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Abstract

CRISPR-Cas9 system is widely used in gene editing because of its simple operation, flexibility, and
high recognition and cleavage efficiency, and it also has the potential for usage in gene therapy.
However, Streptococcus pyogenes Cas9 (SpCas9), the main component in the powerful system is
too large to be transferred to target cells, which limits its application. So it is necessary to shorten
the length of SpCas9. Previous studies revealed that SpCas9 executed its functions by several coo-
perate but relatively independent domains, so it is possible to optimize this protein section by
section. Nevertheless, the integrated structure of SpCas9 and the information on domain interact-
ing is still lacking in reported crystal structures. To solve this problem, this study analyzed the
structure of SpCas9-sgRNA-DNA complex using molecular dynamics (MD) simulation and dynamical
network analysis. Firstly, the missing fragment of the existing crystal structure was completed to
construct a ternary complex atomic structure containing full-length SpCas9 and non-complemen-
tary DNA strand. And then, after a long time MD simulation of this new structure, the interactions
between domains of SpCas9 were analyzed by dynamical network analysis. Finally, we determined
the key residues for SpCas9 domains to interact with each other. Compared with previous experi-
mental results, the identified sites are critical amino acids for proper SpCas9 function. Thus, this
study not only deepens the understanding of the working mechanisms of the CRIPSR-Cas9 system,
but also offers important guidelines for the optimization and improvement of the system.
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CRISPR-Cas9 R G & —FM#/EM R . REMHE. HARVIBIRERNERmERE AR, BEHTERET
IR, R, BT ZREHNEELA S Streptococcus pyogenes Cas9 (SpCas9)FE AT K, T FEELM
Zk, AMBFHESREAED, DRERZANEREE. ¥ RENMAHRR. AW TRV, SpCas9
SRS BN, &SI RRAE RS BN AR M ], 5 T & SR AT 2 P B LI E BB
AL . (BHRGE R RIEE R Z SpCasI 2 KW, REMBIAMALERANXRER. (X 0HE, &3
1z F4r¥3)1 /1% (Molecular Dynamics, MD)A3 A1 575 W45 431 77 VA BT FiSpCas9-sgRNA-DNAK & #145
. BRATE X COF BESEHRGRE R BIETHSE, MBT - MM E2KSpCasd XKDNAEK =THEEY
FEFE&. RENEEMEMHT KN R REMDERL, EEIEME ST LS T SpCas9EH &4
MR EAER, UM SpCasOZ MM BN RBEAER. 50F LR RIE, Frikim
fr R R SpCas9FE HIEH TR RBREMR. Fik, ABFFAMNT LUINE A% SpCasofE FBLHI Y T .,
#8SpCas9E B MM BUERMLERIR T .
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1. 5]

Cas9 7 Il %! CRISPR/Cas (Clustered regularly interspaced short palindromic repeats and CRISPR asso-
ciate) RE ML VIR, FI7EHTF RNA (single-guide RNA, sgRNA) 7 T[] 51 5 &, 4557 M U3 #E bR
DNA, FExt Ha AT W DIRI[1]-[4]. o HIRIERIME, DIRIRCR @5l sl, CRISPR-Cas9 R EiH) V2 M
FT2ER A g4 FE D8 A s S SUR[5]-[7]. JEaEk, EWAMBETTR T — RINFETIZRGEMERGIT
ST, MR EmOVRAR SpCas9 RLEHEAT MR s BT I I AN A5 B 3 PR A ik PR 4 O
[8]-[10]. {H &M SpCas9 Zhh /7 5{. EH K, i@ f ik stiT N, o2 BETES
WIS B, WAFAE L BOR W HE G i e B2, X BRI 1 CRISPR/Cas9 3 AR FE PR R 7 sk it S A [11] [12].
PRI L], iR i AR GRAE SpCas9 i It S ThREMI RNy, X BT s, 4k e LR T I 5

[ Py A Tl 25 44 5 T BEAIF 72358 4 AT T SpCas9 & [ I 544 S LI kML . Hoh, SpCas9 & [ Hi
1368 Z =R IR FEA B FRBE AT B 1, T HEAL R A iR (lobe) 544 : REC-lobe #6757 4 DNA HJiH
Jil, NUC-lobe i 54 DNA 85 Y), P lobe H1[H FIMTH% A SpCas9. sgRNA FHIAR DNA =2 [1AH BAE
R B 1 R T ERIE R SpCas9-sgRNA-DNA & &4 = 4k 45 Fy /Y (PDB ID: 4UNB3) [15], AJ'LL

