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CRISPR/Cas RG24 .t 5 IhaeH

MR, ARkERD, X, EfE, ERE, BEZ
(BFRBIRFEPRNBIRERERALRE, BREMEAFAN, LiE 200237

WE: NEMEaRERNESFYIRERFER (CRISPR/Cas) 2— e EMRERS, BMNIELEY
BFREAREZE, QukRiga 7 HIBE. BN TR RUEZRAGEDRDNATIRNANEE D, AEMED
M2 EFNEYIRESMENFHEARIANTERIIED, RBEDT EREDFEFZRANEERE. AWM,
CRISPR/Cas RAME—LE BRI, PIANGIENA. RERFIIBIERESF (PAM) XT3EEFRAILIRMELIRE
EfmEEEaEtSE, BN TZRAGERRBETRRES S ANKERE, BISTEMINEEMITA A
mE. AT7TRBXLRS, “EAKRTIREEMCER 5 “‘BEFEWMEEFAIFEL CRISPR/Cas RARVIZHE” 2
B R 5eE A& CRISPR/Cas RGLAKY 78 CRISPR THERIRMMHEZE R . AN EZEIIRINARA ZAI 12
CRISPR/Cas K5, ELNE T CRISPR/Cas9. CRISPR/Cas12a#] CRISPR/Cas13aiX =R RS EREHIF]
TERINS, RETEEHENESTINEEMRS A ANMHE, Bttt —Lina kN EEE 2SN EBENBNE
H9 CRISPR/Cas RFE#HT T 4RIAR, 540 CRISPR/Cas® F1 CRISPR/Cas12k , XLEHOEFAHE TIEEZLZET CRISPR/
Cas RAEMEI BN, BHMHRRETHINEMERME, BvS—S RUEER) CRISPR/Cas RAEIE Z TUHAICIFT
KE.

X##ia: CRISPR/Cas; EREYwiE; BN, PAMAR,; Cas TIEXUE
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Abstract: The clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR-associated proteins
(Cas) were derived from an acquired immune system in microbes. Since their functions on gene editing have been
reported, they have been rapidly used to enhance our ability to edit, regulate, annotate, detect, and image DNA and

