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B . BRAR4IRE (Streptococcus pyogenes Cas9, SpCas9) A KA RA%mB T B, 2 vT 25 494714
&5 0% 3% 2 A (Protospacer adjacent motifs, PAMs) S& B A Fk, EAEMIeH ., HifRZ & EHE, LPRE
—#F2f SpCas9 #9& & it K L4k xCas9 #ATHAL YL 7 k. &%, 12H Rosetta 42 5 #4746 & &ML AL
Cas9 #) =4t M), RFRABTRKOME;, RE, FHE@RWFRABRE EHATHERETRIT; KRB, @
W EHEA AT REAR T Rk A T R IR 69 R AR, 2 DNA F I 11, AWK T —A % PAM
2B Fa A ¥e 49 1 AR yCas9 (262A/324R/409N/480K/543D/694L/1219T). iZ A TR %] NG. GAA #= GAT 571,
HH 4B sgRNA 3| F a9 BL¥e DNA & AR, AHAEMEFARRBET —MNABEZANEGAR HH T L,
FlBf, X ¥ iLxf SpCas9. xCas9 A= yCas9 #t47 T 4~ F 30 /1 FALHL, B+ T & PAM 25| fe BLIC L 69 HLIE, T %
#t—4 #) CRISPR/Cas9 & & b i R L 45 5.

: 2 E %%, CRISPR/Cas9, & @it Hik+t, »F3hhFHEm

Structure-based optimization and design of CRISPR protein
xCas9
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Abstract:  Streptococcus pyogenes Cas9 (SpCas9) has become a powerful genome editing tool, but has a limited range of
recognizable protospacer adjacent motifs (PAMs) and shows off-target effects. To address these issues, we present a rational
approach to optimize the xCas9 mutant derived from SpCas9 by directed evolution. Firstly, energy minimization with the
Rosetta program was applied to optimize the three-dimensional structure of Cas9 to obtain the lowest energy conformation.
Subsequently, combinatorial mutations were designed based on the mutations sites of xCas9 acquired during the directed
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evolution. Finally, optimal mutants were selected from the designed mutants by free energy ranking and subjected to
experimental verification. A new mutant yCas9 (262A/324R/409N/480K/543D/694L/1219T) with multiple PAM recognition
ability and low off-target effects was obtained and verified by DNA cleavage experiments. This mutant recognizes the NG,
GAA and GAT PAMs and shows low off-target DNA cleavage activity guided by mismatched sgRNA, thus provides a gene
editing tool with potential applications in biomedical field. Furthermore, we performed molecular dynamics simulations on the
structures of SpCas9, xCas9 and yCas9 to reveal the mechanisms of their PAM recognition and off-target effects. These may
provide theoretical guidance for further optimization and modification of CRISPR/Cas9 proteins.

Keywords:

CRISPR J& 4l B Al ity B h R BL /MR AZ TR AR
MRIZER G, IEHER, LRGECWANIF Kl —
Fhi S BT U7 DNA (935 8 gl T R H AT
& 17 CRISPR ZR 4t MR Icas BR A Cas9
(Streptococcus pyogenes Cas9, SpCas9)i?. AR,
SpCas9 A7 7E Hi 7] B Fy 41 Il ¥t & /¥ (Protospacer
adjacent motifs, PAMs) 5515 [l PR A5 i 4
(RIS, BRI T H iz AR e, R
Ji& PAM P 531l 3 FEL AR AT #E 500, A BE i SpCas9
FOARAE BE DR G 48, 401 Sl A # 5E RAAEH

7 ikE| R EAR, AR T 25 SpCas9
PIAAL T e BN, 240 T B R G R i 1k ik
1 SpCas9, i i%Jrak15 T PAM SUIVE E Y
K VQR. EQR Ml VRER 28K, if45, £
SpCas9 454 A et it ik, WARAR T s PR LSRR
eSpCas9. SpCas9-HF, HypaCas9 evoCas9l’®,
41, David Liu #F5¢ 2H 8 ik PACE & i) i Ak 4K
157 —/Br 7l SpCas9 A5k (xCas9), 5EFEH
FHLE, 2 A R B s iR e, BT AR,
& NGG. NGA. NGT. NGC. GAA Fll GAT £/
Bz PAM 31, (B, xCas9 1E# w5
PEF PAM SRS PERY [N, H DNA B YIS A 42
KA I AR PAM BB 7t f A 22 00
ER 1 A 7% - B SR s 2 W o g [T

SR, FIRJLRME AL SpCas9 1 i —E 1)
HHME, AT AV, AL T —
FuBr Ak SpCas9 1Y vk . 1% 7 v M RE B 1Y A1 JiE
%, FH Rosetta Ty xfa [n L 2845 & xCas9
AT . Rosetta s — MG 09 A= ) Kok 3t
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A, Al 2e7s DNA R B 9 564 s L m ok
L7 F1-DNA A BAE A, EEE 1 -DNA &
Z 53] T RS, % F Cas9 571 DNA J&
FHEH-DNA MHEAEH ) —F, FRATRAE, FIH
Rosetta K RAEX} Cas9 i 45 A B E 52 i
LR, LIYifk Cas9-DNA WA B AE M Aim, 15
B BRI S AR A, 3k 0 58 AR PR AR A7 1] g AT
{5 PAM 75 P ml AR B0 40 32 1) J

AWFFT VL xCas9 My Xf 42, ik B H 4y A 78
SgRNA-DNA S XUEER B 7 A5 ) dE 4k 07
S EWE R RSB BARL S (& 1), FExhixse
P EAT 20 FPEFERAH AT, REHRET
—ARALK yCas9., Z R ALK HA 5 PAM 251,
A5 NGG. NGA. NGT. NGC. GAA Fil GAT
5, HX GAT PAM iR 5IHE /1 kb xCas9 & .
RIS, S5¥FA4: Y SpCas9 AH H, yCas9 (1) i 48 &5 v/
WRIFEEREAL . R, AT 5T 80 1244
LIAHT T SpCas9 1) PAM TH 31 i #0450 07 19 431+
BLERE, #fE T 1 219 fizBEMR S Cas9 1) PAM 1
BIZMEEER, L REC W4 EHES Cas9 Jii
ARV 2 (B 2 R o

1 MRE7E

1.1 SEIgwiHl

A WF 5248 B pET21-6His-TEV-SpCas9 .
PET21-6His-TEV-xCas9. psk-sgRNA # psk-DNA
kL i AR DR 2H PR A o B A TR R g A
Escherichia coli DH5a (CB101-02) #1 Rosetta (DE3)
(CB108-02) . ki & (DP103-02), s%E
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B & (KM101) % H TIANGEN EfbBRHE il Ml & (AM1354) Fil RNA 4 fk ik 7 &
(bm) HBRAFE; BEGRFI & (AP-GX-50) g (AM1908) W4y [ Thermo Fisher /A ). ASHFSE i
Axygen 2wl —HE [ TIHERHI S (NROOS-01A)  BIMIHR At Primer 5 #3192 43877 & 10
W A B R RHE 2 F] 5 PrimeSTAR GXL DNA - St g, JFZ4t il RF B ARA RS
Polymerase (R050Q) Ilj H TaKaRa 2\ #); RNA % AN (#E1),

1 60 92 180 308 480 7118 765 906 1098 1368
RuvC- [ BH|RECI|REC2 | RECI REC3 |Rqu- 11 HNH RuvC-III PI
[ IL ]
NUC lobe Helical domain (REC lobe) NUC lobe
o
& E480K

A262T S4091  JR324L

<5430 &, ,‘_;pﬂf‘ ”Q% AN ’”“‘\

r ) //‘\
— NN "; . )&- \ 'f
Me94l (] NN ift,'/"\g.- \
‘ »‘/"1 |\ ‘s;; \\‘
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51219\/ ,/P\i

E1 xCas9 W7 ANEmM#ELEEH=tho#HmE

Fig. 1 3D-distribution of seven directed-evolution sites of xCas9™..

x1 KWMIRETASY
Table 1 Primers used in this study

Primer ) o
name Sequence (5'-3) Usage
NKDL-LF CTGCAGTTGATCCATGATGACTCTCTCAC Mutations of 409,

NKDL-LR ATTTCCATTGTCGAAAGTGCGCTGTTTGC 480, 543 and 694

NKDL-SF GCAAACAGCGCACTTTCGACAATGGAAATATCCCCCACCAGATCACCTGGGC
NKDL-SR GTGAGAGAGTCATCATGGATCAACTGCAGGAAGTTCCGGTTGGCAAATCCATCG

E1219T-F CTCGCTAGTGCGGGCACCCTGCAGAAAGGTAACG Mutation of 1 219
E1219T-R CGTTACCTTTCTGCAGGGTGCCCGCACTAGCGAG

DNA-F TAGTCCTGTCGGGTTTCG Amplification of
DNA-R  TTCCATTCGCCATTCAGG target DNA (920 bp)

sgRNA-F  GGAATTCGATATCAAGCTTA Amplification of
sgRNA-R  AGCACCGACTCGGTGCCACTT SgRNA (97 nt)

% : 010-64807509 E<L: cjb@im.ac.cn
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1.2 xCas9 Ry %It

A=W TS5 R TR AT Rosetta #2362 1%
100 2 Eibe, HAEEBEs g WSL I . & E B
ZER VT B D) R 1 R B o e
N T SEPX SE I RE , Rosetta i i HoMURR 9 B i BE
I RECHE R AR, AR5 1 5]
JIFF 1. B A S0 DL R 6 5 0 EE 2 1]
A AR . YOTERRVE S . Y ATZAT o
PR AL A — 4> F B[R R e i, AR50 IR A 4
HRUE, AMBEEAR, BT T RAEH .,

AT Rosetta F2/7 P Relax
#1 Fixed backbone design (Fixbb). Relax #5 b3 i3
Z R AW i S5 0 i BL R a5 4, JF HLAE
R AP AW o RAE R ), DR
SR RIS . A4S Relax BHUAb S Y
Gk, —FRCERAL T RE R RIS 4 o Fixbb BEAE
[ 2 B 2R R, AR F 2 2R 4 2 A0 B
W, DL 5 I 8 A 2R R i S IR I
e i F i R AR R O SR AR A

ARSI Cas9 ZEARARMY 2L BHEM
HAREPEE (http:/lwww.resb.org/) T 2% SpCas9
4519 (PDB 1D: 4UN3). Hik, i Relax Bt
RGN IEAT 25 kAR, FFARYE Rosetta (4 1 i fE
F1 7 R H BB B IR S5 R VE AR IR 2549 o 9K
J& . 8 Fixbb B [E % Cas9 £ 11 1Y 55 )51,
FEX} xCas9 1 7 4~E LA s (262,324,409,
480, 543, 694, 1219) #1720 FraFERAL G
o e, #E4T 10 000 YA N7 BT, T 2
RitAT K H A FRAE A B RE /NS i %
1.3 BERRTARRAAEIE

A3 LA BRE pET21-6His-TEV-SpCas9 Fil
PET21-6His-TEV-xCas9 Mt , i it — & 7] 5e
Rie A 98 1)y ) e 5 AR AR B
1.4 ZEAMFESEK

1 Cas9 M HAAZIARURL (N s A His-tag)
& A\ E. coli Rosetta(DE3) 4iffirf ik, MEHE W

http://journals.im.ac.cn/cjbcn

i) ODgoo i5%! 0.9 B}, fIAZMKES 0.5 umol/L
W) 5 79 Jk -B-D- i A F ZL BE 4T (Isopropyl-B-D-
thiogalactopyranoside, IPTG), 16 Cil#Hig:.
BLOWE AR, IR (20 mmol/L HEPES,
500 mmol/L KCI, 0.1 mmol/L PMSF, pH 7.5) &
B, B A R RE 20 min, 12 000 r/min &0 1 h.
WS Ni-NTA 8 & 90 min J5, AZiE B
(20 mmol/L HEPES, 400 mmol/L KCI, 500 mmol/L
WKW, 1%FEHE, pH 7.5) BEEVENE Cas9 HE . &t
SDS-PAGE %7€ 5, Wdk H & B IR ok 4 =
250 pL, PRAFFEAMFE (20 mmol/L HEPES,
500 mmol/L KCI, 1 mmol/L DTT, pH 7.5) 1,

1.5 JE4 DNA BI3REX

LA psk-DNA JFki At , i 514 DNA-F/R
L& PAM ¥ 20 bp BFF40) DNA #E17
PCR ¥ 3%, SRJ5 VI B3RS 920 bp MW
DNA, H¥ AR T IR /K . DNA {35
AR PAM 731, 43518 5-TGG-3', 5'-TGA-3',
5-TGC-3', 5-TGT-3'. 5-GAA-3'fil 5'-GAT-3',

1.6 sgRNA Ay3%EY

HELL psk-sgRNA Bk A&tk , 1514
SgRNA-F/R #17 PCR ¥ 14 . Hk, VI EIk3k1%
SgRNA 4% 55, IFE A RNA §% 53800 &7
TR ANEAR R 5 7 i sgRNA, 37 ‘CIRE 6 h. RJa,
JH TURBO DNase {Hfb% stttk . f&f5, H RNA
At iR &b, IO T IO IR Y
KA, sgRNA FF 54 DNA Y51 DT L ) 8]
k¥ 41~ 5-UACCGCUCCAGUCGUUCAUG-3',
FHF BLSEAG I ) sgRNA FEE it A . A PAM 3225t
FRIR MRS sgRNA (8] B8 J7 41 1) P A 56 58 22 Sy
HEAMEEE, ek 8k, AT 9 AT
K i sgRNA, FHFEHI e 2 s .
1.7 {KRINSIIE MG

AR SR B4 A A B B T A D S AR R
20 uL &%, fu& 200 nmol/L Cas9. 200 nmol/L
sgRNA ., 30 nmol/L DNA FlJz i Z& % (20 mmol/L
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#* 2 sgRNA 57l
Table 2 Sequences of sgRNA

No. Sequence (5'-3) Site
0 UACCGCUCCAGUCGUUCAUG
1 AUCCGCUCCAGUCGUUCAUG 01-02
2 UUGCGCUCCAGUCGUUCAUG 02-03
3 UAGGGCUCCAGUCGUUCAUG 03-04
4 UACGCCUCCAGUCGUUCAUG 04-05
5 UACCCGUCCAGUCGUUCAUG 05-06
6 UACCGGACCAGUCGUUCAUG 06-07
7 UACCGCAGCAGUCGUUCAUG 07-08
8 UACCGCUGGAGUCGUUCAUG 08-09

Note: the underline part of the sequence is mutated bases.

HEPES, 150 mmol/L KCI, 1 mmol/L DTT, 10 mmol/L
MgCl,, pH 7.5), B ETER N ZE i in A Cas9 Fil
sgRNA TR -G 15) e s £E 37 CHlfiF & 10 min,
SR H DNA ARG b, Rk s,
FEREIN B T e (R PAM PRI, B a8 2 h;
R RO IS, ISFIRIE R 3 h)o RS, fi
FHEE B RE A FL VKA I Cas9 [ I BT DI 1
1.8 o Fahf1FEN

A3 f# Fl GROMACS X Cas9 & (4 #E114> T
#1417 (Molecular dynamics, MD) #&41, LL#k15
HAE IR T iR e 5 0 R (1 S
H R 4% SpCas9 45fy (PDB ID: 4UN3) #il xCas9
2%y (PDB IDs: 6K4P. 6AEG). fhiAdttly ik
W o HE R vk Rk fE 4 il SWISS-MODEL
(nttps://swissmodel.expasy.org/) [F] I & 45 b 557
yCas9 i 3D Z5#H Pymol (https://pymol.org/2/)
RS, {di ] Amber ff14SB_Parmbscl /13
F1 TIP3P /KBIHIRS Cas9 Gt ATamls), fut
WARG T, Cas9 M4+ Z5 BT — > i S B
F/> 1.5x107° m sz R g . FEIZ IR R
— R Na"F1 CIELAH R R e iy fr , (8
B EIAF] 0.15 mol/L. Rl e rRE R
FME, A RIRBIFOFERRAS e, KRR T
3K NVT ~EAfr, 4305124 100 K -7 200 ps. 200 K
-7 200 ps #1300 K ~F-f; 200 ps, fRZfdi REGEHE
TRIFAE 300 K SRJ5, #1472 ns 1Y NPT P47, i

% : 010-64807509

R Z A 1x107° Pa fEE E 17 ; HJ57E 300 K.
1x107° Pa 45 T #E47 200 ns 4 MD il
40 ps i —mit, HES 20 .

2 BREL

21 RTIRBIIRE

AW 5T Rosetta (1Y Fixbb #5 5t X} xCas9 i
7 AP ST T AR, sl T
10 000 At~z YA G it o i 2 11 B dr &
SR, — AR RS E BB, Wi 4
TE BRI BB, gl a2 T,
FirLA, FATTXFIX 10 000 AN 1 HEA 72 8 Ab # AN HE
JPJa, mARMMAaeE RN R K (% 3).
W 3 FiR, XA Rosetta [ F AEFT 2
PR BB 43 ) —1 704.054 F1—1 703.748, HH it
1E xCas9 & ML s B AT, &5
b 00329 HYRAFARMERAR, FRZL AW A
HAESRAG, WERE EiGvEdus . NI IRATR %%
AR iAA 4 0y yCas9, AT SRR IR o
2.2 Cas9 Bl E T
2.2.1 PAM RSB

xCas9 nJ LR FIARIE () PAM 731, 0fE NG,
GAA Il GAT . & T B&iIF Rosetta #3151 yCas9
S AT LR BX B PAM 8, FRATTR AT T AR
5b DNA B )5 PEAI (18] 2A-C). mEIw I, B
A SpCas9 FZHH] TGG. TGA il TGC, # M
HAR A PAM (R BUAFR (K] 2A, lanes 2-4),
53k E AR — 2, xCas9 T LIRS TGN, GAA
1 GAT ¥4 (K 2B). 5 xCas9 #itt, yCas9 A~