()



T 4%

HNH domain

RuvC domain J <

Figure 1. The atomic structure of the SpCas9-sgRNA-DNA ternary complex [15]
[& 1. SpCas9-sgRNA-DNA =t & A HIRE FL5H#[15]

target DNA strand

PI domain

7 th SpCas9 I lobe i& T LAy N Z AN IRBAERIIR, EATZ [AIAHE M, FEFEISCHT DNA 13555 F1 87
Y. FARKE : REC-lobe B %5 sgRNA 454, ilid sgRNA FIASIE H AN KR B 45 & #h% DNA; %,
SpCas9 NUC-lobe [ /MZ BRI 45 /3 (HNH K RuvC 5 #4145) 73 31 %+ b J2 AE H A DNA 851t 47 85 1)
[13]-[16]. fEXANSFEH, SpCas9 MM R LK A . RIS M A AE AL SpCas9 &) T-1E 5 38 /K
BT B R R, HSOEMEFERRAC. A 7 ORUERE ) 58 BV M, 00 Z000) 45 4 33 8] PRV A B A FH oG SR adhAT
PN (R, H TR T I ek g 5 IR F G R 15 BAR R 6= .

B xb bk e 8, A ek 4> 1 3 71 2% (Molecular dynamics, MD) UL A1 5 25 W 2% 23 #1 5 0 0
SpCas9-sgRNA-DNA G &M H4, DAL= [AIAH FLAE I 5 & R 2EA 73 B SpCas9 2 A Uk ) 46 F4 4sk A] F A ELAE
A, B SpCas9 & 1 IR G 45 Fa 3 Al AH FLAE FH ) G B S B IR [17] [18], BAIIIR AT IR SpCas9 1 H AL
7 A, NS SpCas9 & Itk u& SR (it i He 5

2. HFEMREE
2.1. SpCas9-sgRNA-DNA = E M KBS FEIHFEN S

2.1.1. ERME

FRATLLH 1l 56 A2 B i =i 1) SpCas9 A&k 14451 (PDB ID: 4UN3) A AEfil, #& e B E &R T
B, H T 54 MD BLFIZIAS M 73 HT[15]. BT 4UN3 71 SpCas9 £ 1 F1 DNA BE#A v Bk, Fr
DAFRATT 1 e At R A R S5 2k Bt % T+ SpCas9 2y 5 A~ 8~17 kALK FEMIKEL, 48 H Modeller it
[RIEAR 2 (1) 7 9 HEAT AR 55 [19] . B 5 F AmberTools ) NAB #5847 9E T AN DNA 8592 K:[20] [21]. H
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T 4UN3 g5 H A5 11 AN (nucleotide, nt) ) 4E LA DNA B8, HAS DIFIERAL, RIULIRATHE 1 6 nt
ff) B-DNA F B, S5EAET 4 DNA $5%E 8. Hrid DNA 5550 SpCas9 VIEITE AT s . AMRIEHT  DNA
BT RS R, @i NAMD T 70 K Fr Bedh AT g & e /MU AL BE[22] . SpCas9 £ 1 4h 55 J1 Bl DNA
i E K P B S R 350K AR 2 SCHR[15]

B 4K SpCas9. AEH b DNA 55 55 A sgRNA. H4h DNA 5E41%:, {#H NAMD ¥ IMD 3}
REXTHT v BOEAT )R Al ik, DLV BRSBTSl N R R iR [23]. B4, ARG Ou & & i AL 4 )8
BT (Mg?), 3575555 SpCas9-sgRNA-DNA & &4 (1 45 1 J5 TA6E AL,

