manipulation of certain phytohormones in a tissue culture 
growth medium, typically relying on a biocide and/or herbi 
cide marker which has been introduced together with the 
TALE repeat array protein nucleotide sequences. Plant regen 
eration from cultured protoplasts is described in Evans et al., 
Protoplasts Isolation and Culture, Handbook of Plant Cell 
Culture, pp. 124-176 (1983); and Binding, Regeneration of 
Plants, Plant Protoplasts, pp. 21-73 (1985). Regeneration can 
also be obtained from plant callus, explants, organs, or parts 
thereof. Such regeneration techniques are described gener 
ally in Klee et al., 1987, Ann. Rev. Plant Phys., 38:467-486. 

Functional Genomics Assays 

0185 Engineered TALE repeat array proteins also have 
use for assays to determine the phenotypic consequences and 
function of gene expression. Recent advances in analytical 
techniques, coupled with focused mass sequencing efforts 
have created the opportunity to identify and characterize 
many more molecular targets than were previously available. 
This new information about genes and their functions will 
improve basic biological understanding and present many 
new targets for therapeutic intervention. In some cases ana 
lytical tools have not kept pace with the generation of new 
data. An example is provided by recent advances in the mea 
Surement of global differential gene expression. These meth 
ods, typified by gene expression microarrays, differential 
cDNA cloning frequencies, subtractive hybridization and dif 
ferential display methods, can very rapidly identify genes that 
are up or down-regulated in different tissues or in response to 
specific stimuli. Increasingly, Such methods are being used to 
explore biological processes such as, transformation, tumor 
progression, the inflammatory response, neurological disor 
ders etc. Many differentially expressed genes correlate with a 
given physiological phenomenon, but demonstrating a caus 
ative relationship between an individual differentially 
expressed gene and the phenomenon is labor intensive. Until 
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now, simple methods for assigning function to differentially 
expressed genes have not kept pace with the ability to monitor 
differential gene expression. 
0186 The engineered TALE repeat array proteins 
described herein can be used to rapidly analyze the function 
of a differentially expressed gene. Engineered TALE proteins 
can be readily used to up or down-regulate or knockout any 
endogenous target gene, or to knock in an endogenous or 
endogenous gene. Very little sequence information is 
required to create a gene-specific DNA binding domain. This 
makes the engineered TALE repeat array technology ideal for 
analysis of long lists of poorly characterized differentially 
expressed genes. One can simply build a TALE repeat array 
protein-based DNA binding domain for each candidate gene, 
create chimeric up and down-regulating artificial transcrip 
tion factors and test the consequence of up or down-regula 
tion on the phenotype under study (e.g., transformation or 
response to a cytokine) by Switching the candidate genes on 
or off one at a time in a model system. 
0187. Additionally, greater experimental control can be 
imparted by engineered TALE repeat array proteins than can 
beachieved by more conventional methods. This is because 
the production and/or function of engineered TALE repeat 
array proteins can be placed under Small molecule control. 
Examples of this approach are provided by the Tet-On sys 
tem, the ecdysone-regulated system and a system incorporat 
ing a chimeric factor including a mutant progesterone recep 
tor. These systems are all capable of indirectly imparting 
Small molecule control on any endogenous gene of interest or 
any transgene by placing the function and/or expression of a 
engineered TALE repeat array protein under Small molecule 
control. 

Transgenic Animals 
0188 A further application of engineered TALE repeat 
array proteins is manipulating gene expression in animal 
models. As with cell lines, the introduction of a heterologous 
gene into or knockout of an endogenous in a transgenic ani 
mal. Such as a transgenic mouse or Zebrafish, is a fairly 
straightforward process. Thus, transgenic or transient expres 
sion of an engineered TALE repeat array protein in an animal 
can be readily performed. 
0189 By transgenically or transiently expressing a suit 
able engineered TALE repeat array protein fused to an acti 
Vation domain, a target gene of interest can be over-ex 
pressed. Similarly, by transgenically or transiently expressing 
a Suitable engineered TALE repeat array protein fused to a 
repressor or silencer domain, the expression of a target gene 
of interest can be down-regulated, or even switched off to 
create “functional knockout'. Knock-in or knockout muta 
tions by insertion or deletion of a target gene of interest can be 
prepared using TALE nucleases. 
0190. Two common issues often prevent the successful 
application of the standard transgenic and knockout technol 
ogy, embryonic lethality and developmental compensation. 
Embryonic lethality results when the gene plays an essential 
role in development. Developmental compensation is the Sub 
stitution of a related gene product for the gene product being 
knocked out, and often results in a lack of a phenotype in a 
knockout mouse when the ablation of that gene's function 
would otherwise cause a physiological change. 
0191 Expression of transgenic engineered TALE repeat 
array proteins can be temporally controlled, for example 
using Small molecule regulated systems as described in the 
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previous section. Thus, by Switching on expression of an 
engineered TALE repeat array protein at a desired stage in 
development, a gene can be over-expressed or “functionally 
knocked-out” in the adult (or at a late stage in development), 
thus avoiding the problems of embryonic lethality and devel 
opmental compensation. 

EXAMPLES 

Example 1 

Assembly of TALE Repeat Arrays. Using 
Streptavidin Coated Magnetic Beads 

(0192 An archive of DNA plasmids (-850 different plas 
mids) encoding one, two, three, or four TALE repeat domains 
was created for assembly of nucleic acids encoding multiple 
TALE arrays of any desired length. The plasmids were cre 
ated by cloning synthetic arrays of one, two, three or four 
TALE repeat domains into the puC57-ABsal backbone (FIG. 
3). The TALE repeats were of the arrangement C. Byöe, Byö, 
By". By, Öe', and B, and included hypervariable triplet residues 
at each position to bind to the nucleotides as shown in Table 
1. Polypeptide and nucleotide sequences of the TALE repeat 
types are shown in FIGS. 4A and 4B, respectively. The 
polypeptide and polynucleotide sequences were varied 
slightly among the four types to reduce the possibility of 
recombination-mediated mutations due to long sequences of 
exact repeats. 

TABLE 1. 