RNA fragments of various organisms, which consequently have faciliated fundamental research in life science,
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medicine, bioengineering and so on, and drived the development of synthetic biology and other disciplines. However,
CRISPR/Cas systems also have some inherent drawbacks, such as off-target effect, constraint of protospacer-adjacent
motif (PAM) on the target, and controllability of the gene editing activity, which substantially compromise their
applications in highly precise and controllable gene editing. In order to overcome these challenges, two important
strategies have been employed to develop enhanced CRISPR/Cas systems and expand the CRISPR toolbox, including
modifying the Cas proteins by protein engineering and mining novel CRISPR/Cas systems with bioinformatics. In the
review, focusing on the most widely used the type II CRISPR/Cas systems, we mainly introduce the basic structures
and functions of three representative systems, including CRISPR/Cas9, CRISPR/Cas12a and CRISPR/Cas13a, as well
as recent progress in their structural modifications and functional expansion. Thereinto, engineering strategies for
CRISPR/Cas systems have been systematically commented, which include modification methods for Cas proteins and
the way to expand the function of CRISPR/Cas systems by coupling specfic proteins with Cas. In addition, we also
review some novel CRISPR/Cas systems with important characteristics and potential applications that have been
discovered in recently years, such as CRISPR/Cas® and CRISPR/Cas12k. These engineering modifications and mining
work have greatly addressed the inherent problems of the CRISPR/Cas systems, and effectively expanded their
functions and applicability, which will further promote the applications of the CRISPR/Cas systems in many fields.
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CRISPR/Cas J& — Fifir U4l i AL AR B HRAEI AL B D i@ NIREHMEYR, B S UIE — R
KRB e tE AR ENERE RS, BEWAE Hi (8] B% 7 %1 (protospacer) HI4F & DNA & 41,
By BEE T AIE T AR SEAESE RSB EE T 20, AE R E 18] RS
[ CRISPR [ %1 F1— R 5 CRISPRAH G EE (1 1. 741 3 BB, BURRRIE K T B, H
A E, XFMAEYRIERRRIEDRE— M. CRISPR 4 % 5% N i /& CRISPR RNA (& #% pre-
FE3ANMBL: BB, XHEREB, HCas®E  oRNA), BEFHAFRK Cas EAE A (CHH&
FIEAY) GBF N CRISPRIE M AR T4 (1) Cas  ZAUIMNE A DL RNA 4> F IR B 0 TRk i
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f) CRISPR RNAs (& #% & crRNAs) ; #5 = B,
BT PR B, N T4 crRNAs 5 Cas & [
B G W as A IFFr 5 ¥ U) ) B bR DNA 5
RNA M7 0F A& JE 13X F sl 45 (9 2h 68 AL
CRISPR/Cas 5 4t i id K Jig i N 1 8T — Ak D] 4
TH, mTFHES T8I, A, FENES
AR, 1% T H— 2 BB POE AR T AR R
ZFND M B S OE R
TN W) A% FR I (transcription activator-like effectors
nuclease, TALEN) 8L RERE T H Y, Bk
TOIRe K R i B R, T R T
BEpR R N RAAB R T Bk e e
BRI g B2 AN RIS, HAERCAEY) . Y. 3
YIE B NARNRILH T Tz & A 2, 5 )
ez 7R AR R B FAEY) TR SR SR
IR R R, LN A AR R R R R
PRt T H B RSP . % T CRISPR/Cas & 4i % £
5 4 o BB R m g2, L BEJE A Jennifer
Doudna Fl Emmanuelle Charpentier K Hb# 3£ T 2020 4
FE (v DUR b 2232 B
CRISPR/Cas R4t I I, R T ANATXE
HEZHIWIFE, Rk CRISPR/Cas & 4t 4 A b ith 5
FHF 505 e S A L DR YA T R0 4 D T R A i
WS, REMXTAECEIE T AHA
W& H 0k, SR CRISPR/Cas £ 4t [# 45 1) i 42 2%
Bi. PAM X} AT 2 45 A DR ) PR S A A0 5k DR 2 6055 17
AT PR ) @, P E 20 [ CRISPR/Cas R4t 1L
RIS FE RS M . RO TE . AT A et
BHAS T H D Re AR VE Bl e — D e 2. R T
fiff YLK S, AR AL BUE BLE CRISPR/Cas & 4t Al
R A8 B B AT BERR €419 CRISPR/Cas ¥ &2 48, it
BN T SE AR SRARAF R RE T AR . I BE T A 2 IR
HAGNEIRN . HATE X CRISPR/Cas R 41
WA BiE TAEA . XA 5 RNA (guide RNA,
gRNA) MR BETE 2, X Cas # H 5 7] 5 RNA
WO B AR A B, X Cas B A M TR 4k K
i Doar s ams] A5 i % F- CRISPR/Cas i & 4t K
i, EJLVEREFZEENS R, KT 2 MK
H A 3% X CRISPR/Cas 245, 4§ Casl2a/b/c.
Casl3a/b/c. Cas®. Casl2k %% M4 0% F ] fp
R, RETHREEME A B HEEE W

fif (zinc finger nucleases,

CRISPR/Cas .2 R Gt Ui 4 R FBIHF TAE 3 Frié =R

Hbxo A3 IR T3 247 5k CRISPR/Cas £ 4 I AH
KRB, BB TERAZMHAMER DK
CRISPR/Cas & 4t (LA o i 7 vE AAH Qi Jg, IF
Yo BT I R A (1) LA E AR € RN B FH AN B ) CRISPR/
Cas ARG IT T 4k, XETERERTT
CRISPR/Cas &t Thie, ke 7T HNHME, H
H]F CRISPR/Cas % 4t 75 #7 A3k (1) B K Je, ok
Bk — 5 2 ¥ ¥ 2 CRISPR/Cas & S 16 W] T K &
T

1 CRISPR/Cas #4>3%

KA R R, CRISPR/Cas 77 /E 1 £ Fif
Z R L AR Cas B 1, % JLREAT I8 B
)43 25+ 4 R A B 1, H |, CRISPR/Cas &4t
EHE2MKRE CTHEMIZ. SANDERM 164
HK, BOE SO T8 6 ANEFI3ANFIE K U 2, 1R
CL 45 7€ [f] CRISPR/Cas &4t H', LA I 28 CRISPR/Cas
RNE, HEZIE0% LA, Tz A T A R
AW, HTHMNESY o ERk, @ERE
4~7 4~ Cas BR FANEIE, [ I o7 A T 22 IR 4 4 ) 52
PEAEAEAEE, (H15 gl FE A3 5 22 Bt . i
T 128 %%, 128 CRISPR/Cas A LLiE T B4
Z e W 1) