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Basic properties and research methods of a new CRISPR-Cas
system: CasX as an example
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Abstract: CRISPR-Cas systems that are widely presented in bacteria and archaea, as the only adaptive
immune system found in prokaryotes so far, resist the invasion of viruses and plasmids. Since the 1980s,
several basic aspects of CRISPR-Cas systems have gradually become clear, including acronym,
classification, and evolutionary relationships. Last decade, class 1l CRISPR-Cas systems, whose effector
complexes have a simple architecture, have been attractive for developing a new generation of genome
editing technologies. In order to make such gene editing tools safer and more convenient in practical
applications, it is equally important to discover new CRISPR-Cas systems while optimizing discovered
CRISPR-Cas systems through breakthroughs in the basic research area. This article takes CasX discovered
in 2017 as an example, to outline the basic properties for a new type or subtype of CRISPR-Cas system
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and accompanying research methods.
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QAR IR sk ai o —4E, WE 3 A%
10 AYNE S5 \FE— ERMmERR 5, i inh 4
P12# 5 Andrew Knoll frist: “sh# st g~ i
ke B AOBERE, T A R FE T R EAEAA”, A
HuBRZEAKIHAL TR 5 W GEiR 2 T o SR
FERCTE K AL DR, AR5 R AR PN 1) L
PRSI RG 5 e R R G —[FXHUE LA &
B 28R R R, AR RRR AL 4t
IHHLAL”

PR AN 5 L I AR I, FR A
5 PR B R B] B 6 91 307 37 (Clustered: Regularly
Interspaced Short Palindromic Repeats) 5 HAH G 3
cas (CRISPR-Associated Sequences)ZH Jifi it ik —
T8 N 2R 8 ——CRISPR-Cas R4, H 20 42
80 FARMFFE A I b e VEMFIE IR R T &2y 41 2
Jei, 20 HEZEHT, FR T AR 2 A R R TR SR AL
¥, JTEZAEAER) CRISPR M4 15 B 455
“CRISPR” i % i i) 7€ SCARAG—BOA W] o FERIEZ
RGNE WM R REZ I, S Z R G A L
il Ko FLZH B3 B S5 A AN DI REIIF 5 AN T A J 58 3 o
2012 4, Cas9 WTER“/rFF AR UIResR /i~ Z
J& , IEH4E3k, CRISPR-Cas Z 45 R L “ 5 —1T
DR G T EL ) S I A ok B 22 AP T i o

CRISPR-Cas R LM N 3 DEEL
R, 1R, (1) fEREIRIT S AREEE
BUTORLER 73 B R A B 53] CRISPR [ 4471
Hh AT AR A S R 1 R0 1 AR S I TR AR R PR A
2. (2) &AL crRNA: CRISPR [ 1] 53t i i 1A
crRNA (crRNA Precursor, pre-crRNA)F-#HN T4
R crRNA, A crRNA H BAA[a] B 7 41) A H:
W3 A EE P AN . (3) THANE HARF
G HAE crRNA B985, 0 BT IR Al
Y AMIEIE A

F il CRISPR-Cas R B R, Ik

— B Jg 6 FhSTIAN 33 AL, AR
F RN FERAR TSR | R SRR LA B 5K
I B2 CRISPR-Cas 2 48 1 X BI7E T4 i
AL crRNA 5T HE4MIE H br 341 19 32 A8 o it &4
YO0 26 1T

AL CRISPR-CasX A 145 Flt CRISPR-Cas
RGN R BRI ST Ry 41, f] ZEMEAR B RS X —Fh o
KB CRISPR-Cas & 4t, TEZH TR 5T T 75
B A FEA SR M S AR S I T s

1 M CRISPR #FH4HE R BH K CRISPR-
Cas &4

1987 4§, Ishino S 1E AT B ) ik W8 R )
LA (iap) Y -3 M3 A 2 B T 5 4 BE [R5 Y
Jea, EATTER R 29 nt K E P A 32 nt K1
6] B e S A A, I HLAE 2 81 R A 5 — X —
JUXIFRIG S, 1025 X 26 e 4 55 2 A0 A A )
SER 2 A K BRIEER, bR, BFFS A 5T
1993 4F 1 1999 /35I| 7E Mycobacterium tuberculosis
F1 Streptococcus pyogenes HAHZE & BL T A LUFRAE
()54, It SER AL T H R 7E 20 1H4E 90 4F
AR S , KA YRl h A SRR IR 7 91 18 A
FRIEZ Wi € N2k . %433 DVR (Direct Variable
Repeats) . TREP (Tandem Repeats). LTRR (Long
Tandemly Repeated Repetitive Sequences). SRSR
(Short Regularly Spaced Repeats). LCTR (Large
Clusters of Tandem Repeats) fil SPIDR (Spacer
Interspaced Direct Repeats)[I4i5 A2, &F
1E 2002 4 CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats)f: h—Z0A AT 465 Wy
FAZEAPL [, i wiiE T CRISPR 3L
L EEA R 1) AAE2 AR R TS
(24-50 bp), XUEH K JPH) Z B B H AR
FPo S (2) EREIPHZE B MREIERELE T
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] ) >4l Protospacer
PAMC ] Cas2 TAFEH] A1
Repeat 1] iy - 571 Adaptation
l Spacer
—HlYE /
CRISPR array
lTranscription \
pre-crRNA T erRNA
crRNA biogenesis
lProcessing
Y )

-
After identified, the foreign genetic

fragments are cleaved and consequently
inactivated.

Class I1

1 CRISPR-Cas R4t AYiE M 1% % Z H I8

crRNA

} TS BRI

Interference

Figure 1 Adaptive immunity mechanism of CRISPR-Cas system

(3) ZEWFI ) CRISPR JE[R A b A7 76 B0 s 3k
X 2H 5 TS 971 (100—200 bp & & AT FIF51);
(4) CRISPR LK s vh 3 K B FF AR E BEAE 5 (B) A7
#£ CRISPR J [H [ Fli [ A7 4E casl DL I cas2.,
cas3 o, cas4 LHO i 2 proR.

FR A i S 4, AR DR AL B P - 4k o
CRISPR-Cas R4 LA ARG AL, —LFfEFdH
FH4k % J& W3k, 41 CRISPRFinder” . CRT®
CRISPRDetect! 1 CRISPRdigger™45

Bl DT R R ik — 2 ke, SRR
CRISPR  J [A] JAE A 1 Jry PR T 48 552 4 3 455 % 5000

HyIAh ., 225 R 4H 2 (Metagenomics) it 5 38 1L 78
H SR IREE B XA WIS RAE R IR EL DNA JF
SIE R, 15 A SR A v AR B R F7 1 99% I Tl AE
BLARFFE M, 2017 4, Burstein 2575 3 4 M
KINEIRNAGEPR LT 3 Fogrflsy 2 2
CRISPR-Cas 24", Hrfr CasX F1 CasY &tz
Ja WP S RESE 0 Hr , M4 Cas 25 i 44 FLU B 44
“k Casl12e il Cas12d™®, %5 3 #hi & LAY Cas9 J&
FEH TS 1 IR BLIAS 2 25 CRISPR-Cas &4¢,
FfH A CasY —H, 7T A1 5206 2 55 55 4 TR H 4
REHA,

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1230

(DGR ESTE(

Microbiol. China

—_—

T
Spacer

il
Repeat

) m—

cas gene
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Figure 2 The genome organization of CRISPR-Cas system

2 CRISPR-Cas R4t WA & HAIWFSE T 1%
2.1 CRISPR-Cas 24 5THIiE %

2005 4, 3 AN [A] B 9E /N2 LT [ s 45 )
CRISPR 3[R 41 H 75 {uL Bifi #1114 [1) B )32 1) S B | 5
W3 B BBORLAE AL (9 DNA JEFIG R, 2 A
AT CRISPR AIRERSHZAYA RNAI (RNA
Interference) S b1 1Y — i I A% A= 9 B AR BIL 1 %) 15
O SRS 45 R T CRISPR-Cas R 4i 1S
RPEGRESRE : (1) CRISPR 3[R AR 7E % 1V [ Bt ELA
FEWETR A DNA I T GsiRIba T8 Re 15 (2)
. MHERERS HE CRISPR 3 PR A8 Hh 54 18] B 2 91 %
S RO W TR AT 1 3T L Bk s sg s (3) cas

Target gene

O

Antibiotic resistance gene

CRISPR array

S 51 1 B BT B,

CRISPR-Cas R4t %O H e BT U1 7ML A
B, DR AR 11 B U109 1 e — TR AR R
fRT ARG E PR B IE BT R CRISPR-Cas R 4Ef0iE 1, AT
AT BRI BT D) 5250 . SEgw R B AN 3 o, A
WA CRISPR-Cas R Bk Z I, KA AT LA
AL PR AR RS, DR IR, AR S — AN
A CRISPR-Cas &4t HFr/¥ 4 BT BUbi# 2% R 48
BCSGYT, WHZA0 R oIk e 3R 58 FaksiAE K, AP
A B iEiZ CRISPR-Cas R4t HAZRR BT VIV 1 - Burstein
SEAE R PR CasX 22 J MR b SR BRI T A SE R I IE T
CRISPR-CasX #4iHA DNA B35 1,

CRISPR
\g‘ O
Antibiotic resistance gene

Antibiotics selection

B3 CasX Bt FHMRETEE
Figure 3 Diagram of CasX plasmid interference assays

e FEDUHEERRRE SR F b, KRIGFT B Tk 8 CRISPR-CasX REEXTHIA Hbr ¥4I Btk Bk 175747
Note: In a resistant selection medium, CRISPR-Cas system expressed in E. coli cuts resistant plasmids carrying target sequences
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2.2 PAM