2.1.2. BXEF MD HE#L

NIF T A AN DX A R ELAE P, FRATTH NAMD o 35746 22 0 52 A R R 4T 1 Kk ) R ) S
A MD B F 2 T AT FE T VMD @ NEEUH (2 5 —Ia A R4, KA CHARMM27 71354
REGWINE AR SRS T, VEFIKERSE A TIP3P iR [24] [25]. 1 SR E T—& KT &
TFof, ARIERE BA L SEE KT, FEIMA— R H P S F(Na sk CI), DAHER R RIS
T (0.15 mol/L 1) Je AR FF RGu s P ATk i RS R4 R &7 R 160.8 A x 151.2 A x 186.5 A, %7
T #9 135,000 MK T MD B TER « 15 RIE 2R 730 R ZE(N-P-T R EZ8) R AV 1 F 26 Rk AT
PR 147708 298.15 K A1 1 atm, HELLFTH MR DK 2 fo 7ERLH, N Berendsen J5 i 18 %
REGNIRIES K7y, R8s R PME Jridah 8, S0 0 SR AT )57 (cutoff = 10 A), 545
JEF R A6 SR B K A SHAKE VR R LR

2.2. BISMEDHT

22.1. FHAME A

B P4 — AT L 2 M A 7. SRR, B MR R I R R, kDA
SEWTE I B2 U, IR SRR, A5 M AT O R R, 207k eh O A R R
(R AR A T TR BRI — N BRSO S0, AT A A R A
AR FIBOH A LA TE RS, 13 T R AL R S R . S A M B R S L, R
M7 335 2 L7 43T 45 4 o 0 A 02 03 L [17] [18]

TR R A 4% (R B e, 7 2 AR LB IS 1 ST 15 157 75 2 6D (O A 96 2R B[26] . A% R BT
(S A 1~1, R SR B4t EL B B 0 200, DA, JEARAR AN
Z AR RS OB o Fob, B8 AR PR SO ORI RRUE g 0 SN 01 O B B E 759%0)
BB T 4.5 A, AN A 7R R 3501,

A A B LR, AT ALK G5 RISy . FTABALIS, RSB A 1 — AN TE R %, 76 T 2%
o, P I O R R R T S A A, P b, K 2 I AR AT e, T i
SALAEAE R A X 6] 0 VPR B 6 L P . 150 T HHEAT R M, WEFT ARt S R (T2,
SRS I SRR, R A R AR T A P (4 S5

2.2.2. EEYMXBAULHEITME D

i H VMD 130175 W 2 23 i Hont SpCas9 & & ML kAT 0 #r o 87 S8 DA AN B AN X TP R
R, MEREFTA T SR A R B A s FET AR R B B, THRBIAMZ A, BT IX
Mk oys Bm, TR XA B A, 3 SpCas9 & 173 il 5 sgRNA. DNA 1 JH () S 3 i kAT
RMSD 7341, 36 UE SCHE A s AT FE T o

XAV EAT RMSD M B ARYE . 7E9 T3 ) R, Sm A FLAE F ki

©,
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TERGiFa 8 G S IR A 4E R LB B AR R 5, R4 X BRI 2H & 1) RMSD {38 5 (R FFE BN K .

BARBIRANT : RIESHASME T JRRE, A EAE I SCBET 5 0 IE B AE 75% L P h #/NT- 45 A,

ERERX AT SRR R R EMHEEAERARR, B ILFRIES ) RMSD B4 4R R B/ K
Fo Flan, AL as b RPN, b a NEIERESE, ¢ BoR a gl FIUARIET S a 50254,
HEMLOHH S b AMEEIERILMRIE, RSSO, 4 a. b A/EAS . b [A/ER
FasE, N ab 441 RMSD {i/MT cb 414 1) RMSD 14 .

3. BR 5118

3.1 EnEAYETFIERES VD #1944

S EEYR TR @R E SR 2 s, Hrp, #h 3R Cas9 ik X I A 5 Cas9
B A BEAR g5 R R, T 2B A FE A DNA B I 7E Cas9 VI HE A0 X i, £t — 2 5 sgRNA.,
H4 DNA #EHE: 5, 5T 2BNESYHET,

FATT LR E AWi#1T47 100 ns 7 MD #4100, 285, IE—Mi MD S0 iR B E SR %,
LA — WU AS R Rt 55 88— %) RMSD 18, 4581415 3 ftn. BRI, MK RAEZ) 30 ns
JEaTaE. Wik, FEmshAM L a0 A2 30 ns LS ) MD AL
3.2. MD =T ISR 534

MD L = 0 & SpCas9 7k FE. sgRNA & DNA HIAHSC & 4 Fiom . HomE AR bR A Ak
FRBFORE SIS NRIE T, A SR o N AR EE R A O R Bk e, ik, ARk, =