Nucleotide binding code of TALE triplets 

Triplet Bound Nucleotide 

SNI A. 
SHD C 
NNN G 
SNK G 
SNG T 

(0193 A 16-mer TALE repeat array targeted to the eGFP 
gene was created by in vitro assembly of 16 TALE repeats 
designed to bind the target sequence GCAGTGCTTCAGC 
CGC (SEQID NO: 41). In the first step, a plasmid carrying an 
C-type TALE repeat with an NNN triplet (G) was amplified 
by PCR using a biotinylated forward primer Biotin-TCTA 
GAGAAGACAAGAACCTGACC (SEQ ID NO: 42) and a 
reverse primer GGATCCGGTCTCTTAAGGCCGTGG 
(SEQ ID NO: 43). The amplified fragment (50 ul) was puri 
fied using a QIA Quick PCR purification kit (QIAGEN), 
eluted in 40 ul 0.1x elution buffer (as provided in the QIA 
Quick PCR purification kit), and digested with Bsal HF (New 
England Biolabs (NEB)) in NEB Buffer 4 for 15 minutes at 
50° C. (40 ul elution, 5 ul NEBuffer 4, 5 ul Bsal HF). The 
digested fragment was purified using a QIA Quick PCR puri 
fication kit and eluted in 0.1x elution buffer (50 LA). 
0.194. A plasmid containing a four TALE repeat domain 
Sub-array unit (Byöe) coding for repeats that each harbor one 
of the following variable amino acids SHD, SNI, NNN, and 
SNG (designed to bind the sequence 5'-CAGY3') was 
digested with BbsI(NEB) in NEBuffer 2 for 2 hours at 37° C. 
in 100 ul(50 ul plasmid-200 ng/ull, 10ul NEBuffer 2, 10ul 
BbsI, 30 ul water). To the 100 ul digest was added 25 ul 
NEBuffer 4, 2.5ul 100xBSA (NEB), 107.5ul water, and 5ul 
Xbal (NEB), and the digest was incubated for 5 minutes at 
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37°C. To the mixture, 5ul of BamHIHF was then added for 
a 5 minute digest at 37° C., and then 5ul SalIHF (NEB) was 
added for an additional 5 minute digest at 37°C. The resulting 
fragment was purified using a QIA Quick PCR purification kit 
(QIAGEN) and eluted in 180 ul 0.1x elution buffer. 
0.195 For the initial ligation, 2 ul of the alpha unit digest 
was mixed with 2.5ul of T4 DNA ligase (400U/ul; NEB) and 
27 ul Quick Ligase Buffer (QLB) (NEB). To this 31.5 ul 
mixture was added 22.5ul of the first digested subarray, and 
the mixture was ligated for 15 minutes at room temperature. 
Magnetic beads were prepared by washing 5ul of Dynabeads 
MyOne Streptavidin Cl (Invitrogen) three times with 50 ul 
1xE&W Buffer (5.0 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 
1.0 M NaCl, 0.005% Tween 20) and resuspending in 54 ul 
B&W Buffer. The ligated mixture was added to the washed 
beads and incubated for 15 minutes at room temperature 
(with mixing every five minutes). The mixture was then 
placed on a SPRIplate 96-well Ring magnet for 3 minutes. 
The supernatant was then aspirated, and 100 ul 1xE&W 
Buffer was added to wash, with mixing by moving the beads 
31 times from side to side within the tube using a DynaMag 
96 Side magnet (Invitrogen). The B&W Buffer was then 
aspirated, and 100 ul 1xESA was added, with mixing, then 
aspirated. The ligated, bead-bound nucleic acids (CByÖe) 
were resuspended in 50 ul Bsal HF mix (5ul NEBuffer 4, 2 ul 
Bsal HF, 43 ul water). 
(0196. The digest was incubated at 50° C. for 10 minutes, 
and 50 ul 1xE&W buffer was added. The digest was placed on 
a magnet for 3 minutes, and the Supernatant was aspirated. 
The beads were washed with 100 ul 1xE&W Buffer and 100 
ul 1xESA as above. To the washed beads were added a 
digested plasmid containing a four TALE repeat domain Sub 
array unit (Byöe) coding for repeats that each harborone of the 
following variable amino acids NNN, SHD, SNG, and SNG 
(designed to bind the DNA sequence 5'-GCTT-3') (22.5ul) 
and 27.5 ul ligase mix (25 ul Quick Ligase Buffer, 2 ul DNA 
ligase). The beads were resuspended by pipetting up and 
down, and the mixture was incubated for 15 minutes at room 
temperature with mixing every five minutes. To the ligation 
was added 50 ul 1xE&W Buffer, and the mixture was placed 
on the magnet for 3 minutes. The Supernatant was aspirated, 
and the beads were washed with 100 ul 1xE&W Buffer and 
100 ul 1xESA as above. The ligated, bead-bound nucleic 
acids (C. ByöefyÖe) were resuspended in 50 ul Bsal HF mix (5 
ul NEBuffer 4, 2 ul Bsal HF, 43 ul water). Two more TALE 
repeat Sub-array units were ligated sequentially as above, the 
first a four TALE repeat sub-array unit (Byöe) coding for 
repeats that each harbor one of the following variable amino 
acids SHD, SNI, NNN, and SHD (designed to bind the DNA 
sequence 5'-CAGC-3") and the second a three TALE repeat 
sub-array unit (Byö) coding for repeats that each harbor one of 
the following variable amino acids SHD, NNN, and SHD 
(designed to bind the DNA sequence 5'-CGC-3'). The final 
TALE repeat array contained subunits of the format C. Byöe 
ByöefyÖefyö with individual TALE repeats designed to bind 
the target DNA sequence 5'-GCAGTGCTTCAGCCGC-3' 
(SEQID NO. 44). 
0.197 Following the final ligation step, the construct was 
digested with Bsal HF for eventual cloning into an expression 
vector and the beads were washed with 1xE&W Buffer and 
1xESA. The washed beads were resuspended in 50 ul BbsI 
mix (5ul NEBuffer 2, 5ul BbsI, 40 ul water) and incubated at 
37° C. for 2 hours with agitation at 1500 rpm to cleave the 
biotinylated 5' end and release the assembled TALE repeat 
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array from the magnetic beads. The digested mixture was 
purified by MinElute column purified (QIAGEN) and ligated 
into a BSmBI-digested TALE expression vector. The ligated 
mixture was transformed into chemically competent XL1 
Blue cells and plated on LB/Carb" plates overnight. 
0198 The expression vectors each harbor the following 
elements: a T7 promoter, a nuclear localization signal, a 
FLAG tag, amino acids 153 to 288 from the TALE 13 protein 
(numbering as defined by Miller et al., 2011, Nat. Biotech 
nol., 29:143-148), two adjacent BSmBI restriction sites into 
which a DNA fragment encoding a TALE repeat array can be 
cloned, a 0.5 TALE repeat, amino acids 715 to 777 from the 
C-terminal end of the TALE 13 protein (numbering as defined 
by Miller et al., 2011, Nat. Biotechnol., 29:143-148), and the 
wild-type Fold cleavage domain. 
(0199 The plasmids differ in the identity of the C-terminal 
0.5TALE repeat. Plasmidp.JDS70 encodes a 0.5 TALE repeat 
with a SNIRVD (for recognition of an A nucleotide), plasmid 
plDS71 encodes a 0.5 TALE repeat with a SHD RVD (for 
recognition of a C nucleotide), plasmid pLS74 encodes a 0.5 
TALE repeat with a NNN RVD (for recognition of a G nucle 
otide), plasmid plDS76 encodes a 0.5 TALE repeat with a 
SNK RVD (for recognition of a G nucleotide), and plasmid 
plDS78 encodes a 0.5 TALE repeat with a NG RVD (for 
recognition of a T nucleotide). All plasmids share the com 
mon sequence shown in FIGS. 5A-5B and differ at just nine 
nucleotide positions marked as XXXXXXXXX (underlined 
and bold). The sequence of these 9 bps and plasmid names are 
also shown below in Table 2. 

TABLE 2 

DNA sequences of expression vectors 

Sequence of 
Plasmid variable SEO ID RVD of C-terminal O. 5 
ale 9 bps NO: TALE repeat 

pJDS7o TCTAACATC 45 SNI (for binding to an A 
nucleotide) 

pJDS 71 TCCCACGAC 46 SHD (for binding to a C 
nucleotide) 

pJDS 74 AATAATAAC 47 NNN (for binding to a G 
nucleotide) 

pJDS 76 TCCAATAAA 48 SNK (for binding to a G 
nucleotide) 

pJDS78 TCTAATGGG 49 SNG (for binding to a T 
nucleotide) 

0200. This example demonstrates the construction of 
TALE repeat arrays on an immobilized substrate using pre 
assembled TALE repeat sub-array units. The above method, 
up to the cloning step, can be performed in one day. 

Example 2 

Assembly of TALE Repeat Arrays. Using a 
Streptavidin Coated Plate 

0201 TALE repeats are assembled using the archive of 
DNA plasmids (-850 different plasmids) as described in 
Example 1. A 16-mer TALE repeat array was created by in 
vitro assembly of 16 TALE repeats designed to bind a target 
sequence. In the first step, a plasmid carrying an O-type TALE 
repeat with an NNN triplet (G) was amplified by PCR using a 
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biotinylated forward primer Biotin-TCTAGAGAAGACAA 
GAACCTGACC (SEQ ID NO: 42) and a reverse primer 
GGATCCGGTCTCTTAAGGCCGTGG (SEQ ID NO: 43). 
The amplified fragment (50 ul) was purified using a QIA 
Quick PCR purification kit (QIAGEN), eluted in 40 ul 0.1x 
elution buffer (as provided in the QIA Quick PCR purification 
kit), and digested with Bsal HF (New England Biolabs 
(NEB)) in NEB Buffer 4 for 15 minutes at 50° C. (40 ul 
elution, 5ul NEBuffer 4, 5 ul Bsal HF). The digested frag 
ment was purified using a QIA Quick PCR purification kit and 
eluted in 0.1x elution buffer (50 ul). 
0202 A plasmid containing a four TALE repeat domain 
Sub-array unit (Byöe) coding for repeats that each harbor one 
of the following variable amino acids SHD, SNI, NNN, and 
SNG (designed to bind the sequence 5'-CAGY3) was 
digested with BbsI(NEB) in NEBuffer 2 for 2 hours at 37° C. 
in 100 ul(50 ul plasmid-200 ng/ull, 10ul NEBuffer 2, 10ul 
BbsI, 30 ul water). To the 100 ul digest was added 25 ul 
NEBuffer 4, 2.5ul 100xBSA (NEB), 107.5ul water, and 5ul 
Xbal (NEB), and the digest was incubated for 5 minutes at 
37°C. To the mixture, 5ul of BamHIHF was then added for 
a 5 minute digest at 37° C., and then 5ul SalIHF (NEB) was 
added for an additional 5 minute digest at 37°C. The resulting 
fragment was purified using a QIA Quick PCR purification kit 
(QIAGEN) and eluted in 180 ul 0.1x elution buffer. 
0203 For the initial ligation, 2 ul of the alpha unit digest 
was mixed with 2.5ul of T4DNA ligase (400U/L1; NEB) and 
27 ul Quick Ligase Buffer (QLB) (NEB). To this 31.5 ul 
mixture was added 22.5ul of the first digested subarray, and 
the mixture was ligated for 15 minutes at room temperature. 
The ligation mixture was then mixed with 2xB&(a) buffer 
(Invitrogen) and added to a well in a 96-well plate coated with 
streptavidin (Thermo Scientific) and incubated at room tem 
perature for 15 min. The Supernatant was aspirated. Each well 
in the 96 well plate was washed with 200 ul of 1 x Bovine 
Serum Albumin (BSA) by pipetting up and down 10 times 
before discarding the 1xESA. This was repeated for a total of 
two washes with 1xESA. Then 50 ul Bsal HF mix (5 ul 
NEBuffer 4, 2 ul Bsal HF 43 ul water) was added to the 
ligated, nucleic acids (CByÖe) bound to the Streptavidin 
coated well. 

