wo 2016/106338 A2 || N0FV0 0 00 R OO0 O A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/106338 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

30 June 2016 (30.06.2016) WIPOIPCT
International Patent Classification: (81)
CI2N 9/22 (2006.01)

International Application Number:
PCT/US2015/067424

International Filing Date:
22 December 2015 (22.12.2015)

Filing Language: English
Publication Language: English
Priority Data:

62/095,399 22 December 2014 (22.12.2014) US
14/976,196 21 December 2015 (21.12.2015) US
Applicant: UNIVERSITY OF MASSACHUSETTS

[US/US]; One Beacon Street, 31st Floor, Boston, MA
02108 (US).

Inventors: WOLFE, Scot, Andrew; 28 Hollywood Road,
Winchester, MA 01890 (US). BOLUKBASI, Mehmet,
Fatih; 65 Frank Street, Apt 129, Worcester, MA 01604
(US). GUPTA, Ankit; 65 Lake Avenue, Unit 215,
Worcester, MA 01604 (US). SONTHEIMER, Erik, J.;
236 Islington Road, Auburndale, MA 02466 (US). AM-
RANI, Nadia; 6 Gratton Street, Unit 8, Shrewsbury, MA
01545 (US).

Agents: HOWERTON, Thomas, C. et al.; Medlen & Car-
roll, LLP, 1440 Broadway, Suite 510, Oakland, CA 94612

(US).

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: CAS9-DNA TARGETING UNIT CHIMERAS

Figure 1

(57) Abstract: The present invention provides a Cas9 platform to facilitate single-site nuclease gene editing precision within a hu-
man genome. For example, a Cas9 nuclease/DN A- targeting unit (Cas9-DTU) tusion protein precisely delivers a Cas9/sgRNA com-
plex to a specitic target site within the genome for subsequent sgRNA-dependent cleavage of an adjacent target sequence. Alternat -
ively, attenuating Cas9 binding using mutations to the a protospacer adjacent motif (PAM) recognition domain makes Cas9 target
site recognition dependent on the associated DTU, all while retaining Cas9's sgRNA-mediated DNA cleavage fidelity. Cas9-DTU fu-
sion proteins have improved target site binding precision, greater nuclease activity, and a broader sequence targeting range than
standard Cas9 systems. Existing Cas9 or sgRNA variants (e.g., truncated sgRNAs (tru-gRNAs), nickases and Fokl fusions) are com-
patible with these improvements to further reduce off-target cleavage. A robust, broadly applicable strategy is disclosed to impart
Cas9 genome-editing systems with the single-genomic-site accuracy needed for safe, effective clinical application.
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Cas9-DNA Targeting Unit Chimeras

Government Support
This invention was made with government support under Grant number 1RO1AT117839

awarded by National Institutes of Health. The government has certain rights in the invention.

Field Of The Invention

The present invention may be related to the field of genetic engineering. In particular,
specific genes or sequences within a genome can be deleted or modified in a directed manner
with improved precision when a Cas9 nuclease may be coupled to an independent DNA targeting
unit: for example, a programmable DNA-binding domain (pDBD) and/or to an alternate Cas9
isoform. An improvement in the precision of cleavage from this Cas9 nuclease-DNA targeting
unit chimera may be realized by attenuating the DNA-binding affinity of the conventional Cas9
nuclease via specific mutations, such that an association of a Cas9 nuclease with its target site
may be dependent on the specificity of the associated targeting unit (e.g., for example, either a
programmable DNA-binding domain or to an alternate Cas9 isoform). These modifications
have an added advantage of increasing the diversity of sequences that can be utilized as a target
site, allowing breaks to be positioned more precisely near a specific target of interest. The
association of Cas9 and the DNA targeting unit need not be covalent, but can be mediated
through drug-dependent dimerization, which affords temporal control over the activity of this
chimeric nuclease complex. This chimeric nuclease can be used in conjunction with other
variants of Cas9 (e.g., for example, truncated guide RNAs, nickases or FokI fusions) that
improve precision to further reduce the chance of cleaving unwanted sites within the treated

genome.

Background

Cas9 (clustered regularly interspaced short palindromic repeats; CRISPR-associated
system) may be part of a bacterial immune response to foreign nucleic acid introduction. The
development of Type 11 CRISPR/Cas9 systems as programmable nucleases for genome

engineering has been beneficial in the biomedical sciences. For example, a Cas9 platform has
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enabled gene editing in a large variety of biological systems, where both gene knockouts and
tailor-made alterations are possible within complex genomes. The CRISPR/Cas9 system has the
potential for application to gene therapy approaches for disease treatment, whether for the
creation of custom, genome-edited cell-based therapies or for direct correction or ablation of
aberrant genomic loci within patients.

The safe application of Cas9 in gene therapy requires exceptionally high precision to
ensure that undesired collateral damage to the treated genome may be minimized or, ideally,
eliminated. Numerous studies have outlined features of Cas9 that can drive editing promiscuity,
and a number of strategies (e.g. truncated single-guide RNAs (sgRNASs), nickases and FokI
fusions) have been developed that improve the precision of this system. However all of these
systems still suffer from a degree of imprecision (cleavage resulting in lesions at unintended
target sites within the genome).

However, what may be needed in the art are further improvements in editing precision to
facilitate reliable clinical applications that require simultaneous efficient and accurate editing of
multigigabase genomes in billions to trillions of cells, depending on the scope of genetic repair

that may be needed for therapeutic efficacy.

Summary Of The Invention

The present invention may be related to the field of genetic engineering. In particular,
specific genes or sequences within a genome can be deleted or modified in a directed manner
with improved precision when a Cas9 nuclease may be coupled to an independent DNA targeting
unit: for example, a programmable DNA-binding domain and/or to an alternate Cas9 isoform.
An improvement in the precision of cleavage from this Cas9 nuclease-DNA targeting unit
chimera may be realized by attenuating the DNA-binding affinity of the conventional Cas9
nuclease via specific mutations, such that an association of a Cas9 nuclease with its target site
may be dependent on the specificity of the associated targeting unit (e.g., for example, cither a
programmable DNA-binding domain or to an alternate Cas9 isoform). These modifications have
an added advantage of increasing the diversity of sequences that can be utilized as a target site,
allowing breaks to be positioned more precisely near a specific target of interest. In addition, the

fusion of a DNA targeting unit to Cas9 can also increase its activity relative to wild-type Cas9.
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The association of Cas9 and the DNA targeting unit need not be covalent, but can be mediated
through drug-dependent or light-dependent dimerization, which afford temporal control over the
activity of this chimeric nuclease complex. This chimeric nuclease can be used in conjunction
with other variants of Cas9 (e.g., for example, truncated guide RNAs, nickases or FokI fusions)
that improve precision to further reduce the chance of cleaving unwanted sites within the treated
genome.

In one embodiment, the present invention contemplates a fusion protein comprising a
Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent motif recognition
domain and a peptide linker, wherein said peptide linker is attached to a DNA binding domain
(DBD) protein. In one embodiment, said Cas9 nuclease is selected from the group consisting of
SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, said mutated protospacer adjacent
motif recognition domain is selected from the group consisting of CasO™™!| Cas9™"?, CasoM™®,
NmCas9*™ and NmCas9™. In one embodiment, said DBD protein is selected from the group
consisting of DBD?*%, DBDTSI, DBD™, DBD™? and DBD™*. In one embodiment, said DBD
protein is selected from the group consisting of a zinc finger protein and a transcription activator-
like effector protein. In one embodiment, said fusion protein further comprises a guide RNA
which is attached to a guide sequence element . In one embodiment, said mutated protospacer
adjacent motif recognition domain comprises mutated DNA phosphodiester recognition amino
acid residues. In one embodiment, said guide RNA is selected from the group consisting of an
sgRNA sequence, a ctRNA sequence and a tractRNA sequence. In one embodiment, said guide
sequence element is truncated. In one embodiment, said truncated guide sequence element is
less than twenty nucleotides.

In one embodiment, the present invention contemplates a fusion protein comprising a
Cas9 nuclease, said nuclease comprising a protospacer adjacent motif recognition domain and a
truncated peptide linker, wherein said truncated peptide linker is attached to a DNA binding
domain (DBD) protein. In one embodiment, said truncated peptide linker is between two and
sixty amino acids. In one embodiment, said truncated peptide linker is between twenty-five and
sixty amino acids. In one embodiment, said Cas9 nuclease is selected from the group consisting
of SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, said DBD protein is selected
from the group consisting of DBD*® DBD™!, DBD™2, DBD™? and DBD™*. In one
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embodiment, said DBD protein is selected from the group consisting of a zinc finger protein and
a transcription activator-like effector protein. In one embodiment, said fusion protein further
comprises a guide RNA, which contains a guide sequence element . In one embodiment, said
guide RNA is selected from the group consisting of an sgRNA sequence, a crRNA sequence and
a tractRNA sequence. In one embodiment, said guide sequence element is truncated. In one
embodiment, said truncated guide sequence element is less than twenty nucleotides.

In one embodiment, the present invention contemplates a fusion protein comprising a
Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent motif recognition
domain and a truncated peptide linker, wherein said truncated peptide linker is attached to a
DNA binding domain (DBD) protein. In one embodiment, said truncated peptide linker is
between two and sixty amino acids. In one embodiment, said truncated peptide linker is between
twenty-five and sixty amino acids. In one embodiment, said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of Caso™™ CasoM™ | Caso™™,
NmCas9*™ and NmCas9™. In one embodiment, mutated protospacer adjacent motif
recognition domain comprises mutated DNA phosphodiester recognition amino acid residues. In
one embodiment, said Cas9 nuclease is selected from the group consisting of SpCas9, SaCas9,
NmCas9 and AnCas9. In one embodiment, said DBD protein is selected from the group
consisting of DBD**®, DBD" SL DBD™, DBD™? and DBD™*. In one embodiment, said DBD
protein is selected from the group consisting of a zinc finger protein and a transcription activator-
like effector protein. In one embodiment, said fusion protein further comprises a guide RNA
which contains a guide sequence element. In one embodiment, said guide RNA is selected from
the group consisting of an sgRNA sequence, a ctRNA sequence and a tractRNA sequence. In
one embodiment, said guide sequence element is truncated. In one embodiment, truncated guide
sequence element is less than twenty nucleotides.

In one embodiment, the present invention contemplates a DNA/protein complex
comprising a Cas9 nuclease, said nuclease comprises a mutated protospacer adjacent motif
recognition domain and a peptide linker, wherein said peptide linker is attached to a DNA
binding domain (DBD) protein, wherein said mutated protospacer adjacent motif recognition
domain at least partially binds to a DNA protospacer adjacent motif sequence and said DBD

protein binds to a DNA target site, where target site cleavage precision has a specificity ratio
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greater than a Cas9" ! nuclease. In one embodiment, the DNA target site is a neighboring DNA
target site. In one embodiment, said specificity ratio ranges between a two-fold to a one-hundred
and fifty six fold greater than said Cas9" " nuclease. In one embodiment, said Cas9 nuclease is
selected from the group consisting of SpCas9, SaCas9, NmCas9 and AnCas9. In one
embodiment, the mutated protospacer adjacent motif recognition domain renders target
recognition dependent on the DNA-binding domain. In one embodiment, said mutated
protospacer adjacent motif recognition domain is selected from the group consisting of Caso™"!,
CasOM™? | Caso™MT NmCas9*™ and NmCas9™. In one embodiment, said DBD protein is
selected from the group consisting of DBD*®, DBD™!, DBD™?, DBD™? and DBD™. In one
embodiment, said DNA target site is selected from the group consisting of a Zif268 site, a TS1
site, a T'S2 site, a T'S3 site and a TS4 site. In one embodiment, said DBD protein is selected from
the group consisting of a zinc finger protein and a transcription activator-like effector protein. In
one embodiment, said complex further comprises a guide RNA attached to a guide sequence
element that is complementary to a region of the DNA target site. In one embodiment, said

Cas9 nuclease comprises mutated DNA phosphodiester recognition amino acid residues. In one
embodiment, said guide RNA is selected from the group consisting of an sgRNA sequence, a
crRNA sequence and a tractRNA sequence. In one embodiment, said guide sequence element is
truncated. In one embodiment, said truncated guide sequence element is less than twenty
nucleotides.

In one embodiment, the present invention contemplates a DNA/protein complex
comprising a Cas9 nuclease, said nuclease comprises a protospacer adjacent motif recognition
domain and a truncated peptide linker, wherein said truncated peptide linker is attached to a
DNA binding domain (DBD) protein, wherein said protospacer adjacent motif recognition
domain binds to a DNA protospacer adjacent motif sequence, and said DBD protein binds to a
DNA target site, where target site cleavage precision has a specificity ratio greater than a Cas9™ "
nuclease. In one embodiment, the DNA target site is a neighboring DNA target site. In one
embodiment, said truncated peptide linker is between two and sixty amino acids. In one
embodiment, said peptide linker comprises between twenty-five and sixty amino acids. In one
embodiment, said specificity ratio ranges between a two-fold to a one-hundred and fifty six fold

greater than said Cas9"" nuclease. In one embodiment, said Cas9 nuclease is selected from the
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group consisting of SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, said DNA
target site is selected from the group consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site
and a TS4 site. In one embodiment, said DBD protein is selected from the group consisting of
DBD268, DBDTSI, DBDTsz, DBD™? and DBD™*. In one embodiment, said DBD protein is
selected from the group consisting of a zinc finger protein and a transcription activator-like
effector protein. In one embodiment, said complex further comprises a guide RNA attached to a
guide sequence element that is complementary to a region of the DNA target site. In one
embodiment, said guide RNA is selected from the group consisting of an sgRNA sequence, a
crRNA sequence and a tractfRNA sequence. In one embodiment, said guide sequence element is
truncated. In one embodiment, said truncated guide sequence element is less than twenty
nucleotides.

In one embodiment, the present invention contemplates, a DNA/protein complex
comprising a Cas9 nuclease, said nuclease comprises a mutated protospacer adjacent motif
recognition domain and a truncated peptide linker, wherein said truncated peptide linker is
attached to a DNA binding domain (DBD) protein, wherein said mutated protospacer adjacent
motif recognition domain at least partially binds to a DNA protospacer adjacent motif sequence,
and said DBD protein binds to a DNA target site, where target site cleavage has a specificity
ratio greater than a Cas9"™ " nuclease. In one embodiment, the DNA target site is a neighboring
DNA target site. In one embodiment, said truncated peptide linker comprises between two and
sixty amino acids. In one embodiment, said truncated peptide linker comprises between twenty-
five and sixty amino acids. In one embodiment, said specificity ratio ranges between a two-fold
to a one-hundred and fifty six fold greater than said Cas9" ' nuclease. In one embodiment, the
mutated protospacer adjacent motif recognition domain renders target recognition dependent on
the DNA-binding domain. In one embodiment, said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of Caso™™, Caso™™ | Caso™™,
NmCas9*™ and NmCas9™. In one embodiment, said mutated protospacer adjacent motif
recognition domain comprises mutated DNA phosphodiester recognition amino acid residues. In
one embodiment, said DNA target site is selected from the group consisting of a Zif268 site, a
TS1 site, a TS2 site, a TS3 site and a TS4 site. In one embodiment, said DBD protein is selected
from the group consisting of DBD**®, pBD™', DBD™?, DBD™™ and DBD™. In one
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embodiment, said DBD protein is sclected from the group consisting of a zinc finger protein and
a transcription activator-like effector protein. In one embodiment, said fusion protein further
comprises a guide RNA attached to a guide sequence element that is complementary to a region
of the DNA target site. In one embodiment, said guide RNA is selected from the group
consisting of an sgRNA sequence, a crRNA sequence and a tractRNA sequence. In one
embodiment, said guide sequence element is truncated. In one embodiment, said truncated guide
sequence element is less than twenty nucleotides.

In one embodiment, the present invention contemplates a method for genome editing of
DNA , comprising: a) providing: 1) a DNA sequence comprising a target site sequence, and a
protospacer adjacent motif sequence; and ii) a fusion protein comprising a Cas9 nuclease, said
nuclease comprising a mutated protospacer adjacent motif recognition domain and a peptide
linker, wherein said peptide linker is attached to a DNA targeting unit (DTU) protein; b)
contacting said fusion protein with said target site sequence such that said DTU binds to said
target site sequence and said mutated protospacer adjacent motif recognition domain at least
partially binds to said protospacer adjacent motif sequence; and c) cleaving said target site with
said Cas9 nuclease. In one embodiment, said cleaving is at a single nucleotide target site. In one
embodiment, the cleaving performs gene editing. In one embodiment, said DNA sequence is
within a cell. In one embodiment, said target site further comprises a sequence complementary
to the guide sequence element, a protospacer adjacent motif sequence and a recognition sequence
for the DNA targeting unitln one embodiment, said Cas9 nuclease cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold greater than
a Cas9" " nuclease. In one embodiment, said Cas9 nuclease is selected from the group consisting
of SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, the mutated protospacer adjacent
motif recognition domain renders target recognition dependent on the DN A-binding domain. In
one embodiment, said mutated protospacer adjacent motif recognition domain is selected from
the group consisting of Caso™™!, Caso™™ | CasoM™?, NmCas9*™ and NmCas9™. In one
embodiment, said DNA target site is selected from the group consisting of a Zif268 site, a TS1
site, a TS2 site, a TS3 site and a TS4 site. In one embodiment, said DTU is selected from the
group consisting of DBD*® DBD™!, DBD™?, DBD"™?, DBD™" and nuclease-dead NmCas9

(NmdCas9). In one embodiment, said DTU is selected from the group consisting of a zinc finger
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protein, a transcription activator-like effector protein and an alternate Cas9 isoform. In one
embodiment, said fusion protein further comprises one guide RNA for each Cas9 isoform
incorporated, which contains a guide sequence element that is complementary to a region of the
target site sequence. In one embodiment, said mutated protospacer adjacent motif recognition
domain comprises mutated DNA phosphodiester recognition amino acid residues. In one
embodiment, said guide RNA is selected from the group consisting of an sgRNA sequence, a
crRNA sequence and a tractRNA sequence. In one embodiment, said guide sequence element 1s
truncated. In one embodiment, said truncated guide sequence element is less than twenty
nucleotides.

In one embodiment, a method for genome editing of DNA within a cell, comprising: a)
providing: 1) a DNA sequence comprising a target site sequence, and a protospacer adjacent
motif sequence; and ii) a fusion protein comprising a Cas9 nuclease, said nuclease comprising a
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a DNA targeting unit (DTU); b) contacting said fusion
protein with said DNA sequence such that said DTU binds to said target site sequence and said
protospacer adjacent motif recognition domain binds to said protospacer adjacent motif
sequence; and ¢) cleaving said target sequence with said Cas9 nuclease. In one embodiment, the
cleaving is a single nucleotide target site. In one embodiment, the cleaving performs gene
editing. In one embodiment, said target site comprises a sequence complementary to the guide
sequence element, a protospacer adjacent motif sequence and a recognition sequence for the
DNA targeting unit. In one embodiment, said Cas9 fusion protein cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold greater than

7’
a Caso™T

nuclease. In one embodiment, said truncated peptide linker is between two and sixty
amino acids. In one embodiment, said truncated peptide linker is between twenty-five and sixty
amino acids. In one embodiment, said Cas9 nuclease is selected from the group consisting of
SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, said DNA target site is selected
from the group consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site. In
one embodiment, said DTU is selected from the group consisting of DBD*®®, DBD™!, DBD™,
DBD™? DBD™* and nuclease-dead NmCas9 (NmdCas9). In one embodiment, said DTU is

selected from the group consisting of a zinc finger protein, a transcription activator-like eftfector
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protein and an alternate Cas9 isoform. In one embodiment, said fusion protein further comprises
one guide RNA for each Cas9 isoform incorporated, which contains a guide sequence element
that is complementary to a region of the target site sequence. In one embodiment, said guide
RNA sequence is selected from the group consisting of an sgRNA sequence, a crRNA sequence
and a tractRNA sequence. In one embodiment, said guide sequence element is truncated. In one
embodiment, said truncated guide sequence element is less than twenty nucleotides.

In one embodiment, genome editing of DNA within a cell, comprising: a) providing: i) a
DNA sequence comprising a target site sequence, and a protospacer adjacent motif sequence;
and ii) a fusion protein comprising a Cas9 nuclease, said nuclease comprising a mutated
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a DNA targeting unit (DTU); b) contacting said fusion
protein with said DNA sequence such that said DTU protein binds within said target site
sequence and said protospacer adjacent motif recognition domain binds to said protospacer
adjacent motif sequence; and ¢) cleaving the target site with said Cas9 nuclease . In one
embodiment, said target site comprises a sequence complementary to the guide sequence
element, a protospacer adjacent motif sequence and a recognition sequence for the DNA
targeting unit. In one embodiment, the cleaving is performed at a single nucleotide target site.
In one embodiment, the cleaving performs gene editing. In one embodiment, said Cas9 fusion
protein cleaves said target site with a precision that has a specificity ratio between two and one-
hundred and fifty six fold greater than a Cas9"™” nuclease. In one embodiment, said truncated
peptide linker is between two and sixty amino acids. In one embodiment, said truncated peptide
linker is between twenty-five and sixty amino acids. In one embodiment, the mutated
protospacer adjacent motif recognition domain renders target recognition dependent on the
DNA-binding domain. In one embodiment, said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of Caso™!!, CasO™M™ | CasoM™ NmCas9*™ and
NmCas9™. In one embodiment, said the mutated protospacer adjacent motif recognition domain
comprises mutated DNA phosphodiester recognition amino acid residues. In one embodiment,
said Cas9 nuclease is selected from the group consisting of SpCas9, SaCas9, NmCas9 and
AnCas9. In one embodiment, said DNA target site is selected from the group consisting of a

Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site. In one embodiment, said DTU is
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selected from the group consisting of DBD*®, DBD™!, DBD™2, DBD™? , DBD'** and nuclease-
dead NmCas9 (NmdCas9). In one embodiment, said DTU is selected from the group consisting
of a zinc finger protein, a transcription activator-like effector protein and an alternate Cas9
isoform. In one embodiment, said fusion protein further comprises one guide RNA for each
Cas9 isoform incorporated, which contains a guide sequence element that is complementary to a
region of the target site sequence. In one embodiment, said guide RNA is selected from the
group consisting of an sgRNA sequence, a crRNA sequence and a tractRNA sequence. In one
embodiment, said guide sequence element is truncated. In one embodiment, said trucated guide
sequence element is less than twenty nucleotides.

In one embodiment, the present invention contemplates a method of treatment,
comprising: a) providing: i) a patient exhibiting at least one symptom of a genetic disease and
comprising a cell with a DNA target site, said DNA target site comprising a gene mutation
responsible for said genetic discase; ii) a delivery vehicle comprising a Cas9-DNA targeting unit
(DTU) fusion protein capable of genome editing selected from the group consisting of: A) a
Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent motif recognition
domain and a peptide linker, wherein said peptide linker is attached to a DNA targeting unit
(DTU); B) a Cas9 nuclease, said nuclease comprising a protospacer adjacent motif recognition
domain and a truncated peptide linker, wherein said truncated peptide linker is attached to a
DNA targeting unit (DTU); and C) a Cas9 nuclease, said nuclease comprising a mutated
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a targeting unit (DTU); b) administering said plasmid to
said patient such that said plasmid transfects said cell; ¢) expressing said plasmid within said cell
such that said expressed Ca§9-DBD fusion protein contacts said DNA target site; d) editing said
DNA target site with said Cas9 nuclease; and e) reducing said at least one symptom of said
genetic disease in said patient. In one embodiment, said Cas9 fusion protein cleaves said target
site with a precision that has a specificity ratio between two and one-hundred and fifty six fold
greater than a Cas9"" nuclease. In one embodiment, the delivery vehicle includes, but is not
limited to, a plasmid, a vector, a virus or an mRNA. In one embodiment, said truncated peptide
linker is between two and sixty amino acids. In one embodiment, said truncated peptide linker is

between twenty-five and sixty amino acids. In one embodiment, the mutated protospacer
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adjacent motif recognition domain renders target recognition dependent on the DNA-binding
domain. In one embodiment, said mutated protospacer adjacent motif recognition domain is
selected from the group consisting of CasO™™!, Caso™™? | CasO™™, NmCas9™ and NmCas9™.
In one embodiment, said mutated protospacer adjacent motif recognition domain comprises
mutated DNA phosphodiester recognition amino acid residues. In one embodiment, said Cas9
nuclease is selected from the group consisting of SpCas9, SaCas9, NmCas9 and AnCas9. In one
embodiment, said DNA target site is selected from the group consisting of a Zif268 site, a T'S1
site, a TS2 site, a TS3 site and a TS4 site. In one embodiment, said DTU is selected from the
group consisting of DBD***, DBD™!, DBD™? DBD'™’, DBD™ and nuclease-dead NmCas9
(NmdCas9). In one embodiment, said DTU is selected from the group consisting of a zinc finger
protein, a transcription activator-like effector protein and an alternate Cas9 isoform. In one
embodiment, said fusion protein further comprises one guide RNA for each Cas9 isoform
incorporated, which contains a guide sequence element that is complementary to a region of the
target site sequence. In one embodiment, said guide RNA 1is selected from the group consisting
of an sgRNA sequence, a crRNA sequence and a tractrRNA sequence. In one embodiment, said
guide sequence element is truncated. In one embodiment, said truncated guide sequence element
is less than twenty nucleotides. In one embodiment, said genetic disease is selected from the
group consisting of chronic granulomatous disease, Huntington’s disease, myotonic dystrophy,
and HIV.

In one embodiment, the present invention contemplates a method of prevention,
comprising: a) providing: i) a patient comprising a cell with a DNA target site, said DNA target
site comprising a gene mutation responsible for a genetic disease; ii) a plasmid comprising a
Cas9-DNA targeting unit (DTU) fusion protein capable of genome editing selected from the
group consisting of: A) a Cas9 nuclease, said nuclease comprising a mutated protospacer
adjacent motif recognition domain and a peptide linker, wherein said peptide linker is attached to
a DNA targeting unit (DTU); B) a Cas9 nuclease, said nuclease comprising a protospacer
adjacent motif recognition domain and a truncated peptide linker, wherein said truncated peptide
linker is attached to a DNA targeting unit (DTU); and C) a Cas9 nuclease, said nuclease
comprising a mutated protospacer adjacent motif recognition domain and a truncated peptide

linker, wherein said truncated peptide linker is attached to a DNA targeting unit (DTU); b)

11



10

15

20

25

30

WO 2016/106338 PCT/US2015/067424

administering said plasmid to said patient such that said plasmid transfects said cell; ¢)
expressing said plasmid within said cell such that said expressed Cas9-DTU fusion protein
contacts said DNA target site; d) editing said DNA target site with said Cas9 nuclease ; and e)
preventing the development of said genetic disease in said patient. In one embodiment, said Cas9
fusion protein cleaves said target site with a precision that has a specificity ratio between two and
one-hundred and fifty six fold greater than a Cas9" " nuclease. In one embodiment, said
truncated peptide linker is between two and sixty amino acids. In one embodiment, said
truncated peptide linker is between twenty-five and sixty amino acids. In one embodiment, the
mutated protospacer adjacent motif recognition domain renders target recognition dependent on
the DNA-binding domain. In one embodiment, said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of Caso™™ Caso™™2, CasoM™?,
NmCas9*™ and NmCas9™. In one embodiment, said mutated protospacer adjacent motif
recognition domain comprises mutated DNA phosphodiester recognition amino acid residues. In
one embodiment, said Cas9 nuclease is selected from the group consisting of SpCas9, SaCas9,
NmCas9 and AnCas9. In one embodiment, said DNA target site is selected from the group
consisting of'a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site. In one embodiment,
said DTU is selected from the group consisting of DBD?*®, DBD™!, DBD"™*, DBD™*, DBD™*
and nuclease-dead NmCas9 (NmdCas9). In one embodiment, said DTU is selected from the
group consisting of a zinc finger protein, a transcription activator-like effector protein and an
alternate Cas9 isoform. In one embodiment, said fusion protein further comprises one guide
RNA for each Cas9 isoform incorporated, which contains a guide sequence element that is
complementary to a region of the DNA target site. In one embodiment, said guide RNA is
selected from the group consisting of an sgRNA sequence, a ctRNA sequence and a tractRNA
sequence. In one embodiment, said guide sequence element is truncated. In one embodiment,
said trucated guide sequence element is less than twenty nucleotides. In one embodiment, said
genetic disease is selected from the group consisting of Chronic granulomatous disease,
Huntington’s disease, myotonic dystrophy and HIV.

In one embodiment, the present invention contemplates a kit, comprising: a) a first
container comprising a Cas9-DTU fusion protein selected from the group consisting of: A) a

Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent motif recognition
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domain and a peptide linker, wherein said peptide linker is attached to a DNA targeting unit
(DTU); B) a Cas9 nuclease, said nuclease comprising a protospacer adjacent motif recognition
domain and a truncated peptide linker, wherein said truncated peptide linker is attached to a
DNA targeting unit (DTU); and C) a Cas9 nuclease, said nuclease comprising a mutated
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a DNA targeting unit (DTU); b) a second container
comprising a single guide RNA complementary to a specific genomic target sequence for each
Cas9 isoform present; and ¢) a set of instructions for genome editing of said specific genomic
target. In one embodiment, said Cas9-DTU fusion protein is encoded by a plasmid. In one
embodiment, said Cas9 fusion protein cleaves said target site with a precision that has a
specificity ratio between two and one-hundred and fifty six fold greater than a Cas9™T nuclease.
In one embodiment, said truncated peptide linker is between two and sixty amino acids. In one
embodiment, said truncated peptide linker is between twenty-five and sixty amino acids. In one
embodiment, the mutated protospacer adjacent motif recognition domain renders target
recognition dependent on the DNA-binding domain. In one embodiment, said mutated
protospacer adjacent motif recognition domain is selected from the group consisting of Caso™"!,
Cas9™M™2, CasO™™, NmCas9°™ and NmCas9™ . In one embodiment, said mutated protospacer
adjacent motif recognition domain comprises mutated DNA phosphodiester recognition amino
acid residues. In one embodiment, said Cas9 nuclease is selected from the group consisting of
SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, said DNA target site is selected
from the group consisting of a Zif268 site, a TS site, a TS2 site, a TS3 site and a TS4 site. In
one embodiment, said DTU is selected from the group consisting of DBD?®, DBD™!, DBDTsz,
DBD™, DBD™* and nuclease-dead NmCas9 (NmdCas9). In one embodiment, said DBD
protein is selected from the group consisting of a zinc finger protein, a transcription activator-
like effector protein and an alternate Cas9 isoform. In one embodiment, said fusion protein
further comprises one guide RNA for each Cas9 isoform incorporated, which contains a guide
sequence element that is complementary to a region of the DNA target site. In one embodiment,
said guide RNA is selected from the group consisting of an sgRNA sequence, a ctRNA sequence
and a tractRNA sequence. In one embodiment, said guide sequence element is truncated. In one

embodiment, said trucated guide sequence element is less than twenty nucleotides. In one
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embodiment, said kit further comprises instructions for treating a genetic disease. In one
embodiment, said genetic disease is selected from the group consisting of chronic granulomatous
disease, Huntington’s disease, myotonic dystrophy and HIV.

In one embodiment, the present invention contemplates a composition comprising a Cas9
nuclease-DNA targeting unit fusion protein. In one embodiment, the DNA targeting unit may be
a programmable DNA binding domain such as a zinc finger protein. In one embodiment, the
DNA targeting unit may be a programmable DNA binding domain such as a transcription
activator-like effector protein. In one embodiment, the DNA targeting unit may be a
programmable DNA binding domain such as a homeodomain protein. In one embodiment, the
DNA targeting unit may be a different Cas9 isoform that can be independently programmed with
a single guide RNA to a neighboring target site. In one embodiment, the Cas9 nuclease
comprises a mutated protospacer adjacent motif recognition sequence. In one embodiment, the
Cas9 nuclease comprises mutated residues that bind the phosphodiester backbone of the DNA or
RNA. In one embodiment, the composition further comprises a single guide RNA which
contains a guide sequence element that is complementary to a region of the DNA target site. In
one embodiment, the single guide RNA may be truncated. In one embodiment, the composition
further comprises a two orthogonal single guide RNAs. In one embodiment, both single guide
RNAs are truncated. In one embodiment, the truncated single guide sequence element contains
a guide segments that may be less than twenty nucleotides. In one embodiment, the mutated
protospacer adjacent motif recognition sequence comprises at least one mutation.

In one embodiment, the present invention contemplates a composition comprising a Cas9
nuclease and a DNA targeting unit. In one embodiment, the DNA targeting unit comprises at
least one dimerization domain. In one embodiment, the Cas9 nuclease and said DNA targeting
unit are fused at said dimerization domain. In one embodiment, the DNA targeting unit may be a
programmable DNA binding domain such as a zinc finger protein. In one embodiment, the DNA
targeting unit may be a programmable DNA binding domain such as a transcription activator-
like effector protein. In one embodiment, the DNA targeting unit may be a programmable DNA
binding domain such as a homeodomain protein. In one embodiment, the DNA targeting unit
may be a different Cas9 isoform that can be independently programmed with a single guide RNA

to a neighboring target site. In one embodiment, the Cas9 nuclease comprises a mutated
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protospacer adjacent motif recognition sequence. In onc embodiment, the Cas9 nuclease
comprises mutated residues that bind the phosphodiester backbone of the DNA or RNA. In one
embodiment, the composition further comprises a single guide RNA which contains a guide
sequence element that is complementary to a region of the DNA target site. In one embodiment,
the single guide RNA may be truncated. In one embodiment, the composition further comprises
a two orthogonal single guide RNAs. In one embodiment, both single guide RNAs are truncated
within the region complementary to the target site. In one embodiment, the at least one
dimerization domain may be heterotypic. In one embodiment, at least one dimerization domain
may be fused to an RNA binding protein that recognizes a sequence within the sgRNA. In one
embodiment, a complementary RNA binding domain may be fused to a DNA targeting unit
(DTU). In one embodiment, at least one dimerization domain may be complementary an RNA
segment fused to the sgRNA of an orthogonal Cas9/sgRNA isoform. In one embodiment, the
truncated single guide RNA contains a guide segment that may be less than twenty nucleotides.
In one embodiment, the mutated protospacer adjacent motif recognition sequence comprises at
least one mutation.

In one embodiment, the present invention contemplates a method, comprising: a)
providing: i) a cell comprising a specific genomic target, wherein said specific genomic target
comprises an on-target binding sequence; ii) a first vector encoding a Cas9 nuclease-DNA
targeting unit fusion protein; iii) a second vector comprising a single guide RNA gene capable of
expressing a single guide RNA (sgRNA) having complete complementarity to said specific
genomic target; and b) expressing said first and second vectors in said cell, wherein a Cas9-DNA
targeting unit fusion protein/sgRNA complex may be created; ¢) binding said Cas9-DNA
targeting fusion protein/sgRNA complex to said on-target binding sequence, under conditions
such that said specific genomic target may be cleaved. In one embodiment, the Cas9-DNA
targeting unit fusion protein further comprises a mutated protospacer adjacent motif recognition
sequence. In one embodiment, the mutated protospacer adjacent motif recognition sequence
prevents independent binding of the Cas9 to DNA without the prior binding of the DNA-
targeting unit. In one embodiment, the mutated protospacer adjacent motif comprises at least
one mutation. In one embodiment, the DNA targeting unit may be a programmable DNA

binding domain selected from a zinc finger protein, a transcription activator-like effector protein
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and a homeodomain protein. In one embodiment, the DNA targeting unit may be an alternate
Cas9 isoform that may be programmed with an orthogonal sgRNA to the sgRNA that may be
used to program the Cas9 nuclease. In one embodiment, the sgRNA sequence may be truncated.
In one embodiment, the truncated sgRNA may be complementary to said target site at less than
20 nucleotides. In one embodiment, the specific genomic target may be a gene of interest. In
one embodiment, the specific genomic target may be a single allele.

In one embodiment, the present invention contemplates a kit, comprising: a) a first
container comprising a Cas9 nuclease-DNA targeting unit fusion protein capable of binding to a
specific genomic target; b) a second container comprising a single gunide RNA complementary to
said specific genomic target or a pair of orthogonal single guide RNAs if the DNA. targeting unit
may be an alternate Cas9 isoform, and c) a set of instructions for employing these reagents to
cleave said specific genomic target. In one embodiment, the DNA targeting unit may be a
programmable DNA binding domain selected from the group consisting of a zinc finger protein,
a transcription activator-like effector protein and a homeodomain protein. In one embodiment,
the Cag9 fusion protein comprises a mutated protospacer adjacent motif recognition sequence. In
one embodiment, the single guide RNA may be truncated. In one embodiment, the truncated
guide sequence clement may be less than twenty nucleotides. In one embodiment, the mutated
protospacer adjacent motif recognition sequence comprises at least one mutation.

In one embodiment, the present invention contemplates a kit, comprising: a) a first
container comprising a Cas9 nuclease fused to a dimerization domain; b) a second container
comprising a DNA targeting unit fused to a complementary dimerization domain capable of
binding to a specific sequence neighboring the genomic target site or being programmed to
recognize this sequence with an appropriate guide RNA; ¢) a third container comprising a single
guide RNA complementary to said specific genomic target or a pair of orthogonal single guide
RNAs if the DNA targeting unit may be an alternate Cas9 isoform, where the second guide RNA
recognizes a binding site neighboring the target site, and d) a set of instructions for employing
these reagents to cleave said specific genomic target. In one embodiment, the DNA targeting
unit may be a programmable DNA binding domain selected from the group consisting of a zinc
finger protein, a transcription activator-like effector protein and a homeodomain protein. In one

embodiment, the Cas9 fusion protein comprises a mutated protospacer adjacent motif recognition
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sequence. In one embodiment, the single guide RNA may be truncated. In one embodiment, the
truncated guide sequence element may be less than twenty nucleotides. In one embodiment, the
mutated protospacer adjacent motif recognition sequence comprises at least one mutation.

In one embodiment, the present invention contemplates a kit, comprising: a) a first
container comprising a first vector encoding a Cas9-programmable DNA binding domain fusion
protein capable of binding to a specific genomic target; b) a second container comprising a
second vector comprising a single guide RNA gene encoding a guide sequence element
complementary to said specific genomic target, and ¢) a set of instructions for deleting said
specific genomic target. In one embodiment, the programmable DNA binding domain may be
selected from the group consisting of a zinc finger protein and a transcription activator-like
effector protein. In one embodiment, the DNA targeting unit may be an alternate Cas9 isoform
that may be programmed with an orthogonal sgRNA to the sgRNA that may be used to program
the Cas9 nuclease. In one embodiment, the Cas9 fusion protein comprises a mutated protospacer
adjacent motif recognition domain sequence. In one embodiment, the Cas9 nuclease comprises
mutated residues that bind the phosphodiester backbone of the DNA or RNA. In one
embodiment, the guide sequence clement may be truncated. In one embodiment, the truncated
guide sequence clement may be less than twenty nucleotides. In one embodiment, the mutated
protospacer adjacent motif recognition domain comprises at least one mutation.

In one embodiment, the present invention contemplates a fusion protein comprising a
Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent motif recognition
domain and a peptide linker, wherein said peptide linker is attached to a DNA targeting unit
(DTU) comprising a second Cas9 nuclease . In one embodiment, the Cas9 nucleases are selected
from the group consisting of SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, the
mutated protospacer adjacent motif recognition domain comprises mutated DNA phosphodiester
recognition amino acid residues. In one embodiment, the mutated protospacer adjacent motif
recognition domain is selected from the group consisting of SpCas9MTl, SpCasQMTz, SpCasQMT3,
NmCas9*™ and NmCas9™. In one embodiment, the DTU includes, but is not limited to, a Cas9
nuclease, a Cas9 nickase or a nuclease-dead Cas9 (dCas9). In one embodiment, the DTU is
selected from the group consisting of nuclease-dead NmCas9 (NmdCas9), NmCas9 nuclease,

NmCas9 nickase (HNH), and NmCas9 nickase (RuvC). In one embodiment, each Cas9 within
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the fusion protein has guide RNA attached to a guide sequence element. In one embodiment, said
guide RNAs are selected from the group consisting of an sgRNA sequence, a crRNA sequence
and a tracrRNA sequence. In one embodiment, the guide sequence element is truncated. In one
embodiment, the truncated guide sequence element is less than twenty nucleotides.

In one embodiment, the present invention contemplates a two component Cas9 nuclease
DNA targeting unit (DTU) system, wherein said system is inactive until assembled via drug-
dependent or light-dependent dimerization thereby improving nuclease precision and activity,
said system comprising: a) a fusion protien comprising: i) a Cas9 nuclease, said nuclease
comprising a mutated protospacer adjacent motif recognition domain and a first peptide linker,
wherein said peptide linker is attached to a first drug-dependent or light-dependent dimerization
domain (Cas9 nuclease component); and ii) a DNA targeting unit (DTU) and a second peptide
linker, wherein said second peptide linker is attached to a second drug-dependent or light-
dependent dimerization domain (DTU component); and b) a DNA target site. In one
embodiment, the Cas9 nuclease is selected from the group consisting of SpCas9, SaCas9,
NmCas9 and AnCas9. In one embodiment, the mutated protospacer adjacent motif recognition
domain renders recognition of said DNA target site by the Cas9 nuclease component dependent
on the DTU. In one embodiment, the mutated protospacer adjacent motif recognition domain
comprises mutated DNA phosphodiester recognition amino acid residues. In one embodiment,
the mutated protospacer adjacent motif recognition domain is selected from the group consisting
of SpCaso™™, SpCas9MT2, SpCasQMT3 , NmCasg9™™ and NmCas9”™. In one embodiment, the
DTU can be a zinc finger protein, a transcription activator-like effector protein, a Cas9 nuclease,
a Cas9 nickase or a nuclease-dead Cas9 (dCas9). In one embodiment, the DTU is selected from
the group consisting of nuclease-dead NmCas9 (NmdCas9), NmCas9 nuclease, NmCas9 nickase
(HNH), and NmCas9 nickase (RuvC). In one embodiment, the DTU is selected from the group
consisting of DBD*®, DBD™!, DBD™?, DBD™, DBD™ and nuclease-dead NmCas9
(NmdCas9). In one embodiment, the two component Cas9 nuclease DNA targeting unit (DTU)
system comprises one guide RNA for each Cas9 protein present, wherein each of said Cas9
proteins contain a guide sequence element that is complementary to a region of the DNA target
site. In one embodiment, the guide RNAs are selected from the group consisting of an sgRNA

sequence, a crRNA sequence and a tractRNA sequence. In one embodiment, the guide sequence
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element is truncated. In one embodiment, the truncated guide sequence element is less than
twenty nucleotides. In one embodiment, the drug-dependent dimerization domains within the
Cas9 nuclease component are selected from the group consisting of FRB, FRB*, FKBP, ABI and
PYL. In one embodiment, the drug-dependent dimerization domains within the DTU component
are selected from the group consisting of FRB, FRB*, FKBP, ABI and PYL. In one embodiment,
the light-dependent dimerization domains within the DTU component are selected from the
group consisting of pMag, nMag, CRY2 and CIB1. In one embodiment, the light-dependent
dimerization domains within DTU component are selected from the group consisting of pMag,
nMag, CRY?2 and CIB1. In one embodiment, the first linker joining the Cas9 nuclease and the
drug-dependent or light-dependent dimerization domain is between two and sixty amino acids. In
one embodiment, the second linker joining the DTU and the drug-dependent or light-dependent
dimerization domain is between two and sixty amino acids. In one embodiment, the two
component Cas9 nuclease DNA targeting unit (DTU) system upon addition of the stimulus (drug
or light) has improved cleavage activity at the target site relative to the same wild-type Cas9
isoform. In one embodiment, the two component Cas9 nuclease DNA targeting unit (DTU)
system upon addition of the stimulus (drug or light) has improved cleavage activity at a target
site with suboptimal PAMs relative to the same wild-type Cas9 isoform. In one embodiment, the
two component SpCas9 nuclease DNA targeting unit (DTU) system upon addition of the
stimulus (drug or light) has improved cleavage activity at a target site with suboptimal PAMs
(NAG, NGA or NGC) relative to wild-type SpCas9. In one embodiment, the two component
Cas9 nuclease DNA targeting unit (DTU) system upon addition of the stimulus (drug or light)
has improved cleavage precision at the target site relative to the same wild-type Cas9 isoform. In
one embodiment, the two component SpCas9 nuclease DNA targeting unit (DTU) system upon
addition of the stimulus (drug or light) cleaves said target site with a precision that has a
specificity ratio between two and one-hundred and fifty six fold greater than a SpCaso™’
nuclease.

In one embodiment, the present invention contemplates a two component Split-Cas9
nuclease DNA targeting unit (DTU) system, wherein said system is inactive until assembled via
drug-dependent or light-dependent dimerization thereby improving nuclease precision and

activity, said system comprising: a) a fusion protein comprising; i) a N-terminal fragment of
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Cas9 nuclease, said nuclease fragment comprising a first peptide linker, wherein said first
peptide linker is attached to a drug-dependent or light-dependent dimerization domain (N-
terminal nuclease component); and 11) a C-terminal fragment of Cas9 nuclease, said nuclease
fragment comprising a mutated protospacer adjacent motif recognition domain a second peptide
linker and a third peptide linker, wherein said second peptide linker is attached to a drug-
dependent or light-dependent dimerization domain and said third peptide linker is attached to
DNA targeting unit (D'TU) (DTU component); and b) a DNA target site. In one embodiment, the
Cas9 nuclease are selected from the group consisting of SpCas9, SaCas9, NmCas9 and AnCas9.
In one embodiment, the mutated protospacer adjacent motif recognition domain renders target
recognition by the Cas9 nuclease dependent on the DTU. In one embodiment, the mutated
protospacer adjacent motif recognition domain comprises mutated DNA phosphodiester
recognition amino acid residues. In one embodiment, the mutated protospacer adjacent motif
recognition domain is selected from the group consisting of SpCas™MT!, SpCas9MT2, SpCas™™,
NmCas9*™ and NmCas9™. In one embodiment, the DTU can be a zinc finger protein, a
transcription activator-like effector protein, a Cas9 nuclease, a Cas9 nickase or a nuclease-dead
Cas9 (dCas9). In one embodiment, the DTU 1is selected from the group consisting of nuclease-
dead NmCas9 (NmdCas9), NmCas9 nuclease, NmCas9 nickase (HNH), and NmCas9 nickase
(RuvC). In one embodiment, the DTU is selected from the group consisting of DBD**® DBD™,
DBD '™, DBD"™?, DBD"™* and nuclease-dead NmCas9 (NmdCas9). In one embodiment, the
fusion protein further comprises one guide RNA for each Cas9 present each guide RNA contains
a guide sequence element that is complementary to a region of the DNA target site. In one
embodiment, the guide RNAs are selected from the group consisting of an sgRNA sequence, a
crRNA sequence and a tractRNA sequence. In one embodiment, the guide sequence element is
truncated. In one embodiment, the truncated guide sequence element is less than twenty
nucleotides. In one embodiment, the drug-dependent dimerization domain fused to the N-
terminal nuclease component are selected from the group consisting of FRB, FRB*, FKBP, ABI
and PYL. In one embodiment, the drug-dependent dimerization domain fused to the DTU
component are selected from the group consisting of FRB, FRB*, FKBP, ABI and PYL. In one
embodiment, the light-dependent dimerization domain fused to the N-terminal nuclease

component are selected from the group consisting of pMag, nMag, CRY?2 and CIB1. In one
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embodiment, the light-dependent dimerization domain fused to the DTU component are selected
from the group consisting of pMag, nMag, CRY?2 and CIB1. In one embodiment, the linker
joining the N-terminal Cas9 fragment and the drug-dependent or light-dependent dimerization
domain is between two and sixty amino acids. In one embodiment, the linker joining the C-
terminal Cas9 fragment and the drug-dependent or light-dependent dimerization domain is
between two and sixty amino acids. In one embodiment, the linker joining the C-terminal Cas9
fragment and DTU is between two and sixty amino acids. In one embodiment, the N-terminal
Cas9 fragment is composed of residues 2 — 573 of SpCas9. In one embodiment, the C-terminal
Cas9 fragment is composed of residues 574 — 1368 of SpCas9. In one embodiment, the two
component Split-Cas9 nuclease DNA targeting unit (DTU) system upon addition of the stimulus
(drug or light) has improved cleavage activity at the target site relative to the same wild-type
Cas9 isoform. In one embodiment, the two component Split-Cas9 nuclease DNA targeting unit
(DTU) system upon addition of the stimulus (drug or light) has improved cleavage activity at a
target site with suboptimal PAMSs relative to the same wild-type Cas9 isoform. In one
embodiment, the two component Split-SpCas9 nuclease DNA targeting unit (DTU) system upon
addition of the stimulus (drug or light) has improved cleavage activity at a target site with
suboptimal PAMs (NAG, NGA or NGC) relative to wild-type SpCas9. In one embodiment, the
two component Split-Cas9 nuclease DNA targeting unit (DTU) system upon addition of the
stimulus (drug or light) has improved cleavage precision at the target site relative to the same
wild-type Cas9 isoform. In one embodiment, the two component Split-Cas9 nuclease DNA
targeting unit (DTU) system upon addition of the stimulus (drug or light) the resulting nuclease
cleaves said target site with a precision that has a specificity ratio between two and one-hundred
and fifty six fold greater than a Cas9"™" nuclease.

In one embodiment, the present invention contemplates a fusion protein comprising a
Cas9 nuclease, said nuclease comprising a peptide linker, wherein said peptide linker is attached
to a DNA targeting unit (DTU). In one embodiment, the Cas9 nuclease is selected from the
group consisting of SpCas9, SaCas9, NmCas9 and AnCas9. In one embodiment, the DTU can be
a zinc finger protein, a transcription activator-like effector protein, a Cas9 nuclease, a Cas9
nickase or a nuclease-dead Cas9 (dCas9). In one embodiment, the DTU is selected from the

group consisting of nuclease-dead NmCas9 (NmdCas9), NmCas9 nuclease, NmCas9 nickase
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(HNH), and NmCas9 nickase (RuvC). In one embodiment, the DTU is selected from the group
consisting of DBD*®, DBD™!, DBD™, DBDTS3, DBD™* and nuclease-dead NmCas9
(NmdCas9). In one embodiment, the fusion protein further comprises a guide RNA for each
Cas9 module attached to a guide sequence element. In one embodiment, the guide RNA is
selected from the group consisting of an sgRNA sequence, a crRNA sequence and a tractRNA
sequence. In one embodiment, the guide sequence element is truncated. In one embodiment, the
truncated guide sequence element is less than twenty nucleotides. In one embodiment, the
resulting nuclease has improved cleavage activity at the target site relative to the same wild-type
Cas9 isoform. In one embodiment, the resulting nuclease has improved cleavage activity at a
target site with suboptimal PAMs relative to the same wild-type Cas9 isoform. In one
embodiment, the fusion protein comprising SpCas9 as the nuclease has improved cleavage
activity at a target site with suboptimal PAMs (NAG, NGA or NGC) relative to wild-type
SpCas9.

Definitions
To facilitate the understanding of this invention, a number of terms are defined below.
Terms defined herein have meanings as commonly understood by a person of ordinary skill in

(19"} N 14
a

the areas relevant to the present invention. Terms such as “a”, “an” and “the” are not intended to
refer to only a singular entity but also plural entities and also includes the general class of which
a specific example may be used for illustration. The terminology herein may be used to describe
specific embodiments of the invention, but their usage does not delimit the invention, except as
outlined in the claims.

The term "about" as used herein, in the context of any of any assay measurements refers
to +/- 5% of a given measurement.

As used herein, the term “CRISPRs” or “Clustered Regularly Interspaced Short
Palindromic Repeats” refers to an acronym for DNA loci that contain multiple, short, direct
repetitions of base sequences. Each repetition contains a series of bases followed by the same
series in reverse and then by 30 or so base pairs known as "spacer DNA". The spacers are short

segments of DNA from a virus and may serve as a 'memory' of past exposures to facilitate an

adaptive defense against future invasions (PMID 25430774).
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As used herein, the term “Cas” or “CRISPR-associated (cas)” refers to genes often
associated with CRISPR repeat-spacer arrays (PMID 25430774).

As used herein, the term “Cas9” refers to a nuclease from Type II CRISPR systems, an
enzyme specialized for generating double-strand breaks in DNA, with two active cutting sites
(the HNH and RuvC domains), one for each strand of the double helix. Jinek combined
tractRNA and spacer RNA into a "single-guide RNA" (sgRNA) molecule that, mixed with Cas9,
could find and cleave DNA targets through Watson-Crick pairing between the guide sequence
within the sgRNA and the target DNA sequence (PMID 22745249).

As used herein, the term “nuclease deficient Cas9”, “nuclease dead Cas9” or “dCas9”
refers to a modified Cas9 nuclease wherein the nuclease activity has been disabled by mutating
residues in the RuvC and HNH catalytic domains. Disabling of both cleavage domains can
convert Cas9 from a RNA-programmable nuclease into an RNA-programmable DNA
recognition complex to deliver effector domains to specific target sequences (Qi, et al. 2013
(PMID 23452860) and Gilbert, et al. 2013 PMID 23849981) or to deliver an independent
nuclease domain such as FokI. A nuclease dead Cas9 can bind to DNA via its PAM recognition
sequence and guide RNA, but will not cleave the DNA.

The term “nuclease dead Cas9 Fokl fusion” or “FoklI-dCas9” as used herein, refers to a
nuclease dead Cas9 that may be fused to the cleavage domain of Fokl, such that DNA
recognition may be mediated by dCas9 and the incorporated guide RNA, but that DNA cleavage
may be mediated by the Fokl domain (Tsai, et al. 2014 (PMID 24770325) and Guilinger, et al.
(PMID 24770324)). Fokl normally requires dimerization in order to cleave the DNA, and as a
consequence two FokI-dCas9 complexes must bind in proximity in order to cleave the DNA.
FokI can be engineer such that it functions as an obligate heterodimer.

As used herein, the term “catalytically active Cas9” refers to an unmodified Cas9
nuclease comprising full nuclease activity.

The term “nickase” as used herein, refers to a nuclease that cleaves only a single DNA
strand, either due to its natural function or because it has been engineered to cleave only a single
DNA strand. Cas9 nickase variants that have either the RuvC or the HNH domain mutated
provide control over which DNA strand is cleaved and which remains intact (Jinek, et al. 2012

(PMID 22745249) and Cong, et al. 2013 (PMID 23287718)).
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The term “DNA targeting unit”, “DTU” as used herein, refers to any type of system that
can be programmed to recognize a specific DNA sequence of interest. Such DNA targeting units
can include, but are not limited to a “programmable DNA binding domain” (either called a
pDBD or simply a DBD), as defined below, and/or a CRISPR/Cas9 or CRISPR/Cpfl system that
may be programmed by a RNA guide (either a single guide RNA or a ctRNA and tractRNA
combination) to recognize a particular target site.

The term, “trans-activating ctRNA”, “tractRNA” as used herein, refers to a small trans-
encoded RNA. For example, CRISPR/Cas (clustered, regularly interspaced short palindromic
repeats/CRISPR-associated proteins) constitutes an RNA-mediated defense system, which
protects against viruses and plasmids. This defensive pathway has three steps. First a copy of the
invading nucleic acid is integrated into the CRISPR locus. Next, CRISPR RNAs (crRNAs) are
transcribed from this CRISPR locus. The crRNAs are then incorporated into effector complexes,
where the crRNA guides the complex to the invading nucleic acid and the Cas proteins degrade
this nucleic acid. There are several pathways of CRISPR activation, one of which requires a
tractRNA, which plays a role in the maturation of ¢crRNA. TractRNA is complementary to base
pairs with a pre-crRNA forming an RNA duplex. This is cleaved by RNase III, an RNA-specific
ribonuclease, to form a crRNA/tractRNA hybrid. This hybrid acts as a guide for the
endonuclease Cas9, which cleaves the invading nucleic acid.

The term “programmable DNA binding domain” as used herein, refers to any protein
comprising a pre-determined sequence of amino acids that bind to a specific nucleotide
sequence. Such binding domains can include, but are not limited to, a zinc finger protein, a
homeodomain and/or a transcription activator-like effector protein.

The term “protospacer adjacent motif” (or PAM) as used herein, refers to a DNA
sequence that may be required for a Cas9/sgRNA to form an R-loop to interrogate a specific
DNA sequence through Watson-Crick pairing of its guide RNA with the genome. The PAM
specificity may be a function of the DNA-binding specificity of the Cas9 protein (e.g., a
“protospacer adjacent motif recognition domain” at the C-terminus of Cas9).

As used herein, the term “sgRNA” refers to single guide RNA used in conjunction with
CRISPR associated systems (Cas). sgRNAs are a fusion of crRNA and tracrRNA and contain
nucleotides of sequence complementary to the desired target site (Jinek, et al. 2012 (PMID
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22745249)). Watson-Crick pairing of the sgRNA with the target site permits R-loop formation,
which in conjunction with a functional PAM permits DNA cleavage or in the case of nuclease-
deficient Cas9 allows binds to the DNA at that locus.

As used herein, the term “orthogonal” refers targets that are non-overlapping,
uncorrelated, or independent. For example, if two orthogonal Cas9 isoforms were utilized, they
would employ orthogonal sgRNAs that only program one of the Cas9 isoforms for DNA
recognition and cleavage (Esvelt, et al. 2013 (PMID 24076762)). For example, this would allow
one Cas9 isoform (e.g. S. pyogenes Cas9 or spCas9) to function as a nuclease programmed by a
sgRNA that may be specific to it, and another Cas9 isoform (e.g. N. meningitidis Cas9 or
nmCas9) to operate as a nuclease dead Cas9 that provides DNA targeting to a binding site
through its PAM specificity and orthogonal sgRNA. Other Cas9s include S. aureus Cas9 or
SaCas9 and 4. naeslundii Cas9 or AnCas9.

The term “truncated” as used herein, when used in reference to either a polynucleotide
sequence or an amino acid sequence means that at least a portion of the wild type sequence may
be absent. In some cases truncated guide sequences within the sgRNA or crRNA may improve
the editing precision of Cas9 (Fu, et al. 2014 (PMID 24463574)).

The term “dimerization domain” as used herein, refers to a domain, either protein,
polynucleotide that allows the associate of two different molecules. A dimerization domain can
allow homotypic and/or heterotypic interactions. Dimerization domains can also be drug-
dependent (i.e. depending on the presence of a small molecule in order to function) (Liang, et al.
(PMID 21406691) and Ho, et al. 1996 (PMID 8752278)).

The term “base pairs” as used herein, refer to specific nucleobases (also termed
nitrogenous bases), that are the building blocks of nucleotide sequences that form a primary
structure of both DNA and RNA. Double stranded DNA may be characterized by specific
hydrogen bonding patterns, base pairs may include, but are not limited to, guanine-cytosine and
adenine-thymine) base pairs.

The term “specific genomic target” as used herein, refers to any pre-determined
nucleotide sequence capable of binding to a Cas9 protein contemplated herein. The target may
include, but may be not limited to, a nucleotide sequence complementary to a programmable

DNA binding domain or an orthogonal Cas9 protein programmed with its own guide RNA, a
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nucleotide sequence complementary to a single guide RNA, a protospacer adjacent motif
recognition sequence, an on-target binding sequence and an off-target binding sequence.

The term “on-target binding sequence” as used herein, refers to a subsequence of a
specific genomic target that may be completely complementary to a programmable DNA binding
domain and/or a single guide RNA sequence.

The term “off-target binding sequence” as used herein, refers to a subsequence of a
specific genomic target that may be partially complementary to a programmable DNA binding
domain and/or a single guide RNA sequence.

The term “fails to bind” as used herein, refers to any nucleotide-nucleotide interaction or
a nucleotide-amino acid interaction that exhibits partial complementarity, but has insufficient
complementarity for recognition to trigger the cleavage of the target site by the Cas9 nuclease.
Such binding failure may result in weak or partial binding of two molecules such that an
expected biological function (e.g., nuclease activity) fails.

The term “cleavage” as used herein, may be defined as the generation of a break in the
DNA. This could be either a single-stranded break or a double-stranded break depending on the
type of nuclease that may be employed.

As used herein, the term “edit” “editing” or “edited” refers to a method of altering a
nucleic acid sequence of a polynucleotide (e.g., for example, a wild type naturally occurring
nucleic acid sequence or a mutated naturally occurring sequence) by selective deletion of a
specific genomic target or the specific inclusion of new sequence through the use of an
exogenously supplied DNA template. Such a specific genomic target includes, but may be not
limited to, a chromosomal region, mitochondrial DNA, a gene, a promoter, an open reading
frame or any nucleic acid sequence.

The term “delete”, “deleted”, “deleting” or “deletion” as used herein, may be defined as a
change in either nucleotide or amino acid sequence in which one or more nucleotides or amino
acid residues, respectively, are, or become, absent.

As used herein, the terms "complementary” or "complementarity" are used in reference to
"polynucleotides" and "oligonucleotides" (which are interchangeable terms that refer to a
sequence of nucleotides) related by the base-pairing rules. For example, the sequence "C-A-G-

T," may be complementary to the sequence "A-C-T-G." Complementarity can be "partial" or
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"total." "Partial" complementarity may be where one or more nucleic acid bases may be not
matched according to the base pairing rules. "Total" or "complete” complementarity between
nucleic acids may be where each and every nucleic acid base may be matched with another base
under the base pairing rules. The degree of complementarity between nucleic acid strands has
significant effects on the efficiency and strength of hybridization between nucleic acid strands.
This may be of particular importance in amplification reactions, as well as detection methods
which depend upon binding between nucleic acids.

The terms "homology" and "homologous" as used herein in reference to nucleotide
sequences refer to a degree of complementarity with other nucleotide sequences. There may be
partial homology or complete homology (i.e., identity). A nucleotide sequence which may be
partially complementary, i.e., "substantially homologous," to a nucleic acid sequence may be one
that at least partially inhibits a completely complementary sequence from hybridizing to a target
nucleic acid sequence. The inhibition of hybridization of the completely complementary
sequence to the target sequence may be examined using a hybridization assay (Southern or
Northern blot, solution hybridization and the like) under conditions of low stringency. A
substantially homologous sequence or probe will compete for and inhibit the binding (i.¢., the
hybridization) of a completely homologous sequence to a target sequence under conditions of
low stringency. This may be not to say that conditions of low stringency are such that non-
specific binding may be permitted; low stringency conditions require that the binding of two
sequences to one another be a specific (i.e., selective) interaction. The absence of non-specific
binding may be tested by the use of a second target sequence which lacks even a partial degree of
complementarity (e.g., less than about 30% identity); in the absence of non-specific binding the
probe will not hybridize to the second non-complementary target.

The terms “homology” and “homologous™ as used herein in reference to amino acid
sequences refer to the degree of identity of the primary structure between two amino acid
sequences. Such a degree of identity may be detected in a portion of each amino acid sequence,
or to the entire length of the amino acid sequence. Two or more amino acid sequences that are
“substantially homologous™ may have at least 50% identity, preferably at least 75% identity,
more preferably at least 85% identity, most preferably at least 95%, or 100% identity.
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An oligonucleotide sequence which may be a "homolog" may be defined herein as an
oligonucleotide sequence which exhibits greater than or equal to 50% identity to a sequence,
when sequences having a length of 100 bp or larger are compared.

As used herein, the term "gene"” means the deoxyribonucleotide sequences comprising the
coding region of a structural gene and including sequences located adjacent to the coding region
on both the 5" and 3' ends for a distance of about 1 kb on either end such that the gene
corresponds to the length of the full-length mRNA. The sequences which are located 5' of the
coding region and which are present on the mRNA are referred to as 5' non-translated sequences.
The sequences which are located 3' or downstream of the coding region and which are present on
the mRNA are referred to as 3' non-translated sequences. The term "gene" encompasses both
cDNA and genomic forms of a gene. A genomic form or clone of a gene contains the coding
region interrupted with non-coding sequences termed "introns" or "intervening regions" or
"intervening sequences.” Introns are segments of a gene which are transcribed into
heterogeneous nuclear RNA (hnRNA); introns may contain regulatory elements such as
enhancers. Introns are removed or "spliced out" from the nuclear or primary transcript; introns
therefore are absent in the messenger RNA (mRNA) transcript. The mRNA functions during
translation to specify the sequence or order of amino acids in a nascent polypeptide.

The term “gene of interest” as used herein, refers to any pre-determined gene for which
deletion may be desired.

The term “allele” as used herein, refers to any one of a number of alternative forms of the
same gene or same genetic locus.

The term “protein” as used herein, refers to any of numerous naturally occurring
extremely complex substances (as an enzyme or antibody) that consist of amino acid residues
joined by peptide bonds, contain the elements carbon, hydrogen, nitrogen, oxygen, usually
sulfur. In general, a protein comprises amino acids having an order of magnitude within the
hundreds.

The term “peptide” as used herein, refers to any of various amides that are derived from
two or more amino acids by combination of the amino group of one acid with the carboxyl group
of another and are usually obtained by partial hydrolysis of proteins. In general, a peptide

comprises amino acids having an order of magnitude with the tens.
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The term "polypeptide", refers to any of various amides that are derived from two or
more amino acids by combination of the amino group of one acid with the carboxyl group of
another and are usually obtained by partial hydrolysis of proteins. In general, a peptide
comprises amino acids having an order of magnitude with the tens or larger.

"Nucleic acid sequence" and "nucleotide sequence” as used herein refer to an
oligonucleotide or polynucleotide, and fragments or portions thereof, and to DNA or RNA of
genomic or synthetic origin which may be single- or double-stranded, and represent the sense or
antisense strand.

_The term "an isolated nucleic acid”, as used herein, refers to any nucleic acid molecule
that has been removed from its natural state (e.g., removed from a cell and may be, in a preferred
embodiment, free of other genomic nucleic acid).

The terms "amino acid sequence" and "polypeptide sequence" as used herein, are
interchangeable and to refer to a sequence of amino acids.

As used herein the term "portion" when in reference to a protein (as in "a portion of a
given protein") refers to fragments of that protein. The fragments may range in size from four
amino acid residues to the entire amino acid sequence minus one amino acid.

The term "portion" when used in reference to a nucleotide sequence refers to fragments
of that nucleotide sequence. The fragments may range in size from 5 nucleotide residues to the
entire nucleotide sequence minus one nucleic acid residue.

As used herein, the term "hybridization" may be used in reference to the pairing of
complementary nucleic acids using any process by which a strand of nucleic acid joins with a
complementary strand through base pairing to form a hybridization complex. Hybridization and
the strength of hybridization (i.e., the strength of the association between the nucleic acids) may
be impacted by such factors as the degree of complementarity between the nucleic acids,
stringency of the conditions involved, the Ty, of the formed hybrid, and the G:C ratio within the
nucleic acids.

As used herein the term "hybridization complex" refers to a complex formed between two
nucleic acid sequences by virtue of the formation of hydrogen bounds between complementary G
and C bases and between complementary A and T bases; these hydrogen bonds may be further

stabilized by base stacking interactions. The two complementary nucleic acid sequences
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hydrogen bond in an antiparallel configuration. A hybridization complex may be formed in
solution (e.g., Cy t or Ry t analysis) or between one nucleic acid sequence present in solution and
another nucleic acid sequence immobilized to a solid support (e.g., a nylon membrane or a
nitrocellulose filter as employed in Southern and Northern blotting, dot blotting or a glass slide
as employed in in situ hybridization, including FISH (fluorescent in situ hybridization)).

As used herein, the term "Ty, " may be used in reference to the "melting temperature.”
The melting temperature may be the temperature at which a population of double-stranded
nucleic acid molecules becomes half dissociated into single strands. As indicated by standard
references, a simple estimate of the Ty, value may be calculated by the equation: Ty, = 81.5 +
0.41 (% G+C), when a nucleic acid may be in aqueous solution at 1M NaCl. Anderson et al.,

“Quantitative Filter Hybridization” In: Nucleic Acid Hybridization (1985). More sophisticated

computations take structural, as well as sequence characteristics, into account for the calculation
of T

As used herein the term "stringency” may be used in reference to the conditions of
temperature, ionic strength, and the presence of other compounds such as organic solvents, under
which nucleic acid hybridizations are conducted. "Stringency"” typically occurs in a range from
about Ty, to about 20°C to 25°C below Ty, A “stringent hybridization” can be used to identify or
detect identical polynucleotide sequences or to identify or detect similar or related
polynucleotide sequences. For example, when fragments are employed in hybridization
reactions under stringent conditions the hybridization of fragments which contain unique
sequences (i.e., regions which are either non-homologous to or which contain less than about
50% homology or complementarity) are favored. Alternatively, when conditions of "weak" or
"low" stringency are used hybridization may occur with nucleic acids that are derived from
organisms that are genetically diverse (i.e., for example, the frequency of complementary
sequences may be usually low between such organisms).

As used herein, the term "amplifiable nucleic acid" may be used in reference to nucleic
acids which may be amplified by any amplification method. It may be contemplated that
"amplifiable nucleic acid" will usually comprise "sample template.”

As used herein, the term "sample template" refers to nucleic acid originating from a

sample which may be analyzed for the presence of a target sequence of interest. In contrast,
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"background template" may be used in reference to nucleic acid other than sample template
which may or may not be present in a sample. Background template may be most often
inadvertent. It may be the result of carryover, or it may be due to the presence of nucleic acid
contaminants sought to be purified away from the sample. For example, nucleic acids from
organisms other than those to be detected may be present as background in a test sample.

"Amplification" may be defined as the production of additional copies of a nucleic acid
sequence and may be generally carried out using polymerase chain reaction. Dieffenbach C. W.
and G. S. Dveksler (1995) In: PCR Primer, a Laboratory Manual, Cold Spring Harbor Press,
Plainview, N.Y.

As used herein, the terms "restriction endonucleases” and "restriction enzymes" refer to
bacterial enzymes, each of which cut double-stranded DNA at or near a specific nucleotide
sequence.

DNA molecules are said to have "5' ends" and "3' ends" because mononucleotides are
reacted to make oligonucleotides in a manner such that the 5' phosphate of one mononucleotide
pentose ring may be attached to the 3' oxygen of its neighbor in one direction via a
phosphodiester linkage. Therefore, an end of an oligonucleotide may be referred to as the "5’
end" if its 5' phosphate may be not linked to the 3' oxygen of a mononucleotide pentose ring. An
end of an oligonucleotide may be referred to as the "3’ end" if its 3' oxygen may be not linked to
a 5' phosphate of another mononucleotide pentose ring. As used herein, a nucleic acid sequence,
even if internal to a larger oligonucleotide, also may be said to have 5' and 3' ends. In either a
linear or circular DNA molecule, discrete elements are referred to as being "upstream" or 5' of
the "downstream" or 3' elements. This terminology reflects the fact that transcription proceeds in
a 5' to 3' fashion along the DNA strand. The promoter and enhancer elements which direct
transcription of a linked gene are generally located 5' or upstream of the coding region. However,
enhancer elements can exert their effect even when located 3' of the promoter element and the
coding region. Transcription termination and polyadenylation signals are located 3' or
downstream of the coding region.

As used herein, the term "an oligonucleotide having a nucleotide sequence encoding a
gene" means a nucleic acid sequence comprising the coding region of a gene, i.e. the nucleic acid

sequence which encodes a gene product. The coding region may be present in a cDNA, genomic
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DNA or RNA form. When present in a DNA form, the oligonucleotide may be single-stranded
(i.e., the sense strand) or double-stranded. Suitable control elements such as
enhancers/promoters, splice junctions, polyadenylation signals, etc. may be placed in close
proximity to the coding region of the gene if needed to permit proper initiation of transcription
and/or correct processing of the primary RNA transcript. Alternatively, the coding region utilized
in the expression vectors of the present invention may contain endogenous enhancers/promoters,
splice junctions, intervening sequences, polyadenylation signals, etc. or a combination of both
endogenous and exogenous control elements.

As used herein, the terms "nucleic acid molecule encoding", "DNA sequence encoding,"
and "DNA encoding" refer to the order or sequence of deoxyribonucleotides along a strand of
deoxyribonucleic acid. The order of these deoxyribonucleotides determines the order of amino
acids along the polypeptide (protein) chain. The DNA sequence thus codes for the amino acid
sequence.

The term "bind", “binding”, or “bound” as used herein, includes any physical attachment
or close association, which may be permanent or temporary. Generally, an interaction of
hydrogen bonding, hydrophobic forces, van der Waals forces, covalent and ionic bonding etc.,
facilitates physical attachment between the molecule of interest and the analyte being measuring.
The "binding" interaction may be brief as in the situation where binding causes a chemical
reaction to occur. That may be typical when the binding component may be an enzyme and the
analyte may be a substrate for the enzyme. Reactions resulting from contact between the binding
agent and the analyte are also within the definition of binding for the purposes of the present

invention.

Brief Description Of The Figures

The file of this patent contains at least one drawing executed in color. Copies of this
patent with color drawings will be provided by the Patent and Trademark Office upon request
and payment of the necessary fee.

Figure 1 presents a schematic overview of an exemplary CRISPR/Cas9 system. For

example, SpCas9 (gray) may recognize a target sequence through Watson-Crick pairing of
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approximately 20 bases of the sgRNA and recognition of a neighboring PAM sequence (e.g., for
example, NGG). Upon binding to its target, Cas9 generates a double stranded break (DSB) via
cleavage of each strand (blue arrowheads).

Figures 2A and 2B present schematic overviews of an exemplary CRISPR/Cas9 system
fused to a DNA-targeting unit (in this case a programmable DNA-binding domain; DBD). For
example, Cas9 recognizes a target sequence through Watson- Crick pairing of approximately 20
bases of an sgRNA (purple sequence) with one strand of the target DNA sequence and
recognition of the neighboring PAM sequence (NGG — magenta letters) by the PAM-Interacting
domain of the protein. Upon binding a target sequence, Cas9 generates a double stranded break
(DSB) by cleaving each strand (blue arrowheads). The DBD (orange) can be fused to the N- or
C-terminus (or perhaps both, where “N-*“ and “-C*‘ indicate the N-terminus and C-terminus,
respectively) with a linker molecule (orange) and programmed to recognize a neighboring
sequence (pDBD binding site) to enhance specificity or increase the range of target sequences
that can be cleaved by Cas9.

Figure 2C presents a schematic showing that a Cas9-pDBD can be conferred with drug-
dependent activity by inserting drug-dependent dimerization domains into a linker.

Figure 3 the top panel presents an illustrative schematic of orientation and spacing
parameters for the presently disclosed chimeric Cas9-pDBD constructs. The position and 5’ to
3’ orientation of the DBD binding site may be represented by an orange arrow relative to the
PAM element of the Cas9 binding site. The bottom panel displays the activity profile of Cas9
(blue, on an NGG or NAG PAM), Cas9-Zif268 (also referred to as Cas9-DBD*®) (red, NAG
PAM) or Cas9-TAL268 (green, NAG PAM) on a common sgRNA target site. DBD site
orientation may be either Watson (W) or Crick (C), and spacing may be 5, 8, 11 or 14 bp from
the PAM (see schematic). While no activity for Cas9 was detected above background on an AG
PAM (relative to the no guide control), on an NAG PAM, Cas9-Zif268 displayed activity on all
AG PAM target sites. A TALE domain programmed to recognize the same target site (TAL268)
may be also functional on a subset of spacings and orientations of the DBD binding site. Data are
from three independent biological replicates performed on different days, where HEK293T cells
transfected with 50 ng Cas9/Cas9-Zif268/Cas9-TAL268 plasmid, 50 ng sgRNA plasmid, 150 ng
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GFP reporter with target site and 100 ng mCherry control plasmid. Error bars indicate standard
error of the mean..

Figure 4 presents one embodiment of a structural model for SpCas9-Zif**® (also referred
as SpCas9-DBD**®). A B-DNA model containing Zif268 binding site (Watson-11bp) may be
constructed using 3DNA (PMID 18600227) and appended 3’ to the PAM (magenta) in the
SpCas9 structure (grey). In paralle] with the spacing parameters in accordance with Figure 3, a
W-11bp configuration Zif268 (green) does not generate steric clashes within the model to
SpCas9.

Figure 5 presents exemplary data showing an activity profile of SpCas9 (blue) or
SpCas9-Zif268 (red) on a common target site with different PAM sequences and a neighboring
Zif268 site (Watson-5bp). SpCas9 may be active only on the NGG PAM, whereas SpCas9-
Zif268 may be active on NGG, NAG, NGA and NGC PAMs. Data are from three independent
biological replicates performed on different days, where HEK293T cells transfected with 50 ng
Cas9/Cas9-Zif268 plasmid, 50 ng sgRNA plasmid, 150 ng GFP reporter with target site and 100
ng mCherry control plasmid.

Figure 6 presents exemplary data showing an activity profile of SpCas9 (blue) or
SpCas9- Zif268 (also referred to as SpCas9-DBD*®) (red) with sgRNAs of different length
(truncated) on a common target site with a NGG PAM sequences and a neighboring Zif268 site 5
base pairs away in Watson orientation. Cas9-Zif268 display higher activity between 15 and 20 nt
of length in the guide sequence. Data are from three independent biological replicates performed
on different days, where HEK293T cells transfected with 50 ng Cas9/Cas9-Zif268 plasmid, 50
ng sgRNA plasmid, 150 ng GFP reporter with target site and 100 ng mCherry control plasmid.

Figure 7 presents exemplary data showing an activity profile of SpCas9 (blue) and
SpCas9-TAL268 (green) in the GFP reporter assay with sgRNAs of 20nt vs 16nt lengths on
NGG, NAG, NGA, NGC PAM target sites with a neighboring Zif268 site (Watson-5bp). SpCas9
displays robust activity only on the NGG PAM, whereas SpCas9-TAL268 may be active on
NGG, NAG, NGA and NGC PAMs. Data are from three independent biological replicates
performed on different days, where HEK293T cells transfected with 50 ng Cas9/Cas9-TAL268
plasmid, 50 ng sgRNA plasmid, 150 ng GFP reporter with target site and 100 ng mCherry

control plasmid.
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Figure 8 presents exemplary data showing a quantification of lesion frequencies from
three independent biological replicates performed on different days in HEK293T cells. Error bars
indicate standard error of the mean. Genomic activity profiles of SpCas9 and SpCas9-7if268
programmed independently with 4 different sgRNAs targeting 4 different genomic sites with
neighboring Zif**® binding sites (Watson-1 Ibp). SpCas9 cuts efficiently only the GG PAM, but
SpCas9-Zif**® also cuts efficiently at AG, GA or GC PAMs. Genomic regions were PCR-
amplified, and lesions (i.e., for example, cleavages and mutagenic NHEJ’s) were detected by T7
Endonuclease I (T7EI) assay. Top panel may be the exemplary agarose gel image displaying
DNA lesion profile after T7EI treatment. The bottom panel may be the quantification of lesion
frequencies data from three independent biological replicates performed on different days, where
HEK293T cells transfected with 50 ng Cas9/Cas9-Zif268 plasmid, 50 ng sgRNA plasmid, and
100 ng mCherry control plasmid.

Figure 9 illustrates one embodiment of PAM-interacting amino acid residues neighboring
a NGG PAM (magenta) in the structure of SpCas9 (PMID 25079318; Top panel). The bottom
panel presents an activity profile of SpCas9 (Blue) or SpCas9-Zif268 (red) bearing mutations at
positions 1333 or 1335 in the PAM recognition sequence in comparison to wild-type (WT)
SpCas9. SpCas9 bearing these mutations may be inactive on its own, but when fused to Zif268
(also referred to as DBD*®), activity may be restored due to a nearby a Zif268 binding site
(Watson-5bp). MT3 (R1335K) appears to have more stringent specificity (NAG PAM may be
not functional). Data are from three independent biological replicates performed on different
days, where HEK293T cells transfected with 50 ng Caso™/Caso™'-Zif268 plasmid, 50 ng
sgRNA plasmid, 150 ng GFP reporter with target site and 100 ng mCherry control plasmid.

Figure 10 presents one embodiment of a T7EI assay on PCR products spanning a
genomic target site with an NGG PAM and neighboring Zif268 site (Watson-11bp) for various
SpCas9 or SpCas9-Zif268 mutants (MT#). For SpCasoM™ & SpCasoM™, strong activity may be
observed when Zif268 is fused. Top Panel: Agarose gel images used showing three independent
replicates (R1, R2, R3) for each nuclease platform. Cleaved bands indicating nuclease activity at
each locus are indicated by red dots. Bottom Panel: The quantification of lesion frequencies data

from three independent biological replicates performed on different days, where HEK293T cells
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transfected with 50 ng Cas9/Cas9-Zif268 plasmid, 50 ng sgRNA plasmid, and 100 ng mCherry
control plasmid.
Figure 11 presents exemplary data of an analysis of the activity of SpCas9 mutants (e.g.,
MT1, MT2 & MT3) on different PAM-containing target sites with a neighboring Zif268 site
(Watson-5bp) in a GFP reporter assay.
Figure 11A: Local sequences of the PAM interacting domain mutants at positions
1333 or 1335 of SpCas9.
Figure 11B: Analysis of SpCas9 mutant activity on different nGn or nnG PAM-
containing target sites in the GFP reporter assay. Mutations that alter the interaction of
R1333 with its guanine contact (nGn, green) reveal modest activity at nnG PAMs.
Correspondingly, mutations that alter the interaction of R1335 with its guanine contact
(nnG, magenta) reveal modest activity at nGn PAMs. Data are from three independent
biological replicates performed on different days in HEK293T cells. Residues above each
panel are positions 1333 through 1335 in SpCas9. Data are from three independent
biological replicates performed on different days, where HEK293T cells transfected with
50 ng Caso™"/CasO™'-Zif268 plasmid, 50 ng sgRNA plasmid, 150 ng GFP reporter with
target site and 100 ng mCherry control plasmid. Error bars indicate standard error of the
mean.
Figure 12 presents exemplary data of T7EI assays on PCR products spanning target site
TS3 or off-target site 2 (OT3-2) in nuclease treated (or control) HEK293T cells (PMID
24463574). An sgRNA for TS3 (sgRNA-TS3) was used to program cleavage of SpCaso™T,
SpCas9-ZFp'?, SpCas9MT3 or SpCaso™" -ZFP™3 where the ZFP was assembled from an
archive of zinc fingers of defined specificity. Zhu et al., Using defined finger-finger interfaces as
units of assembly for constructing zinc-finger nucleases. Nucleic Acids Research. 2013 Feb
1;41(4):2455-65; and Gupta et al., An optimized two-finger archive for ZFN-mediated gene
targeting. Nature Methods. 2012 Apr 29;9(6):588-90. Top Panel: An exemplary agarose gel
image displaying DNA lesion profile after T7EI treatment. Cleaved bands indicating nuclease
activity at each locus are indicated by red dots. SpCaSQMTS-ZFPTS3 shows no apparent activity at
OT3-2, whereas it cleaves the target site efficiently. Bottom Panel: Quantification of lesion

frequencies data from three independent biological replicates, where HEK293T cells transfected
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with 50 ng Cas9/Cas9o™"?/Cas9-ZFP > /CasoMT-ZFp"™? plasmid, 50 ng sgRNA plasmid, and 100
ng mCherry control plasmid.

Figure 13 presents exemplary data of T7EI assays on PCR products spanning T'S3 or off-
target site 2 (OT3-2) in nuclease treated (or control) HEK293T cells. An sgRNA for TS3
(sgRNA-TS3) was used to program cleavage of SpCas9" T, SpCaso™™ or SpCas9MT3-ZFPTS3,
where the ZFP was assembled from an archive of zinc fingers of defined specificity. Zhu et al.,
Using defined finger-finger interfaces as units of assembly for constructing zinc-finger
nucleases. Nucleic Acids Research. 2013 Feb 1;41(4):2455—65; and Gupta et al., An optimized
two-finger archive for ZFN-mediated gene targeting. Nature Methods. 2012 Apr 29;9(6):588-90.
Cleaved bands indicating nuclease activity at each locus are indicated by red dots. SpCasQMTB-
ZFP™ may be programmed with a non-cognate sgRNA-TS4, or SpCas9MT3 may be fused to a
ZFP recognizing a different binding site (SpCaso™*-ZF PTS4) such that no activity may be
observed at TS3.

Figure 14 presents exemplary data of T7EI assays on PCR products spanning TS2 or off-
target site 2 (OT2-1) in nuclease treated (or control) HEK293T cells (PMID 24463574). An
sgRNA for TS2 (sgRNA-TS2) was used to program cleavage of SpCas9"' T, SpCas9-ZFP ™2,
SpCasQMT3 or SpCas9™-ZFP™, where the ZFP was assembled from an archive of zinc fingers
of defined specificity. Zhu et al., Using defined finger-finger interfaces as units of assembly for
constructing zinc-finger nucleases. Nucleic Acids Research. 2013 Feb 1;41(4):2455-65; and
Gupta et al., An optimized two-finger archive for ZFN-mediated gene targeting. Nature Methods.
2012 Apr 29;9(6):588-90. Cleaved bands indicating nuclease activity at each locus are indicated
by magenta dots. SpCasQNm—ZFPTSZ shows no apparent activity at OT2-1, whereas it cleaves the
target site efficiently.

Figure 15 presents exemplary data of T7EI assays on PCR products spanning TS4 in
nuclease treated (or control) HEK293T cells (PMID 24463574). An sgRNA for TS4 (sgRNA-
TS4) was used to program cleavage of SpCaso™T, SpCas9MT3 or SpCasoM-ZFPT™* where the
ZFP was assembled from an archive of zinc fingers of defined specificity. Zhu et al., Using
defined finger-finger interfaces as units of assembly for constructing zinc-finger nucleases.

Nucleic Acids Research. 2013 Feb 1;41(4):2455-65; and Gupta et al., An optimized two-finger
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archive for ZFN-mediated gene targeting. Nature Methods. 2012 Apr 29;9(6):588-90. Cleaved
bands indicating nuclease activity at each locus are indicated by red dots.

Figure 16 presents illustrative schematic of the orientation and spacing parameters
examined in these assays. Top Panel: Position and 5’ to 3’ orientation of the DTU binding site
may be represented by an orange arrow relative to the PAM element of the Cas9 binding site.
Bottom Panel: Displays an exemplary activity profile of Cas9 (blue, on an NGG or NAG PAM)
or Cas9-SI, Zif268 (also referred to as Cas9-ZFP268) (red, NAG PAM), where SL stands for
shortened peptide linker between Cas9 and the DTU, on a common sgRNA target site. DTU site
orientation may be either Watson (W) or Crick (C), and spacing may be 5, §, 11 or 14 bp from
the PAM (see schematic). No activity was detected for Cas9 above background on an NAG
PAM, a Cas9-SL_Zif268 construct displayed activity on all AG PAM target sites in various
levels. These data suggest that the linker length can be utilized as a parameter to adjust increased
specificity on a desired target. Datum may be from single replicate, where HEK293T cells
transfected with 50 ng Cas9/Cas9-Zif268/Cas9-TAL268 plasmid, 50 ng sgRNA plasmid, 150 ng
GFP reporter with target site and 100 ng mCherry control plasmid.

Figure 17 presents a schematic of the orientation and spacing parameters examined in
these assays (Top Panel). The position and 5’ to 3’ orientation of the DTU binding site may be
represented by an orange arrow relative to the position of 5° nucleotide of the sgRNA of the
Cas9 binding site. The bottom panel displays the activity profile of Cas9 (blue, on an NGG or
NAG PAM), N-Zif268-Cas9 (red, NAG PAM) or N-TAL268-Cas9 (green, NAG PAM) on a
common sgRNA target site. DTU site orientation may be either Watson (W) or Crick (C), and
spacing may be 6, 8, 10, 12, 14 or 16 bp from the 5° of sgRNA (see schematic). Enhanced
nuclease activity was not detected for either Cas9 or N-Zif268-Cas9 nor N-TAL268-Cas9 above
the background on an AG PAM. Data are from three independent biological replicates on
performed on different days, where HEK293T cells transfected with 50 ng Cas9/N-Zif268-Cas9
/N-TAL268-Cas9 plasmid, 50 ng sgRNA plasmid, 150 ng GFP reporter with target site and 100
ng mCherry control plasmid.

Figure 18 presents a schematic of the orientation and spacing parameters examined in
these assays (top panel). The position and 5’ to 3’ orientation of the DTU binding site may be

represented by an orange arrow relative to the position of 5’ nucleotide of the sgRNA of the
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Cas9 binding site. The bottom panel displays the activity profile of Cas9 (blue, on an NGG or
NAG PAM), Cas9-Zif268 (red, NAG PAM) or Cas9-TAL268 (green, NAG PAM) on a common
sgRNA target site. DTU site orientation may be either Watson (W) or Crick (C), and spacing
may be 6, 8, 10, 12, 14 or 16 bp from the 5” of sgRNA (see schematic). While no activity was
detected for Cas9 and for Cas9-TAL268 above background on an NAG PAM, Cas9-Zif268
displayed modest activity on most of the NAG PAM target sites above the background on an
NAG PAM. Datum may be from single replicates, where HEK293T cells transfected with 50 ng
Cas9/Cas9-Zif268 /Cas9-TAL268 plasmid, 50 ng sgRNA plasmid, 150 ng GFP reporter with
target site and 100 ng mCherry control plasmid.

Figure 19 presents a schematic of the orientation and spacing parameters examined in
these assays (top panel). The position and 5’ to 3’ orientation of the DTU binding site may be
represented by an orange arrow relative to the PAM element of the Cas9 binding site (Watson
11bp). No activity was detected for Cas9 and for N-TAL*®®-Cas9 above background on an NAG
PAM. However, Cas9-Zif268, N-Zif268-Cas9, and Cas9-TAL?®® all displayed activity on this
NAG PAM target site above the background on an NAG PAM. Datum may be from single
replicates, where HEK293T cells transfected with 50 ng Cas9/N-Zi{268-Cas9/Cas9-Zif268 /N-
TAL?®®-Cas9/Cas9-TAL*® plasmid, 50 ng sgRNA plasmid, 150 ng GFP reporter with target site
and 100 ng mCherry control plasmid.

Figure 20 presents a schematic of SpCasO™! and Nm-dCas9 fusions. (Top) SpCaso™-
Nm-dCas9 may be linked through a dimerization domain. (Bottom) SpCas9™ Nm-dCas9 may
be fused through peptide linker.

Figure 21 presents a schematic of coupling SpCas9 to a programmable DBD via
dimerization domain.

Figure 22 illustrates a schematic of chimeric SpCas9-DTU in the context of existing
SpCas9 variants (e.g., for example, truncated sgRNAs, nickases, and FokI-dCas9). These
platforms can be combined with a Cas9 nuclease-DTU to use mutant versions of Cas9 that are
attentuated (yellow star) to maintain activity dependence on the DTU.

Figure 23 presents:

Figure 23A: a schematic overview of a B2H system where interaction domains on

RNA polymerase and dSpCas9-DBD facilitate recruitment of polymerase and promoter
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activation upon target site recognition within a reporter vector. The selection of an

optimal linker from a randomized library that promotes efficient binding by dSpCas9-

DBD should be possible in this framework; and

Figure 23B: an initial test of a dSpCas9 system on an NGG PAM target site (e.g.,
no DBD). Right: a 10x dilution series on non-selective media; Left: the same series but
on selective media with 2mM 3-AT and no histidine. The dCas9/sgRNA-programmed
cells with a complementary target site in the reporter survive the selection. Further
optimization of the expression construct may yield cells that grow at a rate even closer to
that of the positive control.

Figure 24 presents one embodiment of a structural model of potential DNA phosphate
contacts in SpCas9. A B-DNA model was constructed using (PMID 18600227) and appended 3’
to the PAM (magenta) in a SpCas9 structure. Lysines in proximity to the DNA backbone are
shown (no arginines are nearby with the exception of the PAM recognition residues (shown)).
These phosphate contacting residues are examples of potential mutagenesis positions to attenuate
the independent DNA binding affinity of Cas9 to increase its dependence on the attached DTU.

Figure 25 illustrates one embodiment of a domain organization of NmCas9 based on a
structure of a related Type II-C Cas9. Jinek et al., Structures of Cas9 endonucleases reveal RNA
mediated conformational activation. Science. 2014 Mar 14;343(6176):1247997. The PAM-
interacting residues are likely to be found in the Topo or CTD regions based in part on
comparison to SpCas9. Anders et al., Structural basis of PAM-dependent target DNA
recognition by the Cas9 endonuclease. Nature. 2014 Sep 25;513(7519):569-73. Sequence
alignment of NmCas9 with 9 related Type 1I-C orthologs showing conservation of Argl1025
(magenta circle) and Lys1013 (red circle) residues that are candidates for mutagenesis.

Figure 26 presents a DNA sequence alignment of a short region nearby PAM interacting
residues (Red highlight residues 1333 to 1335) of wild type SpCas9 and mutants described here.

Figure 27 presents one embodiment of a plasmid expressing SpCas9-Zif268 fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in

red and Zif268 may be highlighted in green.
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Figure 28 presents one embodiment of a plasmid expressing Zif268-SpCas9 fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red and Zif268 may be highlighted in green.

Figure 29 presents one embodiment of a plasmid expressing SpCas9-TAL268 fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red and TAL268 may be highlighted in blue.

Figure 30 presents one embodiment of a plasmid expressing TAL268-SpCas9 fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red and TAL268 may be highlighted in blue.

TS2 oo -
52 fusion

Figure 31 presents one embodiment of a plasmid expressing SpCas9-ZFP
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red and ZIP™* may be highlighted in yellow.

Figure 32 presents one embodiment of a plasmid expressing SpCas9™>-ZFP™? fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red/gray and ZEP™ may be highlighted in yellow.

Figure 33 presents one embodiment of a plasmid expressing SpCas9-ZFTS3 fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red and ZFP™>* may be highlighted in magenta.

Figure 34 presents one embodiment of a plasmid expressing SpCas9™>-ZFP™? fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red/gray and ZFP™* may be highlighted in magenta.

Figure 35 presents one embodiment of a plasmid expressing SpCas9-ZFP™* fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red and ZFP™* may be highlighted in cyan.

Figure 36 presents one embodiment of a plasmid expressing SpCas9™>-ZFP "™ fusion
protein. SpCas9 sequence may be underlined where PAM interacting residues are highlighted in
red/gray and ZEP™* may be highlighted in cyan.

Figure 37 presents one embodiment of a sequence of Cas9-Zif268 (also referred to as
DBD?*®) fusion protein.

Figure 38 presents one embodiment of a sequence of Zif268-Cas9 fusion protein.
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Figure 39 presents one embodiment of a sequence of Cas9-TAL268 fusion protein.
Figure 40 presents one embodiment of a sequence of TAL268-Cas9 fusion protein.

PTS4

Figure 41 presents one embodiment of a sequence of Cas9-ZF fusion protein.

7%
PTS

Figure 42 presents one embodiment of a sequence of Cas9-ZF fusion protein.

Figure 43 presents one embodiment of a sequence of Cas9-ZFp™?

fusion protein.

Figure 44 presents exemplary data showing that SpCasOMT-ZFP chimeras have improved
precision.

Figure 44A: Sequences of Target Site 2 (TS2), TS3 and TS4%%% with the 12 bp
ZFP binding sites highlighted in green, red and blue, respectively, with the arrow
indicating the bound DNA strand.

Figure 44B: Lesion rates determined by T7EI assay’ "' for SpCas9, SpCas9MT3
and SpCas9™™>-ZFP at TS2, TS3 and TS4. Data are from three independent biological
replicates performed in HEK293T cells. Error bars indicate s.e.m.

Figure 44C: Deep sequencing analysis of SpCas9™T-ZFP precision. Lesion rates
for target sites and off-target sites with significant activity assayed by sequencing PCR
products spanning each genomic locus for SpCas9 (blue), SpCas9MT3-ZFP (red) and Neg
control (green). Error bars indicate s.e.m. Asterisks indicate OT sites where the cleavage
rate for SpCas9MT3 -ZFP is significantly above the NegCT.

Figure 44D: Example GUIDE-seq peaks for Cas9™ (top) and SpCas9MT3—ZFPTS2
(bottom). Both have strong peaks at TS2 target site, but only Cas9™" has signal at OT2-1.
The position of each site is indicated above the peak.

Figure 45 presents exemplary data comparing lesion rates at TS2 and OT2-2 as
determined by T7EI assay for SpCas9™" and SpCas9™™- ZFP™? variants that alter the number
of ZFPs or change them completely (TS2*). The binding site for the TS2*-ZFP is in blue.
Removing finger 1 (F2-4) or 4 (F1-3) from the four-finger TS2 ZFP (F1-4) modestly impacts
target site activity, but dramatically improves precision. Data are from three independent
biological replicates from different days in HEK293T cells. Error bars indicate s.e.m.

Figure 46 presents exemplary data showing an activity profile of SpCas9 (blue) and
SpC{:ls9MT3'-ZFPTS3 (red) at TS3 target site with guides containing single-base mismatches at the
20 positions (M1-M20) across the target site. Both nucleases have similar activity at the TS3
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target site with a fully cognate guide (leftmost bars), but SpCas™MT-ZFPT>? has dramatically
enhanced sensitivity to mismatches between the guide and target site. Data are from T7EI assays
on amplicons spanning the genomic target site from three independent biological replicates
performed on different days in HEK293T cells. Error bars indicate s.e.m.

Figure 47 presents exemplary data showing precise rapamycin-dependent cleavage by
Cas9™-FRB and or FKBP-TALE™ nucleases. T7EI assay on PCR products spanning the TS3
target site (Top) or OT3-2 off-target site (Bottom) genomic loci. Cas9"V", CasOMTTALE™® and
CasOMT-FRB FKBP-TALE"? (+ or -) of 20 nM rapamycin (Rap). CasO™'-FRB FKBP-TALE™
activity at the target site is Rap-dependent (arrows). At OT3-2, only Cas9" T produces lesions
(weak T7EI activity in in all lanes).

Figure 48 presents exemplary data showing T7E1 analysis reveals efficient NmCas9
editing of a site adjacent to a GATT PAM within the Vegfa/TS3 amplicon. 24-nt NmCas9 guides
with either one (G23) or two (GG22) G residues at the 5° end edit the target as efficiently as the
canonical SpCas9/TS3 sgRNA combination.

Figure 49 presents exemplary data showing that attenuated NmCas9-PAM interactions
can be rescued by a fused DBD. Data are from three independent replicates on different days in
HEK?293 cells. Error bars indicate s.e.m.

Figure 49A: Activity profile of NmCas9 and Zif268- NmCas9 on a common
target site with different PAM sequences and a neighboring Zif268 site.
Figure 49B: Activity profile of NmCas9, NmCas9™ (attenuated by K1013A and

R1025A), and Zif268- NmCas9™™ on a common target site, with different spacings

between the GATT PAM and a Zif268 site.

Figure 50 presents an illustrative overview of a gene-correction strategy via minigene
knock-in into an early intron of CYBB. For example, Cas9-pDBDs can be programmed to
cleave intron 1 (or 2) in the context of a repair cassette that contains exons 2-13 (or 3-13) flanked
by a strong splice acceptor (SA, human B-globin) and a polyA sequence (BGH polyA). These
clements may be flanked by homology arms to facilitate HDR-based insertion of the repair

cassette.
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Figure 51 presents exemplary data showing T7EI activity of SpCas9/sgRNAs in intron 2

of CYBB in HEK293T and PLB985 cells (top panel), and a PCR assay showing CYBB minigene
cassette insertion by NHEJ mediated ligation (bottom panel).

Figure 52 presents an illustrative overview of the distribution of potential SpCas9 off-

target sites within the human genome.

Figure 52A: Schematic of the SpCas9/sgRNA system and the two sequential
stages of licensing required for cleavage: Stage 1 - PAM recognition (nGG is highly
preferred) and Stage 2 - complementary R-loop formation between the 20 nucleotide
guide RNA and the interrogated DNA sequence.

Figure 52B: Genome-wide analysis using CRISPRseek® of the potential off target
sites for a representative set of 124,793 guide RNAs targeting human exons sequences.
Guides were binned based on the predicted off-target site with the smallest number of
mismatches to the guide sequence. A perfect match indicates the presence of an off-target
site with a perfect guide match (red wedge). Only 1.6% of these guide sequences do not
have an off-target site with 3 or fewer mismatches to the guide sequence (green wedge).
This subset would be the best candidates for precise genome editing. The vast majority of
guides typically have many potential off-target sequences with 3 or fewer mismatches.

Figure 52C: Genome-wide analysis of the minimum number of mismatches in
off-target sites for a representative set of 55,687 guide RNAs targeting human promoter
regions (binned as describe above). Only 1% of these guide sequences do not have an off-
target site with 3 or fewer mismatches to the guide sequence (green wedge).

Figure 53 presents an illustrative overview of the distribution of potential SpCas9

offtarget sites within a human genome.

Figure 53A: Genome-wide analysis of the sum of off-target scores determined by
CRISPRseck?® for the top 10 off-target sites for a representative set of 124,793 guide
RNAs targeting gene exons. These were binned into five different categories where a
lower score is better. An off-target site is scored as 100 if it is a perfect match to the

guide sequence.
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Figure 53B: Genome-wide analysis of the sum of the off-target scores determined
by CRISPRseck™ for the top 10 off-target sites for a representative set of 55,687 guide
RNAs targeting gene promoter regions.

Figure 53C: Guide RNAs targeting gene exons with no predicted off-targets with
<=3 mismatches (green wedge) are analyzed for off-target sites with potential bulges in
the sgRNA:DNA heterodupleng. Red wedges indicate the fraction of guides that have
one or more off-target sites that have perfect complementarity with the exception of a
single bulge.

Figure 53D: Guide RNAs targeting gene promoters with no predicted off-targets
with <= 3 mismatches (green wedge) are analyzed for off-target sites with potential
bulges in the sgRNA:DNA duplex. Red wedges indicate the fraction of guides that have
one or more off-target sites that have perfect complementarity with the exception of a
single bulge.

Figure 54 presents exemplary data showing a protein expression analysis of SpCas9 and
SpCas9- Zif268 and SpCas9-TAL268 platforms. HEK293T cells are transfected with the
indicated Cas9 plasmid which has triple HA-tag. Top Panel: Full length protein is probed with
anti-HA antibody. Bottom Panel: Alpha-tubulin is used as loading control.

Figure 55 presents exemplary data showing SpCas9 or SpCas9-Zif268 programmed
independently with four different sgRNAs targeting four different genomic sites with
neighboring Zif268 binding sites (highlighted in orange)(Top Panel), and that SpCas9 cuts
efficiently only at the target site with a nGG PAM, but SpCas9-Zif%8 cuts efficiently at
additional target sites with nAG, nGA or nGC PAMs (Bottom Panel). Genomic regions were
PCR-amplified, and lesions (e.g., insertions or deletions within a local sequence) were detected
by T7 Endonuclease I (T7EI) assay.

Figure 56A presents exemplary data showing T7 Endonuclease I (T7EI) assays on PCR
products spanning a genomic target site (underlined) with an NGG PAM (magenta) and
neighboring Zif268 site (orange) for SpCas9 or SpCas9 mutants with or without a Zif268 fusion.
For SpCaso™™ & SpCas9MT3, robust nuclease activity is only observed when Zif268 is fused to
the C-terminus. The gel image is representative of T7EI assays at this genomic target site, where

cleaved products are noted by magenta arrowheads.
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Figure 56B presents exemplary data showing quantification of average T7EI-based lesion
rates at the PLXNB2 locus from three independent biological replicates performed on different
days in HEK293T cells. Error bars indicate standard error of the mean.

Figure 57 presents exemplary data showing an analysis of the genomic activity profile of
SpCasY mutants (MT1, MT2, MT3 & MT4) independently and as SpCas9-7if268 fusions at the
PLXNB2 locus at a target site with an nGG PAM and a Zif268 binding site 11 bp away on the
Watson strand. T7EI assay data from PCR products spanning the target site in three independent
biological replicates (Repl, Rep2, Rep3) performed on different days in HEK293T cells.
Cleaved products are indicated by magenta arrowheads,

Figure 58 presents exemplary data showing an analysis of the genomic activity profile of
SpCasQMTl at TS2, TS3 and TS4 sites. T7EI assay data from PCR products spanning the target
site in three independent biological replicates (Rep1, Rep2, Rep3) performed on different days in
HEK293T cells. Cleaved products are indicated by magenta arrowheads.

Figure 59 presents exemplary data of an analysis of a genomic activity profile of
SpCaso™™- ZFPPCM and SpCaso™™-ZFP™ at DNAJC6 and PLXDC? sites respectively. These
sequences have compatible binding sites for the DCLK?2" and Factor IX' ZFPs. T7EI assay data
from PCR products spanning the target site from single experiment done in HEK293T cells.
Cleaved products are indicated by magenta arrowheads. Similar analysis of SpCasoMT-zppHEBF2
(targeting a compatible binding site for the HEBP2 ZFP6) at GPRCS5B did not detect any lesions
for this SpCas9™™-ZFP fusion (data not shown).

Figure 60 presents exemplary data demonstrating improved precision of SpCas9™'-ZFP
chimeras.

Figure 60A: Sequences of Target Site 2 (TS2), Target Site 3 (TS3) and Target

Site 4 (T'S4) for the SpCas9/sgRNAs described by Joung and colleagues'***. The 12 bp

ZFP binding sites for TS2, TS3 and TS4 are highlighted in green, red and blue,

respectively, with the arrow indicating the strand that is bound.

Figure 60B: Lesion rates determined by T7EI assay for SpCas9, SpCas9™" and

SpCas9™"3-ZFP at TS2, TS3 and TS4. Data are from three independent biological

replicates performed on different days in HEK293T cells. Error bars indicate standard

error of the mean.
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Figure 60C: Representative T7EI assay comparing lesion rates at TS3 and off-
target site 2 (OT3-2)25 for various SpCas9-chimera/sgRNA combinations. The activity at
the target site for SpCas9™'*-ZFP is dependent on the cognate sgRNA and ZFP, where
SpCaso™M™ -ZFP"? can discriminate between TS3 and OT3-2.

Figure 60D: Genomic target site cleavage activity by SpCas9, SpCaLSQWT-ZFPTS3
and SpCas9™>-ZFP™* in response to dinucleotide mismatches placed at different
positions within the guide sequence targeting the TS3 site. (Top Panel) T7EI assay data
from PCR products spanning TS3 site in three independent biological replicates
performed on different days in HEK293T cells. Error bars indicate standard error of the
mean. (Bottom Panel) Schematic indicating the position of the dinucleotide mismatches
across the guide sequence. SpCas™3-ZFP™ displays superior discrimination to SpCas9
for dinucleotide mismatches in the sgRNA recognition sequence.

Figure 61 presents exemplary data of a T7EI activity profile of SpCas9MT3-ZFPTS3

at the TS3 genomic locus as a function of the number of incorporated fingers. Both

Cas9"T and SpCas9MT3-ZFPTS3 with four fingers (F1-4) achieve efficient target cleavage.

Removing a single finger from either end of the zinc finger array (F1-3 or F2-4)

dramatically reduces the activity of the SpCasoMP-ZFP chimera. Cleaved products are

indicated by magenta arrowheads. The bar graph displays the mean lesion rate in three
independent biological replicates (Rep1, Rep2, Rep3) performed on different days in

HEK293T cells. Error bars indicate standard error of the mean.

Figure 62 presents exemplary data showing an analysis of a genomic activity profile of
SpCaS9MT3-TALETS3 and SpCas9MT3-TALETS4 at the TS3 and TS84 sites, respectively. An arrow
indicates the strand (Watson) of the highlighted sequence that is bound by the TALE. Two
different TALE repeat lengths (9.5 and 15.5) were examined at each target site. T7EI assay data
from PCR products spanning the target site in three independent biological replicates (Repl,
Rep2, Rep3) performed on different days in HEK293T cells. Cleaved products are indicated by
magenta arrowheads.

TS3/TS4

Figure 63 presents exemplary data showing an activity profile of SpCaso™'*-ZFp
with truncated sgRNAs (iru-gRNA)Y*,
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Figure 63A: Nuclease activity based on T7EI assay for SpCasQWT and SpCas9MT3-
ZFP"™? with a 17 nucleotide truncated guide at the TS3 target site.

Figure 63B: Nuclease activity based on T7EI assay for SpCas9™'T and
SpCasoM™ -ZFP™* with an 18 nucleotide truncated guide at the TS4 target site. Cleaved
products are indicated by magenta arrowheads.

Figure 63C: Target sites for the TS3 and TS4 tru-gRNAs and graph showing the
average activity at each target site in three independent biological replicates performed on
different days in HEK293T cells. Error bars indicate standard error of the mean. For both
TS3 and TS4, the SpCasOM™-ZFP chimera is more sensitive to the truncation of the guide
sequence, which is consistent with the greater sensitivity of this system to guide
mismatches.

Figure 64 presents exemplary data showing a deep sequencing analysis of SpCasoMP.

ZFP chimera precision.

Figure 64A: Lesion rates for target sites and off-target sites with significant
activity assayed by deep sequencing PCR products spanning each genomic locus for
SpCas9 (blue), SpCaso™™ (light blue), SpCas9™'-ZFP (red) and SpCasQMTs-ZFP (pink)
and untreated (NegCT, green). Error bars indicate standard error of the mean.

Figure 64B: Improvement in precision of SpCasoMT-ZFP relative to SpCaS9WT as
measured by the relative Specificity Ratio of target site lesion rate relative to each off-
target lesion rate (Specificity Ratio = Target site lesion rate / Off-target lesion rate).

Figure 64C: Comparison of average lesion rates at TS2 and OT2-2 determined by
T7EI assay for SpCaso™T and SpCasO™T-ZFP™? variants that alter the number of zinc

TS2% . . .
is indicated

fingers or change them completely (TS2*). The binding site for the ZFP
in blue. Removing finger 1 (F2-4) or finger 4 (F1-3) from the four finger TS2 ZFP array
(F1-4) at most modestly impacts target site activity, but it dramatically improves
precision. Data are from three independent biological replicates performed on different
days in HEK293T cells. Error bars indicate standard error of the mean.

Figure 65 presents an exemplary OT2-2 genomic sequence. The sequence
complementary to the guide is underlined with the two mismatched positions in bold.

The nGG PAM is red and the potential ZF P2 binding site highlighted in yellow. Below
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the genomic sequence is predicted consensus recognition motif and sequence logo for
ZFP"™ based on a Random Forest model of ZFP recognition®”. The predicted recognition
motif only differs substantially at one position in the finger 4 binding site (C versus A).

Figure 66 presents exemplary data showing a T7EI activity profile of SpCas9MT3-
ZFP™? at the TS2 genomic locus and OT2-2 as a function of the number of incorporated
fingers.

Figure 66A: Both Cas9™" and SpCaso™"-ZFP™>? with four fingers (F1-4) result
in efficient cleavage at the TS2 target site (magenta arrowheads indicate cleaved
products). Removing a single finger from either end of the zinc finger array (F1-3 or F2-
4) at most modestly reduces activity of the SpCas9™>-ZFP chimera. Removing a both
terminal fingers from the zinc finger array (F2-3) dramatically reduces activity of the
SpCasO™MT-ZFP chimera. Construction of an alternate ZFP (TS2*) that recognizes an
overlapping target site can also promote target cleavage.

Figure 66B: Both Cas9™" and SpCas9™-ZFP™>? with four fingers (F1-4) result
in efficient cleavage at the OT2-2 off-target site (magenta arrowheads indicate cleaved
products). Removing a single finger from either end of the zinc finger array (F1-3 or F2-
4) dramatically reduces activity of the SpCasQMT3 -ZFP chimera. As does the utilization of
an alternate ZFP (T'S2%*) that recognizes a different target site. Data from three
independent biological replicates (Repl, Rep2, Rep3) performed on different days in
HEK293T cells.

Figure 67 presents exemplary data for a genome-wide off-target analysis of
SpCas9™M1>-ZFPs by GUIDE-seq'”.

Figure 67A: Number of off-target sites with nuclease activity detected for
SpCas9™! (blue) and SpCasO™-ZFP (red) with TS2, TS3 and TS4 guides.

Figures 67B-67D: Number of unique reads captured by GUIDE-seq for nuclease
active sites within the genome (TS2/TS3/TS4 target site [bold] and off-target sites).
Previously defined off-target sites are colored black'*'” and potential new off-target sites
that were identified in this analysis are colored green for SpCas9™" or orange for
SpCasOM-ZFP. Some sites (e.g. OGT2-10 & OGT2-20) contain only reads from a
single library for SpCasOMT3-ZFP and are not binned as off-target sites.
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Figure 68 provides an illustrative model of the three stages of target site licensing that

may play a role in the ability of SpCaso™ ™

-pDBD to cleave DNA. Due to the attenuation of
SpCas9 DNA-binding affinity (mutation indicated by yellow star), the efficient engagement of a
sequence for PAM recognition or guide RNA complementarity requires the presence of a
neighboring DNA sequence that can be bound by the attached pDBD. This requirement for
pDBD binding adds a third stage of target site licensing for efficient cleavage.

Figure 69 presents exemplary data for the impact of a single point mutation of a
conserved arginine (Argl025) residue in the PAM interaction domain on NmCas9 activity in a
GFP reporter assay. HEK293 cells in 24-well plates were transfected with 100 ng split-GFP
reporter (Wilson, K. A., Chateau, M. L. & Porteus, M. H. Design and Development of Artificial
Zinc Finger Transcription Factors and Zinc Finger Nucleases to the hTERT Locus. Mol Ther
Nucleic Acids 2, 87 (2013)), into which we had cloned a protospacer (with its NNNNGATT
PAM) targeted by the natural N. meningitidis 8013 CRISPR spacer 9. Variants carrying PAM
mutations (as indicated) were also used. Also included in the transfections were 10 ng of an
mCherry-expressing plasmid (as a transfection marker), and 290 ng of a plasmid expressing wt
NmCas9 (blue bars) or mutants that change a candidate PAM recognition residue (Argl025) to
Ala, Lys, or Ser (red, green, and purple, respectively). The NmCas9-expressing plasmid also
encoded the spacer 9-containing sgRNA. Three identical transfections were done on different
days. In each case, after 48 hours post-transfection, cells were harvested and analyzed by flow
cytometry to identify the fraction of mCherry-positive cells that were also GFP-positive.

Figure 70 presents exemplary data for the impact of a double mutation of a conserved
arginine (Argl025) and lysine (Lys1013) residue in the PAM interaction domain on NmCas9
activity in a GFP reporter assay. HEK293 cells in 24-well plates were transfected with 100 ng
split-GFP reporter, into which we had cloned a protospacer (with its NNNNGATT PAM)
targeted by the natural N. meningitidis 8013 CRISPR spacer 9. Variants carrying PAM mutations
(as indicated) were also used. Also included in the transfections were 10 ng of an mCherry-
expressing plasmid (as a transfection marker), and 290 ng of a plasmid expressing wt NmeCas9
(blue bars) or mutants that change a candidate PAM recognition residue (Arg1025) to Ala, Lys,
or Ser (red, green, and purple, respectively), each in combination with a second mutation

changing Lys1013 to Ser. The NmeCas9-expressing plasmid also encoded the spacer 9-
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containing sgRNA. Three identical transfections were done on different days. In each case, after
48 hours post-transfection, cells were harvested and analyzed by flow cytometry to identify the
fraction of mCherry-positive cells that were also GFP-positive.

Figure 71 presents exemplary data examining the ability of an N-terminal or C-terminal
fusion of Zif268 to NmCas9 to be able to rescue the cleavage activity of attenuated NmCas9
mutants. The split-GFP reporter system was modified to include a Zif268 binding site, either
upstream (US) (i.e. on the opposite side of the protospacer to the NNNNGATT PAM) or
downstream (DS) (i.e., on the same side as the protospacer as the PAM). In all cases, the Zif268
binding site started 5bp away from the protospacer (US) or PAM (DS), and was either in the
Watson (W) or Crick (C) orientation. The NmCas9-expressing plasmid encoded either WT
NmCas9, the R1025A single-mutant NmCas9 (SM), or the K1013A/R1025A double-mutant
NmCas9 (DM). In addition, the NmCas9 was fused to no additional domains (blue bars), N-
terminal Zif268 (Nter-Zif268, red bars), or C-terminal Zif268 (Zif268-Cter, green bars).
HEK293 cells in 24-well plates were transfected with 100 ng split-GFP reporter. Also included
in the transfections were 10 ng of an mCherry-expressing plasmid (as a transfection marker), and
290 ng of the plasmid expressing NmeCas9 and the spacer 9-containing sgRNA. Three identical
transfections were done on different days. In each case, after 48 hours post-transfection, cells
were harvested and analyzed by flow cytometry to identify the fraction of mCherry-positive cells
that were also GFP-positive.

Figure 72 presents exemplary data examining the impact of spacing of a downstream
Zif268 binding site relative to the PAM on the activity of NmCas9* or NmCas9™ fused to
Zif268 1in the split-GFP reporter assay. The spacing between the PAM and the downstream
Zif268 binding site (W orientation) was varied as indicated. In addition, only the fusion with
Zif268 at the N-terminus of NmeCas9 was used, and NmeCas9 included the 1025A single
mutation alone (top) or the K1013A/R1025A double mutation (bottom).

Figure 73 presents exemplary data demonstrating the ability of a ZFP fusion (Zif268) to
enhance the activity of NmCas9 at a preferred GATT PAM genomic target with a 5 bp spacing
and Crick (C) orientation of the ZFP binding site. T7E1 assay to detect NmCas9-catalyzed
genome editing of a chromosomal target site (N-1S5) that has a GATT PAM adjacent to a
naturally occurring Zif268-binding DNA sequence. HEK293 cells in 24-well format were
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transfected with 300ng of a plasmid expressing NmCas9, or of NmCas9 derivatives as indicated.
The plasmid also expressed an NmCas9 sgRNA with a guide sequence complementary to the
chromosomal target site. 72 hours after transfection, genomic DNA was prepared from the cells
and subjected to T7E1 analysis according to standard protocols. The percent editing for Cas9 and
Cas9-Zif268 is given underneath the corresponding lanes. The right-most two lanes are negative
controls with NmCas9-Zif268, in which the sgRNA construct included no cloned spacer (“Cas9-
Zif268-No spacer”) or a non-cognate spacer (Cas9-Zif268-Sg-N-TS9). The results show that a
ZFP domain fusion to the C-terminus of NmeCas9 can improve editing efficiency of a
chromosomal target site that has a GATT PAM.

Figure 74 presents exemplary data demonstrating that a ZFP fusion can restore activity of
the single and double NmCas9 mutants at a chromosomal target site that has a GATT PAM with
a 9 bp spacing and Crick (C) orientation of the ZFP binding site. Experiment performed as in
Figure 73, except that a different chromosomal target (N-TS7) site was tested.

Figure 75 presents exemplary data demonstrating that a ZFP fusion can restore activity of
the single NmCas9 mutant at a chromosomal target site that has a GATT PAM with an 11 bp
spacing and Crick (C) orientation of the ZFP binding site. Experiment performed as in Figure
73, except that a different chromosomal target (N-1S9) site was tested. There is weak
background T7EI cleavage activity in all of the lanes including the controls.

Figure 76 presents exemplary data demonstrating that a ZFP fusion can restore activity of
the double NmCas9 mutant at a chromosomal target site that has a GATT PAM with an 9 bp
spacing and Watson (W) orientation of the ZFP binding site. Experiment performed as in Figure
73, except that a different chromosomal target (N-TS8) site was tested.

Figure 77 presents exemplary data demonstrating that a ZFP fusion can enhance activity
of NmCas9 at a chromosomal target site that has a GATT PAM with an 12 bp spacing and
Watson (W) orientation of the ZFP binding site. Experiment performed as in Figure 73, except
that a different chromosomal target (N-TS10) site was tested. There is weak background T7EI
cleavage activity in all of the lanes including the controls.

Figure 78 presents exemplary data demonstrating that a ZFP fusion can restore activity of

the single NmCas9 mutant at a chromosomal target site that has a GATT PAM with an 14 bp
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spacing and Watson (W) orientation of the ZFP binding site. Experiment performed as in Figure
73, except that a different chromosomal target (N-TS11) site was tested.

Figure 79 presents exemplary data demonstrating that a ZFP fusion can restore activity of
the single or double NmCas9 mutants at a number of alternate PAMs in the split-GFP reporter
assay. These reporters include a Zif268 binding site (Watson orientation), 5 base pairs
downstream of the PAM. The PAM was either wild-type (GATT), or mutated as indicated. The
NmCas9-expressing plasmid encoded either WT NmeCas9, the R1025A single-mutant NmCas9
(SM, top panel), or the K1013A/R1025A double-mutant NmCas9 (DM, lower panel). In
addition, NmCas9 was fused to no additional domains [blue bars, wild-type NmCas9; red bars,
SM NmCas9 (top panel) or DM NmCas9 (bottom panel)], or to N-terminal Zif268 (green bars).
HEK?293 cells in 24-well plates were transfected with 100 ng split-GFP reporter. Also included
in the transfections were 10 ng of an mCherry-expressing plasmid (as a transfection marker), and
290 ng of the plasmid expressing NmCas9 and the spacer 9-containing sgRNA. Three identical
transfections were done on different days. In each case, after 48 hours post-transfection, cells
were harvested and analyzed by flow cytometry to identify the fraction of mCherry-positive cells
that were also GFP-positive.

Figure 80 presents exemplary data demonstrating that a ZFP fusion can enhance activity
of NmCas9 at a chromosomal target site that has a GTTT PAM (left panel) or GTCT PAM (right
panel) with a 5 bp spacing and Watson (W) orientation of the ZFP binding site. Experiment
performed as in Figure 73, except that a different chromosomal targets (N-TS20, left panel; N-
TS21, right panel) sites were tested.

Figure 81 presents exemplary data demonstrating that a ZFP fusion can enhance activity
of NmCas9 at a chromosomal target site that has a GTTT PAM (left panel) or GCTT PAM (right
panel) with a 5 bp spacing and Watson (W) orientation of the ZFP binding site. Experiment
performed as in Figure 73, except that a different chromosomal targets (N-TS20, left panel; N-
TS22, right panel) sites were tested.

Figure 82 presents exemplary data demonstrating that a ZFP fusion can permit activity of
NmCas9 at a chromosomal target site that has a GACA PAM (left panel) or restore activity of a
single or double mutant NmCas9 at GATA PAM (right panel) with a 5 bp spacing and Watson
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(W) orientation of the ZFP binding site. Experiment performed as in Figure 73, except that
different chromosomal targets (N-TS24, left panel; N-TS25, right panel) sites were tested.

Figure 83 presents exemplary data demonstrating that a ZFP fusion can restore activity of
a single or double mutant NmCas9 at GATT PAM (right panel) with a 5 bp spacing and Watson
(W) orientation of the ZFP binding site. Experiment performed as in Figure 73, except that a
different chromosomal target (N-TS3) site was tested at different concentrations of transfected
DNA.

Figure 84 presents one embodiment of a sequence of NmCas9.

Figure 85 presents one embodiment of a sequence of NmCas9 R1025A (also refetred to
as NmCas9™™) fusion protein.

Figure 86 presents one embodiment of a sequence of NmCas9 K1013A/R1025A (also
referred to as NmCas9™™) fusion protein.

Figure 87 presents one embodiment of a sequence of Zif268-NmCas9 fusion protein.

Figure 88 presents one embodiment of a sequence of NmCas9-Zif268 fusion protein.

Figure 89 presents onc embodiment of a sequence of Zif268-NmCas9*™ fusion protein.

Figure 90 presents one embodiment of a sequence of NmCas9™-7i268 fusion protein.

Figure 91 presents one embodiment of a sequence of Zif268-NmCas9™™ fusion protein.

Figure 92 presents one embodiment of a sequence of NmCas9™™-Zif268 fusion protein.

OMT3_NmdCas9 nucleases

Figure 93 presents exemplary data demonstrating that SpCas
programmed with orthogonal guides for neighboring target sites can function as a cohesive unit
to cleave DNA. Four different combinations (D1 through D4) of SpCas9 (underlined target
sequence neighboring Red TGG PAM) and NmCas9 (underlined target sequence neighboring
Blue GATT or AATC PAM depending on DNA strand that is bound). These different target site
orientations are separated by 6 to 30 bp of DNA (6 bp “gctage” spacer shown in each sequence)
in the Split-GFP reporter assay. The bar graph represents the mean activities of SpCas9 (SpWT
— blue bar), NmCas9 (NmWT — red bar), SpCaso™M™ (SpMT3 — green bar) or SpCaso™™-
NmdCas9 (SpMT3-Nmd — purple bars) for biological triplicate experiments. Error bars
represent standard error of the mean. SpCas9™-NmdCas9 displays good activity on D1 and

D2 oriented sites at most spacings. Note — SpCas9™”™? has only background activity on site D1-

6bp (green bar).
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OMT3 nucleases

Figure 94 presents exemplary data demonstrating that NmdCas9-SpCas
programmed with orthogonal guides for neighboring target sites can function as a cohesive unit
to cleave DNA. TFour different combinations (D1 through D4) of SpCas9 (underlined target
sequence neighboring Red TGG PAM) and NmCas9 (underlined target sequence neighboring
Blue GATT or AATC PAM depending on DNA strand that is bound). These different target site
orientations are separated by 6 to 30 bp of DNA (6 bp “gctage” spacer shown in each sequence)
in the Split-GFP reporter assay. The bar graph represents the mean activities of SpCas9 (SpWT
— blue bar), SpCaso™™ (SpMT3 - red bar) or NmdCas9-SpCaso™™ (Nmd-SpMT3 — green bars)
for biological triplicate experiments. Error bars represent standard error of the mean.
NmdCas9-SpCasoM™ displays good activity on some D1 and D2 oriented sites depending on the
spacing between the domains. Note — SpCaso™™ has only background activity on site D1-6bp
(red bar).

Figure 95 presents exemplary data demonstrating that the SpCas9™**-NmdCas9
nucleases programmed with orthogonal guides for neighboring target sites can target genomic
sequences. T7 Endonuclease I (T7EI) assay showing cleavage activity of SpCaso™">-dNmCas9
fusions at a genomic target site. (Top) Organization of the target site where the binding sites of
SpCaso™™ and dNmCas9 are oriented with the PAMs between the protospacers. (SpCas9 NGG
PAM on Watson strand and dNmCas9 NNNNGATT PAM on the Crick Strand, where 20 and 24
bp represent the sgRNA complementary regions for SpCas9 and NmCas9, respectively.)
(Bottom) T7EI nuclease assay on PCR products of genomic regions spanning the SpCaso™>-
dNmCas9 target site. Different combinations of fused or unfused SpCas9 and NmCas9 or
SpCasO™P-dNmCas9 are examined with different combinations of sgRNAs. Both the wildtype
(WT) SpCas9 (magenta arrowheads, lane 3) and NmCas9 nuclease can cleave their respective

target sites. However, SpCas9™ ™

is ineffective, but can be rescued by dNmCas9 fused to the C-
terminus, which substitutes as the DTU (lane 6).

Figure 96 presents exemplary data demonstrating that the SpCas9™"*-NmdCas9
nucleases programmed with orthogonal guides for neighboring target sites can efficiently cleave
the TS3 target site. (Top) Organization of the target site where the binding sites of SpCas9MT3
and dNmCas9 are oriented with the PAMs on the same strand. (SpCas9 NGG PAM —red and

dNmCas9 NNNNGATT PAM -blue, where underlined 20 and 24 bp represent the sgRNA
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complementary regions for SpCas9 and NmCas9, respectively.). (Bottom) T7EI nuclease assay
on PCR products of genomic regions spanning the SpCas9™*-NmdCas9 target site (TS3). Wild-
type SpCas9 (SpCas9WT) and wild-type NmCas9 (NmCas9™ ") programmed with their sgRNAs
can cleave the target site. Attenuated SpCas9 (SpCas9MT3

tethered to NmdCas9 (SpCas9™*-NmdCas9).

) cannot cleave the target unless

Figure 97 presents exemplary data demonstrating that the SpCas9™">-NmdCas9
nucleases programmed with orthogonal guides for neighboring target sites have greatly improved
precision relative to wild-type SpCas9 (SpCas9™"). Genomic DNA treated with the constructs
from Figure 95 (i.e. programmed to target the TS3 genomic site) were analyzed to examine the
off-target activity at site OT3-2, which is the most active off-target site for wild-type SpCas9.
T7EI nuclease assay on PCR products of genomic regions spanning the OT3-2 off-target site for
cells treated with each nuclease programmed with sgRNAs for the TS3 locus. Wild-type SpCas9
efficiently cleaves this off-target site whereas SpCas9™'*-NmdCas9 displays no activity. This
demonstrates a dramatic improvement in the precision of our attenuated dual Cas9 fusion
protein.

Figure 98 presents exemplary data demonstrating that SpCas9™P-NmCas9 fusions can
generate local deletions within the genome. Cells were treated with the cbrresponding nuclease
and their complementary sgRNAs. The local genomic sequence was PCR amplified from the
genomic DNA of treated cells and run on an agarose gel. There is evidence of a deletion

OMT_NmCas9 dual nuclease

(smaller amplified product) at the genomic locus in the SpCas
treated cells.

Figure 99 presents exemplary data demonstrating that the fusion partners of the FRB and
FKBP domains influences activity of the nuclease and that the incorporation of a Nuclear
localization sequence (NLS) and nuclear export sequence (NES) on different components are
critical for improving activity and reducing the background cleavage rate in the absence of the
dimerizing drug (Rapamycin). Improvements in the substituents and the order of the localization
and dimerization domains on the SpCas9 and pDBD scaffold plays an important role in
improving function. Top: Fusion of Cas9 to FKBP and a C-terminal fusion of destabilized FRB

(FRB*) to ZF was found to be superior for achieving maximum activity in presence of

drug(Rapamycin: Rap) and lowest background in absence of drug. (Magenta arrowheads denote

56



10

15

20

25

30

WO 2016/106338 PCT/US2015/067424

bands indicating nuclease activity) Bottom: Removing NLS from Cas9 and adding 2xNES and
2xNLS to the DBD component reduces background and increases drug-dependent activity at the
target site.

Figure 100 presents exemplary data demonstrating that fusion of Zif268 to Split-SpCas9
broadens the targeting range of this system. Top: schematic of drug-inducible split-cas9-DBD
fusion. Bottom: Fusion of DBD to the C-terminal component of drug-inducible split Cas9 results
in high activity at the target site containing a suboptimal NAG PAM and a neighboring zinc
finger binding site only in the presence of the drug (Rapamycin). Lesions in the genomic DNA
are detected by T7EI assay, where the bands indicative of nuclease modification of the genome
are indicated by arrows.

Figure 101 presents exemplary data demonstrating the analysis of various combinations
of NES and NLS sequences on Split-Cas9 and Split-Cas9-ZFP activity at a target site containing
and AG PAM at the Pmpca locus. The N-terminal domain of the Split-Cas9 (blue) contains
FKBP and the C-terminal domain (red) contains FRB. Activity should be realized by the
presence of Rapamycin, where this is assessed via a T7EI assay. Modulating the presence and
number of the NLS and NES domains on each component can dramatically change the drug-
dependent activity and background cleavage rates.

Figure 102 presents exemplary data demonstrating the improved specificity of out
engineered drug dependent systems programmed with the sgRNA and ZFP targeting the TS2
target site based on GUIDE-seq. (Top) comparison of the sequence of the TS2 target site and a
highly active off-target site (OTG2-1), where the PAM is bold and the non-canonical bases in
OTG2-1 are inred. The figure shows a pileup of sequence reads around each locus for wild-type
SpCas9 (spCas9-WT), Split-SpCas9 from the Zhang lab (Split-SpCas9), our drug-dependent
SpCas9-FKBP/ZFP-FRB and our drug-dependent Split-SpCaso™™*-pDBD, where the latter three
are all in the presence of rapamycin. All constructs have high activity at the target site, but off-
target activity is limited to the spCas9-WT and Split-SpCas9 from the Zhang lab.

Figure 103 presents presents one embodiment of a sequence of the 2xNLS-Cas9™>-NLS-
FKBP fusion protein. NLS (magenta), SpCaso™™ (blue), FKBP (orange).

Figure 104 presents presents one embodiment of a sequence of the 2xNLS-3xFlag-

2XxNES-TS2”"-FRB* fusion protein. NLS (magenta), NES (cyan), ZFP™2 (green), FRB* (red).
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Figure 105 presents presents one embodiment of a sequence of the NLS-Split-NCas9-
NLS-FRB fusion protein. NLS (magenta), N-terminal SpCas9 fragment (blue), FRB (red).

Figure 106 presents presents one embodiment of a sequence of the FKBP-Split-CCas9
MT3_NLS-3xHA-NLS-TS2Z-3XFLAG-2XNLS fusion protein. FKBP (orange), NLS (magenta),
C-terminal SpCas9MT3 (blue, mutant R1335K bold), ZFp'™? (green).

Figure 107 presents exemplary data comparing the lesion rates at target sites TS, T6 & Z1
for SpCas9 and three different SpCas9™"*-ZFPs by T7EI assay. Nuclease constructs and sgRNA
expression vectors were transfected into a Jurkat cell line with an integrated HIV provirus (J-Lat
line) and after 72 hours the lesion rates within the 5 LTR of HIV were analyzed by T7EI assay.
The T5 nuclease in particular displays good activity (cyan arrowheads indicate the bands
indicative of target site lesions and the values below each column indicate the calculated lesion
rate). Each target site is listed above the gel where the sgRNA target site is underlined, the NGG
PAM is in Red and the ZFP binding site is in yellow.

Figure 108 presents exemplary data comparing the off-target lesion rates for SpCas9 and
three different SpCas9™"*-ZFP" programmed with the TS sgRNA by T7EI assay. Nuclease
constructs and sgRNA expression vectors were transfected into a Jurkat cell line with an
integrated HIV provirus (J-Lat line) and after 72 hours the lesion rates were analyzed by T7EI
assay. Comparison of lesion rates at one computationally predicted off-target sites for the T3
sgRNAs with either wild-type SpCas9 or SpCaS9MT3—ZFPT5 by T7EI assay. Lesions are evident
for SpCas9 at this off-target site (cyan arrowheads) but these are absent for SpCasoM™3 -ZFpP.

Figure 109 presents one embodiment of a sequence of the Cas9MP-NLS-3xHA-NLS-
ZFP™ that targets the T5 site in the HIV LTR.

Figure 110 presents one embodiment of a sequence of the Cas9MP-NLS-3xHA-NLS-
ZFPT® that targets the T6 site in the HIV LTR.

Figure 111 presents one embodiment of a sequence of the Cas9VP-NLS-3xHA-NLS-
ZFP?! that targets the Z1 site in the HIV LTR.

Figure 112 representative sgRNA sequences for various loci for SpCas9 and NmCas9.
The guide sequence element is indicated in red.

MT3
9

Figure 113 presents one embodiment of a sequence of the NmdCas9-SpCas , where

NmCas9 is nuclease dead.
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Figure 114 presents one embodiment of a sequence of the SpCas9™>-NmdCas9, where

NmCas9 is nuclease dead.
RuvC

)

Figure 115 presents one embodiment of a sequence of the SpCas9™*-NmCas9n
where NmCas?9 is a nickase via inactivation of the HNH domain.

Figure 116 presents one embodiment of a sequence of the SpCaso™ *-NmCas9n™,
where NmCas?9 is a nickase via inactivation of the RuvC domain.

Figure 117 presents one embodiment of a sequence of the SpCas9™*-NmCaso™ T dual

nuclease system.

Detailed Description Of The Invention

The present invention may be related to the field of genetic engineering. In particular,
specific genes can be cleaved, edited or deleted using Cas9 nucleases with improved precision
when coupled to DNA targeting units, which can be either programmable DNA-binding domains
or an alternate isoform of Cas9 that are programmed to recognize a site neighboring the sequence
targeted by the Cas9 nuclease.

The CRISPR/Cas9 system is commonly employed in biomedical research; however, the
precision of Cas9 is sub-optimal for gene therapy applications that involve editing a large
population of cells. Variations on a standard Cas9 system have yielded improvements in the
precision of targeted DNA cleavage, but often restrict the range of targetable sequences. It
remains unclear whether these variations can limit lesions to a single site within the human
genome over a large cohort of treated cells. In some embodiments, the present invention
contemplates that fusing a programmable DNA-binding domain (pDBD) to Cas9 combined with
an attenuation of Cas9’s inherent DNA binding affinity produces a Cas9-pDBD chimera with
dramatically improved precision and increased targeting range. Because the specificity and
affinity of this framework is easily tuned, Cas9-pDBDs provide a flexible system that can be
tailored to achieve extremely precise genome editing at nearly any genomic locus —
characteristics that are ideal for gene therapy applications.

Conventional CRISPR technology has been used to effect genome editing with Cas9
nuclease activity in combination with specific guide RNAs (sgRNAs) to place the enzyme on

specific genomic DNA sequence where a double-stranded break is generated. Target location by
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Cas9 nuclease is typically a two step process. First, the PAM specificity of Cas9 acts as a first
sieve by defining a subset of sequences that are bound for a sufficient length of time to be
interrogated by the incorporate guide RNA. This step may be a kinetic selection for functional
target sequences. Sequences with sufficient homology to a PAM specificity of the Cas9 nuclease
are interrogated by the incorporate guide RNA through R-loop formation that allows Watson-
Crick pairing between the guide RNA and the bound DNA target site. If there may be sufficient
complementarity in this interaction the nuclease domains within Cas9 (the RuvC and HNH
domains) will generate a double-stranded break in the DNA. Szczelkun et al., Direct observation
of R-loop formation by single RNA-guided Cas9 and Cascade effector complexes. Proc Natl
Acad Sci U S A. 2014 Jul 8;111(27):9798-803.