SpCas9 protein

Base pairs from -9 to -4
ﬁ&&
=Y
+ —_ .\:\ym"’,)

/\. ,‘;'1”1’! l‘}
Non-complementary +
Base pairs from -3 to 8 DNA strand

sgRNA and
complementary DNA strand

Red dash in SpCas9 lines are missing fragments in the crystal structure. Residues shown as dots
are active sites for shearing non-complementary DNA strand. 214 £k % 7% SpCas9 s i 45#4
R B RIS R ) AE BN DNA BTG TEAL

Figure 2. Schematic diagram of building atomic model of SpCas9-sgRNA-DNA
complex
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Figure 3. MD RMSD of the ternary complex with respect to the initial structure
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Figure 4. MD correlation coefficients of the ternary complex
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i, KR - A BRI X R R AN RIS L B 5 S AR TR IR TE = AR O . UK SR ARN
i, AR REOSFRHES, 55RO R BT SIS ARTE B AR A O R E00 AT B B4 T A X
S FRRLIR AN S E AL . KPR X I AWy, 53508 sgRNA F1 DNA, 8 X 754
P 5, 43 51oA SpCas9 [ REC-lobe F1 NUC-lobe, X894 #5245 Ky BEWD 45, it B A G 1k
P I CIETA G

Kl 5 JRR T BT AR KRB A AT AN A i 45 5 ] S(a) =BT A T AR s ML B, koG
AR CAUERE . W B S E S AVIA . HE— Db, KT R A AR R 1 FH 555 EAT IR (1 5(0)),
ATCAEH, RN (7T s IR E SRR Y . FRAT TR I I 2 AT T AEIX KI5y, 25 R 5(c)
FiR, &R BAMCAFFE . 58 A5 el ORI, #EX 105 = u " &Y+ sgRNA. DNA
J SpCas9 IR Lk 4l My i FE W 45, DRI M@ 20 A DX 1R) AR ELAE Y, o] LB R = Jo B A0 4% 45 M 38 1 A
HAEH . 3R SpCas9 &5 M3 Al AH HAE FH B SB E 5L 1R, FRATHEAT 1 41 X IR AH FL I R R DG BT s 111 55
(E 5(d)), HBELBAR=0E MR TSR, aTUREL, 2805 S AE XA TS Mt 2 18], 7
B IR A5 AL I ELAE F 2 Rl

AV, 1EFTA M ERCR DT mh, 08 7 HEIER- TR IE 17 5. SpCas9 A4 14t
BoRIX 7 MRS sgRNA/DNA KAF TAEFI[14]. A48T S ol ek, A0 ik 7 ek
% - AR AT T RMSD 20 #T. 7 1 FIH T &M 4 0 Wik 2 S5 IR - 1 R T st , S RMSD 4
Dipun el PO e = e Y N B S VAS RS = Yl ol N R VN VN S SR AL C RSP S £
FRAHILL . MD R a2 i 25 SC B 2 L IR Jn] BR R R 42 R T 5 M BAZ AT R (1) RMSD B K He Gt it 25 SR an 1+
6 fi7n. 76 RMSD T4 FE H BL MD RS E Ji5 I 58 — MU E N S R

Ho, FHANSXH RMSD {H B ER T XA, R S RAAARIMEER. (UF
49ADE-76LYS. 45URA-401LYS WA i xF (K] RMSD B RS A, R AT A AR T b R B (A R) 5
X IEZH RS 2R VR 52 B e I AN H] o 234t MDD ABSEHDLER I A T, R A7 it e, () AR i 11 22 22k 5 4 LA
{147 ot SR A T 7 246K 22 B 1) P AR FERR B M R, B R TR BE VS B PR AR5, A i Z /D S w8 3t vl {6
FAEE R AR KR A TR R BRI EE RS = IEsE, HAEOBE A S —AMAFR B R AI3E,
FUTCEE P A AE A FE R B LA e RN AT #53)),  S BOR Z IR BE I F RAE S MD LI F2 R D AR F)
FrLL, #a IR 5 RS 2 R AE L) RMSD HE 2 DA B 6 2 e 5 Tt e M A R 1 R i e v, IR B 7 %
REER - AT RRAEI PR 2R R R P RE RIE I R R AN, NZS 5 HT 15211 832 Arg #1 1311 His
WSLIEAIE 2 5 AR H A DNA BERIIR B RCRAT e [27]0 X LeLE AL BE T, @i 5h A R4 20 M iR il et A HAF
FH O AR 2 T S