0204 The digest was incubated at 50° C. for 10 minutes 
and then the supernatant was aspirated. The wells were then 
washed with 200 ul 1XB&W Buffer and 200ul 1xESA twice 
by pipetting up and down ten times before removal of each 
Supernatant. 22.5 ul of digested plasmid encoding a four 
TALE repeat domain Sub-array unit (BYöe) coding for repeats 
that each harbor one of the following variable amino acids 
NNN, SHD, SNG, and SNI and 27.5 ul ligase mix (25 ul 
Quick Ligase Buffer, 2 ul DNA ligase) were added to the well. 
The Supernatant was mixed by pipetting up and down, and the 
mixture was incubated for 15 minutes at room temperature. 
The supernatant was removed and the well was washed with 
1xE&W and 1xESA as above. Then 50 ul Bsal HF mix (5ul 
NEBuffer 4, 2 ul Bsal HF 43 ul water) was added to the 
ligated nucleic acids (CByöefyöe) bound to the well. Two 
more TALE repeat Sub-array units were ligated sequentially 
as above, the first a four TALE repeat sub-array unit (Byöe) 
coding for repeats that each harbor one of the following 
variable amino acids SHD, SNI, NNN, and SNG and the 
second a three TALE repeat sub-array unit (Byö) coding for 
repeats that each harbor one of the following variable amino 
acids SHD, SNI, NNN, and SHD. The final TALE repeat 
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array contained subunits of the format C. ByÖefyöefyöefyö 
with individual TALE repeats designed to bind a target DNA 
Sequence. 
0205 Following the final ligation step, the fragments in 
the well were digested with Bsal HF for eventual cloning into 
an expression vector. The well was then washed with 1xE&W 
Buffer and twice with 1xESA. Then 50 ul BbsI mix (5 ul 
NEBuffer 2, 5ul BbsI, 40 ul water) was added to the well and 
incubated at 37° C. for 2 hours to cleave the biotinylated 5' 
end and release the assembled TALE repeat array from the 
well. The digested mixture was purified, ligated, and trans 
formed as described in Example 1. 

Example 3 

Site-Specific Mutagenesis Using TALE Nucleases 
0206 To demonstrate the effectiveness of TALE repeat 
domains created by the methods described herein, TALE 
repeat arrays were constructed and cloned into TALE 
nuclease expression vectors (as described in Example 1) to 
produce plasmids encoding TALE nuclease monomers tar 
geted to the eGFP coding sequences shown in FIG. 6 and 
Table 3. Nucleic acid and polypeptide sequences of the TALE 
nuclease monomers are shown in FIGS. 11A-18E3. 

TABLE 3 
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stranded breaks led to disruption of eGFP expression (eGFP 
negative cells). All eight TALE nuclease pairs tested induced 
a high percentage of eGFP-negative (eGFP-) cells (y-axis). 
The percentage of eGFP- cells declined only modestly 
between day 2 and 5 suggesting that the alterations were 
stably induced. 
0208. A subset of mutated eGFP genes were amplified 
from cells and sequenced. The resulting mutations are shown 
in FIG.8. Sequences targeted by the TALE nucleases encoded 
by expression plasmids SQT70/SQT56 in human USOS 
eGFP cells are underlined in the wild-type (WT) sequence 
shown at the top of FIG. 8. Insertion and deletion mutations 
induced by the TALE nuclease pair are shown below with 
deleted bases indicated by dashes and inserted bases indi 
cated by double underlining. The net number of bases 
inserted or deleted is shown to the right. All mutations were 
isolated once unless otherwise indicated in brackets. The 
overall frequency of mutagenesis (46%) is also indicated. 

Example 4 

Automated Assembly of TALE Repeat Arrays 
0209. The assembly method described in Example 1 has 
been automated so as to be performed using a ScicloneTMG3 

TALE nuclease monomer target sequences 

Length SEQ Position 
TALE of target ID (half 
ragment Target Sequence sequence NO: Site site) 

DR- TGCAGTGCTTCAGCCGC 7 5O eGFP223 left 

DR- TGCAGTGCTTCAGCCGCT 8 51 eGFP223 left 

DR- TTGAAGAAGTCGTGCTGC 8 52 eCFP223 right 

DR- TGAAGAAGTCGTGCTGCT 8 53 eCFP223 right 

DR- TCGAGCTGAAGGGCATC 7 54 eGFP3 82 left 

DR- TCGAGCTGAAGGGCATCG 8 55 eGFP3 82 left 

DR- TTGTGCCCCAGGATGTTG 8 56 eCFP382 right 

DR- TGTGCCCCAGGATGTTGC 8 57 eCFP382 right 

0207 4E5 U2OS-eCFP cells were nucleofected with 400 
ng plasmid DNA in solution SE with program DN-100 using 
NucleofectorTM non-viral transfection (Lonza, Walkersville, 
Md.). The cells were analyzed by flow cytometry at days 2 
and 5 (FIG. 7). Non-homologous end joining (NHEJ)-medi 
ated mutagenic repair of TALE nuclease-induced double 

Plasmid 
ale 

SOT7 O 

SOT114 

SOT72 

SOT56 

SOT12 O 

SOT135 

SOT118 

liquid handling workstation (Caliper Life Sciences, Hopkin 
ton, Mass.) in 96-well plates. All of the steps were automated 
except digestion of the nucleic acids prior to ligation and 
linking to the beads and the steps following release of the 
assembled TALE repeat array from the magnetic beads. The 
automated Steps were performed essentially as when done 
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manually with minor variations in the number of resuspen 
sion and mixing motions. The results of assembly of two 
17-mers are shown in FIG.9. A major product of the expected 
size can be seen, corresponding to the 17-mer. Additional 
minor 13-mer, 9-mer, and 5-mer products can also be seen, 
likely produced by carry forward of incompletely ligated 
products. A similar result can be seen in FIG. 10, which shows 
the results of assembly of 16-mers from an N-terminal 1-mer 
Sub-array (1), three 4-mer Subarrays (4, 4, 4), and a C-ter 
minal 3-mer Subarray (3). 
0210. This example demonstrates that the methods 
described herein can be automated for rapid and reproducible 
synthesis of nucleic acids encoding TALE repeat arrays. 

Example 5 

Assembly Methods 
0211 TALE repeat arrays were created using an architec 
ture in which four distinct TALE repeat backbones that differ 
slightly in their amino acid and DNA sequences occur in a 
repeated pattern. The first, amino-terminal TALE repeat in an 
array was designated as the C. unit. This was followed by B, Y. 
and ö units and thenanc unit that is essentially identical to the 
C. unit except for the different positioning of a Type IIS 
restriction site on the 5' end (required to enable creation of a 
unique overhang on the C. unit needed for cloning). The e unit 
was then followed again by repeats off, Y, Ö, and e units. Due 
to constraints related to creation of a 3' end required for 
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cloning, slightly modified DNA sequences were required for 
TALE repeat arrays that end with a carboxy-terminal Y or e 
unit. We designated these variant units as Y and e. 
0212 For each type of TALE repeat unit (i.e.—C, B, Y., 8, 
e, Y, and e), we commercially synthesized (Genscript) a 
series of four plasmids, each harboring one of the five repeat 
variable di-residues (RVDs) that specifies one of the four 
DNA bases (NI=A: HD=C; NN=G: NG=T, NK=G). Full 
DNA sequences of these plasmids are provided in Table 4 and 
FIG. 3. For all 35 of these plasmids, the sequence encoding 
the TALE repeat domain is flanked on the 5' end by unique 
Xbal and BbsI restriction sites and on the 3' end by unique 
Bsal and BamHI restriction sites. Additionally, the overhangs 
generated by digestion of any plasmids encoding units 
designed to be adjacent to one another (e.g.—Bandy, or ö and 
e) with Bsal and BbsI are complementary. Using these 35 
different plasmids and serial ligation via the Bsal and BbsI 
restriction sites, we assembled an archive of all possible com 
binations of By, Byöe, Byö. By, and Öe* repeats. In total, this 
archive consisted of 825 different plasmids encoding 5 C.'s, 5 
Bs, 25 fy combinations, 625 Byöe combinations, 125 ?yö 
combinations, 25 By combinations, and 25 öe combina 
tions (Table 5). These 825 plasmids plus ten of the original 35 
plasmids encoding single TALE repeats (five C. and five B 
plasmids) are required to practice the methods. With this 
archive of 835 plasmids listed in Table 5, the methods can be 
used to construct TALE repeat arrays of any desired length 
and composition. 

TABLE 4 

DNA sequences encoding individual TALE repeats 

TAL Unit 
IDEArchitecture RVD 

6 C. 

1O C. 

DNA. Sequence (Cloned SEQ 
Target between Xball/BamHI in pUC57- ID 
Base ABSal) NO : 

NI A. TCTAGAGAAGACAAGAACCTGACC 58 
CCAGACCAGGTAGTCGCAATCGCG 
TCGAACATTGGGGGAAAGCAAGCC 
CTGGAAACCGTGCAAAGGTTGTTG 
CCGGTCCTTTGTCAAGACCACGGC 
CTTAAGAGACCGGATCC 

HD C TCTAGAGAAGACAAGAACCTGACC 59 
CCAGACCAGGTAGTCGCAATCGCG 
TCACATGACGGGGGAAAGCAAGCC 
CTGGAAACCGTGCAAAGGTTGTTG 
CCGGTCCTTTGTCAAGACCACGGC 
CTTAAGAGACCGGATCC 

NK G TCTAGAGAAGACAAGAACCTGACC 6 O 
CCAGACCAGGTAGTCGCAATCGCG 
TCGAACAAAGGGGGAAAGCAAGCC 
CTGGAAACCGTGCAAAGGTTGTTG 
CCGGTCCTTTGTCAAGACCACGGC 
CTTAAGAGACCGGATCC 

NN G TCTAGAGAAGACAAGAACCTGACC 61 
CCAGACCAGGTAGTCGCAATCGCG 
AACAATAATGGGGGAAAGCAAGCC 
CTGGAAACCGTGCAAAGGTTGTTG 
CCGGTCCTTTGTCAAGACCACGGC 
CTTAAGAGACCGGATCC 

NG T TCTAGAGAAGACAAGAACCTGACC 62 
CCAGACCAGGTAGTCGCAATCGCG 
TCAAACGGAGGGGGAAAGCAAGCC 
CTGGAAACCGTGCAAAGGTTGTTG 
CCGGTCCTTTGTCAAGACCACGGC 
CTTAAGAGACCGGATCC 
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fication kit (QIAGEN) according to manufacturer's instruc 
tions except that the final product was eluted in 50 ul of 
O.1xEB. 