The precision of a Cas9 nuclease — DNA targeting unit chimera may be improved by
attenuating an independent recognition of target sites by a Cas9 nuclease, which can be achieved
by altering its PAM recognition sequence and/or its affinity for a phosphodiester backbone by
mutating residues that are involved in contacting the RNA or DNA. Further attenuation can be
achieved by using a truncated single guide RNA to program a Cas9 nuclease. By attenuating the
affinity of Cas9 for the DNA, the ability of a Cas9 nuclease to achieve a kinetic selection of a
target sequence may be abrogated. Consequently, a Cas9 nuclease may be completely dependent
on a coupled DNA targeting unit to achieve sufficient residence time on the DNA to allow R-
loop formation with the incorporated guide RNA. Complementarity between a PAM specificity
of a Cas9 nuclease and a target site may be still required for R-loop formation, but it may be no
longer sufficient for initiating this event. This creates a system where the cleavage of a target site
may be dependent on at least three features of the Cas9 nuclease — DNA targeting unit chimera:
1) recognition of the sequence by the DNA-targeting unit, 2) complementarity between the Cas9
nuclease PAM specificity and the sequence, and 3) complementarity between the guide RNA and
the target site. An added advantage of the Cas9 nuclease — DNA targeting unit fusion may be
that it expands the targeting range of the Cas9 nuclease by allowing a broader range of PAM
sequences to be utilized, as normally low affinity PAM sequences can be utilized.

One potential advantage of a SpCas9-pDBD system over other Cas9 platforms is an
ability to rapidly tune affinity and specificity of an attached pDBD to further improve its

precision. Consequently, improved precision of SpCas9™ - ZFPT*? was obtained by truncating a
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zinc finger protein (commonly abbreviated as ZFP, ZnF or ZF) to reduce its affinity for target
site OT2-2. Constructs with a truncation of any of the terminal zinc fingers may display high
activity at a target site. However, these truncations also reduced or eliminated off-target activity
at OT2-2, reflecting a profound improvement in the precision of SpCasOM-ZFP™2, Figure 64C
and Figure 66.

Similarly, utilization of a ZFP (e.g., TS2¥) that recognizes an alternate sequence
neighboring an TS2 guide target site also abolishes off-target activity at OT2-2, confirming that
cleavage by SpCaso™™ -ZFP™? at this off-target site is dependent on an ZFP. Figure 64C &
Figure 6. Given the improvements in precision realized by these simple adjustments in the
composition of a ZFP, it should be possible to achieve even greater enhancements in precision
via more focused modification of a ZFP composition and a linker connecting a ZFP to a SpCas9
protein.

GUIDE-seq'” was employed to provide an unbiased assessment of the propensity for
SpCasOMP-ZFP chimeras to cleave at alternate off-target sites within a genome. Using a
modified protocol with a customized bioinformatics analysis of peaks within a genome, genome-
wide DSB induction by SpCas9 and SpCas9MT3 ZFPISYTSITS wore assessed. This analysis
reveals a dramatic enhancement of the precision of the SpCas9™™*-ZFPs at all three of the target
sites. Figure 67. For SpCaso™"™ -ZFP™ and SpCaso™M™- ZFP™* nuclease dependent-
oligonucleotide capture did not detect at any cleavage site besides the target site. For
SpCasO™PP-ZFPT2 which retains three active off-target sites that overlap with SpCas9, there is a
dramatic reduction in cleavage activity at all of these alternate sequences. In addition, there is
one new weak off-target site (OTG2-42) for SpCas9MT3-ZFPT52. Thus, these data demonstrate
that the presence of the ZFP fusion does not generate a new category of ZFP-mediated highly
active off-target sequences for SpCasQNm.

In some embodiments, the present invention contemplates compositions and methods that
improve Cas9 effector systems. In some embodiments, Cas9 fusion proteins are contemplated
comprising a DNA targeting unit that may be a DNA binding domain (DBD). In some
embodiments, Cas9 fusion proteins are contemplated comprising a DNA targeting unit that may
be another Cas9 isoform (e.g. SpCas9-NmCas9) programmed with an orthogonal sgRNA. In

some embodiments a Cas9 nuclease would be directly fused to the DNA-targeting unit. In some
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embodiments, a Cas9 nuclease would be associated with the DNA-targeting unit via a
dimerization domain. In some embodiments, the dimerization domain would be a heterotypic
dimerization domain, which would allow control over component association. In some
embodiments, the dimerization domain would be drug-dependent, which would provide temporal
control over the activity of the nuclease based on the presence of the small molecule dimerizer
within the cell.

Improvements in targeting precision have been achieved through the use of truncated
sgRNAs (e.g., for example, less than 20 complementary bases). Fu et al., Improving CRISPR-
Cas nuclease specificity using truncated guide RNAs. Nature Biotechnology (2014). Previous
studies on truncated sgRNA have suggested that sgRNAs for spCas9 with less than 17 base pairs
of complementarity to the target sequence have not been shown to be active in a genomic
context. Improvements in precision have also been achieved by using pairs of Cas9 nickases to
generate a double strand break. Mali et al., CAS9 transcriptional activators for target specificity
screening and paired nickases for cooperative genome engineering. Nature Biotechnology 31,
833-838 (2013); and Cho et al., Analysis of off-target effects of CRISPR/Cas-derived RNA-
guided endonucleases and nickases. Genome Research 24, 132-141 (2014). In addition,
nuclease dead Cas9 (dCas9) variants have been fused to the FokI nuclease domain to generate
programmable nucleases where dCas9 serves as the DNA-targeting unit and Fokl may be the
cleavage domain. Tsai et al., Dimeric CRISPR RNA-guided Fokl nucleases for highly specific
genome editing, Nature Biotechnology. 2014 Jun;32(6):569-76; and Guilinger et al., Fusion of
catalytically inactive Cas9 to Fokl nuclease improves the specificity of genome modification.
Nature Biotechnology. 2014 Jun;32(6):577-82.

The proposed strategies described herein provide improved and more efficient Cas9-
pDBD platforms that facilitate the construction of compact Cas9 orthologs. These compact
orthologs permit alternate delivery methods (e.g. adeno-associated virus or AAV) broadening the
clinical therapeutic modalities available for diseases including, but not limited to CGD. These

strategies are also applicable to the treatment of a wide range of other monogenic disorders.
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I. Conventional Cas9 Protein Modifications

Recently, an RNA-guided adaptive immune system that may be widespread in bacteria
and archaea has been adapted for achieving targeted DNA cleavage or gene regulation in
prokaryotic and eukaryotic genomes. Clustered Regularly Interspaced Short Palindromic Repeat
(CRISPR) RNA sequences and CRISPR-associated (Cas) genes form catalytic protein-RNA
complexes that utilize the incorporated RNA to generate sequence-specific double strand breaks
at a complementary DNA sequence. This nuclease platform has displayed remarkable
robustness for targeted gene inactivation or tailor-made genome editing. Sander et al., CRISPR-
Cas systems for editing, regulating and targeting genomes. Nature Biotechnology 32, 347-355
(2014); Mali et al. RNA-guided human genome engineering via Cas9. Science 339, 823-826
(2013); Ran et al. Double Nicking by RNA-Guided CRISPR Cas9 for Enhanced Genome Editing
Specificity. Cell 154, 1380-1389 (2013); Fu et al., Improving CRISPR-Cas nuclease specificity
using truncated guide RNAs. Nature Biotechnology 32, 279-284 (2014); and Wang et al. One-
step generation of mice carrying mutations in multiple genes by CRISPR/Cas-mediated genome
engineering. Cell 153, 910-918 (2013).

The CRISPR/Cas9 genome engineering system is revolutionizing biological sciences due
to its simplicity and efficacy’™. The most commonly studied Cas9 nuclease originates from
Streptococcus pyogenes (SpCas9)*. SpCas9 and its associated guide RNA license a DNA
sequence for cleavage based on at least two stages of sequence interrogation™®: i) compatibility
of a PAM element with the specificity of the PAM-interacting domain, and ii) complementarity
of a guide RNA sequence with the target site. Because it is straightforward to program Cas9 to
cleave a desired target site through incorporation of a complementary single guide RNA
(sgRNA)*, a primary constraint on Cas9 targeting is the presence of a compatible PAM

element®”!1?

. For example, a PAM-interacting domain of wild-type SpCas9 (SpCaso™ ™)
preferentially recognizes a nGG element?, although it can inefficiently utilize other PAM
sequences (e.g. nAG, nGA)”!!. The simplicity of a SpCas9/sgRNA system allows facile editing
of genomes in a variety of organisms and cell lines'?. Target specificity may be a function of
recognition by both the guide RNA (through Watson-Crick base pairing) and an inherent
specificity of Cas9 through recognition of a neighboring motif (e.g., for example, a protospacer

adjacent motif (PAM)). Figure 1.
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SpCas9 targeting precision is sub-optimal for most gene therapy applications involving
editing of a large population of cells'>". Numerous studies have demonstrated that SpCas9 can

. ] o)
cleave a genome at unintended sites”!*

, with some guides acting at more than 100 off-target
sites'’. Recent genome-wide analyses of SpCas9 precision indicate that a majority of genomic
loci that differ from a guide RNA sequence at 2 nucleotides, and a subset of genomic loci that
differ at 3 nucleotides are cleaved with moderate activity' *°. For some guides, off-target sites

that differ by up to 6 nucleotides can be inefficiently cleaved' 2.

In addition, at some off-target
sites bulges can be accommodated within the sgRNA:DNA heteroduplex to allow cleavagels. In
this light, a global analysis was performed of potential SpCas9 target sites in exons or promoter

regions using CRISPRseek?'**

to assess the general frequency of potential off-target sites with
three or fewer mismatches for guide RNAs falling in two categories of sequence elements: exon
regions or promoter regions. A vast majority of guides (~98% in exons and ~99% in promoters)
was found to have one or more off-target sites with 3 or fewer mismatches and thus are likely to
have some level of off-target activity. Figures 52 and 53. Because off-target breaks have the
potential to cause both local mutagenesis and genomic rearrangements (e.g., segmental deletions,

. . . 17,18,23,24
inversions and translocations)' "'***

, the resulting collateral damage for SpCas9 could have
adverse consequences in therapeutic applications.

Reduced off-target cleavage rates have been reported with several modifications to the
structure or delivery of a CRISPR/Cas9 system. Examples include, but are not limited to:

changing guide sequence length and composition®?°; employing pairs of Cas9 nickases”®?*;

dimeric FokI-dCas9 nucleases'®?’; inducible assembly of split Cas9**>; Cas9 PAM variants

with enhanced speciﬁcity3 % and delivery of Cas9/sgRNA ribonucleoprotein complexes®™™.
However, it remains uncertain whether these variations can restrict cleavage to a single site
within the human genome over a large cohort of treated cells'**. In addition, some of the most
promising approaches (e.g., paired nickases or dimeric FokI-dCas9) restrict a targetable sequence
space by requiring the proximity of two sequences compatible with Cas9 recognition.

Cas9 isoforms derived from different species can display different PAM specificities.
Esvelt et al., Orthogonal Cas9 proteins for RNA-guided gene regulation and editing. Nature
Methods 10, 1116-1121 (2013); Zhang et al., Processing-independent CRISPR RNAs limit

natural transformation in Neisseria meningitidis. Molecular Cell 50, 488-503 (2013); Hou et al.,
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Efficient genome engineering in human pluripotent stem cells using Cas9 from Neisseria
meningitides (NmCas9). Proceedings of the National Academy of Sciences (2013); and Fonfara
et al., Phylogeny of Cas9 determines functional exchangeability of dual-RNA and Cas9 among
orthologous type II CRISPR-Cas systems. Nucleic Acids Research 42, 2577-2590 (2014). The
Cas9 nuclease from Streptococcus pyogenes (hereafter, Cas9, or SpCas9 or catalytically active
Cas9) can be guided to specific sites in a genome through base-pair complementation between a
20 nucleotide guide region of an engineered RNA (sgRNA) and a genomic target sequence. Cho
et al., Targeted genome engineering in human cells with the Cas9 RNA-guided endonuclease.
Nature Biotechnology 31, 230-232 (2013); Cong et al., Multiplex genome engineering using
CRISPR/Cas systems. Science 339, 819-823 (2013); Jinek et al., RNA-programmed genome
editing in human cells. eLife 2, e00471 (2013); and Sternberg et al., DNA interrogation by the
CRISPR RNA-guided endonuclease Cas9. Nature 507, 7490 (2014).

Structural information may be also available on Cas9 and Cas9-sgRNA-DNA complexes.
Jinek et al., Structures of Cas9 Endonucleases Reveal RNA-Mediated Conformational
Activation. Science (2014); Nishimasu et al., Crystal Structure of Cas9 in Complex with Guide
RNA and Target DNA. Cell 1-23 (2014); and Anders et al., Structural basis of PAM-dependent
target DNA recognition by the Cas9 endonuclease. Nature, 2014 Sep 25;513(7519):569-73.
Various other studies have reported on Cas9 precision (e.g., activity at its target site relative to
off-target sequences) within a genome. Studies on Cas9 nuclease have demonstrated that off-
target cleavage can occur at both NGG and NAG PAMs, where there can be up to 5 mismatches
within the guide recognition sequence. Fu et al., High-frequency off-target mutagenesis induced
by CRISPR-Cas nucleases in human cells. Nature Biotechnology 31, 822-826 (2013);
Pattanayak et al., High-throughput profiling of off-target DNA cleavage reveals RNA-
programmed Cas9 nuclease specificity. Nature Biotechnology 31, 839-843 (2013); and Hsu et
al., DNA targeting specificity of RNA-guided Cas9 nucleases. Nature Biotechnology 31, 827-
832 (2013).

Other Cas9 variants for improving specificity have also been investigated. For example,
double-strand breaks may be generated through the nicks generated in each strand by RuvC and
HNH nuclease domains of Cas9. Jinek et al., A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 337, 816-821 (2012); and Figure 22.
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Inactivation of one of the two nuclease sites within Cas9 (e.g., for example, a D10A mutation in
the RuvC domain) generates a nickase that cleaves only a single strand. Alternatively, a pair of
nickases that cut opposite strands in close proximity can generate a double-strand break and
thereby improve precision since cleavage by a single nickase at a target site should not be as
mutagenic as a double-strand break. Mali et al., CAS9 transcriptional activators for target
specificity screening and paired nickases for cooperative genome engineering. Nature
Biotechnology 31, 833—838 (2013); and Cho et al., Analysis of off-target effects of
CRISPR/Cas-derived RNA-guided endonucleases and nickases. Genome Research 24, 132-141
(2014).

However, it has recently been shown that single nickases can be mutagenic with lesion
rates > 1% depending on the target site. Tsai et al., Dimeric CRISPR RNA-guided Fokl
nucleases for highly specific genome editing. Nature Biotechnology (2014); and Guilinger et al.,
Fusion of catalytically inactive Cas9 to Fokl nuclease improves the specificity of genome
modification. Nature Biotechnology 32, 577-582 (2014). Alternately, a catalytically-inactive,
programmable, RNA-dependent DNA-binding protein (dCas9) can be generated by mutating
both endonuclease domains within Cas9. Larson et al., CRISPR interference (CRISPR1) for
sequence-specific control of gene expression. Nat Protoc 8, 2180-2196 (2013); and Qi et al.,
Repurposing CRISPR as an RNA-guided platform for sequence-specific control of gene
expression. Cell. 2013 Feb 28;152(5):1173-83. When fused to a FokI endonuclease domain this
construct can be used like zinc fingers or TALE domains to create the above dimeric nucleases,
which display improved precision over a standard Cas9. Figure 22. However, recently reported
ChIP-seq datasets on dCas-sgRNA complexes reveal much more permissive binding (e.g., off-
target binding) than cleavage, such that many sites are bound by Cas9 but not cut. Kuscu et al.,
Genome-wide analysis reveals characteristics of off-target sites bound by the Cas9 endonuclease.
Nature Biotechnology 32, 677-683 (2014). This type of permissive binding may be a problem for
FokI-dCas9 nucleases, leading to a greater number of off-target sites that are cleaved. Thus,
there may be a need for an improved Cas9 platform having greater binding precision that may
provide a platform for future gene therapy applications.

Type II CRISPR/Cas9 systems have been used for targeted genome editing in complex

genomes, Barrangou et al., CRISPR-Cas systems: Prokaryotes upgrade to adaptive immunity.
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Molecular Cell. 2014 Apr 24;54(2):234—44; Hsu et al., Development and Applications of
CRISPR-Cas9 for Genome Engineering. Cell. 2014 Jun 5;157(6):1262-78; and Sander et al.,
CRISPR-Cas systems for editing, regulating and targeting genomes. Nature Biotechnology. 2014
Apr;32(4):347-55. Editing sites can be selected based primarily on two features:
complementarity to a single-guide RNA (sgRNA), and proximity to a short (2-5 base pair)
sequence called a protospacer adjacent motif (PAM). Subsequent DNA cleavage and repair
enables gene inactivation by non-homologous end joining (NHEJ), or sequence correction and/or
insertion by homology-directed repair (HDR). This technology has relevance to the construction
of animal and cell models and gene therapy. Hu et al., RNA-directed gene editing specifically
eradicates latent and prevents new HIV-1 infection. Proceedings of the National Academy of
Sciences. 2014 Aug 5;111(31):11461-6; and Yin et al., Genome editing with Cas9 in adult mice
corrects a disease mutation and phenotype. Nature Biotechnology. 2014 Jun;32(6):551-3.

Despite these advantages, clinical genome editing may require even greater precision.
Numerous reports have described promiscuity of standard Cas9, which leads to collateral
damage at unintended sites. Fu et al., High-frequency off-target mutagenesis induced by
CRISPR-Cas nucleases in human cells. Nature Biotechnology. 2013 Sep;31(9):822-6;
Pattanayak et al., High-throughput profiling of off-target DNA cleavage reveals RNA-
programmed Cas9 nuclease specificity. Nature Biotechnology. 2013 Sep;31(9):839-43: Hsu et
al., DNA targeting specificity of RNA-guided Cas9 nucleases. Nature Biotechnology. 2013
Sep;31(9):827-32; and Lin et al., CRISPR/Cas9 systems have off-target activity with insertions
or deletions between target DNA and guide RNA sequences. Nucleic Acids Research.
2014;42(11):7473-85.

Cas9/sgRNA variations that can improve precision but do not eliminate off-target activity
include, but are not limited to: 1) dual nickases (Mali et al., CAS9 transcriptional activators for
target specificity screening and paired nickases for cooperative genome engineering. Nature
Biotechnology. 2013 Sep;31(9):833-8; and Ran et al., Double Nicking by RNA-Guided CRISPR
Cas9 for Enhanced Genome Editing Specificity. Cell. 2013 Sep 12;154(6):1380-9.); ii) truncated
sgRNAs (tru-sgRNAs; Figure 22 ;Fu et al., Improving CRISPR-Cas nuclease specificity using
truncated guide RNAs. Nature Biotechnology. 2014 Mar;32(3):279-84); and iii) FokT fusions to
dCas9 (Tsai et al., Dimeric CRISPR RNA-guided Fokl nucleases for highly specific genome
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editing. Nature Biotechnology. 2014 Jun;32(6):569-76; and Guilinger et al., Fusion of
catalytically inactive Cas9 to FokI nuclease improves the specificity of genome modification.
Nature Biotechnology. 2014 Jun;32(6):577-82.). Consequently, there may be an unmet need for
a Cas9-based system that can be cut at only a single site within a genome.

The PAM interaction residues for SpCas9 have been described (Anders et al., (2014)
Structural Basis of PAM-Dependent Target DNA Recognition by the Cas9 Endonuclease, Nature
513(7519), 569-573.), but this study does not provide information on how to generate an
improved Cas9 fusion protein with a DNA targeting unit or truncated sgRNA sequences.

It has been reported that PAM recognition sequences may play a role to efficiently
engage Cas9 nucleolytic activity, thereby providing an explanation for low off-target editing
rates. While describing Cas9 modification of DNA, this reference does not describe fusion
proteins combining the elements, nor does it discuss modification of the Cas9 PAM site or other
modifications beyond the targeting RNA. Cencic et al., (2014) Protospacer Adjacent Motif
(PAM)-Distal Sequences Engage CRISPR Cas9 DNA Target Cleavage, PLoS. ONE 9(10),
€109213.

An X-ray crystal structural analysis of Cas9 in a complex with guide RNA and target
DNA has been reported. Nishimasu et al., (2014) Crystal Structure of Cas9 in Complex with
Guide RNA and Target DNA, Cell 156(5), 935-949. E-published 2/13/2014. This structural
analysis provides insight into the identity of a Cas9 protospacer adjacent motif recognition
domain and other sequence recognition features. While describing the orientation and features of
the Cas9 in complex with and sgRNA and DNA, this reference does not describe the type of
Cas9 modifications, fusion proteins, or mutations needed to make an attenuated Cas9.

A fusion protein using catalytically inactive Cas9 and FokI nuclease (FokI-dCas9) has
been reported. Guilinger et al. (2014) Fusion of Catalytically Inactive Cas9 to FokI Nuclease
Improves the Specificity of Genome Modification, Nat Biotech 32(6), 577-582. Cleavage of the
sequence requires the combination of two of these FokI-dCas9 monomers where the targeting
was greater than 140 fold higher specificity than wild type Cas9 with the same efficiency. While
describing a Cas9 fusion protein complex that increases targeting, this reference does not
describe a fusion protein with specific DNA binding proteins, modification of the PAM site, or

truncated targeting sequences.
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The fusion of both zinc fingers and TAL effectors as programmable DNA binding protein
with non-Cas9 proteins has been reported to produce various effects upon targeted DNA
sequences. Strauf et al., (2013) Zinc Fingers, Tal Effectors, or Cas9-Based DNA Binding
Proteins: What’s Best for Targeting Desired Genome Loci?, Mol. Plant 6(5), 1384-1387.

While describing zinc fingers, TAL effectors, and Cas9, this reference does not describe fusion
proteins combining these elements, nor does it discuss any modification of the Cas9 protein (e.g.,
for example, specific mutations), beyond the targeting RNA.

dCas9 or TALE proteins have been fused with effector constructs (e.g., activation or
repression domains) to modulate the expression of the Oct4 genes. Hu et al., (2014) Direct
Activation of Human and Mouse Oct4 Genes Using Engineered TALE and Cas9 Transcription
Factors, Nucleic Acids Res. 42(7), 4375-4390. While describing zinc fingers, TAL effectors, and
Cas9, this reference does not describe fusion proteins combining these elements, nor does it
discuss modification of the Cas9 (e.g., for example, specific mutations), beyond the targeting
RNA.

CRISPR/Cas systems has been reported to be generally useful for genomic modification
and gene modulation. Wu, F. "CRISPR/Cas Systems for Genomic Modification and Gene
Modulation," United States Patent Application Publication Number US 2014-0273226 (herein
incorporated by reference). While describing Cas9 modification of DNA, this reference does not
describe fusion proteins combining these elements, nor does it discuss modification of the Cas9
(e.g., for example, specific mutations), beyond the targeting RNA.

A single Cas enzyme has been programmed by a short RNA molecule to recognize a
specific DNA target, in other words, the reported Cas enzyme can be recruited to a specific DNA
target using said short RNA molecule. Cong ct al., " CRISPR-Cas Component Systems, Methods
and Compositions for Sequence Manipulation," United States Patent Application Publication
Number US 2014/0273231 (herein incorporated by reference). The reference describes a vector
system that delivers the elements of the Cas system to affect changes to the DNA target. The
reference also describes the importance of the PAM sequences into target DNA. While
describing Cas9 modification of DNA, this reference does not describe fusion proteins
combining these elements, nor does it discuss modification of the Cas9 PAM recognition domain

(e.g., for example, specific mutations) or other modifications beyond the targeting RNA.
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Non-Cas9/TALE fusion proteins have been reported where the TALESs are engineered,
programmable DNA-binding domains which bind specifically to a preselected target sequence.
Joung et al., "Transcription Activator-Like Effector (TALE) - Lysine-Specific Demethylase 1
(Lsd1) Fusion Proteins," WO/2014/059255. This reference does not describe a fusion protein
with Cas9 systems, nor does it discuss modification of the Cas9 PAM recognition domain (e.g.,
for example, specific mutations) or other modifications.

It has been reported that a mutation within an active site of an enzyme results in a change
in DNA binding affinity. Shroyer et al., (1999) Mutation of an Active Site Residue in
Escherichia coli Uracil-DNA Glycosylase: Effect on DNA Binding, Uracil Inhibition and
Catalysis, Biochemistry 38(15), 4834-4845. This reference does not describe Cas9 fusion
proteins, nor does it discuss modification of the Cas9 PAM recognition domain (e.g., for

example, specific mutations) or other modifications beyond the targeting RNA.

II. Cas9 Nuclease-DNA Targeting Unit Fusion Proteins

In some embodiments, the present invention contemplates a Cas9 nuclease-DNA
Targeting Unit (Cas9-DTU) fusion protein that cleaves a single site within a genome. In one
embodiment, the Cas9-DTU fusion protein may be compatible with previously reported
specificity-enhancing variations of Cas9. In some embodiments, the present invention
contemplates Cas9-DTU fusion proteins using a wide variety of Cas9 orthologs including, but
not limited to, SpCas9 (c.g., Type [1-A) and NmCas9 (e.g., Type [I-C), both of which are
validated as genome-editing platforms. Jinek et al., A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science. 2012 Aug 7;337(6096):816-21; Hou et
al., Efficient genome engineering in human pluripotent stem cells using Cas9 from Neisseria
meningitidis. Proceedings of the National Academy of Sciences. 2013 Sep 24;110(39):15644-9;
Jinek et al., RNA-programmed genome editing in human cells. eLife. 2013;2:¢00471; Mali et al.,
RNA-guided human genome engineering via Cas9. Science. 2013 Feb 15;339(6121):823-6; and
Cong et al., Multiplex genome engineering using CRISPR/Cas systems. Science. 2013 Feb
15;339(6121):819-23. Because >90% of known Cas9 orthologs are either Type II-A or Type II-
C (Fonfara I, Le Rhun A, Chylinski K, Makarova KS, Lécrivain A-L, Bzdrenga J, Koonin EV,
Charpentier E. Phylogeny of Cas9 determines functional exchangeability of dual-RNA and Cas9
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among orthologous type IT CRISPR-Cas systems. Nucleic Acids Research. 2014 Feb
1;42(4):2577-90. PMCID: PMC3936727), the present invention facilitates embodiments to
nearly any desired Type II Cas9 system.

In one embodiment, the present invention contemplates an improved Cas9 platform,
where target recognition precision is improved by incorporation of a programmable DNA-
binding domain (pDBD), such as Cys2-His2 zinc finger protein (ZFPs)* or transcription-
activator like effectors (TALEs)™. Figures 2A and 4. Both of these pDBD platforms can be
programmed to recognize nearly any sequence within the genome™*. Indeed, pDBDs have
been employed with great success as targeting domains for programmable nucleases by
incorporating non-specific Fokl nuclease domain (ZFNs* and TALENs") or sequence-specific
nuclease domains (e.g. megaTAL").

One favorable characteristic of the presently disclosed pDBDs is their inherent
modularity whereby specificity and affinity can be rationally tuned by adjusting the number and

45 In one

composition of incorporated modules and the linkage between modules
embodiment, the present invention contemplates that a fusion of a pDBD to a mutant SpCas9
with an attenuated DN A-binding affinity generates a chimeric nuclease fusion protein
comprising a broad sequence targeting range and dramatically improved precision (as compared
to conventional Cas9 platforms). Although it is not necessary to understand the mechanism of an
invention, it is believed that the present disclosed SpCas9-pDBD platforms have favorable
properties for genome engineering applications. In addition, it is shown herein that these
SpCas9-pDBD chimeras provide new insights into the barriers involved in licensing target site
cleavage by a SpCas9/sgRNA complex.

Innovations to achieve an ultimate goal of precisely editing a single site within a genome
comprise two general strategies that have applicability to all Cas9 systems. First, a DTU could be
a programmable DBD fusion protein comprising either a ZFP (Urnov et al., Genome editing with
engineered zinc finger nucleases. Nat Rev Genet. 2010 Sep 1;11(9):636-46) or a TALE protein
(Joung JK, Sander JD. TALENS: a widely applicable technology for targeted genome editing.
Nat. Rev. Mol. Cell Biol. 2013 Jan;14(1):49-55). These DTU fusion proteins can precisely
deliver a Cas9/sgRNA complex to a specific site within a genome and thereby facilitate sgRNA-

dependent cleavage of an adjacent target sequence. Alternately, a DTU could be an orthogonal
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Cas9 isoform (e.g. nmCas9) that through the use of an orthogonal sgRNA targets the Cas9
nuclease to a specific site in the genome. In some embodiments, an orthogonal Cas9 DTU would
be a nuclease-dead Cas9, so that it merely functions as a DNA recognition domain. In some
embodiments, an orthogonal Cas9 DTU would be an active nuclease (either a nickase or
nuclease), so that it can also break the DNA. In some embodiments, an orthogonal Cas9 DTU
could also have attenuated DNA-binding affinity (NmCas9DM, Figure 49), such that both
attenuated Cas9s bind cooperatively. Second, attenuation of an initial binding of a Cas9 nuclease
to a PAM or to DNA in general though mutations in contact to the phosphodiester backbone
makes target site acquisition reliant on an accessory DTU, all the while retaining Cas9’s RNA-
guided cleavage fidelity.

In one embodiment, the present invention contemplates a coupled DNA cleavage system
including at least three levels of licensing: 1) recognition of a neighboring site by an attached
DTU, 2) PAM recognition, and 3) sgRNA complementarity. The data presented herein indicate
that PAM specificity of a Cas9 can be tuned, which provides an opportunity to alter and/or refine
the sequence preference of Cas9 to a high levels of precision, and may also allow allele-specific
targeting using SNPs as discriminators — e.g., for inactivation of dominant disease alleles. In
some embodiments, a combined DTU fusion protein and altered PAM recognition strategy may
be also compatible with all prior variants of Cas9 (e.g., dual nickases, tru-sgRNAs, or Fokl
fusions) further extending the precision of these constructs. In some embodiments, a Cas
nuclease-DTU will extend the number of target sites that are functional sequences, allowing the
efficient discrimination of alleles based on SNPs that distinguish these alleles, where these SNPs
if present in the PAM recognition sequence would be the discriminators between active and
inactive target sites. Although it may be not necessary to understand the mechanism of an
invention, it is believed that the presently disclosed Cas9-DTU fusion proteins yield constructs
that provide a single site precision sufficient for targeted genome editing, thereby facilitating
gene therapy applications.

In one embodiment, the present invention contemplates a flexible, highly precise Cas9-
based nuclease platform that cleaves only a single site within a multigigabase genome. This
level of precision facilitates Cas9-based in vivo gene corrections, which may require precise

genome editing of billions to trillions of cells. Currently achievable levels of genome editing
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specificity with conventional platforms must be increased to circumvent the hazards of
unintended, difficult-to-predict off-target mutations. Although it may be not necessary to
understand the mechanism of an invention, it is believed that the specificity and activity of Cas9
gene editing can be dramatically improved through an incorporation of an appended,
programmable DNA-binding domain (pDBD). It is also believed that such improvements in
editing specificity may result from a Cas9 platform that comprises: i) PAM recognition by Cas9;
ii) DNA recognition by an sgRNA,; and iii) flanking sequence recognition by a DBD. The data
herein demonstrate the improvement in precision with SpCas9 systems (Type II-A) and
functionality with NmCas9 systems (Type 1I-C), but one of skill in the art would appreciate that
the disclosed strategy is applicable to all Cas9 based systems, such as Staphylococcus aureus
(SaCas9) systems (Type II-A). Ran, F. A. ez al. In vivo genome editing using Staphylococcus
aureus Cas9. Nature 520, 186-191 (2015).

The development of Cas9-DBDs in the context of these two most prevalent subtypes
(with their distinct domain arrangements) facilitates application of the present invention to nearly
any Cas9-based genome editing system. Jinek et al., Structures of Cas9 endonucleases reveal
RNA mediated conformational activation. Science. 2014 Mar 14;343(6176):1247997. In
addition, the presently disclosed Cas9-DBD framework should also be compatible with existing
variants (e.g. dual nickases, tru-sgRNAs and/or FoklI fusions) that have been reported to increase
nuclease precision thereby enhancing precision. Fu et al., Improving CRISPR-Cas nuclease
specificity using truncated guide RNAs. Nature Biotechnology. 2014 Mar;32(3):279-84; Tsai et
al., Dimeric CRISPR RNA-guided FoklI nucleases for highly specific genome editing. Nature
Biotechnology. 2014 Jun;32(6):569-76; and Guilinger et al., Fusion of catalytically inactive
Cas9 to FokI nuclease improves the specificity of genome modification. Nature Biotechnology.
2014 Jun;32(6):577-82.

In some embodiments, the present invention contemplates a method for improving
precision in genome editing using a Cas9-DBD fusion protein by engineering two representative
Cas9 orthologs: S. pyogenes Cas9 (SpCas9; Type IIA) and N. meningitidis Cas9 (NmCas9; Type
11-C, almost 300 aa smaller than SpCas9). These orthologs are validated genome-editing
platforms, and the Type I[-A and 1I-C families together encompass >90% of all Cas9 sequences.

Modifications are presented that permit fused DBDs to increase precision and activity of both of
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these Cas9 orthologs as well as refine their inherent targeting range. One of skill in the art
recognizes that the embodiments presented herein may be extended to other Cas9 systems or
related CRISPR nuclease effectors (e.g. Cpfl; Zetsche, B. ef al. Cpfl Is a Single RNA-Guided
Endonuclease of a Class 2 CRISPR-Cas System. Cell (2015). doi:10.1016/j.cell.2015.09.038),
since it may be possible that alternative Cas9 variants within these classes or other CRISPR
nuclease effectors may have equivalent or superior properties for clinical applications.

Based on reported structures of Cas9, some embodiments of the present invention
contemplate fusions between any Cas9 protein and programmable DNA-binding domains (e.g.,
for example, Cys2His2 zinc fingers (ZFP), homeodomains or TALE domains). Both ZFPs,
homeodomains and TALEs can be easily programmed to recognize a variety of DNA sequences,
and have been employed with FokI nuclease to generate dimeric nucleases. Urnov et al., Genome
editing with engineered zinc finger nucleases. Nat Rev Genet 11, 636-646 (2010); and Joung et
al., TALENs: a widely applicable technology for targeted genome editing. Nat. Rev. Mol. Cell
Biol. 14, 49-55 (2013); PMID 22539651. Although it may not be necessary to understand the
mechanism of an invention, it is believed that by fusing a Cas9 to a DNA-binding domain
(DBD), a hybrid nuclease may be created where the activity of the Cas9 component may be
defined, in part, by an associated DNA-binding domain. Figures 2A and 2B.

The genome editing precision of available nuclease platforms may be improved to
circumvent the hazards of unintended, difficult-to-predict off-target mutations', which can alter
gene function through direct mutagenesis or translocations. Although it is not necessary to
understand the mechanism of an invention, it is believed that the present method improves the
specificity of Cas9 through an attachment of a pDBD to Cas9 with attenuated DNA-binding
affinity, thereby establishing a system where Cas9 target site cleavage is dependent on sequence
recognition by a pDBD. In addition, the present invention contemplates regulatable Cas9-pDBD
prototypes where, for example, drug-dependent dimerization domains control the association of
Cas9 and a pDBD. Figure 2C.

In some embodiment of the present invention an association of a Cas9-nuclease and the
DTU may be mediated by dimerization domains. These dimerization domains could be, but are

not limited to homotypic dimerization domains, heterotypic dimerization domains, light
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mediated dimerization domains and/or drug-dependent dimerization domains. These
dimerization domains could be, but are not limited to protein or RNA.

In one embodiment, the present invention contemplates a Cas9-pDBDs chimeric protein
for target recognition and cleavage purposes by using a variety of Cas9 orthologs. In one
embodiment, the method optimizes a SpCas9-pDBD system. In one embodiment, the method
extends an approach to NmCas9 (Type II-C) and SaCas9'®, which are more amenable to viral
delivery. Although it is not necessary to understand the mechanism of an invention, it is
believed that the development of Cas9-pDBDs in the context of the two most prevalent subtypes
facilitates application of some of the present embodiments into future Cas9-based genome
editing system. In one embodiment, the present invention provides a Cas9 editing platform that
establishes efficient and precise gene correction. For example, by applying this approach in
HSPCs an avenue for the ex vivo generation of a cell-based therapy can be established. Once
established, this approach should be applicable to other HSPC-based monogenic disorders.

Preliminary data were collected using a Cas9-ZFP fusion protein (e.g., Zif268), where a
ZFP was bound to both a Cas9 N-terminus (Zif268-Cas9) and/or a Cas9 C-terminus (Cas9-
Zi1268) via a long linker to provide flexibility in binding. The Zif268 sequence recognizes a
nucleic acid target sequence of 5’-GCGTGGGCG-3’. C-terminal Cas9-ZFP/sgRNA complex
activity was demonstrated using a GFP reporter assay, where the reporter construct may be
inactive until a double-strand break was created within a target sequence (e.g., demonstrating a
gain of function readout). The data demonstrated that both N-terminal Zif268-Cas9 and C-
terminal Cas9-Zif268 were active, but that C-terminal Cas9-Zif268 showed the greatest activity.

A. Development And Validation

Based on SpCas9 structures, a fusion protein was designed between SpCas9 and a
programmable DBD, wherein a DBD comprised either ZFP or TALE domains (e.g. Figure 4).
Umov et al. Genome editing with engineered zinc finger nucleases. Nat Rev Genet. 2010 Sep
1;11(9):636-46; Joung et al., TALENSs: a widely applicable technology for targeted genome
editing. Nat. Rev. Mol. Cell Biol. 2013 Jan;14(1):49-55; Jinek et al., Structures of Cas9
endonucleases reveal RNA mediated conformational activation. Science. 2014 Mar
14;343(6176):1247997; and Nishimasu et al., Crystal structure of Cas9 in complex with guide
RNA and target DNA. Cell. 2014 Feb 27;156(5):935-49.
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Both ZFPs and TALEs can be programmed to recognize nearly any sequence within a
genome, where their affinities and specificities can be tuned based on the number of modules
incorporated. Rebar et al., Heritable targeted gene disruption in zebrafish using designed zinc-
finger nucleases. Nature Biotechnology. 2008 Jun 25;26(6):702—8; Bhakta et al., Highly active
zine-finger nucleases by extended modular assembly. Genome Research. 2013 Mar;23(3):530-8;
Zhu et al.,, Using defined finger-finger interfaces as units of assembly for constructing zinc-
finger nucleases. Nucleic Acids Research. 2013 Feb 1;41(4):2455-65; Kim et al., Preassembled
zinc-finger arrays for rapid construction of ZFNs. Nature Methods. 2011;8(1):7; Meckler et al.,
Quantitative analysis of TALE-DNA interactions suggests polarity effects. Nucleic Acids
Research. 2013 Apr;41(7):4118-28; and Reyon et al., FLASH assembly of TALENS for high-
throughput genome editing. Nature Biotechnology. 2012 May;30(5):460-5. Preliminary
experiments discussed herein resulted in the fusion of Cas9 with Zif268 or a TALE domain
programmed to recognize the same sequence (TAL268), to the N-terminus (e.g. Zif268-SpCas9)
or C-terrninﬁs (e.g. SpCas9-Zif268) of SpCas9 via a long linker. Cermak et al., Efficient design
and assembly of custom TALEN and other TAL effector-based constructs for DNA targeting.
Nucleic Acids Research. 2011 Jul;39(12):e82-2; and Meng et al., Counter-selectable marker for
bacterial-based interaction trap systems. Biotechniques. 2006 Feb;40(2):179-84. Although it
may be not necessary to understand the mechanism of an invention, it is believed that a DBD, by
recruiting Cas9 to a target site, would allow suboptimal PAM sequences to be cleaved
efficiently, since there may be a kinetic barrier to R-loop formation by Cas9 at suboptimal PAM
sequences. Szczelkun et al., Direct observation of R-loop formation by single RNA-guided Cas9
and Cascade effector complexes. Proc Natl Acad Sci USA. 2014 May 27.

SpCas9 may be believed to have a strong sequence preference for NGG over NAG and
NGA PAMs and may be essentially inactive at other NXX PAM trinucleotides. Hsu et al., DNA
targeting specificity of RNA-guided Cas9 nucleases. Nature Biotechnology. 2013
Sep;31(9):827-32; Jiang et al., RNA-guided editing of bacterial genomes using CRISPR-Cas
systems. Nature Biotechnology. 2013 Mar;31(3):233-9; and Zhang et al., Comparison of non-
canonical PAMs for CRISPR/Cas9-mediated DNA cleavage in human cells. Sci Rep.
2014;4:5405. It has been reported that an SpCas9 target site with an NAG PAM shows
increased activity mediated by an appended DBD. A co-transfected plasmid GFP reporter
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system assay in Human Embryonic Kidney (HEK 293T) cells may be used to measure targeted
DSB activity. Wilson et al., Expanding the Repertoire of Target Sites for Zinc Finger Nuclease-
mediated Genome Modification. Mol Ther Nucleic Acids. 2013 Apr;2(4):¢88.

It was observed that C-terminal DBD fusions (e.g., SpCas9-Zif268) display superior
activity to N-terminal fusions (Figure 17, 18, 19). Consequently, the activity of SpCas9-Zif268
and SpCas9-TAL268 were further examined on a number of different arrangements of their
binding sites to define optimal spacing and orientation for DBD recognition sites relative to a
Cas9 target sequence for cleavage. A pDBD fusion (ZFP or TALE) to an SpCas9 may enhance
nuclease activity when a pDBD binding sites are located at different positions and orientations
relative to the Cas9 target site. Figure 3. In preliminary experiments, the most robust activity
was observed when using a C-terminal fusion of a ZFP or a TALE to SpCas9 and the pDBD
binding sites were positioned 3’ to the PAM element (data not shown).

Both SpCas9-ZFP and SpCas9-TALE proteins can dramatically enhance nuclease
activity on a nAG PAM target to a level comparable to wild-type SpCas9 (SpCas9™") activity on
anGG PAM while being expressed at similar levels. Figure 54. SpCas9-pDBD nuclease activity
remains dependent on the length of the guide sequence, confirming that a chimera retains a
guide-dependent licensing stage for sequence cleavage. Figure 6. To define the functional PAM
clements utilized by a SpCas9-pDBD, activity at each of the 16 possible sequence combinations
was examined. In contrast to wild type SpCas9, SpCas9-pDBD displayed high activity for nAG,
nGA, nGC as well as the standard nGG PAM. Figure 5 and Figure 7. Importantly, a more
flexible PAM recognition of SpCas9-pDBDs was also observed at genomic target sites. Figure
55 and Figure 8. Accounting for reverse complements of the functional PAM elements, SpCas9-
pDBD chimeras can recognize 7 of the 16 possible dinucleotide sequence combinations, which
markedly increases the number of accessible target sites. Because of a smaller size of SpCas9-
ZFPs relative to SpCas9-TALEs , ZFP chimeras have advantages for delivery by certain viral
delivery systems*’. Consequently, SpCas9-ZFP are preferred chimeras for many embodiments
disclosed herein.

In one embodiment, a linker between a Cas9 nuclease and a DBD contains a plurality of
amino acids (e.g., for example, approximately fifty-eight (58) amino acids) thereby providing

good flexibility between the nuclease and the DBD. The data show that a standard
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SpCas9/sgRNA may be only functional with an NGG PAM, but not on an NAG PAM (blue
bars). SpCas9-Zif268 (red bars) may be active on all spacings and orientations of the tested
binding sites. SpCas9-TAL268 (green bars) has a much more restricted spacing and orientation,
but strong activity can nonetheless be observed. Shorter linkers (e.g., for example,
approximately twenty-five (25) amino acids) between a Cas9 nuclease and Zif268 have also been
evaluated which provide a more restricted spacing between the nuclease and the DBD (Figure
16). When fused to a DTU (e.g., for example, Zif268) Cas9 nuclease activity may be still
dependent on the sgRNA, as demonstrated by determining Cas9 activity in a GFP reporter assay -
using truncated sgRNAs (Figure 6). The activity profile of Cas9 and Cas9-Zif268 on a target site
with a neighboring Zif268 binding site and an NGG PAM may be similar. Interestingly, Cas9-
DTU fusions may be able to tolerate truncations of the sgRNA to 16 nucleotides within the guide
segment, which has not been demonstrated previously. This may allow further improvements in
precision with a truncated guide RNAs. Fu et al., Improving CRISPR-Cas nuclease specificity
using truncated guide RNAs. Nat Biotechnol. 2014 Mar;32(3):279-84.

SpCas9 and SpCas9-Zif268 were tested on all sixteen (16) possible NXX PAM
combinations to define the breadth of sequences that can be targeted. It was found that NGG,
NGA, NAG, and NGC PAMs have very similar activity for SpCas9- Zif268 in the presence of a
neighboring Zif268 target site, whereas SpCas9 only cleaved NGG PAM efficiently. Figure 5.
This extension in the activity of alternate PAM specificities was also observed for SpCas9-
TAL268 (Figure 7). This extended activity profile was recapitulated for endogenous (i.e., not
reporter) genomic target sites with suboptimal PAMs. Figure 8. These data demonstrate that
SpCas9-DBD fusions have increased activity and broader targeting range than a standard Cas9
system. Given that Cas9 fusion proteins contemplated by the present invention can target 7 of the
16 potential NXX or XXN permutations (e.g., CCN, TCN & CTN by targeting the opposite
strand), and that TALEs can be programmed to recognize any sequence, SpCas9-TALEs can be
programmed for cleavage of sites that occur roughly every other base pair within the genome.
Lamb et al., Directed evolution of the TALE N-terminal domain for recognition of all 5' bases.

Nucleic Acids Research. 2013 Nov;41(21):9779-85.
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B. Attenuated Cas9 Platforms

In one embodiment, the present invention contemplates an attenuated SpCas9 comprising
a mutated PAM recognition sequence, wherein an SpCas9 has a reduced affinity for a specific
target sequence (Cas9™" protein). Based on the structure of a SpCas9/sgRNA/target complex
and conservation in phylogenetically neighboring Cas9 orthologs, two arginines involved in
PAM recognition (R13 33 and R™? *) were identified as mutation targets (Figure 9). Nishimasu et
al., Crystal structure of Cas9 in complex with guide RNA and target DNA. Cell. 2014 Feb
27;156(5):935-49; and Anders et al., Structural basis of PAM-dependent target DNA recognition
by the Cas9 endonuclease. Nature. 2014 Sep 25;513(7519):569-73. The impact of two different
mutations at each site (R mutated to K or S) was examined using an SpCas9 and SpCas9-DBD
GFP reporter activity assay. The data show that each mutation dramatically attenuates SpCas9
activity. Surprisingly, however, three of the four mutations regained functionality when
incorporated into a SpCas9-DBD fusion protein. Figure 9. On endogenous targets in HEK293T
cells, two of these mutations appear to drastically inactivate SpCas9, whereas they remain fully
functional as SpCas9-Zif268 fusion proteins (Figure 10). Notably, mutations to SpCas9 PAM
recognition residues can also yield SpCas9MT-DBD nucleases with altered PAM preferences. The
R1335K mutant (MT3) displays a strong preference for GG over AG at this target, unlike the
original SpCas9 (Figure 11). These results suggest that SpCas9 PAM specificity can be refined
or potentially eveﬁ altered, but that a fused DBD may be necessary to unmask this behavior.

The fusion of a pDBD to SpCas9 should increase nuclease precision if target cleavage is
dependent on DNA recognition by the pDBD. To achieve this, DNA-binding affinity of SpCas9
was attenuated by independently mutating the key PAM recognition residues (Argl1333 and
Argl335) to either Lysine or Serine. Figure 9A and Figure 11A. In a plasmid reporter assay, all
four of these mutations reduced the nuclease activity of wild type SpCas9 to background levels;
a fused ZFP domain and complementary target site restored nuclease activity in all mutants
except R1335S (SpCas™™). Figure 9B. It was found that R1335K (SpCas9™™) was not
functional with the nAG PAM even as a SpCas9-ZFP fusion. A broader evaluation of PAM
specificity of the three active SpCas9-ZFP mutants determined a weak activity at alternate PAMs
that retained an unaltered arginine — guanine interaction’ (i.e. R1333 mutants prefer nnG PAMs,

whereas the R1335K mutant prefers nGn PAMs). Figure 11B. Activity of each SpCas9 mutant
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was also determined independently, or as a ZFP fusion, on a compatible genomic target site with
an nGG PAM. Figures 56 A&B, Figure 57 and Figure 58.

R1333K (SpCas9™") retained independent activity on a subset of target sequences,
whereas R13338 (SpCaso™™) and R1335K (SpCas9™™) display only background activity,
which could be restored to wild type levels in the presence of a ZFP fusion. To confirm that the
ZFP-dependent restoration of activity is general, the nuclease activity of three additional

SpCasO™ZFP fusions were assessed, two of which restore nuclease function. Figure 59 and
Table 1.

Table 1:

Summary of SpCas9MT3-pDBD nuclease activities (T7El)

Target Secguence

BLAGECELCIEER
GEUETTGEAGCE

¥.D: Mot Detecbed
*%: Wot above background independent activity for Splass®©i.

Thus, altering an affinity of Cas9 PAM recognition domains through mutation generates SpCas9
variants that are dependent on an attached pDBD for efficient function. This dependence on an
attached pDBD establishes a third stage of target site licensing for the presently disclosed
SpCasOMT3-pDBDs, which are observed to increase their precision.

To evaluate precision of an SpCas9™ -DBD fusion protein, validated SpCas9 target sites

were tested (e.g., TS2, TS3 & TS4; all with NGG PAMs). Fu et al., Improving CRISPR-Cas
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nuclease specificity using truncated guide RNAs. Nature Biotechnology. 2014 Mar;32(3):279—
84; Fu, Y., Foden, J. A, Khayter, C., Maeder, M. L., Reyon, D., Joung, J. K., & Sander, J. D.
(2013). High-frequency off-target mutagenesis induced by CRISPR-Cas nucleases in human
cells. Nature Biotechnology, 31(9), 822-826. doi:10.1038/nbt.2623. SgRNAs that recognize
these sites have well-defined on- and off-target activities, and thus provide a benchmark to
rapidly assess improvements in precision by evaluating activity at high-efficiency off-target sites.

A Z¥P DBD (i.e., for example, ZFPTS3) was designed to recognize a sequence near a TS3
target site (Figure 12) and the editing activities were compared of TS3 sgRNA-programmed
SpCas9, SpCasO™™ and SpCas9™™-ZFP™? at the target site and a highly active off-target site
(OT3-2). Figure 10. The data confirms that a standard SpCas9 was highly active at both sites,
and that SpCas9™™ was inactive at both sites. Remarkably, SpCaso™'*-ZFpTS? displays high
activity only at the target site (TS3), and appears inactive at OT3-2. Cleavage of a target site
may be still sgRNA-dependent, as a non-cognate guide (SgRNA-TS4) fails to drive TS3 cleavage
(Figure 13). Likewise, a non-cognate ZFP (i.e., for example, ZFP™*) fails to target TS3 when
fused to SpCas9™™ loaded with a TS3-targeting sgRNA (Figure 13). These data are in
comparison with other data showing OT3-2 cleavage with standard SpCas9 even with a
specificity-enhancing tru-sgRNA. Fu et al., Improving CRISPR-Cas nuclease specificity using
truncated guide RNAs. Nature Biotechnology. 2014 Mar;32(3):279—84. Thus, SpCas9o™” editing
activity may be abrogated, but can be regained in a highly specificity-enhanced fashion when
constructed as a fusion protein with a programmable DBD, as contemplated by the invention
herein. Similar ability to selectively target Cas9™ " to function at TS2 (Figure 14) and TS4
(Figure 15) using an attached zinc finger protein has been achieved.

Sequences of a number of the Cas9-DTU fusions used in these preliminary studies are
presented in Figures 27 — 36. Number of amino acid sequences of Cas9-DTU fusions used in
these studies are presented in Figures 37-43

C. NmCas9 Gene Editing Platform

Cas9 is believed to be a Type II CRISPR/Cas system and may be further subdivided into
three subtypes: i) II-A (including the 1368-aa SpCas9); ii) II-B; and iii) I-C. Barrangou et al.,
CRISPR-Cas systems: Prokaryotes upgrade to adaptive immunity. Molecular Cell. 2014 Apr
24;54(2):234-44. Type II-C Cas9s are believed to be compact and more prevalent than the other
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two subtypes; (e.g., for example, ~55% II-C; ~38% (II-A); ~7% (II-B)). Further, Type II-C
Cas9s may serve to extend the potential targeting specificity via their range of PAM recognition
requirements. Fonfara et al., Phylogeny of Cas9 determines functional exchangeability of dual-
RNA and Cas9 among orthologous type II CRISPR-Cas systems. Nucleic Acids Research. 2014
Feb 1;42(4):2577-90. The shorter length of some Type II-C Cas9s (as small as ~970-1100 aa)
may facilitate delivery, as viral payload limitations make the larger SpCas9 suboptimal for some
clinical applications (e.g., adeno-associated viruses). Daya et al., Gene therapy using adeno-
associated virus vectors, Clin. Microbiol. Rev. 2008 Oct;21(4):583-93.

An in-depth analysis of a Neisseria meningitidis Type II-C system (NmCas9), including a
definition of its apparent PAM (5’-NNNNGATT-3"), has been reported. Zhang et al.,
Processing-independent CRISPR RNAs limit natural transformation in Neisseria meningitidis.
Molecular Cell. 2013 May 23;50(4):488-503. Further, a 1082-aa NmCas9 has been validated as
an efficient genome-editing platform in human cells. Hou et al., Efficient genome engineering in
human pluripotent stem cells using Cas9 from Neisseria meningitidis. Proceedings of the
National Academy of Sciences. 2013 Sep 24;110(39):15644-9; and Esvelt et al., Orthogonal
Cas9 proteins for RNAguided gene regulation and editing. Nature Methods. 2013
Nov;10(11):1116-21. The structure of a different Type II-C Cas9 from Actinomyces naeslundii
(AnCas9) may be known, revealing a distinct arrangement of peripheral domains (in comparison
with SpCas9) around a similarly structured nuclease core, though AnCas9’s PAM specificity and
genome editing efficacy have not been reported. Jinek et al., Structures of Cas9 endonucleases
reveal RNA-mediated conformational activation. Science. 2014 Mar 14;343(6176):1247997.

In mammalian cells, PAM requirements efficient editing by nmCas9 has been observed
with NNNNG(A/C/T)TT PAMs. Hou et al., Efficient genome engineering in human pluripotent
stem cells using Cas9 from Neisseria meningitidis. Proceedings of the National Academy of
Sciences. 2013 Sep 24;110(39):15644-9; and Esvelt et al., Orthogonal Cas9 proteins for RNA
guided gene regulation and editing. Nature Methods. 2013 Nov;10(11):1116-21. An ability of a
pDBD fusion to extend the range of targetable PAMs has been examined for NmCas9 as
previously shown with SpCas9. On genomic target sites with a ZFP (Zif268) fused to the N-
terminus or the C-terminus and where a Zif268 binding site is downstream of the PAM an

extension of the range of targetable sequences is observed. These data demonstrate that while
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wild-type NmCas9 is inactive at these genomic loci, the Zif268 fusion permits robust cleavage
(Figures 80, and 82; e.g. NNNNGTCT, NNNNGACA). In addition, at some canonical PAM
domains (NNNNGATT, Figures 75, 77, 78; NNNNGCTT, Figure 81; NNNNGTTT, Figure §0)
the ZFP fusion to NmCas9 enhances the activity of the nuclease, in many cases providing
activity where unfused NmCas9 is inactive. Thus, a pDBD fusion may provide a method to fully
activate Cas9 nucleases even at canonical PAM sites for which they have poor or no activity.

Although the molecular structure of NmCas9 is not known, we have utilized sequence
homology with other Type IIC Cas9s from related species to identify residues that are likely
involved in PAM recognition or DNA phosphodiester backbone contacts (e.g. K1013 and
R1025; Figure 25). Mutation of arginine 1025 to alanine, serine or lysine dramatically reduces
activity at targets sites containing a broad range of functional PAMs (Figure 69). Mutation of
arginine 1025 to alanine, serine or lysine in combination with a mutation of lysine 1013 to serine
eliminates any activity above background (Figure 70). The activity of the R1025A single-mutant
NmCas9 (SM), or the K1013A/R1025A double-mutant NmCas9 (DM) can be rescued in GFP
reporter assays by the fusion of a ZFP to the N-terminus or C-terminus when the binding site for
the ZFP is downstream of the PAM (Figure 71). ZFP-NmCas9™™ or ZFP-NmCas9™™ constructs
are functional with ZFP binding sites at a number of positions relative to the PAM (Figure 72) or
with a number of different PAM variants (Figure 79). ZFP fusions to NmCas9™ or NmCas9™™
constructs can also restore activity at genomic loci based on T7EI analysis (Figures 74, 75, 76,
78 and 82). Thus, we have generated a Type [IC Cas9 platform that is attenuated similar to the
SpCas9 Type 1A system using the same principles (summary of activity presented in Table 2).

Although it may be not necessary to understand the mechanism of an invention, it is
believed that the above improvements in activity and precision realized by a fusion of a DBD to
SpCas9 and NmCas9 and the corresponding attenuating mutations are broadly applicable to other
Cas9s. Common design principles between Type II-A and Type II-C Cas9-DBD fusions that
achieve excellent precision and improvements in activity demonstrate the applicability of the
present invention to all Cas9 platforms and all specific genomic targets. These design principles
may be applicable to other CRISPR-based single protein nuclease effector systems (e.g. Type V
Cpfl).
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Table 2: wild-type, attenuated and ZFP fused NmCas9 editing efficiency at various

genomic target sites

D. Broadened Range Of Cas9 Specific Target Sequences

In one embodiment, the present invention contemplates a method comprising
differentially controlling functional recognition of a target site and subsequent cleavage by
sequence elements within a Cas9 protein. One of the current limitations of Cas9 may be that,
although target site recognition sequence can be programmed with a sgRNA, the ability to bind
and cleave the target site sequence may be also dictated by a Cas9 PAM recognition sequence.
In some Cas9 isoforms, a PAM sequence of NGG may be highly preferred both for binding and
for cleavage. Hsu et al., DNA targeting specificity of RNA-guided Cas9 nucleases. Nature
Biotechnology 31, 827-832 (2013); Wu et al., Genome-wide binding of the CRISPR
endonuclease Cas9 in mammalian cells. Nature Biotechnology (2014); and Kuscu et al.,

Genome-wide analysis reveals characteristics of off-target sites bound by the Cas9 endonuclease.
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Nature biotechnology (2014). Lower cleavage activity was observed for NAG PAMs, whereas
other PAMSs have no activity.

The data presented herein shows the activity of SpCas9 or SpCas9-Zif268 with a
common sgRNA on target sites that have each of the 16 different PAM sequences with a
flanking Zif268 site 5 base pairs away. Remarkably, a SpCas9-Zif268 construct may be highly
active at multiple PAMs (i.e., for example, NGG, NAG, NGC and NGA) with a common sgRNA
recognition sequence, equivalent activity at non-NGG PAM:s has not been previously described.
Figure 5. Although it may be not necessary to understand the mechanism of an invention, it is
believed that an ability to expand the targeting capabilities of Cas9 would be particularly
valuable for targeting genomic sequences that lack a canonical PAM within a local region of
interest (mutation requiring correction in gene therapy applications) or for allele-specific
targeting taking advantage of SNPs that distinguish the alleles that represent an active and an
mnactive PAM, allowing one of the two sequences to be cleaved specifically. This could be a
powerful approach for the inactivation of dominant-negative disease causing alleles, such as that
Huntington’s disease or Myotonic Dystrophy.

Conventional SpCas9 sgRNAs (e.g., for example, TS2, TS3 & TS4; all NGG PAMs) are
known to have well-defined off-target sites. Fu et al., Improving CRISPR-Cas nuclease
specificity using truncated guide RNAs. Nature Biotechnology. 2014 Mar;32(3):279-84; Fu, Y.,
Foden, J. A., Khayter, C., Maeder, M. L., Reyon, D., Joung, J. K., & Sander, J. D. (2013). High-
frequency off-target mutagenesis induced by CRISPR-Cas nucleases in human cells. Nature
Biotechnology, 31(9), 822-826. doi:10.1038/nbt.2623. On- and off-target cleavage efficiencies at
these sites may be evaluated for SpCas9-DBD constructs, where an attached DBD recognizes a
sequence near each target site. Further, improved linkers may be combined with improved
SpCas9 PAM recognition domain mutants to construct a Cas9 fusion protein most likely to
eliminate off-target activity at the previously identified sequences.

Initial assessment of SpCas9-DBD precision may be done via T7EI assays on PCR
amplicons from target and predicted off-target sites. For promising constructs, deep-sequencing
of these amplicons will be used quantify lesion rates at each site. Gupta et al., Zinc finger
protein-dependent and -independent contributions to the in vivo off-target activity of zinc finger

nucleases. Nucleic Acids Research. 2011 Jan 1;39(1):381-92. To assess nuclease activity at sites
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throughout a genome, GUIDE-seq analysis can be performed (Tsai, S. Q. et al. GUIDE-seq
enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases. Nature
biotechnology 33, 187-197 (2015).). Regions exhibiting significant GUIDE-seq oligonucleotide
incorporation may be characterized for off-target cleavage rates in the nuclease-treated cells
using the same PCR-based deep sequencing approach described above. Given preliminary
results, it may be anticipated that the precision of Cas9™"'- DBD has vastly improved and
superior activity as compared to Cas9.

TALE or ZFP binding site length may also be varied to provide optimal binding
precision. For example, binding site size and affinity of TALEs or ZFPs can be tuned by
changing the number of recognition modules that are incorporated into the Cas9 fusion protein
(Figure 45). Bhakta et al., Highly active zinc-finger nucleases by extended modular assembly.
Genome Research. 2013 Mar;23(3):530-8; Meckler et al., Quantitative analysis of TALE-DNA
interactions suggests polarity effects. Nucleic Acids Research. 2013 Apr;41(7):4118-28; and
Reyon et al., FLASH assembly of TALENS for high-throughput genome editing. Nature
Biotechnology. 2012 May;30(5):460-5. On-target versus off-target cleavage activity may then
be evaluated for different length TALE or ZFP variants to understand how this affects precision.
Likewise if a orthogonal Cas9 isoform may be used as the DNA targeting unit the affinity for its
target site can potentially be tuned to optimize the on-target versus off-target cleavage rate by
truncating its guide RNA (Fu et al., Improving CRISPR-Cas nuclease specificity using truncated
guide RNAs. Nature Biotechnology. 2014 Mar;32(3):279—-84). The association between the two
orthogonal Cas9/sgRNAs could be via a direct linkage or a dimerization domain. (Figure 20)

E. ZFP Or TALE Cas9 Fusion Proteins

In one embodiment, the present invention contemplates a method comprising binding a
Cas9 fusion protein comprising a ZFP or TALE to a non-standard PAM target site. In one
embodiment, a non-standard PAM target site comprises a NAG PAM sequence. Although it
may be not necessary to understand the mechanism of an invention, it is believed that a NAG
PAM sequence may be weakly cleaved by the standard SpCas9 (e.g., a sub-optimal PAM
sequence).

The data presented herein examines spacing and orientation requirements between a

DBD target site and a neighboring PAM sequence. For this analysis, a TALE protein was
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generated that recognized a Zif268 binding site (TAL268). This provided the advantage that the
same reporter system to examine the activity of SpCas9, SpCas9-Zif268 and SpCas9-TAL268.
The data show that a standard SpCas9/sgRNA may be only functional with a NGG PAM (yellow
bar), but not on an NAG PAM (Blue bars). However, SpCas9-Zif268 (red bars) may be active at
an NAG PAM on all spacings and orientations of its binding site. A similar broadening of
targeting range is observed with ZFP fusions to NmCas9 (Table 2, above). SpCas9-TAIL268
(green bars) has a much more restricted spacing and orientation for favorable activity. Figure 3.
Given that TALEs can be programmed to recognize nearly any sequence within the genome
(Lamb et al., Directed evolution of the TALE N-terminal domain for recognition of all 5' bases.
Nucleic Acids Research. 2013 Nov;41(21):9779-85), it should be possible to generate a DBD
that may be complementary to almost any desired region of the genome to recruit Cas9 to a
desired target site.

F. Cas9-Cas9 Fusion Proteins

In one embodiment, the present invention contemplates a method comprising binding of a
Cas9-Cas9 fusion protein (dual Cas9 system) to a composite binding site. This could involve
one Cas9 component serving as the nuclease and the other nuclease-dead Cas9 (dCas9)
component serving as the targeting domain (analogous to the ZFP or TALE component of the
Cas9-ZFP/TALE fusions; Figure 20). Other embodiments envision the construction of Cas9-
Cas9 fusion proteins where both components contain active nuclease domains, where these could
be combinations of the fully active nucleases, nuclease-nickase or nickase-nickase combinations,
where the nickases could be generated either by inactivation the HNH or the RuvC domains.

A split-GFP reporter assay was employed to demonstrate that SpCas9MT3-deCas9 and
NmdCas9-SpCaso™™ can generate target cleavage with certain arrangements of target sites for
NmdCas9 (nuclease-dead) and SpCaso™"? (attenuated). Figure 93 and 94. In these constructs

MT3
9

the nuclease-dead NmCas9 targets the attenuated SpCas to the desired target site facilitating

cleavage. The SpCas9™'>-NmdCas9 construct is capable of targeting genomic sequences, where

it efficiently induces lesions (Figure 95). The presence of some kind of DNA targeting unit is

oM™ on its own lacks detectable activity. Like SpCaso™™-pDBDs,

QMT3_

absolutely required, as SpCas
SpCaso™-NmdCas9 constructs dramatically increase the precision of SpCas9. SpCas

NmdCas9 was programmed to recognize the TS3 target site that was the focus of some of our
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SpCas9™'*-ZFP studies. The dual Cas9 system efficiently generates lesions at the TS3 target site
(Figure 96). However, at the most active off-target site for wild-type Cas9 (OT3-2) programmed
with the TS3 sgRNA, which has lesion rates that are similar to the TS3 target site, the dual Cas9
platform (SpCas9™-NmdCas9) has no apparent activity (Figure 97). Thus, like the SpCas9MT3-
pDBD fusions, the dual Cas9 platform has greatly improved precision. In addition, since it can
be programmed simply through the use of orthogonal sgRNAs for Sp and NmCas9, the
programming of this nuclease is straightforward.

One of the advantages of the dual Cas9 system over the Cas9-pDBD system is the ability
to utilize both nuclease domains to achieve coordinated cleavage at two neighboring positions
within the genome. For example, attenuated SpCas9 can be coupled to NmCas9 that is either a
nickase or a double-strand nuclease to allow the formation of a single-strand nick neighboring a
break or two double-strand breaks together. If a NmCas9 nickase is utilized, the strand that is
cleaved can be controlled by the nuclease domain (either HNH or RuvC) that is inactivated. This
can in principle be utilized to create extended 5’ or 3’ overhangs neighboring the blunt double-
strand break that is generated by attenuate SpCas9, which are likely to have improved properties
for certain types of DNA repair (alternate non-homologous end joining or homology directed
repair from an exogenous template). These combinations of dual nuclease-nickase or dual
nucleases are functional, and in the case of the dual nucleases provide clear deletions of the
intervening sequence (Figure 98).

G. Drug-Dependent Cas9 pDBD Systems

In one embodiment, the present invention contemplates a method comprising
binding of a drug-dependent nuclease system where the attenuated Cas9 and the pDBD (or
alternate DTU such as an different Cas9 isoform) where the temporal activity of the nuclease can
be controlled by the presence of a small molecule. Small molecule-(Yoshimi K, et. al. Nature
Communications. 2014;5:4240; Spencer DM, et. al. Science. 1993 Nov 12;262(5136):1019-24;
Hathaway NA, et. al. Cell. Flsevier Inc; 2012 Jun 22;149(7):1447-60; Liang F-S, et al. Science
Signaling. 2011;4(164):rs2—1s2.) or light-dependent (Konermann S, et al. Nature. 2013 Aug
22;500(7463):472—6) dimerization systems have been developed that permit the control of
activity of a two-component system. Since SpCas9/sgRNA off-target activity is dose dependent,

these systems have been adapted to regulate the association of two fragments of Cas9 (Split-
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Cas9; Nihongaki Y, et. al. Nature biotechnology. 2015 Jul;33(7):755-60; Wright AV, et al.
Proceedings of the National Academy of Sciences. 2015 Mar 10;112(10):2984-9; Zetsche B,
et.al. Nature biotechnology. 2015 Feb;33(2):139-42; Davis KM, et. al. Nat Chem Biol. 2015
May;11(5):316-8.). However, this framework may not be ideal, as drug-dependent Split-SpCas9
displays reduced target activity and retains modest off-target activity(Zetsche B, et. al. Nature
biotechnology. 2015 Feb;33(2):139-42.). SpCas9-pDBD systems are amenable to the
incorporation of a drug- or light-dependent dimerization system that regulates the association of
SpCas9 and the pDBD by replacing the covalent linker with a conditional dimerization system
(drug or light dependent) (Figure 2C). A working Rapamycin-dependent prototype was
developed for SpCas9-FRB/FKBP-ZFPs and SpCas9-FRB/FKBP-TALEs (Figure 47). For
example, the target activity (with drug) is similar to wild-type SpCas9 without sacrificing the
enhanced precision of the SpCas9-pDBD system: wild-type SpCas9 displays activity at the off-
target sequence OT3-2, whereas no activity is observed for the drug-dependent system.

