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Engineered CRISPR-Cas9 Nucleases

CLAIM OF PRIORITY
This application claims priority under 35 USC §119(e) to U.S. Patent
Application Serial Nos. 62/211,553, filed on August 28, 2015; 62/210,033, filed on
September 9, 2015; 62/258,280, filed on November 20, 2015; 62/271,938, filed on
5 December 28, 2015; and 15/015,947, filed on February 4, 2016. The entire contents of

the foregoing are hereby incorporated by reference.

SEQUENCE LISTING
The instant application contains a Sequence Listing which has been subritted
electronically in ASCH format and is hereby incorporated by reference in its entirety.
10 Said ASCH copy, created on August 26, 2016, is named SEQUENCE LISTING ixt

and is 129,955 bytes in size.

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT
This invention was made with Government support under Grant Nos. DP1
GM105378 and RO1T GMO88040 awarded by the National Institutes of Health. The

15 Government has certain rights in the invention.

TECHNICAL FIELD
The invention relates, at least in part, to engineered Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPRs)CRISPR-associated protein 9

(Cas9) nucleases with altered and improved target specificity and their use in genomic

20 engineering, epigenomic engineering, genome targeting, genome editing, and in vitro
diagnostics.
BACKGROUND

CRISPR-Cas9 nucleases enable efficient genome editing in a wide variety of
organisms and cell types (Sander & Joung, Nat Biotechnol 32, 347-355 (2014); Hsu et
25 al., Cell 157, 1262-1278 (2014}, Doudna & Charpentier, Science 346, 1258096
{2014}, Barrangou & May, Expert Opin Biol Ther 15, 311-314 (2015)}. Target site
recognition by Cas9 is programmed by a chimeric single guide RNA (sgRNA) that

encodes a sequence complementary to a target protospacer (Jinek et al., Science 337,
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816-821 (2012}, but also requires recogaition of a short neighboring PAM (Mojica et
al., Microbiology 153, 733-740 (2009), Shah et al, RNA Biol 10, 891-899 (2013},
Hang et al , Nat Biotechnol 31, 233-239 (2013); Jinek et al, Science 337, 816-821
(2012); Sternberg et al,, Nature 507, 62-67 (2014)).

SUMMARY

As described herein, Cas? Proteins can be engineered to show increased
specificity, theoretically by reducing the binding aftinity of Cas9 for DNA. Thus,
described herein are a number of Cas9 variants that have increased specificity (i.e,,
induce substantially fewer off target effects at imperfectly matched or mismatched
DNA sites) as compared to the wild type protein, as well as methods of using them.

In a first aspect, the invention provides isolated Strepfococcus pyogenes Cas9
(SpCas9) proteins with mutations at one, two, three, four, five, six or all seven of the
following posttions: L169A, Y450, N497, R661, (3695, (3926, and/or D1135E e g,
comprising a sequence that is at least 80% identical to the amino acid sequence of
SEQ ID NG: 1 with mutations at one, two, three, four, five, six, or seven of the
following positions: L169, Y450, N497 Ro61, Q0695, 9926, D1135E, and optionally
one or more of a nuclear localization sequence, cell penetrating peptide sequence,
and/or affinity tag. A mutation alters the amino acid to an amino acid other than the
native anuno acid (e.g., 497 is anything but N). In preferred embodiments the
mutation changes the amino acid to any amino acid other than the native one, arginine
or lysine; in some embodiments, the amino acid is alanine.

In some embodiments, the variant SpCas9 proteins comprise mutations at one,
two, three, or all four of the following: N497, R661, Q695 and (3926, e.g., one, two,
three, or all four of the following mutations: N497A, R661A, Q695A, and Q926A.

In some embodiments, the variant SpCas9 proteins comprise mutations at
Q695 and/or Q926, and optionally one, two, three, tour or all five of 1169, Y450,
N497, R661 and D1135E, e g, including but not limited to Y450A/Q695A,
LI69A/Q695A, Q695A/Q9264, Q695A/D1135E, Q926A/D1135E, Y450A/D1135E,
L169A/Y450A/Q695A, L169A/Q695A/Q026A. Y450A/Q695A/QO26A,
R661A/Q695A/Q026A, N49TA/QG95A/QO26A, YAS0A/QE95A/D1135E,
Y450A/QO26A/TI35E, Q695A/Q920A/D1135E, LI6SA/YA50A/Q69SA/IO20A,
L169A/R661A/Q695A/QU26A. Y450 A/R661A/Q695A/QO26A,

b2
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MN49TA/QOISA/QO26A/DI135E, ROOIA/QOISA/GI26A/D1135E, and
Y4SO0A/(69SA/920A/DT135E.

In some embodiments, the variant SpCas® proteins comprise mutations at
N14: §15: §55; R63: R78; H160; K163: R165; L169; R403; N407: Y450, Md405;
N497. K510, Y515, Wo59; R661; M094, Q695; H698, AT28; 8730, K775, 8777
R778; R780: K782; R783: K789; K797: Q805; N808]: K810: R832: (J/44: §845;
K848: $851: K855: R8SO; K862 K&9U: Q920; Q926; K961: $964: K968 K974:
RO76; N9RO:; HO82: K1003; K1014: S1040; N1041; N1044: K1047: K1059; R1060;
K1107, E1108; S1109; K1113; R1114; S1116;, K1118;, D1135; 51136, K1153; K1155
K 1158 K1200; Q1221; H1241: Q1254; Q1256; K1289; K1296: K1297; R1298;
K1300; Hi311; K1325;, Ki334; T1337 and/or §1216.

In some embodiments, the variant SpCas? proteins also comprise one or more
of the following mutations: NI14A; S15A; SS5A; R63A; R78A; RI165A; R403A,;
NAOTA; N4OTA: Y450A: KS10A; YS15A; R661A; Q695A; ST30A; K775A; STTTA;
R778A: R780A: K782A: R783A: K789A: K797A; Q80SA: NSOSA: KRI0A: RE32A:
QB44A; S845A; K848A; SBSTA: K855A; RBSOA; K862A; K8OUA, Q920A; Q926A:
K961A; S964A; KI68A: KOT4A:; ROT6A: NOSOA: HI82A: K1003A; KIO14A:
S1040A; NTO41A; N1044A;, K1047A; K1050A; R1060A; K1107A; ET108A,
ST109A: K1113A; R1114A; ST116A; K1118A: DII35A; S1136A; K1153A;
K1155A; K1158A: K1200A: Q1221A; HI241A; Q1254A; Q1256A; K1289A:
KI1296A; K1297A; RI298A; K1300A; HI311TA; K1325A; K1334A; T1337A and/or
S1216A. In some embodiments, the variant proteins include
HF1(N497A/R60TA/QOI5A/Q926 A -KEI0A, HF1+KE48A, HFI+KE855A,
HF1+H982A, HF [+K848A/K 1003 A, HF1+K848A/R1060A, HF1+K8S5A/KI1003A,
HF1+K&55A/R1060A, HF1+H982A/K 1003 A, HF 1+HO982A/R1060A,
HFI+K1003A/R1060A, HF IHKB10A/K 1003 A/RI0OG0A,
HF1+KB48A/K1003A/R1060A. In some embodiments, the variant proteins include
HF1+K848A/KI003A, HF 1+K848A/R1060A, HF I+K8S5SA/K1003A,
HF1+K855A/R1060A, HF1+K 1003 A/R1060A, HF 1+K843A/K1003A/RI060A. In
some embodiments, the variant proteins include Q695 A/Q920A/RT80A,
Q695A/Q926A/RITEA, Q695A/QO26A/HIR2A, Q695A/Q926A/KES5A,

Q695 A/QI26A/KBARAMK1003A, Q695 A/QI26A/KBABA/KBSSA,
Q695A/QI26A/KRIRA/HOR2A, Q69SA/QU2E6A/K 1003 A/R1060A,
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Q695 A/Q926AKBA8A/RI060A, Q695 A/QO26A/K8SSAHOSZA,
Q695 A/QU26AKBS5A/KI003A, Q69SA/Q26A/K’55A/RI060A,
Q695 A/QO26 A/HOS2A/K 1003 A, Q695A/Q026 A/HO82A/R1060A,

PCT/US2016/049147

Q695 A/Q926 A/KI003A/RIO60A, Q695A/Q926A/K8I0A/KIOO3A/RIV60A,
QO95A/Q926 A/K848A/KI1003A/R1060A. In some embodiments, the variants

include N497A/R661A/Q695A/QO26A/KB10A,

N49TA/RE6TA/QE9SA/QO26AKBARA, NAGTA/RE61A/QE95A/QIZ6A/KESSA,
N49TA/RE61A/QE95A/QI26A/RTROA, NAOTA/RE61A/Q695A/QO26A/KOI6BA,
NA9TA/RG61A/I695A/QOZ6A/FI82A, NAOTA/RE6TA/Q6ISA/QO26A/K 003 A,
NA9TA/RE61A/Q695A/Q926 A/K 1014A, NAOTA/RE6TA/Q695A/Q026A/K 1047A,

N497A/RE61A/QE95A/QO26A/RT060A,
N497TA/RE61A/QE95 A/QO26 A/KSTOA/KIGEA,
N49TA/RE61A/695A/Q026A/K810A/KS48A,
N497A/R661A/Q695A/QO26A/KETOA/K 1003A,
N497A/R661A/Q695A/QO26A/KSIOA/RI060A,
N49TA/RE6TA/QE95 A/QO26 A/KB48AK 1003 A,
N49TA/RE61A/QE95A/QI26 A/KSASA/R1060A,
NA9TA/RGE61A/695 A6 A/KESSA/K1003A,
N497A/R661A/Q695A/QO26A/KE55A/RTO60A,
N497A/RE61A/QE9SA/QO26AKIGRA/K 1003 A,
N49TA/RE61A/QE95 A/QO26 A/HIS2 A/K 1003 A,
N49TA/RE61A/695A/Q926A/HISZA/R1060A,
NA9TA/RG61A/E95A/Q92Z6A/K 1003 A/R1060A,

N4GTA/RGGIA/QOYSA/QO26A/KBIOA/KI003A/RI060A,

N4A9TA/RE6TA/QE95A/QO26 AKB4RA/K 1003 A/R1060A, Q69SA/QO26A/RTI0A,
Q695A/QO26 A/KS10A, QE95A/QI26A/RE32A, QEI5A/Q926A/KRASA,

Q695 A/Q92Z6A/KE55A, (695 A/QO26A/KO68A, 695A/Q026A/RITEA,
Q695A/QI26A/HIR2A, Q695A/Q926A/K1003A, Q695A/QU26A/K1014A,

Q695 A/QI26A/K 10474, Q695A/QO26A/RIN60A, Q695A/Q926A/K848A/KI63A,
Q695 A/QO26A/RITEA, Q695A/QIZ6A/HIBLA, Q695A/Q026A/KS55A,

0695A/Q926 A/K84BA/K 1003 A, Q695A/Q926A/K84BA/KSSSA,
Q695A/Q926A/KB48A/HOB2A, Q695 A/Q926A/K 1003 A/RI060A,
Q695A/Q926A/RE32ZA/RI060A, Q695A/Q926 A/KI6SA/K 1003 A,
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Q695 A/QI2Z6 A/KIGSA/RIO60A, Q695A/Q026A/KS48A/RI060A,
Q695A/Q926A/KR55A/HOR2A, Q69SA/QI26A/K8SSAK 10034,

Q695 A/QO26A/K855A/R1060A, QO95A/GI26A/HIB2ZA/KI003A,

Q695A/Q926 A/HOB2A/R 10604, Q695 A/926A/K 1003 A/R1060A,

Qo95A/Q926 A/K810A/KI1003A/R1060A,
Q695A/Q926A/K 1003 A/K 1047A/R1060A,

Q69SA/QO26A/K S8 A/K 1003 A/R1060A, Q69SA/(F926A/REBI2ZAKI003A/RIO60A,
or Q695A/Q926A/KB48A/KI003A/RI1060A

Mutations to amino acids other than alanine are also included, and can be
made and used in the present methods and compositions.

In some embodiments, variant SpCas9 proteins comprise one ot more of the
following additional mutations: R63A, R66A, R69A, R70A, R71A, Y72A, R74A,
R7SA. K76A, N77A, R78A, R115A, HI60A, K163A, R165A, L169A, R403A,
T404A, FA05A, N4OTA, R447A, NA9T A, 1448A, Y450A, S460A, M495A, K510A,
Y5154, R661A, M694A, Q695A, H69BA, Y1013A, VI015A, R11224, K1123A,
KI1124A, K1158A, K11834, K1200A, 512164, QI221A, K1289A, R1298A,
K1300A, K1325A, R1333A, K1334A, R13354, and Ti337A.

In some embodiments, the variant SpCas9 proteins comprise multipie
substitution mutations: N497/R601/(3695/Q926 {quadruple variant mutanis);
Q695/0Q926 (double mutant); R661/Q695/(3926 and N497/Q695/(3926 (triple
mutants). In some embodiments, additional substitution mutations at L169, Y450
and/or D1135 might be added to these double-, triple, and quadruple mutants or added
to single mutants bearing substitutions at 3695 or 3926, In some embodiments, the
mutants have alanine in place of the wild type amino acid. In some embodiments, the
mutants have any amino acid other than arginine or lysine {or the native amino acid).

In some embodiments, the variant SpCas® proteins also comprise one or more
mutations that decrease nuclease activity selected from the group counsisting of
mutations at D10, E762, D839 HO83, or D986; and at H840 or N863 . In some
emnbodiments, the mutations are: (i) D10A or DION, and (11) H840A, H840N, or
HB340Y.

In some embodiments, the SpCas® variants can also include one of the

following sets of mutations: D1135V/R1335Q/T1337R (VQR variant),

U
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D113SE/R1335Q/T1337R (EQR variant); DHI35V/GIZI8R/RI335()/TI337R
{VROR vartant), or D1135V/G1218R/RI335E/T1337R (VRER variant),

Also provided herein are isolated Staphylococcus aureus Cas9 (SaCas9)
protein, with mutations at one, two, three, four, five, six, or more of the following
positions: Y211, Y212, W22% Y230, R245, 7392, N419, Y651, or R654, e g,
comprising a sequence that is at least 80% identical to the amino acid sequence of
SEQ 1D NG 1 with mutations at one, two, three, four, or five, or six of the following
positions: Y211, Y212, W229, Y230, R245, T392, N419, Y651, or R654, and
optionally one or more of a nuclear localization sequence, cell penetrating peptide
sequence, and/or affinity tag. In some embodiments, the SaCas9 variants described
herein include the amino acid sequence of SEQ 1D NG:2, with mutations at one, two,
three, four, five, six, or more of the following positions: Y211, Y212, W229, Y230,
R245,7T392, N419, Y6Stand/or R654. In some embodiments the varants include one
or more of the following mutations: Y2Z11A, Y212A, W229, Y230A, R245A, T302A,
N419A, Y651, and/or R654A.

In some embodiments, the variant SaCas9 proteins comprise mutations at
N419 and/or R654, and optionally one, two, three, four or more of the additional
mutations Y211, Y212, W229, Y230, R245 and T392, preferably N419A/R654A,
Y211A/RG54A, Y21TA/Y212A, Y21TA/Y230A, Y211A/R245A, Y212A/Y230A,
Y2I12A/R245A, Y230A/R245A, W220A/R654A, Y21TA/Y212A/Y230A,
Y2UA/Y212A/R245A, Y21IA/YZ2Z12A/Y6STA Y21TA/Y230A/R245A,
Y211A/Y230A/Y651A, Y2ULA/RZA5A/YG51A, Y21IA/R245A/R654A,
Y211A/R245A/N4TI9A, Y21TA/NAI9A/RGS4A, Y212A/Y230A/R245A,
Y212ZA/Y2Z30A/Y6S51A, Y212A/R245A/Y651A, Y230A/R245A/YGS 1A,
R245A/N41I0A/RO54A, T392A/N419A/RES54A, R245A/T392A/NA19A/RO54A,
Y211A/RZ4S5SA/NAISA/RO54A, W229A/R245A/NATDA/RGS4A,
Y211A/R245A/T392A/MNAIGA/RO54A, or Y2T1A/W220A/RZ45A/NATSAIRES4A.

In some embodiments, the variant SaCas9 proteins comprise mutations at
Y211, Y212; W229; Y230; R245; T392: N419: L446; Q488: N492: Q495 R497:
N408; R499; (3500; K518; K523; K525, H557; R561; K572; R634; Y651, R654;
G655: N658; $662: N667; R686; K692: R694; HT00; K751; D786: T787, Y789,
T832; K886, WNBEE; 839; 1909, NO&5; NO86, R991; R1015; N44; R45; R51; RSS;

b

R59: R60; R116; R165; N169; R208; R209: Y211; T238; Y239: K248: Y256; R314;
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N394: Q414; K57: R61: H111; K114: V164; R165; L788: $790: R792; N804: Y868:
K870, KB878; K879; K&81; Y&97; R901; and/or K906,

In some embodiments, the variant SaCas9 proteins comprise one or more of
the following mutations: Y211A; Y212A; W229A; Y230A; R245A; T392A; N419A,;
L446A; Q488A; N492A: Q495A; R49TA; N4AOSA: R499A; Q500A: K518A; KS23A,
K525A; H557A: R361A:; K572A; R634A; Y651A: R654A; G655A; N6SSA: S662A;
N667A; R68OA; K692A, RO94A; HT00A, K751A; D786A; T7T87A; Y789A, TBR2A,
KB86A; NBBBA; ABBOA; LO0OA; NO85SA; NOBGA; RO91TA; RI0ISA; N44A; R45A;
RSTA; R55A; R59A; RO0A; R116A; R165A; N169A, R208A; RZ09A; T238A;
Y239A: K248A; Y256A; R314A: N394A: Q414A; K57A: R61A: HIT1A: K114A;
V164A: R165A; L788A; S790A: R792A; NB04A: YS68A; KR70A; KB78A; KETOA:
KB81A: Y89TA; ROOTA; KI06A.

In some embodiments, variant SaCas9 proteins comprise one or more of the
following additional mutations: Y2Z11A, W229A, Y230A, R245A, T392A, N419A,
L446A, Y651A, R6S4A, DTS6A, TTRTA, YTS0A, T8S2A, K88G6A, NSSSA, ASSOA,
LO0OA, N98SA, NOBOA, RO91A, R1015A, N44A, R45A, RSTA, RS54, R59A,
R60A, R116A, R165A, N169A, R208A, RI09A, T238A, Y239A, K248A, Y2564,
R314A, N394A, (Q414A, K57A, R61A, HITIA, K114A, VI64A, R1634, L788A,
S790A, R792A, NBO4A, YE6BA, KB70A K&78A, K870A, KEBIA, Y89T7A, RO01A,
K906A.

In some embodiments, the variant SaCas9 proteins comprise multiple
substitution mutations: R245/T392/N419/R654 and Y221/R245/N419/R654
{quadruple variant mutants), N419/R654, R245/R6354, Y221/R654, and Y221/N419
(double mutants);, R245/N419/R654, Y21 1/N419/R654, and T392/N419/R654 (triple
mutants). In some embodiments the mutants contain alaning 10 place of the wild type
amino acid.

In some embodiments, the variant SaCas9 proteins also comprise one or more
mutations that decrease nuclease activity selected from the group consisting of
mutations at D10, E477, D556, H701, or D704; and at H557 or NS0, In some
embodiments, the mutations are: (i) D10A or DI10ON, (i) H557A, HS57N, or H557Y,
{111} N580A, and/or (iv) DSS6A.

In some embodiments, the variant SaCas9 proteins comprise one or more of

the following mutations: E782K, K929R, N968K, or R101SH. Specifically,

~J
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E782K/NO68K/R1015H (KKH variant), E782K/K929R/R1015H (KRH variant); or
E782K/K929R/NO68K/R1015H (KRKH variant).

In some embodiments, the variant Cas9 proteins include mutations to one or

more of the following regions to increase specificity:

Functional Region

Splas9

Salas9

Residues contacting
the DNA of the
spacer region

L169, Y450; M495: N497.
W659: R661; M694: Q695
H698: A728: 0926, B1108;
V1015

Y211, W229; Y230,
R245, T392;, N419, L446,
Yo51; R654

Residues that
potentially contact
the DNA of the non-
target strand

N14: S15; $55. §730. K775,
8777 R778; R780; K782,
R783: K789; K797; Q805;
N808: K810: R832: (QR44;
$845; K848: 8851; K855;
R859: K&62; K890, Q920;
K961, $964; K968; K974;
R976; N9SO; HO82: K1003:;
K1014; 8§1040; N1041;
N1044; K1047; K1059;
R1060; K1200; H1241:
Q1254; Q1256 K1289;

K 1296, K1297: K1300;
HI311;K1325

CASEA; NA92A; Q495A;
RAGTA; N498A; R499,
Q500: K518 K523
K525 H557: R361:
K572: R634; R654;
G655, N658; 8662; N667;
R686; K692: R694;
H700; K751

Residues contacting
the DNA of the PAM
region (including
direct PAM contacts)

R71; Y72, R78; R165; R403;
T404; F405: K1107: 81109,
Ri114; 81116; K1118:;
D1135; 81136, K1200;
$1216: E1219; R1333; R1335;
T1337

D786: T787; Y789, T882;
K886, N338: A389:
1.909; N9RS: N986: R991:
R1015

Residues contacting
the RNA of the
spacer region

Y72, R75. K76, L101; S104;
F105; R11S; H116; 1135;
H160: K163: Y325 H328;
R340: F351: D364; Q402;
R403: 11110: K1113: R1122;
Y1131

N44; R45: R51; R55;
R59; R60; R116; R165:
N169: R208: R209;
Y211; T238; Y239:
K248; Y256: R314;
N394; Q414

Residues contacting
the RINA of the
repeat/anti-repeat
region

R63. R66, R70; R71. R74;
R78; R403; T404; N4OT;
R447: 1448; Y450; K510:
Y515; R661; Vi009; Y1013

K57 R61 HI11 K114
V164; R165; L788; $790;
R792; N804, Y868;
K870: K878: K879;
K881: Y897: RO01:; K906

Residues contacting
the RINA stem loops

K30 K33: N46: R40; K44,
B57. T62; R69; N7, 1L455:
$460; R467; T472; 473,
H721: K742 K1097: V1100;
T1102; F110S; K1123;
K1124: E1225: Q1272
11349, $1351: Y1356

R47- K50, R54; RS
H62; R209: E213; $219:
R4572; K459; R774;
N780; R781; 1.783

&
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Also provided herein are fusion proteins comprising the isolated variant Cas9
proteins described herein fused to a heterologous functional domain, with an optional
intervening linker, wherein the linker does not interfere with activity of the fusion
protein. In some embodiments, the heterologous functional domain acts on DNA or
protein, e.g., on chromatin. In some embodiments, the heterologous functional domain
is a transcriptional activation domain. In some embodiments, the transcriptional
activation domain is from VP64 or NF-xB p65. In some embodiments, the
heterologous functional domain is a transcriptional silencer or transcriptional
repression domain. In some embodiments, the transcriptional repression domain is a
Kruppel-associated box (KRAB) domain, ERF repressor domain (ERD), or mSin3A
interaction domain (SID). In some embodiments, the transcriptional silencer is
Heterochromatin Protein 1 (HP1), e g, HPlo or HP1. In some embodiments, the
heterologous functional domain is an enzyme that modifies the methylation state of
DNA. In some embodiments, the enzyme that modifies the methylation state of DNA
is a DNA methyltransterase (DNMT) or the entirety or the dioxygenase domain of a
TET protein, e.g., a catalytic module comprising the cysteine-rich extension and the
20GFeDO domain encoded by 7 highly conserved exons, e g, the Tetl catalytic
domain comprising amino acids 1580-2052, Tet2 comprising amino acids 1290-1905
and Tet3 comprising amino acids 966-1678. In some embodiments, the TET protein or
TET-derived dioxygenase domain is from TET!. In some embodiments, the
heterologous functional domain is an enzyme that modifies a histone subunit. In some
embodiments, the enzyme that modifies a histone subunit is a histone
acetyltransferase (HAT), histone deacetvliase (HDAC), histone methyliransferase
(HMT), or histone demethvlase. In some embodiments, the heterologous functional
domain is a biological tether. In some embodiments, the biological tether is MSZ,
Csy4 or lambda N protein. In some embodiments, the heterologous functional domain
is Fokl.

Also provided herein are nucleic acids, 1solated nucleic acids encoding the
variant Cas9 proteins described herein, as well as vectors comprising the isolated
nucleic acids, optionally operably linked to one or more regulatory domains for
expressing the variant Cas9 proteins described herein. Also provided herein are host

cells, e g., bacterial, yeast, insect, or mammalian host cells or transgenic animals {e.g.,
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mice}, comprising the nucleic acids described herein, and optionally expressing the
variant Cas9 proteins described herein,

Also provided herein are isolated nucleic acids encoding the Cas9variants, as
well as vectors comprising the isolated nucleic acids, optionally operably linked to
one or more regulatory domains for expressing the variants, and host cells, e g,
mammalian host cells, comprising the nucleic acids, and optionally expressing the
variant proteins.

Also provided herein are methods of altering the genome or epigenome of a
cell, by expressing in the cell or contacting the cell with variant Cas9 protetns or
fusion proteins as described herein, and at least one guide RNA having a region
complementary to a selected portion of the genome of the cell with optimal mucleotide
spacing at the genomic target site. The methods can include contacting the cell with a
nucleic acid enceding the Cas9 protein and the guide RNA, e.g., in a single vector,
contacting the cell with a nucleic acid encoding the Cas9 protein and a nucleic acid
encoding the guide RNA, e.g., in multiple vectors; and contacting the cell with a
complex of purified Cas9 protein and synthetic or purified gRNA, inter afia. 1n some
embodiments, the cell stably expresses one or both of the gRNA or the variant
protein/fusion protein, and the other element is transfected or introduced into the cell.
For example, the cell may stably express a variant protein or fusion protein as
described herein, and the methods can include contacting the cell with a synthetic
gRINA, a purified recombinantly produced gRNA, or a nucleic acid encoding the
gRNA. In some embodiments, the variant protein or fusion protein comprises one or
more of a nuclear localization sequence, cell penetrating peptide sequence, and/or
affinity tag.

Also provided herein are methods for altering, e.g., selectively altering, an
isolated dsDNA molecule 772 vitro by contacting the dsDNA with a purified variant
protein or fusion protein as described herein, and a guide RNA having a region
complementary to a selected portion of the dsDNA molecule.

Unless otherwise defined, all technical and scientific terms used herein have
the same meaning as commonly understood by one of ordinary skill in the art to
which this invention belongs. Methods and materials are described herein for use in
the present invention; other, suitable methods and materials known in the art can also

be used. The materials, methods, and examples are illustrative only and not intended
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to be limiting. All publications, patent applications, patents, sequences, database
entries, and other references mentioned herein are incorporated by reference in their
entirety. In case of conflict, the present specification, including definitions, will
coutrol.

{Other features and advantages of the invention will be apparent from the

following detailed description and figures, and from the claims.

BESCRIPTION OF DRAWINGS

FiGs. 1A-E | Identification and characterization of SpCas9 variants
bearing mutations in residues that form non-specific DNA contacts, A, Schematic
depicting wild-type SpCas9 recognition of the target DNA sgRNA duplex, based on
PDB 400G and 4UN3 (adapted from refs. 31 and 32, respectively). B,
Characterization of SpCas? vartants that contain alanine substitutions in positions that
form hydrogen bonds to the DNA backbone. Wild-type SpCas® and variants were
assessed using the human cell EGFP disruption assay when programmed with a
perfectly matched sgRNA or four other sgRNAs that encode mismatches to the target
site. Error bars represent s.e.m. for n = 3; mean level of background EGFP loss
represented by red dashed line (for this panel and panel C). C and D, On-target
activities of wild-type SpCas® and SpCas9-HF 1 across 24 sites assessed by EGFP
disruption assay {panel C} and 13 endogenous sites by T7E1 assay (panel D). Error
bars represent s.e.m. for n =3, E, Ratio of on-target activity of SpCas9-HF1 to wild-
type SpCas9 (from panels C and D}

FIG. 2A-C | Genome-wide specificities of wild-type SpCas® and SpCash-
HF1 with sgRNAs for standard target sites. A, Off-target sites of wild-type SpCas®
and SpCas9-HF1 with eight sgRNAs targeted to endogenous human genes, as
determined by GUIDE-seq. Read counts represent a measure of cleavage frequency at
a given site; misrmatched positions within the spacer or PAM are hughlighted in color,
B, Summary of the total number of genome-wide off-target sites identified by
GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 from the eight sgRNAs used in
panel A C, Off-target sites identified for wild-type SpCas9 and SpCasS®-HF1 for the
eight sgRNAs, binned according to the total number of mismatches (within the
protospacer and PAM) relative to the on-target site.

FiG, 3A-C | Validation of SpCas9-HF1 specificity improvements by

targeted deep sequencing of off-target sites identified by GUIDE-seq. A, Mean
11
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on-target percent modification determined by deep sequencing for wild-type SpCas9
and SpCasO-HE1 with six sgRNAs from Fig. 2. Error bars represent s.e.m. forn =3,
B, Percentage of deep sequenced on-target sites and GUIHDE-seq detected off-target
sites that contain indel mutations. Triplicate experiments are plotted for wild-type
SpCas9, SpCas9-HE1, and control conditions. Filled circles below the x-axis
represent replicates for which no insertion or deletion mutations were observed. Oft-
target sites that could not be amplified by PCR are shown in red text with an asterisk.
Hypothesis testing using a one-sided Fisher exact test with pooled read counts found
significant differences (p < 0.05 after adjusting for multiple comparisons using the
Benjamini-Hochberg method) for comparisons between SpCas9-HF | and the control
condition only at EMX1-1 off-target 1 and FANCF-3 off-target 1. Significant
differences were also found between wild-type SpCas9 and SpCas9-HF1 at all off-
target sites, and between wild-type SpCas9 and the control condition at all off-target
sites except RUNX1-1 off-target 2. C, Scatter plot of the correlation between GUIDE-
seq read counts (from Fig. 2A) and mean percent modification determined by deep
sequencing at on- and off-target cleavage sites with wild-type SpCas9.

FiG. 4A-C | Genome-wide specificities of wild-type SpCas9 and 5pCas%-
HF1 with sgRNAs for non-standard, repetitive sites. A, GUIDE-seq specificity
profites of wild-type SpCas9 and SpCas9-HF T using two sgRNAs known to cleave
large numbers of off-target sites (Fu et al., Nat Biotechnol 31, 822-826 (2013); Tsat et
al., Nat Biotechnol 33, 187-197 (2015)). GUIDE-seq read counts represent a measure
of cleavage efficiency at a given site; mismatched positions within the spacer or PAM
are highlighted in color; red circles indicate sites likely to have the indicated bulge
(Lin et al., Nucleic Acids Res 42, 7473-7485 (2014)) at the sgRNA-DNA mterface;
blue circles indicate sites that may have an alternative gapped alignment relative to
the one shown (see Fig. 8). B, Summary of the total number of genome-wide oft-
target sites identified by GUIDE-seq for wild-type SpCas9 and SpCas9-HF1 from the
two sgRNAs used in panel A. C, Off-target sites identified with wild-type SpCas9 or
SpCas9-HF 1 for VEGFA sites 2 and 3, binned according to the total number of
mismatches (within the protospacer and PAM) relative to the on-target site. Off-target
sites marked with red circles in panel A are not included in these counts; sites marked
with blue circles in panel A are counted with the number of mismatches in the non-

gapped alignment.
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FiG. 5A-D| Activities of SpCas9-HF1 derivatives bearing additional
substitations. A, Human cell EGFP disruption activities of wild-type SpCas9,
SpCas9-HF 1, and SpCas9-HF 1-derivative variants with eight sgRNAs. SpCas9-HF1
harbors N497A, R661A, Q695 and Q926A mutations, HF2 = HF1 + D1135E; HF3 =
HF1 + L169A; HF4 = HF1 + Y450A. Error bars represent s.em. for n = 3; mean level
of background EGFP loss represented by the red dashed line. B, Summary of the on-
target activity when using SpCas9-HF variants compared to wild-type SpCas9 with
the eight sgRNAs from panel a. The median and interquartile range are shown; the
interval showing >70% of wild-type activity is highlighted in green. C, Mean percent
modification by SpCas9 and HF variants at the FANCF site 2 and VEGFA site 3 on-
target sites, as well as off-target sites from Figs. 24 and 4A resistant to the effects of
SpCas9-HF 1. Percent modification determined by T7E1 assay; background indel
percentages were subtracted for all experirnents. Error bars represent s.e.m. forn =3,
D, Specificity ratios of wild-type SpCas9 and HF variants with the FANCF site 2 or
VEGFA site 3 sgRNAs, plotted as the ratio of on-target to off-target activity (from
panel C}.

FiGs. SE-F | Genome-wide specificities of SpCas®-HF1, -HF2, and -HF4
with sgRNAs that have off-target sites resistant to the effects of SpCasS-HF1. E,
Mean GUIDE-seq tag integration at the intended on-target site for GUIDE-seq
experiments in panel F. SpCas9-HF1 = N497A/RG61A/QOOSA/QO20A; HF2 = HF1 +
D1135E; HF4 = HF1 + Y450A. Error bars represent s.em. forn=3. F, GUIDE-seq
identified off-target sites of SpCasO-HF1, -HF2, or -HF4 with either the FANCF site 2
or VEGFA site 3 sgRNAs. Read counts represent a measure of cleavage frequency at
a given site; mismatched positions within the spacer or PAM are highlighted in color
The fold-improvement in off-target discrimination was calculated by normalizing the
off-target read counts for an SpCas9-HF variant to the read counts at the on-target site
prior to comparison between SpCas9-HF variants,

FiG. 6A-B | 5pCasY interaction with the sgRNA and target DNA. A,
Schematic illustrating the SpCas9:sgRNA complex, with base pairing between the
sgRNA and target DNA. B, Structural representation of the SpCas9:sgRNA complex
bound to the target DNA, from PDB: 4UNS3 (ref. 32). The four residues that form
hydrogen bond contacts to the target-strand DNA backbone are highlighted in blue;

the HNH domain is hidden for visualization purposes.
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Fi1G. 7A-D | On-target activity comparisons of wild-type and SpCas8-HF1
with various sgRNAs used for GUIDE-seq experiments. A and C, Mean GUIDE-
seq tag integration at the intended on-target site for GUIDE-seq experiments shown in
Figs. 2A and 4A (panels 7TA and 7C, respectively), quantified by restriction fragment
tength polymorphism assay. Error bars represent s.em. for n=3. b and d, Mean
percent modification at the intended on-target site for GUIDE-seq experiments shown
in Figs. 2A and 4A (panels 7B and 7B, respectively), detected by T7E1 assay. Error
bars represent s.e.m. forn =3,

FIG. 8 | Potential alternate alignments for VEGFA site 2 off-target sites.
Ten VEGFA site 2 off-target sites identified by GUIDE-seq (left) that may potentially
be recognized as oft-target sites that contain single nucleotide gaps (Lin et al., Nucleic
Acids Res 42, 7473-7485 (2014})) (right), aligned using Geneious (Kearse et al,
Bioinformatics 28, 1647-1649 (2012)) version 8.1.6.

FI1G. 9| Activities of wild-type SpCas9 and SpLas9-HF1 with truncated
sgRMAs14. EGFP disruption activities of wild-type SpCas9 and SpCas9-HF 1 using
full-length or truncated sgRINAs targeted to four sites in EGFP. Error bars represent
s.e.mm. for n = 3; mean level of background EGFP loss in control experiments is
represented by the red dashed line

FI1G. 10 | Wild-type SpCasy and SpCas®-HF1 activities with sgRNAs
bearing 3’ ~-mismatched guanine bases, EGFP disruption activities of wild-type
SpCas? and SpCas9-HF 1 with sgRNAs targeted to four different sites. For each target
site, sgRNAS either contain the matched non-guanine 5’-base or a 5’ -guanine that is
intentionally mismatched.

Fi1G. 11 | Titrating the amount of wild-type Sp{as9 and 5pCas8-HF1
expression plasmids. Human cell EGFP disruption activities from transfections with
varying amounts of wild-type and SpCas9-HF1 expression plasmids. For all
transfections, the amount of sgRNA-containing plasmid was fixed at 250 ng. Two
sgRINAs targeting separate sites were used; Error bars represent s.e.m. for n = 3; mean
level of background EGFP loss in negative controls is represented by the red dashed
line.

FIG. 12A4-D | Altering the PAM recognition specificity of SpCas®-HF1. A,
Comparison of the mean percent modification of on-target endogencus human sites

by SpCas9-VOR (ref. 15} and an improved SpCas9-VRQR using 8 sgRNAs,
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quantified by T7E1 assay. Both variants are engineered to recognize an NGAN PAM.
Error bars represent s.e.m. for n=2 or 3. B, On-target EGFP disruption activities of
SpCasP-YQR and 5pas9-VROR compared to their -HF1 counterparts using eight
sgRNAs. Error bars represent s.e.m. for n = 3; mean level of background EGFP loss
in negative controls represented by the red dashed line. C, Comparison of the mean
on-target percent modification by SpCas9-VQR and SpCas9-VROR compared to their
~-HF1 variants at eight endogenocus buman gene sites, quantified by T7E1 assay. Error
bars represent s.e.m. for n = 3; ND, not detectable. D, Summary of the fold-change in
on-target activity when using SpCas9-VQR or Splas®-VROR compared to their
corresponding -HF I variants (from panels B and C). The median and interquartile
range are shown, the interval showing >70% of wild-type activity 13 highlighted in
green.

FiGs. 13A-B | Activities of wild-type SpCas?, SpCas9-HF1, and wild-type
Spas9 derivatives bearing one or more alanine substitutions at positions that
can potentially contact the non-target DNA strand. A and B, Nucleases were
assessed using the EGFP disruption assay, with an sgRINA that is perfectly matched to
a site in the ZGFP gene as well as an sgRNA that is intentionally mismatched at
positions 11 and 12 {panel A} or positions 9 and 10 {panel B). Mismatched positions
are numbered with position 20 being the most PAM-distal position; the red dashed
line represents background levels of EGFP disruption; HF1 = SpCas% with
N49TAROGTA/QEOSA/(I926A substitutions.

FiGs. 14A-B | Activity of wild-type SpCas9, SpCas9-HF1, and SpCas-
HF1 derivatives bearing one or more alanine substitutions at positions that can
potentially contact the non-target DNA strand. A and B, Nucleases were assessed
using the HGFP disruption assay, with an sgRNA that is perfectly matched to a site in
the ZGFP gene as well as an sgRNA that 15 intentionally mismatched at positions 11
and 12 (panel A} or positions 9 and 10 {panel B). Mismatched positions are numbered
with position 20 being the most PAM-distal position; the red dashed line represents
background levels of EGFP disruption; HF1 = SpCas9 with
N49TAROGTA/QEOSA/(IO26A substitutions.

FIG, 15| Activity of wild-type SpCasy, SpCas9-HF1, and
SplasH((P695A/3926A) derivatives bearing one or more alanine substitutions at

positions that can potentially contact the non-target DNA strand. Nucleases were
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assessed using the EGFP disruption assay, with an sgRNA that is perfectly matched to
a site in the FGEP gene as well as an sgRNA that 15 intentionally mismatched at
positions 11 and 12. Mismatched positions are numbered with position 20 being the
most PAM-distal position; the red dashed line represents background levels of EGFP
disruption; HF 1 = SpCas® with N497A/RG6TA/QEISA/IO20A substitutions, Dbl =
SpCas9 with Q695A/Q926A substitutions.

FIG. 16 | Activities of wild-type SpCas¥, SpCas8-HF1, and e¢SpCasd-1.1
using a matched sgRNA and sgRNAs with single mismatches at each position in
the spacer. Nucleases were assessed using the EGFP disruption assay, with an
sgRINA that 1s perfectly matched to a site in the FGFP gene (“matched”) as well as
sgRNAs that are intentionally mismatched at the positions indicated. Mismatched
positions are numbered with position 20 being the most PAM-distal position. SpCas9-
HF1 = N497A/RO66TA/(695A/9260A, and eSP1.1 = KR48A/K 1003 A/RI060A.

FiGs. 17A-B | Activities of wild-type SpCasy and varianis using a
matched sgRNA and sgRNAs with single mismatches at various positions in the
spacer. {A) The activities of SpCas® nucleases containing combinations of alanine
substitutions {directed to positions that may potentially contact the target or non-target
DNA strands} were assessed using the EGFP disruption assay, with an sgRNA that is
perfectly matched to a site in the £GP gene (“matched”) as well as sgRNAs that are
intentionally mismatched at the indicated spacer positions. (B) A subset of these
nucleases from (a) were tested using the remainder of all possible singly mismatched
sgRNAs for the matched on-target site. Mismatched positions are numbered with
position 20 being the most PAM-distal position. mm = mismatch, WT = wild-type,
Db = Q695A/(3926A, HF 1 = N49TA/RG61A/Q695 A/QO26A, 1.0 =
KBI0A/KI003A/RI060A, and 1.1 = K&48A/K1003A/RIV60A.

FIG 18 | Activities of wild-type SpCas? and variants using a matched
sgRNA and sgRNAs with mismaiches at various individual positions in the
spacer. The activities of SpCas9 nucleases containing combinations of alanine
substitutions (directed to positions that may potentially contact the target or non-target
DNA strands), were assessed using the EGFP disruption assay with an sgRNA that is
perfectly matched to a site in the £GP gene (“matched”) as well as sgRNAs that are
intentionally mismatched at the indicated positions. Db = Q695A/(926A, HF 1 =
N49TA/RGE61 A/QEI5A/QOZ6A.
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FiGs. 19A-B | Activities of wild-type SpCasy and varianis using a
matched sgRNA and sgRNAs with mismatches at various individual positions in
the spacer. (A) The on-target activities of SpCas9 nucleases containing combinations
of alanine substitutions {directed to positions that may potentially contact the target or
non-target DNA strands), were assessed using the EGFP disruption assay with two
sgRINAs that are perfectly matched to a site in the KGFF gene. (B) A subset of these
nucleases from {(a) were tested with sgRNAs containing mismatches at positions 12,
14, 16, or 18 {(of sgRNA ‘site 1) in their spacer sequence to determine whether
intolerance to0 mismatches was imparted by these substitutions. Db = Q695A/Q926A,
HF1 = N497A/R661 A/QGI5A/Q9206A.

FIG. 28 | Structural comparison of SpCas9 {top) and SaCas9 (bottom)
tllustrating the similarity between the positions of the mutations in the quadruple
mutant constructs (shown in yellow sphere representation). Also, shown in pink
sphere representation are other residues that contact the DNA backbone.

FiGs. 21A-B | Activity of wild-type 5aCas9 and SaCas9 derivatives
bearing one or more alanine substitutions. A and B, SaCas9 substitutions were
directed to positions that may potentially contact the target DNA strand {(panel A) or
have previously been shown to influence PAM specificity {panel B} Nucleases were
assessed using the EGFP disruption assay, with an sgRNA that is perfectly matched to
a site in the FGEP gene as well as an sgRNA that 15 intentionally mismatched at
positions 11 and 12. Mismatched positions are numbered with position 20 being the
most PAM-distal position; the red dashed line represents background levels of EGFP
disruption.

FiGs. 22A-B | Activities of wild-type (W'T) 5aCas9 and 5aCas9
derivatives bearing one or more alanine substitutions at residues that may
potentially contact the target DNA strand. A and B, Nucleases were assessed using
the EGFP disruption assay, with an sgRNA that is perfectly matched to a site in the
FGEFP gene (“matched”) and with an sgRNA that is intentionally mismatched at
positions 19 and 20. Mismatched positions are numbered with position 20 being the
most PAM-distal position.

FIG. 23 | Activities of wild-type (W'T) SaCas? and SaCas9 variants
bearing triple combinations of alanine substitutions at residues that may

potentially contact the target DNA strand. Nucleases were assessed using the
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EGFP disruption assay. Four different sgRNAs were used (matched #1-4), with each
of the four target sites also being tested with mismatched sgRNAs known to be
efficiently used by wild-type SaCas9. Mismatched sgRNAs for each site are shown to
the right of each roatched sgRNA (for example, the only mismatched sgRNA for
matched site 3 is mm 11&12). Mismatched positions are numbered with position 21
being the most PAM-distal position, mm, mismatch.

FiGs, 24A-B | Activities of wild-type (WT) SaCas?® and SaCas?
derivatives bearing one or more alanine substitutions at residues that may
potentially contact the target BNA strand. A and B, S5aCas9 variants bearing
double (A) or triple (B) combinations substitutions were assessed against matched and
singly mismatched endogenous human gene target sites using the T7E1 assay.
Matched ‘on-target’ sites are named according to their gene target site sgRNA number
from Kleinstiver et al., Nafure Biotechnology 2015, Mismatched sgRNAs are
numbered with the mismatch occurring at position 21, the most PAM-distal position;
nmismatched sgRNAs are derived from the matched on-target site that is listed to the

left of the mismatched sgRNA.

DETAILED DESCRIPTION

A limitation of the CRISPR-Cas9 nucleases is their potential to induce
undesired “off-target” mutations at imperfectly matched target sites (see, for example,
Tsat et al, Nat Biotechnol. 2015}, in some cases with frequencies rivaling those
observed at the intended on-target site (Fu et al., Nat Biotechnol. 2013). Previous
work with CRISPR-Cas9 nucleases has suggested that reducing the number of
sequence-specific interactions between the guide RNA (gRNA) and the spacer region
of a target site can reduce mutagenic effects at off-target sites of cleavage in human
cells (Fu et al., Nat Biotechnol. 2014).

This was earlier accomplished by truncating gRNAs at their 5" ends by 2 or 3
nts and it was hypothesized that the mechanism of this increased specificity was a
decrease in the interaction energy of the gRNA/Cas9 complex so that it was poised
with just enough energy to cleave the on-target site, making it less likely to have
enough energy to cleave off-target sites where there would presumably be an
energetic penalty due to mismaiches tn the target DNA site (W2015/099850).

It was hypothesized that oft-target effects (at DNA sites that are imperfect

matches or mismatches with the intended target site for the guide RNA) of SpCas9
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might be minimized by decreasing non-specific interactions with its target DNA site.
SpCas9-sgRNA complexes cleave target sites composed of an NGG PAM sequence
{recognized by SpCas9) (Deltcheva, E. et al. Nature 471, 602-607 (2011}; Jinek, M. et
al. Science 337, 816-821 (2012); hang, W, et al., Nat Biotechnol 31, 233-239 (2013},
Sternberg, S.H., et al | Nature 507, 62-67 (2014)) and an adjacent 20 bp protospacer
sequence {(which is complementary to the 57 end of the sgRNA) (Jinek, M. et al.
Science 337, 816-821 (2012); Jinek, M. et al. Elife 2, 00471 (2013); Mali, P et al
Science 339, 823-826 (2013); Cong, L. et al | Science 339, 819-823 (2013)). It was
previcusly theorized that the SpCas9-sgRNA complex may possess more energy than
is needed for recognizing its intended target DNA site, thereby enabling cleavage of
mismatched off-target sites (Fu, Y., et al., Nat Biotechnol 32, 279-284 (2014)). One
can envision that this property might be advantageous for the intended role of Cas9 in
adaptive bacterial immunity, giving it the capability to cleave foreign sequences that
may become mutated. This excess energy model is also supported by previous studies
demonstrating that off-target effects can be reduced (but not eliminated) by decreasing
SpCas? concentration (Hsu, PD. et al. Nat Biotechnol 31, 827-832 (2013);
Pattanayak, V. et al. Nat Biotechnol 31, 839-843 (2013)) or by reducing the
complementarity length of the sgRNA (Fu, Y., et al,, Nat Biotechnol 32, 279-284
(2014), although other interpretations for this effect have also been proposed (Josephs,
E. A etal Nucleic Acids Res 43, 8924-8941 (2015); Sternberg, S H, et al. Nature
527, 110-113 (2015); Kiani, 8. et al. Nat Methods 12, 1051-1054 (2015)}}. Structural
data suggests that the SpCas9-sgRNA-target DNA complex roay be stabilized by
several SpCas9-mediated DNA contacts, including direct hydrogen bonds made by
four SpCas9 residues (N497, Ra61, 3695, (3926) to the phosphate backbone of the
target DNA strand (Nishimasu, H. et al. Cell 156, 935-949 (2014); Anders, C., et al.
Nature 513, 569-573 (2014)) (Fig. 1a and Figs. 6a and 6b). The present inventors
envisioned that disruption of one or more of these contacts might energetically poise
the SpCas9-sgRNA complex at a level just sufficient to retain robust on-target activity
but with a diminished ability to cleave mismatched off-target sites.

As described herein, Cas9 proteins can be engineered to show increased
specificity, theoretically by reducing the binding affinity of Cas9 for DNA. Several
variants of the widely used Strepfococcus pyogenes Cas® (SpCas9) were engineered

by introducing individual alanine substitutions into various residues in SpCas® that
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might be expected to interact with phosphates on the DNA backbone using structural
information, bacterial selection-based directed evolution, and combinatorial design.
The variants were further tested for cellular activity using a robust Z.cofi-based
screening assay to assess the cellular activities of these variants; in this bacterial
system, cell survival depended on cleavage and subsequent destruction of a selection
plasmid containing a gene for the toxic gyrase poison ccdB and a 23 base pair
sequence targeted by a gRNA and SpCas9, and led to identification of residues that
were associated with retained or lost activity, In addition, another SpCas9 variant was
tdentified and characterized, which exhibited improved target specificity in human
cells.

Furthermore, activities of single alanine substitution mutants of SpCas9 as
assessed in the bacterial cell-based system indicated that survival percentages between
50-100% usually indicated robust cleavage, whereas 0% survival indicated that the
enzyme had been functionally compromised. Additional mutations of SpCas9 were
then assayed in bacteria to include: R63A, R66A, R69A, R70A, R71A, YT72A R74A,
R75A, K76A, NTTA, R78A, R115A, HI160A, K163A, R165A, L169A,

R403A, T404A, FA0SA, N4OTA, R447A, NA9OTA, 1448A, Y450A, S460A, M4O5A,
K510A, Y515A, R661A, M694A, Q695A, HE98A, Y1013A, VIO15A, R11224,
K1123A K1124A, KTI58A, K1185A, K1200A, S1216A, Q1221A, K1289A,
RI298A, K1300A, KI325A, R1333A, K1334A, R1335A, and T1337A. With the
exception of 2 mutants (R69A and F405A) that had < 5% survival in bacteria, all of
these additional single mutations appeared to have little effect on the on-target activity
of SpCas9 (>70% survival in the bacterial screen).

To further determine whether the variants of Cas9 identified in the bacterial
mutants were tested using a human U208 cell-based EGFP-disruption assay. In this
assay, successful cleavage of a target site in the coding sequence of a single
integrated, constitutively expressed EGFP gene led to the induction of indel mutations
and disruption of EGFP activity, which was quantitatively assessed by flow cytometry
{see, for example, Reyon et al., Nat Biotechnol. 2012 May;30(5):460-5}.

These experiments show that the results obtained in the bactenial cell-based
assay correlate well with nuclease activities in human cells, suggesting that these

engineering strategies could be extended to Cas9s from other species and different
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cells. Thus these findings provide support for SpCas9 and SaCas9 vartants, referred to
collectively herein as “variants” or “the variants”.

All of the variants described herein can be rapidly incorporated into existing
and widely used vectors, e.g., by simple site-directed mutagenesis, and because they
require only a small number of mutations, the variants should also work with other
previously described improvements to the SpCas9 platform (e.g., truncated sgRNAs
{Tsai et al., Nat Biotechnol 33, 187-197 (2015); Fu et al., Nat Biotechnol 32, 279-284
{2014)), nickase mutations {Mali et al ., Nat Biotechnol 31, 833-838 (2013); Ran et al ,
Cell 154, 13801389 (2013)), Fokl-dCas9 fusions {(Guilinger et al.,, Nat Biotechnol 32,
577-582 (2014); Tsai et al , Nat Biotechnol 32, 569-576 (2014), W0O2014144288);
and engineered CRISPR-Cas9 nucleases with altered PAM specificities (Kletnstiver
et al., Nature. 2015 Jul 23;523(7561)481-5}.

Thus, provided herein are Cas9 variants, including SpCas9 vartants. The
SpCasY wild type sequence is as follows:

10 20 30 40 50 60
MDKRYSIGLD IGTNSVGWAY ITDEYRVPSK KFRKVLGNTDR HS

70 80 90 100

ATRLKRTARR RYTRREKNRIC YLOEIFSNEM AKVDDSFEHR

[es]

120
KKHERHPIEFG

17¢ 180

1390 i4¢ 150
K

NIVDEVAYHE KYPTIYHLRK KLVDSTDKAD LRLIYLALAH MIKFRGHFLI EGDLNPDNSD
190 200 210 220 230 240
VDKLFIQLVQ TYNQLFEENP INASGVDAKA ILSARLSKSR RLENLIAGLP GEKKNGLFGN
250 280 290 300

LIALSLGLTP NFKSNEI

(DDDLDNLLA QIGDOYADLE LAAKNLSDAL

310 320 3490 350 360
LLSPILRVNT EITKAPLSAS MIKRYDEHEHQ DLTLLKALVR QOLPEKYKEI EFEDOSKNGYA

370 380 390 400 410 420
GYIDGGASQE EFYKEFIKFPIL EKMDGTEELL VKLNREDLLR KOQRTEFDNGSI PHQIHLGELH
430 440 450 460 470 4890
ATLRRQEDFEY PFLKDNREKI EKILTFRIPY YVGPLARGNS REAWMTRKSE ETITPWNFEE

490 500 510 520 530 540
VVDKGASAQS FPIERMINFDK NLENEKVLPK HSLLYEYETV YNELTRKVKYV TEGMRKPAFL

550 560 570
SGEQKKAIVD LLFKTNRKVT VKQLKEDYFK KIECEDS

590 o000
X

SGVEDREFNAS LGTYHDLLKI

¢10 620 630 €40 650 660
IKDEDFLDNE ENEDILEDIV LTLTLFEDRE MIEERLKTYA HLFDDKVMEKQ LKRRRYTGWG

670 680 €90 700 710 720
RLSREKLINGI RDEQSGKTIL DEFLKSDGFAN RNFMQLIHDD SLTEFKEDIQK AQVSGQGDSL
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750
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870
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780
QKGORNSRER
840
NRLSDYDVDH

on
900

LITCRKFDNL

960
REVEVITLEKS

1020
CDYKVYDVEK
1080

SIVWDKGRDE

1140
YGGFDSPTVA

1200
KKDLIIKLPK

1260
DNEQKQLEVE

1320
HLFTLTNLGA

(SEQ ID NC:1;

The SpCas? vanants described herein can include the amino acid sequence of

SEQ D NG 1, with mutations (1.e, replacement of the native amino acid with a

different amino acid, e.g., alanine, glycine, or serine), at one or more of the following

positions: N497, R661, (3695, (3926 (or at positions analogous thereto}. In some

embodiments, the SpCas9 variants are at least 80%, e.g, at least 85%

, 90%, or 95%

identical to the amino acid sequence of SEQ ID NO:1, e.g., have differences at up to

5%, 10

7 i 7
%%, 15%, or 20%

of the residues of SEQ 1D NO:1 replaced, e.g., with

conservative mutations, in addition to the mutations described herein. In preferred

embodiments, the variant retains desired activity of the parent, e.g., the nuclease

activity (except where the parent is a nickase or a dead Cas9), and/or the ability to

interact with a guide RNA and target DNA).

To determine the percent identity of two nucleic acid sequences, the sequences

are aligned for optimal comparison purposes {(&.g

., gaps can be introduced in one or

both of a first and a second amino acid or nucleic acid sequence for optimal alignment

and non-homologous sequences can be disregarded for comparison purposes). The
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length of a reference sequence aligned for comparison purposes is at least 80% of the
length of the reference sequence, and in some embodiments 1s at least 90% or 100%.
The nucleotides at corresponding amino acid positions or nuclectide positions are
then compared. When a position 1n the first sequence is occupied by the same
nucleotide as the corresponding position in the second sequence, then the molecules
are identical at that position (as used herein nucleic acid “identity” is equivalent to
nucleic acid “homology”). The percent identity between the two sequences is a
function of the number of identical positions shared by the sequences, taking into
account the number of gaps, and the length of each gap, which need to be introduced
for optimal alignment of the two sequences. Percent identity between two
polypeptides or nucleic acid sequences is determined in various ways that are within
the skill in the art, for instance, using publicly available computer software such as
Smith Waterman Alignroent (Smith, T. F. and M. §. Waterman (1981} J Mol Biol
147:195-7); “BestFit” (Smith and Waterman, Advances in Applied Mathematics, 482-
489 (1981)) as incorporated into GeneMatcher Plus™, Schwarz and Dayhof (1979)
Atlas of Protein Sequence and Structure, Dayhot, MO, Ed, pp 353-358; BLAST
program (Basic Local Alignment Search Tool; (Altschul, S. F., W. Gish, et al. (1990)
J Mol Biol 215: 403-10), BLAST-2, BLAST-P, BLAST-N, BLAST-X, WU-BLAST-
2, ALIGN, ALIGN-2, CLUSTAL, or Megalign {(DNASTAR) software. In addition,
those skilled in the art can determine appropriate parameters for measuring alignment,
including any algorithms needed to achieve maximal alignment over the length of the
sequences being compared. In general, for proteins or nucleic acids, the length of
comparison can be any length, up to and including full length (e.g., 5%, 10%, 20%,
30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, or 100%}. For purposes of the present
compositions and methods, at least 80% of the full length of the sequence 1s aligned.

For purposes of the present invention, the comparison of sequences and
determination of percent identity between two sequences can be accomplished using a
Blossum 62 scoring matrix with a gap penalty of 12, a gap extend penalty of 4, and a
frameshift gap penalty of 5.

Conservative substitutions typically include substitutions within the following
groups: glycine, alanine; valine, isoleucine, leucine; aspartic acid, glutaric acid,

asparagine, glutamine; serine, threonine; lysine, arginine; and phenvlalanine, tyrosine.

[N
[P
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In some embodiments, the SpCas9 variants include one of the following sets
of mutations: N497A/R661A/Q695/Q926A (quadruple alanine mutant),

(695 A/926A (double alanine mutant), ROGTA/QGEO5A/(926A and
N497A/Q695A/Q926A (triple alanine mutants). In some embodiments, the additional
substitution mutations at L.169 and/or Y450 might be added to these double-, triple,
and quadruple mutants or added to single mutants bearing substitutions at Q695 or
{3926, In some embodiments, the mutants have alanine in place of the wild type
amino acid. In some embodiments, the mutants have any amino acid other than
arginine or lyvsine (or the native amino acid).

In some embodiments, the SpCas9 variants also include one of the following
mutations, which reduce or destroy the nuclease activity of the Cas9: D10, E762,
D839, HO83, or D986 and HB40 or N863, e g, DIOA/DION and
H840A/HB40N/HE40Y, to render the nuclease portion of the protein catalytically
inactive; substitutions at these positions could be alanine (as they are in Nishimasu al |
Cell 156, 935-949 (2014)), or other residues, e g., glutamine, asparagine, tyrosine,
serine, of aspartate, e.g., E762(3, HO83N, HO&3Y, D98GN, N863D, NBG3S, or NE63H
{see WO 2014/152432). In some embodiments, the variant includes mutations at
D10A or H840A (which creates a single-strand nickase), or mutations at D10A and
H840A (which abrogates nuclease activity; this mutant is known as dead Cas® or
dCas9).

The SpCas® N4STA/ROCTA/QO9SA/RO2Z0A mutations have analogous
residues in Staphylococcus aureus Cas9 (SaCas9); see FIG. 20, Mutations to the
residues contacting the DNA or RNA backbone are expected to increase the
specificity of SaCas9 as we've observed for SpCas9®. Thus, also provided herein are
Salas9 variants.