0214) To prepare DNA fragments encoding B. Byöe, Byö, 
By, By, and Öe* repeats, 10ug of each of these plasmids was 
digested with 50 units of BbsI restriction enzyme in NEBuffer 
2 for 2 hours at 37° C. followed by serial restriction digests 
performed in NEBuffer 4 at 37° C. using 100 units each of 
Xbal, BamHI-HF, and Sall-HF enzymes that were added at 5 
minute intervals. The latter set of restriction digestions were 
designed to cleave the plasmid backbone to ensure that this 
larger DNA fragment does not interfere with Subsequent liga 
tions performed during the assembly process. These restric 
tion to digest reactions were then purified using the QIAquick 
PCR purification kit (QIAGEN) according to manufacturers 
instructions except that the final product was eluted in 180 ul 
of 0.1xEB. 

0215 All assembly steps were performed using a Sciclone 
G3 liquid handling workstation (Caliper) in 96-well plates 
and using a SPRIplate 96-ring magnet (Beckman Coulter 
Genomics) and a DynaMag-96 Side magnet (Life Technolo 
gies). In the first assembly step, a biotinylated C. unit fragment 
was ligated to the first Byöe fragment and then the resulting 
C. Byöe fragments are bound to Dynabeads MyOne Cl strepta 
vidin-coated magnetic beads (Life Technologies) in 2xB&W 
Buffer (Life Technologies). Beads were then drawn to the 
side of the well by placing the plate on the magnet and then 
washed with 100 ul B&W buffer with 0.005% Tween 20 
(Sigma) and again with 100 ul 0.1 mg/ml bovine serum albu 
min (BSA) (New England Biolabs). Additional Byöe frag 
ments were ligated by removing the plate from the magnet, 
resuspending the beads in Solution in each well, digesting the 
bead bound fragment with Bsal-HF restriction enzyme, plac 
ing the plate on the magnet, washing with 100 ul B&W/ 
Tween20 followed by 100 ul of 0.1 mg/ml BSA, and then 
ligating the next fragment. This process was repeated mul 
tiple times with additional Byöe units to extend the bead 
bound fragment. The last fragment to be ligated was always a 
B. By, Byö, or Öe unit to enable cloning of the full-length 
fragment into expression vectors (note that fragments that end 
with a Öe unit are always preceded by ligation of a BY unit). 
0216. The final full-length bead-bound fragment was 
digested with 40 units of Bsal-HF restriction enzyme fol 
lowed by 25 units of BbsI restriction enzyme (New England 
Biolabs). Digestion with BbsI releaseed the fragment from 
the beads and generated a unique 5' overhang for cloning of 
the fragment. Digestion with Bsal-HF resulted in creation of 
a unique 3' overhang for cloning. 
0217 DNA fragments encoding the assembled TALE 
repeat arrays were subcloned into one of four TALEN expres 
sion vectors. Each of these vectors included a CMV promoter, 
a translational start codon optimized for mammalian cell 
expression, a triple FLAG epitope tag, a nuclear localization 
signal, amino acids 153 to 288 from the TALE 13 protein 
(Miller et al., 2011, Nat. Biotechnol., 29:143-148), two 
unique and closely positioned Type IIS BsmBI restriction 
sites, a 0.5 TALE repeat domain encoding one of four possible 
RVDs (NI, HD, NN, or NG for recognition of an A, C, G, or 
T nucleotide, respectively), amino acids 715 to 777 from the 
TALE 13 protein, and the wild-type FokI cleavage domain. 
All DNA fragments possessed overhangs that enable direc 
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tional cloning into any of the four TALEN expression vectors 
that has been digested with BSmBI. 
0218. To prepare a TALEN expression vector for subclon 
ing, 5 lug of plasmid DNA were digested with 50 units of 
BsmBI restriction enzyme (New England Biolabs) in NEB 
uffer 3 for 8 hours at 55 degrees C. Digested DNA was 
purified using 90 ul of AmpureXP beads (Agencourt) accord 
ing to manufacturers instructions and diluted to a final con 
centration of 5 ng/ul in 1 mM TrishCl. The assembled TALE 
repeat arrays were ligated into TALEN expression vectors 
using 400 U of T4 DNA Ligase (New England Biolabs). 
Ligation products were transformed into chemically compe 
tent XL-1 Blue cells. Six colonies were picked for each liga 
tion and plasmid DNA isolated by an alkaline lysis miniprep 
procedure. Simultaneously, the same six colonies were 
screened by PCR using primers oSQT34 (5'-GACGGTG 
GCTGTCAAATACCAAGATATG-3' (SEQ ID NO:239)) 
and oSQT35 (5-TCTCCTCCAGTTCACTTTTGACTAGT 
TGGG-3 (SEQ ID NO:240)). PCR products were analyzed 
on a QIAXcel capillary electrophoresis system (Qiagen). 
Miniprep DNA from clones that contained correctly sized 
PCR products were sent for DNA sequence confirmation with 
primers oSQT1 (5'-AGTAACAGCGGTAGAGGCAG-3' 
(SEQ ID NO:241)), oSQT3 (5-ATTGGGCTACGATG 
GACTCC-3' (SEQ ID NO:242)), and oJS2980 (5-TTAAT 
TCAATATATTCATGAGGCAC-3' (SEQID NO:243)). 
0219 Because the final fragment ligated can encode one, 
two, or three TALE repeats, the methods disclosed herein can 
be used to assemble arrays consisting of any desired number 
of TALE repeats. Assembled DNA fragments encoding the 
final full-length TALE repeat array are released from the 
beads by restriction enzyme digestion and can be directly 
cloned into a desired expression vector of choice. 
0220. The methods can be efficiently practiced in 96-well 
format using a robotic liquid handling workstation. With 
automation, DNA fragments encoding 96 different TALE 
repeat arrays of variable lengths can be assembled in less than 
one day. Medium-throughput assembly of fragments can be 
performed in one to two days using multi-channel pipets and 
96-well plates. Fragments assembled using either approach 
can then be cloned into expression vectors (e.g., for expres 
sion as a TALEN) to generate sequence-verified plasmids in 
less than one week. Using the automated assembly approach, 
sequence-verified TALE repeat array expression plasmids 
can be made quickly and inexpensively. 

Example 6 

Large-Scale Testing of Assembled TALENs Using a 
Human Cell-Based Reporter Assay 

0221) To perform a large-scale test of the robustness of 
TALENs for genome editing in human cells, the method 
described in Example 5 was used to construct a series of 
plasmids encoding 48 TALEN pairs targeted to different sites 
scattered throughout the EGFP reporter gene. Monomers in 
each of the TALEN pairs contained the same number of 
repeats (ranging from 8.5 to 19.5 in number), and these pairs 
were targeted to sites possessing a fixed length 'spacer” 
sequence (16 bps) between the “half-sites' bound by each 
TALEN monomer (Table 6). 
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EGFP reporter gene sequences targeted by 48 pairs of TALENs 

TALEN 
pair 

23 

24 

25 

26 

27 

28 

29 

31 

32 

33 

34 

35 

36 

37 

38 

Position 
Within 
EGFP of 

the first 
nucleotide 

in the 
binding 
site 

266 

362 

497 

23 

38 

89 

14 O 

452 

199 

223 

259 

391 

43 O 

26 

68 

TABLE 6-continued 

spacer in lowercase) 

TGCCCGAAGGCTACGtccagga 
gcgcaccatcTTCTTCAAGGAC 
GA 

TGAACCGCATCGAGCtgaaggg 
catcg actitcAAGGAGGACGGC 
AA 

TCAAGATCCGCCACAacatcga 
ggacggcagoGTGCAGCTCGCC 
GA 

TGTTCACCGGGGTGGTgcc.cat 
cctgg togag CTGGACGGCGAC 
GTAA 

TGCCCATCCTGGTCGAgctgga 
cggcgacgtaAACGGCCACAAG 
TTCA 

TGTCCGGCGAGGGCGAggg.cga 
tgccacctacGGCAAGCTGACC 
CTGA 

TCATCTGCACCACCGGcaagct 
gcc.cgtg.cccTGGCCCACCCTC 
GTGA 

TCTATATCATGGCCGAcaagca 
gaagaacggcATCAAGGTGAAC 
TCA 

TACGGCGTGCAGTGCTTcago c 
gct accc.cgacCACATGAAGCA 
GCACGA 

TACCCCGACCACATGAAgcagc 
acg acttcttcAAGTCCGCCAT 
GCCCGA 

TCCGCCATGCCCGAAGGctacg 
to caggagcgcACCATCTTCTT 
CAAGGA 

TTCAAGGAGGACGGCAAcatcc. 