% 3 Rosetta &4 R
Table 3 Results of Rosetta design
ID Mutation sites Score
262 324 409 480 543 694 1219
SpCas9 A° R S E E M E

xCcas9 T L | K D | \V
00329 A R N K D L T —1704.054
00425 A R N K D M T —1703.748

. cjb@im.ac.cn
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AU A X 28 PAM 7511 DNA HA A7 S 1 57 )
e (B 2C), i X GAT BiH5IRE T L xCas9
= (B 2C, lane 7). LB, Rosetta it
yCas9 i — 4Tt T xCas9 ) PAM 51 FE
2.2.2  JREERUN A

REUE yCas9 (RESFE, FRATE L H Y
8 ML sgRNA (% 2, 1-8 5) Flf {5 TGG PAM
JEHIE) DNA 20X HHE T RSP BEEAS I
G E 3 PR, HEIFTIL, 1-8 5 sgRNA 1]
L5155 SpCas9 BIYJEEH) DNA, HH,1-5 5 sgRNA

SIFHBTYIEYES 05 sgRNA A12Y4 (5] 3A, lanes
3-8), XFH] SpCas9 MYMEHIRLLY LA™ &, 5
SpCas9 AL, AHIFEIS 464, 5 sgRNA 5|
T xCas9 X}JiK#) DNA ¥ 8y UIIE M 3545 AR R FE
HIFEAS (& 3B, lanes 4-11), B xCas9 ¥4 H
PEOLT SpCas9. Hil&l 3C AJ WL, yCas9 ik
Jj L BF A= Y SpCas9 ik, (HH:H 3.4.5.7 %5 sgRNA
5| FhY yCas9 BT Y)i&E M b xCas9 = (IF 3C, lanes 6.
7. 8 f110). [Htt, yCas9 fIBEEY L xCas9 Fl
&, {A 54 SpCas9 AH H A BE R

A SpCas9
bp Marker TGG TGA TGC TGT GAA GAT
2 000—
el — LIy
om— — Uncleaved
P BN )
700— cl d
500— o el B Saxe
250— w—
100— —
Lane 1 2 3 4 5 6 7
B xCas9
bp Marker TGG TGA TGC TGT GAA GAT
2 000—
1 000— P — Uncleaved
! Gy g g G bW
700—
500— ‘ ]Cleaved
250— —
100— —
Lane 1 2 3 5 6 7
C yCas9
bp Marker TGG TGA TGC TGT GAA GAT
2 000—
1 000— —Uncleaved
. - e G Gy Gy . ey
700— S Cleaved
500—
250— w—
100— —
Lane 1 2 3 4 5 6 7

2 SpCas9 REZET{RBYRSIN PAM iR F
Fig. 2

In vitro PAM compatibility cleavage assay of SpCas9 and its mutants. (A—C) Linearized plasmids containing a

target sequence adjacent to TGG, TAG, TGC, TGT, GAA and GAT PAMs were incubated with the Cas9-sgRNA complex
(200 nmol/L) at 37 °C for 2 hours. The reaction products were analyzed using an electrophoresis system.

http://journals.im.ac.cn/cjbcn
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SpCas9
A bp Marker DNA 0 1 2 4 S 6 7 8
2 000—
1 000— s —Uncleaved
00 ——-—-~~-~]a ;
i \ eave
200 - — -
250— .
100— W—
Lane 1 2 3 4 5 7 8 9 10 11
B xCas9
bp Marker DNA 0 1 2 4 5 6 7 8
2 000—
1 000— — — e— . | S RS e (clcoved
_ - — e g — . o
700
500— — :ICleaved
- - -
25()— —
100— —
Lane 1 2 3 4 5 7 8 9 10 11
yCas9
C bp Marker DNA 0 1 2 4 5 6 7 8
2 000—
1000— m—— = - - = PN s gy — Uncleaved
700— — B B .-
500— Cleaved
- L ] - - . 4
250— ...
100—
Lane 1 2 3 4 5 7 8 9 10 11

3 SpCas9 K H 52 25 A Y A S Ao 8 85 5z 46 i)
Fig. 3

In vitro off-target activity assay of SpCas9 and its mutants. (A—C) A linearized plasmid target bearing the TGG

PAM was incubated with the Cas9-sgRNA complex (200 nmol/L) at 37 °C for 3 hours. No. 0 sgRNA was perfectly
matched and No. 1-8 were partially mismatched. The reaction products were analyzed using an electrophoresis system.