Activity and drug-responsiveness of this system has been improved through a number of
additional modifications. To increase the turnover of the pDBD in the absence of drug, which
can potentially compete with SpCas9-FKBP/FRB-ZFPs complexes if in excess, a destabilized
FRB domain has been incorporated (i.e., for example, a PLF triple mutant- FRB*; Stankunas K,
et. al. Chembiochem. 2007 Jul 9;8(10):1162-9.) on the pDBD éomponent. The cellular
localization sequences on Cas9 and the pDBD has also been improved. An absence of a nuclear
import (NLS) or export (NES) sequence on Cas9 was found to provide the lowest background
levels of cleavage while providing the largest drug-dependent activity. For the pDBD the
presence of a combination of 2xNLS and 2XNES, which is believed to cause constant cycling
between the nucleus and cytoplasm, thereby resulting in improved activity (Figure 99). The
organization of these domains (e.g. FRB* on the N- or C-terminus) also influences activity.
These modifications of the system play a role in the generation of the highest levels of
performance. This type of regulation should be possible with other small molecule- or light-
dependent dimerization systems, and thereby should provide tighter control over activity for
gene therapy based uses (gene correction, gene replacement or cell-based therapeutics).

Regulated nuclease activity can be obtained by breaking the Cas9 protein into two

independent components (e.g., termed herein “split-Cas9”), where assembly can be controlled.

89



10

15

20

25

30

WO 2016/106338 PCT/US2015/067424

Switching into an active state can be driven through the delivery of a small molecule (Zetsche B,
et. al. Nature biotechnology. 2015 Feb;33(2):139-42. Davis KM, et. al. Nat Chem Biol. 2015
May;11(5):316-8.) or light of a suitable wavelength (Nihongaki Y, et al. Nature biotechnology.
2015 Jul;33(7):755-60.). Most of these platforms display lower activity at the target site and off-
target sites when compared with standard Cas9. Fusion of a pDBD to one of the Split-SpCas9
components has been demonstrated that dramatically increases its activity at alternate PAM
sequences (e.g NAG, Figure 100).

Activity and drug-responsiveness of the Split-Cas9-ZFP system has also been improved
through a number of additional modifications. Using, for example, the cellular localization
sequences on the N-terminal and C-terminal components of Split-Cas9. Inclusion or absence of
a nuclear import (NLS) or export (NES) sequence on these segments was found to influence the
background and drug-dependent cleavage rates of these constructs (Figure 101).

To generate a more precise system, MT3 attenuating mutations were introduced into the
split-SpCasO system. Using this system tethered to a ZFP that recognizes a neighboring
sequence within the TS2 genomic region (split-SpCas9™>-ZFP™? and a TS3 sgRNA) drug-
dependent cleavage of the T'S2 target site was achieved. To demonstrate the improvements in
precision achieved through drug-dependent systems GUIDE-seq was employed (Tsai, S. Q. et
al. Nature biotechnology 33, 187-197 (2015).) For this analysis, the precision of wild-type
Cas9 was compared to ae drug-dependent Split-Cas9 system (Zetsche B, et.al. Nature
biotechnology. 2015 Feb;33(2):139-42); a drug-dependent SpCas9-FKBP/ZFP-FRB* and a
drug-dependent split—SpCas9MT3 -ZFP™? through Illumina sequencing of genomic regions that
have incorporated GUIDE-seq oligonucleotides. The number of reads that are associated with a
locus are indicative of the nuclease cleavage activity. When the nuclease activity of these
constructs are assayed with a sgRNA (and ZFP) programmed to recognize the TS2 locus, all of
these constructs have high activity at the TS2 target site (Figure 102). The precision of these
constructs is quite different as assessed at one of the most active off-target site (OTG2-1). Here
both wild-type Cas9 and the Zhang Split-Cas9 display robust activity, whereas an attenuated
SpCas9-FKBP/ZFP-FRB* and a drug-dependent split-SpCaso™*-ZFP™? display no apparent
activity. Thus nuclease attenuated drug-dependent systems as disclosed herein display dramatic

improvements in precision.
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H. Increased sgRNA Activity

Truncated sgRNAs (i.e. less than 20 bases of complementarity) have been utilized to
increase precision of Cas9/sgRNA complexes by reducing the degree of potential
complementarity with off-target sequences. Fu et al., Improving CRISPR-Cas nuclease
specificity using truncated guide RNAs. Nature Biotechnology (2014). Cleavage activity of
truncated sgRNA was compared between SpCas9 and SpCas9-Zif268. The data demonstrate
that SpCas9-Zif268 displays a higher cleavage activity than SpCas9 where both comprise an
identical sgRNA, whether the sgRNA may be a full length sequence or a truncated sequence.
Figure 6. This phenomenon was also observed for NmCas9 fusions to ZFPs at endogenous
targets for some canonical PAM domains (NNNNGATT, Figures 75, 77, 78; NNNNGCTT,
Figure 81; NNNNGTTT, Figure 80) the ZFP fusion to NmCas9 enhances the activity of the
nuclease, in many cases providing activity where unfused NmCas9 is inactive. Thus, a pDBD
fusion may provide a method to fully activate Cas9 nucleases even at canonical PAM sites for
which they have poor or no activity. Although it may be not necessary to understand the
mechanism of an invention, it is believed that this improved activity represents an additional
advantage over the standard nuclease frameworks when using genomic targets.

I. Cas9 PAM Recognition Sequence Mutations

The PAM interaction domain (PI) has been defined based on structural information on
the Cas9/sgRNA/target complex and domain substitution studies. Jinek et al., Structures of Cas9
Endonucleases Reveal RNA-Mediated Conformational Activation. Science (2014); Nishimasu et
al., Crystal Structure of Cas9 in Complex with Guide RNA and Target DNA. Cell 1-23 (2014);
PMID 25079318. Based on the reported crystal structures, there is evidence that for a
conservation of residues within the PI domain between Cas9 isoforms from different species
share a common PAM recognition sequence. Fonfara et al., Phylogeny of Cas9 determines
functional exchangeability of dual-RNA and Cas9 among orthologous type Il CRISPR-Cas
systems. Nucleic Acids Research 42, 2577-2590 (2014).

In some embodiments, the present invention contemplates a SpCas9 protein comprising
two arginine residues at positions 1333 and 1335 (i.e., a RKR motif) that may be a NGG PAM

recognition domain. In one embodiment, the present invention contemplates a mutated Cas9
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protein (CaSQMT#) comprising an B3R 13K mutation or an ***R— **°S mutation, The
activity of a Caso™™ or a Cas9™'™-Zif268 were tested using a target site that contains NGG,
NAG or NCG PAMs with a neighboring Zif268 site. The data show that CasO™™ may be
inactivated by a single mutation, only modestly effect CasOM™-Zif268 activity, with the
exception of the " R— 13358 mutation (#4) where activity may be abrogated. The 1333p L1333
mutant (#1) displays similar activity to the wild type (WT) Cas9-Zif268 fusion. Figure 9. These
data suggest that a mutant version of Cas9 that may not be competent for cleavage on its own,
but requires an associated DNA-binding domain for function, while still retaining the specificity
of the sgRNA and PAM recognition site sequence. This coordination should dramatically
improve Cas9 nuclease function precision. It may also be possible to select altemnate residues at
these positions that allow the PAM specificity of Cas9 to be reprogrammed.

As disclosed herein, a SpCas9-DBD fusion protein displays an improved activity and
precision, especially when combined with a mutated PAM recognition sequence that attenuates
intrinsic DNA binding affinity. While the presently disclosed mutations weaken native cleavage
activity, it may be likely that further attenuation of the DNA-binding affinity of SpCas9 may
increase absolute DBD dependence. For example, mutagenizing at least two regions of Cas9
may be expected to reduce its intrinsic activity: 1) the PAM recognition residues, and 2) apparent
phosphate-contacting residues near the PAM binding site.

In one embodiment, the present invention contemplates mutations to the PAM
recognition residues comprising arginines (e.g., R"* & R'*) that participate in base-specific
binding. In one embodiment, the mutation may be a substitution. In one embodiment, the
mutation may be a combination mutation (e.g., a R1333K and a R1335K). In one embodiment,
the mutations that abrogate the independent binding of the Cas9 nuclease to its target site are in
phosphodiester backbone contacting residues that reduce the affinity of Cas9 for the DNA. A
GFP reporter assay may be used with the array of 16 PAM target sites to monitor nuclease
activity of each mutant with and without the DBD.

In one embodiment, the present invention contemplates mutations to Cas9 comprising
arginine or lysine residues that participate in DNA phosphate binding. Neutralization of
phosphate contacts within DBDs may be a demonstrated method to modulate their binding

affinities. Khalil et al., A synthetic biology framework for programming eukaryotic transcription
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functions. Cell. 2012 Aug 3;150(3):647-58. Lysines that are well-positioned to make non-
specific contacts with the DNA downstream of the PAM contacting residues. Anders et al.,
Structural basis of PAM-dependent target DNA recognition by the Cas9 endonuclease. Nature.
2014 Sep 25;513(7519):569-73; and Figure 22. These lysine residues are distal from an sgRNA-
DNA interaction site, and so it would not be expected to affect the efficiency of R-loop
formation or the precision of DNA cleavage. Szczelkun et al., Direct observation of R-loop
formation by single RNA-guided Cas9 and Cascade effector complexes. Proc Natl Acad Sci
USA. 2014 May 27; and Sternberg et al., DNA interrogation by the CRISPR RNAguided
endonuclease Cas9. Nature. 2014 Mar 6;507(7490):62—7. These lysines may be mutated to
alanine individually, or in combination, and then nuclease activity of these mutants are compared
with or without an attached DBD on genomic targets by using, for example, a T7EI assay.
Promising lysine mutants may be combined with PAM mutants identified above to further
attenuate Cas9 DNA-binding affinity.

Mutations may be identified in a PAM interaction domain and non-specific phosphate
contacts that completely inactivate Cas9 activity independent of an attached DBD. Further
characterization of promising constructs may be performed using PCR amplification of a
genomic target and deep sequencing to quantify SpCaso™” activity with and without the DBD.
PAM recognition domains serve not only as an initial DNA-binding toehold for Cas9, but the
binding energy may be also used to provide local DNA unwinding in preparation for (or coupled
to) R-loop nucleation, and perhaps allosteric nuclease activation. Thus, accumulated mutations
could compromise DNA unwinding and activation so much that a defect cannot be overcome by
an appended DBD.

In one embodiment, the present invention contemplates an SpCas9MT#-DBD fusion
protein comprising a truncated sgRNA (tru-gRNA). Although it may be not necessary to
understand the mechanism of an invention, it is believed that tru-gRNAs (i.e., for example, TS1,
TS2, TS3 & TS4) improve, but do not eliminate, off-target activity. tru-gRNA(TS1) tested in a
GFP reporter assay was found to display similar, or even slightly improved, on-target activity
when used with a Cas9-DBD fusion protein relative to Cas9 alone. Figure 6. Similar
improvements may be expected in precision with tru-gRNA/SpCas9™'-DBD combinations on

endogenous targets. Should residual off-target effects persist even when a SpCas9™'-DBD
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fusion protein may be combined with a tru-gRNA, dual Cas9 nickases (nCas9) or dual FokI-
dCas9 nucleases in the context of two different DBDs may help target each monomer to a
neighboring target site. In one embodiment, a dual Cas9-DBD fusion protein may comprise
orthogonal Cas9 systems (e.g. nSpCas9-DBD & nNmCas9-DBD).

In one embodiment, the present invention contemplates an SpCas9 comprising refined
PAM specificity wherein genome editing may be improved. In one embodiment, the present
invention contemplates a plurality of SpCas9™" variants that can target essentially any sequence
within the genome with maximal precision, and that may be capable of allele-specific targeting.
Selection strategies that generate SpCas9 variants having altered PAM specificity (SpCas9-
PAM™T) have been discussed herein in the context of an altered SpCas9-DBD fusion protein.
The precision of these SpCas9™"-DBD variants may be characterized within a genome and tested
for allele-specific targeting, using PAM SNPs as discriminators.

For example, SpCas9-PAM specificity may be refined through mutagenesis of PAM recognition
residues. A GFP reporter assay testing PAM recognition mutants demonstrated attenuation of
intrinsic nuclease activity (e.g., for example, R'*** & R'***). Figure 9. To assess the potential
breadth of PAM specificities that can be achieved with SpCas9, the impact of additional
mutations may tested using amino acids including, but not limited to, K107 8“36, E?Y RBB &
R"* that make direct or indirect contact with a PAM. Anders et al., Structural basis of PAM-
dependent target DNA recognition by the Cas9 endonuclease. Nature. 2014 Sep 25;513(7519):
569-73; and Figure 9.

Using a B2H system, libraries may be searched of sufficient complexity (~10°) to cover
all possible amino acid combinations for possible PAM recognition mutants (Figure 23). Meng et
al., A bacterial one-hybrid system for determining the DNA-binding specificity of transcription
factors. Nature Biotechnology. 2005 Aug;23(8):988-94; and Noyes et al., A systematic
characterization of factors that regulate Drosophila segmentation via a bacterial one-hybrid
system. Nucleic Acids Research. 2008 May;36(8):2547—60. Randomized libraries can be
assembled by known PCR methods and cloned into a B2H dCas9-DBD/sgRNA expression
plasmid. Although it may be not necessary to understand the mechanism of an invention, it is
believed that these selections affect binding, not nuclease activity, and therefore may be

performed in a nuclease-dead (dCas9) fusion protein. These libraries can then be screened as
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dCas9-DBD/sgRNA combinations on HIS3/URA3 reporter vectors that contain each of the 16
different PAMs (with NGG as a positive control) to select combinations that permit recognition
of each PAM. A dCas9-DBD library with each PAM target site may be plated on various
concentrations of 3-AT to define a selection stringency where only a few hundred clones survive.
These clones may be pooled and deep-sequenced to identify a consensus at the randomized
positions. Chu et al., Exploring the DNA-recognition potential of homeodomains. Genome
Research. 2012 Oct;22(10):1889-98. The specificity of SpCas9™" clones, similar to the
consensus sequence for each PAM selection, can be evaluated on all 16 PAMs in the GFP
reporter assay and subsequently within a genome by T7EI assay. Cas9 mutant dependence on an
attached DBD for nuclease function can be attenuated as necessary by mutation of residues that
contact the DNA phosphates.

A negative selection protocol may be used to identify functional nucleases at alternate
PAMs. For example, a bacterial 5-FOA/URA3 counter-selection system was reported that may
be suitable for the identification of Cas9-DBD variants with mutated PAM sequences. Meng et
al., Counter-selectable marker for bacterial-based interaction trap systems. Biotechniques. 2006
Feb;40(2):179-84. For example, a low-copy, IPTG-inducible URA3 plasmid (pSC101 origin,
kanR-marked) containing a Cas9-DBD target site may be introduced with a mutated PAM
sequence into a uracil auxotroph strain (ApyrF). Meng et al., A bacterial one-hybrid system for
determining the DNA-binding specificity of transcription factors. Nature Biotechnology. 2005
Aug;23(8):988-94; and Lutz et al., Independent and tight regulation of transcriptional units in
Escherichia coli via the LacR/O, the TetR/O and AraC/11-12 regulatory elements. Nucleic Acids
Research. 1997 Mar 15;25(6):1203—10. After transformant selection (KanR), these cells may be
electroporated with a Cas9-DBD/sgRNA plasmid library (marked with ampR), and plated on
YM media with ampicillin, IPTG (to induce URA3) and 5-FOA. Functional Cas9-DBDs
variants can cleave and eliminate the URA3 plasmid, permitting survival; cells with
nonfunctional Cas9-DBDs retain the plasmid and die via 5-FOA counter-selection. Surviving
clones may be pooled and deep-sequenced to identify a consensus at the randomized positions.
Chu et al., Exploring the DNA-recognition potential of homeodomains. Genome Research. 2012

Oct;22(10):1889-98. The specificity of individual SpCas9™T clones similar to the consensus
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sequence for each PAM selection can then be evaluated as described above using, for example, a
B2H selection approach.

Alternatively, a library depletion strategy may be employed that may be analogous to
RNAi-based strategies in mammalian cells to identify essential genes in a particular pathway.
Murugaesu et al., High-throughput RNA interference screening using pooled shRNA libraries
and next generation sequencing. Genome Biol. 2011;12(10):R104; Moffat et al., A lentiviral
RNAI library for human and mouse genes applied to an arrayed viral high-content screen. Cell.
2006 Mar 24;124(6):1283-98; and Root et al., Genome-scale loss-of-function screening with a
lentiviral RNA1 library. Nature Methods. 2006 Sep;3(9):715-9. In these screens, shRNA clones
that target essential genes in a pathway of interest are depleted from the initial library because
they are lost from the population.

Deep sequencing may be used to compare the distribution of clones in the initial library
and in the survivors to identify shRNAs that are lost, which are then retested individually to
assess their activity, Similarly, a depletion strategy may be used to identify barcoded clones of
the above library that are active in bacteria at a desired PAM site within a kanR-marked plasmid.
Based on a protocol for RNAi-based screens, an approximate ~1000-fold oversampling of a
library may observe reliable depletion of active Cas9-DBD clones. Thus, a smaller library (~10°
clones) may be used to retain sufficient depth in a lane of HiSeq2000 sequencing (~2 x 108
reads/lane) to effectively employ this approach. Clones may be recovered that define a primary
consensus sequence useful for bootstrapping through a second library construction (with fixed
residues at positions of consensus from clones recovered from the first selection) and a deeper
search of neighboring sequence space to identify the most active sequences. The specificity of
each of these selected SpCas9-PAM™T clones may then be evaluated using a B2H selection
technique as described above.

In one embodiment, the present invention contemplates a method for determining
precision of SpCas9™" clones using a genome-wide survey. For example, precision of an
SpCas9™T clone at a specific genomic target site and predicted off-target genomic sites can be
determined by comparing new target sites for each SpCas9™ clone that have an appropriate
PAM sequence (i.e., for example, a specific non-NGG PAM). An appropriate DBD can be

constructed to target each sequence to create an SpCas9™ -DBD fusion protein. The most
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favorable off-target sites can then be predicted for these sgRNAs using, for example, a
CRISPRseek algorithm. Zhu et al., CRISPRseck: A Bioconductor Package to Identify Target-
Specific Guide RNAs for CRISPR-Cas9 Genome-Editing Systems. PLoS ONE.
2014;9(9):e108424. In addition, GUIDE-seq analysis can be performed (Tsai, S. Q. e al,
GUIDE-seq enables genome-wide profiling of off-target cleavage by CRISPR-Cas nucleases.
Nature biotechnology 33, 187-197 (2015).). Regions exhibiting significant GUIDE-seq
oligonucleotide incorporation may be characterized for off-target cleavage rates in the nuclease-
treated cells using PCR-based deep sequencing. Gupta et al., Zinc finger protein-dependent and -
independent contributions to the in vivo off-target activity of zinc finger nucleases. Nucleic
Acids Research. 2011 Jan 1;39(1):381-92.

In one embodiment, the present invention contemplates a SpCas9™ -DBD fusion protein
comprising mutated PAM sequences comprising unexpected and superior specific genomic
target binding precision. Although it may be not necessary to understand the mechanism of an
invention, it is believed that a Cas9™"-DBD fusion protein allows a precise cleavage of nearly
any sequence within the genome and can provide allele-specific targeting through the use of
SNPs that distinguish between alleles. For example, the inactivation of specific dominant-
negative alleles could have great utility for gene therapy. In one embodiment, the method
contemplates an SNP for siRNA-mediated silencing of Huntington alleles that contain CAG
repeat expansions. Pfister et al., Five siRNAs targeting three SNPs may provide therapy for
three-quarters of Huntington's disease patients. Curr Biol. 2009 May 12;19(9):774-8. In
principle, Cas9s with allele-specific activity could provide an alternate therapeutic strategy to
disable specific harmful alleles in patients.

In one embodiment, the present invention contemplates a method of stringently
discriminating between single alleles by targeting a particular heterozygous SNP within a PAM.
The data presented herein demonstrates that Cas9 and various PAM recognition mutants already
generated could utilize a Cas9-DBD fusion protein to edit single allcles that are distinguished by
functional vs. non-functional PAMs.

A database may be used to define cell lines with SNPs that could be used to test the
allele-specific discrimination of a Cas9-DBD fusion protein. Forbes et al., COSMIC: mining

complete cancer genomes in the Catalogue of Somatic Mutations in Cancer. Nucleic Acids
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Research. 2011 Jan;39(Database issue):D945-50. The Forbes et al. database contains sequences
from >100 cell lines, each with a searchable table of validated SNPs (e.g., 26 heterozygous SNPs
in U20S cells). Potentially distinguishable SNPs and sequence candidate loci in cell lines can be
identified from this database to confirm heterozygosity. For validated SNPs, SpCas9™'-
DBD/sgRNA combinations may be designed to target a single allele. The allelic targeting ratios
(relative to negative controls lacking the cognate sgRNA or the appended DBD) can be
determined by deep-sequencing PCR amplicons from treated cells.

PAM mutations can also be defined that attenuate NmCas9 activity to achieve
dependence on an attached DBD for nuclease activity (Figure 49). Similar to SpCas9 platforms,
two different approaches may be taken to weaken intrinsic DNA binding by NmCas9: 1)
attenuation of PAM recognition, and 2) neutralization of arginine and lysine contacts to DNA
phosphates. Although the exact structure of NmCas9 has not been reported, a structure of a
related Type II-C Cas9 from A. naeslundii may be available. Jinek et al., Structures of Cas9
endonucleases reveal RNA mediated conformational activation. Science. 2014 Mar
14;343(6176):1247997. The A. naesulndii Cas9 structure confirms that a core nuclease domain
organization may be similar between the Type II-A (SpCas9) and Type 1I-C (NmCas9) families,
though peripheral domains differ. Consequently, a C-terminal region (e.g., positions 928 to
1082) may provide the best candidates for PAM- and phosphate- contacting residues to optimize
NmCas9 fusion proteins. As with SpCas9 fusion proteins two complementary approaches may
identify these residues: 1) protein-DNA photo-crosslinking and 2) sequence conservation in
highly related orthologs.

A preferred PAM of NmCas9 (i.e., for example, NNNNGATT), wherein a T may be
well-tolerated in place of the A, may be suited for protein-DNA photo-crosslinking using a
commercially available, photoactivatible crosslinker 5-iododeoxyuridine (5IdU), which may be
isosteric with T90. Each of the three individual T-to-5IdU substitutions within the NNNNGTTT
PAM of an oligonucleotide duplex may be bound to a purified, nuclease-dead NmCas9 (i.e., for
example, a D16A/HS588A double mutant, already expressed and purified) in the presence of a
complementary sgRNA.

A single T can also be substituted on an opposite strand of the same duplex that carries a

NNNNGATT PAM. Photo-crosslinking efficiency for each radiolabeled, 51dU-substituted target
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duplex (following irradiation at 308 nm) can also be determined by SDS-PAGE. Wolfe et al.,
Unusual Rel-like architecture in the DNA-binding domain of the transcription factor Fact.
Nature. 1997 Jan 9;385(6612):172-6; and Liu et al., Evidence for a non-alpha-helical DNA-
binding motif in the Rel homology region. Proc Natl Acad Sci USA. 1994 Feb 1;91(3):908—12.
Mutant PAMs with inactivating mutations on the non-5IdU-substituted strand can serve as
specificity controls. Photo-crosslinking reactions for 5IdU positions displaying efficient, specific
crosslinking may be scaled up for mass-spectrometric analysis of trypsin- and S1
nuclease/phosphatase-digested peptide fragments.

DNA contact residues identified by photo-crosslinking, as well as nearby arginine, lysine

and glutamine residues, may be mutated and activity of each NmCas9™™

relative to wild-type
NmCas9 evaluated in a GFP reporter assay. Luscombe et al., Amino acid-base interactions: a
three-dimensional analysis of protein-DNA interactions at an atomic level. Nucleic Acids
Research. Oxford University Press; 2001 Jul 1;29(13):2860-74. NmCas9™™ clones with
attenuated activity may then be fused to DBDs to test for recovery of nuclease activity. PAM
specificities can be evaluated in a GFP reporter assay, where initially all PAM variants can be
evaluated that have three of the four bases in the NNNNGATT consensus sequence preserved
(e.g., 12 combinations).

The above discussed identification of SpCas9 PAM recognition residues, R"** & R,
was made before any reported structure of these interactions. This discovery was facilitated both
by available SpCas9 structural models and sequence alignments of closely related Cas9
orthologs, with the expectation that Cas9-DNA contacts are likely to be conserved. In protein-
DNA complexes, guanine contacts (GATT PAM) and DNA phosphate contacts are likely to be
mediated by either arginine or lysine residues. Luscombe et al., Amino acid-base interactions: a
three-dimensional analysis of protein-DNA interactions at an atomic level. Nucleic Acids
Research. Oxford University Press; 2001 Jul 1;29(13):2860--74. Consequently, mutations of
conserved NmCas9 arginine or lysine residues to an alanine are most likely to affect cleavage
activity. Figure 25. Attenuated clones can then be tested as NmCas9™'-DBD fusions to confirm
recovery of nuclease activity. Some of these mutations successfully attenuate NmCas9 activity

(K1013A and R1025A), which can be restored by an attached DBD (Figure 49)
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Based on the above data demonstrating attenuation of SpCasO™™ nuclease activity, it can
be expected that, as a result of Cas9 PAM amino acid conservation, NmCas9™" would also
demonstrate attenuated nuclease activity. The analysis of relevant residues may be aided by
photo-crosslinking data, which should help to clarify DNA-proximal regions. Alterations in
PAM specificity for these mutants can be evaluated in the GFP reporter assay. Genome editing

activity of favorable NmCas9™”

clones can be evaluated on genomic targets in HEK293T cells
fused to DBDs programmed to bind neighboring sites. Differences in activity between each
NmCas9™" versus NmCasOM™-DBD can be examined by T7EI assay. As with SpCas9, further
characterization may be performed using PCR amplification of the genomic targets and deep
sequencing to quantify editing frequencies at each target site with and without the DBD.
Improvements in precision can also be further validated using the above described genome-wide
analysis.

For example, a genome-wide assay may be used to define optimal NmCas9™™*-DBD
fusion proteins for precise target cleavage in human cell lines. Precision of the most promising
NmCaso™™-DBD clones can be evaluated at target sites and predicted off-target sites within the
genome. Appropriate DBDs can be created to facilitate targeting of each genomic sequence with
an NmCas9™"-DBD fusion protein. A set of the most favorable off-target sites can be predicted
for these sgRNAs considering both the similarity of the sgRNA to genomic sequences and
possible alternate PAMs that could be functional for each NmCas9™™ clone based on an
evaluation in a GFP reporter assay and predictions developed using the CRISPRseek algorithm.
Zhu et al., CRISPRseek: A Bioconductor Package to Identify Target-Specific Guide RNAs for
CRISPR-Cas9 Genome-Editing Systems. PLoS ONE. 2014;9(9):e108424. In addition, GUIDE-
seq analysis can be performed (Tsai, S. Q. et al. GUIDE-seq enables genome-wide profiling of
off-target cleavage by CRISPR-Cas nucleases. Nature biotechnology 33, 187-197 (2015).).
Regions exhibiting significant GUIDE-seq oligonucleotide incorporation may be characterized
for off-target cleavage rates in the nuclease-treated cells using PCR-based deep sequencing.

J. Improved Cas9 Linkers

In one embodiment, the present invention contemplates a Cas9-DBD construct
comprising a linker. In one embodiment, the linker comprises approximately sixty (60) amino

acids. Although it may be not necessary to understand the mechanism of an invention, it is
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believed that such a linker improves the precision of specific genomic target binding. It has been
observed that if a DBD binding site is merely repositioned or reoriented relative to the specific
genomic target little improvement in precision results. These data indicate that linker flexibility
reduces precision via off-target binding due to a large number of sgRNA/DBD binding site
permutations that can potentially be cleaved. GFP reporters may be constructed containing
alternate spacing and orientation of a DBD binding site relative to a Cas9 target site with a
suboptimal NAG PAM. This configuration may also include finer intervals around the most
active positions, as well as positions further removed from the Cas9 target site, to better define
the distance dependence.

Fusion proteins such as SpCas9-Zif268 or SpCas9-TAL268 may contain a series of
shorter linkers to define a minimal length that retains maximum activity at one (or more) binding
site positions, but may place further restrictions on activity at other binding site positions. In one
embodiment, the present invention contemplates a Cas9-TALE fusion protein or a Cas9-ZFP
fusion protein comprising an optimized linker that can recognize virtually any target site.
Cermak et al., Efficient design and assembly of custom TALEN and other TAL effector-based
constructs for DNA targeting. Nucleic Acids Research. 2011 Jul;39(12):¢82-2; Lamb et al.,
Directed evolution of the TALE N-terminal domain for recognition of all 5' bases. Nucleic Acids
Research. 2013 Nov;41(21):9779-85; Kim et al., A library of TAL effector nucleases spanning
the human genome. Nature Biotechnology. 2013 Mar;31(3):251-8; and Briggs et al., Iterative
capped assembly: rapid and scalable synthesis of repeat-module DNA such as TAL effectors
from individual monomers. Nucleic Acids Research. 2012 Jun 26.

Using a GFP system SpCas9-DBD fusion proteins may be constructed with short linkers
(e.g., less than sixty amino acids) that display both high activity and more selectivity in the
particular arrangement of the Cas9 and DBD binding sites. Although it may be not necessary to
understand the mechanism of an invention, it is believed that a maximum improvement in linker
length and/or binding site position/orientation for a DBD relative to a Cas9 nuclease will differ
between ZFPs and TALEs due to their respective structural folds and docking with the DNA.
Mak et al., The crystal structure of TAL effector PthXo1 bound to its DNA target. Science. 2012
Feb 10;335(6069):716-9; and Deng et al., Structural basis for sequence-specific recognition of
DNA by TAL effectors. Science. 2012 Feb 10;335(6069):720-3; and Pavletich ¢t al., Zinc
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finger-DNA recognition: crystal structure of a Zif268-DNA complex at 2.1 A. Science. 1991
May 10;252(5007):809-17. This linkage will also need to be optimized for any Cas9-nuclease
fusion to an orthogonal Cas9 used as the DTU (Figure 20). Likewise if dimerization domains are
employed to associate the Cas9 nuclease with the DTU, it may be likely that a linker between a
dimerization domain and a Cas9 nuclease or a dimerization domain and a DTU will need to be
improved. (Figures 20 & 21).

A functional B2 selection system was established that may be sensitive to the binding
of nuclease-dead SpCas9 (dSpCas9) to a target site upstream of a pair of selectable reporter
genes. Figure 23. This B2H selection strain may be a histidine and uracil auxotroph, so survival
on minimal media lacking histidine and uracil requires expression of HIS3 and URA3 genes
from a reporter vector containing a very weak core promoter. Meng et al.,. A bacterial one-
hybrid system for determining the DNA-binding specificity of transcription factors. Nature
Biotechnology. 2005 Aug;23(8):983-94; Noyes et al., A systematic characterization of factors
that regulate Drosophila segmentation via a bacterial one-hybrid system. Nucleic Acids
Research. 2008 May;36(8):2547-60; and Meng et al., Counter-selectable marker for bacterial-
based interaction trap systems. Biotechniques. 2006 Feb;40(2):179-84. Transcriptional activity
of these reporter genes may be increased dramatically by recruiting RNA polymerase via a two-
hybrid interaction. A dCas9/sgRNA complex has been established that can activate these
reporter genes in the context of a two-hybrid interaction system. Figure 23. Improved linker
lengths for either TALE or ZFP DBD domains may be defined by a GFP reporter analysis.
Combinatorial randomization of a conventional linker library and/or randomization of amino
acid positions that are most proximal to Cas9 and a DBD are likely to provide linkers that have
improvements at junction points. For example, an improved ZFP-homeodomain linker selection
was identified with specific residues (e.g., for example, proline) at positions neighboring each
DBD. A dCas9 that targets a sub-optimal NAG PAM may be combined with an optimally
positioned ZFP or TALE binding site to select dCas9-ZFP or dCas9-TALE constructs with
improved activity in the selection system. Clones with improved binding activity (and thus
improved linkers) may be recovered by plating the cells on increasing concentrations of 3-

aminotriazole (3-AT, a competitive inhibitor of His3) until only a few clones survive. Selected
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linkers for Cas9-ZFPs or Cas9-TALEs can be validated as nucleases on genomic targets in
HEK293T cells.

Linkages for NmCas9-DBD fusion proteins may also improve precision and activity
using a similar procedure to that described above for SpCas9. In particular, an improvement
protocol finds a fusion point (N- or C-terminal) and approximate linker length capable of
creating a functional fusion between NmCas9 and a DBD (e.g., TALE or ZFP). PAM
specificities have been interrogated for NmCas9 and may be believed to involve a consensus
NNNNGATT sequence. To evaluate NmCas9-DBD fusion activities a suboptimal PAM (i.e., for
example, NNNNGAAT) may be used to assess improvements in activity that are imparted by a
fused DBD.

As discussed above in the context of SpCas9, experiments can be carried out in two steps
to validate a functional NmCas9 fusion: 1) using a GFP reporter assay to define an optimal linker
length; and 2); a bacterial (e.g., E. coli) two hybrid selection of the linker sequence. Esvelt et al.,
Orthogonal Cas9 proteins for RNA guided gene regulation and editing. Nature Methods. 2013
Nov;10(11):1116-21. The ability to utilize a NmCas9 system with a bacterial selection system
has been widely reported. Hou et al., Efficient genome engineering in human pluripotent stem
cells using Cas9 from Neisseria meningitidis. Proceedings of the National Academy of Sciences.
2013 Sep 24;110(39):15644-9; Zhang et al., Processing-independent CRISPR RNAs limit
natural transformation in Neisseria meningitidis. Molecular Cell. 2013 May 23;50(4):488-503;
Zhu et al., Using defined finger-finger interfaces as units of assembly for constructing zinc-
finger nucleases. Nucleic Acids Research. 2013 Feb 1;41(4):2455-65; Gupta et al., An optimized
two-finger archive for ZFN-mediated gene targeting. Nature Methods. 2012 Apr 29;9(6):588-90;
Meng et al., A bacterial one-hybrid system for determining the DNA-binding specificity of
transcription factors. Nature Biotechnology. 2005 Aug;23(8):988-94; Noyes et al., A systematic
characterization of factors that regulate Drosophila segmentation via a bacterial one-hybrid
system. Nucleic Acids Research. 2008 May;36(8):2547-60; Noyes et al., Analysis of
homeodomain specificities allows the family-wide prediction of preferred recognition sites. Cell.
2008 Jun 27;133(7):1277-89; and Enuameh et al., Global analysis of Drosophila Cys,-His, zinc
finger proteins reveals a multitude of novel recognition motifs and binding determinants.

Genome Research. 2013 Jun;23(6):928-40.
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Functionality of the NmCas9-DBDs may be verified through assays on genomic target
sites with DBDs that are programmed to recognize neighboring sequences, where activity can be
assessed by T7EI assay. In these genomic assessments, activity on properly spaced/oriented

binding sites and the absence of activity on improperly spaced/oriented sites can be determined.

III.  Improved Precision Using Mutant pDBDs

In some embodiments, the present invention contemplates a chimeric Cas9 system that
dramatically improves the precision and targeting range of the Cas9 nuclease. In one
embodiment, precision and targeting range is improved by augmention of its specificity with an
attached pDBD. In one embodiment, the Cas9-pDBD precision is tunable. In one embodiment,
the tunable precision includes, but is not limited to, specificity and/or affinity of the associated
pDBD. Although it is not necessary to understand the mechanism of an invention, it is believed
that therapeutic genome editing, where cleavage precision is of paramount importance, utilizing
customized Cas9-pDBDs will play a role in clinical development process.

A, Improved Precision With Mutant Cas9 pDBD Fusions

The data presented herein evaluates an improved precision of a SpCas9MT#-pDBD
framework at SpCas9 target sites (e.g., for example, TS2, TS3 & TS4; all with NGG PAMs).
SgRNAs that recognize these sites have defined on- and off-target activities, which provide a
known benchmark to assess improvements in precision. A ZFP was constructed to recognize a
sequence near each target site and compared the editing activities of sgRNA programmed
SpCas9, SpCaso™™ and SpCaso™3-ZFpT, Figure 44A. It was confirmed that SpCas9™" was
nearly inactive at all target sites, where this activity was restored by the presence of a cognate
ZFP fusion. Figure 44B. However, the activity was not rescued with a non-cognate sgRNA or
ZFP (Figure 13 & Figure 60C). To assess improvements in precision at previously defined off-
target sites, PCR products spanning these loci were deep sequenced for sgRNA Y TSTSt T
nuclease activity of SpCas9, and SpCas9™-ZFPTS/ TS5 was then compared at these target and
off-target sites. It was found that SpCas9o™'?-ZFpTS¥/T83/T54 dramatically increased the precision

9MT3_ZFPTSZWTS3/TS4 reduced

of target site cleavage. Figure 44C. In most cases, utilizing SpCas
lesion rates at off-target sites to background levels resulting in improvements in specificity of up

to 150-fold. Only one off-target site (OT2- 2), which has a neighboring sequence that is similar
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to the expected ZFPTS2 recognition sequence (data not shown), still displays high lesion rates.

MT3 QMT3_

One other site (OT2-6), displays some residual activity both for SpCas9™ "~ and SpCas

ZFP™ that is above the background error rate within the sequencing data. These data

oM™ _7EPs relative to

demonstrate a dramatic overall enhancement of the precision of SpCas
standard SpCas9.

To discover new off-target sites of SpCasoM™>-ZFPs, a GUIDE-seq analysis was
performed on SpCas9 and SpCas9™™-ZFP™" These data are consistent with the focused deep
sequencing data of known off target sites: there is a dramatic improvement in precision for the
SpCasOM3-ZFP™, In addition, ESAT peak picking analysis
(garberlab.umassmed.edu/software/esat) of the SpCaso™M-ZFPT™S* GUIDE-seq data reveal that
there is a dramatic reduction in SpCas9™-ZFP™™" off-target activity genome-wide. Figure 44D.
A small number of weak peaks (less than 5 reads, likely noise) are unique to the SpCas9™"-
ZFp™* (relative to SpCas9 programmed with the same sgRNA), but none appear to be valid off-
target sites based on the absence of guide complementary sequence with 6 or fewer mismatches.
Thus, SpCaso™" nuclease activity is muzzled, but can be reactivated at specific genomic regions
through fusion of a pDBD recognizing a neighboring sequence.

The precision of SpCas9-ZFPs to SpCas9 was compared using sgRNAs with previously
defined off-target sites'*?*. Three different four-finger ZFPs were contructed to reco gnize 12
base pair sequences neighboring the TS2, TS3 or TS4 sgRNA target sites for use as SpCas9MT3—
ZFP fusions. Figure 60A. The activity of SpCas9, SpCaso™™ and SpCaso™'-zppTs2/153/T34
with a corresponding sgRNA was compared at each target site. In all cases SpCas9™"
dramatically decreased cleavage efficiencies, which were restored by a cognate ZFP fusion.
Figure 60B. The activity of SpCas9™™*-ZFP was dependent on the presence of both a cognate
sgRNA and ZFP. Figure 60C. Consistent with the dependence on ZFP binding, truncation of one
zine finger from either end of ZFP™? reduced the activity of SpCasOM™*-ZFP™ at the TS3 target
site, and the removal of two zinc fingers abrogated activity. Figure 61. The introduction of a
third stage of target site licensing supplied by the pDBD dramatically increased the precision of
SpCaso™2-ZFP™: relative to wild type SpCas9 (SpCas9™1); lesion rates at the most active off-
target site (OT3-2) for sgRNA™ were 22% by T7EI assay with wild type Cas9, but were

undetectable with SpCas9MT3-ZFPT83. Figure 60C.
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Two TALE arrays were also programmed to target SpCas9™ ™ to TS3 and TS4 (TALE-
TS3 and TALE-TS4). Nuclease activity at the TS3 site but not TS4 can be restored by the
related SpCas9™-TALE fusion. Figure 62. To examine the catalytic tolerance of the
SpCasoM-ZFP™/sgRNA complex to mismatches between the guide and a target sequence, a
5  set of guides was used that progressively shift blocks of 2 base mismatches from the 5’ to the 3’
end of the guide sequence. SpCaso™™*-ZFP™® has a lower tolerance for mismatches between the
guide and target site relative to SpCas9" ", whereas SpCas9WT—ZFPTS3 appears to modestly

increase the tolerance for mismatches. Figure 60D and Table 3.

10
Table 3:
Average nuclease activity (%Lesion) values of TS3 sgRNA mismatches
‘ sgRNA Mame | sgRNA sequence CasuT | CoeaWI_ZEpTs | CasOMT3_FEPTSs |
¥.D: Not Detected
15

Consistent with an increased sensitivity to disruptions in sgRNA-target interactions, SpCas9o™™-

ZFPs exhibit reduced activity with truncated sgRNAs>, confirming that a higher degree of

guide-target site complementarity is required for efficient cleavage with our chimeras. Figure
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63. In addition a series of single base mutations with the sgRNA shifted across the TS3 target
site indicates that SpCasQMT3-ZFP has superior discrimination to wild-type Cas9 (Figure 46).

B. Cas9-pDBD System Tunability

One advantage of a SpCas9-pDBD system over other Cas9 platforms is the ability to
rapidly tune the affinity and specificity of the attached pDBD to improve its precision. In one
embodiment, improved precision of SpCas9MT3-ZF P™2 was achieved by truncating the four zinc
finger array to reduce its affinity for off-target site OT2-2. High activity at the TS2 target site
was maintained despite removal of either of the terminal zinc fingers from SpCas9™>-ZFpT?,
However, these truncations reduced or eliminated activity at OT2-2, reflecting a profound
improvement in the precision of SpCas9™">-ZFP™2 Similarly, utilization of a ZFPT?" that
recognizes an alternate sequence neighboring the TS2 guide target site also abolishes off-target
activity at OT2-2. Figure 45.

Given the improvements in precision realized by these selective alterations in the
composition of a ZFP, it should be possible to achieve even greater enhancements in precision
via more focused modification of a ZFP composition and a linker connecting it to SpCas9.
These data demonstrate the functionality of SpCas9-pDBD chimeras, their broader targeting
range and improved precision when compared to standard SpCas9.

C. Increased SpCas9 Precision Through Direct And Drug-Dependent pDBD

Fusions

In one embodiment, the present invention establishes a framework to facilitate use of the
SpCas9-pDBD system to efficiently design, assay and permute this platform to achieve single-
site precision for editing the human genome. There are a number of parameters that remain to be
optimized in the SpCas9-pDBD system. For example, an initial four-finger SpCas9-ZFPs still
retains a Jow level of off-target activity. Figure 44. Some of this is residual activity present in the
SpCas9™™ (R1335K) mutant that is independent of a pDBD. In addition, linker
length/composition as well as improved pDBD affinity and specificity also contribute to
improved precision and efficiency.

1. Improved Precision Using SpCas9-pDBD Frameworks
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In some embodiments, the present invention contemplates a method utilizing different
parameters regulating precision and activity of a SpCas9-pDBD framework to define a
framework for highly active and extremely precise nucleases.

a. The Cas9-pDBD Linker

In one embodiment, a SpCas9™"-pDBD construct is connected by a 60-aa linker and
displays improvements in precision. Figure 2B. Although it is not necessary to understand the
mechanism of an invention, it is believed that an improved linker length provides additional
precision improvements by reducing the number of alternate (e.g., off-target) sgRNA/pDBD
binding site permutations.

For example, a GFP reporter assay is used herein to identify improved linker lengths
joining SpCas9 to either ZFPs or TALEs that increase their fidelity of target site cleavage. In
one embodiment, the GFP reporter assay defines a minimal linker length for SpCas9-Zif268 and
SpCas9-TAL268 constructs that retains maximum activity at one (or more) binding site
positions, but places further restrictions on the activity at other positions. Improved linkers may
be tested for both activity and precision in the context of SpCas9™"*-pDBDs designed for
TS2/TS3/TS4 genomic sites. Figure 44. Initial activity and precision may be assessed by T7EI
assays. Figures 44 and 45.

The most promising linkers can be further evaluated by GUIDE-seq to assess genome-
wide off-target activity. GUIDE-seq results may be verified by targeted deep sequencing of PCR
products spanning these loci. Fig. 44. The GFP reporter assay and subsequent validation at the
TS2/TS3/TS4 genomic targets via GUIDE-seq can identify linkers that display both high activity
and more selectivity in the particular arrangement of SpCas9 and pDBD binding sites. The
improved linker length and improved binding site position/orientation may differ between ZFPs
and TALEs due to their differing mechanisms of DNA recognition.

b. Improved Precision Using DNA Recognition Modules (ZFP or
TALE)

The data herein has shown that the precision of SpCas9-ZFPs is dependent on the number
of ZFP recognition modules, where excessive affinity reduces precision. Figure 45.
Alternatively, in some embodiments binding site size and affinity of TALEs or ZFPs can be

tuned by changing the number of incorporated recognition modules. For example, ZFPs may be
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modified by altering the number of fingers, the type inter-finger linkage and/or the number of
DNA phosphate contacts. Alternatively TALEs may be modified by altering the number of
modules and/or the use of non-canonical RVD recognition residues. As described above, the
TS2/TS3/TS4 genomic sites can be utilized to assay activity and precision, first by T7EI assays,
followed by evaluation of the most promising SpCas9™"-pDBDs by GUIDE-seq and targeted
deep sequencing. Although it is not necessary to understand the mechanisms of an invention, it
is believed that while an optimal number of fingers/modules within a pDBD may vary from site
to site, a range of fingers/modules may be defined that is likely to be more favorable with regards
to both target activity and precision.

C. SpCas9 Modifications For pDBD Functional Dependence

As shown above, PAM-attenuated SpCaso™™ displays residual nuclease activity at
TS2/TS3/TS4 in the absence of the pDBD. Further, attenuation of SpCas9 DNA-binding affinity
increases absolute pDBD dependence and thus its precision. In one embodiment, the present
invention contemplates at least one mutation in at least two regions of SpCas9 to reduce its
intrinsic activity including, but not limited to; 1) PAM recognition residues, and ii) phosphate-
contacting residues near the PAM binding site.

In one embodiment, the present invention contemplates a Cas9 complex comprising PAM
recognition residue mutations. In one embodiment, the mutations are located at arginine residues
(e.g., for example, R1333 & R1335) that make base-specific PAM contacts. In one embodiment,
the mutations are a combination mutations (e.g. combining R1333K & R1335K). Such
combination mutations are believed to further attenuate independent SpCas9 activity but retain
activity in the presence of a fused pDBD. The double-strand break (DSB) formation rate in the
absence and presence of the pDBD may be estimated by qPCR-based quantification of the rate of
capture of GUIDE-seq oligos at each target site (TS2/TS3/TS4) as a proxy for deep sequencing.

In one embodiment, the present invention contemplates arginine or lysine residue
mutations that contact DNA phosphates. Although it is not necessary to understand the
mechanism of an invention, it is believed that neutralization of phosphate contacts within pDBDs
can modulate their binding affinities. In one embodiment, SpCas9 is mutated at lysine or
arginine residues that are positioned to make non-specific contacts with the DNA downstream of

the PAM-contacting residues, and so should not affect the efficiency of R-loop formation or the
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precision of DNA cleavage. The activity of these mutants may be assayed as described for the
PAM recognition mutants.

Mutations can be identified that render SpCas9 completely dependent on an attached
pDBD. Since the capture of GUIDE-seq oligos is not be a perfect surrogate for the rate of DSB
formation, lesion rates may be assessed for the most promising mutants by deep sequencing.
Alternatively, lysine or arginine mutants can be combined with PAM mutants for further
attenuation of SpCas9 DNA-binding affinity. Although it is not necessary to understand the
mechanism of an invention, it is believed that the improved precision of the presently disclosed
SpCas9MT-pDBDs for TS2/TS3/TS4 are vastly superior to those previously reported. To confirm
that superiority, the precision should be shown to be cell line-independent via deep-sequencing
and GUIDE-seq analysis.

2. Allele-Specific Targeting Using Single Nucleotide Polymorphisms

The ability to selectively inactivate specific dominant-negative alleles could have great
utility. For example, single nucleotide polymorphisms (SNPs) have been proposed as
discriminators for siRNA-mediated silencing of Huntingtin alleles that contain CAG repeat
expansions. Cas9s with allele-specific activity could provide a therapeutic strategy to disable
specific harmful alleles. SpCas9 has been used to achieve incomplete discrimination using a
SNP within the guide recognition sequence. Analysis of the presently disclosed Cas9™"*-ZFP
framework has revealed dramatically improved discrimination for single-base changes within a
target sequence. Figure 46. This increased sensitivity is consistent with improved precision.
The feasibility of using SNPs within a guide recognition sequence or a PAM as discriminators
are examined herein.

For example, a COSMIC database may be used comprising a list of validated cell line
SNPs to test the feasibility of this approach (e.g., identifying twenty-six heterozygous SNPs in
U20S cells). Candidate loci may then be sequenced to confirm the reported SNP heterozygosity
and then design SpCas9™ -pDBD/sgRNA combinations to target a single allele. Allelic targeting
ratios (relative to negative controls lacking the cognate sgRNA or the appended pDBD) may be
determined by a frequency that each allele captures GUIDE-seq oligos (via deep sequencing). If
DSBs are restricted to a single aliele, then only the targeted SNP should be found neighboring
the GUIDE-seq oligo sequence. As SpCas9 mutants are identified that have improved
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attenuation, single base change discrimination can then be examined. Although it is not
necessary to understand the mechanism of an invention, it is believed that SpCas9™'-pDBDs
have great potential for allele-specific targeting but should be subjected empirical verification. If
necessary, discrimination can be tested using paralogous sequences that differ by a single base
within the genome (e.g. CCR2 and CCRS, which contain many >30 bp regions that differ by a
single nucleotide). Relative editing efficiencies on one paralog or the other can be assessed by
the PCR/deep sequencing approach described above.

3. Drug- Or Photo-Dependent spCas9-pDBD Nuclease Regulation

Small molecule- or photo-dependent dimerization systems have been developed that
permit the control of activity of a two-component system. Since SpCas9/sgRNA off-target
activity is dose dependent, these systems have been adapted to regulate the association of two
fragments of Cas9 (e.g., Split-Cas9).

In one embodiment, the presently disclosed SpCas9-pDBD system comprises a drug- or
photo-dependent dimerization system that regulates the association of SpCas9 and the pDBD. In
one embodiment, the present invention contemplates a rapamycin-dependent Cas9 complex
comprising a SpCas9-FRB/FKBP-ZFP and/or a SpCas9-FRB/FKBP-TALE and/or Split-
SpCaso™T-pDBD. Figures 47, 99, 100, 101 and 102 . The data show that the target activity (with
drug) is similar to SpCas9™" without sacrificing of the enhanced precision of the SpCas9-pDBD
system. In addition, swapping the drug-dependent dimerization domains (e.g. SpCas9-
FKBP/FRB-ZFP) and changing the relative order of these domains (e.g. SpCas9-FKBP/ZFP-
FRB) can improve the activity and precision of these constructs (Figurés 99 & 101). This type of
improvement of components (fusion partners and their relative position) can be attained for any
combination of dimerization domains in principle.

4. SpCas9-FKBP/pDBD-FRB System Improvements
a. SpCas9-FKBP /pDBD-FRB Linkers

In one embodiment, the present invention contemplates a GFP reporter system
comprising genomic targets to identify a optimal linker length joining Cas9 to a dimerization
domain and the pDBD to a dimerization domain that maximizes activity and restricts the relative
spacing and orientation of the active binding sites. In one embodiment, the linker joins an

SpCas9-FKBP domain and an pDBD-FRB domain.
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b. ZFP or TALE DNA Recognition Modules
In one embodiment, the present invention contemplates DNA recognition modules that
improve SpCas9-FKBP /pDBD-FRB precision at sites including, but not limited to, TS2, TS3
and TS4 sites. Although it is not necessary to understand the mechanism of an invention it is
believed that the optimal number and composition of recognition modules in the pDBD may
differ when compared to a Cas9-pDBD covalent system, since greater cooperativity in the
binding is likely to occur in the covalent system.
C. Nm-dCas9 as pDBDs
In one embodiment, the present invention contemplates a nuclease-dead NmCas9 as a
pDBD for an association through dimerization (Figure 20). In one embodiment, a mutated

nuclease (e.g., SpCasoMT

) and Nm-dCas9 are programmed through orthogonal sgRNAs to
recognize neighboring sequences. Although it is not necessary to understand the mechanism of
an invention, it is believed that for this type of dimerization system (e.g. SpCas9™'-FKBP /Nm-
dCas9-FRB) fusion partners for each dimerization domain and their position on the nuclease are
empirically determined. In principle other Cas9 isoforms could be substituted for SpCas9 or
Nm-dCas9.)
d. Nuclear Export Sequences

Photo-dependent TALE regulators or drug-dependent Split-SpCas9 fusions have been
reported to decrease off-target activity by fusing a nuclear export sequence (NES) instead of a
Nuclear Localization Sequence (NLS) to one component. It is believed that an Cas9-NES fusion
protein is restricted to the cytoplasm until the inducer is present (light/drug), at which point an
NLS-tagged partner can drive nuclear import. In one embodiment, an NES-SpCas9™!-FRB
fusion protein may be excluded from the nucleus in the absence of rapamycin. In one
embodiment, a combination of an NLS with NES-SpCaso™'-FRB fusion protein facilitates a
transit between the nucleus and cytoplasm in the presence of rapamycin allowing more efficient
mmport of the partner that is located in the cytoplasm (e.g. Figure 99).

Assessments of activity and precision for constructs of particular interest may occur at an
TS2/TS3/TS4 loci initially by T7EI assays such that dose and duration of rapamycin exposure on
activity and precision can be examined. The precision of the most promising constructs may be

evaluated by GUIDE-seq followed by targeted deep sequencing (e.g. Figure 102).
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e. The Abscisic Acid Regulatory System

A drug-based dimerization system has been previously described based on a plant
hormone (i.e., for example, abscisic acid) and its protein partners (ABI & PYL; Liang, F.-S., Ho,
W. Q. & Crabtree, G. R. Engineering the ABA plant stress pathway for regulation of induced
proximity. Science Signaling 4, rs2—1s2 (2011).). Abscisic acid is believed to be bioavailable,
and the plant-derived components should have minimal crosstalk with endogenous factors
(unlike a rapamycin system). Consequently, a SpCas9™'-ABI/PYL-pDBD system may be useful
for drug-dependent regulation.

Photo-dependent (e.g., for example, visible light or non-visible light) regulation of
TALE-effector and Split-SpCas9 nuclease function have been described. In one embodiment,
the present invention contemplates a light-inducible dimerization domain comprising
nMag/pMag or CRY2/CIB1 (Nihongaki, Y., Kawano, F., Nakajima, T. & Sato, M.
Photoactivatable CRISPR-Cas9 for optogenetic genome editing. Nature biotechnology 33, 755—
760 (2015)).

D. Improved Precision With NmCas9-pDBD and SaCas9-pDBD Frameworks

Development of a SpCas9-pDBD system (supra) has benefited from extensive data on
the 1368-aa SpCas9 protein. However, full realization of genome editing goals involves the
development of additional Cas9 orthologs to provide additional PAM specificities and
simultaneous deployment of Cas9s with orthogonal guides. In addition, for clinical deployment,
the physical size of SpCas9’s limits in vivo deliverability to platforms such as AAV vectors and
synthetic mRNAs. Alternatively, most Type II-C Cas9s (e.g. N. meninigitidis; 1082 residues)
and a few Type 1I-A Cas9s (e.g. S. aureus; 1053 residues) are considerably smaller than SpCas9
and may have clinical delivery advantages over SpCas9 platforms.

For example, a compact Cas9 (i.e., for example, NmCas9) was recently validated for
genome editing. Alternatively, an SaCas9 platform was also characterized, and its utility for
editing in an all-in-one (Cas9+sgRNA) AAV format was documented. Because Cas9s is
believed to have some propensity for promiscuous cleavage, compact orthologs should be
modified to provide an enhanced precision to tap their clinical potential. In one embodiment, the
present invention contemplates NmCas9- and SaCas9-based editing platforms with single-

genomic-site accuracy.
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Preliminary data using NmCas9 demonstrate that a PAM consensus is 5’-N4GATT-3’,
with considerable variation allowed during bacterial interference (data not shown). However,
PAM requirements are more stringent in mammalian cells, and efficient editing has only been
documented at NAG(A/C/T)TT, NAGAC(A/T), N4GATA, and N4GTCT PAMs. Figure 48. It
has been reported that mammalian genome editing by NmCas9 also requires strong
sgRNA/target seed-sequence complementarity. NmCas9 guide sequences are naturally 24 nts
long, though 22~ to 26-nt lengths are functional (not shown). As shown above, when using a
GFP assay in HEK293 cells, Zif268 fusion to NmCas9 (in conjunction with a Zif268 binding site
downstream of the PAM) allows targets with otherwise non-functional PAMs to be cleaved.
See, Figure 49A. This demonstrates that an appended DBD can facilitate cleavage at non-
canonical NmCas9/PAM interactions, as with SpCas9 (supra).

The structure of NmCas9 is not known, nor are associated PAM-recognition residues
defined. Nonetheless, some information can be discerned from an A. naeslundii Type II-C Cas9
structure (AnCas9). For example, two positively charged NmCas9 residues (e.g., Lys1013 and
Argl025) are particularly well-conserved in Type [I-C Cas9 alignments, and the corresponding
AnCas9 residues map to a candidate PAM interaction region. The activity of the NmCas9
K1013A/R1025A double mutant (hereafter NmCas9™™') is severely attenuated in the GFP assay
in HEK293 cells, but can be rescued by an appended Zif268 pDBD (with a Zif268 binding site
downstream of the PAM). Figure 49B. Although it is not necessary to understand the
mechanism of an invention, it is believed that these observations, along with the mutant PAM
rescue, strongly suggest that the PAM attenuation/pDBD fusion is a feasible strategy to create
more precise compact Cas9 orthologs. Furthermore, recent reports have also provided
information on SaCas9, including its functional PAM sequence (5’-NNGRR-3") and spacer
lengths (21-23 nts), thereby facilitating this strategy’s extension into a compact Type II-A
system.

1. PAM Attenuation/pDBD fusion Parameters For Enhanced-Precision
NmCas9 and SaCas9
a. NmCas9™-pDBD And SaCas9™'-pDBD Frameworks

The data presented herein demonstrates that a fused pDBD (either N- or C-terminal, with

a 60-aa linker) allows editing of targets with nonfunctional PAMSs having a pDBD binding site 5
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bp from the PAM. Figure 49A. Alternative embodiments include, but are not limited to, other
NmCas9-pDBD spacings and orientations for SpCas9 and/or NmCas9 fusions to TAL268. For
example, one SaCas9 embodiment comprises using a PAM variant (e.g., for example,
NN(A/C/T)RR) that is known to be non-functional. Alternatively, alanine and/or serine
mutations, either individually or pair-wise, may be introduced that are within an ~25-aa window
around a putative PAM-interacting domain of SaCas9, based on Type II-A Cas9 sequence
alignments. It can then be determined which of those mutations attenuate SaCas9 function and
can be re-activated by Zif268 fusion. Figure 49B. Initially, a GFP assay in HEK293 cells can be
performed, and the most promising set of spacings, orientations, and Zif268-suppressible
SaCas9-attenuating mutants may then be validated at corresponding genomic loci by T7EI assay.
Several custom-designed ZFP and TALE modules can also be tested on other chromosomal

targets with both Caso™"

systems. Finally, NmCas9- and SaCas9-linker length improvements
are determined as described above.
b. NmCas9 and SaCas9 Accuracy

In one embodiment, the present invention contemplates a GUIDE-seq assay to compare
the editing precision of Cas9™ " orthologs and the CasO™-pDBD variants. In one embodiment,
the GUIDE-seq assay identifies Indel frequencies at off-target sites. In one embodiment, the
Indel frequencies are quantified by deep-sequencing PCR-amplified loci. In one embodiment,
mismatch tolerance at chromosomal editing sites measure the effects of PAM attenuation and
pDBD fusion. In one embodiment, off-target propensities of the on- vs. off-target lesion rate
ratios identify successful pDBD tunability by varying the number of ZFPs or TALE modules.

2. NmCas9 and SaCas9 Drug-Inducible Dimerization Systems

One disadvantage with AAV delivery of active Cas9/guideRNA combinations is that
Cas9 activity (both on- and off-target) may persist indefinitely. Accordingly, by successfully
implementing drug-inducible Cas9™"-pDBD association in the context of one or both compact
Cas9s, the system’s accuracy enhancements are further improved, and by preventing on-going
off-target lesions once the drug is withdrawn and after editing is complete. In one embodiment,
the present invention contemplates a NmCas9 and/or a SaCas9 drug-inducible dimerization

system.
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For example, DNA-binding modules (e.g., ZFP and TALE) attached to NmCas9 or
SaCas9 could both be RNA-guided. NmCas9 and its guideRNAs are orthogonal to all Type 1I-A
Cas9s and sgRNAs tested to date, and SaCas9’s expected orthogonality and its sgRNAs can be
easily confirmed as well. Drug-inducible dimerization modules (e.g., for example, FRB/FKBP
or ABI/PYL and all pair-wise combinations) can be fused to a PAM-attenuated but catalytically
active version of a compact Cas9, and the nuclease-dead version of the other. Whether dCas9
can fulfill the same precision-enhancing function provided by the pDBD may then be tested.
Initially, a GFP reporter system is used to improve PAM/target orientation and spacing, and then
tested using actual chromosomal loci. If this framework can edit its chromosomal loci target
sites efficiently, as judged by T7EI assay, an unbiased assay can define the precision of this
system relative to the drug-induced pDBD dimerization system.

3. Functional AAV NmCas9™ -pDBD and SaCas9™"-pDBD
Constructs

1t is believed that native NmCas9 and SaCas9 ORFs are ~3.25 and 3.16 kb, respectively,
so even with added NLSs and minimal expression/processing signals, they are well under the
~4.5 kb packaging limit of current AAV vectors. For example, a four-finger ZFP with a 60-aa
linker would increase the ORF size by an additional 0.6 kb, still well within the AAV vector size
limit. As explained herein, some embodiments of the present invention minimize linker length to
further reduce an AAV Cas9-pDBD packaging size. In some embodiments, the present
invention contemplates the delivery of NmCas9™T-ZFPs and SaCas9™'-ZFPs via AAV into
cultured cells. In one embodiment, the AAV comprises a liver-specific promoter. In one
embodiment, the AAV is an AAVS serotype. In one embodiment, the AAVS serotype is
hepatocyte-tropic. In one embodiment, the cultured cells comprise HepG2 cells. In one
embodiment, the genome of the HepG?2 cells comprise Pcsk9 as an editing (NHEJ) target. In one
embodiment, the AAV expression constructs is a transfection plasmid.

E. Cas9-pDBD Mediated Gene Correction Of Defective CYBB in CGD

Chronic granulomatous disease (CGD), a disorder of phagocytic function, generally
presents early in life with severe recurrent infections. The estimated incidence per live birth is
1/200,000 in the US. Conventional clinical management allows many patients to reach

adulthood, but CGD patients have only 50% cumulative survival at age 50, and the only curative
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therapy is hematopoietic stem and progenitor cell (HSPC) transplantation. The molecular
defects causing CGD affect the phagocyte NADPH oxidase responsible for the generation of
microbicidal reactive oxygen species. About 60% of cases are X-linked (X-CGD) due to
mutations in CYBB, an Xp21.1 gene that encodes gp91phox, the glycoprotein subunit of the
oxidase.

CGD has long been considered a prime target for gene therapy. Clinical improvement
should occur with replacement of a low level of oxidase activity, as CGD patients with as little as
3% normal activity show a much milder phenotype. A normal phenotype could be achieved with
high-level correction of only 5-10% of phagocytes, as occurs in asymptomatic XCGD carriers
with a skewed Lyon distribution of X-inactivation. As all phagocytes are bone marrow-derived,
gene therapy approaches have aimed to replace the defective gene ex vivo in blood or bone
marrow HSPCs, and then engraft the autologous cells in the patient. For example, one such trial,
using an SFFV-based retroviral vector, showed initial correction of the CGD phenotype in 2 of 3
subjects, but gene expression was eventually diminished or silenced. Further, peripheral blood
myeloid cells showed expansion of clones containing insertions at loci associated with
immortalization or leukemia. All patients eventually died or underwent HSPC transplantation.

Current CGD gene therapy approaches are focused on gene replacement in CD34+
HSPCs through insertion via self-inactivating lentivirus or knock-in at a safe-harbor locus
(AAVS1) via ZFNs. A current trial employs a self-inactivating lentiviral vector encoding a
chimeric myeloid promoter to drive CYBB expression. However, achieving near wild-type
gp91phox expression requires 8 or more integrations per cell. Because lentivirus generates
insertions throughout the genome there is also danger of viral integration causing disruption or
dysregulation of nearby genes.

Targeted insertion in the AAVS1 locus limits random integration, but suffers from the
challenge of finding a myeloid-specific promoter that can drive high level gp91phox expression
with only one integration site. Ideally, gene repair at the defective locus would harness
endogenous regulatory elements to drive appropriate gene expression. As inactivating mutations
in CYBB are broadly distributed throughout the coding sequence, tailoring a gene correction

cassette to each patient’s specific mutation is impractical.
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In one embodiment, the present invention contemplates a minigene cassette flanked by a
splice acceptor and polyadenylation site, for insertion into an early intron to capture transcription
from the locus and correct any downstream mutations. Figure 50. This approach has been
successfully utilized with ZFNs for factor IX gene correction. At the CYBB locus, a repair
cassette introduced into intron 2 would correct 87% of previously
described mutations.

To define neutral sites for repair cassette insertion, the CYBB regulatory landscape in
three myeloid cell lines was analyzed using ENCODE H3K4Mel ChIP-seq data and 3C analysis.
These data revealed a complex regulatory landscape that extends to CYBB introns 1-3. In one
embodiment, the present invention contemplates a gene correction strategy comprising high
efficiency and precision, as well as a minimal impact of minigene insertion on gene expression
levels, as some insertion sites may disrupt regulatory elements. For example, a Cas9MT-pDBD
nuclease may be used for correction of CYBB defects in CD34+ HSPCs from XCGD patients
through a systematic optimization including, but not limited to: i) pilot experiments in XCGD-
PLB-985 cells, a human myeloid cell line with a disruption in exon 3 of CYBBD; ii) optimization
of gene correction in normal CD34+ HSPCs; and 1ii) assessment of efficacy in HSPCs from
XCGD carriers. Although it is not necessary to understand the mechanism of an invention, it is
believed that these preliminary data identifies improved nuclease precision and efficiency to
provide a clinically effective platform for CGD gene therapy.

1. SpCas9MT-pDBD Nuclease And Donor Constructs

In one embodiment, the present invention contemplates assessing nuclease activity and
precision in HEK293T cells. Preliminary data show that CYBB introns 1 & 2 are compatible
with sgRNAs having NGG PAMs and are predicted to be highly active based on the latest
genome-wide sgRNA analyses. These sgRNAs have few predicted off-target matches by
CRISPRseek analysis and avoid potential regulatory regions identified in ENCODE data.
SpCas9 nuclease activity mediated by sgRNAs of interest may be used to determine and identify
active guides. Figure 51.

In one embodiment, the present invention contemplates a construct comprising Cas9™'-
pDBDs for active sgRNAs. Nuclease activity may be confirmed by T7EI, and then GUIDE-seq

followed by focused deep sequencing to determine off-target profiles. In one embodiment,
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active nuclease pDBDs can be tuned and precision improved to eliminate residual off-target
activity. One advantage of the presently disclosed embodiments in contrast to conventional
methods is the achievement of precise editing with off-target events that are undetectable by
Illumina short-read sequencing. In one embodiment, the construet comprises single-stranded
oligonucleotide (ssODN) donors with homology arms to the target site that encode a unique
restriction enzyme (RE) site within the region. HDR efficiency may be assayed by PCR
amplification and RE digestion.

2. Gene Correction Efficiency

XCGD-PLB-985 cells provide a model for gene correction of CYBB due to the presence
of a single defective allele. In one embodiment, nucleofection conditions are improved for
XCGD-PLB-985s to maximize the rate of nuclease-based HDR insertion of the validated ssODN
compared to that of indel formation (e.g., using a T7EI assay). HDR efficiency and precision
level obtained for each nuclease may then be confirmed using GUIDE-seq.

XCGD-PLB-985 cells were nucleofected with SpCas9-sgRNA, a Cybb-minigene
cassette, and GFP (as a marker for nucleofection) and then flow-sorted for GFP expression.
GFP(+) and (-) cells were assessed for SpCas9-induced lesions by T7EI assay, and for NHEJ-
mediated minigene insertion by PCR amplification of a newly-formed junction. Figure 51.
GFP(+) cells demonstrated a functional correction of a CGD phenotype, with 5 cells per 1000
showing oxidase activity as NBT dye reduction at the higher dose of SpCas9/sgRNA, 2/1000 at
the lower dose, and none in GFP(-) controls. Figure 51. This data demonstrates a CYBB gene
correction with the presently disclosed minigene cassette.

Although it is not necessary to understand the mechanism of an invention, it is believed
that the present methods result in dramatic improvements in rescue frequency in comparison to
conventionally available assays. Alternatively, the present invention contemplates a knock-in of
a human codon-optimized minigene rescue construct comprising sequence features distinct from
an endogenous locus. Figure 50. For example, improvements in precision may include, but are
not limited to, parameters comprising: 1) homology arm length; ii) donor DNA source, including
but not limited to plasmids, minicircles, or AAVs.

Donor DNA insertion efficiency can be evaluated by qPCR, and the integrity of donor

integration assessed by PacBio SMRT sequencing to define the donor cassette insertion rate and
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fidelity. The rate of spurious donor integration can be determined by LAM-PCR sequencing. To
increase rates of HDR, alternate DNA repair pathways can be inhibited. Differentiation of
XCGD-PLB-985 cells containing targeted minigene insertions into neutrophils can assess the
functional effects of gene correction. The rate of splice donor capture by an integrated minigene
can be determined by qRT-PCR. XCGD-PLB-985-derived neutrophils can be determined by
flow cytometric assays of mAb7DS5 binding for gp91phox protein expression, dihydrorhodamine
(DHR) fluorescence for NADPH oxidase activity, and/or loss of microbial propidium iodide
staining for microbicidal activity. Although it is not necessary to understand the mechanism of
an invention, it is believed that the above embodiments are able to define minigene insertion sites
that permit an efficient correction of CYBB defects in XCGD-PLB-985 cells by optimizing a
splice acceptor sequence of a repair cassette for efficient gene capture. Functional assays should
allow correlation with correction of the CGD phenotype.

F. Gene Correction Efficiency And Precision In CD34+ HSPCs

It is generally believed that achieving high levels of donor DNA integration via nuclease-
mediated HDR is more challenging in primary HSPCs than in transformed cell lines. To
overcome this disadvantage of conventional methods, due to a limited availability of XCGD
patient-derived CD34+ cells, the presently disclosed nuclease-based knock-in strategy may be
fine-tuned using CD34+ HSPCs from healthy male donors. Tt has been reported that
SpCas9/sgRNA gene inactivation has been performed through the delivery of plasmid-encoded
components, but efficient rates of donor DNA integration and cell viability in another study
required delivery of nucleases as mRNAs.

In one embodiment, the present invention contemplates a method comparing the
efficiency of gene editing and cell viability for SpCas9™"-DBDs/ sgRNA delivered by plasmid
vs. mRNA/sgRNA nucleofection. For example, target site lesion rates can be assessed by T7EI
assay', and cell viability by Annexin V and 7-Aminoactinomycin D FACS analyses. Further,
the efficiency of HDR can be examined using different donor DNAs encoding the required repair
cassette. Due to potential plasmid toxicity in CD34+ cells, assays may be performed in both
plasmid-based, minicircle-based and/or viral DNA donors (IDLV, Adenoviral and AAV,
respectively), particularly AAV6, which efficiently transduces CD34+ HSPCs and has proven to

be an efficient non-integrating donor for nuclease-mediated HDR. In some embodiments, the
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timing of the donor and nuclease delivery can be varied to maximize the efficiency of HDR. In
other embodiments, small molecules that support progenitor maintenance during expansion may
be used. The precision of the nucleases and the integrity and specificity of donor integration can
be assessed as described above.

XCGD-like CD34+ HSPCs have recently been created by transducing normal CD34+
cells with a Cerulean-marked lentivirus encoding shRNAs targeting CYBB transcripts. This
system can be utilized to assess the efficiency of CYBB gene correction mediated by the optimal
nuclease and donor DNA, with a recoded minigene that is not targeted by the shRNAs, to
determine the fraction of macrophages and neutrophils differentiated from marked CD34+ cells
with restored NADPH oxidase activity and function. Although it is not necessary to understand
the mechanism of an invention, it is believed that with the presently disclosed improved
nucleases, alternate donor DNA platforms and supporting culture conditions, are able to achieve
high levels of targeted gene correction in CD34+ HSPCs, that equal or exceed the 5-10% level
needed for a functional CGD cure.

G. Efficient Gene Correction In XCGD CD34+ HSPCs

In one embodiment, the present invention contemplates a nuclease-mediated CYBB
correction in SCGD patient CD34+ HSPCs. In one embodiment, the nuclease comprises a
minigene repair cassette having mutations. In one embodiment, improved targeted gene
correction conditions (e.g., for example, nucleases, donors, cultures) that are shown to improve
efficiency. In one embodiment, the method determines the fraction of functionally corrected
macrophages and neutrophils differentiated from these cells.

RNA levels can also be assessed for a minigene donor cassette and the fraction of
correctly spliced RNAs between the endogenous exon and the minigene cassette. In other
embodiments, an in vivo engraftment potential and function of nuclease-manipulated HSPCs.
Preferably, NSG-3GS mice can be evaluated, which unlike NSG mice, produce functional
human phagocytes. Although it is not necessary to understand the mechanism of an invention, it
is believed that the presently disclosed method achieves a frequency of appropriate RNA splicing
with a repair cassette sufficient to generate gp91phox in patient-derived XCGD cells comprising

endogenous locus regulatory elements.
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H. Excision or inactivation of HIV proviral DNA in reservoir cells.

Highly active antiretroviral therapy (HAART) has dramatically changed the prognosis for
individuals infected with HIV-1. Yet, even when HIV-1 viremia has been well controlled by
these drugs for years, termination of HAART results in viral rebound, most likely coming from
latent provirus in long-lived memory CD4" T cells. So long as latent HIV-1 provirus persists —
probably for the life of the infected individual - HAART will be required. Most efforts to
eradicate latent HIV-1 proviruses have focused on reactivation of proviral transcription to
potentiate the elimination of cells bearing HIV-1 provirus. To date, though, such reactivation
efforts have largely been unsuccessful. Alternative approaches for the effective elimination of
latent HIV-1 provirus are therefore needed.

Recent advances in the development of targeted gene editing tools provide a potential
method for direct inactivation or excision of latent HIV-1 provirus. Specifically, the
Cas9/CRISPR programmable nuclease system, a versatile platform for the generation of targeted
double-strand breaks within the genome, has been shown to excise HIV-1 provirus in cell lines.
However, the activity and precision of the Cas9/CRISPR system is suboptimal for clinical
application. SpCas9™™-ZFPs have been developed that specifically target the HIV LTR with
higher precision than wild-type SpCas9.

Three different SpCas9™™-ZFPs were generated that target different regions of the HIV
LTR (T5, T6 and Z1; Figure 107). Lesion rates of wild-type SpCas9 or SpCas9™*-ZFP were
compared with T5, T6 and Z1 sgRNA and these nucleases have similar activity in the T7EI assay
measuring nuclease-induced lesion rates (Figure 107). The SpCaso™-ZFPs have higher
precision. Comparison of lesion rates at one computationally predicted off-target sites for the TS
sgRNAs with either wild-type SpCas9 or SpCas9™*-ZFP™ reveals weak activity for the wild-
type nuclease but no activity for SpCaso™*-zZFp™ (Figure 108). Further improvement of these
SpCas9™-ZFPs or the development of nucleases related to platforms described herein should
allow the creation of an efficient, precise nuclease system for the inactivation/excision of HIV-1

provirus from reservoir cells of HIV infected individuals.
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IV.  Deep Sequencing Analysis Of Off-Target Activity

To more broadly assess improvements in Cas9-pDBD precision, PCR products were deep

sequenced spanning previously defined off-target sites for sgRNATSY/T583/184 1425

PTSZ/TSS/TS4

, as well as
several additional genomic loci that have favorable ZF recognition and were predicted
using CRISPRseek® " to have some complementarity to the TS2/TS3/TS4 guide sequences.
Nuclease activity was compared between SpCas9, SpCaso™™?, SpCas9WT-ZFPTS2/TS3/TS4 and
SpCasOMP_ZFPTSTSTS4 ot thege target and off-target sites, and found that SpCas9™*>-
ZppTSATSITS dramatically increased the precision of target site cleavage. Figure 64A. Inmost

cases, utilizing SpCasoM™>-ZFp TS/ TS3/TS4

reduced lesion rates at off-target sites to background
levels resulting in improvements in the Specificity Ratio of up to 150-fold. Figure 64B. Only
one off-target site (OT2-2), which has a neighboring sequence that is similar to the expected
ZFP"™ recognition sequence and still displays high lesion rates. Figure 65. One other site (OT2-
6), displays some residual activity both for SpCaso™"* and SpCaso™-ZFP™? that is above the
background error rate within our sequencing data. Overall, these data demonstrate a dramatic
enhancement in precision for SpCas9™-ZFPs relative to standard SpCas9 at previously defined

active off-target sites.

V. Clinical Applications And Insights

Some embodiments of the present invention encompass of the activity of SpCas9-pDBD
chimeric activity that provide new insights into a mechanism of target site licensing by SpCas9
and the methods by which this mechanism can be exploited to improve precision. Figure 68.
Fusion of a pDBD to SpCas9 allows efficient utilization of a broader repertoire of PAM
sequences by SpCas9, but even for SpCas9-pDBDs there remains a dichotomy between
functional and inactive PAMs. The broader targeting range of SpCas9-pDBDs likely reflects the
bypass of a kinetic barrier to R-loop formation that follows PAM recognition, as proposed by
Seidel and colleagues®. pDBD tethering of SpCas9 may achieve activity at a target site
containing a sub-optimal PAM by increasing the effective concentration of SpCas9 around the
target site and hence, stabilizing the SpCas9-PAM interaction. For wild type SpCas9, only high
affinity (nGG) PAM sites consistently have sufficient residence time to facilitate efficient

progression to R-loop formation, but pDBD tethering increases the likelihood that
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SpCas9/sgRNA can overcome this barrier at sub-optimal PAMs. The data presented herein also
support an allosteric licensing mechanism, as described by Doudna and colleagues®, which likely
restricts Cas9 nuclease activity for the majority of sequence combinations in the PAM element
even with the increased local concentration afforded by pDBD tethering. The enhanced
sensitivity to guide-target site heteroduplex stability observed for the presently disclosed
SpCaso™T-ZFP™ chimera further supports an interplay betweén PAM recognition and guide
complementarity in the licensing of nuclease activity.

Mutations to the SpCas9 PAM interacting domain may introduce a third stage of
licensing (pDBD site recognition) for efficient target site cleavage within the SpCas9™'-pDBD
system. The weakened interaction between mutant Cas9 and the PAM sequence now
necessitates increased effective concentration for nuclease function that is achieved by the high
affinity interaction of the tethered pDBD with its target site. This dramatically improves
precision as assessed using targeted deep sequencing and GUIDE-seq analysis. Compared with
previous GUIDE-seq analysis of TS2, TS3 and TS4 targets for SpCas9, five, three and three of
the top 5 off-target sites, respectively, were found that were previously described'”. The
discrepancy between these studies could be due to our lower sequencing depth, the use of an
alternate cell line, or different delivery methods.  Nonetheless, the present analysis excludes
the presence of a new class of highly active off-target sites that are generated by the fusion of the
ZFP to Cas9. This system has advantages over other previously described Cas9 variant systems
that improve precision'®”>°, The presently disclosed SpCas™’-pDBD system increases the
targeting range of the nuclease by expanding the repertoire of highly active PAM sequences.
This is in contrast to dimeric systems (e.g., for example, dual nickases or FokI-dCas9 nucleases)
that have a more restricted targeting range due to the requirement for a pair of compatible target
sequences. Moreover, the presently disclosed chimeric system may be compatible with either of
these dimeric nuclease variants, providing a further potential increase in precision while also
expanding the number of compatible target sites for these platforms. In addition, the affinity and
the specificity of the pPDBD component can also be easily tuned to achieve the desired level of
nuclease activity and precision for demanding gene therapy applications.

SpCas9-ZFPs targeting TS2/TS3/TS4 were programmed with four-finger ZFPs, as it was

believed that these would have an optimal balance of specificity and affinity, for example,
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SpCaso™3-ZF P™. However, SpCasO™P-ZFP™™ resulted in improved precision by utilizing a
three finger ZFP demonstrating pDBD flexibility. In addition to tuning a pDBD, further
improvements by adjusting linker lengths and its composition should realize improvements in
precision (and potentially activity) by further restricting the relative orientation and spacing of
the SpCas9 and pDBD. Finally, it should be possible to generate Cas9-pDBD fusions for Cas9
orthologs from other species that have superior characteristics for gene therapy applications (e.g.
more compact Type IIC Cas9 nucleases®”*° for viral delivery). Ultimately, for gene therapy
applications where precision, activity and target site location are of paramount importance, the
expanded targeting range and precision achieved by the Cas9-pDBD framework provides a
potent platform for the optimization of nuclease-based reagents that cleave a single target site in

the human genome.

VI. Kits

In another embodiment, the present invention contemplates kits for the practice of the
methods of this invention. The kits preferably include one or more containers containing a Cas9
nuclease - DNA targeting unit fusion protein to practice a method of this invention. The kit can
optionally contain a Cas9 nuclease fused to a dimerization domain and a DNA-targeting unit
fused to a complementary dimerization domain. The kit can optionally include a zinc finger
protein. The kit can optionally include a transcription activator-like effector protein. The kit can
optionally include a homeodomain protein. The kit can optionally include a orthogonal Cas9
protein serving as the DNA targeting unit. The kit can optionally include a Cas9 fusion protein
comprising a mutated PAM recognition domain. The kit can optionally include a single guide
RNA molecule or gene, complementary to a specific genomic target. The kit can optionally
include a second single guide RNA molecule or gene, complementary to a specific genomic
target for the orthogonal Cas9 protein serving as the DNA-targeting unit. The kit can optionally
include a truncated single guide RNA molecule or gene, completely complementary to a desired
specific genomic target. The kit can optionally include enzymes capable of performing PCR
(i.e., for example, DNA polymerase, Taq polymerase and/or restriction enzymes). The kit can
optionally include a pharmaceutically acceptable excipient and/or a delivery vehicle (e.g., a

liposome). The reagents may be provided suspended in the excipient and/or delivery vehicle or
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may be provided as a separate component which can be later combined with the excipient and/or
delivery vehicle. The kit may optionally contain additional therapeutics to be co-administered
with the nuclease to drive the desired type of DNA repair (e.g. Non-homologous end joining or
homology directed repair). The kit may include a small molecule to drive drug-dependent
dimerization of the Cas9-nuclease and the DNA targeting unit. The kit may include an
exogenous donor DNA (either single stranded or duplex) that can be used as a donor for
introducing tailor-made changes to the DNA sequence. The kit may include a small molecule to
drive a change in subcellular localization for the Cas9 nuclease or the DN A-targeting unit to
control the kinetics of its activity. The kit may include a small molecule to stabilize the Cas9
nuclease-DTU by attenuating degradation due to an attached destabilization domain.

The kits may also optionally include appropriate systems (e.g. opaque containers) or
stabilizers (e.g. antioxidants) to prevent degradation of the reagents by light or other adverse
conditions.

The kits may optionally include instructional materials containing directions (i.e.,
protocols) providing for the use of the reagents in the editing and/or deletion of a specific
genomic target. While the instructional materials typically comprise written or printed materials
they are not limited to such. Any medium capable of storing such instructions and
communicating them to an end user may be contemplated by this invention. Such media include,
but are not limited to electronic storage media (e.g., magnetic discs, tapes, cartridges, chips),
optical media (e.g., CD ROM), and the like. Such media may include addresses to internet sites
that provide such instructional materials or assistance in the design and implementation of the

Cas9 nuclease —-DTU for specific genomic targets.

Experimental

Example 1

Plasmid Constructs

For Cas9-DBD experiments an sgRNA expression plasmid pLKO1-puro was used as

described previously. Stewart et al., Lentivirus-delivered stable gene silencing by RNAi in
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primary cells. RNA. 2003 Apr;9(4):493-501. SpCas9 and SpCas9-DBD fusions are expressed
from pCS2-Dest gateway plasmid under chicken beta globin promoter. Villefranc et al., Gateway
compatible vectors for analysis of gene function in the zebrafish. Dev Dyn. 2007
Nov;236(11):3077-87. For SSA directed nuclease activity assay, an M427 plasmid was used as
previously reported. Wilson et al., Design and Development of Artificial Zinc Finger
Transcription Factors and Zinc Finger Nucleases to the hTERT Locus. Mol Ther Nucleic Acids.
2013 Apr 23;2:e87.

Cas9-DBD target sites are cloned into Sbfl digested backbone in ligation-independently.
The Sbfl digested M427 vector backbone may be treated with T4 DNA polymerase to recess the
ends. Small double stranded oligonucleotides with flanking ends compatible to the recessed ends
of vector are hybridized with the vector backbone in a thermocycler and directly transformed
into bacteria.

ZFPs were assembled as gBlocks (Integrated DNA Technologies) from finger modules
based on previously described recognition preferences. ZFPs were cloned into a pCS2-Dest-
SpCas9 plasmid backbone cloned thorough BspEI and Xhol sites.

TALEs were assembled via golden gate assembly™ into JDS TALE plasmids®®.
Assembled TALEs were cloned into Bbsl digested pCS2-Dest-SpCas9-TALEntry backbone
through Acc651 and BamHI sites.

Sequences of the SpCas9-pDBDs are presented herein and these plasmids are deposited
at addgene for distribution to the community. Plasmid reporter assays of nuclease activity
utilized the restoration of GFP activity through SSA-mediated repair of an inactive GFP
construct using the M427 plasmid*. SpCas9 target sites were cloned into plasmid M427 via
ligation independent methods following Sbfl digestion. Mutations in the PAM interacting

domain of SpCas9 were generated by cassette mutagenesis.

Example 11
Cell Culture and Transfection
Human Embryonic Kidney (HEK293T) cells were cultured in high glucose DMEM with
10% FBS and 1% Penicillin/Streptomycin (Gibco) at 37°C incubator with 5% CO,. For transient

transfection, early to mid-passage cells (passage number 5-25) were used. Approximately
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1.6X10° cells were transfected with 50ng SpCas9/DBD expressing plasmid, 50ng sgRNA
expressing plasmid, 100 ng mCherry plasmid via Polyfect transfection reagent(Qiagen) in 24-
well format according to manufacturer suggested protocol. For SSA-reporter assay, 150ng M427

SSA-reporter plasmid may be also supplemented to the co-transfection mix.

Example 11T
Western Blot Analysis

HEK293T cells are transfected with 500ng Cas9 and 500ng sgRNA expressing plasmid
in a 6-well plate by Lipofectamine 3000 transfection reagent (Invitrogen) according to
manufacturer’s suggested protocol. 48 hours after transfection, cells are harvested and lysed with
100ul RIPA buffer. 8ul of cell lysate is used for electrophoresis and blotting. The blots are
probed with anti-HA (Sigma #H9658) and anti alpha-tubilin (Sigma #T6074) primary antibodies;
then HRP conjugated anti-mouse IgG (Abcam #ab6808) and anti-rabbit IgG secondary
antibodies, respectively. Visualization employed Immobilon Western Chemiluminescent HRP

substrate (EMD Millipore #WBKLS0100).

Example [V

Flow Cytometry Reporter Assay

48 hours post transfection; cells were trypsinized and harvested into a microcentrifuge
tube. Cells were centrifuged at 500Xg for 2 minutes, washed once with 1X PBS and resuspended
in 1XPBS for flow cytometry (Becton Dickonson FACScan). For FACS analysis, 10000 events
are counted from each sample. To minimize effect of transfection variations among samples, first
cells were gated for mCherry expression, and the percentage of EGFP expressing cells were
quantified within mCherry positive cells. All the experiment replicates were performed in

triplicate on different days and mean values and standard error of the mean may be calculated.

Example V
Genomic Target Analysis (T7E1)

72 hours post transfection; cells were harvested and genomic DNA was extracted via

DNeasy Blood and Tissue kit (Qiagen) according to manufacturer suggested protocol. 50ng input
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DNA was PCR amplified with Phusion High Fidelity DNA Polymerase (New England Biolabs):
98°C, 15s; 67°C 25s; 72°C 18s) x30 cycles. 10ul of a PCR product was hybridized and treated
with 0.5 pl T7 Endonuclease I in 1X NEB Buffer2 for 45 minutes® . The samples were run on
2.5% agarose gel and quantified with ImageJ software (PMID 22930834). Indel percentages
were calculated as previously described (PMID 23478401). All the experiment replicates were
performed in triplicate on different days and mean values and standard error of the mean may be

calculated.

Example VI

Targeted Deep-Sequencing

For each generation of each amplicon, a two-step PCR amplification approach was used
to first amplify the genomic segments and then installed with barcodes and indexes.

In a first step, “locus-specific primers” were used bearing common overhangs with
complementary tails to the TruSeq adaptor sequences. 50ng input DNA was PCR amplified with
Phusion High Fidelity DNA Polymerase (New England Biolabs): (98°C, 15s; 67°C 25s; 72°C
18s) x30 cycles. 5 ul of each PCR reaction was gel-quantified by Image] against a reference
ladder and equal amounts from each genomic locus PCR were pooled for each treatment group
(15 different treatment groups). The pooled PCR products from each group were run on a 2%
agarose gel and the DNA from the expected product size (between 100 and 200 bp) was
extracted and purified via QIAquick Gel Extraction Kit (Qiagen).

In a second step, the purified pool from each treatment group was amplified with a
“universal forward primer and an indexed reverse primer” to reconstitute the TruSeq adaptors.
2ng of input DNA was PCR amplified with Phusion High Fidelity DNA Polymerase (New
England Biolabs): (98°C, 15s; 61°C, 25s; 72°C, 18s) x9 cycles. 5 ul of each PCR reaction was
gel-quantified by ImageJ, and then equal amounts of the products from each treatment group
were mixed and run on a 2% agarose gel. Full-size products (~250bp in length) were gel-
extracted and purified via QIAquick Gel Extraction Kit (Qiagen). The purified library was deep
sequenced using a paired-end 150bp Miseq run. Sequences from each genomic locus within a
specific index were identified based on a perfect match to the final 11bp of the proximal genomic

primer used for locus amplification.
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Insertions or deletions in a SpCas9 target region were defined based on the distance
between a “prefix” sequence at the 5’ end of each off-target site (typically 10 bp) and a “suffix”
sequence at the 3’ end of each off-target site (typically 10 bp)*, where there were typically 33 bp
between these elements in the unmodified locus.

Distances that were greater than expected were binned as “insertions (I)”, and distances
that were shorter were binned as “deletions (D)”. Reads that did not contain the suffix sequence
were marked as undefined (U). For some loci the background sequencing error rate was high.
For example for OT2-1 a homopolymer sequence in the guide region leads to a high error rate.
All statistical analyses were performed using R, a system for statistical computation and
graphicsGO.

Log odd ratios of lesion were calculated for the on-target and off-target sites of each
individual Cas9 treatment group vs. the untreated control for each of the three independent
experiments. T-test was applied to assess whether the log odd ratio was significantly different
from 0, i.e., whether there was a significant difference in lesion odds between each individual
Cas9 treatment group and the untreated control for the on-target and off-target sites. Odds ratios
and their 99% confidence intervals were obtained by taking exponent of the estimated log odds
ratios and their 99% confidence intervals. These analyses were also applied to the sum of the
lesion rates across all three replicates (combined).

To adjust for multiple comparisons, p-values were adjusted using the Benjamini-
Hochberg (BH) method®'. Only loci that have significant BH-adjusted p-values in the combined
data for the treatment group relative to the control were considered significant. GUIDE-Seq off-
target analysis for SpCas9-pDBDs. GUIDE-Seq was performed with some modifications to the
original protocol'”. The following primer sets were used for the positive (+) and negative (-)

strands to get successful library amplification:

Nuclease off + GSP1 GGATCTCGACGCTCTCCCTGTTTAATTGAGTTGTCATATGT
TAATAAC +

Nuclease off - GSP1 GGATCTCGACGCTCTCCCTATACCGTTATTAACATATGACA -
Nuclease off + GSP2 CTCTCTATGGGCAGTCGGTGATTTGAGTTGTCATATGTTA
ATAACGGTA +
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Nuclease off - GSP2 CCTCTCTATGGGCAGTCGGTGATACATATGACAACTCAAT
TAAAC -

In addition, this protocol differed from a previously published protocol'’

in the following
manner: In a 24-well format, HEK293T cells were transfected with 250ng Cas9, 150ng sgRNA,
50ng GFP, and 10 pmol of annealed GUIDE-Seq oligonucleotide using Lipofectamine 3000
transfection reagent (Invitrogen) according to manufacturer’s suggested protocol. 48 hours post-
transfection, genomic DNA was extracted via DNeasy Blood and Tissue kit (Qiagen) according
to the manufacturer’s suggested protocol. Library preparations were done with original adaptors
according to protocols described by the Joung laboratory'’, where each library was barcoded for
pooled sequencing.  The barcoded, purified libraries were deep sequenced as a pool using two
paired-end 150bp MiSeq runs.

Reads containing the identical molecular index and identical starting 8 bp elements on the
Readl were pooled into one unique read. The initial 30 bp and the final 50 bp of the unique
Read2 sequences were clipped for removal of the adapter sequence and low quality sequences
and then mapped to the human genome (hgl9) using Bowtie”. Peaks containing mapped unique
reads were identified using a pile-up program ESAT (garberlab. umassmed.edu/software/esat/)
using a window of 25 bp with a 15 bp overlap. Neighboring windows that were on different
strands of the genome and less than 50 bp apart were merged using Bioconductor package
ChIPpeakAnno®®*. Peaks that were present with multiple different guides (hotspots'’) or do not
contain unique reads for both sense and anti-sense libraries'” were discarded. The remaining
peaks were searched for sequence elements that were compleinentary to the nuclease target site
using CRISPRseck®'. Only peaks that harbor a sequence with less than 7 mismatches to the
target site were considered potential off-target sites. The number of reads from these regions of

the sense and the anti-sense libraries were combined into the final read number.

Example VII
CRISPRseek Analysis

Human hg19 exon and promoter sequences were fetched using Bioconductor packages

ChIPpeakAnno®®® and TxDb.Hsapiens.UCSC.hg19 knownGene. A subset of 16500 exons and
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192 promoter sequences of 2kb each were selected for sgRNA searching and genome-wide off

target analys was using Bioconductor package CRISPRseck*'

using the default settings (both
nGG and nAG PAMs were allowed) except BSgenomeName =
BSgenome.Hsapiens.UCSC.hg19, annotateExon = FALSE, outputUniqueREs = FALSE,
exportAllgRNAs = "fasta" and fetchSequence = FALSE.

After excluding sgRNAs with on-target or/and off-targets in the haplotype blocks, there
were 124793 unique sgRNAs from exon sequences and 55687 unique gRNA from promoter
sequences included in the analysis. Each guide was binned based on either the off-target site
with the fewest number of mismatches to the guide sequence or the sum of the off-target scores

for the top 10 off-target sites. The fraction of guides in each bin for exons or promoters was

displayed as a pie chart.

Example VIII
Cas9-ZFP Fusions

In principle, Zinc Finger Protein (ZFPs) containing from three to six fingers can be
designed for the construction of Cas9-ZFPs, which bind 9bp to 18bp target sites respectively
(e.g., approximately 3 bp per finger). Based on the data presented herein with the Cas9-
ZFPTSHTSIS gustem, construction of a four-finger ZFP is preferable for initial testing of Cas9-
ZFPs at a particular target site.

For Cas9-ZFPs containing a 58 aa linker the target site can be 5 to 14 bp downstream of
the last base pair of the PAM triplet and can be on either the Watson or the Crick strand. If
longer ZFPs are desired (5 or 6 fingers), one or more TGSQKP linkers are preferable to break an
array into 2 or 3 finger module sets'. Other modified linkers can be utilized to skip a base
between pairs of zinc finger modules to achieve more favorable recognition by neighboring
arrays if desired. For the commercial design of zinc fingers, Sangamo Biosciences’ proprietary
zinc finger module archive has a design density likely less than every 10 bp®, combined with the
flexibility of the spacing and orientation, multiple ZFPs can be designed and tested around
almost any Cas9 target site. These ZFPs can be purchased from Sigma Aldrich.

In addition, a number of open-source systems have been described for selecting or

assembling ZFPs. Highly specific ZFPs can be selected from randomized finger libraries using
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phage or bacterial selections, but this process is labor intensive and may be accessible to only

few laboratories. By contrast, modular assembly6’7’16'20

wherein pre-characterized single zinc
finger modules that recognize 3-base-pair (bp) subsites are joined into arrays, rapidly yields
ZFPs that bind desired target sites, and has proven to be an effective method for the creation of
active Cas9-ZFPs. For modular assembly, a number of zinc finger archives have been described

5,17,19.21 6,7,16,18,22

focusing on single-finger (1F) and two-finger (2F) modules

Using phage-based selections, Barbas lab identified 1F-modules that target 49 of the 64

M4 The Kim lab has reported 1F-modules recognizing 38 of the 64 tripletslg. A

triplets
curated archive of 1F-modules that bind 27 of 64 triplets has been published?".

Recently, using bacterial-one-hybrid based selections Noyes lab defined zinc finger
modules that can recognize each of the 64 DNA triplets allowing targeting virtually any DNA
sequence’. In addition, two-finger archives have been published that take into account finger-
finger interface and therefore can yield ZFPs with higher specificity but the targeting range of
these 2F archives is more limited®”'*!®. The 1F and 2F archives described herein can be used to
design a ZFP roughly every 10 bp, whereas some of the other finger archives can achieve even
higher design densities. With the number of finger archives now available, it is possible to design
a ZFPA targeting almost every DNA sequence.

Moreover, there are a number of tools available to help users to identify the best target
site and design a ZFP. A web-based tool has been designed for the identification of Cas9-ZFP
target sites for which ZFPs can be designed from our zinc finger archive.
mccb.umassmed.edu/Cas9-pDBD _search. This site provides a simple scoring function for the
evaluation of ZFPs with higher activity based on the number of arginine-guanine contacts that
are present. Tools from other laboratories are available for the construction of ZFPAs. The
“Zinc Finger Tools” published by Barbas lab can identify target sites for single ZFPs and design
ZFPs using their archive of 49 1F-modules™. scripps.edu/barbas/ zfdesign/zfdesignhome.php.
The Joung laboratory has developed a suite of tools “ZiFiT” that allows the design of ZFPAs for
a particular target sequence24. zifit.partners.org/ZiFiT/. In addition, a zinc finger tool developed
by Noyes laboratory can be used to design zinc finger arrays one finger at a time for a desired
target sites”. zf.princeton.edu/b1h/dna.html. This tool provides multiple zinc finger(s) for every

DNA triplet but does not identify the best zinc finger site in a given target sequence.
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Example IX
Cas9-TALE Fusions

When designing TALE-arrays for Cas9-TALE fusion, a minimum of a 10 bp target site is
preferred (excluding the 5° T) located approximately 10-14 bp downstream and on the Watson
strand relative to the NGG PAM site. Alternatively, a target site may comprise a 5’ T,

Multiple programs are available that allow design of single TAL-arrays including TALE-NT?
(tale-nt.cac.cornell.edu/) and SAPTA TAL Targeter Tool”’. bao.rice.edu/
Research/BioinformaticTools/TAL targeter.html.
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Claims

We claim:

1. A fusion protein comprising a Cas9 nuclease, said nuclease comprising a mutated
protospacer adjacent motif recognition domain and a peptide linker, wherein said peptide linker

is attached to a DNA binding domain (DBD) protein.

2. The fusion protein of Claim 1, wherein said Cas9 nuclease is selected from the group

consisting of SpCas9, SaCas9, NmCas9 and AnCas9.
3. The fusion protein of Claim 1, wherein said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of CaSQMTl, Cas9MT2, Cas9MT3,

NmCas9™ and NmCas9o™M,

4, The fusion protein of Claim 1, wherein said DBD protein is selected from the group
consisting of DBD*®®, DBD™!, DBD™, DBD™? and DBD ™.

5. The fusion protein of Claim 1, wherein said DBD protein is selected from the group

consisting of a zinc finger protein and a transcription activator-like effector protein.

6. The fusion protein of Claim 1, wherein said fusion protein further comprises a guide

RNA which is attached to a guide sequence element.

7. The fusion protein of Claim 1, wherein said mutated protospacer adjacent motif

recognition domain comprises mutated DNA phosphodiester recognition amino acid residues.

8. The fusion protein of Claim 1, wherein said guide RNA is selected from the group

consisting of an sgRNA sequence, a crRNA sequence and a tractRNA sequence.
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9. The fusion protein of Claim 1, wherein said guide sequence element is truncated.

10. The fusion protein of Claim 1, wherein said truncated guide sequence element is less than

twenty nucleotides.
11. A fusion protein comprising a Cas9 nuclease, said nuclease comprising a protospacer
adjacent motif recognition domain and a truncated peptide linker, wherein said truncated peptide

linker is attached to a DNA binding domain (DBD) protein.

12. The fusion protein of Claim 11, wherein said truncated peptide linker is between two and

sixty amino acids.

13.  The fusion protein of Claim 11, wherein said truncated peptide linker is between twenty-

five and sixty amino acids.

14.  The fusion protein of Claim 11, wherein said Cas9 nuclease is selected from the group

consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

15.  The fusion protein of Claim 11, wherein said DBD protein is selected from the group
consisting of DBD*®®, DBD™!, DBD'?, DBD™® and DBD™*,

16.  The fusion protein of Claim 11, wherein said DBD protein is selected from the group

consisting of a zinc finger protein and a transcription activator-like effector protein.

17. The fusion protein of Claim 11, wherein said fusion protein further comprises a guide

RNA, which contains a guide sequence element.

18.  The fusion protein of Claim 17, wherein said guide RNA is selected from the group

consisting of an sgRNA sequence, a crRNA sequence and a tracrRNA sequence.
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19.  The fusion protein of Claim 11, wherein said guide sequence element is truncated.

20.  The fusion protein of Claim 19, wherein said truncated guide sequence element is less

than twenty nucleotides.

21. A fusion protein comprising a Cas9 nuclease, said nuclease comprising a mutated
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said

truncated peptide linker is attached to a DNA binding domain (DBD) protein.

22.  The fusion protein of Claim 21, wherein said truncated peptide linker is between two and

sixty amino acids.

23.  The fusion protein of Claim 21, wherein said truncated peptide linker is between twenty-

five and sixty amino acids.
24, The fusion protein of Claim 21, wherein said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of Cas9™"", Caso™™ | Caso™",

NmCas9™™ and NmCasoP™,

25.  The fusion protein of Claim 21, wherein said mutated protospacer adjacent motif

recognition domain comprises mutated DNA phosphodiester recognition amino acid residues.

26. The fusion protein of Claim 21, wherein said Cas9 nuclease is selected from the group

consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

27.  The fusion protein of Claim 21, wherein said DBD protein is selected from the group
consisting of DBD**®, DBD™!, DBD"™?, DBD™® and DBD"**.

28.  The fusion protein of Claim 21, wherein said DBD protein is selected from the group

consisting of a zinc finger protein and a transcription activator-like effector protein.
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29.  The fusion protein of Claim 21, wherein said fusion protein further comprises a guide

RNA which contains a guide sequence element.

30.  The fusion protein of Claim 29, wherein said guide RNA is selected from the group

consisting of an sgRNA sequence, a ctRNA sequence and a tracrRNA sequence.

31.  The fusion protein of Claim 21, wherein said guide sequence element is truncated.

32.  The fusion protein of Claim 31, wherein said truncated guide sequence element is less

than twenty nucleotides.

33. A DNA/protein complex comprising a Cas9 nuclease, said nuclease comprises a mutated
protospacer adjacent motif recognition domain and a peptide linker, wherein said peptide linker
is attached to a DNA binding domain (DBD) protein, wherein said mutated protospacer adjacent
motif recognition domain at least partially binds to a DNA protospacer adjacent motif sequence
and said DBD protein binds to a DNA target site, where target site cleavage precision has a

specificity ratio greater than a Cas9™ " nuclease.

34.  The DNA/protein complex of Claim 33, wherein said DNA target site is a neighboring
DNA target site.

35.  The DNA/protein complex of Claim 33, wherein said specificity ratio ranges between a

two-fold to a one-hundred and fifty six fold greater than said Cas9™' nuclease.

36.  The DNA/protein complex of Claim 33, wherein said Cas9 nuclease is selected from the

group consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

37.  'The DNA/protein complex of Claim 33, wherein said mutated protospacer adjacent motif

recognition domain renders target recognition dependent on the DNA-binding domain.
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38.  The DNA/protein complex of Claim 33, wherein said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of CasOM™ CasO™? | CasoM™,

NmCas9®™ and NmCas9"M,

39.  The DNA/protein complex of Claim 33, wherein said DBD protein is selected from the
group consisting of DBD*®®, DBD™!, DBD™, DBD™? and DBD™.

40.  The DNA/protein complex of Claim 33, wherein said DNA target site is selected from
the group consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

41.  The DNA/protein complex of Claim 33, wherein said DBD protein is selected from the

group consisting of a zinc finger protein and a transcription activator-like effector protein.

42.  The DNA/protein complex of Claim 33, wherein said complex further comprises a guide
RNA attached to a guide sequence element that is complementary to a region of the DNA target

site.

43, The DNA/protein complex of Claim 33, wherein said Cas9 nuclease comprises mutated

DNA phosphodiester recognition amino acid residues.

44.  The DNA/protein complex of Claim 42, wherein said guide RNA is selected from the

group consisting of an sgRNA sequence, a ctRNA sequence and a tracrRNA sequence.

45.  The DNA/protein complex of Claim 42, wherein said guide sequence element is
truncated.
46.  The DNA/protein complex of Claim 45, wherein said truncated guide sequence element

is less than twenty nucleotides.
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47. A DNA/protein complex comprising a Cas9 nuclease, said nuclease comprises a
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a DNA binding domain (DBD) protein, wherein said
protospacer adjacent motif recognition domain binds to a DNA protospacer adjacent motif
sequence, and said DBD protein binds to a DNA target site, where target site cleavage precision

has a specificity ratio greater than a Cas9"' ' nuclease.

48.  The DNA/protein complex of Claim 47, wherein said DNA target site is a neighboring
DNA target site.

49.  The DNA/protein complex of Claim 47, wherein said truncated peptide linker is between

two and sixty amino acids.

50.  The DNA/protein complex of Claim 47, wherein said peptide linker comprises between

twenty-five and sixty amino acids.

51.  The DNA/protein complex of Claim 47, wherein said specificity ratio ranges between a

two-fold to a one-hundred and fifty six fold greater than said Cas9"' nuclease.

52.  The DNA/protein complex of Claim 47, wherein said Cas9 nuclease is selected from the

group consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

53.  The DNA/protein complex of Claim 47, wherein said DNA target site is selected from
the group consisting of a Zif268 site, a TS1 site, a TS2 site, a T'S3 site and a TS4 site.

54.  The DNA/protein complex of Claim 47, wherein said DBD protein is selected from the
group consisting of DBD268, DBDTSl, DBDTsz, DBD™ and DBD™*,

55.  The DNA/protein complex of Claim 47, wherein said DBD protein is selected from the

group consisting of a zinc finger protein and a transcription activator-like effector protein.
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56.  The DNA/protein complex of Claim 47, wherein said complex further comprises a guide
RNA attached to a guide sequence element that is complementary to a region of the DNA target

site.

57.  The DNA/protein complex of Claim 56, wherein said guide RNA is selected from the

group consisting of an sgRNA sequence, a crRNA sequence and a tractrRNA sequence.

58.  The DNA/protein complex of Claim 56, wherein said guide sequence element is

truncated.

59.  The DNA/protein complex of Claim 58, wherein said truncated guide sequence element

is less than twenty nucleotides.

60. A DNA/protein complex comprising a Cas9 nuclease, said nuclease comprises a mutated
protospacer adjacent motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a DNA binding domain (DBD) protein, wherein said
mutated protospacer adjacent motif recognition domain at least partially binds to a DNA
protospacer adjacent motif sequence, and said DBD protein binds to a DNA target site, where

target site cleavage has a specificity ratio greater than a Cas9"F nuclease.

61.  The DNA/protein complex of Claim 60, wherein said DNA target site is a neighboring
DNA target site.

62.  The DNA/protein complex of Claim 60, wherein said truncated peptide linker comprises

between two and sixty amino acids.

63.  The DNA/protein complex of Claim 60, wherein said truncated peptide linker comprises

between twenty-five and sixty amino acids.
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64.  The DNA/protein complex of Claim 60, wherein said specificity ratio ranges between a

two-fold to a one-hundred and fifty six fold greater than said Cas9"' ' nuclease.

65.  The DNA/protein complex of Claim 60, wherein said mutated protospacer adjacent motif

recognition domain renders target recognition dependent on the DNA-binding domain.

66.  The DNA/protein complex of Claim 60, wherein said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of CasoM™, CasoM™ | Caso™M™,

NmCas9°™ and NmCaso"™.

67.  The DNA/protein complex of Claim 60, wherein said mutated protospacer adjacent motif

recognition domain comprises mutated DNA phosphodiester recognition amino acid residues.

68.  The DNA/protein complex of Claim 60, wherein said DNA target site is selected from
the group consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

69.  The DNA/protein complex of Claim 60, wherein said DBD protein is selected from the
group consisting of DBD*®, DBD™', DBD"™?, DBD™* and DBD™".

70.  The DNA/protein complex of Claim 60, wherein said DBD protein is selected from the

group consisting of a zinc finger protein and a transcription activator-like effector protein.
71.  The DNA/protein complex of Claim 60, wherein said fusion protein further comprises a
guide RNA attached to a guide sequence element that is complementary to a region of the DNA

target site.

72.  The DNA/protein complex of Claim 71, wherein said guide RNA is selected from the

group consisting of an sgRNA sequence, a crRNA sequence and a tractRNA sequence.
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73.  The DNA/protein complex of Claim 71, wherein said guide sequence element is
truncated.
74.  The DNA/protein complex of Claim 73, wherein said truncated guide sequence element

is less than twenty nucleotides.

75.

76.

77.

78.

79.

A method for genome editing of DNA , comprising:

a) providing:

1) a DNA sequence comprising a target site sequence, and a protospacer
adjacent motif sequence; and

11) a fusion protein comprising a Cas9 nuclease, said nuclease comprising a
mutated protospacer adjacent motif recognition domain and a peptide
linker, wherein said peptide linker is attached to a DNA targeting unit
(DTU) protein;

b) contacting said fusion protein with said target site sequence such that said DTU
binds to said target site seQuence and said mutated protospacer adjacent motif
recognition domain at least partially binds to said protospacer adjacent motif
sequence; and

) cleaving said target site with said Cas9 nuclease.

The method of Claim 75, wherein said cleaving is at a single nucleotide target site.
The method of Claim 75, wherein said cleaving performs gene editing.

The method of Claim 75, wherein said DNA sequence is within a cell.

The method of Claim 75, wherein said target site further comprises a sequence

complementary to the guide sequence element, a protospacer adjacent motif sequence and a

recognition sequence for the DNA targeting unit.
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80.  The method of Claim 75, wherein said Cas9 nuclease cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold greater than

T
o%T nuclease.

a Cas
81.  The method of Claim 75, wherein said Cas9 nuclease is selected from the group

consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

82.  The method of Claim 75, wherein said mutated protospacer adjacent motif recognition

domain renders target recognition dependent on the DNA-binding domain.

83.  The method of Claim 75, wherein said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of Cas™"!, Cas9™™* | Caso™"® NmCas9*™ and

NmCaso™M.

84.  The method of Claim 75, wherein said DNA target site is selected from the group
consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

85.  The method of Claim 75, wherein said DTU is selected from the group consisting of
DBD®, DBD™, DBD™? DBD™, DBD™* and nuclease-dead NmCas9 (NmdCas9).

86.  The method of Claim 75, wherein said DTU is selected from the group consisting of a

zinc finger protein, a transcription activator-like effector protein and an alternate Cas9 isoform.
87.  The method of Claim 75, wherein said fusion protein further comprises one guide RNA
for each Cas9 isoform incorporated, which contains a guide sequence element that is

complementary to a region of the target site sequence.

88.  The method of Claim 75, wherein said mutated protospacer adjacent motif recognition

domain comprises mutated DNA phosphodiester recognition amino acid residues.
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89.  The method of Claim 87, wherein said guide RNA is selected from the group consisting

of an sgRNA sequence, a ctRNA sequence and a tractRNA sequence.

90.  The method of Claim 87, wherein said guide sequence element is truncated.
91.  The method of Claim 90, wherein said truncated guide sequence element is less than
twenty nucleotides.

92. A method for genome editing of DNA within a cell, comprising:
a) providing:
1)  aDNA sequence comprising a target site sequence, and a protospacer
adjacent motif sequence; and
i) a fusion protein comprising a Cas9 nuclease, said nuclease comprising a
protospacer adjacent motif recognition domain and a truncated peptide
linker, wherein said truncated peptide linker is attached to a DNA
targeting unit (DTU);
b) contacting said fusion protein with said DNA sequence such that said DTU binds
to said target site sequence and said protospacer adjacent motif recognition

domain binds to said protospacer adjacent motif sequence; and

c) cleaving said target sequence with said Cas9 nuclease.
93.  The method of Claim 92, wherein said cleaving is a single nucleotide target site.
94.  The method of Claim 92, wherein cleaving performs gene editing.
95.  The method of Claim 92, wherein said target site comprises a sequence complementary to

the guide sequence element, a protospacer adjacent motif sequence and a recognition sequence

for the DNA targeting unit.
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96. The method of Claim 92, wherein said Cas9 fusion protein cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold greater than

T
a Cas9™ T nuclease.

97. The method of Claim 92, wherein said truncated peptide linker is between two and sixty

amino acids.

98. The method of Claim 92, wherein said truncated peptide linker is between twenty-five

and sixty amino acids.

99.  The method of Claim 92, wherein said Cas9 nuclease is selected from the group

consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

100. The method of Claim 92, wherein said DNA target site is selected from the group
consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

101.  The method of Claim 92, wherein said DTU is selected from the group consisting of
DBD*%, DBD™!, DBD™?, DBD'®, DBD™* and nuclease-dead NmCas9 (NmdCas9).

102. The method of Claim 92, wherein said DTU is selected from the group consisting of a

zinc finger protein, a transcription activator-like effector protein and an alternate Cas9 isoform.
103. The method of Claim 92, wherein said fusion protein further comprises one guide RNA
for each Cas9 isoform incorporated, which contains a guide sequence element that is

complementary to a region of the target site sequence.

104.  The method of Claim 103, wherein said guide RNA sequence is selected from the group

consisting of an sgRNA sequence, a crRNA sequence and a tractRNA sequence.

105. The method of Claim 103, wherein said guide sequence element is truncated.
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106. The method of Claim 105, wherein said truncated guide sequence element is less than

twenty nucleotides.

107. A method for genome editing of DNA within a cell, comprising:
a) providing:
i) a DNA sequence comprising a target site sequence, and a protospacer
adjacent motif sequence; and
i1) a fusion protein comprising a Cas9 nuclease, said nuclease comprising a
mutated protospacer adjacent motif recognition domain and a truncated
peptide linker, wherein said truncated peptide linker is attached to a DNA
targeting unit (DTU);
b) contacting said fusion protein with said DNA sequence such that said DTU
protein binds within said target site sequence and said protospacer adjacent motif
recognition domain binds to said protospacer adjacent motif sequence; and

c) cleaving the target site with said Cas9 nuclease.
108. The method of Claim 107, wherein said target site comprises a sequence complementary
to the guide sequence element, a protospacer adjacent motif sequence and a recognition sequence

for the DNA targeting unit.

109. The method of Claim 107, wherein said cleaving is performed at a single nucleotide

target site.
110.  The method of Claim 107, wherein said cleaving performs gene editing.
111.  The method of Claim 107, wherein said Cas9 fusion protein cleaves said target site with a

precision that has a specificity ratio between two and one-hundred and fifty six fold greater than

WT
a Cas9" nuclease.
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112, The method of Claim 107, wherein said truncated peptide linker is between two and sixty

amino acids.

113.  The method of Claim 107, wherein said truncated peptide linker is between twenty-five

and sixty amino acids.

114.  The method of Claim 107, wherein said mutated protospacer adjacent motif recognition

domain renders target recognition dependent on the DNA-binding domain.
115.  The method of Claim 107, wherein said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of CasO™™", Caso™™ | Cas9™"®, NmCas9*™ and

NmCas9o®™.

116.  The method of Claim 107, wherein said the mutated protospacer adjacent motif

recognition domain comprises mutated DNA phosphodiester recognition amino acid residues.

117.  The method of Claim 107, wherein said Cas9 nuclease is selected from the group
consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

118.  The method of Claim 107, wherein said DNA target site is selected from the group
consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

119.  The method of Claim 107, wherein said DTU is selected from the group consisting of
DBD’®®, DBD™!, DBD™®2, DBD™? , DBD™* and nuclease-dead NmCas9 (NmdCas9).

120.  The method of Claim 107, wherein said DTU is selected from the group consisting of a

zinc finger protein, a transcription activator-like effector protein and an alternate Cas9 isoform.
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121.  The method of Claim 107, wherein said fusion protein further comprises one guide RNA
for each Cas9 isoform incorporated, which contains a guide sequence element that is

complementary to a region of the target site sequence.

122.  The method of Claim 121, wherein said guide RNA is selected from the group consisting

of an sgRNA sequence, a crRNA sequence and a tractRNA sequence.

123.  The method of Claim 121, wherein said guide sequence element is truncated.

124.  The method of Claim 123, wherein said trucated guide sequence element is less than

twenty nucleotides.

124. A method of treatment, comprising:
a) providing:
1) a patient exhibiting at least one symptom of a genetic disease and
comprising a cell with a DNA target site, said DNA target site comprising
a gene mutation responsible for said genetic disease;
i1) a delivery vehicle comprising a Cas9-DNA targeting unit (DTU) fusion
protein capable of genome editing selected from the group consisting of:

A) a Cas9 nuclease, said nuclease comprising a mutated protospacer
adjacent motif recognition domain and a peptide linker, wherein
said peptide linker is attached to a DNA targeting unit (DTU);

B) a Cas9 nuclease, said nuclease comprising a protospacer adjacent
motif recognition domain and a truncated peptide linker, wherein
said truncated peptide linker is attached to a DNA targeting unit
(DTU); and

0) a Cas9 nuclease, said nuclease comprising a mutated protospacer
adjacent motif recognition domain and a truncated peptide linker,
wherein said truncated peptide linker is attached to a targeting unit
(DTU);
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b) administering said plasmid to said patient such that said plasmid transfects said
cell;

c) expressing said plasmid within said cell such that said expressed Cas9-DBD
fusion protein contacts said DNA target site;

d) editing said DNA target site with said Cas9 nuclease; and

e) reducing said at least one symptom of said genetic disease in said patient.

125. The method of Claim 124, wherein said Cas9 fusion protein cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold greater than

a CasO™ T nuclease.

126.  The method of Claim 124, wherein said delivery vehicle is selected from the group

consisting of a plasmid, a vector, a virus and an mRNA.

127. The method of Claim 124, wherein said truncated peptide linker is between two and sixty

amino acids.

128.  The method of Claim 124, wherein said truncated peptide linker is between twenty-five

and sixty amino acids.

129. The method of Claim 124, wherein mutated protospacer adjacent motif recognition

domain renders target recognition dependent on the DNA-binding domain.
130. The method of Claim 124, wherein said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of CasoM™!, Caso™™? | CasoM™?, NmCas9®™ and

NmCas9™™.

131. The method of Claim 124, wherein said mutated protospacer adjacent motif recognition

domain comprises mutated DNA phosphodiester recognition amino acid residues.
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132.  The method of Claim 124, wherein said Cas9 nuclease is selected from the group
consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

133.  The method of Claim 124, wherein said DNA target site is selected from the group
consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

134. The method of Claim 124, wherein said DTU is selected from the group consisting of
DBD*®, DBD™!, DBD™, DBD™, DBD™* and nuclease-dead NmCas9 (NmdCas9).

135. The method of Claim 124, wherein said DTU is selected from the group consisting of a

zinc finger protein, a transcription activator-like effector protein and an alternate Cas9 isoform.
136. The method of Claim 124, wherein said fusion protein further comprises one guide RNA
for each Cas9 isoform incorporated, which contains a guide sequence element that is

complementary to a region of the target site sequence.

137.  The method of Claim 136, wherein said guide RNA is selected from the group consisting

of an sgRNA sequence, a ctRNA sequence and a tractRNA sequence.
138.  The method of Claim 136, wherein said guide sequence element is truncated.

139.  The method of Claim 138, wherein said truncated guide sequence element is less than

twenty nucleotides.
140. The method of Claim 124, wherein said genetic disease is selected from the group

consisting of chronic granulomatous disease, Huntington’s disease, myotonic dystrophy, and

HIV.
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141. A method of prevention, comprising:
a) providing:
i) a patient comprising a cell with a DNA target site, said DNA target site
comprising a gene mutation responsible for a genetic disease;
11) a plasmid comprising a Cas9-DNA targeting unit (DTU) fusion protein
capable of genome editing selected from the group consisting of:

A) a Cas9 nuclease, said nuclease comprising a mutated protospacer
adjacent motif recognition domain and a peptide linker, wherein
said peptide linker is attached to a DNA targeting unit (DTU);

B) a Cas9 nuclease, said nuclease comprising a protospacer adjacent
motif recognition domain and a truncated peptide linker, wherein
said truncated peptide linker is attached to a DNA targeting unit
(DTU); and

) a Cas9 nuclease, said nuclease comprising a mutated protospacer
adjacent motif recognition domain and a truncated peptide linker,

wherein said truncated peptide linker is attached to a DNA

targeting unit (D'TU);
b) administering said plasmid to said patient such that said plasmid transfects said
cell;
c) expressing said plasmid within said cell such that said expressed Cas9-DTU

fusion protein contacts said DNA target site;
d) editing said DNA target site with said Cas9 nuclease ; and

e) preventing the development of said genetic disease in said patient.
142. The method of Claim 141, wherein said Cas9 fusion protein cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold greater than

a Cas9™! nuclease.

143.  The method of Claim 141, wherein said truncated peptide linker is between two and sixty

amino acids.
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144.  The method of Claim 141, wherein said truncated peptide linker is between twenty-five

and sixty amino acids.

145. The method of Claim 141, wherein said mutated protospacer adjacent motif recognition

domain renders target recognition dependent on the DNA-binding domain.

146. The method of Claim 141, wherein said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of Cas?™! CasO™M™ CasoM™®, NmCas9™™ and

NmCas9™,

147. The method of Claim 141, wherein said mutated protospacer adjacent motif recognition

domain comprises mutated DNA phosphodiester recognition amino acid residues.

148.  The method of Claim 141, wherein said Cas9 nuclease is selected from the group
consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

149.  The method of Claim 141, wherein said DNA target site is selected from the group
consisting of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

150. The method of Claim 141, wherein said DTU is selected from the group consisting of
DBD** DBD™!, DBD™? DBD™?, DBD"™* and nuclease-dead NmCas9 (NmdCas9).

151. The method of Claim 141, wherein said DTU is selected from the group consisting of a

zine finger protein, a transcription activator-like effector protein and an alternate Cas9 isoform.
152.  The method of Claim 141, wherein said fusion protein further comprises one guide RNA

for each Cas9 isoform incorporated, which contains a guide sequence element that is

complementary to a region of the DNA target site.
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153.  The method of Claim 152, wherein said guide RNA is selected from the group consisting

of an sgRNA sequence, a ctRNA sequence and a tractrRNA sequence.

154.  The method of Claim 152, wherein said guide sequence element is truncated.

155. The method of Claim 154, wherein said trucated guide sequence element is less than

twenty nucleotides.

156.  The method of Claim 141, wherein said genetic disease is selected from the group
consisting of Chronic granulomatous disease, Huntington’s disease, myotonic dystrophy and

HIV.

157. A kit, comprising:
a) a first container comprising a Cas9-DTU fusion protein selected from the group
consisting of:

i) a Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent
motif recognition domain and a peptide linker, wherein said peptide linker
is attached to a DNA targeting unit (DTU);

1) a Cas9 nuclease, said nuclease comprising a protospacer adjacent motif
recognition domain and a truncated peptide linker, wherein said truncated
peptide linker is attached to a DNA targeting unit (DTU); and

1ii) a Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent
motif recognition domain and a truncated peptide linker, wherein said
truncated peptide linker is attached to a DNA targeting unit (DTU);

b) a second container comprising a single guide RNA complementary to a specific
genomic target sequence for each Cas9 isoform present; and

c) a set of instructions for genome editing of said specific genomic target.

158.  Thekit of Claim 157, wherein said Cas9-DTU fusion protein is encoded by a plasmid.
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159.

160.

161.

162.

163.

164.

165.

166.

167.

The kit of Claim 157, wherein said Cas9 fusion protein cleaves said target site with a
precision that has a specificity ratio between two and one-hundred and fifty six fold

greater than a Cas9"'T nuclease.

The kit of Claim 157, wherein said truncated peptide linker is between two and sixty

amino acids.

The kit of Claim 157, wherein said truncated peptide linker is between twenty-five and

sixty amino acids.

The kit of Claim 157, wherein said mutated protospacer adjacent motif recognition

domain renders target recognition dependent on the DNA-binding domain.
The kit of Claim 157, wherein said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of CasO™™, Caso™™?, CasoM™, NmCas9™

and NmCaso™ .

The kit of Claim 157, wherein said mutated protospacer adjacent motif recognition

domain comprises mutated DNA phosphodiester recognition amino acid residues.

The kit of Claim 157, wherein said Cas9 nuclease is selected from the group consisting of

SpCas9, SaCas9, NmCas9 and AnCas9.

The kit of Claim 157, wherein said DNA target site is selected from the group consisting
of a Zif268 site, a TS1 site, a TS2 site, a TS3 site and a TS4 site.

The kit of Claim 157, wherein said DTU is selected from the group consisting of DBD*®,
DBD™!, DBD™?, DBD™, DBD™* and nuclease-dead NmCas9 (NmdCas9).
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168.

169.

170.

171.

172.

173.

174.

175.

The kit of Claim 157, wherein said DBD protein is selected from the group consisting of
a zinc finger protein, a transcription activator-like effector protein and an alternate Cas9

isoform.
The kit of Claim 157, wherein said fusion protein further comprises one guide RNA for
each Cas9 isoform incorporated, which contains a guide sequence element that is

complementary to a region of the DNA target site.

The kit of Claim 169, wherein said guide RNA is selected from the group consisting of

an sgRNA sequence, a crRNA sequence and a tracrRNA sequence.

The kit of Claim 169, wherein said guide sequence element is truncated.

The kit of Claim 171, wherein said trucated guide sequence element is less than twenty

nucleotides.

The kit of Claim 157, wherein said kit further comprises instructions for treating a

genetic disease.

The kit of Claim 173, wherein said genetic disease is selected from the group consisting

of chronic granulomatous disease, Huntington’s disease, myotonic dystrophy and HIV.

A fusion protein comprising a Cas9 nuclease, said nuclease comprising a mutated

protospacer adjacent motif recognition domain and a peptide linker, wherein said peptide linker

is attached to a DNA targeting unit (DTU) comprising a second Cas9 nuclease.

176.

The fusion protein of Claim 175, wherein said Cas9 nucleases are selected from the

group consisting of SpCas9, SaCas9, NmCas9 and AnCas9.
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177.  The fusion protein of Claim 175, wherein said mutated protospacer adjacent motif

recognition domain comprises mutated DNA phosphodiester recognition amino acid residues.

178.  The fusion protein of Claim 175, wherein said mutated protospacer adjacent motif
recognition domain is selected from the group consisting of SpCaso™ ™!, SpCasoM™?, SpCaso™M™?,

NmCas9™™ and NmCas9™,

179.  The fusion protein of Claim 175, wherein said DTU is selected from the group consisting

of a Cas9 nuclease, a Cas9 nickase or a nuclease-dead Cas9 (dCas9).

180.  The fusion protein of Claim 175, wherein said DTU is selected from the group consisting
of nuclease-dead NmCas9 (NmdCas9), NmCas9 nuclease, NmCas9 nickase (HNH), and
NmCas9 nickase (RuvC).

181.  The fusion protein of Claim 175, wherein cach Cas9 within the fusion protein has a guide
RNA attached to a guide sequence element.

182.  The fusion protein of Claim 181, wherein said guide RNAs are selected from the group

consisting of an sgRNA sequence, a ctRNA sequence and a tractRNA sequence.
183.  The fusion protein of Claim 181, wherein said guide sequence element is truncated.

184.  The fusion protein of Claim 183, wherein said truncated guide sequence element is less

than twenty nucleotides.

185. A two component Cas9 nuclease DNA targeting unit (DTU) system, wherein said system
18 inactive until assembled via drug-dependent or light-dependent dimerization thereby
improving nuclease precision and activity, said system comprising:

a) a fusion protien comprising:
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i) a Cas9 nuclease, said nuclease comprising a mutated protospacer adjacent
motif recognition domain and a first peptide linker, wherein said peptide
linker 1s attached to a first drug-dependent or light-dependent dimerization
domain (Cas9 nuclease component); and

1) a DNA targeting unit (DTU) and a second peptide linker, wherein said
second peptide linker is attached to a second drug-dependent or light-
dependent dimerization domain (DTU component); and

b) a DNA target site.

186.  The system of Claim 185, wherein said Cas9 nuclease is selected from the group

consisting of SpCas9, SaCas9, NmCas9 and AnCas9.

187.  The system of Claim 185, wherein said mutated protospacer adjacent motif recognition
domain renders recognition of said DNA target site by the Cas9 nuclease component dependent

on the DTU.

188.  The system of Claim 185, wherein said mutated protospacer adjacent motif recognition

domain comprises mutated DNA phosphodiester recognition amino acid residues.

189. The system of Claim 185, wherein said mutated protospacer adjacent motif recognition
domain is selected from the group consisting of SpCas9™™, SpCaso™"™?, SpCaso™*® NmCaso™

and NmCas9™™,

190.  The system of Claim 185, wherein said DTU is selected from the group consisting of a
zinc finger protein, a transcription activator-like effector protein, a Cas9 nuclease, a Cas9 nickase

and a nuclease-dead Cas9 (dCas9).

191.  The system of Claim 185, wherein said DTU is selected from the group consisting of
nuclease-dead NmCas9 (NmdCas9), NmCas9 nuclease, NmCas9 nickase (HNH), and NmCas9
nickase (RuvC).
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192.  The system of Claim 185, wherein said DTU is selected from the group consisting of
DBD**, DBD™, DBD™?, DBD'™, DBD™* and nuclease-dead NmCas9 (NmdCas9).

193.  The system of Claim 185, wherein said system further comprises one guide RNA for
each Cas9 protein present, wherein each of said Cas9 proteins contain a guide sequence element

that is complementary to a region of the DNA target site.

194.  The system of Claim 193, wherein said guide RNAs are selected from the group

consisting of an sgRNA sequence, a ctRNA sequence and a tractRNA sequence.

195. The system of Claim 193, wherein said guide sequence element is truncated.

196.  The system of Claim 195, wherein said truncated guide sequence element is less than

twenty nucleotides.
197.  The system of Claim 185, wherein said drug-dependent dimerization domains within the
Cas9 nuclease component are selected from the group consisting of FRB, FRB*, FKBP, ABI and

PYL.

198.  The system of Claim 185, wherein said drug-dependent dimerization domains within the

DTU component are selected from the group consisting of FRB, FRB*, FKBP, ABI and PYL.

199.  The system of Claim 185, wherein said light-dependent dimerization domains within the

DTU component are selected from the group consisting of pMag, nMag, CRY?2 and CIB1.

200.  The system of Claim 185, wherein said light-dependent dimerization domains within

DTU component are selected from the group consisting of pMag, nMag, CRY?2 and CIBI.
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201. The system of Claim 185, wherein said first linker joining the Cas9 nuclease and the

drug-dependent or light-dependent dimerization domain is between two and sixty amino acids.

202. The system of Claim 185, wherein said second linker joining the DTU and the drug-

dependent or light-dependent dimerization domain is between two and sixty amino acids.

203. The system of Claim 185, wherein said system, upon addition of said stimulus (drug or
light) has improved cleavage activity at the target site relative to the same wild-type Cas9

1soform.

204. The system of Claim 185, wherein said system, upon addition of the stimulus (drug or
light), has improved cleavage activity at a target site with suboptimal PAMs relative to the same

wild-type Cas9 isoform.

205.  The system of Claim 204, wherein said suboptimal PAMs are selected from the group
consisting of NAG, NGA and NGC.

206. The system of Claim 185, wherein system, upon addition of the stimulus (drug or light)

cleaves, said target site with a precision that has a specificity ratio between two and one-hundred

and fifty six fold greater than a SpCas9™T nuclease.
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>pCS-Dest_Cas9-Zif268

ACCGCCATTCTGCCTGGGGACGTCGGAGCAAGCTTGAT T TAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGAATTCARGGATCAACAAGTTTGTACAARAARGCAGGCTGGCGCCACCATGGACAAGAA
GTACTCCATTGGGCTCGATATCGGTACCAACAGCGTCGGCTGGGCCGTCATTACGGACCAGTACAAGGTGCCGAGCA
ARAARTTCRAAGTTCTGGGCARTACCGATCGCCACAGCATARNGAAGARCCTCATTCGGAGCCCTICCTGTTCGACTCC
GGGEAGACGGCCEAAGCCACGCGGCTCAARAGAACAGCACGGCGCAGATATACCCGCAGAAAGAATCGGATCTGCTA
CCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCTITTCTTCCATAGGCTGGAGGAGTCCTTTTIGE
TGGAGGAGGATAARARGCACGAGCGCCACCCAATCTTTGGCAATATCGTECACGAGGTGGCCTACCATGAARAGTAC
CCAACCATATATCATCTCAGGARGAAGCTGGTAGACAGTACTGATARGGCTGACTTGCGGTTGATCTATCTCGCGCT
GGCGCACATGATCARATTTCGGGGACACTTCCTCATCGAGGGGEACCTGAACCCAGACAACAGCGATGTCGACAAAC
TCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTITCGAGGAGARCCCGATCAACGCATCCGGCGTTGACGCCAAA
GCAATCCTGAGCGCTAGGCTGTCCARATCCCGGCGGCTCGRARACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAR
CGGCCTGITTGGTARTCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTITAAATCTAACTTCGACCTGGCCGAAG
ATGCCAAGCTGCARCTGAGCAAAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGTAC
GCAGACCTTTTTTTGGCGGCARRGAACCTGTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGT GARCACGGAGAT
CACCAAAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACT TTGCTGAAGGCCC
TTGICAGACAGCAACTGCCTGAGAAGTACRAGGARATTTTCTTCGATCAGTCTARAAATGGCTACGCCGGATACATT
GACGGCGGAGCAAGCCAGGAGGAATTTTACAAATTTATTARGCCCATCTTCGGAARAAATCCGACGGCACCGAGGAGCT
GCTGGTARAGCTGAACAGAGAAGATCTGTTGCGCRAAACAGCGCACTTTCGACAATGGAACGCATCCCCCACCAGATTC
ACCTGGGCGAACTGCACGCTATCCTCAGGCGGCARGAGGATTTCTACCCCTTITTGAAAGATAACAGGCAANAGATT
GAGAARATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCTCGGGGARATTCCAGATTCGCGTGGATGAC
TCGCAAATCAGAAGAGACCATCACTICCCTGCGAACTTICGAGGRAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCA
TCGRARGGATGACTAACTTTGATARAAATCTGCCTAACGARRAGGTGCTTCCTAAACACTCTCTGCTGTACGAGTAC
TTCACAGTTTATAACGAGCTCACCAAGGTCARRTACGTCACAGAAGGGATGAGARAGCCAGCATTCCTGTCTGGAGA
GCAGARGAAAGCTATCGTGGACCTCCTCTTCAAGACGAACCGGRAAAGTTACCGTGARACAGCTCAAAGARGACTATT
TCAAARAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCTTCAACGCATCCCTGGGAACGTAT
CACGATCTCCTGAARATCATTAAAGACAAGGACTTCCTGGACAATGAGGAGARACGAGGACATTCTTGAGGACATTGT
CCTCACCCTTACGTTGTTTGAAGATAGGGAGATGAT TGAAGAACGCTTGARAACTTACGCTCATCTCTTCGACGACA
AAGTCATGAAACAGCTCARGAGACGCCGATATACAGGAT GGGGCGCGGCTGTCAAGAAARCTGATCAATGGCATCCGA
GACAAGCAGAGTGGAAAGACARTCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACTTCATGCAGTTGAT
CCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGAAAGCACAAGTTTCTGGCCAGGGGGACAGTCTTCACGAGC
ACATCGCTAATCTTGCAGGTAGCCCAGCTATCARARAGGGAATACTGCAGACCGTTAAGGTCGTGGATGAACTCGTC
AAAGTAATGGGRAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCGAGAGAACCARACTACCCAGAAGGGACA
CAAGAACAGTAGGGAARGGATGARGAGGATTGAAGAGGGTATAAAAGAACTGGGGTCCCAAATCCTTAAGGAACACC
CAGTTGRAAARCACCCAGCTTCAGARTGAGAAGCTCTACCTGTACTACCTGCAGRACGGCAGGGACATGTACGTGGAT
CAGGAACTGGACATCAACCGETTGICCGACTACGACGTGGATCATATCGTGCCCCAAAGCTTTCTCAARGATGATTC
TATTGATAATAAAGTGTTGACAAGATCCCATAAARATAGAGGGAAGAGTGATAACGTCCCCTCAGAAGAAGTTGTCA
AGAAAATGARRRATTATTGGCGGCAGCTGCTGAACGCCARACTGATCACACARACGGARGTTCGATAATCTGACTARG
GCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCGGCTTCATCARRAGGCAGCTTGTTGAGACACGCCAGATCAC
CARCCACGTGGCCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGAAAATGACARACTGATTCGAGAGGTGA
AAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTTCAGARAGGACTTTCAGTTTTATAAGGTGAGAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCAAARAARTATCCCAAGCTGGA
ATCTGRAATTTIGTTTACGGAGACTATARAGTGTACGATGTTAGGAAAATGATCGCAAAGTCTGAGCAGGARATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGGAGAG
ATTCGGAAGCGACCACTTATCGAAACAARCGGAGAAACAGGAGRAATCGTGTGGGACAAGGGTAGGCATTTCGCGAC
AGTCCGCAAGGTCCTGTCCATGCCGCAGGTGAACATCCTTAARANGACCGAAGTACAGACCGGAGGCTTCTCCRAAGS
AAAGTATCCTCCCGRAAAGGAACAGCGACAAGCTGATCGCACGCAARARAGATTGGGACCCCAAGARATACGGCGGA
TTCGATTCTCCTACAGTCGCTTACAGTGTACTCGETTGTGGCCARAGTGGAGAAAGCGAAGTCTAAAARNCTCAARRG
CGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTCGAGARAAACCCCATCGACTTTCTCGAAGCGA
AAGGATATAAAGAGGTCAAARAAGACCTCATCATTAAGCTGCCCAAGTACTCTCTCTTTGAGCT TGAARACGGCCGE
AAACGAATGCTCGCTAGTGCGGGCGAGCTGCAGARAGGTAACGAGCTGGCACTGCCCTCTARATACGTTAATTTCTT
GTATCTGGCCAGCCACTATGARARGCTCARAGGGTCTCCCGARGATAATCAGCAGAAGCAGCTGTTCGTGCAACAAC
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ACARACACTACCTTGATGAGATCATCGAGCAAATAAGCGAGTTCTCCARAAGAGTGATCCTCGCCGACGCTAACCTC
GATAAGGTGCTTTCTGCTTACAATARGCACAGGGATAAGCCCATCAGGGAGCAGGCAG
TACTCTGACCAACTIGGGCGCGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGAC
CAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGAAACAAGARTCGACCTCTCTCAG
CTCGGTGGAGRACGGCACCCGCGGGCCCARGARGARGAGGARGGTATACCCATACGATGTTCCTGACTATGCGGGCTA
TCCCTATGACGTCCCGGACTATGCAGGATCGT C CGCCGCTCCGGCAG
CTAAGAARRAGAAACTGGATTTCGAATCCGGA

TCGRGATATCTAGACCCAGCTTTCTTGTACARAGTGGTTGATCCTCTCGAGCCTCTAGARACTATAGTGAGTCGTATT
ACGTAGATCCAGACATGATAAGATACATTGATGAGT TTGGACARACCACAACTAGAATGCAGTGARARAAATGCTTT
ATTTGTGARATTTGTGATGCTATTGCTTTATTTGTAACCATTATARGCTGCAATARRCARGTTARCAACAACAATTG
CATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTARTTCGCGGCCGCEGCGCCAATGCATTEGE
CCCEGTACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCATGGTCATAGCTGTTTCCTG
TGTGARATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAGCATAAAGTGTARAGCCTGEGGTGCCTAA
TGAGTGAGCTRACTCACATTARTTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGGGRARAACCTGTCGTGCCAGCTGCA
TTAATGAATCGGCCAACGCGCGGECAGAGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGC
TGCGCTCGGTCETTCGGCTGCGGCGAGCGGTATCAGCTCACTCARAGGCGGTARTACGGT TATCCACAGAATCAGGS
CATAACGCAGGAAAGRAACATGTGAGCAAAAGGCCAGCARARGGCCAGGRAACCGTARARAGGCCGLGTTGCTGGCGTT
TTTCCATAGGCTCCGCCCCCCTGACGAGCATCACARARATCGACGCTCAAGTCAGAGGTGGCGARRCCCGACAGGAC
TATARAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTECGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATAC
CTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGT
CGTTCGCTCCAAGCTGGGCTGTGTGCACGRAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTC
TTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTARCAGGATTAGCAGAGCGAGGTAT
GTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTARCTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGC
TCTGCTGAAGCCAGTTACCTTCGGARARAGAGTTGGTAGCTCTTGATCCGGCAAACARACCACCGCTGGTAGCGETG
GTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGARARAAAGGATCTCRAAGRAGATCCTTTGATCTTTTCTACGGEE
TCTGACGCTCAGTGGAACGARAACTCACGTTAAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGAT
CCTTTTAAATTARARATGAAGTTTTAAATCARTCTARAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCT
TAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATA
ACTACGATACCGCGAGCGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGA
TTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGRAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGT
CTATTAATTGTTGCCGGGAAGCTAGRAGTARGTAGTTCGCCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACA
GGCATCGTEGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCCAGTTACATG
ATCCCCCATGTTGTGCARAAAAGCGGT TAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTCGCCGCAGTGT
TATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGT
GAGTACTCAACCALGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAA
TACCGCGCCACATAGCAGRAACTTTARARGTGCTCATCATTGGARAACGTTCTTCGGGGCCAAAACTCTCAAGGATCT
TACCGCTGTTGAGATCCAGTTCGATGTARCCCACTCGTGCACCCARCTGATCT TCAGCATCTTTTACTTTCACCAGC
GTTTCTGGGTGAGCRARAACAGGARGGCARAATGCCGCRRAARAAGGGAATAAGGCGCGACACGGAAATGTTGARTACT
CATACTCTTICCTTTTTCAATATTATTGAAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGARTGTA
TTTAGARAAATAAACARATAGGGGTTCCGCGCACATTTCCCCGRARAAGTGCCACCTARATTGTAAGCGTTAATATTT
TGTTAARATTCGCETTARATTTTTGTTAAATCAGCTCATTTTTTAACCAATAGGCCGAAATCGGCAAAATCCCTTAT
ABATCAMAAGAATAGACCGAGATAGGGTTGAGTGTTGTTICCAGT TTGGRACAAGAGTCCACTATTARRGAACGTGGA
CTCCAACGTCARAGGGCGAAABACCGTCTATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTT
TGGGGTCGAGGTGCCGTAAAGCACTARATCGGRACCCTARAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCE
GCGAACCTGGCGAGAAAGCARGGGARAGARAGCGAARAGGAGCGGGCGCTAGGGCGECTGGCAAGTGTAGCGGTCACGCT
GCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACT
GTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGTCGACCATAGCCAATTCAATATGGCGTATATGE
ACTCATGCCAATTCAATATGGTGGATCTGGACCTGTGCCARTTCAATATGGCGTATATGGACTCGTGCCAATTCAAT

Figure 27 CONT

29/138



WO 2016/106338 PCT/US2015/067424

ATGGTGGATCTGGACCCCAGCCAATTCARTATGGCGGACTTGGCACCATGCCAAT TCAATATGGCGCACTTGGCALCT
GTGCCAACTGGGGAGGGGTCTACTTGGCACGGTGCCAAGTTTGAGCAGGGGETCTTGGCCCTGTGCCAAGTCCGCCAT
ATTGAATTGGCATGGTGCCAATAATGGCGGCCATATTGGCTATATGCCAGGATCAATATATAGGCAATATCCARTAT
GGCCCTATGCCARTATGGCTATTGGCCAGGTTCAATACTATGTATTGGCCCTATGCCATATAGTATTCCATATATGCG
GTTTTCCTATTGACGTAGATAGCCCCTCCCAATGGGCGGTCCCATATACCATATATCEGGCTTCCTAATACCGCCCA
TAGCCACTCCCCCATTGACGTCARTGGTCTCTATATATGGTCTTTCCTATTGACGTCATATGGGCGGTCCTATTGAC
GTATATGGCGCCTCCCCCATTGACGTCAATTACGGTARATCGCCCECCTGGCTCAATGCCCATTGACGTCARTAGGA
CCACCCACCATTGACGICAATGGEGATGGCICATTGCCCATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGA
CGGTARATGGCCCACTTGGCACTACATCAATATCTATTAATAGTAACTTGGCAAGTACATTACTAT TGGAAGGACGC
CAGGGTACATTGGCAGTACTCCCATTGACGTCERATGGCGGTARATGGCCCGCCATGGCTCGCCARGTACATCCCCATT
GACGTCRATGGGGAGGGGCARTGACGCARARTGGGCGTTCCATTGACGTARATGGGCGGTAGGCGTGCCTAATGGGAG
CTCTATATARGCAATGCTCGTTTAGGGA
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>pCS-Dest_Zif268 Cas9

ACCGCCATTCTGCCTGGGEACGTCGGAGCAAGCTTGATTTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGAATTCAAGGAT CAACAAGTTTGTACARAAAACCAGGECTEGCGCCACcatgGGtaghGe
CGCGCCGGCAGCTARGARARAAGAAACTGGATCaatty

CccggGT
CTGGAGGTAGCGGCTCARGTGGCCGTACGGCAGCTCCTGCGGCAAAAAAGARAAAGTTGGACTCTGARTTCGEGAAGT
GAcaagaagtactccattgggctcgatateGgtacCAACAGCGTCGGCTGGECCGTCATTACGGACGAGTACAAGGT
GCCGAGCAAPAANATTCAARGTTCTGGGCARTACCGATCGCCACAGCATARAGAAGAACCTCATTGGAGCCCTCCTGT
TCGACTCCGGGGAGACGGCCGAAGCCACGCGGCTCARRAGALCAGCALGGCGCAGATATACCCGCAGARAGRATCGE
ATCYGCTACCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTC
CTTITTGGTGCAGGAGGATARAAAGCACGAGCGCCACCCARTCTTTGGCARTATCGTGGACGAGRTGGCGTACCATG
AAARGTACCCAACCATATATCATCTGAGGAAGARGCTGGTAGACAGTACTGATARGGCTGACTTCCGGTTGATCTAT
CTCGCGCTGGCGCACATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACAACAGCGATGT
CGACARACTCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTTCGAGGAGARCCCGATCAACGCATCCGGCETTG
ACGCCAAAGCAATCCTGAGCGCTAGGCTGTCCARATCCCGGECGGCTCGARRACCTCATCGCACAGCTCCCTGGGGAG
AAGAAGAACGGCCTGTTTGGTAATCTTATCGCCCTIGTCACTCGGGCTGACCCCCAACT TTABATCTAACTTCGACCT
GGCCGAAGATGCCAAGCTGCAACTGAGCARAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCG
ACCAGTACGCAGACCTTTTITTGGCGGCARAGARCCTGTCAGACGCCATTCTGCTGAGTCATATTCTGCGACTGAAC
ACGGAGATCACCARACGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACT TGACTTTGCT
GAAGGCCCTTGTCAGACAGCAACTGCCTGAGAAGTACAAGGRAATTTTCTTCGATCAGTCTARABATGGCTACGCCG
GATACATTGACGGCGGAGCAAGCCAGGAGGAATTTTACARATTTATTARGCCCATCTTGGARARAATGGACGGCACT
GAGGAGCTGCTGGTARAGCTGAACAGAGAAGATCTGT TGCGCAAACAGCGCACTTTCCACAATGGAAGCATCCCCCA
CCAGATTCACCTGGGCGARCTGCACGCTATCCTCAGGCGGCAAGAGGAT TTCTACCCCTTTTTGAARGATAACAGGE
ARRAGATTGAGAAAATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCTCGGGGAAATTCCAGATTCGCG
TGGATGACTCGCARATCAGAAGAGACCATCACTCCCTGGAACTTCCGAGGARGTCGTGGATAAGGGGGCCTCTGCCCA
GICCTTCATCGARAGGATGACTAACTTTGATAAARRTCTGCCTAACGAARAGGTGCTTCCTARACACTCTCTGCTGT
ACGAGTACTTCACAGTTTATAACGAGCTCACCAAGGTCAAATACCTCACAGAAGGGATGAGAAAGCCAGCATTCCTG
TCTGGAGAGCAGRAGAANGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAARCT TACCGTGAAACAGCTCARAGA
AGACTATTTCAAAAAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGACGATCGCTTCAACGCATCCCTGG
CAACGTATCACGATCTCCTGARARTCATTARAGACAAGGACTTCCTGGACARTCAGGAGAACGAGGACATTCTTGAG
GACATTGTCCTCACCCTTACGTTGTTTGAAGATAGEGAGATGATTGAAGAACGCT TGAAARCTTACGCTCATCTCTT
CGACGRCARAGTCATGARACAGCTCAAGAGACGCCGATATACAGGATGGGGGCGGCTGTCAAGARARCTGATCAATG
GCATCCGAGACAAGCAGAGTGCARAGACAATCCTGGATTTTCTTAAGTCCCATGGATTTGCCARCCGGARACTTCATG
CAGTTGATCCATCATGACTCTCTCACCTTTAAGGAGGACAT CCAGARAGCACAAGTTTCTGGCCAGGGGGACAGTCT
TCACGAGCACATCGCTARTCTTGCAGGTAGCCCAGCTATCAAAAAGGGAATACTGCAGACCGTTAAGGTCGTGGATG
AACTCGTCAAAGTAATGGGAAGGCATAAGCCCGAGRATATCGTTATCGAGATGCECCCGAGAGAACCARACTACCCAG
PAGGGACAGARAGAACAGTAGGGARAGGAT GAAGAGGATTGALGAGGGTATAAAAGARCTGCGGTCCCARATCCTTAA
GGAACACCCAGTTGAAAACACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGT
ACGTGGATCAGGAACTGGACATCAACCGGTTGTCCGACTACGACGTGCATCATATCGTCCCCCARAGCTTTCTCARA
GATGATTCTATTGATAATAARGTGTTGACAAGATCCGATARAAATAGAGGGAAGAGT GATARCGTCCCCTCAGAAGA
AGTTGTCAAGARAATGAAARATTATTGGCGGCAGCTGCTGAACGCCARACTGATCACACARCGGAAGTTCGATRAATC
TGACTAAGGCTGAACGAGGTGGCCTGTCTGAGT TGGATARAGCCGGCTTCATCARARGGCAGCTTGTTGAGACACGT
CAGATCACCAAGCACGTGGCCCARATTCTCGATTCACGCATGAACACCAAGTACGATGAARAATGACARACTCATTCG
AGAGGTGAAAGTTATTACTCTCAAGTCTAAGCTGGTCTCAGATTTCAGAAAGGACT T TCAGTTTTATAAGGTGAGAG
AGATCAACARTTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCARRAAATATCCC
ARGCTGGAATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGT TAGGAARATGATCGCAAAGTCTGAGCAGGA
AATAGGCAAGGCCACCGCTAAGTACTTCTTT TACAGCAATAT TATGAATTTTT TCARGACCGAGATTACACTGGCCA
ATGGAGAGATTCGGARGCGACCACTTATCGARACARACGGAGARACAGGAGARAATCCTGTGGGACAAGGGTAGGGAT
TTCCCGACAGTCCGCARGGTCCTGTCCATGCCGCAGGTGARCATCGT TARARAAGACCGAAGTACAGACCGGAGGCTT
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CTCCAAGGAARGTATCCTCCCGARAAGGAACAGCGACAAGCTGATCGCACGCARAAAACATTGCCACCCCARGARAT
ACGGCGGATTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCARAGT GGAGAAAGGGAAGTCTARARAR
CTCAAAAGCGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTCGAGAAAAACCCCATCGACTTTCT
CGAAGCGAAAGGATATAARGAGCTCARARRAGACCTCATCATTARGCTGCCCARAGTACTCTCTCTTTGAGCTTGAAR
ACGGCCGGAAACGAATGCTCGCTAGTGCGGGCEAGCTGCAGARAGGTAACGAGCTGGCACTGCCCTCTAAATACGTT
AARTTTCTTGTATCTGGCCAGCCACTATGAAAAGCTCARAGGGTCTCCCGAAGATAATGAGCAGAAGCAGCTGTTCGT
GGAACAACACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCEAGTTCTCCARPMACAGTGATCCTCGCCGACG
CTAACCTCGATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATAAGCCCATCAGGCAGCAGGCAGARAACATTATC
CACTTGTTTACTCTGACCARCTTGGGCGCGCCTGCAGCCTTCARGTACTTCGACACCACCATAGAL
CACCTCTACAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCARTTACGGGGCTCTATGARACARGAATCGACC
TCTCTCAGCTCEGTGGAGACGGCACCGGCGGGCCCAAGAAGAAGAGGAAGGTATACCCATACGATGTTCCTGACTAT
GCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCGETATCCTTATGACGTTCCACGATTACGCTGGATCCTAATG
ATTCGAATCCGGATARGCGGCCGCCTCGAGATATCTAGACCCAGCTTTCTTGTACARAGTGGTTCATCCTCTCGAGC
CTCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACAT TGATGAGTTTGGACARACCACAAC
TAGAATGCAGTGAAAAAAATGCTTTATTTGTGAAATTTGTGATGCTATTGCTTTAT TTGTARCCATTATARGCTGCA
ATAARCAAGTTRAACARCAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGEGAGGTTTTTTAATTC
GCGGCCGCEGCGCCAATGCATTGGGCCCGGTACCCAGCTTTTGTTCCCT T TAGTGAGGGTTAATTGCGCGCTTGGCE
TAATCATGGTCATAGCTGTTTCCTGTGTGARATTGTTATCCGCTCACAATTCCACACARACATACGAGCCGGAAGCAT
ARAGTGETARAGCCTGGGGTGCCTAATGAGTGAGCTARCTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGT
CGGEGARACCTGTCGTGCCAGCTGCAT TAATGAATCGGCCAACGCGCGEGGAGAGGCGETTTECGTATTGEGCGCTCT
TCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCETTCGGCTGCGGCGAGCGGTATCAGCTCACTCARAGGCGGT
AATACGGTTATCCACAGARTCAGGGGATAACGCAGGARAAGAACATGTGAGCARARAGGCCAGCARARGGCCAGGAACC
GTAAAARGGCCGCGTTECTGGCGTTTITCCATAGGCTCCGCCCCCCTGACGAGCATCACARAAATCGACGCTCAAGT
CAGAGGTGGCGAAACCCGACAGGACTATAAAGATACCAGGCGTTTCCCCCTEGAAGCTCCCTCGTGCGCTCTCCTGT
TCCGACCCTGCCGCTTACCGGATACCTGTICCGCCITTCTCCCTTCGGGARAGCGTEGCECT T TCTCATAGCTCACGCT
GTAGGTATCTCAGTTCGGTGTAGETCGTTCGCTCCAAGCTGGGCTGTGTGCACGRACCCCCCGETTCAGCCCGACCGT
TGCGCCTTATCCGGTAACTATCGTCTTGAGTCCARCCCGGTAAGACACGACTTATCCGCCACTGGCAGCAGCCACTGS
TAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTA
GAAGGACAGTATTTCGTATCTGCGCTCTGCTGAAGCCAGTTACCT TCCGAARAAGAGT TGGTAGCTCTTGATCCGGC
AAACAAACCACCGCTGGTAGCGGTGETTTTITTGTTTGCARGCAGCAGAT TACGCGCAGARRARNAAGGATCTCAAGA
AGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGARAACTCACGT TARGGGATTTTGGTCATGAGAT
TATCAARAAGGATCTTCACCTAGATCCTTTTAAATTAARAATGAAGTTTTARATCAATCTAAAGTATATATGAGTAA
ACTTGGTCTGACAGTTACCARTGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTTCGTTCATCCATAGT
TGCCTGACTCCCCGTCGTGTAGATARCTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCARTGATACCGE
GAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATARACCAGCCACCCGGAAGEGCCGAGCGCAGAAGTGGTCCT
GCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTT
GCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTCATTCAGCTCCGGTT
CCCAACGATCAAGGCCEAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGTTAGCTCCTTCGGTCCTCCGATCETT
GTCAGAAGTAAGTTGCCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATC
CGTAAGATGCTTITCTGTGACTGGTGAGTACTCARCCAAGTCATTCTGAGRAATAGTGTATGCGGCEACCCAGTTGCT
CTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGARACTTTAAAAGTGCTCATCATTGGARAACGTTCT
TCGGGEGCGARAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCETGCACCCAACTGATC
TTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGARGGCARAATGCCGCARAAAAGGGAATARL
GGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATAT TATTGAAGCAT TTATCAGGGTTATTGTCTC
ATGAGCGCGATACATATTTGAATGTATTTAGRAARATAAACAAATAGGGGTTCCGCECACATTTCCCCGARARAGTGCC
ACCTARATTGTAAGCGTTAATATTTTGTTAARATTCGCGTTARATTTTTGTTARATCAGCTCATTTTTTAACCAATA
GGCCCGAAATCGGCAAAATCCCTTATAAATCAARAGAATAGACCGAGATAGCGTTGAGTGTTGTTCCAGTTTGGAACA
AGAGTCCACTATTARAGAACGTGGACTCCRAACGTCAAAGGGCGRARAARCCGTCTAT CAGGGCGATGGCCCACTACGT
GAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTARAGCACTAAATCGGAACCCTARAGGGAGCCCCCG
ATTTAGAGCTTGACGGGGAARAGCCGGCGAACGTGGCGAGARAGGAAGEGAAGAAAGCGARAGGAGCGGGCGCTAGGE
CGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTRAATGCGCCGUTACAGGGCGCETCC
CATTCGCCATTCAGGCTGCGCAACTGTTGGGRAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGTCGACCAT
AGCCAATTCAATATGGCGTATATGGACTCATGCCAATTCAATATGGTGGATCTGGACCTGTGCCARTTCAATATGGEC
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GTATATGGACTCGTGCCAATTCAATATGGTGGATCTGGACCCCAGCCAATTCAATATGGCGGACTTGGCACCATGCC
AATTCAATATGGCGGACTTGGCACTGTGCCARCTGGGEAGGGGTCTACTTIGGCACGETGCCAAGTTTCAGGAGGGGT
CTTGGCCCTGTGCCAAGTCCGCCATATTGAATTGGCATGGTGCCAATAATGGCGGCCATATTGGCTATATGCCAGGA
TCAATATATAGGCARTATCCRATATGGCCCTATGCCAATATGGCTATTGGCCAGGTTCAATACTATGTATTGGCCCT
ATGCCATATAGTATTCCATATATGGGTTTTCCTATTGACGTAGATAGCCCCTCCCAATGGGCGGTCCCATATACCAT
ATATGGGGCTTCCTARTACCGCCCATAGCCACTCCCCCATTGACGTCAATGGTCTCTATATATGGTCTTTCCTATTG
ACGTCATATGGGCGETCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCAATTACGGTARATGGCCCGCCTGGL
TCAATGCCCATTGACGTCAATAGGACCACCCACCATTGACGTCAATGGGATGGCTCATTGCCCATTCATATCCGTTC
TCACGCCCCCTATTGACGTCAATGACGGTAAATGGCCCACTTGGCAGTACATCAATATCTATTAATAGTAACTTGGC
AAGTACATTACTATTGGAAGGACGCCAGGGTACATTGGCAGTACTCCCATTGACGTCAATGGCGGTARATGGCCCGL
GATGGCTGCCAAGTACATCCCCATTGACGTCARTGGGGAGGGGCAATGACGCARATGCGCETTCCATTGACGTAART
GGGCGGTAGGCGTGCCTRAATGEGAGGTCTATATAAGCAATGCTCGTTTAGGGA
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ACCGCCATUCTGCCTCGGGACGTCGEAGCAAGCTTGAT T TAGGT GACACTATAGAATACARGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCCAATTCAAGGATCAACAAGTTTGTACAAARAAGCAGGCTGCCGCCACCATGGACRAGAR
GTACTCCATTGGGCTCGATATCGGTACCAACAGCGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGTGCCGAGCA
ARDAARTTCABACTTCTGGGCAATACCGATCGCCACAGCATAAAGAAGAACCTCATTGGAGCCCTCCTGTTCGACTCC
GGGGAGACGGCCGAAGCCACGCCGCTCAAARGAACAGCACGGCGCAGATATACCCGCAGARAGAATCGGATCTGCTA
CCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTTGG
TGGAGGAGGATAARARAGCACGAGCGCCACCCAATCTTTGGCAATATCGTGGACGAGGTGGCGTACCATGARAAGTAC
CCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACTGATAAGGCTGACTTGCGGTTGATCTATCTCGCGCT
GGCGCACATGATCARATTTCGGGGACACTTCCTCATCGAGGGGEACCTGAACCCAGACAACAGCGATGTCGACARAC
TCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTTCGAGGAGAACCCGATCAACGCATCCGGCGTTGACGCCARA
GCAATCCTGAGCGCTAGGCTGTCCARATCCCGGCGGCTCGARAACCTCATCGCACAGCTCCCTGGGCAGAAGARGAA
CGGCCTGTTTGGTAATCTTATCGCCCTIGTCACTCGGGCTGACCCCCARCTTTARATCTAACTTCGACCTGGCCGAAG
ATGCCAAGCTGCAACTGAGCAARGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGTAC
GCAGACCTTTTTTTGGCCGCARAGAACCTGTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGTGAACACGGAGAT
CACCAAAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACTTTGCTGAAGGCCC
TTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTTCGATCAGTCTAARAATGGCTACGCCGGATACATT
GACGGCGGAGCAAGCCAGGAGGAATTTTACAAATTTATTARGCCCATCTTGGARARAATGGACGGCACCGAGGAGCT
GCTCGTARAGCTGAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTTCGACRATGGAAGCATCCCCCACCAGATTC
ACCTGGGCGARCTGCACGCTATCCTCAGGCGGCAAGRAGGATTTCTACCCCTTTTTGARAGATRACACGGARAAGATT
GAGAAAATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCTCGGGGAAATTCCAGATTCGCGTGGATGAC
TCGCARATCAGAAGAGACCATCACTCCCTGGAACTTCGAGGARGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCA
TCGARAGGATGACTAACTTTGATAARAATCTGCCTAACGAARAGGTGCTTCCTARACACTCTCTGCTGTACGAGTAC
TTCACAGTTTATAACGAGCTCACCARGGTCAAATACGTCACAGAAGGGATGAGAAAGCCAGCATTCCTGTCTGGAGA
GCAGAAGARAGCTATCGTGGACCTCCTCTTCARGACGAACCEGARAGTTACCGTGARACAGCTCAAAGARGACTATT
TCARAMAGATTGAATGTTTCGACTCTGT TGARATCAGCGGAGCTGGRAGGATCGCTTCALCGCATCCCTGGGARACGTAT
CACGATCTCCIGAAAATCATTARAGACAAGGACTTCCTGCACAATGAGGAGAACGAGGACATTCTTCGAGGACATTGT
CCTCACCCTTACGTTGTTTGARCATAGGGAGATGATTGAAGAACGCTTGARAACTTACGCTCATCTCT TCGACGACA
AAGTCATGARACAGCTCAAGAGACGCCGATATACAGGATGGGGGCGECTGTCARGAARACTGATCAATGGCATCCGA
GACAAGCAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACTTCATGCAGTTGAT
CCATGATGACTCTCTCACCTTTARGGAGGACATCCAGAAAGCACRAGTTTCTGGCCAGGGGEACAGTCTTCACGAGC
ACATCGCTAATCTTGCAGGTAGCCCAGCTATCARAARAGGGAATACTGCAGACCGTTARGGTCGTGCATGAACTCGTC
AAAGTRAATGGGAAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCCAGAGAACCAARCTACCCAGARGGGACA
GAAGRACAGTAGGGAARGGATGAAGAGGAT TGARGAGGGTATAAARAGAACTGGGGTCCCAAATCCTTARGGAACACT
CAGTTGAARRCACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGARCGGCAGGGACATGTACGTGGAT
CAGGAACTGGACATCAACCGGTTGTCCGACTACGACGTGGATCATATCGTGCCCCARAGCTTTCTCAAAGATGATTC
TATTGATAATARAGTGTTGACAAGATCCGATAARARATAGAGGGARGAGTGATARCGTCCCCTCAGAAGARGTTGTCA
AGAARATGAAARATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACAACGGAAGTTCGATAATCTGACTARG
GCTGAACGAGGTCGCCTGICTGAGTIGGATAAAGCCGGCTTCATCARAAGGCAGCTTGTTGAGACACGCCAGATCAC
CAAGCACGTGGCCCARATTCTCGATTCACGCATGRAACACCAAGTACGATGARAATGACAAACTGATTCGAGAGGTGA
AAGTTATTACTCTGAAGTCTARGCTGGTCTCAGATTITCAGAARGGACTTTCAGTTTTATAACGTGAGAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCARAAAATATCCCAAGCTGGA
ATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGTTAGGAARATGATCCCAARGT CTGAGCAGGARATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAAT TTTTTCARGACCGAGATTACACTGGCCAATGGAGAG
ATTCGGAAGCGACCACTTATCCGAARCARACGGAGARACAGGAGARATCGTGTGGGACRAAGGGTAGGGATTTCGCGAC
AGTCCGCAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTARARAGACCGAAGTACAGACCGGAGGCTTCTCCARGS
ARBGTATCCTCCCGAARAGCAACAGCGACAAGCTGATCGCACGCAAARARGATTGGGACCCCARGARATACGGCGGA
TTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCAAAGTGGAGARAGGGAAGTCTARAARACTCAARAG
CGTCAAGGAACTGCTGGGCATCACRATCATGGACCGATCCAGCTTCGAGAARAACCCCATCGACTTTCTCGAAGCGA
AAGGATATAAAGAGGTCAAARRAGACCTCATCATTAAGCTGCCCAAGTACTCTCTCTTTGRAGCTTGRAARACGGCCGG
AAACGAATGCTCGCTAGTGCGGGCCAGCTGCAGAAAGGTAACGREGCTGGCACTGCCCTCTAARTACGTTAATTTCTT

Figure 29

34/138



WO 2016/106338 PCT/US2015/067424

GTATCTGGCCAGCCACTATGAAAAGCTCARAGGGTCTCCCGARGATAATGAGCAGAAGCAGCTGTTCETGGAACAAC
ACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCGAGTTCTCCAARAGAGTGATCCTCGCCGACGCTAACCTC
GATAAGCTGCTTTCTGCTTACAATAAGCACAGGGATAAGCCCATCAGGGAGCAGGCAGAARACATTATCCACTTGTT
TACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGAC
CARRGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGAAACAAGAATCGACCTCTCTCAG
CTCGGTGGRAGACGGCACCGGCGEGCCCAAGAAGARAGAGGAAGGTATACCCATACGATGTTCCTGACTATGCGGGCTA
TCCCTATGACGTCCCGGACTATGCAGCGATCGTATCCTTATGACGTTCCAGATTACGCTGGATCCGCCGCTCCGGCAG
CTAAGAAARAGAARCTGGATTTCGAATCCGGAGTAC

GGGATCTTAAGCCGCCGCCTCCGAGATATCTAGACCCAGCTTTCTTGTACARAAGTGGTTGATCCTCTCGAGCCT
CTAGARCTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATTGATGAGT TTGGACARACCACRACTA
GAATGCAGTGRAAAAARATCCTTTATTTGTGAAATTTGTGATGCTATTGCTTTATTTGTAACCATTATARGCTGCAAT
ARACAAGTTAACAACARCAATTGCATTCATTTTATGTTTCAGGTTCAGGGGCAGGTGTGGGAGGTTTTTTAATTCGC
GGCCGCGGCGCCAATGCAT TEGGCCCGETACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTA
ATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGARGCATAA
AGTGTAARAGCCTGGGGETGCCTAATGAGTGAGCTARCTCACATTARTTGCETTGCEGCTCACTGCCCGCTTTCCAGTCG
GGAARCCTGCTCGTGCCACGCTGCATTAATGAATCGGCCARCGCGCGGGEAGAGGCGETTTGCGTATTGGECGCTCTITC
CGCTTCCTCGCTCACTGACTCGCTGCGCTCEGGTCGTTCGGCTGCGECGAGCGGTATCAGCTCACTCARAAGGCGETAL
TACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGT GAGCAABRAGGCCAGCARARGGCCAGGARCLGT
ARARAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGLCCCCCTGACGAGCATCACAAARATCGACGCTCAAGTCA
GAGGTGGCGAAACCCGACAGGACTATAARGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTC
CGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGARGCGTGGCGCTTTCTCATAGCTCACGCTGT
AGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGARCCCCCCGTTCAGCCCGACCGLTG
CGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTA
ACAGGATTAGCAGAGCGAGGTATGTAGGCGETGCTACAGAGTTCTIGAAGTGGTGGCCTAACTACGGCTACACTAGA
AGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCT TCGGARARAGAGTTGGETAGCTCTTGATCCGGCAA
ACARANCCACCGCTGGTAGCGGTGETTTITTTGTTTGCAAGCAGCAGATTACGCGCAGARARARAGGATCTCAAGAAG
ATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAARACTCACGTTARGGGAT TTTGGTCATGAGATTA
TCAARAAGGATCTTCACCTAGATCCTITTTAAATTARAAATGAAGTTTTAAATCAATCTAARGTATATATGAGTAARC
TTGGTCTCGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTICGTTCATCCATAGTTG
CCTGACTCCCCGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGA
GACCCACGCTCACCGGCTCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGRAAGTGGTCCTGC
AACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAGTTTGC
GCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTICACGCTCGICGTTTGETATGGCTTCATTCAGCTCCGGTTCC
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CAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCARARRAGCGGTTAGCTCCTTCGGTCCTCCGATCGTTGT
CAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCG
TAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGRATAGTGTATGCGGCGACCGAGTTGCTCT
TGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTARAAGTGCTCATCATTGGRAAAACGTTCTTC
GGGGCGAARACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCARCTGATCTT
CAGCATCTITTIACTTTCACCAGCGTTICTGGETGAGCARAAACAGGAAGGCARAATGCCGCARAAAAGGGARTARGG
GCGACACGGAAATGTTGAATACTCATACTCTTCCTTITTCAATATTATTGARGCATTTATCAGGGTTATTGTCTCAT
GAGCGGATACATATTTGAATGTATTTAGARARATARACAARTAGGGGTTCCGCGCACATTTCCCCGAARAGTGCCAC
CTAAATTGTAAGCGTTAATATTTTGTTARAATTCGCGTTAAATTTTTGTTAAATCAGCTCATTTTTTARCCARTAGG
CCGAAATCGGCARAATCCCTTATAAATCAAAAGARTAGACCGAGATAGGGTTCAGTGTTGTTCCAGTTTGGAACAAG
AGTCCACTATTARAGAACGTGGACTCCAACGTCARAGGGCGARRARCCGTCTATCAGGGCGATGGCCCACTACGTGA
ACCATCACCCTAATCARGTTTTTTGGGGTCGAGGTGCCGTAARGCACTARATCGGARCCCTAARGGGAGCCCCCGAT
TTAGAGCTTGACGGCGAAAGCCGECGAACGTGGCGAGARAGGARGGGAAGARRAGCGARACGAGCGGGCGCTAGGGLG
CTGGCAAGTGTAGCGGTCACGCTGCGCGTARCCACCACACCCGCCGCGCTTAATGCGCCGCTACAGGGCGCGTCCCA
TTCGCCATTCAGGCTGCGCAACTGTTGGGEAGGGCGATCGGTGCGGGCCTCTTCGCTATTACGCCAGTCGACCATAG
CCAATTCARATATGGCGTATATGGACTCATGCCAATTCAATATGGTGGATCTGGACCTGTGCCAATTCAATATGGCGT
ATATGGACTCGTGCCAATTCAATATGGTGGATCTGGACCCCAGCCARTTCARTATGGCGGACTTGGCACCATGCCAA
TTCAATATGGCGGACTTGGCACTGTGCCRAACTGGGGAGGGGTCTACTTGGCACGGTGCCARGTTTGAGGAGGGGTCT
TEGCCCTGTGCCARCTCCGCCATATTGAATTGGCATGGTGCCARTRATGGCGGCCATATTGGCTATATGCCAGGATC
ARTATATAGGCAATATCCAATATGGCCCTATGCCAATATGGCTAT TGGCCAGGTTCAATACTATGTATTGGCCCTAT
GCCATATAGTATTCCATATATGEGTTTTCCTATTGACGTAGATAGCCCCTCCCAATGEGCGGTCCCATATACCATAT
ATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGACGTCAATGGTCTCTATATATGGTCTTTCCTATTGAC
GTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCAATTACGGTARATGGCCCGCCTGGCTC
ARTGCCCATTGACGTCARATAGGACCACCCACCATTGACGTCAATGGGATGGCTCATTGCCCATTCATATCCGTTCTC
ACGCCCCCTATTGACGTCAATGACGGTARAATGGCCCACTTGGCAGTACATCAATATCTATTAATAGTAACTTGGCAA
GTACATTACTATTGGAAGGACGCCAGGGTACATTGGCAGTACTCCCATTGACGTCARTCGCGGTARATGGCCCGCGA
TGGCTGCCAAGTACATCCCCATTGACGTCAATGGGCAGGGGCAATGACGCAAATGGGCGTTCCATTGACGTARAATGG
GCGGTAGGCGTGCCTAATGGGAGGTCTATATAAGCAATGCTCGTTTAGGGA
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ACCGCCATTCTGCCTGGGGACGTCGGAGCARGCTTGATTTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCvATCGALTCGAATLCAAGGATCAACAAGTTTGTACAAAAAAGCAGGCTGGCGCCACCatgGGtagAGC
CG GCCGG”AGCTAACAAAAAGAAACTGGATCaattGGTACC 5

SGGGATCtT CCcqchCTGGAGGTAGCGGCTCAAGTGGCCGTACGGCACCTCCiGCGGCAAAAAAGAAAA
AGTTGGACTCTGAATTCGCAAGCGACaagaagtacthhatngghtbgataLchtaC“AACAGCGTCCGCTGGGCC
GTCATTACGGACGAGTACAAGGTGCCGAGCARARARATTCARAGTTCTGGGCARTACCGATCGCCACAGCATAARGAR
GARCCTCATTGGAGCCCTCCTGTTCGACTCCGGGGAGACGECCGAAGCCACGCGGCTCAARAGARCAGCACGGCGCA
GATATACCCGCAGRARGAATCGGATCTGCTACCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCT
TTCTTCCATAGGCTGGAGGAGTCCTTTTTGGTGGAGGAGGATARAARGCACGAGCGCCACCCAATCTTTGGCAATAT
CGTGGACGAGGTGGCGTACCATGARAAGTACCCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACTGATA
BGGCTGACTIGCGETTGATCTATCTCGCGCTGGCGCACATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGGAC
CTGARACCCAGACAACAGCGATGTCGACARACTCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTTCGAGGAGAA
CCCGATCARCGCATCCGGCGTTGACGCCRARGCAATCCTGAGCGCTAGGCTGTCCARATCCCGGCGGCTCGARAACC
TCATCGCACAGCTCCCTGEGGAGAAGARGARCGGCCTGTTIGGTARTCTTATCGCCCTGTCACTCGGGCTGACCCCC
AACTTTARATCTARCTTCGACCTGGCCGARAGATGCCAAGCTCCARCTGAGCAAAGACACCTACGATGATGATCTCGA
CAATCTGCTGGCCCAGATCGGCGACCAGTACGCAGACCTTTTTTTGGCGGCAAAGAACCTGTCAGACGCCATTCTGC
TGAGTGATATTCTGCGAGTGRAACACGGAGATCACCARAGCTCCGCTGAGCCGCTAGTATGATCAAGCGCTATGATGAG
CACCACCAAGACTIGACTTITGCTGRAGGCCCTTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTTCGA
TCAGTCTAAAAATGGCTACGCCGGATACATTGACGGCGGAGCARGCCAGGAGGAAT TTTACAAATTTATTAAGCCCA
TCTTGGAARRARTGCACGGCACCGAGGAGCTGCTGGTARAGCTGAACAGAGAAGATCTGTTGCGCARACAGCGCACT
TTCGACARTGGARGCATCCCCCACCAGATTCACCTGGGCGRACTGCACGCTATCCTCAGGCGGCARGAGGATTTCTA
CCCCTTTTTGAAAGATAACAGGGABAAGAT TGAGAARATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCG
CTCGGGGARATTCCAGATTCGCGTGGATGACTCGCAAATCAGRAGAGACCATCACTCCCTGCGAACTTCGAGGARGTC
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GTGGATAAGGGGGCCTCTGCCCAGTCCTTCATCGARAGGATGACTAACTTTCATARAAATCTGCCTAACGARAAGGT
GCTTCCTARACACTCTICTGCTGTACGAGTACTTCACAGTTTATARCGAGCTCACCAAGGTCAAATACGTCACAGAAG
GGATGAGARAGCCAGCATTCCTGTCTGGAGAGCAGRAGARAGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAAA
GTTACCGTGAAACAGCTCAAAGAAGACTATTTCARAAAGATTGAATGTTTCGACTCTGTTGAAATCAGCGGAGTGGA
GGATCGCTTCARCGCATCCCTGGGAACGTATCACGATCTCCTGAAAATCATTAAAGACAAGGACTTCCTGGACAATG
AGGAGARCGAGGACATTCTTGAGGACATTGTCCTCACCCTTACGTTGTTTGRAGATAGGGAGATGATTGAAGAACGE
TTGAAARCTTACGCTCATCTCTICGACGACAAAGTCATGAAACAGCTCAAGAGACGCCCGATATACAGGATGGGEGECE
GCTGTCAAGARAACTGATCAATCGCATCCGAGACRAGCAGAGTGGARAAGACAATCCTGGATTTTCTTAAGTCCGATG
GBRTTTGCCAACCGGAACTTCATGCAGTTGATCCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGARAGCACAA
GTTTCTGGCCAGGGGGACAGTCTTCACGAGCACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAARAGGGAATACT
GCAGACCGTTAAGGTCGTGGATGAACTCGTCAARGTAATGGGARCGCATAAGCCCCGAGAATATCGTTATCGAGATGE
CCCGAGAGRACCAARCTACCCAGAAGGGACAGARGAACAGTAGGGAAAGGATGAACAGGATTGAAGAGGGTATAANA
GRACTGGGGTCCCARATCCTTAAGGAACACCCAGTTGARAACACCCAGCTICAGAATGAGAAGCTCTACCTGTACTA
CCTGCAGARCGGCAGGGACATGTACGTIGGATCAGGARCTGGACATCAACCGGTTGTCCGACTACGACGTGGATCATA
TCGTGCCCCARAGCTTTCTCARAGATGATICTATTGATAATAAAGTGTTGACAAGATCCCGATAARAATAGAGGGAAG
AGTGATAACGTCCCCTCAGAAGRAGTTGTCAAGRAAATGARAAATTATTGGCGGCACCTGCTGAACGCCAARCTGAT
CACACAACGGAAGTTCGATAATCTGACTARAGGCTGAACGAGGTGGCCTGTCTGAGTIGGATARAGCCGGCTTCATCA
ARAGGCAGCTTGTTGAGACACGCCAGATCACCAAGCACGTGGCCCAAATTCTCGATTCACGCATGAACACCAAGTAC
GATGAARATGACRAACTGATTICGAGAGGTGAAAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGAT TTCAGARAAGGA
CTTTCAGTTTTATAAGGTGAGAGAGATCAACAATTACCACCATCCGCATGATGCCTACCTGAATGCAGTGGTAGGCA
CTGCACTTATCARAAAATATCCCAAGCTGGAATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGTTAGGARA
ATGATCGCARAGTCTGAGCAGCGARATAGGCARGGCCACCGCTARGTACTTCTTTTACAGCAATATTATGAATTTTTT
CAAGACCGAGATTACACTGGCCAATGGAGAGATTCGGAAGCGACCACTTATCGAARCARACGGAGARACAGGAGAAA
TCGTGTGGGACARGGCTAGEGATTTCGCGACAGTCCGCAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTAAAAAG
ACCGAAGTACAGACCGGAGCGCTTCTCCARGGARAGTATCCTCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCAA
ARAAGATTCEGGACCCCAAGARATACGGCGGATTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCAAAG
TGGAGARAGGGAAGTCTAAAARACTCAARAGCGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTC
GAGARARACCCCATCGACTITCTCGAAGCGARAGGATATARAGAGGT CARAAARCACCTCATCATTARGCTGCCCAR
GTACTCTCTCTTTGAGCTTGARAACGGCCGGAAACGAATGCTCGCTAGTGCGGGCGAGCTGCAGRARGGTARCGAGL
TGGCACTGCCCTCTRAARTACGTTAATTITCTTGTATCTGGCCAGCCACTATGRAAAGCTCARAGGGTCTCCCGAAGAT
BATGAGCAGAAGCAGCTGTTCGTGGAACRACACAAACACTACCTTGATGAGATCATCCAGCAAATARGCGAGTTCTC
CRAAAGRGTGATCCTCGCCGACGCTAACCTCGATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATAAGCCCATCA
GGGAGCAGGCAGAAAACATTATCCACTTGTITACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCARGTACTTCGAC
ACCACCATAGACT TACACCTCTACARAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGS
GCTCTATGARACAAGRATCGACCTCTCTCAGCTCGGT GGAGACGGCACCGGCGGECCCARGARGAAGAGGAAGGTAT
RACCCATACGATGTTCCTGACTATGCGGGCTATCCCTATGACGTCCCGGACTATGCAGGATCGTATCCTTATGACGTT
CCAGATTACGCTGGATCCTAATGATTCGAATCCGGATAAGCGGCCGCCTCGAGATATCTAGACCCAGCTTTCTTGTA
CRAAGTGGTTGATCCTCTCCGAGCCTCTAGARCTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATT
GATGAGTTIGGACARACCACARCTAGAATGCAGTGAAAAAARATGCTTTATTTGTGARATTIGTGATGCTATTGCTTT
ATTTGTAACCATTATAAGCTGCAATAAACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGG
AGGTGTGEGAGGTTTTTTAATTCGCGGCCGCGGCGCCAATGCATTGGGCCCGETACCCAGCTTTTGTTCCCTTTAGT
GAGGGTTAATTGCGCGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCA
CRCARCATACGAGCCGGRAGCATARAGTGTAARGCCTGGGGTGCCTAATGAGT GAGCTARCTCACATTARTTGCGTT
GCGCTCACTGCCCGCTTTCCAGTCGGGARRCCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGEGEGAGAG
GCGGETTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGETCETTCGGCTGCGEGCGAGCE
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GTATCAGCTCACTCARAGGCGGTAATACGGTTATCCACAGAATCAGGGCATAACGCAGGARAGAACATGTGAGCAAR
AGGCCAGCRAARGGCCAGGAACCGTAAAAAGGCCGCGTTGCTGECECTTTTTCCATAGGCTCCGCCCCCCTGACGAGE
ATCACAAANATCGACGCTCARGTCAGAGGTGGCGAAACCCCACAGGACTATAARGATACCACGCGTTTCCCCCTGGA
AGCTCCCTCGTCCGCTICICCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCET
GGCGCTTTCTCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCARGCTGGGCTGTGTGCACG
AACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTARGACACGACTTA
TCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTG
GTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGARARA
GAGTTGGTAGCTICITTGATCCGGCAARCARACCACCGCTGGTAGCGETCGTTITITTGTTTGCAAGCAGCAGATTACG
CGCAGAARRARAGGATCTCRAGRAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAARACTCACG
TTAAGGCATTTTGGTCATGAGATTATCAARAAGGATCTTCACCTAGATCCTTTTAAATTARAAATGAAGTTTTAAAT
CAATCTAAAGTATATATGAGTARACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATC
TGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCEGTCGTGTAGATAACTACGATACGGGAGGGCTTACCATCTGS
CCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATARACCAGCCAGCCGGAA
GGGCCGAGCGCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTA
AGTAGTTCGCCACGTTAATAGTTTGCGCARCGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGITTGG
TATGGCTTCATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCARARARGCGGTTA
GCTCCTTCGGTCCTCCGATCGTTGTCAGARGTARGCTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCAT
AATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGAATA
GTGTATGCGECGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAARAG
TGCTCATCATTGGAAAACGTTCTTCGGGGCCARAACTCTCAAGGATCTTACCGCTGTTGACGATCCAGTTCGATGTAA
CCCACTCGTGCACCCARCTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGETGAGCARARACAGGAAGGCA
ARNTGCCGCARARAACGGAATAAGGGCGACACGGARATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGAA
GCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAARARTARACAAATAGGGGTTCCG
CGCACATTTCCCCGAAAAGTGCCACCTAAATTGTAAGCGTTAATATTTTGTTAAAATTCGCGTTAAATTTTTGTTAA
ATCAGCTCATTTTITTAACCAATAGGCCGARATCGGCAARATCCCTTATAAATCAAARGAATACACCGAGATAGGGTT
GAGTIGTTGTTCCAGTITGGAACARGAGTCCACTATTARAGAACGTGGACTCCARCGTCAAAGGGCGARARACCGTCT
ATCAGGGCGATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTYCGGCTCGAGGTGCCGTARAGCACTAAAT
CGGAACCCTAAAGGGAGCCCCCGATTTAGAGCTTGACGGGGARRAGCCGECGAACGTGGCGAGAARAGGAAGGGAAGAA
AGCGAANGGAGCGGGCGCTAGGECGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTA
ATGCGCCGCTACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGCGAAGGGCGATCGETGCGGGCCTCT
TCGCTATTACGCCAGTCGACCATAGCCAATTCAATATGGCGTATATGGACTCATGCCAATTCAATATGGTGGATCTG
CACCTGTGCCAATTCAATATGGCGTATATGGACTCGTGCCAATTCAATATGGTGGATCTGGACCCCAGCCAATTCAA
TATGGCGGACTTGGCACCATGCCAATTCAATATGGCGGACTTGGCACTGTGCCAACTGGGGAGGGGTCTACTTGGCA
CGGTGCCAAGTTTGAGGAGGCEGTCTTGGCCCTGTGCCARGTCCGCCATATTGARTTCGCATGGTGCCAATAATGGCS
GCCATATTGGCTATATGCCAGGATCAATATATAGGCAATATCCARTATGGCCCTATGCCARATATGGCTATTGGCCAG
GTTCAATACTATGTATTGGCCCTATGCCATATAGTATTCCATATATGGGTTTTCCTATTGACGTAGATAGCCCCTCC
CAATGGGCGGTCCCATATACCATATATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGACGTCARATGGTC
TCTATATATCGTCTITTCCTATTGACGTCATATGGGCGGTCCTATTGACCTATATGGCGCCTCCCCCATTGACGTCAA
TTACGGTAAATGGCCCGCCTGGCTCAATGCCCATTCGACGTCAATAGGACCACCCACCATTGACGTCAATGGGATGGC
TCATTGCCCATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGACGEGTARATGGCCCACTTGGCAGTACATCA
ATATCTATTAATAGTAACTTGGCARAGTACATTACTATTCGARGCGACGCCAGECTACATTGGCAGTACTCCCATTGAC
GTCAATGGCGGTAARATGGCCCGCGATGGCTGCCAAGTACATCCCCATTGACGTCAATGGGGAGGGGCAATGACGCAA
ATGGGCGTTCCATTGACGTAAATGGGCGGTAGGCGTGCCTAATGGGAGGTCTATATAAGCAATGCTCGTTTAGGGA
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ACCGCCATTCTGCCTGGGEGRCGTCGGAGCAAGCTTGATT TAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGAATTCARGGATCARCAAGTTTGTACRARRARGCAGGCTGGCGCCACCATGGACRAGAA
GTACTCCATTGGGCTCGATATCGGTACCARCAGCGTCGGCTGGGCCGTCATTACGGACGAGTACAAGGTGCCGAGCA
ARDAATTCARBGTTCTGGGCARTACCGATCGCCACAGCATAAAGAAGRAACCTCATTGGAGCCCTCCTGTTCGACTCC
GGGGAGACGGCCGAAGCCACGCGGCTCAARAGAACAGCACGGCGCAGATATACCCGCAGAAAGAAT CGGATCTGCTA
CCTGCAGGAGATCTTTAGTAATGAGATGGCTRAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTTGG
TGGACGAGGATAAAAAGCACGAGCGCCACCCAATCTITGGCAATATCGTGGACGAGGTGGCGTACCATGARAAGTAC
CCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACTGATAAGGCTGACTTGCGGTTGATCTATCTCGCGCT
GGCGCACATGATCARATTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACARCAGCGATGTCGACAAAC
TCTTTATCCARACTGGTTCAGACTTACAATCAGCTTTTCGAGGAGAACCCGATCAACGCATCCGGCGTTGACGCCAAL
GCAATCCTGAGCGCTAGGCTGTCCAAATCCCGGCGGCTCGAARACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAA
CGGCCTGTTTGGTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTT TAAATCTAACTTCGACCTGGCCGAAG
ATGCCARGCTGCAACTGAGCAARGACACCTACGATGATGATCTCGACAATCIGCTGGCCCAGATCGGCGACCAGTAC
GCAGACCTTTTTTTGGCGGCARRGARCCTGTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGT GAACACGGAGAT
CACCARAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACTTTGCTGAAGGCCC
TTGTCAGACAGCARCTGCCTGAGARGTACAAGGAAATTTTCTTCGATCAGTCTARAAATGGCTACGCCGGATACATT
GRACGGCGGAGCARGCCAGGAGGAATTTTACAAATTTATTAAGCCCATCTTGCGAAAAAAT GCGACGGCACCGAGGAGCT
GCTGGTARAGCTGAACAGAGAAGATCTGTTGCGCAAACAGCGCACTTTCGACAATGGAAGCATCCCCCACCAGATTC
ACCTGGGCGARCTGCACGCTATCCTCAGGCGGCARGAGGATTTCTACCCCTTTTTGAAAGATAACAGGGAAARGATT
GAGAAARTCCTCACATTICCGATACCCTACTATGTAGGCCCCCTCGLTCGGGGAAATTCCAGATTCGCGTGGATGAL
TCGCARATCAGARGAGACCATCACTCCCTGGAACTTCGAGGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCA
TCGARRGGATGACTAACTTTGATARRAATCTGCCTAACGAAAAGGTCCTTCCTAAARCACTCTCTGCTGTACGAGTAC
TTCACAGTTTATARCGAGCTCACCAAGGTCARATACGTCACAGRAGGGATGAGAAAGCCAGCATTCCTGTCTGGAGA
GCAGAAGAARGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAAAGTTACCCTGAAACAGCTCAAAGAAGACTATT
TCARRARGATTIGAATGTITCGACTCTGTTGARATCAGCGGAGTGCGAGGATCCGCTTCAACGCATCCCTGGGAACGTAT
CACGATCTCCTGAALATCATTAARAGACARGGACTTCCTGGACAATCGAGCAGAACCGAGGACATTCTTGAGGACATTGT
CCTCACCCTTACGTTGTTTGAAGATAGGGAGATGATTGRAGAACGCTTGAARACT TACGCTCATCTCTTCGACGACA
AAGTCATGAARCAGCTCARGAGACGCCGATATACAGGATGGEGGCGECTGTCAAGARAACTGATCAATGGCATCCGA
GACAAGCAGAGTGGAARGACAATCCIGGATTTTCTTARGTCCGATGGATTTGCCAACCGGAACTTCATGCAGTTGAT
CCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGRAAAGCACAAGTTTCTGGCCAGGGGCACAGTCTTCACGAGE
ACATCGCTRAATCTTGCAGGTAGCCCAGCTATCARARAGGGAATACTGCAGACCGTTAAGGTCGTGGATGAACTCGTC
DAAGTAATGGGARGGCATAAGCCCGAGAATATCGTTATCCGAGATGGCCCCGAGAGARCCARACTACCCAGAAGGGACA
GAAGAACAGTAGGGRARARAGGATGAAGAGGATTGAAGAGGGTATAAAAGARCTGGGGTCCCAAATCCTTARGGAACACC
CAGTTGAAALCACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGTGGAT
CAGGRAACTGGACATCAACCGGTTGTCCGACTACGACGTGGATCATATCGTGCCCCARAGCTITCTCARAGATGATTC
TATTGATAATAAAGTGTTGACRAGATCCGATAARAATAGAGCGAAGAGTGATARACGTCCCCTCAGARGAAGTTGTCA
AGAADATGARAARATTATTCGCGGCAGCTGCTCGARCGCCAAACTGATCACACARCGGAAGTICGATAATCTGACTARG
GCTGAACGAGGTIGGCCTGTCTGAGTTGGATARAGCCGGCTTCATCARAAGGCAGCTTCTTGAGACACGCCAGATCAC
CAAGCACGTGGCCCARATTCTCGATTCACGCATGARCACCAAGTACGATGAAAATCGACAAACTGATTCGAGAGGTGA
DAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTTCAGAAAGGACTTTCAGTTTTATAAGGTGACAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGRATGCAGTGGTAGGCACTGCACTTATCARAAAATATCCCAAGCTGGA
ATCTGRAATTTGTTTACGGAGACTATAARGTGTACGATGTTAGGAARATGATCGCAAAGTCTGAGCAGGAAATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGGAGAG
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ATTCGGAAGCGACCACTTATCGARACAAACGGAGARACAGGAGAAATCGTGTGGGACAAGGETAGCGAT T TCGCGAC
AGTCCGCAAGETCCTGTCCATGCCGCAGGTGAACATCCTTAARRAGACCGAAGTACAGACCGGAGGCTTCTCCARGG
AARGTATCCTCCCGAARAGGAACAGCGACAAGCTGATCGCACGCARRARAGAT TGGGACCCCARAGAARTACGGCGGA
TTCGATTCTCCTACAGTCGCTTACAGT GTACTGGTTGTGECCAAAGTGGAGARAGGGARGT CTARAAAACTCARARG
CGTCAAGGAACTGCTGGGCATCACAAT CATGGAGCGATCCAGCT TCGAGARARACCCCATCGACT T TCTCGAAGCGA
ARGGATATAAAGAGGTCABRAAAGACCTCATCATTAAGCTGCCCAAGTACTCTCTCTTTGAGCTTGARRACGGCCGE
ARACGAATGCTCGCTAGTGCGGGCGAGCTGCAGARAGCTAACGAGCTGGCACTGCCCTCTARATACGT TAATTTCTT
GTATCTGGCCAGCCACTATGAABRAGCTCAARGGGTCTCCCGAAGATAAT GAGCAGARGCAGCTGT TCCTGGAACAAC
ACAAACACTACCTTGATGAGATCATCGAGCARATAAGCGAGTTCTCCAARAGAGTGATCCTCGCCGACGCTAACCTC
GATAAGGTGCTTTCTGCT TACAATAAGCACAGGGATARGCCCATCAGGGAGCAGGCAGRABACATTATCCACTTGTT
TACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGAC
CARAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGARACAAGAATCGACCTCTCTCAG
CTCGGTGGAGACGGCACCGGCGGEGCCCAAGARAGAAGAGGARGGTATACCCATACGATGT TCCTGACTATGCGGGECTA
TCCCTATGACGTCCCGGACTATGCAGGATCGTATCCT TATGACGT TCCAGATTACGCTGGATCCGCCGCTCCGGCAG
CTRAAGAAAAAGARACTGGATTTCGAATCCTY 9 :

tcgaGCCTCTAGARACTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATTGATCGAGTTT
GGACAARCCACAACTAGAATGCAGTGAAARAAATGCTTTATT TGTGARATTTGTGATGCTATTGCTTTATTTGTAAC
CATTATAAGCTGCAATARRCARGTTAACAACAACAATTGCATTCATTTTATGTTTCAGG T TCAGGGGGAGCTGTGGG
AGGTTTTTTAATTCGCGGCCGCGGCGCCAATGCATTGGGCCCGGTACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAR
ITGCGCECTTEGCGTAATCATGGTCATAGCTGTTTCCTGTGTGARATTGTTATCCGCTCACRATTCCACACARCATA
CGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTARTTGCGTTGCGCTCACT
GCCCGCTTTCCAGTCGGGARACCTGTCGTGCCAGCTGCAT TAAT GAATCGGCCARCGCGCEEGGAGAGGCEGTTTGC
GTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGETCGTTCGGCTGCGECGAGCGETATCAGLT
ACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATARCCCAGGARAGAACATGTGAGCARARGGCCAGCA
ARAGGCCAGGARCCGTAAARAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAARR
ATCGACGCTCAAGTCAGAGGTGGCGARACCCGACAGGACTATARAGATACCAGGCGTTTCCCCCTGGARGCTCCCTC
GTGCGCTCTCCTETTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGECAAGCGTEGCGCTTTC
TCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCARGCTGGGCTETGTGCACGAACCCCCCG
TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCARCCCGGTAAGACACGACT TATCGCCACTG
GCAGCAGCCACTGGTAACAGGAT TAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAR
CTACGGCTACACTAGARGGACAGTATTTGGTATCTGCGCTCTGCTGARGCCAGTTACCTTCGGARAARMAGAGTTGGTA
GCTCTTGATCCGGCAARCAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGARAA
ARAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCACT GCAACGARAACTCACGT TAAGGGAT
TTTGGTCATGAGATTATCARARAAGGATCTTCACCTAGATCCTTTTARATTARAAATGAAGT T TTARATCAATCTARA
GTATATATGAGTAAACTTGGTCTGACAGT TACCAATGCTTRAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTACGATACGEGAGGGECTTACCATCTGGCCCCAGTGE
TGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATARACCAGCCAGCCGGALGGGCCGAGT
GCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGT TGCCGGGARGCTAGAGTAAGTAGTTCG
CCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCATCETTTGGTATGGCTTC
ATTCAGCTCCGETTCCCAACGATCAAGGCGAGT TACATGATCCCCCATGT TGTGCARRAAAGCCGTTAGCTCCTTCG
GTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGAGTTATGGCAGCACTGCATAATTCTCTT
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ACTGTCATGCCATCCGTAAGATCCTTTTCTGTGACTGGTGAGTACTCARCCARAGTCATTCTGAGAATACTCTATGCG
GCGACCGAGTIGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGRACTTTARAAGTGCTCATCA
TTGGAAAACGTITCTTCGGGGCGAARACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCCATGTAACCCACTCGT
GCACCCAACTGATCTTCAGCATCTTTTACTITCACCAGCGTTTCTGGGTGAGCARARACAGEARGGCARAATGCCGC
ARAAARGGGARTARGGGCCGACACCGAARTGTTGAATACTCATACTCTTCCTTTTTCARTATTATTGAAGCATTTATC
AGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGARAARTAANCARATAGGGGTTCCGCGCACATTT
CCCCGARAAGTGCCACCTAAATTGTAAGCGTTAATATTTITGTTARARATTCGCGTTAAATTTTTGTTARATCAGCTCA
TTTTTTAACCAATAGGCCGAAATCGGCARRATCCCTTATARATCARAAGAATAGACCCAGATAGGGTTGAGTGTTGT
TCCAGTTTGGAACAAGAGTCCACTATTAAAGRACGTGGACTCCARCGTCAAAGGGCGARAAANCCGTCTATCAGGECG
ATGGCCCACTACCTGRACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTARAGCACTARATCGGAACCCT
ARAGGGAGCCCCCGATTTAGAGCTTGACGGGGAARGCCGGCGARCGTGGCGAGARAGGRAGGGARAGARAGCCAAAGG
AGCGGGCGCTAGCGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTARCCACCACACCCGCCGCGCTTAATGCGCCGE
TACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGECCTCTTCGCTATTA
CGCCAGTCGACCATAGCCAATTCAATATGGCGTATATGGACTCATGCCAATTCARTATGGTGCATCTGGACCTGTGC
CAATTCAATATGGCGTATATGGACTCGTGCCAATTCAATATGGTGGATCTGGACCCCAGCCARTTCARTATGGCCGA
CTTGCCACCATGCCAATTCAATATGGCGGACTTGGCACTGTGCCRAACTGGGGAGGGETCTACTTGECACGGETGCCAA
GTTTGAGGAGGGGTCTTGGCCCIGTGCCAAGTCCGCCATATTGAATTGGCATGGTGCCAATAATGGCGGCCATATTG
CCTATATCCCAGGATCAATATATAGGCAATATCCAATATGGCCCTATGCCARTATGGCTATTGGCCAGGTTCAATAC
TATGTATTGGCCCTATGCCATATAGTATTCCATATATGGGTTTTCCTATTGACGTAGATAGCCCCTCCCAATGGGECG
GTCCCATATACCATATATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGACGTCAATGGTCTCTATATAT
GGTCTTTCCTATTGCACGTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCART TACGGTAR
ATGGCCCGECCTGGCTCAATGCCCATTGACGTCAATAGGACCACCCACCATTGACGTCAATGGGATGGCTCATTGCCC
ATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGACGGTARRTGGCCCACTTGGCAGTACATCARTATCTATT
AATAGTARCTTGGCAAGTACATTACTATTGGAAGGACGCCAGGGTACATTGGCAGTACTCCCATTCACGTCAATGGC
GGTAAATGGCCCGCGATGGCTGCCAAGTACATCCCCATTGACGTCAATGGGGAGGGGCAATGACGCAAATGGGCGTT
CCATTGACGTAARTGGGCGGTAGGCCTGCCTAATGGGAGGTCTATATAAGCAATGCTCGTTTAGGGA
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ACCGCCATTCTGCCTGEGGACGTCGGAGCAAGCTTGATTTAGETGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGAATTCAAGGATCAACAAGTITGTACRAARRAGCAGGCTGGCGCCACCATGGACARAGAA
GTACTCCATTGGGCTCGATATCGGTACCAACAGCGTCGGCTECGCCGTCATTACGGRACGAGTACAAGGTGCCGAGCA
ARARATTCAAAGTTCTGCGCAATACCGATCGCCACAGCATAARGAAGAACCTCATTGGAGCCCTCCTGTTCGACTCC
GGGGAGACGGCCGAAGCCACGCGGCTCARARGAACAGCACGGCGCAGATATACCCGCAGAARGAATCGGATCTGCTA
CCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTITTGG
TGGAGGAGGATARARAGCACGAGCGCCACCCAATCTTTGGCAATATCGTGGACGAGGTGGCGTACCATGARARGTAC
CCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACT GATAAGGCTGACTTGCGETTGATCTATCTCGCGCT
GCCGCACATGATCAARTTTCGGGGACACTTCCTCATCGAGGGGCACCTGAACCCAGACAACAGCGATGTCGACAAAC
TCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTTCGAGGAGAACCCGATCARCGCATCCGGCGTTGACGCCARA
GCAATCCTGAGCGCTAGCGCTGTCCAAATCCCGGCGGCTCGAAAACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAA
CGGCCTGETTTGGTAATCTTATCGCCCTGTCACTCGGCCTGACCCCCAACTTTAAATCTAACTTCGACCTGGCCGAAG
ATGCCANGCTGCAACTGAGCAAAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGTAL
GCAGACCTTTTTTTGGCGGCAARGAACCTGTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGTGAACACGGAGAT
CACCARAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCARGACTTGACTTTGCTGAAGGCCC
TTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTITCGATCAGTCTRAARATGGCTACGCCGGATACATT
GACGGCGGAGCARGCCAGGAGGAATTTTACAAATTTAT TAAGCCCATCTITGGAARARATGGACGGCACCGAGGAGCT
GCTGGTARAGCTGAACAGAGAAGATCTGTTGCGCARACAGCGCACTTTCGACRAATGGAAGCATCCCCCACCAGATTC
ACCTGGGECGARCTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGARAGATAACAGGGARAAGATT
GAGAARARATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCTCGGGGAAATTCCAGATTCGCGTGGATGAC
TCGCARATCAGAAGAGACCATCACTCCCTGGAACTTCGAGGAAGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCA
TCGAARGCATGACTAACTTTGATAAARATCTGCCTAACGARAAGGTGCITCCTAAACACTCTCTGCTGTACGAGTAC
TTCACAGTTTATAACGAGCTCACCAAGGTCAAATACGTCACAGAAGGGATGAGARAGCCAGCATTCCTGTCTGGAGA
GCAGAAGRARGCTATCGTGGACCTCCTCTTCAAGACGAACCGGAARAGTTACCGTGAAACAGCTCARAGARAGACTATT
TCAARAAGATTGRATGTTTCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCTTCAACGCATCCCTGGGAACGTAT
CRCGRTCTCCTGAAAATCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACATTCT TGAGGACATTGT
CCTCACCCTTACGTTGTTTGAAGATAGGGAGATGATTGAAGAACGCTTGAAAACTTACGCTCATCTCTTCGACGACA
AAGTCATGAAACAGCTCAAGAGACGCCGATATACAGGATGGEGGCGGCTGTCAAGARAACTGATCAATGGCATCCGA
GACAAGCAGAGTGGARAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCAACCGGAACTTCATGCAGTTGAT
CCATGATGACTCTCTCACCTTTARGGAGGACATCCAGARAGCACAAGT TTCTGGCCAGGGGGACAGTCTTCACGAGC
ACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAAGGGAATACTGCAGACCGTTAAGGTCGTGGATGARCTCGTIC
ARAGTAATGGGAAGGCATAAGCCCCGAGAATATCGTTATCGAGATGGCCCGAGAGRACCAARCTACCCAGARGGGACA
GAAGAACARGTAGGGAAAGGATGAAGAGGATTGAAGAGGGTATEARAGRACTGGGETCCCAAATCCTTAAGGAACACC
CAGTTGAARACACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGTGGAT
CAGGAACTGGACATCAACCGGTIGTCCGACTACGACGTGGATCATATCGTGCCCCAAAGCTTTCTCARAGATGATTC
TATTGATAATAAAGTGTTGACAAGATCCGATAARRAATAGAGGGAAGAGTGATAACGTCCCCTCAGAAGAAGTTGTCA
AGAAAATGARAAATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACARCEGAAGTTCGATAATCTGACTAAG
GCTGARCGAGGTGGCCTGTCTGAGTTGCGATAAAGCCGGCTTCATCAARAGGCAGCTTGTTGAGACACGCCAGATCAC
CRAGCACGTGGCCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGARAATGACAAACT GATTCGAGAGGTGA
AAGTTATTACTCTIGAAGTCTAAGCTGGTCTCAGATTTCAGARAGGACTITCAGTTTTATARGGTGAGAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCAARAAAATATCCCAAGCTGGA
ATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGT TAGGRAAATGATCGCAAAGT CTGAGCAGGARATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAATTTTTTCAAGACCGAGATTACACTGGCCAATGGAGAG
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ATTCGGAAGCCACCACTTATCGRAACAAACGGAGRAACAGGAGARATCGTGTGGGACAAGGGTAGGGATTTCGCGAC
AGTCCGCAAGGTCCTGTCCATGCCGCAGGTGARCATCGT TARAARGACCGAAGTACAGACCGGAGGCTTCTCCAAGG
ABRACTATCCTCCCGARAAGGAACAGCGACAAGCTGATCGCACGCARAARAGATTGGGACCCCAAGARATACGGCGGA
TTCGATTCTCCTACAGTCECTTACAGTGTACTGGTTGTGGCCARAGT GGAGAARGGGAAGTCTARARAACTCARAAG
CGTCARCGRACTGCTGGCCATCACARTCATGGAGCGAT CCAGCTTCGAGARARACCCCATCGACTTTCTCGAAGCGA
AAGGATATAAAGAGGTCAARAPRAGACCTCATCATTAARGCTGCCCARGTACTCTCTCTTTGAGCTTGARAARCGECCES
AAACGAATGCTCECTAGTGCGEGCGAGCT GCAGAAAGGTAACGAGCTGGCACTGCCCTCTARATACGTTAATTTCTT
GTATCTGGCCAGCCACTATGAARAGCT CARAAGGGTCT CCCGAAGATARTGAGCAGAAGCAGCTGTTCGTGGAACAAC
ACAAACACTACCT TGATGAGATCATCGAGCABATAAGCGAGTZCTCCARAAGACGTGATCCTCGCCGACGCTAACCTC
GATARGGTGCTTTCTGCTTACARTAAGCACAGGGATARGCCCAT CAGGGAGCAGGCAGAAARCATTATCCACTTGTT
TACTCTGACCARCTTGGGCGCGCCTGCAGCCTTCAAGTACT TCGACACCACCATAGACK B TACACCTCTA
CARAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAAT TACGGGGCTCTATGARACAAGARTCGACCTCTCTCAG
CTCGGTGGAGACGGCACCGGCGGGCCCAAGARAGARCAGGAAGGTATACCCATACGATGTTCCTGACTATGCGGGCTA
TCCCTATGACGTCCCEGACTATGCAGGATCGTATCCT TATGACGT TCCAGATTACGCT GGATCCGCCGCTCCGGCAG
CTAAGAARAAGAAACTGGATTTCGRATCCggAAAT A CIGAA eis

"CtcgaGCCTCTAGAACTATAGTGAGTCGTATTACGT GATCCAGACATGATRAGATACATTGATGAGTTT
GCACARACCACAACTAGAATGCAGTGARRARRATGCTTTATTTGTCAAATTTGTCATGCTATTGCTTTATTTGTAAC
CATTATAAGCTGCAATARACAAGTTARCAACARCAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGE
AGGTTTTTTAATTCGCGGCCECEGCGCCAATGCATTGGGECCCGGTACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAA
TTECECGCTTCGCGTAATCATGGTCATAGCTGTTTCCTCTGTGRARTTGTTATCCGCTCACAATTCCACACARCATA
CGAGCCGCARGCATARAGTCTARAGCCTGEGGETGCCTARTGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACT
GCCCGCTTTCCAGTCEGGARACCTGTCATGCCAGCTGCAT TAATGARTCGGCCARCGCGCEGGGAGAGGCGGITTGC
CTATTGEGCGOTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGETCGTTCGGCTGCEGCGAGCGGTATCAGCT
CACTCAARGCCGRTAATACGGTTATCCACAGAATCAGGGGATARCGCAGGAARAGRACATGTGAGCAAAAGGCCAGCA
ADAGGCCAGCARCCGTARRAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACARAA
ATCGACGCTCAAGTCAGAGGT GGCGAAACCCGACAGCACTATABAGATACCAGCCGTTTCCCCCTGGAAGCTCCCTC
GTGCGCTCTCCTGTTCCGACCCTGCCEGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGARGCGTGGCGCTTTC
TCATACCTCACGCTGTAGGTATCTCAGTTCOETGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAACCCCCLG
TTCACCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACGACTTATCGCCACTG
CCAGCAGCCACTGGTARCAGGAT TAGCAGAGCCAGGTATGTAGGCGETCCTACAGAGTTCTTGAAGT GGTGGCCTAA
CTACGGCTACACTACAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGARARRGAGTTGGTA
COTCTTGATCCCECARACARACCACCGCTGGTAGCGETCETTTTTTTGTTTGCARGCAGCAGATTACGCGCAGARAA
ARRGGATCTCAAGAAGATCCTTTGATCTTTTCTACGEGGTCTGACGCTCACTGGARACCAARACTCACGT TAAGGGAT
TTTGCTCATGAGATTATCAARAAGGATCTTCACCTAGATCCTTTTAAATTARAAATGAAGT TTTAAATCAATCTAAR
GTATATATGAGTEAACTTCGTCTGACAGTTACCAATGCTTARTCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCETCGTGTAGATARCTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGE
TECARTGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATARACCAGCCAGCCGGARGGGCCGAGE
GCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCG
CCAGTTAATAGTTTGCGCARCGTTGTTGCCATTGCTACAGGCATCETGGTGTCACGCTCGTCGTTTGGTATGGCTTC
ATTCAGCTCCGGTTCCCAACGATCARGGCGAGTTACATGATCCCCCATGT TECTGCAARARRAGCGGTTAGCTCCTTCG
GTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCOCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTT
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ACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCARGTCATTCTGRAGAATAGTGTATGCG
GCGACCGAGTTGCTCTTGCCCGGCETCAATACGGGATARTACCGCGCCACATAGCAGRACT T TAAAAGTGCTCATCA
TTGGRARARCGTTCTTCGCGGCGAARACTCTCAAGGATCTTACCGCTGTTGAGATCCAGT TCGATGTAACCCACTCGT
GCACCCARCTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGCTGAGCARARRCAGGARGGCAAAATGCCGE
AMAANNGGEGAATAAGGGCGACRCGGARATGTTGAATACTCATACTCTTCCTTTTTCARTATTATTGRAAGCATTTATC
GGGTTATTGTCTCATGAGCGGATACATATTTGRAATGTATTTAGAARAATAAACAAATAGGGCTTCCGCGCACATTT
CCCCGAAAAGTGCCACCTAAATTGTAAGCGTTAATATTTTGTTARRATTCGCGTTARATTTTTGTTAAATCAGCTCA
TTTTTTAACCARTAGGCCGARATCGGCARAATCCCTTATARRTCAARAGAATAGACCGAGATAGGGTTCGAGTGTTGT
TCCAGTTTGGAACAAGAGTCCACTATTAAAGAACGTGCACTCCAACGTCARAGEGCGAAARACCGTCTATCAGGGCE
ATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTIGGGGTCGAGGTGCCCTARMAGCACTAAATCGGARCCCT
AAAGGGAGCCCCCGATTTRAGAGCTTGACGGGGAAAGCCGGCGAACGTGGCGAGAAAGGARGGGAAGARAGCGAAAGG
RGCGGGCGCTAGCGCGCTGGCRAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCLGE
TACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCGCTATTA
CGCCAGTCGACCATAGCCAATTCARTATGGCGTATATGGACTCATGCCAATTCAATATGGTCGATCTGGACCTGTGE
CAATTCARTATGCCGTATATGGACTCGTGCCAATTCAATATGGTGGATCTGGACCCCAGCCAATTCAATATGGCGGA
CTTCGCACCATGCCRATTCAATATGGCGGACTTGGCACTGTGCCAACTGGGGAGGGGTCTACTTGGCACGGTGCCAR
GTTTGAGGAGGEGTCITGGCCCIGTGCCAAGTCCGCCATATTGARTTGGCATGGTGCCAATAATGGCGGCCATATTG
GCTATATGCCAGGATCAATATATAGGCAATATCCAATATGCGCCCTATGCCAATATGGCTATTGGCCAGGTTCAATAC
TATGTATTGGCCCTATGCCATATAGTATTCCATATATGGGTTTTCCTATTGACGTAGATAGCCCCTCCCAATGGGCG
GTCCCATATACCATATATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGACGTCARTGGTCTCTATATAT
GGTCTTTCCTATTGACGTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCAATTACGGTAR
ATGGCCCGCCTGGCTCAATGCCCATTGACGTCAATAGGACCACCCACCATTGACGTCARATGGGATGGCTCATTGCCC
ATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGACGGTARATGGCCCACTTGECAGTACATCAATATCTATT
AATAGTAACTTGGCAAGTACATTACTATTGGAAGGACGCCAGGGTACAT TGGCAGTACTCCCATTGACGTCAATGGC
GGTARATGGCCCGCGATGGCTGCCAAGTACATCCCCATTCGACGTCAATGEGGAGGGGCARTGACGCARATGGGCGTT
CCATTGACGTAAATGGGCGGTACGCGTGCCTAATGGGAGGTCTATATARGCAATCCTCGTTTAGGGA
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ACCGCCATTCTGCCTGGEGACCTCGGAGCARGCTTGATTTAGGTGACACTATAGAATACARGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGRATTCAAGGATCAACAAGT TTGTACARAAAAGCAGGCTGGCGCCACCATGGACAAGAR
GTACTCCATTGGGCTCGATATCEGTACCAACAGCGTCGGCTGGGCCGTCATTANGGACGAGTACAAGGTGCCGACCA
ARAARTTCAAAGTTCTGGGCAATACCGATCGCCACAGCATARAGAAGAACCTCATTGEAGCCCTOCTGTTCGACTCC
GEGGAGACGGCCGAAGCCACGCEGCTCARAAGARCAGCACGGCGCAGATATACCCGCAGRAAGAATCGGATCTCCTA
CCTGCAGGAGATCT TTAGTAATGAGATGGCTAAGGTGCGATGACTCTTTCTTCCATAGGCTGGAGGAGTCCTTTTTGE
TGGAGGAGGATAAALAGCACGAGCGCCACCCAATCTTTGGCAATATCEGTGGACGAGGTGGCETACCATGARAACTAC
CCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACTGATAAGGCTGACTTGCGGTTGATCTATCTCGCGCT
GGCGCACATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGCACCTGAACCCAGACAACAGCGATGTCGACAMAC

CTITATCCARCTGGTTCAGACTTACAATCAGCTTTTCGAGGAGRACCCGATCAACGCATCCGGLGTTGACGCCARA

CAATCCTGAGCGCTAGGCTGTCCARATCCCGGLGGCTCCABAACCTCAT CGCACAGCTCCCTGREEAGAAGARGAR
CGGCCTGTTTGGTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATCTAACTTCGACCTGGCCGAAG
ATGCCAARGCTGCAACTGAGCARAGACACCTACGATGATGATCTCGACAATCTGCT GGCCCAGATCGGCGACCAGTAC
GCAGACCTTTTTTTGGCGGCARAGAACCTGTCAGACGCCATTCTGCTGAGTGATAT TCTGCGAGTGAACACGGACAT
CACCARAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACTTTGCTGARGGCCC
TTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTTCGATCAGTCTARARATGGCTACGCCGCATACATT
GACGGCGGAGCAAGCCAGGAGGAATTT TACAAATTTATTAAGCCCATCTTGGAARARATGGACGGCACCEAGGAGCT
GCTGGTARAGCTGAACAGAGARGATCTGTTGCGCARRCAGCGCACTTTCCACAATGGABGCATCCCCCACCAGATTC
ACCTGGGCGARCTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTT GAARGATAACAGGGARAAGATT
GAGAAAATCCTCACATTTCGGATACCCTACTATGTACGCCCCCTCGCTCEEGEEARATTCCAGATTCGCGTGGATGAL
TCGCARATCAGAAGACGACCATCACTCCCTGGAACTTCGAGGALGTCGTGGATAAGGGGGCCTCTGCCCAGTCCTTCA
TCGARAGGATGACTAACTTTGATAAAAATCTGCCTAACGAARAGGTECTTCCTARACACTCTCTGCTGTACGAGTAC
TTCACAGTTTATAACGAGCTCACCAAGGT CARATACGTCACAGAAGGGAT GAGARAGCCAGCATTCCTETCTGGAGA
GCRGAAGRANCCTATCGTGGACCTCCTCTTCAAGACGARCCGCARAGTTACCGT GARACAGCTCARAGARGACTATT
TCAAAAAGATTGAATGTTTCCACTCTGTTGRAAATCAGCGGAGT CGAGGAT CECTTCAACGCATCCCTGGGAACGTAT
CACGATCTCCTGAAAATCATTAAAGACAAGGACTTCCTGGACAATGAGGAGAACGAGGACATTCTTGAGGACATTGT
CCTCACCCTTACGTTGTTTGAAGATAGGGAGATGATTGAAGAACGCTTGAARACTTACGCTCATCTCTTCGACGACA
ARGTCATGAAACAGCTCAAGAGACGCCGATATACAGCATGGCCGCGECTETCARGARAACTGATCAATGGCATCCGA
GACAAGCAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTCCCAACCGGAACTTCATGCAGTTGAT
CCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGAARGCACAAGT T TCTGGCCAGGGGGACAGTCTTCACGAGC
ACATCGCTAATCTTGCAGGTAGCCCAGCTATCARAAAGGGAATACTGCAGACCGTTARGGTCGTGGATGAACTCGTC
ARAGTAATCGGAAGGCATARGCCCGAGAATATCGTTATCGAGATGGCCCCAGAGAACCARACTACCCACARGGGACA
GAAGRACAGTAGGGAARGGATGAAGAGGATTGAAGAGGGTATAAAAGARCTGGGGETCCCARATCCTTARAGCARCACC
CAGTTGAAAACACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGARCGGCAGGGACATCTACGTGGAT
CAGGAACTGGACATCARCCGGTTGTCCGACTACGACGTGGATCATATCGTGCCCCAAAGCTTTCTCARAGATGATTC
TATTGATAATARAGTGTTGACAAGATCCCGATAAAAATAGAGGCARAGAGTGATAACGTCCCCTCAGARGAAGTTGTCA
AGAAAATGARARATTATTGGCGGCAGCTGCTGARCGCCARACTGATCACACAACGGAAGT TCGATAATCTGACTALG
GCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCEGCTTCATCARAAGGCAGCTTGT TGAGACACGCCAGATCAC
CARGCACGTCGCCCAAATTCTCGATTCACGCATGAACACCAAGTACGATGAARATGACAAACTGATT CCGAGAGGTGA
AAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGAT TTCAGAAAGGACT TTCAGTTTTATAAGGTGACAGAGATCARC
AATTRACCACCATGCGCATGATGCCTACCTGAATGCAGT GGTAGGCACTGCACTTATCARARAATATCCCAAGCTGGA
ATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGT TAGGAAAATGATCGCARAGTCTGAGCAGGAAATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGARTT T T T TCARGACCGAGAT TACACTGGCCAATGGAGAG

Figure 33

46/138



WO 2016/106338 PCT/US2015/067424

ATTCGGAAGCGACCACTTATCGARACARACGEAGARAACAGGAGAAATCGTGTGECACAAGCGTAGCGATTTCECGAL
AGTCCGCAAGGTCCTGTCCATGCCGCAGGTGARCATCGTTARAAAGACCGAAGTACAGACCGEAGECTTOTCCAAGE
AAAGTATCCTCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCARMARAAGAT TGCGACCCCARGARATACCCCCRA
TTCGATTCTCCTACAGTCGCTTACAGTGTACTGGT TGTGGCCARAGTGGAGARAAGGCARGTCTARARAACTCAAARG
CGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCT TCEAGARARACCCCATCCACT TTCTCCARGCGR
ARGGATATAAAGAGGTCAARAAAGACCTCATCATTAAGCTGCCCARGTACTCTCTCTTTGAGCT TGAAAACGECCEE
AAACGAATGCTCGCTAGTGCGGEGCGAGCTGCAGAAAGETAACGAGCTEGCACTCOCCTCTARATACGTTAATTTCTT
GTATCTGGCCAGCCACTATGAAARGCTCARAGGEGTCTCCCCARGATAAT GACCAGAAGCAGCTGTTCATGGARCARL
ACAAACACTACCTTGATGAGATCATCGAGCARATARGCGAGTTCTCCARAAGAGTGATCCTCGCCEACGCTAACCTC
GATAAGGTGCTTTCTGCTTACAATARGCACAGGGATAAGCCCATCAGGGAGCAGECAGARAACATTATCCACTTGTT
TACTCTGACCAACTTGGGCGCGCCTGCAGCCTTCARGTACTTCGACACCACCATAGACE TACBCCTCTA
CAAAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGARACAAGAATCGACCTCTCTCAG
CTCGGTGCAGACGGCACCGGCGGGRCCCAAGAAGAAGAGGAAGETATACCCATACGATGTTCCTGACTATGOGGECTA
TCCCTATGACGTCCCGGACTATGCAGGATCGTALCCTTATGACGTTCCAGATTACGCTGCPTCCGCCGCTCCGGCAG
CTARGARARAGARACTGGATTTCGAAT coggh '

CtogaGCCTCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATTGATCAGTTT
GGACARACCACAACTAGRATGCAGT GAAAAAAATGCTTTATTTGTGAAAT TTGTGATGCTATTGCTT TATTTGTAAC
CATTATAAGCTGCAATARACARGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGT TCAGCGGGAGGTATCEE
AGGTTTTTTAATTCGCGGCCECGGECGCCARTGCATTGGGCCCGETACCCAGCTTTIGT TCCCTTTAG TGAGGGTTAR
TTGCGCGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGAAAT TGTTATCCGCTCACAATTCCACACAACATA
CGAGCCGGRAGCATARAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACT CACAT TAATTGCGTTGCGCTCACT
GCCCGCTTTCCAGTCGGGARACCTGTCGTGCCAGCTCCAT TAAT GAATCGGCCAACCCCCGGEEAGAGCCGETTTGE
GTATTGGGCGCTCTTCCECTTCCTCGCTCACTGACTCGCTGCGCT CGGTCETTCAGCTGCEGCEAGCGETATCAGCT
CACTCRAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGARAGARCATGTGAGCARRAGGCCAGCA
ARAGGCCAGGARCCGTARARAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTCACGAGCAT CACARAR
ATCGACGCTCAAGTCAGAGGTGGCGAARCCCGACAGGACTATARAGATACCAGGCETTTCCCCCTGGAAGCTCCOTC
GTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGLCT TTCTCCCTTCGGGAAGCGTGGCCCTTTC
YCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCARGCTGGGCTGTGTGCACGRACCCCCCE
TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAAGACACCACTTATCGCCACTG
GCAGCAGCCACTGGTAACAGGAT TAGCAGAGCGAGGTATGTAGGCGGTGCTACACGRGTTCTTGARGTCGTEGCCTAR
CTACGGCTACACTAGARGGACAGTATITGGTATCTGCGCTCTGCTGAAGCCACTTACCTTCGGARAAAGAGTTGGTA
GCTCTTGATCCGGCARRCARACCACCGCTGGTAGCGGTGET T T TTTTGT T TGCARGCAGCAGATTACGCGCAGABRR
AAAGGATCTCARGAAGATCCTTTGATCTTTTCTACGGEGTCTGACCCT CAGTGGAACGARANCTCACGTTARGGGAT
TTTGCTCATGAGATTATCARRRAGGATCT TCACCTAGATCCTT T TAAAT TARARATGAAGT TTTAAATCAATCTARA
GTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTARTCAGTGAGCCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCOTGTAGATAACTACGATACGGGAGGGCTTACCATCTCGCCCCAGTET
TGCAATGATACCGCCAGRCCCACGCTCACCGGCTCCAGAT TTATCAGCAATARACCAGCCAGCCGGAAGGECCGAGC
GCAGAAGTGGTCCTGCARCTTTATCCGCCTCCATCCAGTC TATTAATTGTTGCCGEGARGC TAGAGTAAGTAGTTCG
CCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGETGTCACGCTCGTCETTTCGGTATGGCTTC
ATTCAGCTCCGGTTCCCAACGATCARGGCGAGTTACATGATCCCCCATGT TG TGCAMAAAACCCGTTAGCTCCTTCE
GTCCTCCGATCGTTGTCAGAAGTARGTTGGCCGCAGTGTTATCACTCATGGT TATGGCAGCACTGCATAATTCTCTT
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ACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCAACCAAGTCATTCTGAGRAATAGTGTATGCG
GCGRACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTARAAGTGCTCATCA
TTGGARAACGTTCTTCGGGEGCGAAAACTCTCAAGGATCT TACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGT
GCACCCAACTGATCTITCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAARACAGGAAGGCARRATGCCGT
AARARNGGGAATAAGGGCGACACGGRAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTAT TGRAAGCATTTATC
AGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATT TAGARAAATARACAAATAGGGGTTCCGCGCACATTT
CCCCGARARAGTGCCACCTAAATTGTAAGCGTTAATATTTTGTTARRATTCGCGTTAAATTTTTGTTARATCAGCTCA
TTTTTTAARCCAATAGGCCGARATCGGCARAATCCCTTATARATCARAAGAATAGACCCAGATAGGGTTGAGTGTTGT
TCCAGTTTGGARCARAGAGTCCACTATTAAAGAACGTGGACTCCAACGTCARAGGGCGARRARCCGTCTATCAGGGCG
ATGGCCCACTACGTCRAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGT GCCETARAGCACTARATCGGAACCCT
ARAGGGAGCCCCCGATTTAGAGCTTGACGGGGARAGCCGGCGARCGTGGCGAGARAGGARCGGRAAGRAAAGCGARAGS
AGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTAACCACCACACCCGCCGCGCTTAATGCGCCGE
TACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGARGGGCGATCGGTGCGGGCCTCTTCGCTATTA
CGCCAGTCGACCATAGCCARTTCAATATGGCGTATATGGACTCATGCCAATTCAATATGGTGGATCTGGACCTGTGE
CAATTCAATATGGCGTATATGGACTCGTGCCAATTCAATATGGTGGATCTGGACCCCAGCCAATTCARTATGGCGGA
CTTGGCACCATGCCAATTCAATATGCCGGACTTGGCACTGIGCCAACTGGGGAGGGGTCTACTTGGCACGGTGCCAA
GTTTGAGGAGGGGTCTTGGCCCTGTGCCARGTCCGCCATATTGAAT TGGCATGETGCCAATAATGGCCGCCATATTG
GCTATATGCCAGGATCAATATATAGGCAATATCCARTATGGCCCTATGCCAATATGGCTATTGGCCAGGTTCAATAC
TATGTATTCGCCCTATGCCATATAGTATTCCATATATGGGTTTTCCTAT TGACGTAGATAGCCCCTCCCARTGGGCG
GTCCCATATACCATATATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGACGTCARTGGTCTCTATATAT
GGTCTTTCCTATTGACGTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCAAT TACGGTAA
ATGECCCGCCTGGCTCARTGCCCATIGACGTCAATAGGACCACCCACCATTGACGTCARTGGGATGGCTCATTGCCC
ATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGACGGTARATGGCCCACTTGGCAGTACATCAATATCTATT
ARTAGTARCTTGGCAAGTACATTACTATTGGAAGGACGCCAGGGTACATTGGCAGTACTCCCATTGACGTCARTGGC
GGTARATGGCCCGCGATGGCTGCCAAGTACATCCCCATTGACGTCAATGGGGAGGGGCAATGACGCABATGGGCGTT
CCATTGACGTARATGGGCGGTAGGCGTGCCTAATGCGAGGTCTATATAAGCAATGCTCGTTTAGGGA
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ACCGCCATTCTGCCTGGGGACGTCGGAGCAAGCTTGAT TTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GTACTCCATTGGECTCGATATCEGGTACCARCAGCGTCGGCTGEGCCGTCATTACGGACGAGTACAAGCTGCCGAGCA
AARRRATTCAAAGTTCTGGGCAATACCGATCGCCACAGCATAARGARGAACCTCAT TGGAGCCCTCCTGTTCCACTCC
GGGGAGACGGCCGAAGCCACGCGGCTCARARGARCAGCACGGCGCAGATATACCCECAGARAGAATCGGATCTGCTA
CCTGCAGGAGATCTTTAGTAATGAGATGGCTAAGGTGGATGACTCTTTCT TCCATAGGCTGGAGGAGTCCTTTTTGS
TGGAGCAGGATAARAAGCACGAGCGCCACCCAATCT I TGGCAATATCGTGCACGAGGTGECGTACCATGARAAGTAC
CCARCCATATATCATCIGAGCAAGAAGCTGGTAGACAGTACTGATARCGECTCACTTGCEGTTCATCTATCTCECGCT
GGCECACATGATCAAATTTCGEGGACACTTCCTCATCGAGGGEGACCTGAACCCAGACAACAGCGATETCGACARRC
TCTTTATCCAACTGGTTCAGACT TACAATCAGCTTTTCGAGGAGAACCCGATCAACGCATCCGGCGT TGACGCTAAR
GCARTCCTGAGCGCTAGGCTGETCCAARTCCCGGCEGCTCGARAACCTCATCGCACAGCTCCCTGGGCAGAAGARGAR
CGCCCTGTTTGETAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTARAT CTARCTTCGACCTGECCGAAG
ATGCCAAGCTGCAACTGAGCAARGACACCTACGATGATGATCTCGACAAT CTGCTEGCCCAGATCGECGACCAGTAC
GCAGACCTTTTTTTGGCGGCARAGAACCT GTCAGACGCCATTCTGCTGAGTGATATTCTGCGAGT GAACACGGAGAT
CACCARAGCTCCGCTGAGCGCTAGTATGATCARGCGCTATCATGAGCACCACCRAGACTTGACTTTGCTGARGGCCC
TTGTCAGACAGCARCTGCCTIGAGAAGTACARGGARATTTTCTTCGAT CAGTC TARARAT GECTACGCCGGATACATT
GACGGCGGAGCARGCCAGGAGGAATT T TACAAATTTATTAAGCCCATCTTGEARRARATGEACGGCACCGAGGAGCT
GCTGGTAAAGCTCARCAGAGAAGATCTGTTGCGCARARCAGCGCACT T TCGACARTGEAAGCATCCCCCACCAGATTC
ACCTGGGCGARCTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGARAGATAACACCGGAZRAGATT
GAGARARATCCTCACATTTCGGATACCCTACTATGTAGECCCCCTCGCTCGEGGARATTCCAGATTCCCCTGEATGEAL
TCGCARATCAGAAGRAGACCATCACTCCCTGGAACTTCGAGGAAGTCETGGATARAGGRGECCTCTGCCCAGTCCTTCA
TCGARAGGATGACTARCTTTGATARAAATCTGCCTARCGAAARGGTGCT TCCTARACACTCTCTGCTGTACGAGTAC
TTCACAGTTTATAACGAGCTCACCAAGGTCARRTACGTCACAGAAGGGATGAGARAGCCAGCATTCCTETCTCGAGE
GCASAAGRAAAGCTATCGTGEACCTCCTCTTCARGACGAACCGGARAGT TACCETGAANCAGCTCARACAACACTATT
TCAAARAGATTGAATGTTTCGACTCTGT TGARATCAGCGCAGT GEAGGATCGCT TCAACGCATCCCT GEGAACGTAT
CACGATCTCCTGAARRTCATTARAGACARGGACTTCCT GGACAATGAGEAGAACCAGGACATTCT TGAGGACATTGT
CCTCACCCTTACGTTGT TTGAAGATAGGGAGATGAT TGARAGAACGCTTGARAAACT TACCCTCAT CTCTTCGACGACA
BAGTCATGAARCAGCTCAAGAGACGCCGATATACAGGATGGGGECEGCTGTCARGAARACTGATCAATGGCATCCGA
GACRAGCAGAGTGGARAGACAATCCTGGATTTTCTTAAGTCCGATGGAT T TGCCAACCGEAACT TCATCOAGTTGAT
CCATGATGACTCTCTCACCTTTAAGGAGGACATCCAGAAAGCACARGT TTCTGECCAGGEGGACAGTCTTCACGAGS
ACATCGCTAATCTTCCAGGTAGCCCAGCTATCARARAGGCARTACTGCAGACCET TAAGGTCGTGGATCARCTCGTC
ARACTRATGGGAAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCGAGAGRACCAAACTACCCACAAGGGACA
GAAGAACAGTAGGGARRGGATGAAGAGGAT TGARGAGGCTATARARGARCTGGGCTCCCARATCCTTARGGARACACC
CAGTTGAAAACACCCAGCTICAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGCACATGTACGTGGAT
CAGGARCTGGACATCARCCCGTTGTCCGACTACGACGTGGATCATATCGT GCCCCARAGCTTTCTCARACGATGATTC
TATTGATAATARAGTGTTGACAAGAT CCGATARAAATAGAGGGRAGAGTGATAACGTCCCCTCAGAAGARGTTCTCA
AGAARATGAAMAATTATTGGCGCCAGCTGCTGAACGCCARACTGAT CACACARCGGAAGT TCCATAATCTCACTALG
GCTGARCGAGGTGGCCTGTCTCGAGTTGGATAAAGCCGGCTTCAT CARRAGGCAGC T TGTTGAGACACGCCAGAT CAC
CAAGCACGTGGCCCARATTCTCCATTCACGCATGARCACCARGTACGAT GAAAATGACARACTGAT TCGAGAGETGR
AAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTTCAGARAGGACTTTCAGTT TTATARGGTGAGAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGARTGCAGTGGTAGGCACTGCACTTAT CARAAAATATCCCARGCTGGA
ATCTGRATTTGTTTACGGAGACTATARAGTGTACGATGTTAGGRARATGATCGCAARGTCTGAGCAGCAAATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAATTTTTTCARAGACCCAGAT TACACTGGCCAATCGAGAG
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ATTCGGAAGCGACCACTTATCGARACARACGGAGAALACAGGAGARATCGTGTGGGACAAGGGTAGGGATTTCGCGAC
ACTCCGCAAGGTCCTGTCCATGCCGCAGGTGAACATCGTTARARAGACCGARGTACAGACCGGAGGCTTCTCCAAGG
AABGTATCCTCCCGARAAGGARCAGCGACAAGCTCATCGCACGCARARRAGATTGGGACCCCAAGRAAATACGGCGGA
TTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCARAGTGGAGRRAGGGAAGTCTAMAAAACT CARAAG
CGTCAAGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTCGAGAAAAACCCCATCGACTTTCTCGAAGCGA
AAGGATATAARGAGGTCAAARRAGACCTCATCATTAAGCTGCCCAAGTACTCTCTCTTTGAGCTTGARAACGGCCGE
AAZLCGAATGCTCGCTAGTGCGGGCGAGCTGCAGAAAGGTARCGAGCTGGCACTGCCCTCTAAATACGTTAATTTCTT
GTATCTGGCCAGCCACTATGAAARGCTCAAAGGGTCTCCCGARGATAATGAGCAGAAGCAGCTCTTCGTGGAACAAC
ACADACACTACCTTGATGAGATCATCGAGCAAATARGCGAGTTCTCCARARAGAGTGATCCTCGCCGACGCTAACCTC
GATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATAAGCCCATCAGGGAGCAGGCAGRARACATTATCCACTTGTT
TACTCTGACCRACTTGGGCGCGCCTGCAGCCTTCARGTACTTCGACACCACCATAGAC
CABRGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGARACAAGRATCGACCTCTCTCAG
CTCGGTGGAGACCGCACCGGCGGGCCCARGAAGARGAGGAAGGTATACCCATACGATGTTCCTGACTATGCGGGCTA

TCCCTATGRACGTCCCGGACTATGCAGCATCGTATCCTTATGACGTTCCAGATTACGCTGGATCCGCCGCTCCGECAG
CTAAGAARAAGAARCTGGATTTCGAATccgyg

CtecgaGCCTCTAGAACTATAGTGAGTCGTATTACGTAGATCCAGACATGATARGATACATTGATGAGTTT
GGACRARCCACAACTAGAATGCAGTGAARAAARTGCTTTATTTGTGARATTITGTGATGCTATTGCTTTATTTGTAAC
CATTATAAGCTGCAATAARCAAGTTARCARCAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTGTGGE
AGGTTTTTTARTTCGCGGCCGCGGCGCCAATGCATTGGGCCCGGTACCCAGCTTTTGTTCCCTITAGTGAGGGTTAA
TTGCGCGCTTGGCGTAATCATGGTCATAGCTGTTTCCTGTGTGARATTGTTATCCGCTCACARATTCCACACAACATA
CGAGCCGGRAGCATAAAGTGTARAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACT
GCCCGCTTTCCAGTCGGGARACCTCTCGTGCCAGCTGCATTAATCGAATCGGCCAACGCGCGGGEAGAGGCGGETTTGC
GTATTGGCECGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCGGCTGCGGCGAGCGGTATCAGCT
CACTCAARGGCGGTAATACGGTTATCCACAGAATCAGGGGATARCCCAGGARAGRACATGTGAGCAAAAGGCCAGLCA
ARAGGCCAGGAARCCETAARAAGGCCGCGTTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAARA
ATCGACGCTCARGTCAGAGGTGECGARACCCGACAGGACTATARAGATACCAGECGTTTCCCCCTGGAAGCTCCCTC
GTGCGCTCTCCTGTTCCGACCCTCCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGEGAAGCGTGGCGCTTTC
TCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCARAGCTGGGCTGTGTGCACGARCCCCCCG
TTCAGCCCGACCGCTGCECCTTATCCCGTAACTATCGTCTTGACGTCCAACCCGGTARGACACGACTTATCGCCACTG
GCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGTGCTACAGAGTTCTTGARGTGGTGGCCTAA
CTACGGCTACACTAGAAGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGARNAAGAGTTGGTA
GCTCTTGATCCGGCARACAAACCACCGCTGGTAGCGGTGGTTTITITGTITGCAAGCAGCAGAT TACGCGCAGAARA
ARAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGAT
TTTGETCATGAGAT TATCAAARAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAAATCARTCTAAA
GTATATATGAGTAAACTTGETCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGRTAACTACGATACGGEGAGGGCTTACCATCTGGCCCCAGTGC
TGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATARACCAGCCAGCCGGARGGGCLGAGL
GCAGAAGTGGETCCTGCAACTTTATCCGCCTCCATCCAGTCTATTARATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCG
CCAGTTAATAGTTTGCGCEACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCEGTTTGGTATGGCTTC
ATTCAGCTCCGGTTCCCAACGATCARGGCGAGTTACATGATCCCCCATGTTGTGCAARAAAGCGGTTAGCTCCTTCG
GTCCTCCGATCGTTGTCAGRAGTARGTTGGCCGCAGTGTTATCACTCATGETTATGGCAGCACTGCATAATTCTCTT
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ACTGTCATGCCATCCGTAAGATGCTTT TCTGTGACTGGTGAGTACTCARCCAARGTCATTCTGAGAATAGTGTATGCG
GCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGAACTTTAARAGTGCTCATCA
TTGGAAAACGTTCTTCGGCCCGARARACTCTCAAGGATCT TACCGCTGTTGAGATCCAGTTCGATCTAACCCACTCGT
GCACCCRACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAARARCAGGAAGGCARARTGCCGT
ABAARAGGEGAATAAGGGCGACACGGARATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTGARGCATTTATC
AGGGTTATTGTCTCATGRAGCGGATACATATTIGAATGTATTTAGARAAATARACAAATAGGCGTTCCGCGCACATTT
CCCCGARARGCTCCCACCTAAATTGTAAGCGTTAATATTTTGTTAARATTCGCGTTARAATTTTTGTTAAATCAGCTCA
TTTTTTAACCAATAGGCCGAARTCGGCAARATCCCTTATARATCARAAGRATAGACCGAGATAGGGTTGAGTGTTGT
TCCAGTTTGGAARCAAGRAGTCCACTATTAARAGAACGTGGACTCCAACGTCAAAGGGCGAARRACCGTCTATCAGGECE
ATGGCCCACTACGTGAACCATCACCCTAATCAAGTTTTTTGGGGTCGAGGTGCCGTAAAGCACTAAATCGGARCCCT
AAAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGECGARCGTGGCGAGARAGGARGGGAAGARAGCGAAAGS
AGCGEGCECTAGCCECECTGECARGTGTAGCGCTCACGCTGCGCGTARCCACCACACCCGCTGCGCTTAATGCGCCGE
TACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGEARGGGCGATCECGTGCGGGECCTCTTCCGCTATTA
CGCCAGTCGACCATAGCCARTTCAATATGGCGTATATGGACTCATGCCAATTCAATATGGTGGATCTGGACCTGTGE
CAATTCAATATGGCGTATATGGACTCCTGCCRATTCAATATGGTGGATCTGGACCCCAGCCAATTCAATATGGCGGA
CTTGGCACCATECCAATTCARTATGGCGGACTTGGCACTGTGCCAACTGGGGAGGGGTCTACTTGCCACGGTGCCAA
GTTTGAGGAGGGGTCTTGGCCCTGTGCCAAGTCCGCCATATTGRATTGGCATGGTGCCAATAATGGCGGCCATATTG
GCTATATGCCACGATCAATATATAGGCAATATCCAATATGGCCCTATGCCARTATGGCTATTGGCCAGGTTCAATAC
TATGTATTGGCCCTATGCCATATAGTATTCCATATATGGGTTTTICCTATTGACGTAGRATAGCCCCTCCCAATGGEGECE
CTCCCATATACCATATATGGGGCTTCCTARTACCGCCCATAGCCACTCCCCCATTGACGTCAATGGTCTCTATATAT
GGTCTTTCCTATTGACGTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCAATTACGGTAA
ATGGCCCGCCTGGCTCAATCCCCATTGACGTCARTAGGACCACCCACCATTGACGTCAATGGGATGGCTCATTGCCC
ATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGACGGTARATGGCCCACTTGGCAGTACATCAATATCTATT
AATAGTAACTTGGCAAGTACATTACTATTGGAAGGACGCCAGGGTACATTGGCAGTACTCCCATTGACGTCARTGGEL
GGTAAATGGCCCGCGATGGCTGCCAAGTACATCCCCATTGACGTCARTGGGGAGGGGCAATGACGCARATGGGCGTT
CCATTGACGTARATGGECGGTAGGCGTGCCTAATGGGAGGTCTATATAAGCAATGCTCGTTTAGGGA

Figure 34 CONT

51/138



WO 2016/106338 PCT/US2015/067424

> pCS-Dest Cas9 ZFTS4

ACCGCCATTCTGCCTGGGGACGTCGGAGCARGCTTGATTTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGAATTCARGGATCAACAAGT T TGTACARARAAGCAGGCTGGCGCCACCATGGACARGAA
GTACTCCATTCGGCTCGATATCGETACCAACAGCGTCGECTGGGCCGTCATTACGGACGAGTACAAGGTGCCGAGCA
ARRARTTCAAAGTTCTGGGCAATACCGATCGCCACAGCATARAGARGARCCTCATTGGAGCCCTCCTGTTCGACTCC
GGGGAGACGGCCGAAGCCACGCGGCTCARRAGARCAGCACGGCGCAGATATACCCGCAGRALGAATCGGATCTGCTA
CCTGCAGGAGATCTTTAGTAATGAGATGGCTARGGTGGATGACTCTTTICTTCCATAGGCTGGAGGAGTCCTTTITGG
TGEAGGAGGATARARAGCACGAGCGCCACCCAATCTTTGGCAATATCGT GGACGAGGTGGCGTACCATGAARAGTAC
CCARACCATATATCATCTGAGGRAGAAGCTGGTAGACAGTACTGATAAGGCTGACTIGCGETTGATCTATCTCGCGCT
GGCGCACATGATCARATTTCGGGGACACTTCCTCATCGAGGGGGACCTGARCCCAGACRARCAGCGATGTCGACRAAC
TCTTTATCCAACTGGTTCAGACTTACAATCAGCTITTCGAGGAGRACCCGATCAACGCATCCGGCGTTGACGCCAAR
GCAATCCTIGAGCGCTAGGCTGTCCAAATCCCGGCGGLTCGAARACCTCATCGCACAGCTCCCTGGGGAGARGAAGAR
CGGCCTGTTTGGTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCAACTTTAAATCTARCTTCGACCTGGCCGAAG
ATGCCARGCTGCAACTGAGCAAAGACACCTACGATGATGATCTCGACARTCTGCTGGCCCAGATCGGCGACCAGTAC
GCAGACCTTTTTITGGCGGCARAGRACCTGTCAGACGCCATTCIGCTGAGTGATATTICTGCGAGTGAACACGGAGAT
CACCRAAGCTCCGCTGAGCCCTAGTATGATCAAGCGCTATGATGAGCACCACCAAGACTTGACTTTGCTGAAGGCCC
TTGTCAGACAGCAACTGCCTGAGAAGTACAAGGAAATTTTCTTCGATCAGTCTARARATGGCTACGCCGGATACATT
GACGECGGAGCAAGCCAGGAGGAATTTTACAAATTTATTAAGCCCATCTTGGARAARAT GGACGGCACCGAGGAGCT
GCTGGTAARGCTGAACAGAGAAGATCTGTTGCGCARACAGCGCACTTTCGACAATGGRAGCATCCCCCACCAGATTC
ACCTGGGCGAACTGCACGCTATCCTCAGGCGGCARGAGGATTTCTACCCCTTTTTCAAAGATAACAGGGARARGATT
GAGARRATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCGCTCGGGCRAATTCCAGATTCGCGTGGATGAC
TCGCAARTCAGAAGAGACCATCACTCCCTGGAACTTCGAGGARGTCGTGGATARGGGGGCCTCTGCCCAGTCCTTCA
TCGAAAGGATGACTAACTTTGATARRAATCTGCCTAACGARARGGTGCTTCCTAARCACTCTCTGCTGTACGAGTAC
TTCACAGTITATARCGAGCTCACCAAGGTCAAATACGTCACAGRAGGGATGACAAAGCCAGCATTCCTGTCTGGAGA
GCAGAAGARAGCTATCGTGGACCTCCTICTTCAAGACGAACCGGRAARGTTACCGTGARACAGCTCARAGAAGACTATT
TCAAARAGATTGAATGTITCGACTCTGTTGAAATCAGCGGAGTGGAGGATCGCTTCAACGCATCCCTGGGAACGTAT
CACGATCTCCTGAARRTCATTAARGACRAGGACTTCCTGGACAATGACGAGARACGAGGACATTCTTGAGGACATTGT
CCICACCCTTACGTTIGTTTGAAGATAGGGAGATGATTGARGARCGCTTGAARRCTTACGCTCATCTCTTCGRCGACA
AAGTCATGARACAGCTCAAGAGACGCCGATATACAGGATGCGGGCGGCTGTCARGARRACTGATCAATGGCATCCGA
GACAAGCAGACTGGRAAAGACAATCCTGCGATTTTCTTAAGTCCGATCGGATT TGCCAACCGGAACTTCATGCAGTTGAT
CCATGATGACTCTICTCACCTTTAAGGAGGACATCCAGARAGCACARGTTTCTGGCCAGGGGGACAGTCTTCACGAGT
ACATCGCTAATCTTGCAGGTAGCCCAGCTATCARRAAGGGAATACTGCAGACCGTTAAGGTCGTGGATGARCTCGTC
ARAGTAATGGGAAGGCATAAGCCCGAGAATATCGTTATCGAGATGGCCCGAGAGARCCARACTACCCAGARGGGACA
GAAGAACAGTAGGGAARGGATGAAGAGGATTGARGAGGGTATARAAGAACTGCGGTCCCARATCCTTAAGGAACACC
CAGTTGAARACACCCAGCTTCAGAATGAGAAGCTCTACCIGTACTACCTGCAGAACGGCAGGGACATGTACGTGGAT
CAGGAACTGGACATCAACCGGTTGTCCCGACTACGACGTGGATCATATCETGCCCCAARGCTTTCTCARAGATGATTC
TATTGATAATARAGTGTTGACAAGATCCGATAARRATAGAGGGAAGAGTGATAACGTCCCCTCAGAAGAAGTTGTCA
AGRARAATGAARAATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACAACGGRAGTTCGATAATCTGACTARG
GCTGAACGAGGTGGCCTGTCTGAGTTGGATAAAGCCGGCTTCATCAARAGGCAGCTTGTTGAGACACGCCAGATCAC
CAAGCACGTGGCCCARATTCTCGATTCACGCATGAACACCAAGTACGATGARAATGACARACTGATTCGAGAGGTGA
AAGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATTICAGAAAGGACTT TCAGTTTTATARGGTGAGAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACTTATCAARARATATCCCARAGCTGGA
ATCTGAATTTGTTTACGGAGACTATAAAGTGTACGATGT TACGAAAATGATCGCARAGTCTGAGCAGGAARTAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCRAATATTATGAAT TTTTTCAAGACCGAGAT TACACTGGCCAATGGAGAG
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ATTCGGAAGCGACCACTTATCGARACAAACGGAGAAACAGGAGAAATCCTGTGGGACARGEGTAGGGATTTCCECEAC
AGTCCGCAAGGTCCTGCTCCATGCCGCAGGTGAACATCGT TAARAAGACCGAAGTACAGACCGGAGGCTTCTCCARGE
ARARGTATCCTCCCGAAAAGGAACAGCGACAAGCTGATCGCACGCAAARRAGATTGGGACCCCAAGAAATACGGCGGA
TTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGGCCAAAGTGGAGRARGGGAAGTCTAAAARACTCARAAG
CGTCARGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTCGAGAAARRCCCCATCGACTTTCTCGAAGCGA
AAGGATATAARGAGGTCAARAAAGACCTICATCATTAAGCTGCCCARGTACTCTCTCTTTGAGCT TGARARCGGCCGG
ARACGAATGCTCCCTAGTGCGGECGAGCTGCAGAAAGGTARCGAGCTGGCACTGCCCTCTAARTACGTTAATTTICTT
GTATCTGGCCAGCCACTATGAAARGCTCARAGGGTCTCCCGAAGATAATGAGCAGAAGCAGCTGTTCCTGGAACAALC
ACAAACACTACCTTGATGAGATCATCGAGCAAATAAGCGAGTTCTCCARMAAGAGTGATCCTCGCCEGACGCTARCCTC
GATAAGGTGCTTTCTGCTTACAATARGCACAGGGATAAGCCCATCAGGGAGCAGGCAGRARACATTATCCACTTGTT
TACTCTGACCAACTTGGGCECGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGA TACACCTCTA
CARAGGAGGTCCTGGACGCCACACTGATTCATCAGTCAATTACGGGGCTCTATGAAACAAGAATCGACCTCTCTCAG
CTCGGTGCAGACGGCACCGGCGGGCCCAAGAAGAAGAGGAAGGTATACCCATACGATGTTCCTGACTATGCGGGCTA
TpCCTATGACFTCCCGGACTATJCAGGATCGTATCCTTATGACGTTCCACATTACGC’GCATCCGCCGCTCCGGCAG
CT AAGAAAAAGAAACTGGATTTCGAATCng

=%@%thgaGCC;CTAG TATAGTGAGTCGTATTACGTAGATCCAGACATGATAAGATACATTGATGAGTTT
GGACARACCACAACTAGAATGCAGTGARAAARRATGCTTTATTTGTGARATTTGTGATGCTATTGCTTTATTTGTAAC

CATTATAAGCTGCAATAAARCAAGTTAACRRCRAACAATTGCATTCATTTTATGTTTCAGGTTCAGGGGGAGGTCTGGE
ACGTTTTTTAATTCGCGGCCGCGGCGECCARTGCATTGGGCCCGETACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAA
TTGCGCGCTTGGCETAATCATGGTCATAGCTGTTICCTGTGTGARATTGTTATCCGCTCACAATTCCACACAACATA
CGAGCCGGAAGCATARAGTGTARAGCCTGGGGTGCCTARTGAGTGAGCTAACTCACATTAATTCCGTTGCGCTCACT
GCCCGCTTTCCAGTCGGGAARCCTGTCGTGCCAGCTGCATTAATGARTCCGCCAACGCGCGGEGGAGAGGCGGTTTGE
GTATTCGGCGCTCTTCCGCTTCCTCGCTCACTGRACTCGCTGCGCTCGGTCGTTCGECTGCGGCGAGCGGTATCAGCT
CACTCAAAGGCGGTRAATACGGTITATCCACAGAATCAGCGGATAACGCAGGARAGAACATGTGAGCAMAAGGCCAGCA
ARAGGCCAGGAACCGTARARRGGCCGCETTGCTGGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACARAR
ATCGACGCTCAAGTCAGAGGTGGCGRAAACCCGACAGGACTATARAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTC
GTGCGCTCTCCTGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGARGCOTGGCGCTTTC
TCATAGCTCACGCTGTAGGTATCTCAGTTCGETGTAGGTCGTTCGCTCCARGCTGGGCTGTGTGCACGAACCCCCLG
TTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCARCCCGGTARGACACGACTTATCGCCACTG
GCAGCAGCCACTGGTARCAGGATTAGCAGAGCGAGGTATGTAGGCGETGCTACAGAGTTCTTGAAGTGGTGGCCTAR
CTACGGCTACACTAGARGGACAGTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGCAARARGAGTTGGTA
GCTCTTGATCCGGCARACARACCACCGCTGETAGCGGTGGTTTTTTTGT TTGCAAGCAGCAGATTACGCGCAGAANA
ARAGGATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGARRACTCACGTTAAGGGAT
TTTGGTCATGAGATTATCARAAAGGATCTTCACCTAGATCCTTTTARAT TAAAARTGAAGT TTTARATCAATCTARA
GTATATATGAGTAAACTTGCTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATARCTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGC
TGCAATGATACCGCGAGACCCACGCTCACCGGCTCCAGAT T TATCAGCARTARACCAGCCAGCCGGAAGGGCCGAGT
GCAGARGTGGETCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGCAAGCTAGAGTAAGTAGTTCG
CCAGTTAATAGTTTGCGCARCGTTCTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGLTTC
ATTCAGCTCCEGTTCCCAACGAT CAAGGCGAGTTACATGATCCCCCATGTTGTGCAARAAAGCGGTTAGCTCCTTCG
GTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATARTTCTCTT
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ACTGTCATGCCATCCGTRAGATGCTITTCTGTGACTGGTGAGTACTCARCCAAGTCATTCTGAGRATAGTGTATGCG
GCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGARCTTTARAAGTGCTCATCA
TTGGARAACCTTCTTCGGEGCGAMAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGT
GCACCCRACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAARRACAGGARGGCARARTGCCGC
DARAAAGGGAATAAGGGCGACACGGRAATGTTGRAATACTCATACTCTTCCTITTTCAATATTATTGAAGCATTTATC
AGGGTTATTGTCTCATCGAGCGGATACATATTTGAATGTATTTAGARARATARACAAATAGGGGTTCCGCGCACATTT
CCCCGAARAGTCCCACCTARATTGTAAGCGTTAATATTTIGTTAAARTTCGCGTTARATTTTTGTTARATCAGCTCA
TTTTTTAACCARTAGGCCGAAATCGGCARARTCCCTTATRAATCARRAGAATAGACCGRAGATAGGGTTGAGTGTTGT
TCCAGTTTGGAACAAGAGTCCACTATTARAGAACGTGGACTCCAACGTCARAGGGCGARARACCGTCTATCAGGGLG
ATGGCCCACTACGTGARCCATCACCCTARTCAAGTTTTTTGGGGTCGAGGTGCCGTARARGCACTAAATCGGAACCCT
ABRAGGGAGCCCCCGATTTAGAGCTTGACGGGGAAAGCCGGCGRACGTGGCGAGAAAGGAAGGGAAGARAGCGAAAGE
AGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCEGTAACCACCACACCCGCCGCGCTTAATGCGCCGC
TACAGGGCGCGTCCCATTCGCCATTICAGGCTGCGCAACTGTTGGGARGGGCGATCGGTGCGGGCCTCTTCGCTATTA
CGCCAGTCGACCATAGCCAATTCAATATGGCETATATGGACTCATGCCARTTCAATATGGTGGATCTGGACCTGTGE
CRATTCARTATGGCGTATATGGACTCGTGCCARTTCAATATCGTGGATCTGGACCCCAGCCARATTCAATATGGCGGA
CTTGGCACCATGCCAATTCAATATGGCGGACTTGGCACTGTGCCARCTGGGGAGGGGTCTACTTGGCACGGTGCCAA
GTTTGAGGAGGGGTCTTGGCCCTGTGCCAAGTCCGCCATATTGAATTGGCATGCGTGCCAATAATGCCGGCCATATTG
GCTATATGCCAGGATCAATATATAGGCAATATCCAATATGGCCCTATGCCAATATGGCTATTGGCCAGGTTCAATAC
TATCTATTGGCCCTATGCCATATAGTATTCCATATATGGGTTITCCTATTIGACGTAGATAGCCCCTCCCAATGGGCG
GTCCCATATACCATATATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGACGTCAATGGTCTCTATATAT
GCTCTTTCCTATTGACGTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTCGACGTCAATTACGGTAA
ATGGCCCGCCTGGCTCAATGCCCATTGACGTCARTAGGACCACCCACCAT TGACGTCAATGGGATGGCTCATTGCCC
ATTCATATCCGTTCTCACGCCCCCTATTGACGTCRAATGACGGTARATGGCCCACTTGGCAGTACATCAATATCTATT
AATAGTRACTTGGCARGTACATTACTATTGGAAGGRCGCCAGGGTACATTGGCAGTACTCCCATTGACGTCAATGGC
GGTAARATGGCCCCCGATGECTGCCAAGTACATCCCCATTGACGTCART GGGGAGGEGCAATGACGCARATGGGCGTT
CCATTGACGTARATGGGCGGTAGGCGTGCCTAATGGGAGGTCTATATAACCAATGCTCGTTTAGGGA
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> pCS-Dest_Cas9™™® ZFTS4

ACCGCCATTCTGCCTGGGGACGTCGGAGCAAGCTTGAT TTAGGTGACACTATAGAATACAAGCTACTTGTTCTTTTT
GCAGGATCCCATCGATTCGAATTCAAGGATCAACAAGT TTGTACAAARAAAGCAGGCTGGCGCCACCATGGACAAGAA
GTACTCCATTGGGCTCGATATCGGTACCAACAGCGTCGGCTCGECCGTCATTACGGACGAGTACAAGGTGCCGAGCA
ARARRTTCAAAGTTCTGGGCAATACCGATCGCCACAGCATARAGARGRACCTCATTGGAGCCCTCCTGTTCGACTCC
GGGGAGACGGCCGAAGCCACGCGGCTCAAAAGARCAGCACGGCGCAGATATACCCGCAGARAAGRATCGGATCTGCTA
CCTGCAGGAGATCT TTAGTAATGAGATGGCTAAGGTGGATGACTCTTTCT TCCATAGGCTGGAGGAGTCCTTTTTGG
TGCAGGAGGATAARAAGCACGAGCGCCACCCAATCTTTGGCAATATCGTGGACGAGGTGGCGTACCATGARALGTAC
CCAACCATATATCATCTGAGGAAGAAGCTGGTAGACAGTACTGATAAGGCTGACTTGCGGTTGATCTATCTCGCGCT
GGCGCACATGATCAAATTTCGGGGACACTTCCTCATCGAGGGGGACCTGAACCCAGACAACAGCGATGTCGACAAAC
TCTTTATCCAACTGGTTCAGACTTACAATCAGCTTTTCGAGGAGAACCCGATCARCGCATCCGGCGTTGACGCCARA
GCAATCCTGAGCGCTAGGCTGTCCARATCCCGGECGGCTCEARAACCTCATCGCACAGCTCCCTGGGGAGAAGAAGAA
CGGCCTGTTTGGTAATCTTATCGCCCTGTCACTCGGGCTGACCCCCARCTTTARAT CTAACT TCGACCTGGCCGARG
ATGCCAAGCTGCAACTGAGCARAGACACCTACGATGATGATCTCGACAATCTGCTGGCCCAGATCGGCGACCAGTAC
GCAGACCTTTTTTTGGCEGCARAGAACCTGTCAGACGCCATTCTGCTGAGTGATAT T CTGCGAGTGARCACGGAGAT
CACCARAGCTCCGCTGAGCGCTAGTATGATCAAGCGCTATGATGAGCACCACCARGACTTGACTTTGCTGAAGGCCE
TTGTCAGACAGCRACTGCCTGAGAAGTACAAGGAAATTT TCTTCGATCAGTCTARAAATGGCTACGCCGGATACATT
GACGGCGGAGCAAGCCAGGAGGAAT TTTACAAATTTATTAAGCCCATCTTGGARARAATGGACGGCACCGAGCAGET
GCTGGTARAGCTGAACAGAGAAGATCTGTTGCGCAARCAGCGCACTTTCGACAAT GGARGCATCCCCCACCAGATTC
ACCTGGGCGAACTGCACGCTATCCTCAGGCGGCAAGAGGATTTCTACCCCTTTTTGARAGATAACAGGGAAAAGATT
GAGARAATCCTCACATTTCGGATACCCTACTATGTAGGCCCCCTCACTCGGGEARAT TCCAGATTCGCGTGGATGAC
TCGCAARTCAGARAGAGACCATCACTCCCTGGAACT TCGAGGAAGT CCTGGATARGGGGGCCTCTGCCCAGTCCTTCA
TCGARAGGATGACTAACTTTGATARRRATCTGCCTAACGARAAGGTCCTTCCTARACACTCTCTGCTGTACGAGTAC
TTCACAGTTTATAACGAGCTCACCAAGGTCARATACGTCACAGAAGGGATGAGARAGCCAGCATTCCTGTCTGGAGA
GCAGAAGAAAGCTATCGETGGACCTCCTCTTCARGACGAACCGGARAGT TACCGTGAAACAGCTCARAGAAGACTATT
TCAARANGATTGAATGTTTCGACTCTGTTGARATCAGCGGAGTGGAGCATCGCT TCAACGCAT CCCTGGGAACGTAT
CACGATCTCCTGARAATCATTAARGACAAGGACTTCCTGGACAAT GAGGAGAACGAGGACATTCTTGAGGACATTGT
CCTCACCCTTACGTTGT TTGARGATAGGGAGATGAT TGRAGARCGCTTGAAAACT TACGCTCATCTCTTCGACCACA
AAGTCATGAAACAGCTCAAGAGACGCCGATATACAGGATGGGGGCGGCTGTCARGRARACTGATCARTGGCATCCCA
GACAAGCAGAGTGGAAAGACAATCCTGGATTTTCTTAAGTCCGATGGATTTGCCARCCGGARCT TCATGCAGTTGAT
CCATGATGACTCTCTCACCTTTARGGAGGACATCCAGARAGCACARGTTTCTGGCCAGGGGCACAGTCTTCACGAGE
ACATCGCTAATCTTGCAGGTAGCCCAGCTATCAAAAAGGGARTACTGCAGACCGT TARAGGT CGTGGATGAACTCGTC
ABAGTAATGGGAAGGCATARGCCCGAGAATATCGT TATCGAGATGGCCCGAGAGAACCAAACTACCCAGARGGGACA
GAAGAACAGTAGGGAAAGGATGAAGAGGATTGAAGAGGGTATAARAGARCTGGGGTCCCAAATCCT TAAGGARCACT
CAGTTGAARACACCCAGCTTCAGAATGAGAAGCTCTACCTGTACTACCTGCAGAACGGCAGGGACATGTACGTCGAT
CAGGRAACTGGACATCAACCGGTTGTCCGACTACGACGTGGATCATATCGTGCCCCAARGCTTTCTCARAGATGATTC
TATTGATARTARAGTGTTGACAAGATCCGATARAAATAGAGGGARGAGTGATAACGTCCCCTCAGAAGAAGTTGTCA
AGAARATGAAARATTATTGGCGGCAGCTGCTGAACGCCAAACTGATCACACAACGGAAGT TCGATAATC TCACTAAG
GCTGAACGAGGTGGCCTGTCTGAGTTGGATAARGCCGGCTTCATCARAAGGCAGCTTGTTGAGACACGCCAGATCAC
CAAGCACGTGGCCCAAATTCTCGATTCACGCATGARCACCAAGTACGATGAAAATGACARACTGATTCGAGAGGTGA
ARGTTATTACTCTGAAGTCTAAGCTGGTCTCAGATT TCAGARAGGACTTTCAGTTTTATAAGGTGAGAGAGATCAAC
AATTACCACCATGCGCATGATGCCTACCTGAATGCAGTGGTAGGCACTGCACT TATCARAAARATATCCCARGCTGEA
ATCTGAATTTGTTTACGGAGACTATARAGTGTACGATGTTAGCAAAATGAT CGCARAGTCTGAGCAGGARATAGGCA
AGGCCACCGCTAAGTACTTCTTTTACAGCAATATTATGAAT TTTT TCAAGACCGAGAT TACACTGGCCAATGGACAR
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ATTCGGBAGCGACCACTTATCGARACAAACGGAGAAACAGGACARATCGTGTGGGACAAGGGTAGGGATTTCGCGAC
AGTCCGCARGGTCCTGTCCATGCCGCAGGTGAACATCGTTARRARGACCGAAGTACAGACCGGAGGCTTCTCCARGG
AAAGTATCCTCCCGAAARGGAACAGCGACAAGCTGATCGCACGCARAARAGAT TGGGACCCCARGARATACGGCGGA
TTCGATTCTCCTACAGTCGCTTACAGTGTACTGGTTGTGECCARAGT CGAGAARCGGARGTCTABARAACTCARAAG
CGTCARGGAACTGCTGGGCATCACAATCATGGAGCGATCCAGCTTCGAGAAARACCCCATCGACTTTCTCGAAGCGA
AAGGATATAAAGAGGTCAARARAGACCTCATCATTARGCTGCCCARGTACTCTCTCTTTGAGCT TGARAACGGCCGG
ARACGRATGCTCECTAGTGCGGGCGAGCTGCAGARAGGTAACGAGCTGECACTGCCCTCTARATACGTTARTTTCTT
GTATCTGGCCAGCCACTATGARRAGCTCAAAGGGTCTCCCGAAGATAATGAGCAGARGCAGCTGTTCGTGGAACAAC
ACARACACTACCTTGATGAGATCATCGAGCARATAAGCGAGTTCTCCARAAGAGTGATCCTCGCCGACGCTAACCTC
GATAAGGTGCTTTCTGCTTACAATAAGCACAGGGATARGCCCATCAGGGAGCAGGCAGARARCATTATCCACTTGTT
TACTCTGACCARCTTGGCECGCGCCTGCAGCCTTCAAGTACTTCGACACCACCATAGACEE Il L TACACCTCTA
CRARGGAGGTCCTGGACGCCACACTGAT TCATCAGTCAAT TACGGGGCTCTAT GARACAAGART CGACCTCTCTCAG

CTCGGTGGAGACGGCACCEGCGGGCCCARGAAGAAGAGGARGGTATACCCATACGATGTTCCTGACTATGCGGGCTA
TCCC TA“GACGTCCCGUACiATGCAGGATCGTATCCTTATGACGT1CCAGATTACGCTGGATCCGCCGCTCCGGCAG
pTAAGAAAAAGAAACTGGATTTCCAAchgg i .

& wmw%ctvgapCCTCTAGAACLATAGTGAGTCGTATTACGTAGATCCAGACATCATAAGATACATTGATGAGTTT
GGACARACCACAACTAGAATGCACTGAAAAAAATGCTTTATTTGTGAAATTTCTGATGCTATTGCTTTATTTGTAAC
CATTATAAGCTGCAATARACAAGTTAACAACAACAATTGCATTCATTTTATGTTTCAGGTTCAGGCGGAGGTGTGEG
AGGTTTTTTAATTCGCGGCCGCGGCGCCAATGCATTGGGCCCGGTACCCAGCTITTIGTTCCCTTTAGTGAGGGTTAA
TTGCGCGCTTGGCGTAATCATGGTCATAGCTGTTTICCTGTGTGARATTGTTATCCGCTCACAATTCCACACARCATA
CGAGCCGGRAAGCATAAAGTGTAARGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACT
GCCCGCTTTCCAGTCGGGAARCCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGECEEGGAGAGGCGETTTGEC
GTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCETTCGGCTGCGGCGAGCGGTATCAGCT
CACTCARAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAACGCAGGAAAGAACATGTGAGCARAAGGCCAGCA
ARAGGCCAGGAACCCTARAAAGGECCGCGTTGCTGGCETTTTITCCATAGGCTCCGCCCCCCTGACGAGCATCACAARA
ATCGACGCTCAAGTCAGAGGTGGCGAAACCCGACAGGACTATARAGATACCAGGCGTTTCCCCCTGGARAGCTCCCTC
GTGCGCTCTCCTGTTCCCACCCTCCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTITTC
TCATAGCTCRCGCTGTAGGTATCTCAGTTICGGTGTAGGTCGTTCGCTCCAAGCTGGGCTETGTGCACGRAACCCCCCG
TTCACCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAACACACGACTTATCGCCALCTG
GCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGGCGGETGCTACAGAGTTCTTGAAGTGGTGGCCTAA
CTACGGCTACACTAGAAGGACACTATTTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTA
GCTCTITGATCCGGCARACARACCACCGCTGGTAGCGGTGGTTTTITITGTTTGCAAGCAGCAGATTACGCGCAGAAAA
ARAAGGATCTCARGAAGATCCTTTGATCTTTTCTACGGGGTCTCGACGCTCAGTGGAACGAARACTCACCGTTARGGGAT
TTTGGTCATGAGATTATCARAAAGGATCTTCACCTAGATCCITTITAAATTARAAATGAAGTTTTAAATCAATCTAAA
GTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACCTATCTCAGCGATCTGTCTATTT
CGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAARCTACGATACGGGAGGGCTTACCATCTGGCCCCAGTGE
TGCAATCGATACCGCGAGACCCACGCTCACCGGCTCCAGATTTATCAGCAATAARCCAGCCAGCCGGAAGGGCCGAGL
GCAGAAGTGGTCCTGCAACTTTATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGCAAGCTAGAGTAAGTAGTTICG
CCAGTTAATAGTTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTIGGTATGGCTTC
ATTCAGCTCCGGTTCCCARCGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCARAAAAGCGGTTAGCTCCTTCG
GTCCTCCGATCGTTGTCAGRAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTATGGCAGCACTGCATAATTCTCTT
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ACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTACTCARCCAAGTCATTCTGAGRATAGTGTATGCG
GCGACCGAGTTGCTCTTGCCCGGCGTCAATACGGGATAATACCGCGCCACATAGCAGRACTTTARAAGTGCTCATCA
TTGGAAAACGTTCTTCGGGGCGAAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGT
GCACCCAACTGATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCARARACAGGARGGCARAATGCCGC
AARAAAGGGRAATRAGGGCGACACGGARATGTTGAATACTCATACTCTTCCTTTITCAATATTATTGAAGCATTTATC
AGGGTTATTGTCTCATGAGCGGATACATATTTGARTGTATTTAGAARAATAAACARATAGGGGTTCCGCGCACATTT
CCCCGARAAGTGCCACCTARAATTGTARGCGTTAATATTTTGTTAARATTCGCGTTAAATTTTTGTTAAATCAGCTCA
TTTTTTAACCAATAGGCCGARATCGGCAAAATCCCTTATARATCAAAAGAATAGACCGAGATAGGGTTGAGTGTTGT
TCCAGTTTGGAACAAGAGTCCACTATTAARGARCGTGGACTCCARCGTCARAGGGCGAARAACCGTCTATCAGGGCG
ATGGCCCACTACGTGAACCATCACCCTARTCARGTTTTTTGGGGTCGAGGTGCCGTARAGCACTAAATCGCARCCCT
AAAGGGAGCCCCCGATTTAGAGCTTGACGGGGARAGCCGGCGAACGTGGCGAGARAGGARCGGAAGAAAGCGAARGG
AGCGGGCGCTAGGGCGCTGGCAAGTGTAGCGGTCACGCTGCGCGTALRCCACCACACCCGCCGCGCTTAATGCGCTGC
TACAGGGCGCGTCCCATTCGCCATTCAGGCTGCGCAACTGTTGGGRAAGGGCGATCGETGCGGGCCTCTTCGCTATTA
CGCCAGTCGACCATAGCCARTTCAATATGGCGTATATGGACTCATGCCARTTCAATATGGTGGATCTGGACCTGTGE
CRATTCAATATGGCGTATATGGACTCGTGCCAATTCAATATGGTGGATCTEGACCCCAGCCAATTCAATATGGCGGA
CTTGGCACCATGCCAATTCAATATGGCGGACTTGGCACTGTGCCAACT GGGGAGGGGTCTACTTGGCACGGTGCCAR
GTTTGAGGAGGGGTCTTGGCCCTGTGCCAAGTCCGCCATATTGAATTGGCATGETGCCAATRATGGCGGCCATATTG
CTATATGCCAGGATCAATATATAGGCARTATCCAATATGGCCCTATGCCARTATGGCTATTGGCCAGGTTCAATAC
TATGTATTGGCCCTATGCCATATAGTATTCCATATATGGGTTTITCCTATTIGACGTAGATAGCCCCTCCCAATGGGCG
GTCCCATATACCATATATGGGGCTTCCTAATACCGCCCATAGCCACTCCCCCATTGRACGTCAATGGTCTCTATATAT
GGTCTTTCCTATTGACGTCATATGGGCGGTCCTATTGACGTATATGGCGCCTCCCCCATTGACGTCAATTACGGTAR
ATGGCCCGCCTGGCTCAATGCCCATTGACGTCAATAGGACCACCCACCATTGACGTCAATGGGATGGCTCATTGCCC
ATTCATATCCGTTCTCACGCCCCCTATTGACGTCAATGACGGTRARTGGCCCACTTGGCAGTACATCAATATCTATT
ARTAGTAACTTGGCAAGTACATTACTATTGGAAGGACGCCAGGGTACATTGGCAGTACTCCCATTGACGTCAATGGC
GGTAARTGGCCCGCGATGGCTGCCAAGTACATCCCCATTGACGTCAATGGGCAGGGGCARTGACGCARATGGGCGTT
CCATTGACGTARATGGGCGGTAGGCGTGCCTAATGGGAGGTCTATATAAGCAATGCTCGTTTAGGGA
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Legend: SpCasB NLS  pDED

>Protein sequence of BpCasd-ZifZGs

MORRY S IGLEIG TN SO A I TR Y P S RE Y LG DB S IKENLIGAT L FDSGETAEATRIFRTLRERY TRREN
RICY LR IF SHEMARY LD S FFERLEE SFLVEE DR R P IFGNIVIEVAYHEEYPTI¥YHLERELVD ST DRADLALT
LA L AR I KFRGEFLIEGDLA P DY S DV R L IOV I YN LFEENP INASCVIAKA T LSAR LS KERRLENLIAQLEG
EEENGLFONLIALELGLT PR SHFLLAE DARLGLSF DT Y DODLDNLLEOIGDOYADLFLAAKY L SDATLLEDILEV
HIEITEAPLEASMIKRY DEHHC DL L LR ALVEO LPERYRE IFF DO S KNG YA Y IDERARCFEFYRFIRPILERMDG
TERLLVELEREDLLRE R TP GA I PR IR LR LRI LRROEDF Y PELEDNRER TEK ILTERIPYYVEFLARGHIRE
M TR SEET L I FEE VYR GA S AR S F IR M T NF DB L PHEEV L PEH L LY EY FTVYHELTEVEYVIEGHERPAY
LECEQER AT VDL LFE THREV IVE L EE Y FERIECFDEVEI SGVEDRFRASLETYHDLLEI IXDELFLLEEENEDIL
EBIVLILTLFEDREMIEERLEI YA L FLDEVHEOLERREY TEWERLEREL TN IRDEREGETILDFLESDEFANENT
MO IHDDSLIFKE DI QR A OVSGoGRe LERE I ANLAGSPATREG I LU TVEVVDELVEVHMGREEFEN IVIEMARENDIT
ORGOENSRERMERIEEGIRELG S I LEE R PVENTOLONER LY LY Y LONGROMY VIQELDIHRL S Y DVREIVEDSTL
EDDS IoMEV LTRSS DR RGE S DV B SV VE RSy WAL LA L ITOREF N LTKAERGELEELDEAGEF IRROLVEY
RO I TEEVES I LD S R TR DR DR LI REVEVE TLE SR L VS DEREDFOETEVEE IHH YHHAHDAYLAVVGTALIEEY
PEILESEE VY GOy VY DVEEM I A SRR IGE AT ARY FFY SHIMNFFETIE ITIANGEIRKRPLIETHGEIGEIVHDERR
O L TVRRY L S eV I VER T EY TGS SRR S I L PR RN S DR L I AREKDH D PEEY GEGF DB PTVAY SV LV VAR VEEGESE
ELESVEELIGITIMERSS FERPIDF LE ARGy EVEEDL I IEL PEY SLFELENGRERML A SR CELQRGNELALPSEY
LY LA HYER LK S S PE DN E N L EVE YLD E I TEQISEFSREY I LA NAN LD VLAY NEERDEPIREOARNT
: AFEYFDT T IDEERY IS T EVL AT LIHQ ST TELYETRIDL QLG DETEEPRERREY
: - FEARPAARENE LD FESERPYACPVESCIHRFSREDELTRRIRIETEORP FOLRE
CMRNFSREDALY THIRTHTGERT FAC DI CGREF ARSIFERRETK IELROREDY
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>Protein_sequence N-Zif268 Cas9

GRAAPAAKKKKLDQLRPYACPVESCDRRFSRSDELTRHIRIHTGOKPFQCRICMRNESRSDHLTTHIRTHTGEKPE
ACDICGRKFARSDERKRHTKIELRQKDPGSGGSGSSGRTAAPAARKKKKLDSEFGSDKKYSIGLDIGTNSVGWAYITD
EYKVPSKKFKVLGNTDRHASIKKNLIGALLFDSGETAEATRLKRTARRRY TRRKNRICYLQEIFSNEMAKVDDSFEHR
LEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTIYHTLRKKLVDSTDKADLRLIYLALABMIKFRGHELIEGDLNPD
NSDVDKLFIQLVQOTYNQLFEENPINASGVDAKATILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTENFKS
NFDLAEDAKLQLSKDTYDDDILDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQD
LTLLKALVRQQLPEKYKEIFFDQSKNGYAGY T DGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNG
SIPHQIHLGELHAILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSREFAWMTRKSEET ITPWNFEEVVDKG
ASAQSFIERMTNFDKNLPNEKVLPKASLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVDLLEKTNRKVIVK
QLKEDYFKKIECFDSVEISGVEDRENASLGTYADLLKI IKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY
AHLFLDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNEMOLIHDDSLTFKEDIQKAQVSGO
GDSLHEHIANLAGSPAIKKGILQTVKVVDELVKVMGRAKPENIVIEMARENQTTQKGOKNSRERMKRIEEGIKELGS
QILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPCSFLKDDSIDNKVLTRSDENRGKSDNV
PSEEVVKKMKNYWRQLLNAKLITQRKFDONLTKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTKYDEND
KLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKVYDVRKMTAK
SEQEIGKATAKYEFFYSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLSMPQVNIVKKTEVQ
TGGFSKESILPKRNSDXLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNP
TDFLEAKGYKEVKKDLI IKLPKYSLEELENGRKRMLASAGELOKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQK
QOLFVEQHKEYLDEIIEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENI IKLETLTNLGAPAAFKYFDTTID
REKRYTSTKEVLDATLIEQSITGLYETRIDLSQLGGDGTGGPKKKRKVYPYDVPDYAGY PYDVPDYAGSYPYDVPDYA
GS*
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»Protein sequence of SpCas?-TAL26S
MR P A AR D LG S G PG E LG e s R T AR A AR R LD S E P SGS DKEY S IGL DI G THAVEHAVITREYEY
PR FRV LGN TR TN LI GA L L FDEGE T AR AT R L ERTARRRY TREENRI CY LR I F SN EMAN VDS FFERLERS
FLVEEDEEHFBHRIFPGHIVDEVEYEEEY LBHEIVDETOEA DT R IY LB LA HMT K FRGEFLIEGDLNEDHSLV
DR LE I L T L PR P I S GV AN AT LS AR L SESRRIENL I A L PG ER Y G LEGH L IALSLG LT PUFESHFLL
AEDAKLOL A KDY DD LD L LA TGO Y AL P L AR L S DAT LIS DI LRV TE I THADPLS A SMIER Y IEERQDLTLL
AL VB L ERYKE IFF L S Y G Y I DGEA S EEFY KR IR I LEEMDGTEE LLVELNREDLIRECRTFINGE IR
QIHLGELHATLREQELNFYEFLEDNRE E?’LﬁFR_P?‘EFPLyRFNdPFnﬁKIR%EEETITPWQFEEVVD?HAaAQ
SEIEBMTHF DL EEVLPEHSLLYEYFTVYIE BEYVIEGHBEPAFLEGEQERATVDLLFINEEVIVEGLEE
DY FEEIECFDEVEISGVEDRFHASLGIYREDLLE EREELBEEE&EQILEDIVLILTLEEDRLH*EEMLK”!AhLF
DM LR Y TG GRL SR L ING IR RO GK T I L DT LE S DS AN ENFMOLIHDDS LT FREDIOE AV EGOGDSLE
HEHI AR LAG S P e I KK G I L IVEYVDE LVE VMG PER IV IEM A REN O T TORG M SRERMER [EEGIRELGR0TLE
ERVERT QL ONEN LY LYY Lo GR DM Ve QE LD IR L S DY DVOH IV P SFLEDODS I DMKV L TR S DE N GHE DNV ESEE
YRR L LA L I TR F I LI A E R GG LS E LD AT IR L YETRO T TEEVAQ I LDSRMITE Y DENDRLIR
E¥EVITLEZELVADFREDFQEVEVRE LD HAHDAYLMAVVESTALIEEY PHLEREFVY G DY VY DVEEMIAH SEQE
IR AT R Y F Y O I PR TE I TLANGE IRER P LIE THSETGE IVH DGR F A TVREVL S MPOVH IVEE TEVOIGEF
SEESI LPERNEDF L I AR KE NN D PR Y o DS PV R Y SV L VY AR VER SR S E LESVEELLG I T IMERSSFEENDILFL
EAKGYEEVEEDLI IKLPEYSLFELENS RFRMLA?&GELNFQ%ELALﬁﬁK VNELETlquEnAIgSPEDR“QKQLF%
EOHEEY O I IEI SEFSKRVILADANLDEV LAY NEERDEPIRE
TSTREVLOATLIHOSITGLYETRIDLIOL.GE DG T GGPRERREVY
AN KL D PR GV MV D LR T LY SO K IR VRS TYVAORHEA LVEEGEF T 3
I&&LPE%TEEAIVGVG?Q?EGAEALEALLT?AﬁELRGPPLQLDTGQLLKIAERGGVTAVEAVHAHRHALTGAPEPLH
LI DOV VA LA SNNGER O LE TVOR L L P VLCOLRGLE TP DOVVA T A S FNG AR O3 LE TVORLLP VIO DHEL FE I VVAT
ARG AL E T VIR L L P VL CODHG L TP DOVVA T A SN GSGROA LETVORL LD VIOOUDBGL TP DOVVATASNUGGRDA
LE VR L L P YL DR L P DOV VA T A SRR G A LR TV R L L P VLo OEG LT P DO VVA T AS NN AR OA LETVORLLE
VL ORGP DOV A L A A R A LE TV OR L L PV L ODHGL TP DOVVA T ASHNG AR A LE TVORELP VLOODEGET
POV A L AN R P AL S VAL SR D A LA LN DR VA LAC T GEREP A LR AVER G LD HAPAL TRRTNRRIPERTS
BRVAGS®

T
(S
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>Protein sequence N-TAL268-Cas9

MGRARPAAKKKKLDQLVPMVDLRTLGY SQQOOEKIKPKVRSTVAQHHEATLVGHGFTHAHIVALSQHPAALGTVAVKY
ODMIAALPEATHEAIVGVGKOWSGARALEALLTVAGELRGPPLOLDTGOLLKTAKRGGVTAVEAVHAWRNALTGAPL
PLNLTPDOVVAIASNNGGKQALETVORLLPVLCQODHGLTPDQVVAIASHDGGKOALETVORLLPVLCODHGLTPDQV
VATASNNGGKQALETVQORLLPVLCODHGLTPDQVVATASNGGGKOALETVORLLPVLCODHGLTPDOVVAIASNNGG
KOALETVQRLLPVLCODHGLTPDQVVATIASNNGGKQALETVORLLPVLCODHGLTPDQVVAIASNNGGKQALETVOR
LLPVLCODICGLTPROQVVAIASHDGGKOQALETVQRLLPVLCODHGLTPDQVVATIASNNGGKOALETVQRLLPVLCQDH
GLTPDQVVAIANNNGGRPALESIVAQLSRPDPALAALTNDHLVALACLGGRPALDAVKKGLPHAPALIKRTNRRIPE
RTSHRVAGSPGESGGESGSSCGRTAAPAAKKKKLDSEFGSDKKYSIGLDIGTNSVGWAVITDEYKVPSKKEKVLGNTDRH
SIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLOREIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHP T
FGNIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLEIQLVQTYNQL
FEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYD
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>Protein sequence of SpCasy-ZFPT*
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>Protein sequence of 8pCasd-ZFPT
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>Protein sequence of SpCasd-ZFP™
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Suppression of PIM single mutation
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NmCas9 amino acid sequence:

Grey: SV40 NLS
Brown letters: NmeCas9
Red: HA tag

Light green: Synthetic NLS

MVPERERKVAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAE
VPKTGDSLAMARRLARSVRRL.TRRRAHRLLRTRRLLKREGVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLK
GVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLF
EKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNT
YTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLE
DTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEI
GTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKALRRIVPLMEQGKR
YDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGS
PARTHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDIL
KLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSFNNKVLVLGS
ENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDEDGFKE
RNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAE
NDRHHALDAVVVACSTVAMQQKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHF
PQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSSRPEAVHEYVTPL
FVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVNREREP
KLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRVEQVQKIGVWY
RNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQ
LIDDSFNFKFSLHPNDLVEVITKEARMFGYFASCHEGTGNINIRIHDLDHKIGKNGIL
EGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPV

Figure 84
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Single Mutant-NmCas9 amino acid sequence:

Grey: SV40 NLS
Brown letters: NmeCas9
Red: HA tag

Light green: Synthetic NLS

AAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAE
VPKTGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGYVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLK
GVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLY
EKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNT
YTAERFIWLTKINNLRILEQGSERPLTDTERATLIMBEPYRKSKLTYAQARKLLGLE
DTAFFKGLRYGKDNAEASTLMEMEKAYHAISRALEKEGLKDKKSPLNLSPELQDEI
GTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKALRRIVPLMEQGKR
YDEACAERIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGS
PARTHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDIL
KLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSFNNKVLVLGS
ENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDEDGFKE
RNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRALE
NDRHHALDAVVVACSTVAMQOQKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHF
POPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSSRPEAVHEYVTPL
FVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVNREREP
KLYFALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRVEQVQKTGYWY
RNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQ
LIDDSFNFKFSLHPNDLVEVITKKARMFGYFASCHAGTGNINIRTHDLDHKIGKNGIL
EGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVR

ey

Figure 85
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Double Mutant-NmCas9 amino acid sequence:

Grey: SV40 NLS
Brown letters: NmeCas9
Red: HA tag

Light green: Synthetic NLS

AAFKPNSINYILGLDIGIASYVGWAMVEIDEEENPIRLIDLGVRVFERAE
VPKT GDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLK
GVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLF
EKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNT
YTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLE
DTAFFKGLRYGKDNAFASTLMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEI
GTAFSLFKTDEDITGRLKDRIQPEILFALLKHISFDKFVQISLKALRRIVPLMEQGKR
YDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGS
PARTHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDIL
KLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSFNNKVLVLGS
ENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDEDGFKE
RNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAE
NDRHHALDAVVVACSTVAMQQKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHF
PQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLARKLSSRPEAVHEYVTPL
FVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVNREREP
KLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRVEQVQKTGYWYV
RNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQ
LIDDSFNFKFSLHPNDLVEVITKAARMFGYFAS CHAGTGNINIRIHDLDHKIGKNGIL
EGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVR]

Figure 86
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Zif268-NmCas9 amino acid sequence:
Magenta: cMyc NLS

Yellow: Zif268

Dark green: GS linker

Grey: SV40 NLS

Brown letters: NmeCas9

Red: HA tag

Light green: Synthetic NLS

DLGYRVFERAEVPKTGD SLAMARRLARSVRRLTRRRAHRLLRTRRLLKRE GVLQA
ANFDENGLIKSLPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGE
TADKELGALLKGVAGNAHBALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFS
REKDLQAELILLFEKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCT
FEPAEPKAAKNTYTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKL
TYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMEKAYHAISRALEKEGLKDKK
SPLNLSPELQDEIGTAFSLFKIDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKAL
RRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQAR
KVINGVVRRYGSPARTHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYF
PNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWD
DSFNNKVLVLGSENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRI
LLQKFDEDGFKERNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLR
GFWGLRKVRAENDRHHALDAVVVACSTVAMQQKITRFVRYKEMNAFDGKTIDKE
TGEVLHQKTHFPQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSS
RPEAVHEYVTPLFVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKD
LEKMVNREREPKLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRV
EQVOQKTGYVWVYRNHNGIADNATMYRVDVFEKGDKYYLVP IYSVVQVAKGILPDRAV
VQGKDEEDWQLIDDSFNFKFSLHPNDLVEVITKEA R
DLDHKIGKNGILEGIGVKTALSFQKY QIDELGKEIRP CRLKKRPPV R

Figure 87
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NmCas9-Zif268 amino acid sequence:
Magenta: cMyc NLS

Yellow: Zif268

Grey: SV40 NLS

Brown letters: NmeCas9

Red: HA tag

Light green: Synthetic NLS

iAAFKPN SINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAE
VPKT GD SLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLK
GVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLF
EKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNT
YTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLE
DTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEI
GTAFSLFKTDEDITGRLEDRIQPEILEALLKHISFDKFVQISLKALRRIVPLMEQGKR
YDEACAEIYGDHYGKENTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGS
PARIHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDIL
KLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSFNNKVLVLGS
ENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDEDGFKE
RNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAE
NDRHHALDAVVVACSTVAMQOKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHF
POQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKI RTLLAEKLSSRPEAVHEYVTPL
FVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVNREREP
KLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVEKAVRVEQVQKTGVWY
RNHNGIADNATMVYRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQ
LIDDSFNFKFSLHPNDLVEVIT] @j \ RMFGYFASCH;%@GTGNII\ IRIHDLDHK[GKN GIL
EGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVR

Figure 88
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Single Mutant-Zif268-NmCas9 amino acid sequence:
Magenta: cMyc NLS

Yellow: Zif268

Dark green: GS linker

Grey: SV40 NLS

Brown letters: NmeCas9

Red: HA tag

Light green: Synthetic NLS

AAFKPN SINYIL GLDIGIASVGWAMVEIDEEENPIRLI
DLGVRVFERAEVPKTGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQA
ANFDENGLIKSLPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGE
TADKELGALLKGVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFS
RKDLQAELILLFEKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCT
FEPAEPKAAKNTYTAERFIWLTKINNLRILEQGSERPLTDTERATLMDEPYRKSKL
TYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDKK
SPLNLSPELODEIGTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKAL
RRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQAR
KVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYF
PNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWD
DSFNNKVLVLGSENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRI
LLOQKFDEDGFKERNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLR
GFWGLRKVRAENDRHHALDAVVVACSTVAMQQKITRFVRYKEMNAFDGKTIDKE
TGEVLHQKTHFPQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSS
RPEAVHEYVTPLFVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKD
LEKMVNREREPKLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRV
EQVQKTGYVWVRNHNGIADNATMVRVDVF EKGDKYYLVPIYSVVQVAKGILPDRAV
VQGKDEEDWQLIDDSFNFKFSLHPNDLVEVITKKARMFGYFAS CHﬁGT GNINIRIH

NS

DLDHKIGKNGILEGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVE

Figure 89
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Single Mutant-NmCas9- Zif268 amino acid sequence:
Magenta: ctMyc NLS

Yellow: Zif268

Grey: SV40 NLS

Brown letters: NmeCas9

Red: HA tag

Light green: Synthetic NLS

JAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAE
VPKTGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLK
GVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLF
EKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNT
YTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLE
DTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEI
GTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKALRRIVPLMEQGKR
YDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGS
PARTHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDIL
KLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSFNNKVLVLGS
ENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDEDGFKE
RNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAE
NDRHHALDAVVVACSTVAMQQKITRFVRYKEMNAFDGKTIDKETGEVLHQKTHF
PQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSSRPEAVHEYVTPL
FVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVNREREP
KLYEALKARLFEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRVEQVQKIGVWYV
RNANGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQ
KA AGTGNINIRIHDLDHKIGKNGIL

Figure 90
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Double Mutant-Zif268-NmCas% amino acid sequence:
Magenta: cMyc NLS

Yellow: Zif268

Dark green: GS linker

Grey: SV40 NLS

Brown letters: NmeCas9

Red: HA tag

Light green: Synthetic NLS

KP\ISINYILGLDIGIASVGWAMVEIDEEENPIRLI
DLGVRVFERAEVPKTGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQA
ANFDENGLIKSLPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGE
TADKELGALLKGVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFS
RKDLQAELILLFEKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCT
FEPAEPKAAKNTYTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKL
TYAQARKLLGLEDTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDKK
SPLNLSPELQDEIGTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKAL
RRIVPLMEQGKRYDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQAR
KVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYF
PNFVGEPKSKDILKLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWD
DSFNNKVLVLGSENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRI
LLQKFDEDGFKERNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLR
GFWGLRKVRAENDRHHALDAVVVACSTVAMQQKITRFVRYKEMNAFDGKTIDKE
TGEVLHQKTHFPQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSS
RPEAVHEYVTPLFVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKD
LEKMVNREREPKLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRV
EQVQKTGVWVRNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAV
VQGKDEEDWQLIDDsFNFKFSLHP\IDLVEVITK”‘ffARVIFGYFASCH,&GrGNINIRIH
DLDHKIGKNGILEGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPVRE

Figure 91
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Double Mutant-NmCas9- Zif268 amino acid sequence:
Magenta: cMyc NLS

Yellow: Zif268

Grey: SV40 NLS

Brown letters: NmeCas9

Red: HA tag

s

Light green: Synthetic NLS

MVP VAAFKPNSINYILGLDIGIASVGWAMVEIDEEENPIRLIDLGVRVFERAE
VPKTGDSLAMARRLARSVRRLTRRRAHRLLRTRRLLKREGVLQAANFDENGLIKS
LPNTPWQLRAAALDRKLTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGALLK
GVAGNAHALQTGDFRTPAELALNKFEKESGHIRNQRSDYSHTFSRKDLQAELILLF
EKQKEFGNPHVSGGLKEGIETLLMTQRPALSGDAVQKMLGHCTFEPAEPKAAKNT
YTAERFIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKILLGLE
DTAFFKGLRYGKDNAEASTLMEMKAYHAISRALEKEGLKDKKSPLNLSPELQDEI
GTAFSLFKTDEDITGRLKDRIQPEILEALLKHISFDKFVQISLKALRRIVPLMEQGKR
YDEACAEIYGDHYGKKNTEEKIYLPPIPADEIRNPVVLRALSQARKVINGVVRRYGS
PARTHIETAREVGKSFKDRKEIEKRQEENRKDREKAAAKFREYFPNFVGEPKSKDIL
KLRLYEQQHGKCLYSGKEINLGRLNEKGYVEIDHALPFSRTWDDSFNNKVLVLGS
ENQNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPRSKKQRILLQKFDEDGFKE
RNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQITNLLRGFWGLRKVRAE
NDRHHALDAVVVACSTVAMQQKITREVRYKEMNAFDGKTIDKETGEVLHQKTHF
PQPWEFFAQEVMIRVFGKPDGKPEFEEADTLEKLRTLLAEKLSSRPEAVHEYVTPL
FVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVNREREP
KLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQQVKAVRVEQVQKTGVWYV
RNHNGIADNATMVRVDVFEKGDKYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQ
LIDDSFNFKFSLHPNDLVEVITKAARMFGYFASCE A GTGNINIRTHDLDHKIGKNGIL
EGIGVKTALSFQKYQIDELGKEIRPCRLKKRPPV]

Figure 92
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Direction-1 (D1) sp==> PAM XXX PAM <==nm
TCCCCGGCATCCTAGCGCGCTGGYCctageAATCGCCTCCGCGETCCCTTCCAACAGTALC

Direction-2 (D2) sp==> PAM XXX nm==> PAM
TCCCCGGCATCCTAGCGCGCTEGgCctageGGTACTGTTGGAAGGGACGCGGAGGCGATT

Direction-3 (D3) nm==> PAM XXX sp==>PAM
GGTACTGTTGCGAAGGGACGCGGAGGCEATTgctageTCCCCGGCATCCTAGCGCGCTGE

Direction-4 (D4) PAM <==nm XXX sp==> PAM
ARTCGCCTCCGCGTCCCTTCCARCACTACCgetageTCCCCGGCATCCTAGCGCGCTEE
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Direction-1 (D1) sp==> PAM XXX PAM <==nm
TCCCCGGCATCCTAGCGCGCTGEYCtagcARTCGCCTCCGCGTCCCTTCCAACAGTACC

Direction-2 (D2) sp==> PAM XXX nm==> PAM
TCCCCGGCATCCTAGCGCGCTGGgCt ageGGTACTGT T GGAAGGCACGCGGAGGCEATT

Direction-3 (D3) nm==> PAM XXX sp==>PAM
GGTACTGTTGGAAGGGACGCGGAGGCEATTgctageTCCCCGECATCCTAGCGCGCTGE

Direction-4 (D4) PAM <==nm XXX sp==> PAM
AATCGCCTCCGCGTCCCTTCCAACAGTACCgetageTCCCCEGCATCCTAGCGCGLTGE
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20bpNGG-<-16 bp ->-AATCNNNN24bp

dNmCas9-SpCasoM™ - - - + - + .
SpCasd*-dNmCas9 - - - - + - .
NmCas9 wT - - - - - -

SpCas? - WT MT3 - - - -

Sp_sgRNA - + + -+ + - -
Nm_sgRNA + + + + + + -

Figure 95
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TS3

GETGAGTGAGTGTGTCECGETG TEEGCTTGAGGGCGTTGCAGC GGECAGAAGGCCAGEGGTCACT CCAGEATT

SpCasagWT
NmCas9WTr
SpCasov™
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0T3-2

SpCasoT
NmCasg""
SpCas9v™
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NLS-Cas9-FRB+ NLS-Cas®-FKBP+ NLS-Cas9-FKBP+ NLS-CasS-FKBP+
NES-FKBP-ZF-NLS NLS-NES-FRB-ZF NLS-NES-ZF-FRB NLS-NES-ZF-FRB*

[
™
o))
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i
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NLS-Cas9-FRB4+ NES-Cas9-FRB+

Cas9-FRB4 Cas9-FRB+
FKBP-ZE-NLS FKBP-ZF-NLS

FKBP-ZF-MLS NES-FKBP-ZF-NLS
R

as9-ZF

Figure 99
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AN

Rapamycin

No Drug Drug
(inactive) {active)
Split Split

~ Cas9  Cas9-zF Cas9-ZF

Cas9-ZF
Rap  +Rap

4
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WTCas9 WTCasd NES-N-CasOWT// NLS-N-cas®/ MN-cas9/f NES-N-cas9// NLS-N-cas8//
Zif268 NLS-C-Cas® NLS-C-Cass- NLS-C-Cash- NLS-C-Casy- NLS-C-Cass-
Zif268 Zif268 Zif268 2if268-NES
Raparmycin = + - + - + - + - +

N-cas9// NES-N-cas9//  NLS-N-cas9// N-cas9// NES-N-cas9/f
NLS-C-Caso- NLS-C-Cas9- NLS-C-Cas9- NLS-C-Cag9- NL5-C-Cas9-

ZIf263-NES Zif268-NES Zif268-2xNES Zif268-2xNES Zif268-2xNES  Untreated
Rapamycin - + - + - + ” + - 4

Figure 101
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>TS2 GACCCCCTCCACCCCGCCTICCGG
>0TGZ2-1 CTGCCCCCCCACCCCGCCACTGG

TS2 | 0TG2-1

ot L mmw " atam o : cth ' mmu{xl

splasg-WT

Split-BpCasy-WT

Split-8pCasiMT-pDED

Figure 102
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2xNLS-Cas9™™_NLS-FKBP
MGRAAPAAKKKKLDQLGASGSPGSGGSGSSGRTAAPAAKKKKIDSEFGSGSDKKYSIGLD
IGTNSVGWAVITDEYKVPSKKFK VL GNTDRHESIKKNLIGALLFDSGETABATRLKRTARR
RYTRRENRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHE
KYPTTYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQ
TYNQLFEENPINASGVDAKAILSARLSK SRRLENLIAQLPGEKKNGLFGNLIALSLGLTP
NFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQY ADLFLAAKNISDATLLSDILRVNT
EITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQE
EFYKFIKPILEKMDGTEELLVK LNREDLLRKQRTFDNGSIPHOIHLGELHAILRRQEDFY
PFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWM TRKSEETITPWNFEEVVDKGASAQS
FIERMTNFDENLPNEK VI.PKHSLLYEYFTVYNELTKVKYVTEGMRKPAFLSGEQKKAIVD
LLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKIKDKDFLDNE
ENEDILEDIVLTLTLFEDREMIEERLK TYAHLFDDKYMKEQLKRRRYTGWGRISRKILINGI
RDKQSCGKTILDFLK SDGFANRNFMQLIHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGS
PATKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTQK GQKNSRERMKRIEEGIKE
LGSQILKEHPVENTQLONEKLYLYYLONGRDMY VDQELDINRLSDYDVDHIVPQSFLKDD
SIDNKVLTRSDKNRGKSDNVPSEEVVKKMENYWRQLLNAKLITQRKFDNLTKAERGGLSELDK.
AGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVK VITLKSKLVSDFRKDF
QFYKVREINNYHHAHDAYLNAVVGTALIKKYPKLESEFVYGDYKYVYDVRKMIAKSEQEIG
KATAKYFFY SNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVREVLSMP
QVNIVEKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKK YGGFDSPTVAYSVLVYAKVE
KGKSKKLKSVKELLGITIMERSSFERKNPIDFLEAKGYKEVKKDLIKLPK YSLFELENGR
KRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVEQHKHYLDEI
BQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENIHLFTLTNLGAPAAFKYFDTT
IDREKYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGTGGPKKKRK VIGSSGMGVQVE
TISPGDGRTFPKRGQTCYVVHYTGMLEDGKKFDSSRDRNK PFKFMLGKQEVIRGWEEGVAQMSV
GORAKLTISPDYAYGATGHPGIPPHATLVFDVELLKLELE*

Figure 103
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2xNLS-3xFlag-2xNES-TS2”F-FRB*
MGRGSLQAAPAAKKKKLDQLASGGGGSGAAPKKKRKVSELGGGGSDYKDHDGDYKDHDIDY
KDDDDKLEGGGGSGLDLASLIL.GNPGSLDLASLILPRGGGGSGAGGGVPSGKPYKCPEC
GKSFSEKSHIL TRHQRTHTGEKPYACPVESCDRRFSRSDHL TQHIRTHTGQKPFQCRICMR
NFSDKGHLTRHIRTHTGEKPFACDICGRKFARSDDLTRHTKIHLRQKDPGGSGSGGGGSG
GGGSRTILWHEMWHEGLEEASRLYFGERNVK GMFEVLEPLHAMMERGPQTLKETSFNQAYGR
DIMEAQEWCRKYMKSGNVPDLLOAEDLYYHVFRRISKEF*

Figure 104
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NLS-Split-NCas9-NLS-FRB
MGRAAPAAKKKKIDQLGASGSPGSDKKYSIGLDIGTNSVGWAVITDEYRVPSKKFKYLGN
TDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSF
FHRIEESFLVEEDKEHERHPIPGNIVDEVAYHEKYPTIVHILREKKLVDSTDKADLRLIYLA
LAHMIKFRGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLS
KSRRLENLIAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDN
LLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKA
LVRQOQLPEKYKEIFFDOQSKNGYAGYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNRED
LLRKQRTFDNGSIPHOIHLGELHAILRROQEDFYPFLKDNREKIEKILTFRIPYYVGPLAR
GNSRFAWMTRKSEETITPWNFEEVYVDKGASAQSFIERMTINFDKNLPNEKVLPKHSLLYEYFTVY
NELTEVKYVTEGMRKPAFLSGEQKKAIVDLI FKTNRKVTVKQLKEDYFRKKIEGTGGPKKKRKVI
GSSGILWHEMWHEGLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQTLKETSFNQAYGRDL
MEAQEWCRKYMKSGNVKDLTOAWDLY YHVFRRISKLE*

Figure 105
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FKBP-Split-CCas9 ™ -NLS-3xHA-NLS-TS2*-3XFLAG-2XNLS
MGVQVETISPGDGRTEPKRGQTCVVHY TGMLEDGKKFDSSRDRNKPFKFMLGKQEVIRGWEEG
VAQMSVGQRAKLTISPDYAYGATGHPGIPPHATLVFDVELLK LEGAGGCFDSVEIS
GVEDRFNASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERTKTYAH
LFDDKVMEQLKRRRYTGWGRLSRK LINGIRDKQSGKTILDFLK SDGFANRNFMQLIHDDS
LTFKEDIQKAQVSGQGDSLHEHIANLAGSPAIKKGILQTVKVVDELVK VMGRHKPENIVI
FMARENQTTOKGQKNSRERMKRIEEGIKELGSQILKEHPVENTQLQONEKLYLYYLONGRD
MYVDQELDINRLSDYDVDHIVPQSFLKDDSIDNK VLTRSDKNRGK SDNVPSEEVVKKMKN
YWRQLLNAKLITQRKFDNLTK ABRGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNT
KYDENDKLIREVK VITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKKY
PRLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFY SNIMNFFK TEITLANGEIRKRP
LIETNGETGEIV WDKGRDFATVRKVLSMPOVNIVKKTEVQTGGFSKESILPKRNSDKIIA
RKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSKKLKSVKELLGITIMER SSFEKNPIDF
LEAKGYKEVKKDLIKIPK YSLFELENGRKRMILASAGELQRGNELALPSKYVNFLYLASH
YEKLKGSPEDNEQKQLFVEQHKHYLDEIEQISEFSKRVILADANLDK VLSAYNKHRDKP
IREQAENITHLFTLTNLGAPAAFKYFDTTIDREKK Y TSTKEVLDATLIHQSITGLYETRID
LSQLGGDGTGGPKKKRKVYPYDVPDYAGYPYDVPDYAGSYPYDVPDYAGSAAPAAKKKKL
DFESGKPYKCPECGKSFSRSDDLTRHQRTHTGEKPYACPVESCDRRFSQKGHLTRHIRIH
TGQKPFQCRICMRNFSIRSSLTRHIRTHTGEKPFACDICGRKFALSHHLTRHTKIHLRQK
DPGGSGSLEGDYKDHDGDYKDHDIDYKDDDDKQGSELGSGRAAPAAKKKKILDQLGASGSSGG
SSGAAPKKKRKVSEF*

Figure 106
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TS5 target site: GGGAGC TCTCTGGCTAACTAGGGAA!

T6 target site: CCTCCCTGGARAGTCCCCAGCGGARAGTCCCTTY

Z1 target site: CCGCTGGGGACTTTCCAGGGAGGTGT GGCCTEGG!

5'LTR lesions by X-5

SpCas9 SpCasoM™-ZFPs

Neg T5 16 Z1 15 T6 Z1

Figure 107
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CasOMTP-NILS-3xHHA-NT.S-ZFp™
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAE
ATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKIERHPIFG
NIVDEVAYHEKYPTIYHLRKKILVDSTDRKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSD
VDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPGEKKNGLEGN
LIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAI
LLSDILRVNTEITKAPLSASMIKR YDEHHQDLTLLKALVRQQLPEK YKEIFFDQSKNGY A
GYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELH
AILRRQEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETITPWNFEE
VVDKGASAQSFIERMTNFDENLPNEK VLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAFL
SGEQKKAIVDLLFKTNRIEVITVKQLKEDYFKKIECFDSVEISGVEDRINASLGTYHDLLKI
IKDK DFLDNEENEDILEDIVLTLTLFEDREMIEER LKTYAHLFDDK VMK QLKRRRY TGWG
RLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMQLIFDDSLTFKEDIQKAQVSGQGDSL
HEHIANLAGSPAIKKGILQTVKVVDELVKVMGRHKPENIVIEMARENQTTOKGQKNSRER
MKRIEEGIKELGSQILKEHPVENTQLONEKLYLY YLONGRDMYVDQELDINRLSDYDVDH
IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKEMENY WRQLLNAKLITQRKFDNL
TKAERGGLSELDKAGFIKRQLVETRQITKHVAQILDSRMNTK YDENDKLIREVKVITLKS
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKK YPKLESEFVYGDYKVYDVRK
MIAKSEQEIGKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDK GRDF
ATVREKVLSMPQVNIVKKTEVQTGGFSK ESILPKRNSDELIARKKDWDPKK YGGFDSPTVA
YSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIKLPK
YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLFVE
QHKHYLDENEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQARNIHLFTLTNLGA
PAAFKYFDTTIDRKKYTSTKEVLDATLIHQSITGLYETRIDLSQLGGDGTGGPKKKREVY
PYDVPDYAGYPYDVPDYAGSYPYDVPDYAGSAAPAAKKKKI DFESGRPEACDICGKKFAR
SDHLTTHTKIHTGQKPFQCRICMRNFSRSDNLKQHIRTHTGEK PFACDICGKKFARNSNL
TQHTKIHTHPRAPIPKPFQCRICMRNFSQSSDLTRHIRTHTGEKPFACDICGRKFARSDN
LTRHTKIHLRDKQPG*

Figure 109
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CasOMP-NLS-3xHA-NLS-ZFp™
MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLEDSGETAE
ATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDK KHER HPIFG
NIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGDLNPDNSD
VDKLFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRLENLIAQLPGEKKNGLEGN
LIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI
LLSDILRVNTEITKAPLSASMIKRYDEHHQDLTLLKALVRQQLPEK YKEIFFDQSKNGY A
GYIDGGASQEEFYKFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELH
AJLRRQEDFYPFLKDNREKIEKILTFRIPY Y VGPLARGNSRFAWMTRK SEETITPWNFEE
VVDKGASAQSFIERMTNFDEKNLPNEKVLPKHSLLYEYFTVYNELTK VK YVTEGMRK PAFL
SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI
TKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKTY AHLFDDK VMK QLKRRRYTGWG
RLSRKLINGIRDKQSGKTILDFLKSDGFANRNFMOLIHDDSLTFKEDIQKAQVSGOGDSL
HEHTANLAGSPAIKKGILQTVKVVDELVK VMGRHKPENIVIEMARENQTTQKGOKNSRER
MKRIFEGIKELGSQILKEHPVENTQLONEKLYLY YLONGRDMY VDQELDINRLSDYDVDH
IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMEKNYWRQLLNAKLITQRKEDNL
TKAERGGLSELDKAGFIKRQLVETRQITKHYAQILDSRMNTK YDENDK LIREVKVITLKS
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKK YPKLESEFVYGDYKVYDVRK
MIAKSEQEIGKATAKYFFYSNIMNFFK TEITLANGERKRPLIETNGETGEIVWDKGRDF
ATVREVLSMPQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKK YGGFDSPTVA
YSVLVVAKVEKGK SKKLKSVKELLGITIMERSSFEKNPIDFLEAK GYKEVKKDLIKLPK
YSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLEVE
QHKHYLDEHNEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENTIHLFTLTNLGA
PAAFKYFDTTIDRKKYTSTKEVLDATLIHOSITGLYETRIDLSOLGGDGTGGPKKKRKVY
PYDVPDYAGYPYDVPDYAGSYPYDVPDYAGSAAPAAKKKKLDFESGRPFQCRICMRNFSQ
SGHLKSHIRTHTGEKPFACDICGKKFAQSSDLTRHTKIHTHPR APIPKPFQCRICMRNFES
QSGNLTRHIRTHTGEKPFACDICGRKFAQSGALTRHTKIHLRDKQPG*

Figure 110
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CasOMP-NLS-3xHA-NLS-ZFp*!
MDEKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAR
ATRLKRTARRRYTRRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIEG
NIVDEVAYHEKYPTIYHLRKKLVDSTDKADLRLIVLALAHMIKFRGHFLIEGDLNPDNSD
VDEKLFIQLVQTYNQLFEENPINASGVDAKATLSARLSK SRRLENLIAQLPGEKKNGLFGN
LIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDAI
LLSDILRVNTEITKAPLSASMIKR YDEHHQDLTLLKALVRQQLPEK YKEIFFDOSKNGY A
GYIDGGASQEEFYKFIKPILEKMDGTEELLVK LNREDLLRKQRTFDNGSIPHOIHLGELH
ATLRRQEDFYPFLKDNREKIEKILTFRIPY Y VGPLARGNSRFAWMTRKSEETITP WNFEE
VVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLLYEYFTVYNELTK VK YVTEGMRKPATL
SGEQKKAIVDLLFKTNRKVTVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI
IKDKDFLDNEENEDILEDIVL TLTLFEDREMIEERLKTY AHLFDDK VMKQLKRRRYTGWG
RLSRKLINGIRDKQSGKTILDFLKSDGF ANRNFMOQLIHDDSLTFKEDIQKAQVSGQGDSL
HEHIANLAGSPAIKKGILQOTVKVVDELVKVMGRHKPENIVIEMARENQTTQKGQKNSRER
MKRIEEGIKELGSQILK EHPVENTQLONEKLYLYYLONGRDM YVDQELDINRLSDYDVDH
IVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLITQRKFDNL
TKAERGGLSELDKAGFIKRQLVETROITKHVAQILDSRMNTKYDENDKLIREVK VITLKS
KLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALIKK YPKLESEFVYGDYKVYDVRK
MIAKSEQRIGKATAKYFFYSNIMNFFK TEITLANGEIRKRPLIETNGETGEIVWDKGRDF
ATVRKVLSMPOQVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKK YGGFDSPTVA
YSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLITKLPK
YSLFELENGREKRMLASAGELQKGNELALPSKYVNFLYLASHYEKLKGSPEDNEQKQLTVE
QHKHYLDEHNEQISEFSKRVILADANLDK VLSAYNKHRDKPIREQAENITHLETLTNLGA
PAAFKYFDTTIDRKKVTSTKEVLDATLIHOSITGLYFTRIDLSQLGGDGTGGPKKKRKVY
PYDVPDYAGYPYDVPDYAGSYPYDVPDYAGSAAPAAKKKKLDFESGRPFQCRICMRNFSR
SDNLTRHIR THTGEKPFACDICGKKFARSDHLTRHTKIHTHPRAPIPKPFQCRICMRNFS
LKGNLTRHIRTHTGEKPFACDICGRKFARSDHLSDHTKIHLRDKQPG*

Figure 111
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SpCas9 TS2 sgRNA:

GACCCCCTCCACCCCGCCTCGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

SpCas9 TS3 sgRNA:
GGTGAGTGAGTGTGTGCGTGGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

SpCas9 TS4 sgRNA:
GAGTCCGAGCAGAAGAAGAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCT
AGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTIT

SpCas9 Pmpca sgRNA:
TACTTCCGGGCACAGTCCACGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTA
GTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTT

NmCas9 TS3 sgRNA:
GGGGAGAAGGCCAGGGGTCACTGTTGTAGCTCCCTTTCTCATTTCGGAAACGAAATG

AGAACCGTTGCTACAATAAGGCCGTCTGAAAAGATGTGCCGCAACGCTCTGCCCCTT
AAAGCTTCTGCTTTAAGGGGCATCGTTTATTTTTTT

Figure 112
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>Protein sequence of NmdCas9-SpCas9¥™
lLegend: NLS NmdCas9 NLS | i NLS SpCas9 NL.S

MPKKKRKVAAFKPNPINY ILGLAIGIASVGWAMVE IDEDENPICLIDLGVRVEERAEVPKTGDSLAMARRLARSVRR
LTRERRAHRLLRARRLLKRECGVLQAADFDENGL IRSLPNTPHQLRAAALDRKL TPLEWSAVI.LHL IKHRGYLSORKNE
GETADKELGALLKGVADNAHALQTGDEFRT PAELALNKFEKE SGHIRNORGDY SHTFSRKDLOAELILLFEKOKEFGN
PHVSGGLEEGIRETLLMTQRPALSGDAVORMLGHC TFEPAE PKAAKNTY TAERFIWTL TKLNNLR I LEQGSERPLTDTE
RATLMDEPYRKSKLTYAQARKLLGLEDTAFPFKGLRYGKDNAEASTILMEMKAYIATISRALEKEGLKDKKS PLNLSPEL
QDEIGTAFSLEKTDEDI TGRLKDRIQPEILEALLKHI SFDKFVOISLKALRR IVPIMEQGKRYDEACAE I YGDHYGK
KNTEEKIYTL,PPTPADETRNPVVLRALSQARKVINGVVRRYGSPARIHIETAREVGKSFKDRKEIEKROEENRKDREK
AAARFREYFPNFVGEPKSKDILKLRLYEQQHGKCL Y SGREINLGRLNEKGYVE IAAAL PFSRTHDDS FNNKVLVLGS
EAQNKGNOTPYE Y FNGKDNSREWQEFKARVETSRFPRSKKQRILLOKFDEDGFKERNLNDTRYVNRFLCOFVADRMR
LIGKGKKRVFASNGQI INLLRGFWGLRKVRAENDRHHALDAVVVACS TVAMOOKI TREVRYKEMNAFDGKTIDKETG
EVLHORTHEPOPWEFFAQEVMIRVEGKPDGKPEFEEADTPEKLRTLLAEKL SSRPEAVEEY VT PLEVSRAPNRKMSG
QGHMETVRESAKRLDEGVSVLRVPLTQLKLKDLEKMVNRERE PKLYEALKARLEAHKDD PAKAFAR PFYRYDRAGNRT
QOVEAVRVEQVOK TGV VRNHNGIADNATMVRVDVEEKGDKY YLVPIYSHOVAKGILPDRAVVOGKDEEDWOL IDDS
FNEKESLHENDLVEVI TKKARMFGYFASCHRGTCNINIRIHDLDHKIGKNGILEGIGVK TALSFOKYOIDELGKEIR
PCRLKERPPVRSRADPKKKRKVEAS] ; ' KTSGGGSGGESRTAAPAAKKKKIDSEFGSGS
DKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNT DRESIKKNLI GALL FDSGETARATRLKRTARRRY TRRKNR
ICYLOEIFSNEMAKVDDSFFHRLEESFLVEEDKKAERHP I FGNIVDEVAYHEKYPTTYHLRKKL VDS TDKADLRLTY
LALAHMIKFRGHFLIEGDLNPDNSDVDKLEFIQLVOTYNQLFEENPINASGYDAKAI LSARLSKSRRLENLIAQLPGE
KENGLEGNLIALSLGLT PNFKSNFDLAEDAKLQLSKDT YDDDLDNLLAQIGDOYADLFLAAKNLSDAT LLSDILRVN
TEITKAPLSASMIKRYDEHEQDLTLLKALVROQLPEKYKEIFFDOSKNGYAGY I DGGASQEEFYKFIKPILEKMDGT
EELLVKLNREDLLRKQRT*CNGSIPHOIHLGELHATLRROEDFY PFLKDNREKIEX T L.TFRIPY YVGPLARGNSRFA
WMTRKSEET I TPWNEEEVVDKGASAQSFIERMTNEDKNLPNEKVLPKHSLLYEY FTVYNELTKVEYVTEGMRKPAFL,
SGEQKKAIVDLLFKTNRKVIVKQLKEDYFKKIECFDSVEISGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDT LE
DIVLTLTLFEDREMIEERLKTYAHLEDDKVMKQLKRRRY TGWGRLSRKL INGIRDKOSGKTILDFLKSDGFANRNFM
OLIHDDSLTFKEDIQOKAQVSGQGDSTHEHIANLAGSPATKKCILQTVKVVDELVKVMGRHKPEN T VI EMARENQTTO
KGQKENSRERMKRIEEGTKELGSQI LKERPVENTQLONEKLYLYYLONGRDMYVDQETLDINRT,SDYDVDHIVPQS FLK
DDSIDNEVLTRSDKNRGKS DNVPSEEVVKKMKNYWROTLLNAKL T TQRKFDNLTKARRGGLSELDKAGFTKRQLVETR
QITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDEQFYKVREINNYEEAHDAYLNAVVGTALTIKKY D
KLESEFVYGDYRVYDVREKMIAKSSQEIGKATAKYFEYSNIMNFFKTEITTLANGEIRKRPLIETNGETGEIVWDKGRD
FATVRKVLSMPQVNIVKKTEVOTGGESKESILPKRNSDKLIARKKDWDPKKYGGEDSPTVAY SVLVVAKVEKCKSKK
LESVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLT IKLPKYSLFELENGRKRMLASAGELOKGNELALPSKYV
NFLYLASHYEKLKGS PEDNEQKQLEVEQHKHYLDEIITREQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENT T
HLFTLTNLGAPAAFKYFDTTIDRKKYTSTKEVLDATLIHQSITGLYETRIDLSOLGEDGT CGPKKKRKVIGSSGSGE
8GSLE*
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>Protein sequence of SpCas9™’*-NmdCas9
Legend: SpCas9 NLS E J NmdCas9

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKEFKVLGNTDRASTKKNLIGALLFDSGETAEATRLKRTARRRY TRRKN
RICYLQFIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYPTI YHLRKKLVDSTDKADLRLI
YLALAHMTKFRGHFLIEGDLNPDNSDVDKLEIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPG
EKENGLEGNLTATLSLGLTPNFKSNEDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDATILLSDILRY
NTEITKAPLSASMIKRYDEHHQULTLLKALVROQLPEKYKEIFFDOSKNGYAGYIDGGASQEEFYKET KPILEKMDG
TEELLVKINREDLLRKQRTEFDNGSIPHQIHLGELHAILRRQEDEFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRE
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMTNEDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAF
LSGEQKKATVDLLFKTNRKYTVKQLKEDYFKKIECFDSVEI SGVEDRFNASLGTYHDLLKI IKDKDFLDNEENEDIL
EDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKOLKRRRY TGWGRLSRKLINGIRDKOSGKTILDFLKSDGEANRNE
MOLIHDDSLTFKEDIQKAQVSGOGDSLEEHIANLAGSPATIKKGILOTVKVVDELVRVMGRHKPENI VI EMARENQT T
CKGOKNSRERMKRIEEGIKELGSQILKEHPVENTOLONEKLY LY YLONGRDMYVDQELDINRLSDYDVDHIVPQSFL
KDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMEKNYWROLLNAKL I TQRKFDNLTKAERGGLSELDKAGFI KROLVET
ROITKHVAQILDSRMNTKYDENDXLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAYLNAVVGTALTIKKY
PELESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNEFFKTEI TLANGETRKRPLIETNGETGEIVWDKGR
DEFATVRKVLSMPCVNIVKKTEVQTGGFSKESILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSK
KLKSVKELLGITIMERSSFEKNP IDFLEAKGYKEVKKDLI IKLPKY SLEFELENGRKRMLASAGELOKGNELAL PSKY

VN“LYLASHY“KL<GSPEDNEQKQLWVEQHKHYLDEIIEQISEhSKRVILADLWLD<VJSAYNKHRDKPIREQAENI

‘ o GSAAPAAKKKKLDFESGMPKKKRKVAAFKPNPINYILggngIASVGﬂAMVEID
nDLNPTCMIDLGVRVTLRAEVPKTGDSLAM%RRLARSVRRLTRRRAHRLLRARRLLKREGVLQAADFDENGLIKSLP
NTPWQLRAAALDRELTPLEWSAVLLHLIKHRGYLSQRKNEGETADKELGAL LKGVADNAHALQTGDFRTPAELALNK
FEKESGHIRNQRGDYSHTFSRKDLOAELILLFEKQKEFPGNPHVSGCIKEGIETLIMTORPALSGDAVOKMLGHCTFE
PAEPKAAKNTYTAFRFIWLTKINNLRILEQGSERPLTDTERATLMDE PYRKSKL TYAQARKLLGLEDTAFFKGLRY G
KDNAEASTLMEMKAYHATSRATEKEGLKDKKS PLNLS PELODETGTAFST FRTDEDITGRLKDR IQPEILEALLKHI
SEDKFVQISLKALRRIVPIMEQGKRYDEACAETYGDHYGKENTEEKI YL PPI PADE IRNPVVLRALSQARKVINGVY
RRYGSPARTHIETAREVG SFKDRKEIEKROEENRKDREKAAAKFREY PNFYVGEPKSKDILKLRLYEQOHGKCLYS
GKEINLGRLNEKGYVE TR AT PFSRTHDDSENNKYLYVLGSBONKGNQ T PYE Y FNCKDNSRENQEFKARVETSREER
SKKQRILLOKFDEDGFRERNLNDTRYVNRFLCQFVADRMRI, TGKGKKRVFASNGOI TNLLRGFWGLRKVRAENDREH
ALDAVVVACSTVAMOOKI TREVRYKEMNAFDGKT I DKETGEVLHQKTHFPQ PHEFFAQEVMIRVEGKPDGKPEFEEA
DTPEKLRTLLAEKLSSRPEAVHEYVTPLFVSRAPNREMSGQGHME TVKS AKRLDEGVSVLRVPLTQLKLKDLEKMYN
REREPKLYEALKARLEAHKDD PAKAFAEPFYKYDKAGNRTOQVKAVRVEQVOKTGVIWVRNENG LADNATMVRVDVEE
KGDKYYLVPIYSWQVAKGILPORAVVQGKDEEDWQL IDDSFNFKFSLEPNDLVEVI TKKARMIGYFASCHRGTC
IRIHDILDHK[GKNGIILEGIGVKTALSFQRYQTIDELGKE TRPCRLKKRPPVRSRADPKKKRKVEAS
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>Protein sequence of SpCas9">-NmCason""*C

MDKKYSIGLDIGTNSVGWAVITDEYKYVPSKKFKVLGNT DRESIKKNLI GALLFDSGETAEATRLKRTARRRY TRRKN
RICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKY PTIYHLRKKLVDSTDKADLRL I
YTATAHMIKFRGHFLIEGDLNPDNSDVDKLFTIQLVQTYNQLFEENPINASGVDAKAT LSARLSKSRRLENLTAQLPG
EKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDATLLSDILRY
NTEITKAPLSASMIKRYDEHHQDLTLLKALVROOLPEKYKE IFFDOSKNCYAGYIDGGASQEEFYKF IKPILEKMDG
TEELLVKLNREDLLRKQRTFDNGSI PHQTHLGELHATILRRQEDFY PFLKDNREXIEKILTFRIPY YVGPLARGNSRE
AWMTRKSEETITPWNFEEVVDKGASAQSFIERMINFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAF
LSGEQKKATVDLLEKTNRKVTVKQLKEDY FKKIECFDSVELSGVEDRENASLGTYHDLLKI IKDKDFLDNEENEDIL
EDIVLTLTLFEDREMIEERLKTYAHLFDDKVMKQLKRRRY TGWGRLSRKLINGIRDKQSGKTILDFLKS DGFANRNF
MOT.THDDSLT FKEDIQKAQVSGOGDS LHEBIANLAGS PATKKGT LOTVKVVDELVKVMCRHKPENTV IEMARENOTT
OKGOXNSRERMKRIEEGIKELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVEQSFEL
KDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLNAKLL TQRKE DNLTKAERGGLSELDKAGE LKRQLVET
ROITKHVAQTLDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAYLNAVVGTALIKKY
PXLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNEFKTET TLANGEIRKRPLIETNGETGEIVWDKGR
DEATVRKVLEMPQVNIVKKTEVQTGGESKES I LEKRNSDKLIARKKDWDPKKY GGEDSPTVAY SVLVVAKVEKGKSK
KLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLI IKLPKYSLFELENGRKRMLASAGELOKGNELALPSKY
VN¥LYLASHYEKLKGSPEDNEQKQLFVEQUKHYLDETIEQT SEFSKRVILADANLDKVLSAYNKHRDKPIREQAENT
IHLFTLTNLGAPAAF<YFDTTIJRKKYTSTKEVLDATLIHQSI1GLYETRIDLSQLGGDGTGGPKKKRKV%%% .
5 _ GSAAPAAKKKKLDFESGMPKKKRKVAAFKPNPINYLL@é@vGIASVGWAMVEID

EDENPICLIDLGVRVFERAEVPKTGDS LAMARRLARSVRRLTRRRANRLLRARRLLEREGVL.OAADFDENGL IKSLP
NTPWQLRAAATDRKLTPLEWSAVLLHL IKHRGYLSQRKNEGETADKELGALLKGVADNAHATL.QTGDFRTPAELALNK
EEKESGHIRNQRGDYSHTFSRKDLQAELILLFEKQREFGNPHVSGGLKEGIETLLMTQORPALSGDAVOKMLGHCTEE
PARPKANKNTYTARRETIWLTKLNNLRILEQGSERPLTDTERATLMDEPYRKSKL T YAQARKL L GLEDTAFFKGLRYG
KDNAEASTLMEMKAYHATSRALEKEGLKDKKS PLNLS PELODEIGTAFSLFKTDEDI TCRLKDRIQPETLEAT LKHI
SFDKFVQISLKALRRIVPLMEQGKRYDEACAE I YGDHYGKKNTEZK [YLPPT PADETRNPVVIL.RALSQARKVINGVV
RRYGSPARTHIETAREVGKSFKDRKE I EKROEENRKDREKAAAKFREYFPNFVGE PKSKDILKLRLYEQQHGKCLYS
GKEINLGRLNEKGYVEIG ZAT PFSRTHDDS ENNKVLVI.GSERONKGNOT PYE Y FNGKDNSREWQEFKARVETSREPR
SKKQRILIQKFDEDGFKERNLNDTRYVNRFLCQFVADRMRLTGKGKKRVFASNGQOI TNLLRGFWGLRKVRAENDRHH
ALDAVVVACS TVAMOOKI TREVRYKEMNAFDGKTIDKETGEVLHQKTHF PQPWEFFAQEVMIRVFGKPDGKPEFEEA
DTPERLRILLAEKLSSRPEAVHEYVTPLEFVSRAPNRKMSGQGHMETVKSAKRLDEGVSVLRVPLTQLKLKDLEKMVN
REREPKLYEALKARLEAHKDD PAKAFAE PEYKYDKAGNRTQQVKAVRVEQVOKTGVWVRNENG IADNATMVRVDVEE
KGDKYYI VPI YSWQVAKGILPDRAVVQGKDEEDWQL IDDSFNFKESLEPNDLVEV I TKKARMEGY FASCHRGTGNIN
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>Protein sequence of SpCas9"">-NmCason"""

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRES TKKNLICALLFDSCETAEATRLKRTARRRYTRRKN
RICYLOEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNIVDEVAYHEKYDPT I YELRKKLYDSTDKADLRLI
YLALAHMIKFRGHFLIEGDLNPDNSDVDKLEIQLVQTYNQLFEENP INASGVDAKATLSARLSKSRRLENLIAQLPG
EXKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLOLSKDTYDDDLDNLLAQIGDOYADLFLAAKNLSDAILLSDILRY
NTEITKAPLSASMIKRYDEHHQODLTLLKALVROOLPEKYKEI FFDOSKNGYAGY I DEGGASOEEFYKFIKP I LEKMDG
TEELLVKLNREDLLRKQRTFDNGSTPHQTHLGETLHATILRRQEDFYPFLKDNREKT EKILTFRI PYYVGPLARGNSRF
AWMTRKSEETIT PWNFEEVVDKGASAQSFIERMTNFDKNLPNEKVLPKHSLTLYEYFTVYNELTKVKYVTEGMRKPAF
LSGEQKKATVDLLFKTNRKVTVKOLKEDYFKKIECFDSVEISGVEDRFNASLGTYRDLLKL IKDKDFLDNEENEDLL
EDIVLTLTLFEDREMIEERLKTYAHLEFDDKVMKQLKRRRY TGWGRTL.SRKLINGI RDKOSGKT I LDFLKSDGFANRNF
MQLIHDDSLTFXEDIQOKAQVSGOGDSLEEHIANTAGS PATKKGT LOTVKVVDELVKVMGRAKPEN TV I EMARENQTT
QKGOKNSRERMKRIZEGIKELGSQILKEHPVENTOLONEKLYLYYLONGRDMYVDQELDINRLSDYDVDHIVPOSFEL
KDDS I DNKVLTRSDXNRGKSDNVPSEEVVKKMENYWROT,LNAKL T TORKFDNLTKAERGGLSELDKAGE IKROLVET
RQITKEVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAY T NAVVGTAT, TKKY
PKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKY FFYSNIMNFEKTET TLANGE TRKRPLIETNGETGEIVWDKGR
DFATVRKVLSMPQVNIVEKTEVQOTGCESKESILPKRNS DKL I ARKKDWDPKKY GGFDSPTVAY SVLVVAKVEKGKSK
KLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDL I IXLPKYSLFELENGRKRMLASAGELOKGNELALPSKY
VNFLYLASHYZKLKGSPEDNEQKOLEVEQHKHYLDEITEQTSEFSKRVILADANLDKVLSAYNKHRDKPIREQRENT
THLETLCNLGAPAAFKYEDTTIDRKKYTSTKEVLDATLIEQS I TGLYETRIDLSQLGGDGTGGPRKKRKY,

= GSAAPAAKKKKLDFESGMPKKKRKVAAFKPNPINY ILGIB I GTASVGRAMVE ID
/PKTGDSLAMARRLARSVRRLTRRRANRLLRARRLLKREGVLOAADFDENGLIKSLP
NTPWOLRAAALDRKLTPLEWSAVILHELIKHRGYLSQRKNEGE TADKELGALLKGVADNAEALOTGDFRTPAELALNK
FEKESGHIRNQRGDYSHTFSRKDIQAELTLLFERQKEFGNPHVSGCLKEGIETLLMTORPALSGDAVOKMLGHCTEE
PAEPKAAKNTYTAERFIWL TKLNNLRILEQGSERPLTDTERATLMDEPYRKSKLTYAQARKLLGLEDTAFFKGLRYG
KDNAEASTLMEMKAYHAISRALEKEGLKDKKS PLNLSPELODEIGTAFSLFKTDEDI TGRLKDRIOPEILEALLKHI
SFDKFVQISLKALRRIVPLMEQGKRYDEACAE T YGDHYGKKNTEEKTYT,PPTPADE TRNPVVIRALSOARKVINGVY
RRYGSPARIHIETAREVGKSFKDRKEIEKROEENRKDREKAAAKFREYFPNFVGEPKSKDILKLRLYEOOHGKCLYS
GKEINLGRLNEKGYVE LPFSRTWDDSFNNKVLVLGSERONKGNQTPYEYFNGKDNSREWQEFKARVETSREPR
SKKQRILLOKFDEDGFKERNLNDTRYVNRFLCOFVADRMRL TGKGKKRVFASNGOI TNLLRGFHGLRKVRAENDREE
ALDAVVVACS TVAMOQKITREVRYKEMNAFDGKT IDKETGEVLHOKTHFPQPWEFFAQEVMIRVFGKPDGKPEFEEA
DTPEKLRTLLAEKLSSRPEAVHEYVTPLEVSRAPNRKMSGOGHME TVKSAKRLDEGVSYLRVPLTOLKLKDLERMYN
REREPKLYEALKARLEAHKDDPAKAFAEPFYKYDKAGNRTQOVKAVRVEQVOKTGVWVRNENG LADNATMVRVDVFE
KGDKYYLVPIYSWQVAKGILPDRAVVOGKDEEDWQLIDDS FNFKFSLEPNDLVEVI TKKARMFGY FASCHRGTGNIN
TRTHDLDHKIGKNGILEGIGVKTALSFQKYQIDELGKEIRPCRLKKR PPVRSRADPKKKRKVEAS
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>Protein sequence of SpCas9" *-NmCas9o™"

MDKKYSIGLDIGTNSVGWAVITDEYKVPSKKFKVLGNTDRHSIKKNLIGALLFDSGETAEATRLKRTARRRYTRREN
RICYLOETFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPIFGNTIVDEVAYHEKYPTI YHLRKKLVDSTDKADLRL I
YLALAHMIKFRCGHFLIEGDLNPDNSDVDKLFIQLVQTYNQLFEENPINASGVDAKAILSARLSKSRRLENLIAQLPG
EKKNGLEGNLTALSLGLTPNEKSNEFDLAEDAKLQLSKDTYDDDLDNLLAQIGDQYADLFLAAKNLSDATILLSDILRYV
NTEITKAPLSASMIKRYDEHHODLTLLKALVRQQLPEKYKEIFFDQSKNGYAGYIDGGASQEEFYKFIKPILEKMDG
TEELLVKLNREDLLRKQRTEFDNGSIPHOTHLGELHAILRROEDFYPFLKDNREKIEXILTFRIPYYVGPLARGNSRE
AWMIRKSEETITPWNFEEVVDKGASAQSEFIERMTINFDKNLPNEKVLPKHSLLYEYFTVYNELTKVKYVTEGMRKPAF
LSGEOXKATVDLLFKTNRKVIVKOLKEDYFKKIFCFDSVEISGVEDRENASLCTYHDLLKI IKDKDFLDNEENEDIL
EDIVLTLILFEDREMIEERLKTYAHLFDDKVMKOLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGFANRNE
MOLTHDDSLTFKEDIQKAQVSGOGDSLHEHIANLAGSPATIKKGILOTVKVVDELVKVMGRAKPENI VIEMARENQTT
OKGOKNSRERMKRIEEGIKELGSOILKEHPVENTQLONEKL YL Y YLONGRDMYVDQELDINRLSDYDVDHIVPQSFL
KDDS IDNKVLTRSDENRGKSDNVPSEEVVKKMKNYWROLLNAKLITQRKFDNLTKAERGCLSELDKAGF IKRQLVET
ROITKHVAQILDSRMNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVRE INNYHHAHDAYLNAVVGTALIKKY
PKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFFYSNIMNFFKTEI TLANGEIRKRPLIETNGETGE IVWDKGR
DEATVREVLSMPOQVNIVKKTEVOTGGFSKESTILPKRNSDKLIARKKDWDPKKYGGFDSPTVAYSVLVVAKVEKGKSK
KLKSVKELLGITIMERSSFEKNPIDFLEAKGYKEVKKDLIIKLPKYSLFELENGRKRMLASAGELQKGNELALPSKY
VNFLZLADHYEKLKGSP“DN”QFQLFVEQHKHYLDEILEQISEFSKRVILADANLDKVLSAYNKHRDKPIREQAENI

. o ! ~GSAAPAAKKKKLDFESGMPKKKRKVAAFKPVpINYILGL@;QIASVGWAMVEID
17DENPICIIDLGVPVFEKAEVPKTGDSLAMARRLARSVRRLTRRRAHRLLRARRLLKREGVLQAADFDENGLIKSLP
NTPWOILRAAATDRKILTPLEWNSAVLLELIKHRGYLSQRKNEGETADKELGAL LKGVADNAHALQTGDFRTPAELALNK
FERKESGHIRNQRGDYSHTFSREDLQAFLITLLFERQKEFGNPHVSGGLEKEGTETLLMTQRPALSGDAVQRMLGHCTFE
PAEPKAAKNT Y TAERFIWLTKLNNLRILEQGSERPLTDTERATIMDE PYRESKL TYAQARKLLGLEDTAFFKGLRYG
KDNAEASTLMEMKAYHATSRALEREGLKDKKSPLNLSPELODEIGTAFSLFKTDEDI TGRLEDRIOPEILEALLKHT
SEDREVQISTKALRRTVPLMEQGKRYDEACAE I YGDHYGKKNTEEKT YL, PP PADEIRNPVVLRALSQARKVINGVY
RRYGSPARTHIETAREVGKSIKDRKE IEKRQEENRKDRERAAAKFREY FPNEVGEPKSKDILKLRLYEQDHGKCLYS
GRKEINLGRLNEKGYVE LPFSRTWDDSFNNKVLVLGSE%QNKGNQTPYEYFNGKDNSREWQEFKARVETSRFPR
SEKQORILIQKFDEDGEFKERNLNDTRYVNRFLCOFVADRMRL TGKGKKRVFASNGQI TNLLRGFWGLRKVRAENDRHH
ALDAVVVACSTVAMQQKT TREVRYKEMNAFDGKTIDKETGEVLHQKTHF POPWEFFAQEVMIRVEGKPDGKPEFEEA
DTPEELRTLLAERLSSRPEAVHEYVTPLFVSRAPNRKMS GQGHMETVKSAKRLDEGVSVLRVPLTOLKLKDLEKMVN
REREPRLYEATKARIEAHKDDPAKAFAEPEYRKYDRKAGNRTOQVKAVRVEQVOKTGVWVRNENG IADNATMVRVDVEE
KGDEYYLVPIYSWQVAKGILPDRAVVQGKDEEDWQLIDDSFNFKFSLEPNDLVEVI TKKARMEGY FASCHRGTGNIN
ITRIODLDHRTIGKNGILEGIGVETALSFQKYQIDELGKEIRPCRLEKKRPPVRSRADPKKKRKVEAS

Figure 117
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