tggggcacaagCTGGAGTACAA 
CTACAA 

TACAACTACAACAGCCAcaacg 
totatatoatgGCCGACAAGCA 
GAAGAA 

TCACCGGGGTGGTGCCCAtcot 

ggit cqagctggaCGGCGACGTA 
AACGGCCA 

TAAACGGCCACAAGTTCAgcgt. 
gtc.cgg.cgaggg CGAGGGCGAT 
GCCACCTA 

TGCAGTGCTTCAGCCGC Tacco 

cgaccacatgaaGCAGCACGAC 
TTC TTCAA 

Target site (half-sites in CAPS, 

33 

of 
repeat of repeat 
domains 

SEO ID in Left 
NO : 

21 

22 

23 

24 

25 

26 

27 

28 

29 

TALEN 

domains 
in Right 
TALEN 
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TABLE 6-continued 
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34 

EGFP reporter gene sequences targeted by 48 pairs of TALENs 

Position 
Within 
EGFP of 

the first 
nucleotide 

in the 
TALEN binding Target site (half-sites in CAPS, 
pair site spacer in lowercase) 

39 83 TCAGCGTGTCCGGCGAGGGcga 
gggcgatgccaccTACGGCAAG 
CTGACCCTGA 

4 O 134 TGAAGTTCATCTGCACCACcgg 
caagctg.ccc.gtgCCCTGGCCC 
ACCCTCGTGA 

41 182 TCGTGACCACCCTGACCTAcgg 
cgtgcagtgctt CAGCCGCTAC 
CCCGACCACA 

42 458 TCATGGCCGACAAGCAGAAgaa 
cggcatcaaggtgAACTTCAAG 
ATCCGCCACA 

43 25 TTCACCGGGGTGGTGCCCATcc 
tggtcgagctggacGGCGACGT 
AAACGGCCACAA 

44 145 TGCACCACCGGCAAGCTGCCog 
tgccctggcccaccCTCGTGAC 
CACCCTGACCTA 

45 253 TTCAAGTCCGCCATGCCCGAag 
gctacgt.ccaggag CGCACCAT 
CTTCTTCAAGGA 

46 454 TATATCATGGCCGACAAGCAga 
agaacggcatcaagGTGAACTT 
CAAGATCCGCCA 

47 139 TTCATCTGCACCACCGGCAAGc 
tgccc.gtgcc ctggcCCACCCT 
CGTGACCACCCTGA 

48 338 TGAAGTTCGAGGGCGACACCCt 
ggtgaaccogcatcgaGCTGAAG 
GGCATCGACTTCAA 

0222 Each of the 48 TALEN pairs was tested in human 
cells for its ability to disrupt the coding sequence of a chro 
mosomally integrated EGFP reporter gene. In this assay, 
NHEJ-mediated repair of TALEN-induced breaks within the 
EGFP coding sequence led to loss of EGFP expression, which 
was quantitatively assessed using flow cytometry 2 and 5 days 
following transfection. (To ensure that activities of each 
active TALEN pair could be detected, we only targeted sites 
located at or upstream of nucleotide position 503 in the gene, 
a position we had previously shown would disrupt EGFP 
function when mutated with a zinc finger nuclease (ZFN) 
(Maeder et al., 2008, Mol. Cell. 31:294-301).) Strikingly, all 
48 TALEN pairs showed significant EGFP gene-disruption 
activities in this assay (FIG. 19A). The net percentage of 
EGFP-disrupted cells induced by TALENs on day 2 post 
transfection ranged from 9.4% to 68.0%, levels comparable 
to the percentage disruption observed with four EGFP-tar 
geted ZFN pairs originally made by the Oligomerized Pool 
Engineering (OPEN) method (FIG. 19A). These results dem 

of 
repeat of repeat 
domains domains 

SEQ ID in Left in Right 
NO : TALEN TALEN 

31 7. 7. 

32 7. 7. 

33 7. 7. 

34 7. 7. 

35 8.5 8.5 

36 8.5 8.5 

37 8.5 8.5 

38 8.5 8.5 

39 9.5 9.5 

4 O 9.5 9.5 

onstrate that TALENs containing as few as 8.5 TALE repeats 
possess significant nuclease activities and provide a large 
scale demonstration of the robustness of TALENs in human 
cells. 

0223 Interestingly, re-quantification of the percentage of 
EGFP-negative cells at day 5 post-transfection revealed that 
cells expressing shorter-length TALENs (Such as those com 
posed of 8.5 to 10.5 repeats) showed significant reductions in 
the percentage of EGFP-disrupted cells whereas those 
expressing longer TALENs did not (FIGS. 19 A-B and 20A). 
One potential explanation for this effect is cellular toxicity 
associated with expression of shorter-length TALENs. Con 
sistent with this hypothesis, in cells transfected with plasmids 
encoding shorter-length TALENs, greater reductions in the 
percentage of tdTomato-positive cells were observed from 
day 2 to day 5 post-transfection (FIG. 20D) (a tdTomato 
encoding plasmid was co-transfected together with the 
TALEN expression plasmids on day 0). Taken together, our 
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results suggest that although shorter-length TALENs are as 
active as longer-length TALENs, the former can cause greater 
cytotoxicity in human cells. 
0224 Our EGFP experiments also provided an opportu 
nity to assess four of five computationally-derived design 
guidelines (Cermak et al., 2011, Nucleic Acids Res., 39:e82). 
The guidelines proposed by Cermak are as follows: 
0225 1. The nucleotide just 5' to the first nucleotide of the 
half-site should be a thymine. 
0226 2. The first nucleotide of the half-site should not be 
a thymine. 
0227 3. The second nucleotide of the half-site should not 
be an adenosine. 
0228 4. The 3' most nucleotide in the target half-site 
should be a thymine. 
0229. 5. The composition of each nucleotide within the 
target half-site should not vary from the observed percentage 
composition of naturally occurring binding sites by more than 
2 standard deviations. The percentage composition of all 
naturally occurring TALE binding sites is: A-31 +1.6%, 
C=37+13%, G=9-8%, T=22+10%. Hence, the nucleotide 
composition of potential TALE binding sites should be: 
A=0% to 63%, C=11% to 63%, G=0% to 25% and T=2% to 
42%. 
0230. These guidelines have been implemented in the 
TALE-NT webserver (boglabx.plp.iastate.edu/TALENT/ 
TALENT/) to assist users in identifying potential TALEN 
target sites. All 48 of the sequences we targeted in EGFP did 
not meet one or more of these guidelines (however, note that 
all of our sites did meet the requirement for a 5' T). The 
~100% success rate observed for these 48 sites demonstrates 
that TALENs can be readily obtained for target sequences that 
do not follow these guidelines. In addition, for each of the 
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four design guidelines, we did not find any statistically sig 
nificant correlation between guideline violation and the level 
of TALEN-induced mutagenesis on either day 2 or day 5 
post-transfection. We also failed to find a significant correla 
tion between the total number of guideline violations and the 
level of mutagenic TALEN activity. Thus, our results show 
that failure to meet four of the five previously described 
design guidelines when identifying potential TALEN target 
sites does not appear to adversely affect Success rates or 
nuclease efficiencies. 

Example 7 

High-Throughput Alteration of Endogenous Human 
Genes Using Assembled TALENs 

0231. Having established the robustness of the TALEN 
platform with a chromosomally integrated reporter gene, it 
was next determined whether this high success rate would 
also be observed with endogenous genes in human cells. To 
test this, the assembly method described in Example 5 was 
used to engineer TALEN pairs targeted to 96 different human 
genes: 78 genes implicated in human cancer (Vogelstein and 
Kinzler, 2004, Nat. Med., 10:789-799) and 18 genes involved 
in epigenetic regulation of gene expression (Table 7). For 
each gene, a TALEN pair was designed to cleave near the 
amino-terminal end of the protein coding sequence, although 
in a small number of cases the presence of repetitive 
sequences led us to target alternate sites in neighboring down 
stream exons or introns (Table 7). Guided by the results with 
the EGFPTALENs, TALENs composed of 14.5, 15.5, or 16.5 
repeats were constructed that cleaved sites with 16, 17, 18, 19 
or 21 bp spacer sequences. All of the target sites had a T at the 
5' end of each half-site. 

TABLE F 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Target site (half-sites 
in CAPS, spacer in Target 

gene 3. 
ale NHEJ 

lowercase, ATG 
underlined) 

ABL1. 22.5 7.1 TACCTATTATTACT 

Length 
Length of 
of LEFT RIGHT 

half site Length half site 
SEQ ID (include of (include Gene 
NO: 5' 1) spacer 5' T) Type 

141. 16.5 17 15.5 Cancer 

TTATgggggagcago Ctgg 
aaAAGTACTTGGGG 
ACCAA 

AKT2 14.1 7 3 TGTGTCTTGGGATG 142. 16.5 16 16.5 Cancer 

AGTGiggit cagtgttctggtg 
CTCACAGGATGGCT 
GGCA 

AIK 12.7 2 9 TCCTGTGGCTCCTG 143. 16.5 16 15.5 Cancer 

CCGCtgctgctitt coacggc 
AGCTGTGGGCTCCG 

GGA 

APC 48.8 9 8 TATGTACGCCTCCC 144. 16.5 16 16.5 Cancer 

TGGGct cqggit cogg togcc 
CCTTTGCCCGC TTC 
TGTA 

ATM 35.5 15. 6. TGAATTGGGATGCT 145. 16.5 18 16.5 Cancer 

GTTTttagg tatt ctattoaaa 
TTTATTTTACTGTCT 
TTA 
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TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Length 
Length of 

Target site (half-sites of LEFT RIGHT 
Target in CAPS, spacer in half site Length half site 
gene 3. owercase, ATG SEQ ID (include of (include Gene 
ale NHEJ underlined) NO : 5' 1) spacer 5' T) Type 

AXIN2 2.5 O 6 TCCCT CACCATGAG 146. 16.5 16 16.5 Cancer 
TAGCdctatttggtgactitG 
CCTCCCGGACCCCA 
GCA 

BAX 14.7 11. 6 TGTGCGATCTCCAA 147. 16.5 16 16.5 Cancer 
GCACtgaggggcagaaact 
cCCGGATCGGGCGC 
TGCCA 

BCL6 14.9 5.9 TTTTCAAGTGAAGA 148. 16.5 16 16.5 Cancer 
CAAAatggcct cqc cqgct 
gACAGCTGTATCCA 
GTTCA 

BMPR1A 5 O. 4 16.4 TACAATTGAACAAT 149. 16.5 17 16.5 Cancer 

GCCTcagctata catttacat 
CAGATTATTGGGAG 
CCTA 

BRCA1 4 4.5 15.5 TCCGAAGCTGACAG 150. 16.5 16 16.5 Cancer 
ATGGg tatt ctittgacgggg 
GGTAGGGGCGGAA 
CCTGA 

BRCA2 41 .. 6 10.5 TTAGACTTAGGTAA 151. 16.5 16 16.5 Cancer 
GTAAtgcaatatgg tag act 
GGGGAGAACTACA 
AACTA. 

CBX3 35.2 22. 6 TCTGCAATAAAAAA 152. 16.5 16 16.5 Epigenetic 
TGGCC to caacaaaactaca 
TTGGTAAGTTAATG 
AAAA 

CBX8 13.5 3.4 TGGAGCTTTCAGCG 153. 16.5 17 15.5 Epigenetic 
GTGGgggagcgggtgttctg 
cggCCGAAGCCCTC 
CTGAA 

CCND1 4 O. 5 22 TGGAACACCAGCTC 154. 16.5 19 16.5 Cancer 
CTGTgctg.cgaagtggaaac 
cat CCGCCGCGCGTA 
CCCCGA 

CDC73 36.3 7.7 TGCTTAGCGTCCTG 155. 16.5 16 16.5 Cancer 
CGACagtacaa.cat coagaa 
GAAGGAGATTGTG 
GTGAA 

CDH1 Cole TGCTGCAGGTACCC 156. 16.5 16 16.5 Cancer 

CGGAtcc cct gacttgcgag 
GGACGCATTCGGGC 
CGCA 

CDK4 21.5 17.4 TCCCTTGATCTGAG 157. 14.5 16 15.5 Cancer 
AAtggctacct citcgata TG 
AGCCAGTGGCTGA 
AA 

CHD4 9. 6 O. 1 TGGCGTCGGGCCTG 158. 15.5 17 16.5 Epigenetic 
GGCtccc.cgtc.cccctgctc 
GGCGGGCAGTGAG 
GAGGA 

CHD7 11. 4 2.7 TGTGTTGGAAGAAG 159. 16.5 16 16.5 Epigenetic 
ATGGcagatccaggaatgat 
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TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Length 
Length of 

Target site (half-sites of LEFT RIGHT 
Target in CAPS, spacer in half site Length half site 
gene 3. lowercase, ATG SEQ ID (include of (include Gene 
ale NHEJ underlined) NO : 5' 1) spacer 5' T) Type 

GAGTCTTTTTGGCG 
AGGA 

CTNNB1, 26. O 8 1. TCCAGCGTGGACAA 16O. 15.5 16 16.5 Cancer 

TGGct acticaaggtttgttgTC 
ATTAAATCTTTAGT 
TA 

CYLD 24.7 2 3 TAATATCACAATGA 161. 16.5 18 16.5 Cancer 
GTTCaggct tatggagccaa 
gaAAAAGTCACTTC 
ACCCTA 

DDB2 15.8 7 2 TCACACGGAGGAC 162. 14.5 16 16.5 Cancer 
GCGatggctic ccaagaaac 
GCCCAGAAACCCA 
GAAGA 

ERCC2 55.8 12.7 TCCGGCCGGCGCCA 163. 15.5 16 14.5 Cancer 
TGAagtgaga agggggctg 
GGGGTCGCGCTCGC 
TA 

ERCCS Cole TCCGGGATCGCCAT 164. 16.5 19 16.5 Cancer 

GGGAact caatagaaaatcc 
tcaTCTTCTCACTTTG 
TTTCA 

EWSR1 14.3 8 2 TGGCGTCCACGGGT 165. 16.5 17 16.5 Cancer 
GAGTatggtggaactg.cggit 
cGCGCCGGCGGTAG 
CCGGA 

EXT1 9.5 3 O TGACCCAGGCAGG 166. 16.5 17 16.5 Cancer 
ACACAtgcaggccaaaaaa 
cgcTATTTCATCCTG 
CTCTCA 

EXT2 Cole TTCCTCCCAGGGGG 167. 16.5 16 16.5 Cancer 

ATGTcctg.cgcct caggg to 
CGGTGGTGGCCTGC 
GGCA 

EZH2 41.3 2 6 TGCTTTTAGAATAA 168. 16.5 16 16.5 Epigenetic 
TCATgggc.ca.gactgggaa 
gAAATCTGAGAAGG 
GACCA. 

FANCA. 9.7 5 O TAGGCGCCAAGGC 169. 16.5 16 16.5 Cancer 
CATGT.ccgacticgtgggtc 
ccGAACTCCGCCTC 
GGGCCA 

FANCC 23.7 17.8 TGAAGGGACATCA. 17 O. 16.5 17 15.5 Cancer 
CCTTTtc.gctttitt coaagatg 
GCTCAAGATTCAGT 
AGA 

FANCE Cole TGCCCCGGCATGGC 171. 16.5 17 16.5 Cancer 
GACAccggacgcggggctic 
ccTGGGGCTGAGGG 
CGTGGA 

FANCF 46 ... O 7.7 TTCGCGCACCTCAT 172. 14.5 16 16.5 Cancer 
GGaatcc cittctgcagoaCC 
TGGATCGCTTTTCC 

GA 
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TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Length 
Length of 

Target site (half-sites of LEFT RIGHT 
Target in CAPS, spacer in half site Length half site 
gene 3. lowercase, ATG SEQ ID (include of (include Gene 
ale NHEJ underlined) NO : 5' 1) spacer 5' T) Type 

FANCG 26.9 16.2 TCGGCCACCATGTC 173. 14.5 16 16.5 Cancer 
CCdccagaccacct ctdt CG 
GCTCCAGCTGCCTG 
GA 

FES 12. 6 1.O. 6 TCCCCAGAACAGCA 174. 16.5 18 16.5 Cancer 
CTA Togggcttct ct tcc.gagc 
tGTGCAGCCCCCAG 
GGCCA 

FGFR1 17. 4. 6 2 TCTGCTCCCCACCG 175. 16.5 16 15.5 Cancer 
AGGAcct ctdcatgcaggca 
TGAATCCCAGGAGC 
CTA 

11.8 TGTACCGAGCACTT 176. 16.5 17 16.5 Cancer 

FLCN 11.1 4. 4. TCTCCAAGGCACCA 177. 16.5 18 16.5 Cancer 
TGAAtgc catcgtggct citct 
gCCACTTCTGCGAG 
CTCCA 

FLT3 Cole TCCGGAGGCCATGC 178. 16.5 21 15.5 Cancer 

CGGC gttggcgc.gc.gacgg 
cggccagoTGCCGCTG 
CTCGGTA 

FLT4 9.9 5 O TGCAGCGGGGCGC 179. 16.5 19 16.5 Cancer 
CGCGCtgtgcctg.cgactgt 
ggctCTGCCTGGGAC 
TCCTGGA 

FOXO1 8.5 1. 1. TCACCATGGCCGAG 18O. 15.5 16 14.5 Cancer 
GCGcct caggtggtggagaT 
CGACCCGGACTTCGA 

FOXO3 7.3 2 3 TCTCCGCTCGAAGT 181. 16.5 18 16.5 Cancer 
GGAGctggacccggagttc 
gag CCCCAGAGCCGT 
CCGCGA 

GLI1 21. 5 12. 4 TCCTCTGAGACGCC 182. 16.5 16 16.5 Cancer 

ATGTtcaact cqatgacc cc 
ACCACCAATCAGTA 
GCTA 

HDAC1 10.8 3 O TGGCGCAGACGCA 183. 15.5 17 16.5 Epigenetic 
GGGCacccggaggaaagtic 
tgTTACTACTACGAC 
GGTGA 

HDAC2 4.2 O 9 TGCGCTCACCTCCC 184. 16.5 18 16.5 Epigenetic 
TGCGgcct cotgaggtggittt 
gGTGGCCCCCTCCT 
CGCGA 

HDAC6 21. 4. 2 1. TCCTCAACTATGAC 185. 16.5 16 16.5 Epigenetic 
CTCAaccggc.caggatt.cca 
CCACAACCAGGCA 
GCGAA 

HMGA2 3. O 1. 5 TGAGCGCACGCGGT 186. 16.5 16 16.5 Cancer 
GAGGgcgcggggcagc.cg 
tcCACTTCAGCCCAG 
GGACA 
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TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Length 
Length of 