The SaCas® wild type sequence 1s as follows:

10 20 30 40 50
MKRNYILGLD IGITSVGYGI IDYRETRDVID AGVRLEFRKEAN VENNEGRRSK
&0 0 80 90 160
RGARRLEKRRR RHRIQRVKKL LIDYNLLTDH SELSGINPYE ARVKGLSQOKL
110 1206 130 140 150
SEEEFSAALL HLARKRRGVHN VNEVEEDTGN ELSTREQISR NSKALEERYV
160 176 180 120 Z00
AELOLERLEK DGEVRGSINR FRISDYVEKEA KQLLERVQOKAY HOLDOSEIDT
210 220 230 Z40 Z50
YIDLLETRRT YYEGPGEGSE PFPGWKDIRKEWY EMLMGHCTYE PEELRSVKYA
26 270 280 Z90 360

YNADLYNALN

DLNNLVITRD

ENERLEYYEK

24

FOITENVEERQ
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310 320 330 340 350
KEILVNEEDL KGYRVTSTGK PEFTNLRKVYH DIKDITARKE IIENAELLDQ
- 370 380 390 400
TARILTIYQS SEDIQEELTN LNSELTC I EQISNLRKGYT GTHNLSLEKATL
41 420 430 440 ébu
NLILDELWHT NDNQIAIFNR LEKLVPREVDIL SQQREIPTTL VIDFILSPVVY
460 70 480 490 500
KRSFIQSTKV INATIRKYGL PNDIIIELAR ERNSKDAQKM INEMOKRNRQ
510 520 530 540 550
TNERIEETIR TTGRENAKYL EGRCLYSLEA IPLEDLINN
560 570 590 6uO
FNYEVDHIIP RSVSFDNSEN NKVLVKQEEN SKEGNRTPFQ YLSSSDEKIS
6l0 620 630 640 650
YETFKKHILN LAKGKGRISK TKEKEYLLEER DINRFSVQOKD FINRNLVDTR
660 670 630 690 700
YATRGLMNLL RSYFRVNNLD VRKVKSINGGFE TEFLREKWKE KKERNKGYKH
710 720 730 740G 750
HAEDALIIAN ADFIFKEWEKK LDKAKKVMEN OMFEERQAES MPEIETEQEY
760 770 780 790 800
KEIFITPHQI KHIKDFKDYK YSHRVDKKPN RELINDTLYS TRKDDEGRTL
810 820 830 €40 850
IVNNLNGLYD KDNDRKLEKKLI NKSPEKLIMY HHDPQTYQKL KLIMEQYGDE
860 870 8380 SQ” 00
KNPLYKYYEE TGNYLTKYSK KDNGPVIKKI LDITDDYPNS
910 Q920 930 950
RNKVVEKLSLK PYRFDVYLDN GVYKEVTVKN EVNSKCYEER
9e0 a70 9380 1000
NMIDIT

KEKLEKISNCA EFIASFYNND LIKINGELYR VIGVNNDLLN

1040 1050

1010 1020 1030
YREYLENMND KRPPRIIKTI ASKTQSIKKY STDILGNLYE VRKSKKHPQIT
KKG (SEQ ID NO:2)

SaCas® variants described herein include the amino acid sequence of SEQ 1D
NO:2, with mutations at one, two, three, four, five, or all six of the following
positions: Y211, W229, R245, T392, N419, and/or R654, e.g . comprising a sequence
that is at least 80% identical to the amino acid sequence of SEQ 1D NO:2 with
mutations at one, two, three, four five or six of the following positions: Y211, W229,
R245, T392, N419, and/or R654

In some embodiments, the variant SaCas9 proteins also comprise one or more
of the following mutations: Y211A; W229A; Y230A; R245A; T392A; N419A,;
L446A; YOS1A; ROS4A; DTEOA; TT87A; YT789A; T8B2A; K8B6A; NEEEA, ABBOA;
L909A: NOBSA: NOS6A: RO9TA: R1015A; N44A: R45A: R51A; R55A; RSOA;
ROCA; R116A; R165A; N169A; R208A; R209A; Y211A; T238A; Y239A; K2484A;
Y256A; R314A: N394A: Q414A; K5TA: R61A: HIT1A: K114A: V164A: R165A:
L788A; S7T90A; R792A; NSO4A: YR68A; K8T0A: K878A: K379A: K8R1A: YR9TA:

ROOTA; KS06A.
25
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In some embodiments, variant SaCas9 proteins comprise one or more of the
following additional mutations: Y211A, W229A, Y230A, R245A, T392A, N419A,
L446A, YOS1A, R654A, D786A, T7T87A, Y780A, T882ZA, KBBOA, NEEBA, ABSBOA,
LO0OA, NORSA, NOS6A, ROGIA, R1015A, N44A, R4SA, R51A, R55A, RS9A,
R60A, RT16A, R105A, N169A, RZOBA, R200A, Y211A, T238A, YZ39A, K248A,
Y2564, R314A, N304A, Q414A, K57A, R61A, HI11A, K114A, V164A, R165A,
L788A, 8790A, R79ZA, NBO4A, YB6BA, KEBT0A, KB7BA, K&79A, KBBTA, Y&ITA,
RO01A, KOOOA.

In some embodiments, the variant SaCas9 proteins comprise multiple
substitution mutations: R245/T392/N419/R654 and Y221/R245/N419/R654
{quadruple vanant mutanis), N419/R654, R245/R654, Y221/R654, and Y221/N419
{double mutants); R245/N419/R654, Y211/N419/R654, and T392/N419/R654 (triple
mutants). In some ernbodiments the mutants contain alanine in place of the wild type
amino acid.

In some embodiments, the variant SaCas9 proteins also comprise mutations at
E782K, K929R, N963K, and/or R1015H. For example, the KKH variant
(E782K/NO68K/R1015H), the KRH variant (E782K/K929R/R1015H), or the KRKH
vartant (E782K/K929R/N96BK/R1015H)]

In some embodiments, the variant SaCas9 proteins also comprise one or more
mutations that decrease nuclease activity selected from the group consisting of
mutations at D10, E477, D556, H701, or D704; and at H557 or N580.

In some embodiments, the mutations are: (1) D10A or DION, (11) HSS7A,
HS557N, or H557Y, (111} NS80A, and/or (iv) D5S6A.

Also provided herein are isolated nucleic acids encoding the Cas9 variants,
vectors comprising the isolated nucleic acids, optionally operably linked to one or
more regulatory domains for expressing the variant proteins, and host cells, e.g.,
mammalian host celis, comprising the nucleic acids, and optionally expressing the
variant proteins.

The variants described herein can be used for altering the genome of a cell; the
methods generally inchude expressing the variant proteins in the cells, along with a
guide RNA having a region complementary to a selected portion of the genome of the
cell. Methods for selectively altering the genome of a cell are known in the art, see,

e.g., US 8,993,233; US 20140186958; US 9,023,649; W0/2014/099744; WO

26



20

25

30

WO 2017/040348 PCT/US2016/049147

2014/089290;, W(02014/144592; W 144288, WO2014/204578;, W(2014/152432;
WO2115/099850; US8,697,359; US20160024529; US20160024524;
US20160024523; US201060024510; USZ0160017366; US20160017301;
US20150376652; US20150356239; US20150315576; US20150291965;
US20150252358; USZ0150247150;, US20150232883; US20150232882;
US20150203872; US20150191744; US20150184139; USZ201501760064;
US20150167000; US20150166969; US20150159175; US20150159174;
US20150093473; US20150079681; US20150067922; US20150056629;
US20150044772; USZ0150024500, US20150024499; US20150020223;;
US20140356867; US20140295557; US20140273235; US20140273226;
US20140273037, US201401898%96; US20140113376; US20140093941;
US20130330778; US20130288251; USZ0120088676; US20110300538;
US20110236530, US20110217739; US20110002889; US20100076057,;
US20110189776; US20110223638; UUS20130130248; US20150050699;
US20150071899; US20150050699; ; US20150045546; US20150031134;
US20150024500; US20140377868; US20140357530; US20140349400;
US20140335620; US20140335063; US20140315985; US20140310830;
US20140310828; US20140309487, US20140304853; US20140298547,
US20140295556; US20140204773, US20140287938; US20140273234;
US20140273232; US20140273231;, US20140273230, US20140271987,
US20140256046; US20140248702; US20140242702; US20140242700;
US20140242699; US20140242664, US20140234972; US20140227787,
US20140212869; US20140201857, US20140109767; US20140189896,
US20140186958; US20140186919; US20140186843; US20140179770;
US20140179006; US20140170753;, W{/2008/108989; W{3/2010/054108;
WO/2012/164565;, WO/2013/098244; WO/2013/176772; US 20150071899,
Makarova et al., "Evolution and classification of the CRISPR-Cas systems” 9{(6)
Nature Reviews Microbiology 467-477 (1-23) (Jun. 2011); Wiedenheft et al., "RNA-
guided genetic silencing systems in bacteria and archaea” 482 Nature 331-338 (Feb.
16, 2012); Gasiunas et al., "Cas9-crRINA ribonucleoprotein complex mediates specific
DNA cleavage tor adaptive immunity in bacteria” 109(39) Proceedings of the
National Academy of Sciences USA E2579-E2586 (Sep. 4, 2012); Jinek etal | "A
Programmable Dual-RNA-Guided DNA Endonuclease in Adaptive Bacterial
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Immunity" 337 Science 816-821 (Aug. 17, 2012}, Carroll, "A CRISPR Approach to
Gene Targeting” 20(9) Molecular Therapy 1658-1660 (Sep. 2012); U.S. Appl. No.
61/652,080, filed May 25, 2012; Al-Attar et al | Clustered Regularly Interspaced Short
Palindromic Repeats (CRISPRs): The Hallmark of an Ingenious Antiviral Defense
Mechanism in Prokaryotes, Biol Chem. (2011} vol. 392, Issue 4, pp. 277-289; Hale et
al., Essential Features and Rational Design of CRISPR RNAs That Function With the
Cas RAMP Module Complex to Cleave RNAs, Molecular Cell, (2012} vol. 45, Issue
3,292-302.

The vartant proteins described herein can be used tn place of or in addition to
any of the Cas9 proteins described in the foregoing references, or in combination with
mutations described therein. In addition, the varnants described herein can be used in
tusion proteins in place of the wild-type Cas9 or other Cas9 mutations (such as the
dCas9 or Cas9 nickase described above) as known in the art, e g., a fusion protein
with a heterologous functional domains as described in US 8,993,233 US
20140186958; US 9,023,649, WO/2014/099744; WO 2014/089290;
WO2014/144592; W(144288;, WO2014/204578;, W{32014/152432;
WO2115/099850; USR 697,359, US2010/0076057;, US2011/0189776;
USZ011/0223638; US2013/0130248; WO/2008/108989;, W{(I/2010/054108;
WO/2012/164565;, WO/2013/098244; WO/2013/176772; US20150050699; US
20150071899 and WO 2014/124284 For example, the variants, preferably
comprising one or more nuclease-reducing, -altering, or -killing mutation, can be
tused on the N or C termuinus of the Cas9 to a transcriptional activation domain or
other heterologous functional domains {e.g., transcriptional repressors {e.g., KRAR,
ERD, 51D, and others, ¢.g., amino acids 473-530 of the etsZ repressor factor (ERF)
repressor domain (ERD), amino acids 1-97 of the KRAB domain of KOX1, or amino
acids 1-36 of the Mad mSIN3 interaction domain (SID); see Beerli et al., PNAS USA
95:14628-14633 (1998)) or silencers such as Heterochromatin Protein 1 (HP1, also
known as swit), e.g.. HPla or HP1; proteins or peptides that could recruit long non-
coding RNAs (IncRNAs) fused to a fixed RNA binding sequence such as those bound
by the MS2 coat protein, endoribonuciease Csy4, or the fambda N protein; enzymes
that modify the methylation state of DNA (e.g., DNA methyltransferase (DNMT) or
TET proteins); or enzvmes that modify histone subunits (e.g., histone

acetyhransferases (HAT), histone deacetylases (HDAC), histone methyltransferases
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{(e.g., for methvlation of lysine or arginine residues) or histone demethylases (e.g., for
demethylation of lysine or arginine residues}) as are known in the art can also be used.
A number of sequences for such domains are known in the art, e.g., a domain that
catalyzes hydroxylation of methylated cytosines in DNA. Exemplary proteins include
the Ten-Eleven-Translocation {TET}1-3 family, enzymes that converts S-
methyleytosine (S-mC) to S-hydroxymethyleytosine (5-hmC) in DNA.

Sequences for human TETI-3 are known in the art and are shown in the

following table:

GenBank Accession Nos,
Gene Amineo Acid Nucleic Acid
TET1 NP 0851282 NM 0300252
TET2* NP 0011206801 (var 1) | NM_ 0011272082
NP _060098.3 {var 2) NM 017628 4
TET3 NP _659430.1 NM 1449931

* Variant (1) represents the longer transcript and encodes the longer isoform
{a). Variant (2} differs in the 5’ UTR and in the 3' UTR and coding sequence
compared to variant 1. The resulting isoform (b) is shorter and has a distinet C-
terminus compared to isoform a.

In some embodiments, all or part of the full-length sequence of the catalytic
domain can be included, e g, a catalytic module comprising the cysteine-rich
extension and the 20GFeDO domain encoded by 7 highly conserved exons, e g, the
Tet1 catalytic domain comprising amino acids 1580-2052, Tet2 comprising amino
acids 1290-1905 and Tet3 comprising amino acids 966-1678. See, e.g., Fig. 1 of Iyer
et al, Cell Cycle. 2009 Jun 1;8(11):1698-710. Epub 2009 Jun 27, for an alignment
tllustrating the key catalytic residues in all three Tet proteins, and the supplementary
materials thereof (available at fip site
fip.nchinih gov/pub/aravind/DONS/supplementary_material DONS html) for full
length sequences (see, e.g., seq 2¢); in some embodiments, the sequence includes
amino acids 1418-2136 of Tetl or the corresponding region in Tet2/3.

Other catalytic modules can be from the proteins identified in Iyer et al |, 2009,

In some embodiments, the heterologous functional domain is a biological
tether, and comprises all or part of {e.g., DNA binding domain from) the MS2 coat
protein, endoribonuclease Csy4, or the lambda N protein. These proteins can be used

to recruit RNA molecules containing a specific stem-loop structure to a locale
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specified by the dCas® gRNA targeting sequences. For example, a dCas9 variant
fused to MS2 coat protein, endoribonuclease Csy4, or lambda N can be used to recruit

a long non-coding RNA (IncRNA) such as XIST or HOTAIR; see, e.g., Keryer-Bibens
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et al, Biol. Cell 100:125-138 (2008}, that 15 linked to the Csy4, MS2 or lambda N
binding sequence. Alternatively, the Csy4, M52 or lambda N protein binding
sequence can be linked to another protein, e.g , as described in Keryer-Bibens et al |
supra, and the protein can be targeted to the dCas9 vanant binding site using the
methods and compositions described herein. In some embodiments, the Csy4 is
catalytically inactive. In some embodiments, the Cas9 variant, preferably a dCas9
variant, is fused to Fok{ as described in US 8,993 ,233; US 20140186938, US
9,023,649, W{/2014/099744; W3 2014/089290;, W(2014/144592; W(144288;
W0O2014/204578; WO2014/152432; W(O2115/099850; US8,697,359;
US2010/0076057, US2011/0189776, US2011/0223638; US2013/0130248;
WO/2008/108989; WO/2010/054108; WO/2012/164565; W(/2013/098244;
WO/2013/176772; US20150050699; US 20150071899 and WO 2014/204578.

In some embodiments, the fusion proteins include a linker between the dCas®
variant and the heterologous functional domains. Linkers that can be used in these
fusion protetns (or between fusion protetns in a concatenated structure) can include
any sequence that does not interfere with the function of the fusion proteins. In
preferred embodiments, the linkers are short, e g, 2-20 amino acids, and are typically
flexible (i.e., comprising amino acids with a high degree of freedom such as glycine,
alanine, and serine). In some embodiments, the linker comprises one or roore units
consisting of GGGS (SEQ D NO:3) or GGGGS (SEQ D NG:4), eg., two, three,
four, or more repeats of the GGGS (SEQ 1D NO:S) or GGGGS (SEQ ID NG:6) unit.
(Other linker sequences can aiso be used.

In some embodiments, the vanant protein includes a cell-penetrating peptide
sequence that facilitates delivery to the intracellular space, e.g., HIV-derived TAT
peptide, penetratins, transportans, or hCT derived cell-penetrating peptides, see, e.g.,
Caron et al, (2001 Mol Ther. 3(3):310-8; Langel, Cell-Penetrating Peptides:
Processes and Applications {CRC Press, Boca Raton FL 2002); El-Andaloussi et al.,
(2005) Curr Pharm Des. 11{28):3597-611; and Deshayes et al, (2005) Cell Mol Life
Sci. 62(16):1839-49,



20

25

30

WO 2017/040348 PCT/US2016/049147

Cell penetrating peptides (CPPs) are short peptides that facilitate the
movement of a wide range of biomolecules across the cell membrane 1uto the
cytoplasm or other organelles, e.g. the mitochondria and the nucleus. Examples of
molecules that can be delivered by CPPs include therapeutic drugs, plasmid DNA,
oligonucleotides, siRINA, peptide-nucleic acid (PNA), proteins, peptides,
nanoparticles, and liposomes. CPPs are generally 30 amino acids or less, are derived
from naturally or non-naturally occurring protein or chimeric sequences, and contain
either a high relative abundance of positively charged amino acids, e.g. lysine or
arginine, or an alternating pattern of polar and non-polar amino acids. CPPs that are
commonly used in the art include Tat (Frankel et al., (1988) Cell. 55:1189-1193, Vives
etal, (1997) J. Biol. Chem. 272:16010-16017), penetratin (Derosst et al | (1994} J.
Biol. Chem. 269:10444-10450), polyarginine peptide sequences (Wender et al |
(2000} Proc. Natl. Acad. Sci. USA 97:13003-13008, Futaki et al,, (2001} J. Biol.
Chem. 276:5836-5840), and transportan {(Pooga et al., (1998) Nat. Biotechnol.
16:857-861).

CPPs can be linked with their cargo through covalent or non-covalent
strategies. Methods for covalently joining a CPP and its cargo are known in the art,
e.g. chemical cross-linking (Stetsenko et al., (2000) I. Org. Chem. 65:4900-4909, Gait
et al. {(2003) Cell. Mol Life. Sci. 60:844-853) or cloning a fusion protein (Nagahara et
al., (1998} Nat. Med. 4:1449-1453). Non-covalent coupling between the cargo and
short amphipathic CPPs comprising polar and non-polar domains is established
through electrostatic and hydrophobic interactions.

{CPPs have been utilized in the art to deliver potentially therapeutic
biomolecules into cells. Examples include cyclosporine linked to polyarginine for
immunosuppression (Rothbard et al., (2000) Nature Medicine 6{11)1253-1257),
siRNA against cyclin Bl linked to a CPP called MPG for inlubiting tumorigenesis
{Crombez et al., (2007) Biochem Soc. Trans. 35:44-46)}, tumor suppressor pS3
peptides linked to CPPs to reduce cancer cell growth (Takenobu et al , (2002) Mol
Cancer Ther. 1{12):1043-1049, Snyder et al., {2004) PLoS Biol. 2:E36), and dominant
negative forms of Ras or phosphotinositol 3 kinase (PI3K) fused to Tat to treat asthma
(Myou et al., (2003} J. Inmunol. 171:4399-4405).

CPPs have been utilized in the art to transport conirast agents into cells for

imaging and biosensing applications. For example, green fluorescent protein (GFP)
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attached to Tat has been used to label cancer cells (Shokolenko et al, (2005) DNA
Repair 4(4):511-518). Tat conjugated to quanturn dots have been used to successfully
cross the blood-brain barrier for visualization of the rat brain (Santra et al., (Z005)
Chem. Commun. 3144-3146). CPPs have also been combined with magnetic
resonance imaging techniques for cell imaging (Liu et al., (2006) Biochem. and
Biophys. Res. Comm. 347(1):133-140). See also Ramsey and Flynn, Pharmacol Ther
2015 hal 22 pie: S0163-7258(15)00141-2,

Alternatively, or in addition, the variant proteins can include a nuclear
focalization sequence, e.g., SV40 large T antigen NLS (PKKKRRY (SEQ ID NG:7))
and nucleoplasmin NLS (KRPAATKKAGOAKKKEK (SEQ ID NG:8)). Other NLSs
are known 1n the art; see, e.g., Cokol et al., EMBO Rep. 2000 Nov 15; 1{5): 411415,
Freitas and Cunha, Curr Genomics. 2009 Dec; 10(8): 550-557.

In some embodiments, the variants include a motety that has a ngh affinuty for
a ligand, for example GST, FLAG or hexahistidine sequences. Such affinity tags can
facilitate the purification of recombinant variant proteins.

For methods in which the variant proteins are delivered to cells, the proteins
can be produced using any method known in the art, e.g , by in vitro translation, or
expression in a suitable host cell from nucleic acid encoding the variant protein; a
number of methods are known in the art for producing proteins. For example, the
proteins can be produced in and purified from yeast, Jo. coli, insect cell lines, plants,
transgenic animals, or cultured mammalian cells; see, e.g., Palomares et al
“Production of Recombinant Proteins: Challenges and Solutions,” Methods Mol Biol.
2004;267:15-52. In addition, the variant proteins can be linked to a moiety that
facilitates transfer into a cell, e.g , a lipid nanoparticle, optionally with a linker that is
cleaved once the protein s inside the cell. See, e.g, LaFountaing et al, Int J Pharm,

2015 Aug 13:494(1):180-194.

Expression Systems

To use the Cas® variants described herein, it may be desirable to express them
from a nucleic acid that encodes them. This can be performed in a variety of ways.
For example, the nucleic acid encoding the Cas9 variant can be cloned into an
intermediate vector for transtormation into prokaryotic or eukaryotic cells for
replication and/or expression. Intermediate vectors are typically prokaryote vectors,
e.g., plasmids, or shuttle vectors, or insect vectors, for storage or manipulation of the
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nucleic acid encoding the Cas® variant for production of the Cas9 variant. The
nucleic acid encoding the Cas9 variant can also be cloned into an expression vector,
for administration to a plant cell, anmimal cell, preferably a mammalian cell or a human
cell, fungal cell, bactenial cell, or protozoan cell.

To obtain expression, a sequence encoding a Cas9 variant is typically
subcloned into an expression vector that contains a promoter to direct transcription.
Suitable bacterial and eukaryotic promoters are well known in the art and described,
e.g., in Sambrook et al., Molecular Cloning, A Laboratory Manual (3d ed. 2001);
Kriegler, Gene Transfer and Expression: A Laboratory Manual (1990); and Current
Protocols in Molecular Biology (Ausubel et al | eds., 2010). Bacterial expression
systems for expressing the engineered protein are available in, e.g., £ coli, Bacillus
sp., and Saimonelia (Palva et al., 1983, Gene 22:229-235). Kits for such expression
systers are commercially available. Eukaryotic expression systerns for mammalian
cells, veast, and insect cells are well known 1n the art and are also commercially
available.

The promoter used to direct expression of a nucleic acid depends on the
particular application. For example, a strong constitutive promoter is typically used
for expression and purification of fusion proteins. In contrast, when the Cas® variant
is to be administered in vivo for gene regulation, either a constitutive or an inducible
promoter can be used, depending on the particular use of the Cas9 vanant. In
addition, a preferred promoter for administration of the Cas9 variant can be a weak
promoter, such as HSV TK or a promoter having similar activity. The promoter can
also include elements that are responsive to transactivation, .g., hypoxia response
elements, Gal4 response elements, lac repressor response element, and small molecule
control systems such as tetracycline-regulated systems and the RU-486 sysiem {see,
e.g., Gossen & Bujard, 1992, Proc. Natl. Acad. Sci. USA, 89:5547; Oligino et al |
1998, Gene Ther, 5:491-496; Wang et al, 1997, Gene Ther, 4:432-441; Neering et
al., 1996, Blood, 88:1147-55; and Rendahl et al., 1998, Nat. Biotechnol., 16:757-761).

In addition to the promoter, the expression vector typically containg a
transcription unit or expression cassette that contains all the additional elements
required for the expression of the nucleic acid in host cells, either prokaryotic or
eukarvotic. A typical expression cassette thus contains a promoter operably linked,

e.g., to the nucleic acid sequence encoding the Cas9 variant, and any signals required,
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e.g., for efficient polyadenylation of the transcript, transcriptional termination,
ribosome binding sites, or translation termination. Additional elements of the cassette
may include, e.g , enhancers, and heterologous spliced intronic signals.

The particular expression vector used to transport the genetic information into
the cell is selected with regard to the intended use of the Cas9® variant, e.g., expression
in plants, animals, bacteria, fungus, protozoa, etc. Standard bacterial expression
vectors include plasmids such as pBR322 based plasmids, pSKF, pET23D, and
commercially avatlable tag-fusion expression systems such as GST and LacZ.

Expression vectors containing regulatory elements from eukaryotic viruses are
often used in eukaryotic expression vectors, e.g., SV40 vectors, papilloma virus
vectors, and vectors derived from Epstein-Barr virus. Other exemplary eukaryotic
vectors include pMSG, pAVOO9/A+, pMTOT0/A+, pMAMneo-5, baculovirus
pDSVE, and any other vector allowing expression of proteins under the direction of
the SV40 early promoter, SV40 late promoter, metallothionein promoter, murine
marnmary turor virus promoter, Rous sarcoma virus promoter, polvhedrin promoter,
or other promoters shown effective for expression in eukaryotic cells,

The vectors for expressing the Cas9 variants can include RNA Pol II]
promoters to drive expression of the guide RNAs, e.g , the H1, U6 or 78K promoters.
These human promoters allow for expression of Cas9 variants in mammalian cells
following plasmid transfection.

Some expression systems have markers for selection of stably transfected cell
lines such as thymidine kinase, hygromycin B phosphotransferase, and dihydrofolate
reductase. High vield expression systems are also suitable, such as using a
baculovirus vector in insect cells, with the gRNA encoding sequence under the
direction of the polyhedrin promoter or other strong baculovirus promoters.

The elements that are typically included in expression vectors also include a
replicon that functions in £ coli, a gene encoding antibiotic resistance to permit
selection of bacteria that harbor recombinant plasmids, and unique restriction sites in
nonessential regions of the plasmid to allow insertion of recombinant sequences.

Standard transfection methods are used to produce bacterial, mammalian,
yeast or insect cell lines that express large quantities of protein, which are then
purified using standard techniques (see, e.g,, Colley et al, 1989, J. Biol. Chem.,

264:17619-22; Guide to Protein Purification, in Methods in Enzymology, vol. 182
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{Deutscher, ed., 1990})). Transformation of eukaryotic and prokaryotic cells are
performed according to standard technigues (see, e.g., Mosrison, 1977, J. Bacteriol,
132:349-351; Clark-Curtiss & Curtiss, Methods in Enzymology 101:347-362 (Wu et
al., eds, 1983).

Any of the known procedures for introducing foreign nucleoctide sequences
into host cells may be used. These include the use of calcium phosphate transfection,
polybrene, protoplast fusion, electroporation, nucleofection, liposomes,
microinjection, naked DNA plasmid vectors, viral vectors, both episomal and
integrative, and any of the other well-known methods for introducing cloned genomic
DNA, cDNA, synthetic DNA or other foreign genetic material into a host cell (see,
e.g., Sambrook et al., supra). It is only necessary that the particular genetic
engineering procedure used be capable of successfully introducing at least one gene
into the host cell capable of expressing the Cas9 variant.

The present methods can also include modifying gDNA by introducing
purified Cas9 protein with a gRNA into cells as a ribonuclear protein (RNP) complex,
as well as introducing a gRNA plus mRNA encoding the Cas9 protein. The gRNA
can be synthetic gRNA or a nucleic acid {(e.g., in an expression vector) encoding the
guide RNA.

The present invention also includes the vectors and cells comprising the

vectors.

EXAMPLES
The invention is further described in the following examples, which do not

limit the scope of the invention described in the claims.

Methods

Bacterial-based positive selection assay for evolving SpCas9 variants

Competent .coli BW25141(.DE3Y” containing a positive selection plasmid
{with embedded target site) were transformed with Cas9/sgRNA-encoding plasmids.
Following a 60 minute recovery in SOB media, transformations were plated on LB
plates containing either chloramphenicol (non-selective) or chloramphenicol + 10 mM
arabinose (selective).

To identity additional positions that might be critical for genome wide target

specificity, a bacterial selection system previously used to study properties of homing

(8]
(9]
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endonucleases (hereafter referred to as the positive selection) (Chen & Zhao, Nucleic
Acids Res 33, €154 (2005); Doyon et al | J Am Chem Soc 128, 2477-2484 (2006))
was adapted.

In the present adaptation of this system, Cas9-mediated cleavage of a positive
selection plasmid encoding an inducible toxic gene enables cell survival, due to
subsequent degradation and loss of the linearized plasmid. After establishing that
SpCas9 can function in the positive selection system, both wild-type and the variants
were tested for their ability to cleave a selection plasmid harboring a target site
selected from the known human genome. These variants were introduced into bacteria
with a positive selection plasmid containing a target site and plated on selective
medium. Cleavage of the positive selection plasmid was estimated by calculating the
survival frequency: colonies on selective plates / colonies on non-selective plates {see

FIG. 1, 5-6).

A subset of plasmids used in this study {seguences shown below}

Name 5_@%@1@ Description

JDS248 4?:8?51 CMV-T7-humanSpCasd-NLS-3xFLAG

VP12 pending CMV-T7-humanSplasS-HET{N497A, RBE1TA, QBA5A, QUZEAFNLE-3xFLAG
MSP2135 pending g)i\i\i:’iénhumanSpCasQ—HF?_(N@?A, RE81A, QEB5A, QB28A, D1135E)-NLS-
WMSO2132 pending gjﬁr\ii’gmhumanSQCasgnHFd(YdﬁOA, NAG7A, REG1TA, QBBSA, LDE2CA)-NLE-
MSP489 85771 CMV-T7-humanSpCas8-VAR(D11358V, R13350, T1337R)-NLS-3xFLAG

CMV-T7-humanSplas8-VAR-HEHIN4GTA, RBB1A, QIGBEA, QG264 D135V,

MSP2440 | pending | pyanney T1337R)-NLS-3xFLAG

CMV-T7-humanSpCass-VRAQR(D1135V, G1218R, R1335Q, T1337R)-NLS-

BPK2787 pending BFLAG

CMV-T7-humanSpCas9-VROR-HFE1{NAG7A REB1A QB95A Q82ZBA,

RARQLD i
MEPaass | pending | nyissy G1218R. R13350, T4237R-NLS-3ELAG

BPK1520 85777 UB-BsmBlcassetie-Sp-sgRNA

Human cell culture and transfection

U205 EGFP cells harboring a single integrated copy of a constitutively
expressed EGFP-PEST reporter gene!” were cultured in Advanced DMEM media
{(Life Technologies) supplemented with 10% FBS, 2 mM GlutaMax (Life
Technologies), penicillin/streptomycin, and 400 pg/ml of G418 at 37 °C with 5%
COn. Cells were co-transfected with 750 ng of Cas? plasmid and 250 ng of sgRNA
plasmid (unless otherwise noted) using the DN-100 program of a Lonza 4D-

nucleofector according to the manufacturer’s protocols. Cas9 plasmid transfected
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together with an empty U6 promoter plasmid was used as a negative control for all

human cell experirents. (see FiGs. 2, 7-10).

Human cell EGFP disruption assay

EGFP disruption experiments were performed as previously described®¢.
Transfected cells were analyzed tor EGFP expression ~52 hours post-transfection
using a Fortessa flow cytometer (BD Biosciences). Background EGFP loss was gated

at approximately 2.5% for all experiments (see FIGs. 2, 7).

T7E1 assay, targeted deep-sequencing, and GUIDE-seq to quantify
nuciease-induced mutation rates

T7E1 assays were performed as previously described for human celis
{Kletnstiver, B.P. et al | Nature 523, 481-485 (2015)). For U208 EGFP human cells,
genomic DNA was extracted from transfected cells ~72 hours post-transfection using
the Agencourt DNAdvance Genomic DNA Isolation Kit (Beckman Coulter
Genomics). Roughly 200 ng of purified PCR product was denatured, annealed, and
digested with T7ET (New England BioLabs) Mutagenesis frequencies were
guantified using a Qiaxcel capillary electrophoresis instrument {(Qlagen}, as
previcusly described for human cells (Kleinstiver et al | Nature 523, 481-485 (2015);
Reyon et al,. Nat Biotechnol 30, 460-465 (2012)).

GUIDE-seq experiments were performed as previcusly described (Tsai et al |
Nat Biotechuol 33, 187-197 (2015)). Brietly, phosphorylated, phosphorothioate-
modified double-stranded oligodeoxynucleotides (dsODNs) were transtected into
U208 cells with Cas9 nuclease along with Cas? and sgRNA expression plasmids, as
described above. dsODN-specific amplification, high-throughput sequencing, and
mapping were performed to identify genomic intervals containing DSB activity. For
wild-type versus double or quadruple mutant vasiant experiments, off-target read
counts were normalized to the on-target read counts to correct for sequencing depth
differences between samples. The normalized ratios for wild-type and variant SpCas9
were then compared to calculate the fold-change in activity at off-target sites. To
determine whether wild-type and SpCas9 variant samples for GUIDE-seq had similar
oligo tag integration rates at the intended target site, restriction fragment length

polymorphism (RFLP) assays were performed by amplifying the intended target loci

(8]
3
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with Phusion Hot-Start Flex from 100 ng of genomic DNA (isolated as described
above). Roughly 150 ng of PCR product was digested with 20 U of Ndel (New
England Biolabs) for 3 hours at 37 °C prior to clean-up using the Agencourt Ampure
XP kit. RFLP results were quantified using a Qiaxcel capillary electrophoresis
instrument (Qlagen) to approximate oligo tag integration rates. T7E1 assays were
performed for a similar purpose, as described above.

Example 1

One potential solution to address targeting specificity of CRISPR-Cas9 RNA
guided gene editing would be to engineer Cas9 variants with novel mutations.

Based on these earlier results, 1t was hypothesized (without wishing to be
bound by theory) that the specificity of CRISPR-Cas9 nucleases might be
significantly increased by reducing the non-specific binding affinity of Cas9 for DNA,
mediated by the binding to the phosphate groups on the DNA or hydrophobic or base
stacking interactions with the DNA. This approach would have the advantage of not
decreasing the length of the target site recognized by the gRNA/Cas9 complex, as in
the previously described truncated gRNA approach. It was reasoned that non-specific
binding affinity of Cas9 for DNA might be reduced by mutating amino acid residues
that contact phosphate groups on the target DNA.

An analogous approach has been used to create variants of non-Cas9 nucleases
such as TALENSs (see, for example, Guilinger et al., Nat. Methods. 11: 429 (2014)).

In an initial test of the hypothesis, the present inventors attempted to engineer
a reduced affinity variant of the widely used S. pyogenes Cas9 (SpCas9) by
introducing individual alanine substitutions into vanious residues in SpCas9 that might
be expected to interact with phosphates on the DNA backbone. An E coli-based
screening assay was used to assess the activities of these vartants (Kleinstiver et al |
Nature. 2015 Jul 23;523(7561):481-5). In this bacterial system, cell survival depended
on cleavage (and subsequent destruction) of a selection plasmid containing a gene for
the toxic gyrase poison ccdB and a 23 base pair sequence targeted by a gRNA and
SpCas9. Results of this experiment identified residues that retained or lost activity

(Table 1),



10

15

20

WO 2017/040348 PCT/US2016/049147

Table 1: Activities of single alanine substitution mutants of Cas¥
as assessed in the bacterial cell-based system shown in FIG. 1.

mutation % survival mutation % survival rmutation % survival
RG3A 84.2 (Q926A 53.3 K1158A 465
RGEA iy, K1107A 47.4 K11854 15.3
R70A & E1108A 40.0 K12004 24.5
R74A & S1169A 96.6 S1216A 1004
R78A 564 K1113A 51.8 Q1221A 58.8
R1G5A 68.9 R1114A 47.3 K1283%A 55.2
R4A03A 85.2 51116A 73.8 R12%98A 28.6
N&G7A 87.2 K1118A 48.7 K1200A 59.8
NAS7A 72.6 D1135A 57.2 K1325A 52.3
K510A 79.0 S1136A £3.2 R1333A 0
Y515A 34.1 KI151A Y, K1334A 87.5
R&61A 75.0 K1153A 76.6 R13354 0
QE95A 69.8 K11554 44.6 T1337A 64.6

Survival percentages between 50-100% usually indicated robust cleavage, whereas
0% survival indicated that the enzyme has been functionally compromised. Additional
mutations that were assayed in bacteria (but are not shown in the table above) include:
R6GA, R7IA, Y724, R75A, K76A, N77A, R115A, HI160A, K163 A, L169A, T404A,
F40SA, R447A, 1448A, Y450A, S460A, M4OSA, M6S4A, HO98A, YI013A4,
VI1015SA, R1122A, K1123A, and K1124A. With the exception of R69A and F405A
{which had < 5% survival in bacteria), all of these additional single mutations
appeared to have little effect on the on-target activity of SpCas9 (>70% survival in the
bacterial screen).

15 ditferent SpCas? variants bearing all possible single, double, triple and
quadruple combinations of the N497A, R661A, Q695A, and Q920A mutations were
constructed to test whether contacts made by these residues might be dispensable for
on-target activity (Fig. 1b). For these experiments, a previously described human cell-
based assay was used in which cleavage and induction of insertion or deletion
mutations (indels) by non-homologous end-joining (NHEJ }-mediated repair within a
single integrated EGFP reporter gene leads to loss of cell fluorescence (Reyon, D. et
al., Nat Biotechnol. 30, 460-465, 2012). Using a EGFP-targeted sgRNA previously
shown to efficiently disrupt EGFP expression in human cells when paired with wild-
type SpCas® (Fu, Y. et al,, Nat Biotechnol 31, 822-826 (2013}, all 15 SpCas? variants
possessed EGFP disruption activities comparable to that of wild-type SpCas9 (Fig.
th, grey bars). Thus, substitution of one or all of these residues did not reduce on-

target cleavage efficiency of SpCas9 with this EGFP-targeted sgRNA.
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Next, experiments were performed to assess the relative activities of all 15
SpCas9 vartants at mismatched target sites. To do this, the EGFP disruption assay was
repeated with derivatives of the EGFP-targeted sgRNA used in the previous
experiment that contain pairs of substituted bases at positions 13 and 14, 15 and 16,
17 and 18, and 18 and 19 (numbering starting with 1 for the most PAM-proximal base
and ending with 20 for the most PAM-distal base; Fig. 1b). This analysis revealed
that one of the triple mutants (R661A/695A/Q926A) and the quadruple mutant
(N49TA/ROGTA/QGEI5A/(Q926A) both showed levels of EGFP disruption equivalent
to that of background with all four of the mismatched sgRNAs (Fig. 1b, colored bars).
Notably, among the 15 variants, those possessing the lowest activities with the
mismatched sgRNAs all harbored the (3695A and Q926A mutations. Based on these
results and similar data from an experiment using a sgRNA for another EGFP target
site, the quadruple mutant (N497A/ROG1A/QOOSA/QO26A) was chosen for additional

analysis and designated it as SpCas®-HF 1 (for high-fidelity variant #1).

On-target activities of SpCas9-HF1

To determine how robustly SpCas9-HF 1 functions at a larger number of on-
target sites, direct comparisons were performed between this variant and wild-type
SpCas® using additional sgRNAs. In total, 37 different sgRNAs were tested: 24
targeted to EGFP {(assayed with the EGFP disruption assay) and 13 targeted to
endogenous human gene targets {(assaved using the T7 Endonuclease I (T7EL)
mismatch assay). 20 of the 24 sgRNAs tested with the EGFP disruption assay (Fig.
te) and 12 of the 13 sgRNAs tested on endogenous human gene sites (Fig. 1d}
showed activities with SpCas9-HF 1 that were at least 70% as active as wild-type
SpCasY with the same sgRNA (Fig. 1e). Indeed, SpCas®-HF1 showed highly
comparable activities {(30-140%) to wild-type SpCas9 with the vast majority of
sgRNAs (Fig. Te). Three of the 37 sgRINAs tested showed essentially no activity with
SpCas®-HF 1 and examination of these target sites did not suggest any obvious
differences in the charactenistics of these sequences compared to those for which high
activities were seen {Fable 3). Overall, SpCas9-HF1 possessed comparable activities
{greater than 70% of wild-type SpCas® activities) tor 86% (32/37) of the sgRNAs

tested.
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Table 3: List of sgRNA targets

PCT/US2016/049147

8. pyogenes sgRNAs

EGFP

Prep ; Spa@r . * SEQ Sequence with extended %E Q D

Name Name  leagth  Spacer Seguence E? PAM NG:
{nt} M

FYEL NG GGGCACGGGO 5. GOGUACGGGCAGCTIGE 10,

320 site | | AGCTTGCCGG CGGTGGT

FYFI NGG GCACGGGCAG 11, GCACGGGCAGCTTGCCG 1.

641 site 1 ‘ CTIGCCGG GTGGT

CK10 ]f‘ff’(; 0 GGGCACecGCA 1% GGGCACGCAGCTTGC 14.

12 3’3‘*;411@ Y GCTTGCCGG CGGTGGT

FYF1 22?_ i GGGCtaGGGCA B GGGCGGGCAGCTTGE 18,

pe S GCTTGCCGG CGGTGGT

FYF1 f‘;g?_ 0 GGegACGGGCA Y GGegACGGGCAGCTTGE 18.

TE S GCTTGCCGG CGGTGGT

Fver NOO GecCACGGGCA ™ GecCACGGGCAGCTTGC 20

7 S GCTTGCCGG CGGTGGT

BPKI NGG GTCGCCCTCG 21, GTCGCCCTCGAACTTCA 27,

U5 site? | AACTTCACCT COTCGGC

BPKI NGG g GTAGGICAGG 73, GTAGGTCAGGGTGGTCA 24,

350 sied C GTGGTCACGA CGAGGGT

BPKI NGG GGCGAGGGCG 75, GGCGAGGGUGATGCCA 25,

353 site 4 ATGCCACCTA CCTACGGC

MSP7 NGG . GGTCGCCACC 27, GGTCGCCACCATGGTGA 28,

9 sies  C ATGGTGAGCA GCAAGGG

MSPT NGG GGTCAGGGTG 29, GGTCAGGGTGGTCACGA 30,

95 site6  © GTCACGAGGG GGGTGGG

FYFI NGG GOTGGTGCAG 31, GGIGGTGCAGATGAACT 32,

08 sie7 N ATGAACTTCA TCAGGGT

JAFT NGG GGTGCAGATG 33, GGIGCAGATGAACTICA 34,

001 site? ’ AACTTCA GGGT

BRI NGG GTTGGGGTCTT 35, GTTGGGGTICTTTGCTCA 36,

65 sites TGCTCAGGG GGGCGGA

MSP7 NGG g GOTGGICACG 37, GGIGGTCACGAGGGTGG 38,

94  sied  ° AGGGTGGGCC GCCAGGG

FYFI NGG GATGCCGTTCT 39, GATGCCGTTCTICTGCTT 40,

07 site 10 TCTGCTTGT GTCGGO

JAFS NGG GCCGTTCTTOT 41, GCCGTICTICTGCTTGIC a2,

97 site 10 GCTTGT GGC

BPKI NGG GTCGCCACCA 43, GTCGCCACCATGGTGAG 44,

347 site il © TGGTGAGCAA CAAGGGC

BPKI NGG g GCACTGCACG 5. GCACTGCACGCCGTAGG 46,

69 sie 12 N CCGTAGGTCA TCAGGGT

MSPZ NGG g GTGAACCGCA 47, GIGAACCGUATCGAGCT 48,

545 site 13 TCGAGCTGAA GAAGGGC
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MSP2 NGG GAAGGGCATC 49, GAAGGGCATCGACTTCA 50,
46 site 14 N GACTTCAAGG AGGAGGA
MSFZ NGG . GOTTCATGTO0 51 GOTTCATGTOOTCGGGG 55,
547 sils  © TCGGGGTAG TAGCGGC
MSPZ NGG oo GOTGAAGCAC 53 GCTOAAGCACTGOACGE 54,
548 site 16 20 TGCACGCCGT CGTAGGT
MSPZ NGG o GCOGTCGICCT 55, GCCGTCGICCTIGAAGA 56,
549 sie 17 ° TGAAGAAGA AGATGGT
MSPZ NGG oo GACCAGGATG 57, GACCAGGATGGGCACC 58,
550 si1s 2 GGCACCACCC ACCCCGGT
MSPI NGG o GACGTAGCCT 55, GACGTAGCCTICGGGCA 60,
551 sitelo 2 TCGGGCATGG TGGCGGA
MSPZ NGG o GAAGTTCGAG 61 GAAGITCGAGGGCGAC 62,
553 site 20 GGCGACACCC ACCCTGGT
MSPZ NGG o GAGCTGGACG 63, GAGCTGGACGGCGACGT 64,
554 sie2l U GCGACGTAAA AAACGGC
MSP2 NGG Lo GGCATCGOCT 65, GGCATCGCCCTCGECCT 66,
555 siw22  © TCGCCCTCGC CGCCGGA
MSPZ NGG oo GGCCACAAGT 87 GGCCACAAGTICAGEGT 68,
556 site23 2 TCAGCGTGTC GTCCGGC
FYFL NGG o GGGCGAGGAG 69, GGGCGAGGAGCTGTTCA 70,
331 sie2d ° CTGTTCACCG CCGGGGT
FYFI NGG g GCGAGGAGCT 71 GCGAGGAGCTGTICACC 7%
560 site24 GTTCACCG GGGGT
BPki SO0 CCTCGAACTTC /> CCTCGAACTICACCTCG %
48 e - 2V ACCTCGGCG GCGCGGG

no 3' G

NGG 75. 76.
BPKI sito25- GCTCGAACTTC GCTOGAACTTCACCTCG
349 mms 2 ACCTCGGCG GOGCGGG

G
BPKI NUO  CAACTACAAG /7 CAACTACAAGACCCGCG /%
35 St 262 ACCOGCGOCG CCGAGGT

no §'G

NGG 79. 4.
BPKI site26- GAACTACAAG GAACTACAAGACCCGCG
352 mmS ACCCGCGOCG CCGAGGT

G
Bkl NO9 CGCTOCTGGA 8L CGCTCCTGGACGTAGOC 82.
3y3 Sie27- 20 CGTAGCCTTC TICGGGC

no 3'G

NGG 23, &4,
BPKI site27- GGCTCCTGGA CGCTCCTGGACGTAGCC
375 mms CGTAGCCTTC TTCGGGC

G
BPKI D00 AGGGCGAGGA % AGGGCGAGGAGCTGTTC o9
377 S 28 20 GCTGTTCACC ACCGGGG

noS'G

NGG 87. 88,
BPKI site 28 GGGGCGAGGA GGGGCGAGGAGCTGTTC
361 mm S GCTGTTCACC ACCGGGG

G
BPKI NGAA GTTCGAGGGE 75, GTICGAGGGCGACACCC 90
468 site | GACACCCTGG TGGTGAA
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MSP8 NGAA 0 GTTCACCAGG 91. GITCACCAGGGTGTCGC g2.
07 site 2 " GTGTCGCCCT CCTCGAA
MSPI NGAC 70 GCCCACCCTC 93. GCCCACCCTCGTGACCA 94,
70 site 1 GTGACCACCC CCCTGAC
MSP7 NGAC 20 GCCCTTIGCTCA 95. GCCCTTGCTCACCATGG g6.
90 site 2 ' CCATGGTGG TGGCGAC
MSP1  NGAT 0 GTCGCCGTCC 97. GTCGCCGTCCAGCTCGA 98.
71 site 1 - AGCTCGACCA CCAGGAT
MSPI NGAT 0 GTGTCCGGCG 99. GTGTCCGGCGAGGGCGA 100.
69 site 2 - AGGGLCGAGGG GGGCGAT
MSPI NGAG 0 GGOGTGGTGC 101. GGOOGTGOTGCCCATCCT 102.
68 site | B CCATCCTGGT GGTCGAG
MSP3 NGAG 20 GCCACCATGG 103. GCCACCATGGTGAGCAA 104.
66 gite 2 TGAGCAAGGG GGOCGAG

Endogenous genes

EMXT
Prep N Spacer Spacer %E QID Seguence with extended %EQ b
. ame length NG : N(:
Name (nt) Sequence PAM
FYFI NGG et 1% GAGTCOGAGEAGAAGA 0%
548 site 1 ' A o AGAAGGGC
MSPS  NGG 0 GTCACCTCCA 107. GTCACCTCCAATGACTA 108.
09 site 2 " ATGACTAGGG GGGTGGE
V47  NGG 20 GGGAAGACTG 109. GGGAAGACTGAGGCTA 110.
5 site 3 AGGCTACATA CATAGGGT
MSP8  NGA 70 GCCACGAAGC 111, GCCACGAAGCAGGCCA 112.
4% site ! AGGCCAATGG ATGGGGAG
FANCF
Prep Spacer \ SEQ Sequence with extended “ EQ 1
Name Name  length Spacer Sequence ED PAM RO:

{nt} NG
DR34 NGG 20 GGAATCCCTT 113. GGAATCCCTTCTGCAGC 114.
8 site | - CTGCAGCACC ACCTGGA
MSPE8  NGG 20 GCTGCAGAAG 115. GCTGCAGAAGGGATTC 116.
5 site 2 B GGATTCCATG CATGAGGT
MSP8  NGG 30 GGCGGCTGCA 117. GGCGGCTGCACAACCA i18.
16 site 3 i CAACCAGTGG GTGGAGGC
MSPE NGG 20 GCTCCAGAGC 119. GCTCCAGAGCLGTIGCG 120.
17 site 4 CGTGLGAATG AATGGGGC
MSP8 NGA 50 GAATCCCTTC 121, GAATCCCTTCTGCAGCA 122.
I8*2 st | i TGCAGCACCT CCTGGAT
MSP8  NGA 20 GCGGCGGCTG 123, GCGGCGGCTGCACAAC 124.
20%3  sie2 CACAACCAGT CAGTGGAG
MSP8  NGA 70 GOGTTGTGCAG 125. GGTTGTGCAGCCGCCGC 126.
85 *4  site 3 ) CCGCCGCTCC TCCAGAG

RN
(8]
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RUNXI
Prep Spacer SEQ Sequence with extended S}E Q1D
Name fength Spacer Sequence D NG:
Mame , . PAM
{nt} NO:
MSPE  NGG 20 GCATTITCAG 127. GCATTTTCAGGAGGAA 128.
22 site 1 - GAGGAAGCGA GCGATGGC
MSPS NGG s 7% GGGAGAAGAAAGAGAG 30
25 site 2 © T PR ATGTAGGG
MSP8 NGA 20 GGTGCATTTY 131, GGTGCATTTTCAGGAGG 132
26%3  sie CAGGAGGAAG AAGCGAT
MSPZ NGA 20 GAGATGTAGG 133. GAGATGTAGGGCTAGA 134.
28 %6 site 2 GCTAGAGGGG GGGGTGAG
MSPI NGAA O o 135, GGTATCCAGCAGAGGG 136.
725 siel © A Dt GAGAAGAA
MSPI NGAA 0 GAGGCATCTC 137. GAGGCATCTCTGCACCG 138.
726 site 2 7 TGCACLCGAGG AGGTGAA
MSPT NGAC 0 GAGGGUGTGAG 139. GAGGGGTGAGGUCTGAA 140.
728 site 1 - GCTGAAACAG ACAGTGAC
MSPE NGAC 30 GAGCAAAAGT 141. GAGCAAAAGTAGATAT 142.
730 site 2 ) AGATATTACA TACAAGAC
MSPI NGAT 0 GGAATTCAAA 143, GGAATTCAAAUTGAGG 144,
732 stie 1 < CTGAGGCATA CATATGAT
MSPS NGAT ?i‘iﬁfziigiﬁ‘ 145 GCAGAGGGGAGAAGAA 46
29 site 2 7 é AMAAAL AGAGAGAT
MSPI NGAG 20 GUCACCGAGGC 147. GCACCGAGGCATCICTG 148.
734 site | ” ATCTCTGCAC CACCGAG
MSP8 NGAG 0 GAGATGTAGG 149. GAGATGTAGGGCTAGA 150.
23 st 2 GCTAGAGGGG GGGGTGAG
ZSCANZ
Prep Spa;er " SEQ Sequence with extended E}t’ QIb
MName  length Spacer Sequence (D NQ:
MName , - PAM
{nt} MNO:
NN67 NGG 20 GTGCGGCAAG 151, GTGCGGCAAGAGCTTC 152.
3 site AGCTTCAGCC AGCCGGGE
VEGEFA
Prep Spacer SEQ Sequence with extended : E Q1D
Name length Spacer Sequence D NG
Name . PAM
{nt} NG:
V{29 NGG 20 GGGTGGGGGE 1532, GGGTGGGGGGAGTTIG 154,
7 stie | AGTTTGCTCC CTCCTGGA
VC29  NGG 20 GACCCCCTCC 155, GACCCCCTCCACCCCGC 156.
9 site 2 - ACCCCGCCTC CTCCGGG
V{22 NGG 50 GGTGAGTGAG 157. GGTGAGTGAGTGIGTG 158.
3 stie 3 7 TOGTGTGCGTG COCTGTGGO
2174 - N
ooliNea GCGAGCAGCG % GCGAGCAGCGTCTTCG 160
o site | : TCTTCGAGAG AGAGTGAG
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ZNF629
Prep Spacer . SEQ Sequence with extended %E Qi
: Name  length Spacer Sequence ID 5 KQ:
Name (nt) NO: PAM
NN67 NGA 50 GTGCGGCAAG 161. GTGCGGCAAGAGCTIC 162.
S*8 site - AGCTTCAGCC AGCCAGAG

*1, NGA EMX1 site 4 from Kleinstiver et al., Nature 2015

#*2, NGA FANCEF site 1 from Kleinstiver et al | Nature 2015

*3, NGA FANCEF site 3 from Kletnstiver et al | Nature 2015

*4 NGA FANCEF site 4 from Kleinstiver et al | Nature 2015

5 *5, NGA RUNXT site | from Kleinstiver et al, Nature 2015

10

15

20

25

*6, NGA RUNX1 site 3 from Kleinstiver et al |, Nature 2015
*7, NGA VEGFA site | from Kleinstiver et al., Nature 2015
*8, NGA ZNF629 site from Kleinstiver et al., Nature 2015

Genome-wide specificity of SpCasy-HF 1

To test whether SpCas9-HF 1 exhibited reduced off-target effects in human
cells, the genome-wide unbiased identification of double-stranded breaks enabled by
sequencing (GUIDE-seq) method was used. GUIDE-seq uses integration of a short
double-stranded oligodeoxynucleotide (dsOBN) tag into double-strand breaks to
enable amplification and sequencing of adjacent genomic sequence, with the number
of tag integrations at any given site providing a quantitative measure of cleavage
efficiency {Tsai, $.Q. et al, Nat Biotechnol 33, 187-197 (2015}). GUIDE-seq was used
to compare the spectrum of off-target effects induced by wild-type SpCas9 and
SpCas9-HF1 using eight different sgRNAs targeted to various sites in the endogenous
human FMX!, FANCE, RUNX{, and ZSCAN2 genes. The sequences targeted by these
sgRNAs are unique and have variable numbers of predicted mismatched sites in the
reference human genome (Table 2). Assessment of on-target dsODN tag integration
{by restriction fragment length polvmorphism (RFLP) assay) and indel formation (by
T7ER assay) for the eight sgRNAs revealed comparable on-target activities with wild-
type SpCasO and SpCasS-HF1 (Figs. 7a and 7h, respectively). GUIDE-seq
experiments showed that seven of the eight sgRNAs induced cleavage at multiple
genome-wide off-target sites (ranging from 2 to 25 per sgRNA) with wild-type
SpCas9, whereas the eighth sgRNA (for FANCF site 4) did not produce any

detectable off-target sites (Figs. 2a and 2b). However, six of the seven sgRNAs that
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induced indels with wild-type SpCas9 showed a strikingly complete absence of
GUIDE-seq detectable off-target events with SpCas9-HF 1 (Figs. 2a and 2b); and the
remaining seventh sgRNA (for FANCF site 2) induced only a single detectable
genome-wide off-target cleavage event, at a site harboring one musmatch within the
protospacer seed sequence (Fig. 2a). Collectively, the off-target sites that were not
detected when using SpCas9-HF1 harbored one to six nismatches in the protospacer
and/or PAM sequence (Fig. 2¢). As with wild-type SpCas9, the eighth sgRNA (for
FANCEF site 4) did not yield any detectable off-target cleavage events when tested
with SpCas9-HF1 (Fig. 2a).

To contirm the GUIDE-seq findings, targeted amplicon sequencing was used
to more directly measure the frequencies of NHEJ-mediated indel mutations induced
by wild-type SpCas9 and SpCas9-HF 1. For these experiments, human cells were
transtected only with sgRNA- and Cas9-encoding plasmids (i.e., without the GUIDE-
seq tag). Next-generation sequencing was then used to examine 36 of the 40 off-
target sites that had been 1dentified with wild-type SpCas9 for six sgRNAs in the
GUIDE-seq experiments (four of the 40 sites could not be examined because they
could not be specifically amplified from genomic DNA). These deep sequencing
experiments showed that: (1) wild-type SpCas9 and SpCas9-HF 1 induced comparable
frequencies of indels at each of the six sgRNA on-target sites (Figs. 3a and 3b); (2)
wild-type SpCas9, as expected showed statistically significant evidence of indel
mutations at 35 of the 36 off-target sites (Fig. 3b) at frequencies that correlated well
with GUIDE-seq read counts for these same sites (Fig. 3¢); and (3) the frequencies of
indels induced by SpCas9-HF1 at 34 of the 36 off-target sites were indistinguishable
from the background level of indels observed in samples from control transfections
{Fig. 3b). For the two off-target sites that appeared to have statistically significant
mutation frequencies with SpCas9-HF 1 relative to the negative control, the mean
frequencies of indels were 0.049% and 0.037%, levels at which it is difficult to
determine whether these are due to sequencing/PCR error or are bona fide nuclease-
induced indels. Based on these results, 1t was concluded that SpCas9-HF1 can
completely or nearly completely reduce off-target mutations that occur across a range
of different frequencies with wild-type SpCas9 to undetectable levels.

Next the capability of SpCas9-HF 1 to reduce genome-wide off-target effects

of sgRINAs that target atypical homopolymeric or repetitive sequences was assessed.
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Although many now try to avoid on-target sites with these characteristics due to their
relative lack of orthogounality to the genome, 1t was desirable to explore whether
SpCas9-HF 1 might reduce off-target indels even for these challenging targets.
Therefore, previously characterized sgRNAs (Fu, Y. et al., Nat Biotechnol 31, Tsai,
5.Q. et al., Nat Biotechnol 33, 187-197 (2015) were used that target either a cytosine-
rich homopolymeric sequence or a sequence containing multiple TG repeats in the
human JVEGEA gene (VEGFA site 2 and VEGFA site 3, respectively) (Fable 2} In
control experiments, each of these sgRNAs induced comparable levels of GUIDE-seq
ds ODN tag incorporation (Fig. 7¢) and indel mutations (Fig. 7d) with both wild-type
SpCas9 and SpCas9-HF 1, demonstrating that SpCas9-HF 1 was not impaired in on-
target activity with either of these sgRNAs. Importantly, GUIDE-seq experiments
revealed that SpCas9-HF T was highly effective at reducing off-target sites of these
sgRNAS, with 123/144 sites for VEGFA site 2 and 31/32 sites for VEGFA site 3 not
detected (Figs. 4a and 4b). Examination of these off-target sites not detected with
SpCas9-HF 1 showed that they each possessed a range of total mismatches within their
protospacer and PAM sequences: 2 to 7 mismatches for the VEGFA site 2 sgRNA
and 1 to 4 mismatches for the VEGFA site 3 sgRNA (Fig. 4¢); also, nine of these off-
targets for VEGFA site 2 may have a potential bulged base (Lin, Y. et al,. Nucleic
Acids Res 42, 7473-7485 {2014).at the sgRNA-DNA interface (Fig. 4a and Fig. 8).
The sites that were not detected with SpCas9-HF 1 possessed 2 to 6 mismatches for
the VEGFA site 2 sgRNA and 2 mismatches in the single site for the VEGFA site 3
sgRNA (Fig. 4¢), with three off-target sites for VEGFA site 2 sgRNA again having a
potential bulge (Fig. §). Collectively, these results demonstrated that SpCasO-HF1 can
be highly effective at reducing off-target effects of sgRNAs targeted to simple repeat
sequences and can also have substantial impacts on sgRNAs targeted to

homopolymeric sequences.
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Table 2] Summary of potential mismatched sites in the reference human genome
for the ten sgRNAs examined by GUIDE -seq

mismatches to on-farget site®
site spacer with PAM 1 2 3 4 5 & total
EMX1. | SHETCCORCCAGRAGRAGRAGSE ISEQ 1 g 1 {18 273 2318 | 15831 | 18441
12 “TCCAATGACTAGGETGG (SEQ | o |2 les |780 16102 | 6953
FANGF-1 CTGEAGEACCTSE (SBQ 1 1 {18 | 288 | 1475 | 9811 | 11392
FANGF-2 | 0 CCACRASEORTTCEATERGE HEEC 1129 235 | 2000 | 13047 | 15313
FANGF-3 | [oCOCUTOCACRACCABIEEAES 15EL 1 g o 11 |78 {874 | E651 | 7615
FANGF-4 | 000 *68:17\!’-\L BE0 |, o ls |50 |ess | 5078 | 5782
RUNX1-1 G(;Af{'Tﬂ.“'}‘E}g?fzi-\GGAJ-\GCGATGG (SEQ o 2 g 189 1644 11546 | 13387
ZSCAN2 | 510 COTIAGRSETICABECEEEISEL - 1 3 {12 [127 | 1146 | 10887 | 11975
VEGFAZ | SHELCCTTURACEREEERTRCEEISEL - 2 |35 [456 {2005 | 17576 | 21974
VEGFAS | SOTIRCTRAGTGTRTGCRTETEE (S5EQ 1 4 17 | 383 | 6089 | 13536 | 35901 | 55427
* determined using Cas-OFFinder (Bae et al., Bicinformatics 30, 1473-
1475 (2014))
Table 4: Oligonucleotides used in the study
SEQ ID
description of T7E] primers seguence NED:
forward primer to amphfy EMX]1 in GOAGCAGCTGOTCAG 173.
UZ0S human cells AGGGG
reverse primer to amplify EMX1 in U208 CCATAGGGAAGGGGG 174.
human cells ACACTGG
forward primer to amplify FANCF in GGGCCGGGAAAGAGT 175.
U208 human cells TGCTG
reverse primer to amplify FANCF in GCCCTACATCTGCTCT 176.
UZ0S human cells CCCT1CC
forward primer to amplify RUNXT in CCAGCACAACTTACTC 177.
U208 human celis GCACTTGAC
reverse primer to amplify RUNXT in CATCACCAACCCACAG 178.
U208 human cells CCAAGG
forward primer to amplity VEGFA 1n TCCAGATGGCACATTG 179.
UZ0S human cells TCAG
reverse primer to aroplify VEGFA in AGGCGAGCAGGAAAGT 180.
U208 human celis GAGGT
forward primer to amplify VEGFA (NGG  CGAGGAAGAGAGAGA 181.
site 2) in U208 human cells CGGGGTC
reverse primer to amplify VEGFA (NGG  CTCCAATGCACCCAAG 182.
site 2} 1n U208 human cells ACAGCAG
forward primer to amplify ZSCAN2 in AGTGTGGGGTGTOTGG 183.
U208 buman cells GAAG
reverse primer to amplify ZSCANZ 1o GCAAGGOGGAAGACTC 184.

U208 human cells
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forward primer to amplify ZNF629 in
U208 buman cells
reverse primer to amplify ZNF629 in
UZ0S human cells

description of deep sequencing primers

torward primer to amplity EMX1-1 on-
target

reverse primer to amplify EMX1-1 on-
target

forward primer to amphty EMX1-1-
GUIDE seq-OT#1

reverse primer to amplify EMX1-1-
GUIDE seq-OT#1

forward primer to amphify EMX1-1-
GUIDE seq-OT#2

reverse primer to amplify EMX1-1-
GUIDE seq-OT#2

forward primer to amplify EMX1-1-
GUIDE seqg-OT#3
reverse primer to amplity
GUIDE seq-OT#3
forward primer to amplify EMX1-1-
GUIDE seq-OT#H4

reverse primer to amplify EMX1-1-
GUIDE seq-OT#4

forward primer to amphty EMX1-1-
GUIDE seq-OT#S

reverse primer to amplify EMX1-1-
GUIDE seq-OT#5

forward primer to amphify EMX1-1-
GUIDE seq-OT#6

reverse primer to amplify EMX1-1-
GUIDE seq-OT#6

forward primer to amplify EMX1-1-
GUIDE seq-OT#7

reverse primer to amplify EMX1-1-
GUIDE seq-OT#7

forward primer to amphty EMX1-1-
GUIDE 884~ -OT#E

reverse primer to arophify EMX1-1-
GUIDE seq-OT#8

forward primer to amphfy EMX1-2 on-

EMXI-1-

target
reverse primer to amplify EMX1-2 on-
target

forward primer to amphify EMX1-2-
GUIDE_seq-OT#1
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TACGAGTGCCTAGAGT 185.
GG
GCAGATGTAGGTCTTG 186.
GAGGAC

SEQ ID
sequence NG:
GGAGCAGCTGGTCAG 187.
AGGGG
CGATGTCCTCCCCATT 188.
GOGCCTG
GTGGGGAGATTTGCAT 189,
CTGTGG AGG
GCTTTTATACCATCTT 190.
GGGGTTACAG
CAATGTGCTTCAACCC 191.
ATCACGGC
CCATGAATTTGTGATG 192.
GATGCAGTCTG
GAGAAGGAGGTGCAG 193.
GAGCTAGAC
CATCCCGACCTTCATC 194.
CCTCCTGO
GTAGTTCTGACATTCC 195.
TCCTGAGGG
TCAAACAAGGTGCAG 196.
ATACAGCA
CAGGGTCGCTCAGTCT 197.
GTIGTGG
CCAGCGCACCATTCAC 198.
TCCACCTG
GOGCTGAAGAGGAAGA 199.
CCAGACTCAG
GGCCCCTCTGAATTCA 200.
ATTCTCTGC
CCACAGCGAGGAGTG 201.
ACAGCC
CCAAGTCTTTCCTAAC 202.
TCGACCTTGG
CCCTAGGCCCACACCA 203.
GCAATG
GGGATGGGAATGGGA 204,
ATGTGAGGC
GCCCAGGTGAAGGTOY 205.
GGTTCC
CCAAAGCCTGOGCCAGG 206.
GAGTG
AGGCAAAGATCTAGG 207.

ACCTGGATGE
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reverse primer to armplify EMX1-2-
GUIDE seq-OT#1
forward primer to amphty EMX1-2-
GUIDE seq-OT#2
reverse primer to amplify EMX1-2-
GUIDE seq-OT#2
forward primer to amphify EMX1-2-
GUIDE seq-OT#3
reverse primer to amplify EMX1-2-
GUIDE seq-OT#3
forward primer to amplify EMX1-2-
GUIDE seq-OT#4
reverse primer to amplify EMX1-2-
GUIDE seq-OT#4
forward primer to amplify EMX1-2-
GUIDE seq-OT#5
reverse primer to armplify EMX1-2-
GUIDE seq-OT#5
forward primer to amphty EMX1-2-
GUIDE seq-OT#6
reverse primer to amplify EMX1-2-
GUIDE seq-OT#6
forward primer to amphify EMX1-2-
GUIDE seq-OT#7
reverse primer to amplify EMX1-2-
GUIDE seq-OT#7
forward primer to amplify EMX1-2-
GUIDE seqg-OT#9
reverse primer to amplify EMX1-2-
GUIDE seq-OT#9

torward primer to amplity FANCF-1 on-

target

reverse primer to amplify FANCF-1 on-

target

forward primer to amphty FANCF-1-
GUIDE seq-OT#1

reverse primer to amplify FANCF-1-
GUIDE seq-OT#1

forward primer to amphify FANCF-1-
GUIDE seq-OT#2

reverse primer to amplify FANCF-1-
GUIDE seq-OT#2

torward primer to amplify FANCF-1-
GUIDE seqg-OT#3

reverse primer to amplify FANCF-1-
GUIDE seq-OT#3

forward primer to amplity FANCF-1-
GUIDE seq-OT#4

reverse primer to aroplify FANCF-1-
GUIDE seq-OT#4

A%

PCT/US2016/049147
CCATCTGAGTCAGCCA 208.
GCCTTGTC
GOTTCCCTCCCTTICTG 209.
AGCCC
GGATAGGAATGAAGA 210.
CCCCCTCTCC
GOACTGGUCTGGCTOTG 211
TGTTTTGAG
CTTATCCAGGOGCTACC 212.
TCATTGCC
GCTGCTGCTGCTTTGA 213,
TCACTCCTG
CTCCTTAAACCCTCAG 214.
AAGCTGGO
GCACTGTCAGCTGATC 215.
CTACAGG
ACGTTGGAACAGTCGA 218,
GCTGTAGC
TOGTGCATAACTCATGT 217.
TGGCAAACT
TCCACAACTACCCTICA 218.
GCTGGAG
CCACTGACAATTCACT 219,
CAACCCTGC
AGGCAGACCAGTTATT 220.
TGGCAGTC
ACAGGCGCAGTTCACT 221.
GAGAAG
GOGTAGGCTGACTTTG 222
GGCTCC
GCCCTCTTGCCTCCAL 223.
TGGTTG
CGCGGATGTTCCAATC 224,
AGTACGC
GCGGGCAGTGGCGTCT 225.
TAGTCG
CCCTGOGOTTTIGETTGG 226.
CTGCTC
CTCCTTGCCGCCCAGC 227.
CGOTC
CACTGGGGAAGAGGC 228.
GAGGACAC
CCAGTOTTTCCCATCLC 223.
CCAACAC
GAATGGATCCCCCCCT 230.
AGAGCTC
CAGGCCCACAGGTCCT 231.
TCTGGA
CCACACGGAAGGCTG 232

ACCACG
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forward primer to amplify FANCF-3 on-
target

reverse primer to amplity FANCF-3 on-
target

torward primer to amplify FANCE-3-
GUIDE seq-OT#1

reverse primer to amplify FANCF-3-
GUIDE seq-OT#1

forward primer to amphty FANCF-3-
GUIDE seq-OT#2

reverse primer to aroplify FANCF-3-
GUIDE seq-OT#2

forward primer to amphfy FANCF-3-
GUIDE seq-OT#3

reverse primer to amplify FANCF-3-
GUIDE seq-OT#3

forward primer to amphify FANCF-3-
GUIDE seq-OT#4

reverse primer to amplify FANCF-3-
GUIDE seq-OT#4

torward primer to amplify FANCE-3-
GUIDE seq-OT#5

reverse primer to amplify FANCF-3-
GUIDE seq-OT#S

forward primer to amphty FANCF-3-
GUIDE seq-OT#6

reverse primer to aroplify FANCF-3-
GUIDE seqg-OT#6

forward primer to amphfy FANCF-3-
GUIDE seq-OT#7

reverse primer to amplify FANCF-3-
GUIDE seq-OT#7

forward primer to amplify RUNXI-1 on-
target

reverse primer to amplity RUNX1-1 on-
target

forward primer to amplify RUNXI-1-
GUIDE seq-OT#1

reverse primer to amplify RUNX1-1-
GUIDE seq-OT#1

forward primer to amplity RUNX1-1-
GUIDE seq-OT#2

reverse primer to amplify RUNXT-1-
GUIDE seq-OT#2

forward primer to amplify ZSCANZ on-
target

reverse primer to amplify ZSCAN2Z on-
target

forward primer to amplify ZSCANZ-
GUIDE seq-OT#!

4%
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GCGCAGAGAGAGCAG 233,
GACGTC
GCACCTCATGGAATCC 234.
CTTCTGC
CAAGTGATGCGACTTC 235,
CAACCTC
CCCTCAGAGTTCAGCT 236.
TAAAAAGACC
TGCTTCTCATCCACTCT 237.
AGACTGCT
CACCAACCAGCCATGT 238.
GCCATG
CTGCCTOTGUTCCTCG 239.
ATGGTG
GGOTTCAAAGCTCATC 240.
TGCCCC
GCATGTGCCTTGAGAT 241,
TGCCTGG
GACATTCAGAGAAGC 242
GACCATGTOG
CCATCTTCCCCTTTGG 243,
CCCACAG
CCCCAAAAGTGGCCAA 244,
GAGCCTGAG
GTTCTCCAAAGGAAGA 245.
GAGGOGAATG
GGTGCTOTGTCCTCAT 246.
GCATCC
CGGCTTGCCTAGGGTC 247.
GTTGAG
CCTTCAGGGGCTICTTC 248.
CAGGTC
GGGAACTGGCAGGCA 243,
CCGAGG
GGGTGAGGCTGAAALC 250.
AGTGACC
GGOAGGATOTTGOTTT 251.
TAGGGAACTG
TCCAATCACTACATGC 252,
CATTTTGAAGA
CCACCCTCTTCCTTTG 253.
ATCCTCCC
TCCTCCCTACTCCTTICA 254,
CCCAGG
GAGTGCCTGACATGTG 255.
GGGAGAG
TCCAGCTAAAGCCTTT 256.
CCCACAC
GAACTCTCTGATGCAC 257.
CTGAAGGUTG
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reverse primer to amplify ZSCAN2-
GUIDE_seq-OT#1

PCT/US2016/049147

ACCGTATCAGTGTGAT
GCATGTGOT

258,

forward primer to amphty ZSCAN2- TGGOTTTAATCATGTG 259.
GUIDE seq-OT#2 TICTGCACTATG

reverse primer to amplify ZSCAN2Z- CCCATCTTCCATTCTG 260.
GUIDE seq-OT#2 CCCTCCAC

forward primer to amplify ZSCAN2- CAGCTAGTCCATTTIGT 261.
GUIDE seqg-OT#3 TCTCAGACTGTG

reverse primer to amplify ZSCAN2- GGCCAACATTGTGAAA 262.
GUIDE seq-OT#3 CCCTGICTC

forward primer to amphify ZSCAN2Z- CCAGGGACCTGTGCTT 263,
GUIDE seq-OT#4 GGGTTC

reverse primer to amplify ZSCAN2- CACCCCATGACCTGGO 264,
GUIDE seq-OT#4 ACAAGTG

forward primer to amplity ZSCAN2- AAGTGTTCCTCAGAAT 265.
GUIDE seq-OT#5 GCCAGCCC

reverse primer to amplify ZSCAN2- CAGGAGTGCAGTTGTG 266.
GUIDE seq-OT#5 TTGGGAG

forward primer to amphty ZSCAN2- CTGATGAAGCACCAGA 267.
GUIDE seq-OT#6 GAACCCACC

reverse primer to amplify ZSCAN2Z- CACACCTGOGCACCCAT 268.
GUIDE seq-OT#6 ATGGC

forward primer to amplify ZSCAN2- GATCCACACTGGTGAG 269,
GUIDE seq-OT#7 AAGCCTTAC

reverse primer to amplify ZSCAN2- CTTCCCACACTCACAG 270.

GUIDE seq-OT#7

CAGATGTAGG

Refining the specificity of SpCas9-HF1

Previously described methods such as truncated gRNAs (Fu, Y. et al, Nat
Biotechnol 32, 279-284 (2014)) and the SpCas9-D1135E variant (Kleinstiver, B.P. et
al., Nature 523, 481-485 (2015}) can partially reduce SpCas9 off-target effects, and
the present inventors wondered whether these might be combined with SpCas9-HF 1
to further iraprove its genome-wide specificity. Testing of SpCas9-HF 1 with matched
tull-length and truncated sgRINAs targeted to four sites in the human cell-based EGFP
disruption assay revealed that shortening sgRNA complerentarity length
substantially impaired on-target activities (Fig. 9). By contrast, SpCas9-HF 1 with an
additional D1135E mutation (a variant referred to herein as SpCas9-HEF2) retained
70% or more activity of wild-type SpCas9 with six of eight sgRINAs tested using a
human cell-based EGFP disruption assay (Figs. 5a and 5b). SpCas9-HF3 and
SpCasV-HF4 variants were also created harboring L169A or Y450A mutations,
respectively, at positions whose side chains mediated hydrophobic non-specific

interactions with the target DNA on its PAM proximal end (Nishimasu, H. et al., Cell
52
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156, 935-949 (2014); Hang, F., et al, Science 348, 1477-1481 (2015)). SpCas9-HF3
and SpCasO-HF4 retained 70% or more of the activities observed with wild-type
SpCas® with the same six out of eight EGFP-targeted sgRNAs (¥igs. 5a and 5b).

To determine whether SpCasS-HFZ, -HF3, and -HF4 could reduce indel
frequencies at two off-target sites (for the FANCEF site 2 and VEGFA site 3 sgRNAs)
that were resistant to SpCas9-HF 1, further experiments were performed. For the
FANCE site 2 off-target, which bears a single mismatch in the seed sequence of the
protospacer, SpCas9-HF4 reduced indel mutation frequencies to near background
fevel as judged by T7EI assay while also beneficially increasing on-target activity
(Fig. S¢), resulting in the greatest increase in specificity among the three variants
(Fig. 8d). For the VEGFA site 3 off-target site, which bears two protospacer
mismatches {one in the seed sequence and one at the nucleotide most distal from the
PAM sequence), SpCas9-HE2 showed the greatest reduction in indel formation while
showing only modest effects on on-target mutation efficiency (Fig. 5¢), leading to the
greatest increase in specificity among the three variants tested (Fig. 5d). Taken
together, these results demonstrate the potential for reducing off-target effects that are
resistant to SpCas9-HF 1 by introducing additional mutations at other residues that
mediate non-specific DNA contacts or that may alter PAM recognition.

To generalize the T7TET assay findings described above that show SpCas9-HF4
and SpCas9-HEF2 have improved discrimination relative to SpCas9-HF1 against off-
targets of the FANCEF site 2 and VEGFA site 3 sgRNAs, respectively, the genome-
wide specificities of these vanants were examined using GUIDE-seq. Using an RFLP
assay, it was determined that SpCas9-HF4 and SpCas9-HF2 had similar on-target
activities to SpCas9-HF1, as assayed by GUIDE-seq tag integration rates (FIG. 5E).
When analyzing the GUIDE-seq data, no new off-target sites were identified for
SpCas®-HF2 or SpCasS-HF4 (FIG. 5F). Compared to SpCas9-HF1, off-target
activities at all sites were either rendered undetectable by GUIDE-seg or substantially
decreased. Relative to SpCas9-HF 1, SpCas9-HF4 had nearly 26-fold better
specificity against the single FANCF site 2 off-target site that remained recalcitrant to
the specificity improvements of SpCas9-HF 1 (FIG. 5F). SpCas9-HF2 had nearly 4-
fold improved specificity relative to SpCasS-HF1 for the high-frequency VEGFA site
3 off-target, while also dramatically reducing (>38-fold) or eliminating GUIDE-seq

detectable events at other low-frequency off-target sites. Of note, the genomic
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position of 3 of these low frequency sites identified for SpCas9-HF 1 are adjacent to
previously characterized background U20S cell breakpoint hotspots. Collectively,
these results suggest that the SpCas9-HF2 and SpCas9-HF4 variants can improve the
genome-wide specificity of SpCas9-HF L.

SpCas9-HF 1 robustly and consistently reduced off-target mutations when
using sgRNAs designed against standard, non-repetitive target sequences. The two
off-target sites that were most resistant to SpCas9-HF1 have only one and two
mismatches in the protospacer. Together, these observations suggest that off-target
mutations might be minimized to undetectable levels by using SpCas9-HF1 and
targeting non-repetitive sequences that do not have closely related sites bearing one or
two mismatches elsewhere 1o the genome (something that can be easily accomplished
using existing publicly available software programs (Bae, S, et al, Bioinformatics 30,
1473-1475 (2014)). Oue parameter that users should keep in mind is that SpCas9-HF1
may not be compatible with the common practice of using a G at the 5° end of the
gRINA that i1s mismatched to the protospacer sequence. Testing of four sgRNAs
bearing 3 57 G mismaiched to its target site showed three of the four had diminished
activities with SpCas9-HF 1 compared to wild-type SpCas9 (Fig, 18), perhaps
reflecting the ability of SpCasS-HF1 to better discriminate a partially matched site.

Further biochemical work can confirm or clarify the precise mechanism by
which SpCas9-HF1 achieves its high genome-wide specificity. It does not appear that
the four mutations introduced alter the stability or steady-state expression level of
SpCas9 in the cell, because titration experiments with decreasing councentrations of
expression plasmids suggested that wild-type SpCas9 and SpCas9-HF 1 behaved
comparably as their concentrations are lowered (Fig, 11). Instead, the simplest
mechanistic explanation is that these mutations decreased the energetics of interaction
between the Cas®-sgRNA and the target DNA, with the energy of the complex at a
fevel just sufficient to retain on-target activity but lowered it enough to make oftf-
target site cleavage inefficient or non-existent. This mechanism 1s consistent with the
non-specific interactions observed between the residues mutated and the target DNA
phosphate backbone in structural data (Nishimasu, H. et al., Cell 156, 935-949
(2014); Anders, C et. Al Nature 513, 569-573 (2014)). A somewhat similar

mechanism has been proposed to explain the increased specificities of transcription
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activator-like effector nucleases bearing substitutions at positively charged residues
{Guilinger, 1.P. et al |, Nat Methods 11, 429-435 (2014)).

It was possible that 8pCas9-HF 1 might also be combined with other mutations
that have been shown to alter Cas9 function. For example, an SpCas9 mutant bearing
three amino acid substitutions (D1135V/RI335Q/T1337R, also known as the SpCas9-
VR variant), recognizes sites with NGAN PAMs (with relative efficiencies tor
NGAG>NGAT=NGAA>NGAC) (Klemnstiver, B P. et al, Nature 523, 481-485
(2015)) and a recently identified quadruple SpCas® mutant
(D1135V/GI218R/R1335Q/TI337R, referred to as the SpCas9-VRQR variant) has
improved activities relative to the VQR vartant on sites with NGAH(H=A, C, or T)
PAMs (Fig. 12a). Introduction of the four mutations (N497A/R661 A/QG95A/Q926A)
from SpCas9-HF 1 into SpCas9-VQR and SpCas9-VROR created SpCas9-VQR-HF1
and SpCas9-VRQR-HF 1, respectively. Both HF versions of these nucleases showed
on-target activities comparable (i.e., 70% or more} to their non-HF counterparts with
five of eight sgRNAs targeted to the EGFP reporter gene and with seven of eight
sgRNAs targeted to endogenous human gene sites (Figs, 12b-12d).

More broadly, these results illuminate a general strategy for the engineering of
additional high-fidelity variants of CRISPR-associated nucleases. Adding additional
mutations at non-specific DNA contacting residues turther reduced some of the very
small number of residual off-target sites that persist with SpCas9-HF 1. Thus, variants
such as SpCas9-HF2, SpCas9-HF3, SpCas9-HF4, and others can be utilized in a
custornized fashion depending on the nature of the oft-target sequences. Furthermore,
success with engineering high-fidelity variants of SpCas9 suggests that the approach
of mutating non-specific DNA contacts can be extended to other naturally occurring
and engineered Cas® orthologues (Ran, F A et al, Nature 520, 186-191 (2015),
Esvelt, K. M. et al., Nat Methods 10, 1116-1121 (2013); Hou, Z. et al | Proc Natl Acad
Sci U S A (2013); Fonfara, I et al, Nucleic Actds Res 42, 2577-2590 (2014);
Kleinstiver, B P. et al, Nat Biotechnol (2015} as well as newer CRISPR-associated
nucleases (Zeische, B. et al,, Cell 163, 759-771 (2015); Shmakov, S. et al., Molecular
Cell 60, 385-397) that are being discovered and characterized with increasing

frequency.
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Example 2

Described herein are SpCas9 vanants with alanine substitutions in residues
that contact the target strand DNA | inclhuding N497A, Q695A, R661A, and (Q926A.
Beyond these residues, the present inventors sought to determine whether the
spectficity of these variants, e g., the Sp{as9-HF 1 variant
(N49TA/ROGLA/QO9SA/Q926A), might be turther improved by adding substitutions
in positively-charged Sp{as9 residues that appear to make contacts with the non-
target DNA strand: R780, K810, R832, K848, K855, K968, R976, HO82, K1003,
K1014, K1047, and/or R1060 (see Slaymaker et al | Science. 2016 Jan
1;351(6268):84-8).

The activities of wild-type SpCas9 derivatives bearing single alanine
substitutions at these positions and combinations thereof were initially tested using
the EGFP disruption assay with a perfectly matched sgRNA designed to a site in the
FGEP gene (to assess on-target activities) and the same sgRNA bearing intentional
mismatches at positions 11 and 12 with position 1 being the most PAM-proximal base
{to assess activities at mismaiched sites, as would be found at off-target sites) (Figure
13A). (Note that the derivatives bearing the triple substitutions
K810A/KI1003A/RT060A or KB48A/K 1003 A/R10060A are the same as recently
described variants known as eSpCas9(1.0) and eSpCas%(1.1), respectively; see ref. 1}.
As expected, wild-type SpCas9 had robust on-target and mismatched-target activities.
As a control, we also tested SpCas9-HF 1 in this experiment and found that it
maintained on-target activity while reducing mismatched-target activity as expected
{(Figure 13A). All of the wild-type SpCas9 derivatives bearing one or more alanine
substitutions at positions that might potentially contact the non-target DNA strand
showed on-target activities comparable to wild-type SpCas9 (Figure 13A).
Interestingly, some of these derivatives also showed reduced cleavage with the
mismatched 11/12 sgRNA relative to the activity observed with wild-type SpCas9,
suggesting that a subset of the substitutions in these derivatives confer enhanced
specificity against this mismatched site relative to wild-type SpCas® (Figure 134).
However, none of these single substitutions or combinations of substitutions were
sufficient to completely eliminate activities observed the 11/12 mismatched sgRNA.
When we tested wild-type SpCas9, SpCas9-HF 1, and these same wild-type SpCas®

derivatives using an additional sgRNA bearing mismatches at positions 9 and 10
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(Figure 13B), only minimal changes in mismatched-target activities were observed
for most derivatives. Again, this demonstrated that single, double, or even triple
substitutions {equivalent to the previcusly described eSpCas9(1.0) and (1.1) variants)
at these potential non-target strand contacting residues are insufficient to eliminate
activities at imperfectly matched DNA sites. Collectively, these data demonstrate that
the wild-type SpCas9 variants retain on-target activity with a matched sgRNA and
that the substitutions contained in these derivatives on their own (in the context of
wild-type SpCas9) are not sufficient to eliminate nuclease activities on two different
mismaiched DNA sites (Figures 13A and 13B).

Given these results, it was hypothesized that SpCas9-HF 1 derivatives bearing
one or more additional amino acid substitutions at residues that might contact the non-
target DNA strand might further improve specificity relative to the parental SpCas9-
HF1 protein. Therefore, various SpCas9-HF I-derviatives bearing combinations of
single, double, or triple alanine substitutions were tested in the human cell-based
EGFP disruption assay using a perfectly matched sgRINA (to test on-target activities)
and the same sgRNA bearing mismatches at posttions 11 and 12 (o assess activities at
a mismatched target site, as would be found for off-target sites). These sgRNAs are
the same ones that were used for Figures 13A-B. This experiment revealed most of
the SpCas9-HF 1-derivative variants we tested showed comparable on-target activities
to those observed with both wild-type SpCas9 and SpCas9-HF 1 (Figure 14A) With
the 11/12 mismatched sgRNA, some of the SpCas9-HF1 derivatives tested {(such as
SpCasO-HF1 + RE32A and SpCas9-HF1 + K1014A) did not show an appreciable
change in cleavage with the mismatched sgRNA. However, importantly, most of the
SpCas9-HF 1 derivatives had substantially lower activity with the 11/12 mismatched
sgRNA than what was observed with SpCas9-HF 1, eSpCas9(1.0}, or eSpCas9{1.1},
suggesting that certain combinations of these new variants have reduced mismatched-
target activities and thus improved specificities (Figure 144). Of the 16 SpCas9-HF1
derivatives that reduced mismatched-target activities with the 11/12 mismatched
sgRNA to near background levels, 9 appeared to have only minimal effects on on-
target activity {assessed using the perfectly matched sgRINA; Figure 14A). Additional
testing of a subset of these SpCas9-HF 1 derivatives in the EGFP disruption assay
using an sgRNA intentionally mismatched at positions 9 and 10 (Figure 14B) also

revealed that these variants possessed lower activities with this mismatched sgRNA
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than what was observed either with SpCasS-HF 1 (Figure 14b), with eSpCas®(1.1)
(Figure 134), or with the same substitutions added to wild-type SpCas9 nuclease
{(Figure 13B). Importantly, five variants showed background level off-target activity
in this assay with the 9/10 mismatched sgRNA.

Next, whether these alanine substitutions of the non-target strand could be
combined with the SpCas9 variant that contains only the Q695A and (Q926A
substitutions from our SpCas9-HEF 1 variant (here “double” variant) was tested.
Because many of the HF I derivatives tested above showed an observable (and
undesirable) decrease in on-target activity, it was hypothesized that combining only
the two most important substitutions from SpCas9-HF1 (Q695A and QP926A; see
Figure 1B) with one or more non-target strand contacting substitutions might rescue
on-target activity but still maintain the gains in specificity chserved when these
substitutions were added to the SpCas9-HF1 variant. Therefore, various
SpCasO(QO95A/Q926A) derivatives bearing combinations of single, double, or triple
alanine substitutions at potential non-target DNA strand interacting positions were
tested in the human cell-based EGFP disruption assay using the same perfecily
matched sgRNA targeted to EGFP described above (to test on-target activities) and
the same sgRNA bearing mismatches at positions 11 and 12 {to assess activities at a
mismatched target site, as would be found for off-target sites) that were used for
Figures 13A-B. This experiment revealed most of the SpCasO{Q695A/Q926A)
derivative variants tested showed comparable on-target activities to those observed
with both wild-type SpCas9 and SpCasO-HF 1 (Figure 15). Importantly, many of the
SpCasO-HF 1 derivatives had substantially lower activity with the 11/12 mismatched
sgRINA compared with what was observed with SpCas9-HF 1, eSpCas9(1.0}, or
eSplas®(1.1) suggesting that certain combinations of these new variants have reduced
mismatched-target activities and thus improved specificities (Figure 15). Of the 13
SpCasHQo95A/(Q926A) derivatives that reduced mismatched-target activities with
the 11/12 mismatched sgRNA to near background levels, only 1 appeared to have a
substantial effect on on-target activity (assessed using the perfectly matched sgRNA,;
Figure 15).

Overall, these data demonstrate that the addition of one, two, or three alanine
substitutions to SpCas9-HF 1 or SplasS{(Qe95A/(Q926A) at positions that might

contact the non-target DNA strand can lead to new variants with improved abilities to
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discriminate against mismatched off-target sites (relative to to their parental clones or
the recently described eSpCas9(1.0) or (1.1). Importantly, these same substitutions in
the context of wild-type SpCas9 do not appear to provide any substantial specificity
benefit.

To better define and compare the tolerances of SpCas9-HF1 and eSpCas9-1.1
to mismatches at the sgRNA-target DNA complementarity interface, their activities
were examined using sgRNAs containing single mismatches at all possible positions
in the spacer complementarity region. Both the SpCas9-HF1 and eSPCas9-1 .1
vartants had similar activities on most singly mismatched sgRNAs when compared to
wild-type SpCas®, with a few exceptions where SpCas9-HF1 outperformed eSpCas9-
1.1 {(Figure 16).

Next we tested the single nucleotide mismatch tolerance of some variants
containing combinations of amino acid substitutions from either the double mutant
(Db = Q695A/QO26A), SpCaso-HF 1 (N497A/R661A/Q695A/Q926A), eSpCasd-1.0
(1.0=K810A/KI003A/RI060A), or eSpCas9-1 1{(1.1 = KB48A/K 1003A/R1060A)
with additional alanine substitutions in residues that contact the target strand DNA or
that potentially contact the non-target strand DNA (Figures 17A-B). On-target
activity was assessed using a perfectly matched sgRNA, while single nucleotide
mismatch tolerance was assessed using sgRNAs bearing such mismatches at positions
4, 8, 12, or 16 in the spacer sequence (Figare 17A). A number of these variants
maintained on-target activity with substantial reductions in activities observed with
the mismoatched sgRNAs. Three of these variaots
{(Q095A/KE48A/Q926 A/KI1003A/RI060A,
NAGTA/RO6TA/QO9SA/KESSA/QO26A/RI060A, and
N4OTAROGIA/QOOSA/QO26A/HIB2A/RIN60A )Y were further tested with the
remaining single mismatch sgRNAs (containing mismatches at positions 1-3, 5-7, 9-
11, 13-15, and 17-20). These variants demounsirated a more robust intolerance to
single nucleotide substitutions in the sgRNA compared with eSpCas9-1.1,
demonstrating the improved specificity profile of these new variants (Figure 17B).
Additional variant nucleases containing alternative combinations of amino acid
substitutions were tested using sgRNAs containing mismatches at positions 5, 7, and 9
in the spacer (these particular mismatched sgRNAs were used because earlier variants

appeared to tolerate mismatches at these positions) (Figure 18). A number of these
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nucleases had improved specificities against the mismatched sites, with only marginal
reductions in on-target activities (Figure 18).

To further determine whether additional combinations of mutations could
convey specificity improvements, a greatly expanded panel of nuclease variants with
two additional matched sgRNAs was tested to examine on-target activity in our EGFP
disruption activity (Figure 19A). A number of these variants maintained robust on-
target activities, suggesting that they may be useful for generating further
mprovements to specificity (Figure 19B). A number of these variants were tested
with sgRNAs containing single substitutions at positions 12, 14, 16, or 18 to
determine whether specificity improvements were observed and were found to exlubit

greater intolerance to single nucleotide mismatches at these positions (Figure 19B).

Example 3

Taking an analogous strategy with Staphylococcus aureus Cas9 (5aCas9) as
we had done with SpCas9, experiments were performed to improve the specificity of
SaCas9 by introducing alanine substitutions tn residues that are known to contact the
target DNA strand (Figure 20 and Figure 214), residues that may contact the non-
target DNA {ongoing experiments), and residues that we have previcusly shown can
influence PAM specificity (Figure 21B). Residues that may contact the target strand
DNA backbone include: Y211, Y212, W229, Y230, R245, T392, N419, 1446, Y651,
and Ro654; residues that may contact the non-target strand DNA include: (3848, N492,
Q495, R497, N498, R499, (3500, K518, K523, K525, H557, R561, K572, R634,
R654, G655, N658, S662, N668, R686, K692, R694, H700, K751 and residues that
contact the PAM include: E782, D786, T787, Y789, T882, K886, N388, A889, 1909,
K929, N985, NOg&6, R991, and R1015. In a preliminary experiment, single alanine
substitutions {or some combinations thereof) in either target strand DNA contacting
residues or PAM contacting residues (Figures 21A and B, respectively} had variable
effects on on-target EGFP disruption activity (using a perfectly matched sgRNA}) and
were unable to eliminate off-target cleavage (when using an sgRNA mismatched at
positions 11 and 12). Interestingly, SpCas® mutations in the HF 1 were unable to
completely abolish off-target activity with a similarly mismatched target/sgRNA pair,
suggesting that variants containing combinations of target strand/non-target strand
substitutions may be necessary to improve specificity at such sites {as we observed
with SpCas9}.
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To turther assess the strategy of mutating potential target strand DNA contacts
to improve SaCas9 specificity, the potential of single, double, triple, and quadruple
combinations of mutations to tolerate mismatches at positions 19 and 20 in an sgRNA
was examined (Figures 22A and B). These combinations revealed that alanine
substitutions at Y230 and R245, when combined with other substitutions, can increase
specificity as judged by the capability to better discriminate against mismatched sites.

Next the on-target gene disruption activities of two of these triple alanine
substitution vartants (Y21 1A/Y230A/R245A and Y212A/Y2Z30A/R245A) were
examined at 4 on-target sites in EGFP (matched sites #1-4; Figure 23). These varianis
maintained robust on-target activities for matched sites 1 and 2 but showed
approximately 60-70% loss of on-target activity with matched sites 3 and 4. Both of
these triple alanine substitution variants dramatically improved specificity relative to
wild-type SaCas9 as judged by using sgRNAs bearing double mismatches at various
positions in the spacers of target sites 1-4 (Figure 23).

SaCas® variants bearing double and triple combinations (Figures 24A and B,
respectively) of these alanine substitutions were tested on six endogenous sites for on
target activities and improvements in specificity assessed using an sgRNA containing
a single mismatch at position 21 (the most PAM distal posttion expected to be a
challenging mismatch to discriminate against). In some cases, on-target activities with
the matched sgRNA were maintained with the variants while “off-target’ activities
with the sgRNA mismatched at position 21 were eliminated (Figures 24A and B) In
other cases, marginal to complete loss of activity was observed with the matched

sgRNA.
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optimized S. pvogenes Cas9 in ncormal font, NLS

3xFLAG tag in bold:

ATGGATAAAAAGTATTCTATTGCTTTAGACATCGGCACTAATTCCGTTGEGATGGGCTGETCATAACCGAT
GAATACAAAGTACCTTCAAAGAAATTTAAGGTGTTGGGGAACACAGACCGTCATTCGATTAAAAAGAAT
CTTATCGGTGCCCTCCTATTCGATAGTCGCGAAACGGCAGAGGCGACT CGCCT MHACJZ-\?\,CCCCTLG
AGAAGGTATACACGTCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAG 'GGCCAAA
GTTGACGATTC CTTTCACCGTTTGCAAGAGTCCTTCCTTGTCCAAGAGGAC, WCATGAACGG
CACCCCATCTTTGGAAACATAGTAGATCGAGGT GGCATATCATGAAAAGTACCCAACGATTTATCACCTC
AGAAAPAAGCTAGTTGACTCAACTGATAAAGCGGACCTGAGGTTAATCTACTTGGCTCTTGCCCATATG
ATAAAGTTCCGTGGGECACTTTCTCATTGAGGGETGATCTAAATCCGGACAACT CGGATGTCGACAAACT G
TTCATCCAGTTAGTACAAACCTATAATCAGTTCTTTGAAGAGAACCCTATAANTGCA FxC—:T’”GCC" GGAT
GCGAAG GCTAT‘I‘CTT GCGCCCGCCTCTCTAAATCCCGACGGCTAGAAAACCT GATCGCACAAT T
”»?GA"JA GAAGAAAAATGEETTGTTCGGETAACCTTATAGCGCTCTCACTAGGCCTGACACC L;AATT' 5
AACTT G CTTAGCTGAAGAT GCCAAATTGCAGCTTAGTAAGGACACGTACGATGACGAT CTCGAC
J

AT CTACTGECACAANTTGGAGAT CAGT ATGCEEACT TATTTT T GGCT GECARAAACCTTAGCGATGCA
ATCCTCCTATCTGACATACTGAGAGTTAATACT GAGATTACCAAGECGCCGTTAT COGCTTCAATGATC

AAAAGGTACGATGAACATCACCAAGACTTGACACTTC L‘(‘h‘ G CCCTAGTCCETCAGCAALTGCCTGAG
AARATATAAGGAAATATTCTTTGATCAGT LGI—ML‘A]AJ—\L/GG STACGCAGGTTATATTGACGGCGGAGCGAGT
CAAGAGGAATTCTACAAGTTTATCAAACCCATATTAGCGAGAAGAT GGATGGGACGGAAGAGTTGCTTGTA
ARACTCAATCGCGAAGATCTACTGCGAAAGT!, GC GGACTTTCGACRACGGTAGCATTCCACRATCAAATC
CACTTAGCCGAATTGCATGCTATACTTAGAAGGCAGGAGCGATTTTTATCCGTTCCTCAAAGACAATCGT
GAAAAGATTGAGAAAATCCTAACCTTTCGCATACCTTACTATGT GGCACCCCTGGCLLCGAGGGAACTCT
C GG TTCGCATGGATGACAAL GAAGAAACGATTACTCCATGGAATTTTGAGGAAGTTGTCGAT
AGGTGCGTCAGCTCAATCGTTCATCGAGAGGATGACCAACTTTGACAAGAATTTACCGAACGAALAL
GTAT TGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGT GTACAATGAACTCACGAAAGTTAAGTAT
GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCCGGAGARCAGAAGAAAGCAATAGTAGATCTGTTA
T L/nAGA-’ CCAACCGCAAAGTGACAGTTAAGCAATTGAAAGAGGACTACTTTAAGAAAATTGAATGCTTC
GATTCTGTCGAGATCTCCGGGGETAGAAGAT CGATTTAATGCGTCACTTGGTACGTATCAT GAC CTCCTA
AAGATAATTAAAGATAAGGACTTCCTGGATAA CGAAVAJz ATGAAGATATCTTAGAAGATATAGTGTTG
ACTCTTACCCTCTTTGAAGAT CGCCGAAAT GATTGAGCGAAAGACTARAAACATACGCTCACCTGTTCGALC
GATAAGGTTATGAAACAGTTARAGAGGCGTCGCTATA GGGC TGGGGACGATTGTCGCGGARACTTATC
AACGGGATAAGAGACAAGCARAGTGGTAAAACTATTCTCCGATTTT CTAAAGAGCGACGGCTTCGCCAAT
AGGAACTTTATGCAGCTGATCCATGATGACTCTTTAACCTTCAAAGAGGATATACAAALGGCACAGGTT
TCCGGACAAGGGGACTCATTGCACGAACATATTGCCGAAT CTTGCTGGTTCGCCAGCCATCA 7\ AARAGGGC
ATACTCCAGACAGTCAAAGTAGTGGAT CAG CTAGTTAAGGCT CATGGGACGTCACAAACCGGAAANAL AI i"
GTAATCGAGATGGCACGCGAAAAT CAAACGACT CAGAAGGGGCAAARAMACAGTCCGAGA Cf sGAT GA
AGAATAGARGAGGGTATTAAAGAACTGGGCAGCCAGAT CTTAAAGCGAGCATCCTGTGGAAAATACCCAA
TTGCAGAACGAGAAACTTTACCTCTATTACCTACAAAAT GGAAGGGACATGTATGTTGATCAGGAACTG
GACATA },CCGTTTATCTGAT TACGACGTCGATCACATTGTACCCCAATCCTTTTTGAAGGACGATTCA
ATCGACAATAAAGTGCTTACACGCTCGGATAACGAACCGAGGGAAAAGTCACAATGTTCCAAGCGAGGAA
GTCGTAAAGAARLTGAAGAACTATTGGCGGCAGCTCCTAAATGCGAAACTGATALACGCAAAGARAGTTC
GATAACTTAACTAAAGCTGAGAGGGETGGCTTETCTGAACTTGACAAGGCCGGATTTATTARACGTCAG
CTCGTGGAAACCCGCCAAATCACAALAGCATGTTGCACAGATACTAGATTCCCGAATCAATACGAAATAC
GACGAGAACGATAAGCTGATTCGGGAAGTCAAAGTAATCACTTTAAAGT CAAAATTGGTGTCGGACTTC
AGAAAGGATTTTCAATTCTATAAAGTTAGGCGAGATAAATAACTACCACCATGCGCACGACGCTTATCTT
AATGCCGTCOTAGGGACCGCACT CATTAAGAAATACCCGAAGCTAGAANAGTGAGTTTGTGTATGGTGAT
TACAAAGTTTATGACGTCCCTAAGAT GATCGCGAAAAGCGAACAGGAGATAGGCAAGGCTACAGCCARA
TACTTCTTTTATTCTAACATTATGAATTTCTTT CGC
AAACGACCTTTAATTGAAACCAATGGGGAGACA GG'T GAAATCGTATGGEE \GGGCCGGGACTTCGCS
ACGGTGAGAAAAGTTTTGTCCATGCCCCAAGTCAACATAGTAAAGARAACT GAGGTGCAGACCGEAGGE
TTTTCAAAGGAATCGATTCT "”LL AAANGGAATAGTGATAAGCTCATCGCTCGTAAAAAGGACTGGGAC
CCGAAAAAGTACGGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCAAAAGTTGAG
ALGGGAAAATCCAAGAZ 7\23 CT SAAGTCAGTCAAAGAATTATTGGGGATAACGATTATGGAGCGCTCETCT
TTTGAAAAGAACCCCATCGACTTCCTTGAGGCGARAAGGTTACAAGGAAGTAAAAAAGGATCTCATAATT
AAAC AL CARAGTATAGTCTGTTTGAGTTAGAAAATGGCCGAAAACGGATGTTGGCTAGCGCCGGAGAG
CTTCAAAAGGGGAACGAACTCGCACTACCGETCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTAL
GAGAAGTTGARAAGGTTCACCTGAAGA TAAC GAACAGAAGCAACTTTTTGTTGAGCAGCACAANCAT T‘A
CTCGACGARATCATAGAGCAAATTTCGCGAATTCAGTAAGAGAGTCATCCTAGCTGATGCCAATCTGGAC
AAAGTATTAAGCGCATACAACAAGCACAGGGATAAACCCATACGT GAGCAGGCGGAAAATATTATCCAT
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TTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAA ;’TATTTTC ACACARACGATAGATCGCARA
CGATACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATATGAA
ACTCGGATAGATTTGCTCACAGCTTGGGGETCACGGATCCCCCAR {_’:’pﬁ_bt‘&[ﬁ&(;h“\x', SGAAAGTCTCCAGCEAC
TACAAAGACCATGACGETCGATTATARRGATCATCGACATCGATTACAAGGATCGACGATGACAAGTGA

SEQ ID NO:272 - VPL2: CMV-T7-humanSpCas9-HFL1 (N497A, REGLA, (Q€81A,

Q826A) ~NLS~3xFLAG

r'.)
o
6}
[¢]
al}
6]
&
}_(
]

Human codon optimized S. pyoger normal font,;

codens in lower case, NLS double underlined, 3xFLAG tag

.
CAATACAAAGTACCTTCAAAGAAATTTAAGGTETTGGGCAACACAGACCETCATTCCATTAAAAAGAANT
CTTATCGETGCCCTCCTATTCGATAGTGGCGAANCGGCAGAGGCGACTCGCCTGAAACGAACCGLTCEE
AGAAGGTATACACGTCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGCCAAA
GTTGACGATTCTTTCTTTCACCEGTTTGCGAAGAGTCCTTCCTTETCCAAGAGGA CAAG]AT CATGAACGG
CACCCCATCTTTGCARACATAGTAGATGAGGTEGCATATCATGAAAAGTACCCAAC TATCA CCr C
ACAAAAAAGCTAGTTGACTCAACTGATAAAGCGGACCTGAGGTTAATCTACTT [ T“I” CCCATATG
T
ra)

ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGCGATGGGCTGTCATAACCGAT
C

i
1

3 ")

(‘1

r-i e
1.

e
ATAAAGTTCCGTGGGCACTTTCTCATTCAGGGETGATCTAAAT CCGGACAACT CGGATGTCGACAS
TTC‘A"'“CC?\,GTTA'JT[—\CZ‘&;L»LX'\,C ATAATCAGTTGTTT CAAGAGAACCCTATA L\]\"'“ CAAGTGGCGETGGAT
GCGAAGGCTATTCTTAGCGCCCGCCTCTCTARATCCCGACGGCTAGAAANCCT I CGCACRATTACCC
GGAGAGAAGAARRATGGGTTGTTCEGETAACCTTATAGCGCTCTCACTAGGCCTGACACCARATTTTAAG
TCGAACTTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAA A TCTCGAC
AATCTACTGGCACAAATTGGAGAT CAGTATGCGGACTTATTTTTGGCTGCCAARAACCTTAGCGATGCA
ATCCTCCTATCTGACATACTGAGAGTTAATACTGAGATTACCAAGGCGCCGTTATCCGCTTCAATGATC
ABAAGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGTCCETCAGCAACTGCCTGAG
AARATATAAGGAAATATTCTTTGATCAGTCGAAAANCGEGTACGCAGGTTATATTGACGGCGGAGCGAGT
CAAGAGGAATTCTACAAGTTTATCAAACCCATATTAGAGAAGATGGATGGGACG ;r.z-\AGr GTTGCTTGTA
AAACTCAATCGCGAAGATCTACTGCGARAGCAGCGGACTTTCGACAACGGTAGCATTCCACATCAAATC
CACTTAGGCGAATTGCATGCTATACTTAGAAGGCAGGAGGATTTTTATCCGTTCCT TJL»LX\,“u-\/-\,'l CGT
GAAAAGATTGAGAARATCCTALACCTTTCGCATACCTTACTATGTGGGACCCCTGGCCCGAGGGAACTCT
CGGTTCCCATGGATCGACAAGAAAGCT CCCGAAGAAACGCGATTACTCCCTGCAATT T TGAGGAAGTT
ABAGGTGCGTCAGCTCAATCGTTCATCGAGAGGATGACCYCccTTTGACAAGAATTTACCGAACGAALLA
GTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACAAT GAACTCACGAAAGTTAAGTAT
GTCACTGAGGGCATGCGTAAACCCGCCTT —.‘C TAAGCGGAGAACAGAAGAALGCAATAGTAGATCTGTTA
TTCAAGACCAACC ’C—;LAAA STGACAGTTAAGCAATTCGAAAGAGGACTACTTTAAGAAAATTGAATGCTTC
GATTCTGTCGAGATCTCCGGEGETA "]AJ—\UA'T‘(‘Q VITTAATGCGTCACTTGGTACGTATCATGACCTCCTA
AAGATAATTAAAGATAAGGACTTCCTGCGATAACGAAGAGAAT GAAGATAT CTTAGAAGATATAGTGTTG
ACTCTTACCCTCTT AGATCGGGAAAT \-Jl "TGAGGAAAGACTAALAAACATACGCTCACCTGTTCGAC
GATAAGGTTATGARA gJ&G'T”"’5 AAGAGGCGET ATC

(‘

JAY

CGAT

GCTATACGGGCTGGEGEGAYCcCcTTGTCGCGGARAACTT]
AACGGGATAAGAGACAAGCARAGTGGTAAA Ci'Al‘T’w' GATTTTCTAAAGAGCGACGGCTTCGCCAAT
AGGAACTTTATGgecCTGATCCATGATGACTCTTTAACCTTCAAAGAGCGATATACAAAAGGCACAGGTT
TCCGGACAAGGG ;’A’Z’T’C‘P "TGCACGAACATATTGCGAATCTTGCTGGTTCGCCAGCCATCARAARAGGET

ATACTCCAGACAGTCALAGTAGT GGATGAGCTAGTTAAGGT CATGGGACGTCACAAACCGGARAAACA, T T
GTAATCGAGATGGCACGCGAAAAT CAAACGACT CAGAAGGGGCAAARAANACACGTCGAGAGCGGATGAAG
AGAATAGARAGAGGGTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCTGTGGAAAATACCCAA
TTGCAGAACCGAGAANCTTTACCTCTATTACCTACAAAATGGAAGGCGACATGTATGTTGAT CAGGAP CTG
GACATAAACCGTTTATCTGATTACGACGTCGATCACATTGTACCCCAATCCTTTTTGAAGGACGATTCA
ATCGACAATAAAGTGCTTACACGCTCGGAT, Az\- sAACC \:Jl G ’“GAAAAGT’” ACAATGTTCCAAGCGAG ;An
GTCGCTAAAGAAAATGAAGAACTATTGGCGGCAGCTCCTAAATGCGAAACTGATAACGCARAGE AGT TC
GATAACTTAACTAAAGCTGAGAGGCEGETGGCTTGTCTGAACTTGACAAGGCCGGATTTATTAAACGTCAG
CTCGTGCAAACCCGCyecATCACAAAGCATGTTGCGCAGATACTAGATTCCCGAATGAATACGAAATALC
GACGAGAACGATAAG '\J"S GATTCGGGAAGTCAAAGTAATCACTTTAAAGTCAAAATTGGTGTCGGACTTC

AGAAAGGATTTTCAATTCTATAAAGTTAGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTT
ALTGCCGTCGTAGGGACCGCACTCATTAAGAAATACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGAT
TCCCTAAGATGATCGCGAAAAGCGARACAGGAGATAGCCAAGGCTACAGCCAAA

TACAAAGTT TA TGACGT
TACT ATTCTAACATTATGAATTTCTTTAAGACGGARATCACT CTGGCAAACGGA: uAGA“'ZA Cel
AAACG. Z CT T"Tf«AT‘T. AACCAATGGGGAGACAGGTCAAATCGCTATGGGATAAGGGCCGGGACTTCGCE
ACGGTGAGAAAAGTTTTGTCCATGCCCCAAGTCAACATAGTAAAGALAACTGAGGTGCAGACCG AGG&:
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TTTTCAAAGGAATCG AAGGAATAGTGATAAGCTCATCGCTCETAR
CCGARADAGTACGEE] A AGCCCTACAGTTGCCTATTCT :TCCT‘?GTPGTCGC N’Ci?fhp
AAGGGAAAATCCAAGAAACTGAAGTCAGT CARAGAATTATTGGGGATAACGATTATGGAGCGCTCETCT
TTTGAAAAGAACCCCATCGACTTCCTTGAGGCCGAAAGGTTACAAGGAAGTAMNARANGGA T"'”CAEAAT“'
ARNCTACCAAAGTATAG l(‘“"‘TTTCAC’T“']AG;\AA&"’»"”@LGA&L& CGGATGTTGGCTAGCGECC AC:A(I
CTTCAAAAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTTCCTGTATTTAGC f‘r’“C’,’ ATTAC

GAGAAGTTGAAAGGTTCACCTGAAGATAACGAACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTAT

CTCGACGARATCATAGAGCAAATTTCCCGAATT CAGTAAGAGAGTCATCCTAGCTGATGCCAATCTGGAC
AARAGTATT Al—\ GC G( “A ‘1"]4 LAAC AR }CP L/—\ GGGA“' Al—\r\ CCCATACGTGAGCAGGCGGAARATATTATCCAT
TG TCAAGTATTTTGACACAACGATAGATCGCAAA
CGATA(‘A\, T T‘CTAC Cz—x/-\ be‘\\:r("[' CT1Z \bn\,(‘rf"” A CA\J GATTCACCAATCCATCACGGGATTATATGAA
ACTCGGATAGATTTGTCACAGCTTGGGGETGACGGAT CCCCCAAGAAGAAGAGGAAAGTCTCCAGCGAL
TACARAGACCATGACGETCGATTATAAAGATCATCACATCCGATTACAAGGATGACGATGACAAGTGA

SEQ ID NO:273 - MSP2135: CMV-T7-humenSpCas9-HF2 (N497A, R661A, Q695A,
D926A, D1135E)-NLS-3xFLAG

n normal

(NN

Human codon optimized $. pyogenes Cas9

codons

lower case, NLS deouble underlined,

ATGGATAAAAAGTATTCTATTGGTTTAGACATCGGCACTAAT TC\,JTTCG \TGGGECTGTCATAACCGAT
Gna'TAL,AAAG’l“ACC TCAAAGAAATTTAAGGTGTTGGGGAACACAGACCGETC] II" 'CGATTARAAAGAAT

ATTCGATAG C’””‘GA}LACC’”JACAGGLUA TCGCCTGAAACGAACCGCTCGS
CAACL AJ—\L/LG“ ATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGLL A‘L\‘A
TTC CTTCCTTGTCGAAGAGGACARAGAAACATCAACGS
CACCCCATCTTTG TJ\A{ C. 17\GT, NG LTC AGGTGGCATATCATGAAAAGTACCCAACGATTTATCACCTC
AGAAAAAAGCTAGTTGACTCAACTGATAAAGCGGACCTGAGGTTAATCTACTTGGCTCTTGCCCATATG
ATAAAGTTCCGETGGGCACTTTCTCATTGAGGGT GATCTAAATCCGGACAACTCGGAT GTCGACAARCTG
TTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTCAAGAGAACCCTATAAATGCAAGTGGCGTGGAT
GCCAAGGCTATTCTTAGCCLCCGCCTCTCTAAAT CCCGACGGCTAGAAAACCTGATCGCACAATTA ,’L,L
GGAGAGAAGAARAAATGGGTTGTTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAA
TCGARCTT C’C—:a""'T \GCTGARGATGCCAAATTCGCAGCTTAGTAAGGACACGTACGATGACGA T"ICGAC
AAT"”"‘ACEGGQ JJ TTGGAGAT ”“"C—:TAT( CGGACTTA T"’"”l’l”” CTGCCAAARACCTTAGCGATGCA
ATCCTCC ATACTGAGAG! GAGATTACCAAGGCGCCGTTATCCGCTTCAATGATC
ADLAAG )Tf‘\CGI\' uAA\/AT‘ CACCAAGAC ’Tr ACA\,T‘T CTCAAGGC C CTAGTCCGTCAGCAACTGCCTGAG
ABATATAAGGAAATATTCTTTGATCAGTCGAAAPACGGGTACGCAGGTTATATTGACGGCGGAGCGAGT
CAAGAGGAATTCTACAAGTTTATCARACCCATATTACGAGAAGATGGAT GGGACGGAAGAGTTGCTTGTA
PAACTCEMNV'C >CGAAGATCTACTGCGAAAGCAGCGGACTTTCGACAACGGTAGCATTCCE ’”‘ATCAJAJ—&T“
¥ CCAATTGCATGCTATACTTAGAAGGCAGGAGGATTTTTATCCGTTCCTCARAGACARTCGT
CAC}AAAATCCTAA(‘(‘ [ TCGCATACCTTACTATGTGGGACCCL ,J_C SCCCGAGGE! -\1—&@TCT

-3

AGAAGGTATACACG
GTTGACGATTCTTTC

T
CTTATCGETGCCCTC
TC

-3 @ 3
f\

G STT J“CATC\J;LTC?\,CJ AAGAAAGTCCGAAGAAACGATTACTCCCTGGAATTTTGAGGAAGTTGTCGAT
ARAGGTGCGTCAGCTCAATCGTTCATCGAGAGCATGA CCg“pl”l"“’“AbfuxC—:LnA"'fTA CCGAACGAAARA

GTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACAATCGAACT CACGAAAGT TAAGTAT
GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGGAGAACAGAAGAAAGCAATAGCGTAGATCTGETTA
TTCAAGACCAACCGCAALAGTGACAGTTAAGCAATTGAAAGAGGACTACTTTAAGAAAATTGAATGCTTC
GATTCTGTCGAGATCTCCGEEETAGAAGATCCATTTAATGCGTCACTTGGTACGTAT CATGACCTCCTA
ARGATAATTAAAGATAAGGACTTCCTGCGATAACGAAGCGAGAAT GAAGATATCTTAGAAGATATAGTGTTG
ACTCTTACCCTCTTTGAAGATCGGGAAAT GATTGAGCGAAAGACTAAANACATACGCTCACCTGTTCGAL
GATAAGGTTATGARAACAGTTARAAGAGCCGTCGCTATACGEGCTCGEGAYccTTGTCGCGCAAACTTATC
AACGGGATAAGAGACAAGCAAAGTGGTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCAAT
AGGAACTTTAT GG« TGATCCATGATGACTCTTTAACCTTCAAAGAGGATATAL, -\1\,.7\A SGCACAGGTT
TCCGGACAAGGGGACTCATTGCACGAACATATTGCGARATCTTGCT GGTTCGCCAGCCATCAARAAGGGT
ATACTCCAGACAGTCAAAGTAGTGGATGAGCTAGTTAAGGTCAT GGGACET CY ;u—\J—\A”(‘("‘ZAJ—\J—\A”AT“'
GTAATCGAGATGGCACGCGAAAAT CAAACGACT CAGAAGGGCGCAAAAAAACAGT CCGAGAGCGGAT GAAG
AGAATAGAAGAGGG AT‘T‘?—\AP\ GAACTGGGCAGCCAGATCTTAAAGGAGCATCCTGTGGAAAATACCCAA
TTGCAGAACGA u7\hh\, ITTACCTCTATTACCTACAAAATGGA JA GGGACATGTATGTTGATCAGGAALCTG
GACATAAACCGTTTATCTGATTACGACGTCGAT CACATTGCTACCCCAATCCTTTTTGAAGGACGATTCA
ATCGACAATAAAGTGCTTACACGCTCGGATAL "‘]AJ—\L/\,UAG"EGI—\J—\AA STGACAATGTTCCAAGCGAGGAA
GTCGTAAAGAAAATGAAGAACTATTGGCGGCAGCTCCTAAAT GCGAAACTGATAACGCARAAG AA\AGTTC
GATAACTTAACTARAGCTCGAGAGGGGTGGCTTGTCTGAACTTGACAAGGCCGGATTTATTAAACGTCAG

CTCGTGGAAACCCGCYccATCACAAAGCAT GTTGCGCAGATACTAGATTCCCGAATGAATACGAAATAC
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AAGTCAAAGTAATCACTTTAALAGTCARAATTGGTGTCGGACTTC
ST TAGGGAGATAAN T AACTACCACCATGCGCACGACGCTTAT C'T
’TAAGAA PACCCGAAGCTAGAAAGTGAGTTTGTGTATGGETGA
TGATCGCGAAANGCGAACAGGAGATAGGCAAGGCTACAGC Ah \
TAC ‘1" Tc T T T TJ‘ ‘1" Tc 'I nA( CATTA T GAAT TTCTTTAAGACGGAAATCACTCTGGCAAACGGAGAGATACGC
ABACGACCTTTAATTGAAACCAAT GGGGAGACAGGTGAAATCGT AT GGGATAAGGGCCGGGACTTCG
ACGGTGAGALAAGTTTTGTCCAT GCCCCAAGT CAACATAGTAAAGAAAACTGAGGT GCAGA CCGGAGGG
TTTTCAAAGGAATCGATTCTTCCAAAAA GGAA AGTCGATAZ ggCr ‘CATCGCTCGTAAAALGCACTGGGAC
CCGAAANAGTACGGTGGCTT CAGTTGCCTATT TCCTAGTAGTGGCAAANGTTGAG
AAGGCGAAAATCCAAGAANCTCAR GT CAGTC AAP GAATTATTGGCCGATAACGATTATGGAGCGCTCGTCT
TTTGAAAAGAACCCCATCGACTTC AAGGTTACAAGGAAGTAAAALAGGATCTCATAATT
AAACTACCAAAGTAT TC'MJTTTC C‘TTAG? L&T\JJ‘ CG7\ sh]\’“ GATGTTGGCTAGCGCCGGAGAG
CTTCARAAGGGE ;ALJGHAC'“"(JL,A”“”’AL’”’“T”TAA CCTGAATTTCCTGTATTTAGCGTCCCATTALC

R araled

GAGAAGCTTGAAAGCTTCACCT GAAGATAACGAACAG APGCnAFTmmTT” TGAGCAGCACAAACATTAT
CTCGACGAAATCATAGAGCARATTTCGGAAT TCAGT AACAGAGT CAT CCTAGCTCATGCCAATCTEGAC
ARAGTATTAAGCGCATACAACAAGCACAGEGATARACCCATACGTCAGCAGGCEEARAATATTATCCAT
TTGTTTACTCTTACCAACCTCGGCEOTCCAGCTE Aricap”TA TTGACACAACGATAGATCGCARA

QQ

CGl ." ACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATT CAATCCATCACGGGATTATATGAA
ACTCGGATA GAT TTGTCACAGCTTGGGGETGACGGATCC f‘ C CAA’L;AAG&U—&.GA’L: GAAAGTCTCGAGCGALC
TACARAGACCATGACGGTGATTATAAAGATCATCGACATCGATTACAAGGATGACGATGACAAGTGA

A, RG61A
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SEQ ID NO:274 - MsSP2133: CMV-T7-humanSpCas3-HF4
3

Human codon optimized §. pyogenes Cas% in normal font, modified

codons in lower case, NLS double underlined, 3xFLAG tag in bold:

AAGTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATAACCGAT
GAATACAAAGTACCTTCAAAGAAATTTAAGGTGTTGGGGAACACAGACCGTCATTC TTAAAAAGAAT
CTTATCGGTGCCCTCCTATTCGATAGT GGCGAAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGEE
AGAAGGTATACACGTCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGCCAAA
GTTGACGATTCTTTCTTTCACCGTTTGGAACGAGTCCTTCCTTGTCGAAGAGGACAAGCAAACATGAACGG
CACCCCATCTTTG ;Af«A(‘z\T/\ STAGATGAGGTGGCATATCATGAARAGTACCCAACCGATTTATCACCTC
AGAAAAAAGCTAGTTGACTCAACTGATAAAGCGGACCT GAGGTTAATCTACTTGGCTCTTGCCCATATG
ATAAAGTTCCGETGGGCACTTTCTCATTGAGGGTGATCTAAATCCGGACAACTCGGAT GTCGACARAL T G
TTCATCCAGTTAGTACALRACCTATAATCAGTTGTTTCGAAGAGAACCCTATAAATGCAAGTGGCGT GG
GCGAAGGCTATTCTTAGCGCCCGCCTCT CTAAA‘I‘ CCCCACGGCTAGAAAACCTGATCGCACAAT ‘I‘Z{C c C
G GAGAG.A-\A GAAAPATGGGTTGTTCGCTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTARAG
TCGAACTTCGACTTAGCT G]‘ AGATGCC An]\"[‘ TGCAGCTTAGTAAGGACACGTACGATGACGATCTCGAC
AN CTACT GGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGGCTGCCARALACCTTAGCGATGCA

ATCCTCCTATCTGACATACTGAGAGT ‘l’AATACT GAGATTACCAAGGCGCCGTTATCCGCTTCAATGATC

ARMNAGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGT CCGTCAGCAACTGCLTGAG
ABATATAAGGAAATATTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACGG SAGCGAG

CAAGAGCAATTCTACAAGTTTATCAAACCCATATTAGAGAAGATGCATCEGACGCARSAGTTGCTTGTA
AAACTCARTCGCGAAGATCTACT GCGAAAGCAGCGGACT TTCGACAACEETAGCATTCCACAT CABATC
CACTTAGGCGAAT T GUATGCTATACTTAGAAGGCAGGAGGAT TTTTATCCGTTCCTCARAGACARTCGT
GARAAGATTGAGARAATCCTAACCTTTCGCA T“CCTgCCTAT”TGGGAP“LCW”Q‘"”GﬁCCGAA“T
CGGTTCRCATGCATGACAAGARAGTCCCAACAAACGATTACTCCCTEGAATTTTCAGGAACTTATCGAT
AAAGGTGECGTCAGCTCAATCGTTCATCGAGAGGAT GACC yceTTTGACAAGAATTTACCGAT ARA
GTATTGCCTAAGCACAGTTTACT TTACGAGTATTTCACAGTGTACAATCAACT CACCAAAGT TAAGTA
GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGGAGAACAGRAGAARGCAATAGTAGATCTGTTA

TTC AJA GACCAACCGCAAAGTGACAGTTAAGCAATTGAAAGAGGACTAC \GAAAATTGAATGCTTC
GATTCTGTCGAGATCTCCGGEETACAAGAT CGATTTAATGCGTCACTT \J\:rT ACGTATCATGACCTCCTA

TAATTAMAAGATAAGGACTTCCTGCGATAACGAAGAGAAT GAAGATATCTTAGAAGATATAGTGTTG
TACCCTCTTTGAAGA "’CC—:GG’AA ATTGAGCGAAAGACTAAAANCATACGCTCACCTGTTCGAC
GATAAGGTTATGAAACAGTTAAAGAGGCE. T’CC’”"‘ TACGGGCTGEEGAGecTTGTCGLGGAAACTTATC
AACGGEG LQ‘ AAGAGACAAGCAAAGTGCTAAAACTATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCAAT
GAACTTTATGGecocCTGATCCATGATGACTCTTTAACCTTCAAAGAGGATATACAAAAGGCACAGGTT
Ct:rACz-\J-\.GC\:Gr]A TCATTGCACGAACATATTGCCGAATCTTGCTGGTTCGCCAGCCAT CAALAAGGGT
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ATACTCCAGACAGTCAAAGTAGTG [GAGCT
GTAATCGAGATGGCACG ,CAZ” LTCZ\AA GA
AGAATAGA AC—:A" SGGTATT CAG

AGTTAAGGTCATGGGACGTCACAAACCGGAAAACATT
’AGAAGGGG by J\P AARACAGTCGAGAGCGGATGAAG
CATCCTGTGGAAAATACCCAA
TTGCAGAACGAGAAAC 1‘l"l‘ AC ‘TL/ TATTA "C ACATGTATGTTGATCAGGAACTG
GACATAAACC (‘“"”“""‘f‘l‘(‘ VI TACGACGTCGA CA( '”TU"‘A(‘ _".‘,CA"'lC(‘T“""”TT” AAGGACGATTCA
GTGCTTACACGCTCGGATAAGAR f‘\,uA.GQ\:rAAz\J\GTC}A(‘A \ATGTTCCAAGCGAGGAA
TGAAGAACTATTGGCGGCAGCTCCTAAAT WAACTGATAACGCAAAGAAAGTTC
AAAGC" AGAGGGGTGGCTTGETCTG FxhC'“"'bA Fxh(,’” CCGGATTTATTAAACGTCAG
'CACARAGCATGTTGCGCAGATACTAGATT CCCCGAATGAATACGAAATAL
“T(_ C SGAAGTCAAAGTAATCACTTTAAAGTCAAAATTGGTGTCGGACTTC
A GAﬁAGf‘v T TTTC GTTAGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTT
Al \,\,V:TCGTA SGGAC JCCP VTCT\—‘T AGAAATACCCGAAGCTAGAAAGTGAGTTTGTGTATGGTGAT
FTTATGACGTCCGTAAGATGATCGCGAAAAG CC AACAGGAGATAGGCAAGGCTACAGCCARAA
"TATTCTAACATTATGAATTTCTTTAAGACGGAAATCACTCTGGCAAACGGAGAGATAC J-’.,
"TTAATTCGAAACCAATGEGGGAGACAGGT GAAA "_l‘(, GTATGGGATAAGGGLCLGGGACTTCGC!
AAAGTTTTGTCCATGCCCCAAGT CAACATAGTALAAGAAAACTGAGGTGCAGACCGGAGGE
GGAATCGATTCTTCCAAAANGGAATAGTGATAAGCTCATCGCTCGTAAAANGCACTGGGAC
CCG}"L%%AG’ v .C‘. GGTGGCTTCGATAGCCCTACAGTTGCCTATTCTGTCCTAGTAGT GGCAAAAGTTGAG
AAGGCGAAARTCCAAGAAACTGAAGT CAGTCAAAGAATTATTGCGGATAACGATTATGGAGCECTCGTCT
TTTGAARAGAACCCCATCGACTTCCTTGAGGCGAAAGGTTACAAGCGCGAAGTAAAAANGGATCTCATAATT
AAACTACCAAAGTATAGTCTGTTTGAGT TAGAAAAT GGCCE Lsh]\\,;: T‘ STTGGCTAGCGCCGGAGAG
CTTCP AGGCUAALGMC'“"GC CTACCGTCTAAATACGTGAATTTC STATTTAGCGTCCCS .L’TAC
AGAAGTTGAAAGGTTCACCTGAACATAACGAACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTA
CT CGACGAAATCATACGAGCARAATTTCGCGAATTCAGTAAGAGAGT CATCCTAGCTGATGCCAATCTG G}\" C
AMAGTATTAAGCGCATACAACAAGCACAGGGATAARACCCATACGT GAGCAGCCG SAAAATATTATCCAT
TTETTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAGTATTTT GACACAACGATAGAT CGCALA
CGATACACTTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCATCACGGGATTATATGAA
ACTCGGATAGATTTGTCACAGCTTGGGGETGACGGATCCCCCAAGAAGAAGAGCAAAGTCTCGAGCGEAL
TACARAGACCATGACGGTGATTATAAAGATCATCGACATCGATTACAAGGATGACGATGACAAGTGA

>

CTC il CrCAAr\
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=~
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‘z(‘zﬂL

;—ag\m

SEQ ID NO:275 - M8P46%8: CMV-T7-humanSpCasS-VOR(D1I135V, RLI335Q,
T1337R) ~NLS~3xFLAG
Human codon optimized 5. pyogenes Cas® in normal font, modified

codons in lower case, NLS double underlined, 3xFLAG tag in bold:

ATGGATAARAAGTATTCTATTGGTTTAGACATC ’”GC ACT l‘AA'I‘TL/LG TTGGATGGGCTGTCATANCCGAT
GAATACAAAGTACCTTCAAAGAAAT ETP CCGTCATTCGATTAAAAAGAAT
CTTATCGGTGCCCTCCTATTCGATAGTG CGC}\,P CAGGCGACTCG y ?TGAF—\ACGPJ‘«CCG\T GG
AGAAGGTATACACGTCGCAAGAACCGAR MPT TTACTTACAAGARAATTTTTA x\,CAz-\r‘fo ATGGCCARAA
GTTGACGATTCTTTCTTTCACCGTTTGCGAAGAGTCCTTCCTTGTCGAAGAGGACE mﬂxbfﬂ‘G}"\}xCGG
CACCCCATCTTTGGAAACATAGTAGATGAGGTGGCATATCATGAARA (_‘.C(_‘,ZAACGATT‘T]A TCACCTC
AGAAAAAAGCTAGTTGACTCAACTGATAAAGCGGACCT GAGGTTAATCTACTTGGCTCTTGCCCATATG
ATAAAGTTCCGETGGGCACTTTCTCATTGAGGGTGATCTAAATCCGGACAACTCGGAT GTCGACARACTG
TTCATCCAGTTAGTACALRACCTATAATCAGTTGTTTGAAGAGAACCCTATAAATGCAAGTGGCGTGGAT
GCGAAGGCTATTCTT JS:CGC‘T’CC—:L’”"‘“r ‘CTAAATCCCGACGGCTAGAAAACCTGATCGCACAATTACCC
GGAGAGAAGAAAAATGGGTTETTCGGTAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAAG
TCGAACTTCGACTTAGCTGAAGATGCCAAATTG mﬂ G CTTAGT AA\J\:Z} C[&k,GTf«CGI\ FGACGATCTCGALC
AATCTACTGGCACAAATTGGAGATCAGTATG TGCA
ATCCTCCTATCTGACATACTGAGAGTTAATACTGA CZV"T CC ’AAT’SC CCGTTATCCGCTT CAATGATC
ARAAGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGTCCGTCAGCAACTGCCTGAG
AAATATAAGGAAATATTCTTTGATCAGT CGAAAAACGGCTACGCAGCTTATATTCACGGCGGAGCGAGT
CAAGAGGAATTCTACAAGTTTATCAAACCCATATTAGAGAAGATGGAT GGGACGGAAGAGTTGCTTGTA
TC LJ\""LGCGJLMLX\,ATC TACTGCGAAAGCAGCGGACTTTCGACAACGGTAGCATT CCACATCARAATC
l’GCAT CTATACTTAGAAGGCAGCGAGGATTTTTATCCGTTCCTCAAAGACAATCGT
GARMA AC—:ATT(JA ARAATCCTAACCTTTCGCATA ;J“TTACTAT' GTGGGACCCCTGGCCLGAGGGAACTCY
CGGTTCGL TuGAl‘Q \CAAGAAAGTCCCGAAGAAACGATTACTCCATGGAATTTTGAGGAAGTTGTCGAT
AAAGGTGCGTCAGCTCAATCGTTCATCCAGAGGATGACCAACTTTGACAAGAATTTACCGAACGAAR

TAL
GTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACAATGAACT CACGAAAGTT.
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GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGGAGARCAGAAGAAAGCAATAGTAGATCTGTTA
TTCAAGACCAACCGCAAAGTGACAGTTA TTGAAAGAGGACTACTTTAAGAAAAT T GAATGCTTC
GATTCTGTCGAGATCTCCGEEETAGAAGA ‘l’TAAT -CGTCACTTGGTACGTATCATGACCTCCTA
AAGATAATTARAAGATAAGGACTTCCTGGA AAGAGAATGAAGATATCTTAGAAGATATAGTG “l"l"
ACTCTTACCCTCTTTGAAGATCCGGGAAATG SAGGAAAGACTAAAAACATACGCTCACCTGTTCGAL
GATAAGGTTATY ,/\AA\/A(‘TT/\AAbn\:rGC‘-’?TC’S-CT‘Z TACGGGCTGGGGACGATTGTCGCGGARALT ATC
ABCGGGATALGAGACAAGCAAAGT GGTAAAACTATTCTCGATTTTCTARAGAGCGACGGCTTCGCCAAT
AGGAACTTTATGCAGCTGATCCATGATGACTCTTTAACCTT CARAGAGGATATACAAANGGCACAGGT
SACAAGGGCACTCATTGCACGAACATATTGCGAATCTTGCTGGTTCGCCAGCCATCAAAANGGGT
CARAGTAGTGGATGAGCTAGTTAAGGT CATGGGACGTCACAAACCGGAANACATT
SATGGCACGCGAS \AATC AACGACTCAGAAGGGGCAAALAAACAGT CGAGAGCGGATGAAG
AGAGGGTATTAAAGAACT GGGCAGCCAGAT CTTAAAGGAGCAT CCTGTGGAARATACCCAA
CGAGARACTTTACC] i'Al‘TA CCTACAAAATGCGAAGG GALAI’C—:’LA[I' GTTGATCAGGAACTG
rhf‘ "”Z—\J—\AC(_‘.\}‘I“I'T]—\_ "CTGATTACGACGTCGATCACATTGCTACCCCAATCCTTTTTG ALAGGZALUA'T‘T(‘

JAY

‘T‘"PLG CGGATAAGARCCGAGGCARARAGTGACAATCTTCCAAGCGAGGAL

iACTAT¢JJCuuC“?LTCCTAAALGC@AAACTG{TAAJGCPAAG?AAJTTv
GATH&CT“;A"ZAAAC”TC"”AQC””” SGCTTETCTGAACTTGACAAGSTCGGAT T TATTAAACGTCAG
CTCGTGEABACCCGCCARAATCACARAGCAT CTTGCACAGATACTAGATTCCCGAAT CAATACGARATAC
GACGAGARCGATARGCTGATTCCGGAAGT CARAGTAAT CACTTTAAAGTCARAATTGETGTCGGACTTC
PGAAAGGATTTECAATT‘TAihAAfmTAGGGACATnnATAA“Tﬁ’” COR Tugcr“"gﬁb@chhm‘Tw

AATGCCGETCGTAGGGACCGCACTCATTAAGAAATACCCGAAGCTAGAAAGT GAGTTTGTGTATGET GA
TACAAA STTTATG AC TCCGTAAGATGAT CGCCAAAAGCGAACAGGAGATAGGCAAGGCTACAGCC ’AAZX
TACTTCTTTTATTCTAACATTATGAATTT CTTTAAGACGGAAAT CACTCTGGCAAACGCGAGAGATACGT

CGACCTTTAATTGAAACCAATGEGGGAGACAGH "‘ZAJ—\J—\"‘CG’RA;I'GGGATAA GGGLCGGGACTTCGCS
—.' GAGAAAAGTTTTGTCCATGCCCCAAGTCARCATAGTAAAGAAAACT GAGGT GCAGATCGEAGE

CAAAGGAATCGATTCTTCCARRAAAGGAATAGTGATAAGCTCATCGCTCGTAARAALGGACT GGGAC
\NCCI—\/—\.HAH‘A GTACGGTGGCTTCgtgAGCCCTACAGTTGCCTATTCTGET CTACT. GTGGCAAAAGTTGAG
ALGCGGAAALTCCAAGAANCTGAAGT CAGTCAAAGAATTATT GGGGATAACG ATGGAGCGCTCGTCT
TTTCGAAAAGAACCCCATCGACTTCCTTGAGGCGARAGETTACAAGGANG ‘~'f'1—\;\_rx/5;/—¢\" SGATCTCATAATT

AAGTATAGTCTGTTTGAGT TAGAAAATGGC AAACGGATGTTGGCTAGCGE GAG
CTTCARAAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTAC
GAGAAGTTGAAAGGTTCACCTGAAGATAACGAACAGARAGCAACTTTTTGTTGAGCAGCACAAACATTAT
CTCGACGAAATCATAGAGCAAATTTCGGAATTCAGT Z\AbA GAGTCATCCTAGCTGATGCCARTCTGGAC
ARANGTATTAAGCGCATACAACAAGCACAGGCGATAAACCCATACGTGAGCAGGCGGAAAATATTATCCAT
TTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATT CAAGTATTTTGACACAACGATAGATCGCARAA
cagTACagaTCTACCAAGGAGGTGCTA C CGCGACACTGATTCACCAATCCATCACGGGATTATATGAA
ACTCGGATAG GTCACAGCTTGGGGETGACGCGATCCCCCAAGAAGAAGAGGAAAGTCTCGA fiCGAC
TACALAGAC CATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGAC GATGACAAGT G

~

SEQ ID W0:276 - M8P2440: CMV-T7-humanSpCas9-VQR-HF1{N4987A, RE61A,

QB95A, Q9Z6A, DLI13LV, TL337R) ~NLS-3xFLAG

Human codon optimized 5. pyvogenes Cas® in normal font, modified
codons in lower case, NLS double underlined, 3xFLAG tag in bold:

PI \:'/—&r%z\:{r‘;AGT TTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATAACCGAT
ATACARAGTACCTTCAAAGAAATTTAAGGTGTTGCEGAACACAGACCGTCATTCGATTAAANAGAAT
k,T‘Tn,L(‘f"“—'C CCCTCCTATTCGATAGT GGCGAAACGGCAGAGGCGACTCGCCTGAAACGAACCGCTCGE
AGAAGGTATACACGTCGCAAGAACCGAATAT CTTACAAGAAATTTTTAGCAATGAGATGGCCARA
GTTGACGATTCTTTCTTTCACCGTTTGGAAGAGTCCTTCCTTGTCGAAG 7\.GGACA7—\G.7-\ARCAT ACGG
CACCCCATCTTTGGAAACATAGTACGATGAGGTGGCATATCATGAAAAGTACCCALCGATTTATCACCTC
AGAARAAAGCTAGTTGACTCAACTCATAAAGCGGACCTGAG rTTAATLLA(_‘.T‘I'GGCTCTT" sCCCATATG
ATAAAGTTCCGTGGGCACTTTCTCATTGAGGGTGATCTAAAT CCGGACAACTCGGAT GTCGACAAACTG
"‘T‘f‘?\:'CCA\:T‘T?\AGTACAAACpT‘ATx«AT‘f‘zx STTGTTTGAAGAGAACCCTATAAAT GCAAGTGGCGTGGAT
GCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAAT CCCGACGGCTAGAAAACCTGATCGCACAATTACCC
GGAGAGAA 'JAAHHAT’”'SGT TGTTCGETAACCTTATAGCGCTCTCACTAGGCCTGACACCAAATTTTAL
TCGAACTTCCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAGCGACACGTACGATGACGATCTC b/—\L
ATCTACTGGCACAAATTGGAGATCAGTATGCGGACTTATTTTTGGCTGCCAAAAACCTTAGCGATGCA
ATCCTCCTATCTGACATACTGAGAGTTAATACTGACGATTACCAAGGCGCCGTTATCCGCTTCAATGATC
festanlt

AAAAGGTACGATGAACAT CACCAAGACTTGACACTTCTCAAGGCCCTAGTCCEGTCAGCAACTGCCTGAG
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AAATATAAGGAAATATTCTTTGATCAGTCGAAAAACGGGTACGCAGGTTATATTGACGGCGGAGCGAGT
CAAGAGGAATTCTACAAGTTTATCAAACCCATATTAGAGAAGATGGATG GAGTTGCTTGTA
ARACTCAATCGCGAAGATCTACTGCGAAAGCAGCGGACTTTCCGACAACCGETAGT I"i CCACATCAAATC
CACTTAGGCGAATTGCATGCTATACTTAGAAGGCAGGAGCGATTTTTATCCGTTCCTCAAAGACAATCGT
3 GAAAAGATTGAGAAAATCCTAACCTTTCGCATACCTTACTAT ?""’”G CCCCTGGCCCGAGGGAACTCT
CGG TTCGCATGGATGACAAGAAAGT CCGAAGAAACCGATTACTCCCTGCAATTTTGAGGAAGTTCTCGAT
AGGTGCGTCAGCTCAATCGTTCATCGAGAGGATGACCCy (:CTTr_uJ ACAAGAATTTACCGAACGARALLA
GTA PGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGT GTACAATGAACTCACGAAAGTTAAGTAT
GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGCGAGARCAGAAGAAAGCAATAGTAGATCTGTTA
0 TTCAAGACCAACCGCAAAGTCGACAGTTAAGCAATTGAAAGAGGACTACTTTAAGAARAATTGAATGCTTC
GATTCTGTCGAGATCTCCGGGGETAGAAGAT CGATTTAATGCGTCACTTGGTACG T‘ \TCATGACCTCCTA
AAGATAATTAAAGATAAGCGACTTCCTGGATAACGAAGAGAAT GAAGATAT CTTAGAAGATATAGTGTTG
ACTCTTA’”‘.CCTCT’I‘TGAAGATCGGGMATGAT'" GAGGAAACGACTARARMACATA s’”‘GC TCACCTGTTCGAC
GATAAGGTTATGAAACAGTTAAAGAGGCETC ATACGGGCTGGGGAGecTTGTCGCGGARACTTATC

5 TAAGAGACAAGCAAAGT GETAAAACTATTCT COATTTTCTAAAGAGCCACCEOTTCGCCART
ACTTTATGYCeCTGATCCATGATGACTCTT TAACCT TCAAAGAGCATATACAAPAGGCACAGETT

P CCGEACARGGEGACT CATTGCACGARCATATT GCGAATCTTGCTGETTCACCAGCCATCAARAAGEGC
ATACTCCAGACAGT CABAGTAGTGGAT GAGCTAGTTAAGGTCAT GECACGTCACARACCGGAAAACATT
GTAATCGAGATGECACGCGAARATCARACCACTCAGAAGGGECAAAAABACAGT CCAGAGCGGATGAAG

20 AGAATAGAAGAGGETATTAAAGAACTGGECAGCCAGATCTTAAAGEAGCATCCTETGGARAATACCCAA

TTGCAGAACGAGAAACTTTACCTCTATTACCTACAARAATGCGAAGGGACATGTATGTTGAT CAGGAACT G
GACATAAACCGTTTATCTGATTACCGACGTC 3 TCACATTGTACCCCAATCCTTTTTGAAGGACGATTCA
ATCGACAATAAAGTGCTTACACGCTCGGATAACGAACCGAGGGAAAAGTCACAATGTTCCAAGCGAGGAA
GTCGTAAAGAAAATGAAGAACTATTGEGCGE /—\ GCTCC "”AJ—\_A'?‘ GCGAAACTGATAACGCAAAGARAGTTC
25 GATAACTTAACTAAAGCTGAGAGGGGET ACTTGACAAGGCCGGATTTATTARACGTCAG

m
RN

CTCGTGGARAACCCGCYceATCACARS KCC?\,T‘GT CGCAGATACTAGATTCCCGAAT GAATACGARATAC
GACGAGAACGATAAGCTGATTCGGGAAGTCAAAGT ‘AJ."L’CA"”""I"I ARAGTCAAAATTGGTGTCGGACTTC

AGAAAGGATTTTCAATTCTATAAAGT T, .GGGAG’JI‘ AARNTAACTACCACCAT ~C‘.GCA’” GACGCTTATCTT
AATGCCGTCOGTAGGGACCGCACT CATTAAGANATACCCGAAGCTAGAAAGTGAGTTTGT TGGTGAT
30 TACAAAGTTTATGA [CCGTAAGATGATCG AAAGCGAACAGGAGATAGGCAAGGCTACAGCCARA
TACTTCTTTTATTC TAACAT TATGAATTTCTTTAAGACGGAAATCACTCTGGCARAACGGAGAGATACGC
ARACGACCTTTAATTGAAACCAATGGGGAGACAGGTGAAATCGTATGGCGATAAGGGCCGGGACTTCGCE
ACGGTGAGM%AGTTTTG [CCATGCCCCAAGTCAACATAGTAAAGAARACTGAGGTGCAGACCGGAGGS
TTTTCAAAGGAATCGATTCTTCCAAAAAGGAATAGTGATAAGCT CATCGCTCGTAAAAAGGACTGGGAC
35 CCGAAAAAGTACGGTGGCTTCgtgAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCAAAAGTTGAG
ABGGGAARAATCCAAGALACTGAAGT CAGTCAAAGAATTAT T GGGGATAACGATTATGGAGCGCTCGTCT
TTTGCGAAAAGAL .C‘.CCCAT CGACTTCCTTGAGGCGAAAGGTTACAAGGAAGTAAAAAANGGATCTCATAATT
ABACTACCAAAGTATAGTCTGTTTGAGTTAGAAALTCGCCGAARACGGATGTTGGCTAGCGCCGGAGAG
CTTCAAAAGGGGAACGAACTCGCACTACCGETCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTAL
40 GAGAAGTTGARAAGGTTCACCTGAAGT \TA;«\J GAACAGAAGCAACTTTTTGTTGAGCAGCACAAACAT T‘A ik
CTCGACGAAATCATAGAGCARAATTTCGGAATTCAGTAAGAGAGTCA LTCCT‘A SCTGATGCCAATCTGGAL
ARAGTATTAAGCGCATACAACALGC Ch’“ GGATAAACCCAT ACC'“ GAGCAGGCGGAAAATATTATCCA'
TTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATT C VAGTATTTTG AC ACAACGATAGATCGCAAA
cagTACagaTCTACCAAGGAGGTG 11.}1\_:A CGCGACACTGATTCACCAATCCATCACGGGATTATATGAA
45 ACTCGGATAGATTTGTCACAGCTTGGGEETGACGGATCCLCCCAAGAAGAAGAGGAAAGTCTCGAGCEALC
TACAAAGACCATGACGCTCGATTATAAAGATCAY GACATC GATTACAAGGATGACGATGCACAAGTGA

SEQ ID WO0:277 -~ BPK2737: CMV-T7-humanSpCas9-VRQR(D1135V, GlZ1i8R,

R1335Q, T1337R)-NL3-3xFLAG

50 Human codon optimized S. pyvogenes Cas9 in ncrmal font,

codons in lower case, NLS deuble underlined, 3xFLAG tag in beold:

E
&
5;
5
|_'i

ATGGATAAALAGT ATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCT GTCATAACCGAT
G.AF—\TACPJ‘JXGT? ACCTTCAAAGAAATTTAAGGTGT T‘ ,,,,,, GGGAACACAGACCGETCATTCGAT T \AAAAGAAT
CTTATCGGETG CCTCCTA TCGATAGTGGCGARACGGCAGAGGCGACT CGCCTGAAACGAAC CCCTLG

55 AGAAGGTATACACGTCGCAAGAACCGAATATGT TAC' ; ALZX AGAAATTTTTAGCA L\T GAGAT
GTTGACGAT T c l‘ TCTTTCACCGTTTGGAAGAGT L CTTCCTTCTCCGAAGAGGACAAGAAACATG AJA CGG
CACCCCATCTTTGGAAACATAGTAGATGAGGT GG TGAAAAGTACCCANCH
AGAAAPAAGCTAGTTGACTCAACTGATAAAGC \GGTTAATCTACTTGGCTCTTGL C CATATG
ATAAAGTTCCGTGGGECACTTTCTCATTGAGG vrTGA'T\,T; /\,T‘CCCLJACA.Z\.CTCGJ ATGTCGACAAACTG
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TTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTGAAGAGAACCCTATARATGCAA

G ,C]\P TATTCTTAGCGCCCGCCTCTCTAAATCCCGACGGCTAGAAAACCTGATCG
GGAGA (JA_.”\.G.FMLMA ATGGGTTGTTCCETAACCTTATAGCGCTCTCACTAGGCCTGACALC
TCGAACTTCGACTTAGCTGAAGATGCCAAATTGCAGCTTAGTAAGGACACGTACCGAT GACGATCTCGALC
AATCTACTGGCACAAATTGGAGATCAGTATGCGCGACTTATTTTTGGCTGCCAARAACCTTAGCGATGCA

AT‘P CTCCTATCTGACATACTGAGAGCTTAATA! L,T\:Jl GATTACCAAGGCGCCGTTATCCGCTTCAATGATC
ABALGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGTCCGETCAGCAACT GCCTG]—\G
AAA ATAAGGAAATATTCTTTGATCAGTCGAAALAACGE ‘T CGCAGGTTATATTGACGGCGGAGCGAG
CAAGAGGARATTH CARG] ATCAAACCCATATTAGAGAAGATGCGATGGCACGGAAGAGTTGCTT "TA
AAACTCAATCGCCGAAGATCTACTGCGAAAGCAGCGGACTTTCCACAACGGTAGCATTCCACATCARATC
CACTTAGGCGAZ 7"T‘T‘ff’71\TGC'I‘ATACT‘TA\JAPf‘ CAGGAGGATTTTTATCCGTTCCTCAAAGACAATCGT
GAAALGATTGAGAAAATCCTAACCTTTCGCATACCTTACTATGT GGGACCCCTGGCCCGAGGEGAACTCT
CGGTTCGCATGGATGACAAGARAGTCCGAAGAS /—\,./—&CG‘A;TF ACTCCATGGAATTTTGAGGAAGTTGTCGAT
ARNGGTGCETCAGCTCAATCGTTCATCCGAGAGCGATGACCAACTTTGACAAGAATTTACCGAACGAAARR
GTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACAATGAACTCACGAAAGTTAAGTAT
GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGC GGAC AACAGAAGALLGCAATAL :rTvz-\c‘.Z\.TC TGTTA
TTCAAG ACCAZ .C‘.f GCAAAGTGACAGTTAAGCAATTCGAAAGAGGACTACTTTAAGAAAATTGAATGCTTC
ATTCTGTCGAGATCTCCGGGGETAGRACGATCGATTTAATGCGTCACTTGGTACGTATCAT ~ACCTCCTA
Al—\u i /—n‘—xn"r'HﬁAG/—xT AAGGACTTCCTGGATAACGAAGAGAATGAAGATATCTTAGAAGATATAGTGTTG
ACTC 'l"l‘flAl—\L:m'.‘( GGGAAATGATTGAGCAAAGACTAAANACATACGCTCACCTGTTCGAL
GATAAJG ACAGTTAALGAGGCGET (J“CT‘ATA GGGLTGGGEGACGATTGTCGCGGAAACTTATC
AACGGGATAAGAGACAAGCAALGTGGTAAAN l”l’ C 'CGA'L‘TT'“ CTAAAGAGCGACGGCTTCGCCAAT
AGGAACTTTATGCAGCTGATCCATGATGACTC CCTTCAAAGAGGATATACAAAAGGCACAG TT
e \_‘"'GAL&A(J(\"’:GACT"“ TTGCACGAACATATTG (_ G. AJATL/_ TGCTGGTTCGCCAGCCATCARAAAGGG
ATACTCCAGACAGTCAAAGTAGT GGATGAGCTAGTTAAGGT CATGGGACGTCACAAALC ARAC A’Tr
GTAATCGAGATGGCACGCGAAAAT CALACGACT CAGAAGGEGCAAAAAAACAGT CCGAGAGCGGAT GAAG
AGAAI’AGAAGAGG STATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCTGT GGAAAATACCCAA
TG C—:ﬁ;}& CGAGAAACTTTACCTCTATTACCTACAAAAT GGAAGGGACATGTATGTTGATCAGGARCTG
TATCTGATTACGACGTCGATCACATTGTACCCCAATCCTTTTTGAAGGACGATTCA
ATCGAC]-\AT AAAGTGCTTACACGCTCGGATAAGAACCGA CAATGTTCCAAG
GTCGTAAAGAARATGAAGAACTATTGGCGGCAGCTCCTAAAT GCGAAACTGATAACGCAAAGAAAGTTC
GATAACTTAACTAAAGCTGAGAGGGETGGCTTGTCTGAACTTGACAN ~GCCGGATT'i"ATT}XJAACGTCAG
CTCGTGGAAACCCGCCARAAT CACAAAGCAT GTTGCACAGATACTAGATTCCCGAATGAATACGAAATAC
GACGAGAACGATAAGCTGATTCGGCGAAGT CAAAGTAATCACTTTAAAC CAL\AATTGGT GTCGGACTTC
AGAAAGGATTTTCAATTCTATAAAGTTAGGGAGATAAATAACTACCACCATGCGCACGACGCTTATCTT
AATGCCGTCGTAGGGACCGCACT CATTAAGAAATACCCGAAGCTAGAAAGTGAGTTTGTGTATGGETGAT
TACAAAGTTTATGACGTCCCTAAGATGATCGCGAAAAGCCAACAGGAGATAGGCAAGGCTACAGCCAAA
TACTTCTTTTATTCTAACATTATGAATTTCTTTAAGACGCAAATCACT CTGGCARACGGAGAGATACGE
AAACGACCTTTAATTGAAACCAATGGCGAGACAGCTCAAAT CCTATGGGATAAGGGCCGGCACTTCGCG
ACGGET Gz\ GAAAAGTTTTGTCCATGCCCCAAGTCAACATAGTAAAGALAACTGAGGTGCAGACCGGAGGE
TTTTCAAAGGAATCGATTCTTCCAAAAAGGAATAGTCATAAGCT CATCGCT CEGTAAAAAGGACTGGGAL
CCG Z\AAA GlAC GETGGCTTCgtgAGCCCTACAGTTGCCTATTCTGTCCTAGTAGTGGCARAAAGTTGAG
AAGGGAAAATCCAAGAAACTGAAGTCAGT CARAGAATTATTGGGGATAACGATTATGGAGCGCTCETCT
TTTGAAAAG r/—h""‘LL/n' cC (‘A"TTL/\)"‘FQ \GGCGAAAGGTTACAAGGAAGTAMNARAAGGAT CTCATAATT
ABACTACCALAGT TGGCCGAAAACGGATGTTGGCTAGCGCCagaGAG
CTTCAAAAGGGGAACGAA r‘”GCACTA CGTCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTAC
GAGAAGTTGAAAGGTT CACCTGAAGATAACGAACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTAT
CTCGACGARATCATAGAGCAAATTTCCCGAATT CAGTAAGAGAGTCATCCTAGCTGATGCCAATCTGGAL
AAAGTATTAAGCGCATACAACAAGCACAGGGATAAACCCATACGTGAGCAGGUGGAARATATTATCCAT
TTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAGTATTTTGACACAACGATAGATC
cadgTACagaTCTACCAAGGAGGTGCTAGACGCGACACTGATTCACCAATCCAT CACGGGATTATAT
ACTCGGATAGATTTGTCACAGCTTGGGGGTGACGCGAT CCCLCCAAGAAGAAGAGGAAAGT CTCCAGCEAL
TACAAAGACCATGACGETCGATTATARRGATCATCGACATCGATTACAAGGATCGACGATGACAAGTGA

k) )IZ\\J"\

)

SEQ ID NO:278 - MSP2443: CMV-T

0695A, QSZ26A, D1135V, GL218R,

fuman codon cimized S. nes Cas® in normal font 100
Human codon optimi S 7O es Cas9 in ncormal font, modified

bold:

leower case, NLS deouble underlined, 3xFLAG tag
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ATGGATAAAAAGCTATTCTATTGGTTTAGACATCGGCACTAATTCCGTTGGATGGGCTGTCATAACCGAT
GAATACAAAGTACCTTCAAAGAAATTTAAGGTGTTGGGGAACACAGACCGTCATTCGATTAAAAAGAAT
CTTATCGCETGCCCTCCTATTCGATAGT GGCGAAACGGLAGAGGCGACTCGCCTGAAACGAACCGCTCGE
AGAAGGTATACACGTCGCAAGAACCGAATATGTTACTTACAAGAAATTTTTAGCAATGAGATGGCL AAA
GTTGACGATTCTTTCTTTCACCGTTTGGAAGAGTCCTTCCTTGT CCAAGAGGACAAGAAACATGAACG
CACCCCATCTTTG ;AAACI—\TA STAGATGAGGTGGCATATCATGAARAGTACCCAACCGATTTATCACC T‘C
AGAAAAAAGCTAGTTGACTCAACTGATAAAGCGGACCTGAGGTTA \J\TC‘TALT”G sCTCTTGCCCATATG
ATAAAGTTCCGETGGGCACT CT CATTGAGGCTGATCTAAATCCGGACAACTCGGATGTCGACAAACTG
TTCATCCAGTTAGTACAAACCTATAATCAGTTGTTTCAAGAGAACCCTATAAATGCAAGTGGCGTGGAT
GCGAAGGCTATTCTTAGCGCCCGCCTCTCTAAATCCCEGACGGCTAGAALMACCTCGATCGCACAATTACCC
GGAGAGAAGAAAAATGGGTTGETTCGGTAACCT TATAG CGCTCTCACTAGGCCTGACACCAAATTTTAAG
TCGAACTTCGACTTAGUT GRAAGATGCCAAATTGCAGCTTAGTAAGGACACGTACGATGACGATCTCGAL
AAT CT]—&CTGGCACT "TGGAGATCAGTATGCGGACTTATTTTTGGCTGCCAARAACCT T ;JCCATGC‘ \
ATCCTCCTATCTGACATACT «’»‘AG]—\C TTAATACTGAGATTACCAAGGCGL f“GT“'ATL/LG("l‘“" CAATGATC
ARMNAGGTACGATGAACATCACCAAGACTTGACACTTCTCAAGGCCCTAGTCCGTCAGCAACTG GAG
ABATATARAGGAR 7\TATTP. T CAGTCGAARAACGGGTACGCAGGTTATA ‘TGA'\ GGCGGAGCGAGT
CALRACCCATATTAGAGAAGATGCGATGGGACGGAAG GT TGCTTGTA
TCAATCGCGAAGATCTACTGCGAAAGCAGCGGACTTTCGACAACGGTAGCATTCCACATCARATC
CACTTAGGCGAATTGCATCGCTATACTTAGAAGGCAGGAGGATTTTTATCCGTTCCT "]A AAGACAATCGT
GAAAAGATTGAGAAAATCCTAACCTTTCGCATACCTTACTATGTGCGGACCCCTGGCCCGAGGGAACTCT
CGGTTCGCATGGATGACAAGARL, (TTCCCAAGZ-\A]\CCA""TA CTCCCTGEAATTTTGAGGAAGTTCGTCGAT
ARAGGTGCGTCAGCTCAATCGTTCATCGAGAGCATGACCgecTTTGACAAGAATTTACCGAACGAAARA
GTATTGCCTAAGCACAGTTTACTTTACGAGTATTTCACAGTGTACAATGAACT CACGAAAGT TAAGTA'
GTCACTGAGGGCATGCGTAAACCCGCCTTTCTAAGCGGAGAACAGAAGAAAGCAATAGTAGATCTETTA
TTCAAGACCAACCGCAAAGTGACAGTTAAGCAATTGARAGAGGACTACTTTAAGAAAATTGAATGCTTC
GATTCTGTCGAGAT CT CCGGEGETAGAAGAT CGATTTAATGCGTCACTTGGTACGTATCATGACCTCCTA
ARGATAATTAAAGATAAGGACTTCCTGCGATAACGAAGCGAGAAT GAAGATATCTTAGAAGATATAGTGTTG
TACCCTCTTTGAAGATCGGGAAATGATT GAGGAAAGACTAAAAACATACGCT CACCTGTTCGAC
ATAAGGTTATGCAAACAGTTAANGA CGTCGCTATACGGGCTGEEGAgecTTETCGCGGAAACTTATC
AACGGGATAAGAGACAAGCAAAGT ATTCTCGATTTTCTAAAGAGCGACGGCTTCGCCAAT
AGCAALT TTATGgoceCTGATCCATGAT GACTCTTTAACCTTCAAAGAGGATATACAAAAGGCACAGGTT
TCCGGACAAGGGGACTCATTGCACGAACATATTGCGARATCTTGCT GGTTCGCCAGCCATCAARAAGGGT
ATACTC C? UALA GTCAAAGTAGTGCATGAGCTAGTTAAGGTCATGGGACGT CACAAACCGGAARACATT
GTAATCGAGATGGCACGCGARANTCAAACGACT CAGAAGGGEECARAAAAACAGT CCAGAGCGCGATGAAG
AGI—\ATAGZ‘«AGAGG GTATTAAAGAACTGGGCAGCCAGATCTTAAAGGAGCATCCTGTGGAAAATACCCAA
TTGCAGAACGAGAAACTTTACCTCTATTACCTACAAAAT GGAAGGGACATGTATGTTGATCAGGAACTG
GACATAN Z\CCG' TTATCTGATTACGACGTCGAT CACATTGTACCCCAATCCTTTTTGAAGCGACGATTCA
ATCCGACAATAAAGTGCTTACACGCT CGGATAAGALACCGAGGGAAAAGT GACAATGTTCCAAGCGAGGAA
GTCGTAAAGAAAATGAAGAACTATT ’”GL/GG(‘A"V‘T cr AA‘A ' r'GL/G/B;/mL\"" I Gr\"‘ AACGCAAAGAAAGTTC
GATAACTTAAC TAAI \GCTGAGAGGGGETGGEC TCAG
CTCGTGGAAACCCGCYccATCACAAAGCAT GTr‘ ,C CH LGA T 7\.C 'TAGA TCCCGAATGAATACGAAATAC
GACGAGAACGATAAGCTGATTCGGCAAGT CAAAGTAATCACTTTARAGT CAAAAT TGGTC'“ CGGACTTC
AGAAAGGATTTTCAATTCTATAAAGTTAGS GA ATAARTAACTACCACCATGCGCACGACGCTY CTT
AATGCCGTCGTAGGGACCGCACT CATTAAGAAATACCCCGAAGCTAGAAAGTGAGTTTGTGTATGETGAT
TACAARAGTTTATGACGTCCGTAAGATGATCGCCGAAAAGCGAACAGGAGATAGGCAAGGCTACAGCCALAA
TACTTCTTTTATTCTAACATTATGAATTTCTTTAAGACGCGAAATCACT CTGGCARAACGGAGAGATACGC
ABACGACCTTTAATTGAAACCAATGGGCAGACAGGTCGAAAT CGTATGGGATAAGGGCCGGGACT T CGCE
ACGGETGAGRAAAGTTTTGTCCATGCCCCAAGT CAACATAGTAAAGAANACT GAGGT GCAGACCGGAGGE
TTTTCAAAGGAATCGATTCTTCCAAL \17\3]\\\.’ GAA \T/ WGT GAT.A \AG ,T CA‘T‘ CG k/T CGTAAAAAGGACTGGGAL
CCGAARAAGTACGGTGGCTTCgte FPAGTAGTGGCAAAAGTTGAG
AAGGGAA x.T C CARAGAAACTGAAGTCAGT L]A A ’AAT TP T G :‘C G7 LT ’J \,C GATTATGGAGCGCTC GT CT
TTTGAAAA CCCCATCGACTTCCTTGAGGCGAAAGGTTACAAGGAAGTAAAAANAGCGAT CTCATAATT
ARNCT ”r\puﬁg AGTATAGTCTGTTTGAGTTAGAAAATGGCCCAAARCGGATGETTGGCTAGCGCCa gacm\ e
CTTCAAAAGGGGAACGAACTCGCACTACCGTCTAAATACGTGAATTTCCTGTATTTAGCGTCCCATTAC
GAGAAGTTGAAAGGTTCACCTGAACATAACGAACAGAAGCAACTTTTTGTTGAGCAGCACAAACATTAT
CTCGACGAAATCATAGAGCAAATTTCGGAAT T CAGTAAGAGAGTCAT CCTAGCTGATGCCAAT CTGGAC
ABAGTATTAA ~Cf SCATACAACAAGCACAGGGATAAACCCATACGTGAGCAGGCGGAAAAT PATCCAT
TTGTTTACTCTTACCAACCTCGGCGCTCCAGCCGCATTCAAGTATTT ’1‘ GAC /5&_/1( CGATAGATCGCAAA
2agTACagaTCTACCAA be\ch CTAGACGCGACACTGATTCACC

b

,I>

GGATTATATGAA
ACTCGGATAGATTTGTCACAGCTTGGGEETGACGGAT CCCCCAAGA {Cz \J\GA'v G J-\AGTC‘ TCGAGCGAC

TACAAAGACCATGACGGTGATTATAAAGATCATGACATCGATTACAAGGATGACGATGACAAG ‘GA
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SEQ ID NO:279% - BPKIB20: UG-BsmBIcassette-Sp-sgRNA

U6 promoter in normal font, BsmBI sites italicised, S. pyeogenes sgRNA
& 4 ARttt AT 4 &MY

in lower case, U6 terminator double

AGGCTTTAAAGGAACCAATTCAGTCGACTGGATCCGGTACCAAGGTCGGGCAGGAA
TCCCATGATTCCTTCATATTTGCATATACCGATACAAGGCTGTTAGAGAGATAATTAGA
STAAACACAAAGATATTAGTACAAAATACGTGACGTAGAAAGTAATAATTTCITGGG
VGCTTACCGTAACTTGAAAGTATTTC

ATTAATGCGTCTCCgtttta

gaaaaagtggcaccegagtaegaty

17

AAAF\'I Al‘C‘l TTTAAAATGGACTATCATA
'GGAAAGGAC GA;«A(‘ ACCGGEA

OTHER EMBODIMENTS
It is to be understood that while the tnvention has been deseribed in
conjunction with the detailed description thereof, the foregoing description is intended
to iHustrate and not limit the scope of the invention, which is defined by the scope of

the appended claims. Other aspects, advantages, and modifications are within the

scope of the following claims.
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WHAT I5 CLAIMED I5:

L.

Au isolated Strepiococcus pyogenes Cas9 (SpCas9) protein, with mutations at one,
two, three, four, five, six, or all seven of the following positions: L169, Y450,
N497, Ro61, Q69S, (3926, and/or D1135, preferably comprising a sequence that is
at least 80% 1dentical to the amino acid sequence of SEQ ID NO: 1 with mutations
at one, two, three, four, five, six, or seven of the following positions: L169, Y450,
N497 Ro61, (3695, 926, B1135 and optionally one or more of a nuclear

localization sequence, cell penetrating peptide sequence, and/or atlinity tag.

The isclated protein of claim 1, comprising mutations at one, two, three, or all
four of the following: N497, R661, (3695, and 3926, preferably one, two, three,
or all four of the following mutations: N497A, RO61A, Q695A, and Q926A.

The 1solated protein of claim 1, comprising mutations at one or both of 695
and/or (3926, and optionally one, two, three, four, or all five of L169, Y450, N497
RoO61, and D1135, preferably Y4S0A/Q695A, L169A/Q695A, QO95A/QI26A,
QG95A/DTI35E, QOZ6A/DII3SE, Y450A/DHIZSE, LI69A/Y4S0A/QO95A,
LI69A/QOI5A/Q926A, YASOA/QOISA/QO20A, ROGIA/QEISAIQIL6A,
N49TA/QOISA/QI26A, Y4S50A/Q695A/DTI35E, YASOA/Q926A/D1135E,
QG9SA/Q926A/DTI3SE, L169A/Y4S0A/Q0695A/Q9264,
LI6OA/RGGTA/QGISA/QO26A, YAS0A/RGGTA/QEI5A/QO26A,
N49TA/QEI5A/Q926A/DIIISE, RE661A/QGISA/IO20A/DTI35E, or
Y450A/Q095A/Q926A/D1135E.

>

The 1solated proteins of claim 1 further comprising mutations at N14; S15; 855,
R63: R78: HI60; K163; R165; L169; R403; N4OT, Y450, M495: N497: K510;
Y515 W659: R661; M694: Q695; H698: A728; §730: K775; S777: R778: R780:
K782: R783: K789: K797; Q805; N808: K810: R832; Q844: 8845: KR48: 8851
K855; RB59; K862, K&90; 3920, (3926; K961, 8964; KO0&; K974, RO76; NIEJ;
HO82; K1003: Y1013: K1014; VI015; S1040: N1041: N1044: K1047; K1059;
R1060; K1107; E1108; S1109; K1113; R1114; St116;, K1118; R1122; K1123;
K1124: D1135: §1136: K1153; K 1155 : K1158: K1200: Q1221; H1241; Q1254;
01256: K1289; K1296; K1297: R1298: K1300; HI311; K1325: K1334: T1337

and/or S1216, preferably N497A/RG61A/QG95A/QO20A/KE10A,
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N497A/RG61A/QEISA/QO26A/KBASA, NA9TA/RE61A/QEI5A/QIZEA/KESSA,
N49TA/RE61A/J695A/Q026ARTROA, NAGTA/RE61A/Q695A/Q926A/KI6BA,
N497A/R661A/Q695A/QO26 A/HOSZA, NAOTA/RE6TA/QEI5A/Q926A/K 1003 A,
N497A/RG61A/QE95A/QO26A/K 1014A,
N497A/RE61A/QEISA/QO26A/K 104TA,
N49TA/RG61A/QE95A/QI26A/R1060A,
N49TA/R661A/695A/Q026A/KT0A/KIGEA,
N49TA/R661A/Q695A/QU26 A/KS10A/KB48A,
N497A/RE61A/QE95A/QO26A/KB10A/K 10034,
N49TA/RG61A/QE95A/QI26 A/KS10A/RT060A,
N497A/RG61A/Q695A/Q926 A/KR4SA/K 1003 A,
N497A/R661A/Q695A/QO26 A/KS48A/RTO60A,
N49TA/RG61A/Q695A/QO26 A/KBSSAK 1003A,
N497A/RG61A/QEI5A/QO26A/KBS5A/RI060A,
N49TA/RG61A/QE95A/Q926 A/KI6SA/K 1003 A,
N497A/R661A/Q695A/QO26A/HIZZA/K 1003 A,

N497A/R661 A/Q695A/QO26 A/HIBZA/RI060A,
N497A/RE61A/Q695A/Q926A/K 1003 A/R1060A,
N497A/RE61A/QE95A/Q926 A/KBT0A/K 1003 A/R1060A,
N49TA/RE61A/D695A/926AKI48A/K 1003 A/R1060A,
Q695A/QO26A/RTSOA, Q695A/Q926A/KB10A, Q695A/QIZ6A/RE3ZA,
Q695 A/QO26A/KB48A, Q695A/QO26A/KE5SA, Q695A/Q926A/KI6BA,
Q69SA/QO26ARITEA, Q695A/Q026A/HIS2ZA, Q695A/QI26A/K1003A,
Q695 A/QI26A/K1014A, QE95A/Q926A/K1047A, GE95A/Q926A/RI060A,
0695 A/Q926A/KI4BA/KIGBA, (695 A/Q926A/KB48A/K 1003 A,

Q695 A/QO26A/KB48A/KRS5A, Q695A/Q926A/KB48A/HIR2A,

Q695 A/Q926A/K 1003 A/R1060A, Q695A/Q926A/RE3ZART060A,

Q695 A/QI26 A/KI6SA/K 1003 A, Q695A/Q926A/KI68A/R1060A,

0695 A/Q926 A/KI48A/R1060A, Q695A/Q926A/KS55A/HOR2A,

Q695 A/Q926A/KE55A/K1003A, Q695A/QU26A/KE55A/R1060A,

Q695 A/QO26AHIR2A/K 1003 A, Q695A/QO26A/HIB2A/R 1060A,

Q695 A/Q926 A/K 1003 A/R1060A, Q695A/Q926A/K810A/K1003A/R1060A,
Q695 A/QI26A/K1003A/K1047A/R1060A,
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U

j\i

10.

QG695 A/Q926 A/KI68A/K 1003 A/RTO60A,
(3095 A/(F926 A/RB3I2ZA/KI003 A/RI060A, or
Qo095 A/Q926A/KE48A/K 1003 A/RI060A.

The isolated protein of claim 1, further comprising one or more of the following
mutations: DTI3SE; D135V, DHI3SV/RI3350Q/T1337R (VOR variant);
DII3SE/RI33SQ/TI337R (EQR variant), D1I3SV/GIZI8R/RI335Q/TI337R
{(VRQR variant); or DHI3SV/GI2Z18R/R1335E/T1337R (VRER variant).

The isolated protein of claim 1, further comprising one or more mutations that
decrease nuclease activity selected from the group consisting of mutations at P10,

E762, D839, H983, or D986; and at H840 or N§o63.

The 1solated protein of claim 0, wherein the mutations that decrease nuclease
activity are:

{1y D10A or DION, and

(11) HR40A, H340N, or HR40Y.

An isolated Staphylococcus aureus Cas9 (SaCas9) protein, with mutations at one,
two, three, four, five, six, or more of the following positions: Y211, Y212, W229,
230, R245, T392, N419 Y651, R654, preferably comprising a sequence that is
at least 80% identical to the amino acid sequence of SEQ 2 NO:1 with mutations

at one, two, three, four, or five, six or more of the following positions: Y211,
7212, W229, Y230, R245, T392, N419, Y651, R654, and optionally one or more
of a nuclear localization sequence, cell penetrating peptide sequence, and/or

atfinity tag.

The isolated protein of claim 8, comprising one or more of the following
mutations: Y211A Y212A, W229, Y2Z30A, R245A ) T392A, N419A, Y651,
and/or ROS4A.

The 1solated protein of claim 8, comprising mutations at N419 and/or R654, and

optionally one, two, three, four or more of the additional mutations Y211, Y212,

W229, Y230, R245 and T392, preferably N41SA/R654A, Y211 A/RO54A,

Y2UA/Y2I2A, Y21TA/Y230A, Y211A/RZ45A, Y212A/Y230A, Y212A/R245A,

Y230A/RZ45A, W229A/RG654A, Y21TA/Y212A/Y230A Y2Z1TA/Y212A/R245A,
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Y2UIA/YZIZAIYGSTA, Y21TA/Y230A/R245A, Y2TTA/Y230A/Y651A,
/21TA/RZASAIYOSTA, Y21TA/RZ45A/RO54A, Y2ZITA/RZ4A5A/NAI0A,
Y21TA/NAIOA/RGS4A, Y212ZA/Y230A/R245A, Y212A/Y230A/YOS1A,
Y212A/RZ45A/Y651A, Y230A/R24SA/YOSTA, R245A/N419A/R654A,
T302A/N4T9A/R654A, R245A/T392A/NAISA/RO54A,
Y211A/RZ45SA/NAISA/ROS4A, W229A/R245A/N4I9A/RO54A,
/21TA/RZ4SAJTI92A/MNATISA/RGS54A, or
2UA/W229A/R245A/N4I0A/RO54A.

11. The isolated proteins of claim 8, further comprising mutations at Y211; Y212;
W229: Y230, R245; T392: N419; L446; Q488A; N492A: Q495A; R49TA:
N498A: R499; Q500; K518; K523; K525 H557; R561; K572; R634; Y651,
R654; (3655, N658: 8662 N667; R686; K692 R694; H700; K751; D786 T787;
Y789, T832, K836, N8BE; 839; L9099, NOES; N9&6, R991; R1015; N44; R45;
R51: RSS; R59; R60: R116; R165; N169; R208; R209; Y211; T238; Y239; K248;
Y256, R314; N394, Q414; K57, R61; H111: K114: V164; R165; L788; $790;
R792; N804: Y868 K870; K&7S; K879; K881: Y897, R901; and/or K906,

12. The 1solated protein of claim 8, further comprising one or more of the following
mutations: E782K, K929R, NO968K, or R1015H. Specifically,
E782K/N9GBK/R1015H (KKH variant), E782K/K929R/R1015H (KRH variant);
or E782K/KO29R/N968K/R1015H (KRKH variant).

13. The isolated protein of claim 8, further comprising one or more rautations that
decrease nuclease activity selected from the group consisting of mutations at D10,

E477, D556, H701, or D704, and at HS57 or N580.

14. The 1solated protein of claim 13, wherein the mutations are:
(1) B10A or D1ON, and /or
(1) H557A, H557N, or H557Y, and/or
(it1) N580A, and/or
(iv) D556A.

15. A fusion protein comprising the isolated protein of claims 1-14, fused to a
heterologous functional domain, with an optional intervening hoker, wherein the

linker does not interfere with activity of the fusion protein.
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16. The fusion protein of claim 15, wherein the heterologous functional domain is a

transcriptional activation domain.

17. The fusion protein of claim 16, wherein the transcriptional activation domain 1s

from VP64 or NF-«B p65.

18. The fusion protetn of claim 15, wherein the heterologous functional domainisa

transcriptional silencer or transcriptional repression domain.

19. The fusion protein of claim 18, wherein the transcriptional repression domainis a
Krueppel-associated box (KRAB) domain, ERF repressor domain (ERD}, or

mSin3 A interaction domain (51D},

20. The fusion protein of claim 18, wherein the transcriptional silencer 1s

Heterochromatin Protein 1 (HP1), preferably HPlo or HP1B.

21. The fusion protein of claim 15, wherein the heterologous functional domain s an

enzyme that modifies the methvlation state of DNA.

22. The fusion protein of claim 21, wherein the enzyme that modifies the methylation

state of DNA 1s a DNA methyltransferase (DNMT) or a TET protein.
23. The fusion protein of claim 22, wherein the TET protein is TET1.

24. The fusion protein of claim 15, wherein the heterologous functional domain s an

enzyme that moditfies a histone subunit.

25. The fusion protein of claim 15, wherein the enzyme that modifies a histone
subunit 1s a histone acetyliransferase (HAT), histone deacetylase (HDAC), histone

methyltransferase (HMT), or histone demethylase.

26. The fusion protein of claim 15, wherein the heterologous functional domainis a

biclogical tether.

27. The fusion protein of claim 26, wherein the biclogical tether is MS2, Csv4 or

lambda N protein.
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28. The fusion protein of claim 26, wherein the heterologous functional domain is

Fokl
29. Anisolated nucleic acid encoding the protein of claims 1-14.

30. A vector comprising the 1solated nucleic acid of claim 29, optionally operably
linked to one or more regulatory domains for expressing the protein of claims 1-

24.

31. Ahost cell, preferably a mammalian host cell, comprising the nucleic acid of

claim 29, and optionally expressing the protein of claims 1-14.

32. A method of altering the genome or epigenome of a cell, the method comprising
expressing in the cell or contacting the cell with the isolated protein of claims 1-
14, and a guide RNA having a region coruplementary to a selected portion of the

genome of the cell.
33. An isolated nucleic acid encoding the protein of claim 15

34. A vector comprising the isolated nucleic acid of claim 33, optionally operably

linked to one or more regulatory domains for expressing the protein of claim 15

35. A host cell, preferably a mammalian host cell, comprising the nucleic acid of

claim 33, and optionally expressing the protein of claim 15.

36. A method of altering the genome or epigenome of a cell, the method comprising
expressing in the cell or contacting the cell with the isolated protein of claims 1-
14, and a guide RNA having a region complementary to a selected portion of the

genome of the cell.

37. Amethod of altering the genome or epigenome of a cell, the method comprising
expressing in the cell or contacting the cell with the isolated fusion protein of
claims 15-28, and a guide RNA having a region complementary to a selected

portion of the genome of the cell.

38. The method of claims 36 or 37, wherein the 1solated protein or fusion protein
comprises one or more of a nuclear localization sequence, cell penetrating peptide

sequence, and/or affinity tag.
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39.

40.

41.

42.

43.

The method of claims 36 or 37, wherein the cell is a stem cell, preferably an
embryounic stem cell, mesenchymal stem cell, or induced pluripotent stem cell; is

in a living animal; or is in an embryo.

A method of altering a double stranded DNA D (dsDNA} molecule, the method
comprising contacting the dsDINA molecule with the isolated protein of claims 1-
14, and a guide RNA having a region complementary to a selected portion of the

dsDNA molecule.
The method of claim 40, wherein the dsDNA molecule is in vitro.

A method of altering a double stranded DNA D (dsDNA) molecule, the method
comprising contacting the dsDNA molecule with the fusion protein of claim 15,
and a guide RNA having a region complementary to a selected portion of the

dsDNA molecule,

The method of claim 42, wherein the dsDNA molecule 1s i vitro,
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3. Claims Nos.: 15-43

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Il Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
-——Go to Extra Sheet for continuation—-

1. l:l As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. D As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is

restricted to the invention first mentioned in the claims; it is covered by claims Nos.:
Claim 1 limited to SpCas9 with mutated L169.

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

[:I The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

[:] No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (January 2015)
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-—--—-continuation of Box Ill (Lack of Unity of Invention)--—--

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. in order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I+: Claims 1-14, drawn to an isolated Cas9 protein having at least one amino acid substitution/mutation.

The Cas9 protein will be searched to the extent that it encompasses the first name species, Streptococcus pyogenes (ctaim 1)
(SpCas9) comprising the first named mutation at L169 (claim 1). It is believed that claim 1 reads on this first named invention and thus
this claim will be searched without fee to the extent that it encompass SpCas9 with mutated L169. Additional Cas9 proteins comprising
one or more mutations will be searched upon payment of additional fees. Applicant must specify the claims that encompass any
additional elected Cas8 proteins and mutations. Applicants must further indicate, if applicable, the claims which read on the first named
invention if different than what was indicated above for this group. Failure to clearly identify how any paid additional invention fees are to
be applied to the "+" group(s) will result in only the first claimed invention to be searched/examined. An exemplary election would be:
Staphylococcus aureus Cas9 (SaCas9) with mutation at W229 (claims 8, 9).

The inventions listed as Group I+ do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons:

Special Technical Features:

The inventions of Group |+ each include the special technical feature of a Cas9 protein comprising amino acid substituions or mutations,
recited therein. Each amino acid substitution is considered a distinct technical feature, because the changes in the structure-activity
relationship induced by said amino acid substitution cannot readily be ascertained among these amino acid substitutions

Common Technical Feature:
Group I+: claims share the common technical feature of claims 1 and 8.

However, said common technical features do not represent a contribution over the prior art, and is obvious over the publication titled
"Engineered CRISPR-Cas9 nucleases with altered PAM specificities” by KLEINSTIVER et al. (hereinafter "Kleinstiver") [published 23
July 2015 in Nature Vol 523 No 7561 Pages 481-485), in view of WO 2015/089364 A1 to The Broad Institute, Inc. (hereinafter “Broad
Institute”)[published 18 June 2015), and US 2014/0068797 A1 to DOUDNA et al. (hereinafter "“Doudna").

As to claim 1, Kleinstiver teaches an isolated Streptococcus pyogenes Cas9 (SpCas9) protein, with mutations at one, two, three, four,
five, six, or all seven of the following positions: LI69, Y450, N497, R661, Q695, Q926, and/or DI135 (abstract; "Here we show that the
commonly used Streptococcus pyogenes Cas9 (SpCas9) can be modified to recognize alternative PAM sequences using structural
information, bacterial selection-based directed evolution, and combinatorial design”; pg 2 para 4; To identify such mutations, we
adapted a bacterial selection system (hereafter referred to as the positive selection) previously used to study properties of homing
endonucleases. In our adaptation of this system, survival is enabled by Cas9-mediated cleavage of a selection plasmid encoding an
inducible toxic gene......Sequences of surviving clones from both libraries revealed the most frequent substitutions were
D1135V/YIN/E").

As to claim 8, Broad Institute teaches isolated Staphylococcus aureus Cas9 (SaCas9) protein, with mutations at one, two, three, four,
five, six, or more positions (para [0069];" In an aspect the invention provides as to any or each or all embodiments herein-discussed
wherein the CRISPR enzyme comprises at least one or more, or at least two or more mutations, wherein the at least one or more
mutation.....N580 according to SaCas9 [i.e. Staphylococcus aureus Cas9], e.g., N580A as to SaCas9").

As to SEQ ID NO: 1, the sequence was well-known in the art to be the commonly isolated Streptococcus pyogenes Cas9 (SpCas9), as
taught by Doudna (SEQ ID NO: 2; 1368 AA 100% sequence identity).

As the common technical features were known in the art at the time of the invention, they cannot be considered common special
technical features that would otherwise unify the groups. The inventions lack unity with one another.

Therefore, Group I+ lack unity of invention under PCT Rule 13 because they do not share a same or corresponding special technical
feature.

Note concerning item 4: Claims 15-43 are multiple dependent claims and are not drafted according to the second and third sentences of
PCT Rule 6.4(a).
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