¥ CRISPR-Cas R GE7E P 1 4 1Yl ik
% ¥ %1 (Protospacer Adjacent Motifs, PAM)J5 A4
2 FF Jia %o 1) B e 510 A 4 2K B He H bR 81 16 25
4, JFH PAM Ui T 6] R 51 i 7 1 o
WA E#TE CRISPR-Cas R4 IThEIRSIAY PAM
FEREE,

e BERIT AR 5 3k FREALT S, nE 4
FIE7R |, 308 3 95 e FHL K S 30 e £ e s o b 4
FA, Gt e H AR P51 5 A 3" Bl HLF 51 B R
I 2 W 11 R 1 BEAE %, LIk AT DA #f A2 4% A
CRISPR-Cas RGN PAM, X+ CasX, H
XEREF PAM g B FRF 41 539 TTCNEA,

B FHEER LUK SE 304, Karvelis %7 Cas12
(1 55 U1 AR 26 H AR XUsE DNA 35 Y15, T
53 B —Fh O 0 vk s R R DB B AR A O 7R
LIS (R 2 i A T4 DNA Y8200 dNTP, &
SEATRE T AL IR R iy s 2 JE W OB AR R
75 °C 21k T4 DNA HEHRERI RN, A Tag
Al dATP, SAESU)- PR imhn b 3-dA 1
PAESE H s fE PRV 3 T4 DNA S H2 6 558 i A
M 3'-dT BBEZE H A XU%E DNA (Adapter, 1& fic
FF50) A RS, i 5 TR, e PCR X
FEANY 22 05, W o B i e A IS By 41 1 B AR
¥ 8 B X N R PAM Y BB R, 4K T A2 1%
CRISPR-Cas 4t fir il i) PAMIS],

W W

Target gene

5'“NNNNNNN-| |-NNNNNNN-3’

4 AT PAM FIIM&ITHIFS
Figure 4 Sequences designed to find PAM sequences
T N ATE—FETER
Note: N: A random nucleotide
2.3 crRNA #0 tracrRNA
CRISPR-Cas % 4t (500 £ 77 2 AR 4 crRNA
36 A REAE D) I SN IR EL Il Be . AE— 2
CRISPR-Cas R4t H', AW & H 7 2 5 XWoC Ky
tracrRNA:CrRNA 45 G A RE L #EAEH], EFbin Cas9.
Burstein 557£1% CasX LM% CRISPR JE[H A1
RNA #6554 & B, cas2 [ FF LI 32HE 5 CRISPR
Mg Z a4 B B A RS fS RNA S5 584, JFH 5
SIS 5 AN o B 9 B
BT 201 CasX 89 U FURLRE J7 1Y Bt ik — 204
T CasX KHFIEH RETTE tracrRNA (195 50,
TERFFE RN B BEi, 38 H 15t —FP sgRNA
(Single Guide RNA)ILEE tracrRNA:crRNA, 40
K 6 FIT7is , sgRNA {47 tracrRNA:CrRNA A4,
TE 5/~ 2R Iy A A TR 0 3 Rl i % T 0 55 H
FPANahG T 3 A S 14 [1) 3 e 51T XU 45 ) 55 %
WA, RN —oiE R i T e Lo
A AT RIS sgRNA, 3543 T sgRNA 5
Alicyclobacillus acidoterrestris C2c1 )& &4 iniAkss
#), FETEULEER E M T AnaC2cl FFEFAFLEILE.

NNNNNNNI|I|I|I|I||||||||

lT4 DNA ligase + dN'TP

W W

NNNNNNN LD T

l Taq polymerase +

W W

NNNNNNN T L

lT4 DNA ligase + Adapter

3’ NNNNNNN.LLLLLLLLLLl|zTTTTTTTT|||||||||||||”|””

5 & BHRVIEIFMFEERFYREREER SRR REE
Figure 5 Workflow of generating unique junction of target cleavage and adapter ligation
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PAM  Target sequence

crRNA

tracrRNA
tracrRNA:crRNA dual RNA

6 TracrRNA:crRNA ZJT RNA & sgRNA
Figure 6 Dual-guide RNA and single-guide RNA

2.4 EiYlEe h 5EIERT

3t PAM LG crRNA 35S, 2000 8 1
LY HVFING S, I RERR N YIS, /£ H
1 DNA H4HERY 50N F 2P A%, Zadib sk
BRI B Z )5, YL W eI L vk 45 R
7~: TS (Target Strand)#1 NTS (Non-Target Strand)
FIFRAL UK GE#RAT JLASHAZE 1 nt OS5, Qi 7 B,
r JH AT LAHED HY CRISPR-Cas 2 44500 25 11 i N )
it 5 PR S LAE 2 454 B BT UIA 4. CasX X Y
crRNA 25 HFRF417E PAM [-3'55 H AN 20 nt,
It X HFRIFAIR 2 2585884 B UG M, 2576 NTS
Y 12-14 AL Z A1 AN TS _F 1) 2225 43 22 6] 3k 4755
YI, BIYISERLZ R4 R 2 10 nt Y B X R,