Target site (half-sites of LEFT RIGHT 
Target in CAPS, spacer in half site Length half site 
gene 3. lowercase, ATG SEQ ID (include of (include Gene 
ale NHEJ underlined) NO : 5' 1) spacer 5' T) Type 

HOXA13 7.6 3.1. TCCGTGCTCCTCCA 187. 16.5 17 16.5 Cancer 
CCCCogctggat.cgagcc.ca 
cCGTCATGTTTCTCT 
ACGA 

HOXA9 6. 4 2 7 TGGGCACGGTGATG 188. 14.5 16 15.5 Cancer 
GCcaccactgggg.ccctgG 
GCAACTACTACGTG 
GA 

HOXC13 10.5 O 3 TCCAGCAGATCATG 189. 16.5 18 16.5 Cancer 
TCAT.gacgactitcgctgcticc 
tGCATCCACGCTGG 
CCGGA 

HOXD11 Cole TTGACGAGTGCGGC 19 O. 15.5 17 16.5 Cancer 
CAGagcgcagc.cagcatgta 
CCTGCCGGGCTGCG 
CCTA 

HOXD13 Cole TGCGGGCAGACGG 191. 16.5 17 16.5 Cancer 
CGGGGgcgc.cggtgg.cgc 
ccc.gc.cCTCTTCCTCC 
TCC TCA 

JAK2 44.9 16.9 TCTGAAAAAGACTC 192. 16.5 16 16.5 Cancer 
TGCAtgggaatggcct gcct 
TACGATGACAGAA 
ATGGA 

KIT Cole TACCGCGATGAGA 193. 16.5 19 16.5 Cancer 
GGCGCtcgcgg.cgc.ctgg 
gattittcTCTGCGTTCT 
GCTCCTA 

KRAS 9. 4 - O. 9 TGAAAATGACTGA 194. 16.5 17 15.5 Cancer 
ATATAaacttgttgg tagttg 
gaGCTGGTGGCGTA 
GGCAA 

MAP2K4 11.9 7 1. TAGGGTCCCCGGCG 195. 16.5 16 16.5 Cancer 
CCAGgccacccgg.ccgtca 
gCAGCATGCAGGGT 
AAGGA 

MDM2 33. O 2O2. TCCAAGCGCGAAA 196. 16.5 17 15.5 Cancer 
ACCCC9gatggtgaggag 
caggTACTGGCCCGG 
CAGCGA 

MET 4 O. 4 1. Of TTATTATTACATGG 197. 16.5 16 16.5 Cancer 
CTTTgcct tact gaggctitcA 
TCTTGTCCTCTGGT 
CCA 

MLH1. 44.9 6 3 TCTGGCGCCAAAAT 198. 16.5 16 16.5 Cancer 
GTCGttcgtggcaggggitta 
TTCGGCGGCTGGAC 
GAGA 

MSH2 27.5 1.O. 4 TGAGGAGGTTTCGA 199. 16.5 16 16.5 Cancer 
CATGgcggtgcago.cgaag 
gAGACGCTGCAGTT 
GGAGA 

MUTYH. 24.9 8 4. TCACTGTCGGCGGC 2 OO . 16.5 18 16.5 Cancer 

CATGacaccgct cqtctic cc 
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TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Target 
gene 
ale NHEJ 

Length 
Length of 

Target site (half-sites of LEFT RIGHT 
in CAPS, spacer in half site Length half site 
lowercase, ATG SEQ ID (include of (include Gene 
underlined) NO : 5' 1) spacer 5' T) Type 

MYC 

MYCL1 

MYCN 

NBN 

NCOR1 

NCOR2 

NTRK1 

PDGFRA 

PDGFRB 

PHF8 

PMS2 

PTCH1 

PTEN 

13. 

17. 

16. 

46. 

29. 

16. 

16. 

22. 

26. 

27. 

31. 

3 

Cole 

11. 

15. 

13. 

15. 

11. 

gccTGAGTCGTCTGT 
GGGTA 

TGCTTAGACGCTGG 2O1. 16.5 16 16.5 Cancer 
ATTTttitt.cggg tagtggaaA 
ACCAGGTAAGCAC 
CGAA 

TCCCGCAGGGAGC 2O2. 16.5 16 16.5 Cancer 
GGACAtggactacgacticg 
taCCAGCACTATTTC 
TACGA 

TGCCGAGCTGCTCC 2O3. 14.5 16 16.5 Cancer 
AC9tccaccatgc.cgggcA 
TGATCTGCAAGAAC 
CCA 

TGAGGAGCCGGAC 2O4. 14.5 16 14.5 Cancer 
CGAtgtggaaactgctgccC 
GCCGCGGGCCCGG 
CA 

TCTTTACTGATAAT 2O5. 16.5 16 16.5 Epigenetic 
GTCAagttcatgttaccctcC 
CAACCAAGGAGCA 
TTCA 

TGGAGGGCCACTG 2O6. 14.5 16 14.5 Epigenetic 
AGC ccc.gctaccc.gc.ccca 
CAGCCTTTCCTACC 
CA 

TCGGCGCATGAAG 2O7. 16.5 16 16.5 Cancer 

GAGGTacticcitcatttitcgtt 
CTCTCTCTCTGTGC 
CCCA 

TTGCGCTCGGGGCG 2O8. 16.5 16 16.5 Cancer 

GCCAtgtcggc.cggcgagg 
tCGAGCGCCTAGTG 
TCGGA 

TCTGCAGGACACCA 2 O9. 16.5 16 16.5 Cancer 

TGCGgct tcc.gggtgcgatg 
CCAGCTCTGGCCCT 

CAAA. 

TGAGTACTCCGCCT 21 O. 16.5 16 16.5 Epigenetic 
CTACcccggctgaa.gc.ccg 
cCCCCGCCGCCACC 
TATTA 

TCGGGTGTTGCATC 211 . 16.5 18 16.5 Cancer 

CATGgagcgagctgagagc 
togAGGTGAGCGGG 
GCTCGCA 

TGGAACTGCTTAAT 212. 14.5 16 14.5 Cancer 

AGaaacaggcttgtaatt GT 
GAGTCCGCGCTGCA 

TCCCAGACATGACA 213. 15.5 16 16.5 Cancer 

GCCatcatcaaagagat.cgT 
TAGCAGAAACAAA 
AGGA 

18, 2014 
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TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Target 
gene 
ale 

Length 
Length of 

Target site (half-sites of LEFT RIGHT 
in CAPS, spacer in half site Length half site 
lowercase, ATG SEQ ID (include of (include Gene 
underlined) NO : 5' 1) spacer 5' T) Type 

RARA 

RBBPS 

RECQL4 

REST 

RET 

RNF2 

RUNX1. 

SDHB 

SDHC 

SDHD 

SETDB1. 

SIRT6 

SMAD2 

SS18 

15. 

22. 

25. 

36. 

13. 

42. 

33. 

43. 

31. 

Cole 

Cole 

6.1 TGGCATGGCCAGCA 214. 16.5 17 16.5 Cancer 

16. 

19. 

ACAGcagctic ct gcc.cgac 
acCTGGGGGCGGGC 
ACCTCA 

TGCTGGGTGAGAA 215. 15.5 17 16.5 Epigenetic 
GGGCtgtggctg.cgttittaga 
GAAGCGTTGGGTAC 
TGGA 

TGCGGGACGTGCG 216. 16.5 16 16.5 Cancer 
GGAGC9gctgcaggcgtg 
ggagCGCGCGTTCCG 
ACGGCA 

TCAGAATACAGTTA 217. 16.5 16 16.5 Epigenetic 
TGGCcacccagg taatggg 
gCAGTCTTCTGGAG 
GAGGA 

TGAGTTCTGCCGGC 218. 16.5 17 16.5 Cancer 
CGCC9gctcc.cgcaggggc 
caGGGCGAAGTTGG 
CGCCGA 

TTC TTTATTTCCAG 219. 16.5 16 16.5 Epigenetic 
CAATct citcaggctgtgcag 
ACAAACGGAACTC 
AACCA 

TTCAGGAGGAAGC 22 O. 16.5 16 16.5 Epigenetic 
GATGGcttcagacago at at 
tTGAGTCATTTCCTT 
CGTA 

TCTCCTTGAGGCGC 221. 16.5 16 16.5 Cancer 
CGGTtgc.cggccacaa.ccct 
TGGCGGAGCCTGCC 
TGCA 

TGTTGCTGAGGTGA 222. 16.5 19 15.5 Cancer 
CTTCagtggg actgggagtt 
ggtoCCTGCGGCCCT 
CCGGA 

TCAGGAACGAGAT 223. 16.5 17 16.5 Cancer 

GGCGGttct c toggaggctga 
gtcCCGTTTGCGGTG 
CCCTA 

TGCAGAGGACAAA. 224. 16.5 16 16.5 Epigenetic 
AGCATgtct tcc ct tcctgg 
gTGCATTGGTTTGG 
ATGCA 

TTACGCGGCGGGGC 225. 16.5 18 16.5 Epigenetic 
TGTCdcc.gtacgcggacaa 
gggCAAGTGCGGCC 
TCCCGGA 

TTTGGTAAGAACAT 226. 16.5 17 15.5 Cancer 
GTCGtccatcttgccattcac 
GCCGCCAGTTGTGA 
AGA 