2.3 Cas9 BIIHLIE 4 47
2.3.1 PAM RBI4HT

A T f% Cas9 i PAM iR 5 FHLIE, A
FRATH AR CRISPR R4, FFLL, FATH
WA AT PAM JF 91 Cas9 45#) (TGG: SpCas9,
GAT: xCas9 Fll yCas9) #E47 T 200 ns [543 75 11
SERAL BRIEE R, FRATT e e X R e — Wik 5
PAM [ il B 5 UEA T Bt 2B, R BRTE xCas9 Fll
yCas9 1, 1 219 V& MM R EMHIE THY
1 335 Z A B 0UIA U, 9 1 1 333 1 1 335 1L
RILTRI S ZEME, DI 55 1 J8 Bl S5 R 1 A
HAER (Kl 4B 1 C). A5, FATA 1219, 1333

% : 010-64807509

F1 1 335 (i E LR I Sk AT T 8. LAw
R NS, THE IR W AR 5P R 5
# 25 J7 Hi s 22 (Root mean squared deviation,
RMSD), fERF K E R RMSD . T MD ##
PR 25 A FE BT B AT 58 4, BT ATRATT e B T
185-200 ns HYELHL LI 155 RMSD (& 4D-F). H
& 4D W%, SpCas9 /¥ 1 333 il 1 335 fi KLY
RMSD {E# 4x10™ m, ik xCas9 #il yCas9 (/] 4E
FIF). XK 1 219 {2 SRR AR fe3ss 1 1 333
i 1 335 vz LRz, HEMiHRE T Cas9 &
FIX) PAM R AIEE ST DA 25 UL, 1219 4%
FEFR R AT Z%T Cas9 i PAM TR 7= A 521

. cjb@im.ac.cn
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A SpCas9/TGG D 30

SpCas9/TGG

E1219
R1333
——RI1335

B 3.0
25+
20 ¢
151

0.5 ¢
0.0
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1.0 | WA

10 S
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xCas9/GAT
——EI1219V
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e
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Fig. 4 Structural insight into PAM recognition by SpCas9 and its mutants. (A—-C) Zoom-in views of PAM recognition
by SpCas9 (4UN3), xCas9 (6AEG) and yCas9, respectively. (D-F) RMSDs of 1 219, 1 333 and 1 335 residues in

SpCas9 (4UN3), xCas9 (6AEG) and yCas9, respectively.

2.3.2  JREEBLN 53T

AN, Rit— MR Cas9 KB FEHLER, AHF
S T TGG PAM J¥ 41/ xCas9 Fl yCas9 [
BEMA R . MD 2555, FRATHUH xCas9 Fil yCas9
JE—WI g, mEN1535 58 4R SpCas9

http://journals.im.ac.cn/cjbcn

MR ES, RIGX A 225 R REC 254181
SLAPTE . ML, 20 3313 T xCas9 Al SpCas9.,
yCas9 Fl SpCas9 f) REC 1) RMSD fi (/& 5A).
LZER IR, xCas9 B3 T 4.13x10™ m, yCas9 # 3
T 247107 m. ), AV T ALTF REC K
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H328

$3208.
’—P;\_.__ lﬁZS
4 R324
N40 - w
: K401
. ' { T404
RMSD: 4.13 A RMSD: 2.47 A D406 SpCas9
C D
s3202z.,\ 320
"4 ‘j » o
.()5321 o U Hi67 i
s H328 7
H167 NI s B &\)
K401®,

"L
%409

5 SpCas9 5HRTIRBILEHILE

xCas9

yCas9

Fig. 5 Structural comparison of SpCas9 with its mutants. (A) Superimposition of the REC lobes of SpCas9 (4UN3),
xCas9 (6K4P) and yCas9. (B-D) Zoom-in views of 324 and 409 residues in SpCas9, xCas9 and yCas9, respectively.
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