MWAMEL RS FiR Karvelis 25548 PAM #H
L7 R0, S S B U S I Y 8 A
(R F 50 BRI, T A HH AN B T A BT DDA o
25 ZEMERSHS

R F-W A Ab e e 36 LT RE L 45 14 LR )
(1) K Je fefi A B R 1B 22 A ) R 40 B ME BT A BITR A
PR, Ay ) pi SRR T SR

% 1 2% CRISPR-Cas 4t & ()&
4-7 4~ Cas HE AW LA A 59, inlEl 8 iR .
I-E % CRISPR-Cas R4, Ry 5 Cas
HEAA M 11 WK 5 ¥ (Cascade), Zhao SEffHT
T Escherichia coli [) Cascade & -&¥4hity, *FF
%5 125 CRISPR-Cas R4t T-44ME H b1 )37 41 HHL |

Loop C

PAM Target sequence

TITTTTITITITI I TITIIT
111l

crRNA

tracrRNA

sgRNA

ST BB A, 11-A % CRISPR-Cas %
it 5 MAERY Csm & 15 crRNA —[RIZH A Csm
MK AW, You 45 At T Streptococcus
thermophilus H A AR B Csm E & Y450
(SthCsm), FRGLH A T 2 CRISPR-Cas &4t
KV N PE SRR S RE 2 AL

&
& &
& ~9v
@M S
e e NTS/TS
-
— | —
E NTS
= [Ts
—
=
NTS: 2.5’ PAM i
. TTTTITITITITTIIITIIIITIT
L LI LLL L LLRLL TTT 5-2P: TS
crRNA

B7 SYILBTEE

Figure 7 Diagram of cleavage assays

VE = 385 U A 4 B U =2 05 0 7 ) A B TT LA T Cas
e SRR DAY

Note: By detecting the length of products, the cleavage site of a
Cas protein can be figured out
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CasCo6

CasC6 i
CasA

E. coli cascade complex

SthCsm complex

El8 2M% 1XYNERESUMEKRLGH

Figure 8 Overall structures of 2 effector complexes in Class |
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MHZ T, 45 2 2% CRISPR-Cas £ 4 A0 &
R —AN o 24530 B LB A AR, X
1555 2 2% CRISPR-Cas 2 4t # Jin { F ettt ik
—AQIE R G T L P ISR R B RN B
 Cas9, —Ff crRNA KSR NVINE, &4
RuvC il HNH iX 2 SAHE GBI S5#3sk, T LA43Jill
X NTS H1 TS #EA78791%2 . v K i%osiE A, U
Casl2a, B Cpfl M, 1&A 2 125 RuvC #%
R EGLE RS, A HNH 254438, Cpfl —/ R
itg 25 A B AR Bk T & A A F 5 Cas9
HNH 25 AR LR S REPS, — RS 40 e 45
Lni& 9 fir 7 (SpCas9, PDB: 4UN3; LbCpfl, PDB:
5XUV). —HZIFAMERIAE A2, Cpfl &
FEVEMETIRE I RS tracrRNAPY ) g R
PAM 15 Cas9 %5

B9 45 2% Cas EAMBIKREMLLE

DpbCasX

CasX (Casl2e)i#Rt /2 V ZEM)—Fpai i &
M, (BRGNS S5 e & 0 B 5 Cpfl,
Casl2b H H1FL 255, K 9 i/ .CasX 5 Casl2a,
Cas12b AN A5 LA, E LA FEELEEL RuvC
OBD (Oligonucleotide-Binding Domain) . Helical-1.
Helical-11 , TSL (Target-Strand Loading) . NTSB
(Non-Target-Strand Binding) il BH (Bridge Helix),
H A7 RuvC %54 RNA ) OBD 19/~ Fg dak 1) A
IR P R, T A 235 g 3 R 9K O A ALY 2
e, ARG AR F2ER; CasX gk
2 NE LS F IS NTSB Ml TSL, NTSB 5 NTS
G55 I H B AUE DNA f#TE, B NTSB Z )5, K
ffiE ) DNA BLICIEBE BT U], TSL 25k s Fif
BT R SR BE LS G, T B A5 5 3 RuvC IPEH]
iz 5 0