TGGTGACGGCGGC 227. 16.5 17 16.5 Cancer 

AACAT.gtctgtggctitt.cgc 

18, 2014 



US 2014/0274812 A1 Sep. 18, 2014 
42 

TABLE 7-continued 

Endogenous human gene sequences targeted by 96 pairs of TALENs 

Target site (half-sites 
in CAPS, spacer in 
lowercase, ATG SEQ ID 
underlined) NO : 

Target 
gene 3. 
ale 

ggCCCCGAGGCAGC 
GAGGCA 

SUZ12 13.1 O 4. TGGCGCCTCAGAAG 228. 
CAC9gcggtgggggaggg 
GGCGGCTCGGGGC 
CCA 

TFE3 17.3 2 4. TCATGTCTCATGCG 229. 
GCCGalaccagotcgggatg 
gCGTAGAGGCCAGC 
GCGGA 

TGFBR2 TCGGGGGCTGCTCA 23 O. 
GGGGcctgtggcc.gctgca 
caTCGTCCTGTGGAC 
GCGTA 

Cole 

TLX3 TTCCGCCCGCCCAG 231. 
GATGgaggcgc.ccgc.cag 
cgcGCAGACCCCGC 
ACCCGCA 

Cole 

TPS3 19.9 3 6 TTGCCGTCCCAAGC 232. 
AATGgatgatttgatgctgtc 
CCCGGACGATATTG 
AACA 

TSC2 3. Of 2 2 7 TCCTGGTCCACCAT 233. 
GGC caaaccaacaa.gcaaa 
gATTCAGGCTTGAA 
GGAGA 

WHL 19.4 1. 1. TCTGGATCGCGGAG 234. 
GGAAtgcc.ccggagggcg 
gaGAACTGGGACGA 
GGCCGA 

XPA 12.9 2 2 TGGGCCAGAGATG 235 . 
GCGGCggc.cgacggggct 
ttgCCGGAGGCGGCG 
GCTTTA 

XPC 31.4 4. 2 TGCCCAGACAAGC 236. 
AACAT.ggct cqgaaacgc 
gcc.gc.cGGCGGGGAG 
CCGCGGGGA 

0232. The abilities of the 96 TALEN pairs to introduce 
NHEJ-mediated insertion or deletion (indel) mutations at 
their intended endogenous gene targets were tested in cul 
tured human cells using a slightly modified version of a 
previously described T7 Endonuclease I (T7EI) assay (Mus 
solino et al., 2011, Nucleic Acids Res., 39:9283-93; Kim et 
al., 2009, Genome Res., 19:1279-88). With this T7EI assay, 
83 of the 96 TALEN pairs showed evidence of NHEJ-medi 
ated mutagenesis at their intended endogenous gene target 
sites, an overall success rate of -86% (Table 7). The efficien 
cies of TALEN-induced mutagenesis we observed ranged 
from 2.5% to 55.8% with a mean of 22.5%. To provide 
molecular confirmation of the mutations we identified by 
T7EI assay, we sequenced target loci for 11 different TALEN 
pairs that induced varying efficiencies of mutagenesis (FIGS. 

Length 
Length of 
of LEFT RIGHT 

half site Length half site 
(include of (include Gene 
5' 1) spacer 5' T) Type 

14.5 16 14.5 Epigenetic 

16.5 16 16.5 Cancer 

16.5 17 16.5 Cancer 

16.5 17 16.5 Cancer 

16.5 17 16.5 Cancer 

15.5 17 16.5 Cancer 

16.5 16 16.5 Cancer 

16.5 16 16.5 Cancer 

16.5 19 16.5 Cancer 

21A-D). As expected, this sequencing revealed indels at the 
expected target gene sites with frequencies similar to those 
determined by the T7EI assays. 
0233. The nucleotide and amino acid sequences for 14 of 
the 96 pairs of TALENs targeted to the endogenous human 
genes in Table 7 are presented below. Each TALEN monomer 
is presented as follows: 
0234 (1) A header with information presented in the for 
mat: Gene target Left or Right monomer Target DNA site 
shown 5' to 3' TALE repeat monomers and 0.5 repeat plasmid 
used with code as shown in Table 4. 

0235 (2) DNA sequence encoding the N-terminal part of 
the TALE required for activity, the TALE repeat array, the 
C-terminal 0.5 TALE repeat domain, and the C-terminal 63 
amino acids required for activity from a Nhe site to a BamHI 
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site. This sequence is present in the “Vector Sequence' plas 
mid shown below, taking the place of the underlined X's 
flanked by Nhe and BamHI sites 
0236 (3) Amino acid sequences the N-terminal part of the 
TALE required for activity, the TALE repeat array, the C-ter 
minal 0.5 TALE repeat domain, and the C-terminal 63 amino 
acids required for activity shown from the start of translation 
(located just 3' to the Nhe site and including an N-terminal 
FLAG epitope tag) to a Gly-Ser sequence (encoded by the 
BamHI site) that serves as a linker from the TALE repeat array 
to the FokI cleavage domain. 

VECTOR SEQUENCE 
SEO ID NO: 244 

GACGGATCGGGAGATCTCCCGATCCCCTATGGTCGACTCTCAGTACAATCTGCTCTGATGCCGCATAGTTA 

AGCCAGTATCTGCTCCCTGCTTGTGTGTTGGAGGTCGCTGAGTAGTGCGCGAGCAAAATTTAAGCTACAAC 

AAGGCAAGGCTTGACCGACAATTGCATGAAGAATCTGCTTAGGGTTAGGCGTTTTGCGCTGCTTCGCGATG 

TACGGGCCAGATATACGCGTTGACATTGATTATTGACTAGTTATTAATAGTAATCAATTACGGGGTCATTA 

GTTCATAGCCCATATATGGAGTTCCGCGTTACATAACTTACGGTAAATGGCCCGCCTGGCTGACCGCCCAA 

CGACCCCCGCCCATTGACGTCAATAATGACGTATGTTCCCATAGTAACGCCAATAGGGACTTTCCATTGAC 

GTCAATGGGTGGACTATTTACGGTAAACTGCCCACTTGGCAGTACATCAAGTGTATCATATGCCAAGTACG 

CCCCCTATTGACGTCAATGACGGTAAATGGCCCGCCTGGCATTATGCCCAGTACATGACCTTATGGGACTT 

TCCTACTTGGCAGTACATCTACGTATTAGTCATCGCTATTACCATGGTGATGCGGTTTTGGCAGTACATCA 

ATGGGCGTGGATAGCGGTTTGACTCACGGGGATTTCCAAGTCTCCACCCCATTGACGTCAATGGGAGTTTG 

TTTTGGCACCAAAATCAACGGGACTTTCCAAAATGTCGTAACAACTCCGCCCCATTGACGCAAATGGGCGG 

TAGGCGTGTACGGTGGGAGGTCTATATAAGCAGAGCTCTCTGGCTAACTAGAGAACCCACTGCTTACTGGC 

TTATCGAAATTAATACGACT CACTATAGGGAGACCCAAGCTGGCTAGCXXXXXXXXXXGGACCCAACTAG 

TCAAAAGTGAACTGGAGGAGAAGAAATCTGAACTTCGTCATAAATTGAAATATGTGCCTCATGAATATATT 

GAATTAATTGAAATTGCCAGAAATTCCACTCAGGATAGAATTCTTGAAATGAAGGTAATGGAATTTTTTAT 

GAAAGTTTATGGATATAGAGGTAAACATTTGGGTGGATCAAGGAAACCGGACGGAGCAATTTATACTGTCG 

GATCTCCTATTGATTACGGTGTGATCGTGGATACTAAAGCTTATAGCGGAGGTTATAATCTGCCAATTGGC 

CAAGCAGATGAAATGCAACGATATGTCGAAGAAAATCAAACACGAAACAAACATATCAACCCTAATGAATG 

GTGGAAAGTCTATCCATCTTCTGTAACGGAATTTAAGTTTTTATTTGTGAGTGGTCACTTTAAAGGAAACT 

ACAAAGCTCAGCTTACACGATTAAATCATATCACTAATTGTAATGGAGCTGTTCTTAGTGTAGAAGAGCTT 

TTAATTGGTGGAGAAATGATTAAAGCCGGCACATTAACCTTAGAGGAAGTCAGACGGAAATTTAATAACGG 

CGAGATAAACTTTTAAGGGCCCTTCGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGC 

GTACCGGTCATCAT CACCATCACCATTGAGTTTAAACCCGCTGATCAGCCTCGACTGTGCCTTCTAGTTGC 

CAGCCATCTGTTGTTTGCCCCTCCCCCGTGCCTTCCTTGACCCTGGAAGGTGCCACTCCCACTGTCCTTTC 

CTAATAAAATGAGGAAATTGCATCGCATTGTCTGAGTAGGTGTCATTCTATTCTGGGGGGTGGGGTGGGGC 

AGGACAGCAAGGGGGAGGATTGGGAAGACAATAGCAGGCATGCTGGGGATGCGGTGGGCTCTATGGCTTCT 

GAGGCGGAAAGAACCAGCTGGGGCTCTAGGGGGTATCCCCACGCGCCCTGTAGCGGCGCATTAAGCGCGGC 

GGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCT 

TCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGCATCCCTTTAGGGTTC 

CGATTTAGTGCTTTACGGCAC CTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTAGTGGGCCATC 

GCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGACTCTTGTTCCAAA 


















































































































































































































































































































































































































