BT HENESIER, RATEERI B AR ST T2k, g8k 2. B 7 For. Hi,
R 25 TR ARG R T 10 FIZERR -SRI DGR U6 . X BT SO AT LA R = ANy S
B RO AT AR T NUC-lobe, SHVIRIZE NI G 2 JE B, 25 DNA Y)JEIH K
O TR T R SO S PN T S A7 T REC-lobe, YR S5 FI P FE R e B IR, 1B 5 DNA
WA I B8 =B 4 1 RO LB B AN 1T 55 23 A TANIR] lobe, 78 VR I D E ) e 4l 2 ke 8 22
TER . tFE DTS RRE, XL s IR B R OGN A, T AL EER OB ML R .
X LG 2 VELH T REIE A ik — 20 I SLER IR IF

4, &Eig

N7 SpCas9 A5 Ik ] R ILAE R, ASCHE A7 d iR i H LAtk B, #5230 . DI TRIRES
T ¥ SpCas9-sgRNA-DNA = e HE AW ; ilid MD BRI AN 73BT, AT 5 A0 & Tl e [0 A FLIC
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Figure 5. Dynamical network analysis. (a) Unweighted network of SpCas9 complex; (b) Network of SpCas9 com-
plex shown with edge widths corresponding to their weights; (c) Communities of SpCas9 complex painted with dif-
ferent colors; (d) Key node pairs connecting interacting communities. Key nodes are shown as yellow dots. Interact-
ing amino acid-amino acid nodes and amino acid-nucleotide nodes are connected with yellow and red lines respec-
tively

5. BB S . (a) SpCasd EAMTWNEML; (b)ATESNEMIT R A SpCasd EAMIMLE; (C)AARE
B R/REY SpCasd EAMRXK 5 ; (EREEHRHXETAN. XBETAUESRR. DESER -
SEBTSEEERER - RHBT S 75 AREFIZ%ER

Table 1. Amino acid-nucleotide key node pairs

F 1 BEE - HHRXET R

AA residue DNA/RNA DNA/RNA chain control AA residue
62T 63URA SgRNA 61A
76 K 49ADE SgRNA 75R
163 K 48ADE SgRNA 164F
401 K 45URA sgRNA 400R
839D 12THY targetDNA 840H
866 K 21THY targetDNA 864R

1019R 28THY targetDNA 1020K
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Table 2. Key pairs of SpCas9 amino acids
= 2. SpCas9 SEEL K17 xd

NUC lobe REC lobe Both
53F-1096K 81Y-473I 218K-832R
54D-735K 215R-327E 374K-874E
762E-958L 272D-653R
932A-955V Y450-F626

750V-1356Y 596D-656Y
908L-1311H
981Y-1225E
985H-1230S

1141Y-1198L

10941-1225E
S v 0 — O
A QI N < o ee) e}
- ol C — — >0 o
X @ —_—— = = == =
|| | | || | | I | |
NUC
RuvC I PI RuvC Il HNH RuvC I I
S % > T @ Lobe
O —1 o o S+ o~
< S SEESEV NS
—
o0
<t
— (o] [ele}
<t % o S ';‘ —
= = al ‘ = REC
........... BH REC1 REC2 REC1 L b
T T T T T 1 11 0be
ol f=J O O OO
~ ey [ e i
«a < [RNC) oo

Each amino acid in a pair is labeled in the same color. 454141 SR i AR TR LUK RIS R

Figure 7. Schematic of key pairs of SpCas9 amino acids
[&] 7. SpCas9 EEER X s X ~EE

RIS W2 Bk XK1 73, KB 24 X 5 2 W) = AN 73 e SpCas9 Tk 2 45 Kagial e FE W 5 e »
I A (R AR ELIE AR AR BT L T, 3RS T AR SR IR - i RMSD 737 K 5 LAl S
SOOI, PN R OGS R R AR BT EE . Kk, A ST DUIAR AT SpCas9 1 B 1 #
1M H oA e 221 SpCas9 (AR Be i S it S 2 (1 BB 4R =

B oW

TR BRGSO B R I R 5t W A AR TSRO 7O 15 21 25X B 88
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