REC lobe

NUC lobe

RuvC

AacCasl2b

REC lobe

NUC lobe

Figure 9 Comparison of overall structures of 4 Cas proteins in Class 11
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BT RN 14, CRISPR-Cas %4t K 444EH
(HT 2 25 SR IRIAE T 2 4500 (5 B4 BEAS HERR 2
UN7ESs— i@ % i Casl 1 Cas2 RIEVER, figk
AR DNA ¥, FRRHAR AR CRISPR K]
Mg, BB IRIBR Y 81 . 2015 4F, Wang %5k
P Casl-Cas2 & A ¥)JE /M DNA KB HLE],
Il it B A YIS S BB T CRISPR-Cas 24t
X PAM 8RR MR B A 3, AR b
¥lixX —4E Casl-Cas2 WIMERT T LL—F“5y4]-kl
I 7 e R,

26 KBIERALAAIIEUE

SRR BT X T 5% A% R Il 4 B 11 T Ok T C
RIEAC ISR, (B RIS 5 AR AR L SR it e A 2
[ Horp— AN B3R . CRISPR-Cas R 401E A 45
REM L AR P9 A 2R EAE T, AR E AR
FAHEAER . EA-ZRMAEAERS. @i Fre
FE A AR S 1 5 AR R BT DL L 0 M WS 3 Ly
MEHAER . S8, B8, 5 AR . 8
XA EAE, WS G AT AR S A
PRLEA R TT . dSDNA f#ER 7= ARk %
PEAL RTINS AR M A 2 (HEX
SEAH BAE AR TE RS B 2 2 (A 0 R R RS
HT IR A TE 0, 5 BRI S B AR R A A FT S
A B T B A T B T — R B RHIESE K

5, T LUK SCHEAT i B 2 SRR sk 5L A T
SCRAR B W R A R R D BT R A, 2
J5 AT RN S A H FR DNA B 59 UJTE 5 IE
1E CasX M2 BRI NTSB 2544 5 4% 5 DNA
MR BE A AR, H I %5 dsDNA i g
KN T BUE X — AR 1 T — R A A s
B K B> NTSB 45 #4511 CasX, B CasX
(A101-191), ANFFREMS BT Y] dsDNA, (HZKIHLE R
4 ssDNA BIYI3GM:, I H X ssDNA Ay 55 Y176 Al
5 FHPAE R CasX, X—RINLEREH] NTSB 4544
Wk BRI DNA S e S HER ,
MBI 1 388 1 25 A6 780 15 1 i s AR Y ol P

AHTRIR )4, Liu 2876 %F LshCas13a-crRNA 454443
Mg 2emt b, BUFE T Helical-1 454948 {357 )
Arg438 FIAE{RAF Y Lys44l %FF 1. pre-crRNA ()
S R,

BEAb, 50 F B 1A A S5 R T A 56 UE ) 1A
[EIREAT 36 B EE L 194 Estarellas 2541 4> 130 11
SRS BRI AR SR 2 2 v R e BRSS9
T pre-crRNA ] Cas6f 5 RNA B SHI45H, Bk
T Ser148 il His29 ftZ.igfbshfe SHLEE 2 3
T8 Jy 2R AT DL 1 158 s A G B A
S5 BRFT B M A P AR B 20 A A O, B8 U I Ak
TAHE A IR R
2.7 REIERHFIEER

CRISPR-Cas R4t K #/EHING 3 > FE IR
e HARIIBEIT S5 A crRNA; THAMNE H bR
FEA . SR HAA %) 4 —Ff CRISPR-Cas 4%, G
W3 AL AT A TR TE, LR
e 58 BT P AN B A5 e 41 2o A2 v o 2 G 45
P s o FEAR 25 R, it 3 AR I A0 2K 11 AG 2K
1M CRISPR-Cas ARG AWK I, WFITHE IR
A CRISPR-Cas R4t, 7£3L 50 Hds i) L R A&
FI 45 B LR b, 2280 B 27810 R JEA T8 1 Fn 4
RYETR Z 05, AT MY A9 VE LR LR,
CRISPR-Cas13a 426301

CasX THEBIYI HF: DNA [ 2 455, HEH
A —A RuvC Z5H3, 5 e T RE 17 L 2 7E
Y — 48k 2 5 2 R AR AR, (155 2 ST
LIRSt R R s S kR, B
A B RE /MBI TR SR, 5L 558 5N T 4
4. CasX-sgRNA-DNA 2 & Wy i |, 5% 235 A4 JIF 52
CasX By Y] Hbr DNA WL Ak FE58 1 Fiiy
% RuvC 5 NTS 456 85Y), BEfE MR
153 TS fB7E TSL 45#3 i 5 B T 454 2 RuvC fE
JRA 25 e A el

Liu %4 CasX KIFEMEAM R4 8 TR 3
Pk p R0, sk CasX 5 sgRNA 54 2 )5,
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HESH A T R0 e AE , R B T RS 2 1
CasX-sgRNA & &¥)45#), crRNA 5 Hir DNA H.
HEXT, NTSB #iHI dsDNA f# T MU E,
R-loop, Jf7E TSL MFFBIT, NTS 454%] RuvC
AIEPENL S b, il CasX-sgRNA-DNA & 54
(55 1 Fik 4 ; CasX 76 NTS FOETYIE M2 )5,
TSL 2Bk crRNA-TS Z2 & XU M, f#i15 TS
AT LA A 8 RuvC MG PERL S B, B At R
CasX-sgRNA-DNA & &Y% 2 Fity 4 ; CasX 7
TS EMBTYIEZ )G, SHPIRER crRNA-TS 2%
A AU ) N EB K F14i15 CasX-sgRNA-DNA & &%)
S FRIEES 1AL HRE, AT RuvC AT LABYY]
TEfar 285 4 B G PEOL S B B4 DNA,

3 ZiwE5RE

CRISPR-Cas Z 4t LA I B . AR . &%
RIS, B T LA 20 48] LUVEHE R IR il |
2 I SR TR 000, B 1 O Bt R R e 4 TR
MGG A ; [HJE CRISPR-Cas R4 LIFE—Lk
I 91 L T 1 e T 5182 S B S EE R
SIEHEAT YR T  BOr BERE AN . PAM TR AL
PR LA Y R L R DR RN 5 38 i el A 75 4k 22 1)
(1 & 45

EFRFE 28712 v Y Cas9 ., Cpfl 4 CRISPR-Cas
REG, W AN SE 6 2 Ab B 5 e A ZRHIF A B
Kk sgRNA JEFi i BT UV FIEE )RR SR 5
S gy, KRB GO BRI R R AT T 2
sgRNA i, flinEik GC & . sgRNA K& |
PR B4, XS SR RS T — s B R BY, w
Sk WL T & AR AE Cas BB, 10k T AR
BRI HSE 19 xCas9 ,Cas9-NG Fl evoCas9l™;
h T RS BT (U AR SpCas9 DNA i
BIfE S H5 Fokl & ik s 2 A7 REfs At
WTEFEY cCas9. KKH Cas9 234 [almf g A%
22 R 0 A5 T AF 5 3 T A A P9 A A Ak 3 A AT
IS 12 AL #3507, 61X CRISPR ##3% T HL i
itk i ) e B

XEETE AT A2 A LR EA T A it , AR 22
T XHE VLB IE A HL 418 f PR, T KA T
(1) 52 2 i Bl - AR TH B a2 AT 1) B8 A
JEFNCIE RE T o LR, I A58 A CRISPR-Cas
RN AT e At —Fh BT LA, — T BT A
CRISPR-Cas & 41 A B AEME % Cas9 Fl Cpfl —
ST SR, Bk BN 4 B FH ) 3L R i T
H; %7t 2% CRISPR-Cas 4t JLAli i 73 1
#NFE. iltn, SpCas9 iY—=iLH & [F P54 SaCas9.,
CjCas9 ¢ #l A & /N MARE, Hrp H g 1053 1~
FEFRAE ALY SaCas9 7 LR F5AHH R K F 1 BT DI E 1 Fn
SE R e i [ B, e SpCas9 (1368 aa)/b T
315 MR, BT, XF SaCas9 (1) PAM 14
SIS S AT I 2k (SaCas9-HF) , 78 A< PR AR HE [ 5
SR, B R B T SRR 1P
WARFAG bRifE, —Fh CRISPR-Cas £ 43 ORI &
WOINTEE 55 LA A AR50 B 1 e BE A G, A R B I
— P i, A R B
CRISPR-Cas &Gl B W MFFIRI LT, T
P CRISPR-Cas F GeA/E FHHL A, & &6 A &

SR AE 8 JF X BE I 5% 22 A1, il R — o A
CRISPR-Cas F 4t 1Y H A< Ly g Fl 25 44y 1 BT AR A7
2, ARSCHPLL CasX AAr 44 T CRISPR-Cas &4t
FR LI 3 A R, DL R P 3 S i M i S 6
o MR, CRISPR-Cas A5 HYHE K ¢ HIFAE [F] A
W AR AR LT QA SRS SRR L R B2
R, SCRIRR R, TRERAA R, AR
TLRE T RERS B 1 X —F CRISPR-Cas R4t K
FOR, BONEETFREAN I R 5 AE
H o —M CRISPR-Cas R4 it A MR ik M A 1
T TR I 40 ) 5L I SR B, (R AE ST 45 1Y
LRl E O, X e A R B S AR 2 5
—

o

REFERENCES

[1] Makarova KS, Wolf YI, Iranzo J, Shmakov SA, Alkhnbashi
OS, Brouns SJJ, Charpentier E, Cheng D, Haft DH, Horvath

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



FRERESE: DL CasX MR AR CRISPR-Cas Z 4t 1A &t FnaiF o3 Jy i 1237

P, et al. Evolutionary classification of CRISPR-Cas systems:
a burst of class 2 and derived variants[J]. Nature Reviews
Microbiology, 2020, 18(2): 67-83

[2] Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A.
Nucleotide sequence of the iap gene, responsible for
alkaline phosphatase isozyme conversion in Escherichia coli,
and identification of the gene product[J]. Journal of
Bacteriology, 1987, 169(12): 5429-5433

[3] Groenen PMA, Bunschoten AE, Van Soolingen D, Van
Embden JDA. Nature of DNA polymorphism in the direct
repeat cluster of Mycobacterium tuberculosis; application
for strain differentiation by a novel typing method[J].
Molecular Microbiology, 1993, 10(5): 1057-1065

[4] Hoe N, Nakashima K, Grigshy D, Pan X, Dou SJ, Naidich S,
Garcia M, Kahn E, Bergmire-Sweat D, Musser JM. Rapid
molecular genetic subtyping of serotype M1 group A
Streptococcus strains[J]. Emerging Infectious Diseases,
1999, 5(2): 254-263

[5] Barrangou R, Horvath P. A decade of discovery: CRISPR
functions and applications[J]. Nature Microbiology, 2017, 2:
17092

[6] Jansen R, Van Embden JDA, Gaastra W, Schouls LM.
Identification of genes that are associated with DNA repeats
in prokaryotes[J]. Molecular Microbiology, 2002, 43(6):
1565-1575

[71 Couvin D, Bernheim A, Toffano-Nioche C, Touchon M,
Michalik J, Néron B, Rocha EPC, Vergnaud G, Gautheret D,
Pourcel C. CRISPRCasFinder, an update of CRISRFinder,
includes a portable version, enhanced performance and
integrates search for Cas proteins[J]. Nucleic Acids
Research, 2018, 46(W1): W246-W251

[8] Bland C, Ramsey TL, Sabree F, Lowe M, Brown K,
Kyrpides NC, Hugenholtz P. CRISPR Recognition Tool
(CRT): a tool for automatic detection of clustered regularly
interspaced palindromic repeats[J]. BMC Bioinformatics,
2007, 8(1): 209

[9] Biswas A, Staals RHJ, Morales SE, Fineran PC, Brown CM.
CRISPRDetect: a flexible algorithm to define CRISPR
arrays[J]. BMC Genomics, 2016, 17(1): 356

[10] Ge RQ, Mai GQ, Wang P, Zhou ML, Luo YX, Cai YP, Zhou
FF. CRISPRdigger: detecting CRISPRs with better direct
repeat annotations[J]. Scientific Reports, 2016, 6(1): 32942

[11] Sharon |, Banfield JF. Genomes from metagenomics[J].
Science, 2013, 342(6162): 1057-1058

[12] Burstein D, Harrington LB, Strutt SC, Probst AJ,
Anantharaman K, Thomas BC, Doudna JA, Banfield JF.
New CRISPR-Cas systems from uncultivated microbes[J].
Nature, 2017, 542(7640): 237-241

[13] Koonin EV, Makarova KS, Zhang F. Diversity,
classification and evolution of CRISPR-Cas systems[J].
Current Opinion in Microbiology, 2017, 37: 67-78

[14] Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval
P, Moineau S, Romero DA, Horvath P. CRISPR provides
acquired resistance against viruses in prokaryotes[J].

Science, 2007, 315(5819): 1709-1712

[15] Mojica FJM, Diez-Villasefior C, Garcia-Martinez J,
Almendros C. Short motif sequences determine the targets
of the prokaryotic CRISPR defence system[J]. Microbiology,
2009, 155(3): 733-740

[16] Karvelis T, Bigelyte G, Young JK, Hou ZL, Zedaveinyte R,
Budre K, Paulraj S, Djukanovic V, Gasior S, Silanskas A, et
al. PAM recognition by miniature CRISPR-Casl2f
nucleases triggers programmable double-stranded DNA
target cleavage[J]. Nucleic Acids Research, 2020, 48(9):
5016-5023

[17] Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA,
Charpentier E. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity[J]. Science,
2012, 337(6096): 816-821

[18] Liu L, Chen P, Wang M, Li XY, Wang JY, Yin ML, Wang
YL. C2c1-sgRNA complex structure reveals RNA-guided
DNA cleavage mechanism[J]. Molecular Cell, 2017, 65(2):
310-322

[19] Liu JJ, Orlova N, Oakes BL, Ma EB, Spinner HB, Baney
KLM, Chuck J, Tan D, Knott GJ, Harrington LB, et al.
CasX enzymes comprise a distinct family of RNA-guided
genome editors[J]. Nature, 2019, 566(7743): 218-223

[20] Zhao HT, Sheng G, Wang JY, Wang M, Bunkoczi G, Gong
WM, Wei ZY, Wang YL. Crystal structure of the
RNA-guided immune surveillance cascade complex in
Escherichia coli[J]. Nature, 2014, 515(7525): 147-150

[21] You LL, Ma J, Wang JY, Artamonova D, Wang M, Liu L,
Xiang H, Severinov K, Zhang XZ, Wang YL. Structure
studies of the CRISPR-Csm complex reveal mechanism of
co-transcriptional interference[J]. Cell, 2019, 176(1/2):
239-253.e16

[22] Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI,
Dohmae N, Ishitani R, Zhang F, Nureki O. Crystal structure
of Cas9 in complex with guide RNA and target DNA[J].
Cell, 2014, 156(5): 935-949

[23] Yamano T, Nishimasu H, Zetsche B, Hirano H, Slaymaker
IM, Li YQ, Fedorova I, Nakane T, Makarova KS, Koonin
EV, et al. Crystal structure of Cpfl in complex with guide
RNA and target DNA[J]. Cell, 2016, 165(4): 949-962

[24] Zetsche B, Gootenberg JS, Abudayyeh OO, Slaymaker IM,
Makarova KS, Essletzbichler P, Volz SE, Joung J, Van Der
Oost J, Regev A, et al. Cpfl is a single RNA-guided
endonuclease of a class 2 CRISPR-Cas system[J]. Cell,
2015, 163(3): 759-771

[25] Wang JY, Li JZ, Zhao HT, Sheng G, Wang M, Yin ML,
Wang YL. Structural and mechanistic basis of
PAM-dependent spacer acquisition in CRISPR-Cas
systems[J]. Cell, 2015, 163(4): 840-853

[26] Liu L, Li XY, Wang JY, Wang M, Chen P, Yin ML, Li JZ,
Sheng G, Wang YL. Two distant catalytic sites are
responsible for C2c2 RNase activities[J]. Cell, 2017,
168(1/2): 121-134.e12

[27] Haurwitz RE, Jinek M, Wiedenheft B, Zhou KH, Doudna JA.

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



1238 A

Microbiol. China

Sequence- and structure-specific RNA processing by a
CRISPR endonuclease[J]. Science, 2010, 329(5997):
1355-1358

[28] Estarellas C, Otyepka M, Koca J, Banas P, Krepl M,
Sponer J. Molecular dynamic simulations of protein/RNA
complexes: CRISPR/Csy4 endoribonuclease[J]. Biochimica
et Biophysica Acta (BBA)-General Subjects, 2015, 1850(5):
1072-1090

[29] Shaye H, Ishchenko A, Lam JH, Han GW, Xue L, Rondard
P, Pin JP, Katritch V, Gati C, Cherezov V. Structural basis
of the activation of a metabotropic GABA receptor[J].
Nature, 2020, 584(7820): 298-303

[30] Liu L, Li XY, Ma J, Li ZQ, You LL, Wang JY, Wang M,
Zhang XZ, Wang YL. The molecular architecture for
RNA-guided RNA cleavage by Cas13a[J]. Cell, 2017,
170(4): 714-726.e10

[31] Naeem M, Majeed S, Hoque MZ, Ahmad |. Latest
developed strategies to minimize the off-target effects in
CRISPR-Cas-mediated genome editing[J]. Cells, 2020, 9(7):
1608

[32] Ma DC, Peng SG, Huang WR, Cai ZM, Xie Z. Rational

design of mini-Cas9 for transcriptional activation[J]. ACS
Synthetic Biology, 2018, 7(4): 978-985

[33] Kleinstiver BP, Prew MS, Tsai SQ, Nguyen NT, Topkar VV,
Zheng ZL, Joung JK. Broadening the targeting range of
Staphylococcus aureus CRISPR-Cas9 by modifying PAM
recognition[J]. Nature Biotechnology, 2015, 33(12):
1293-1298

[34] Ma DC, Xu ZM, Zhang ZY, Chen X, Zeng XZ, Zhang YY,
Deng TY, Ren MF, Sun Z, Jiang R, et al. Engineer chimeric
Cas9 to expand PAM recognition based on evolutionary
information[J]. Nature Communications, 2019, 10(1): 560

[35] Ran FA, Cong L, Yan WX, Scott DA, Gootenberg JS, Kriz
AJ, Zetsche B, Shalem O, Wu XB, Makarova KS, et al. In
vivo genome editing using Staphylococcus aureus Cas9[J].
Nature, 2015, 520(7546): 186-191

[36] Tan YY, Chu AHY, Bao SY, Hoang DA, Kebede FT, Xiong
WJ, Ji MF, Shi JH, Zheng ZL. Rationally engineered
Staphylococcus aureus Cas9 nucleases with high
genome-wide specificity[J]. Proceedings of the National
Academy of Sciences of the United States of America, 2019,
116(42): 20969-20976

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



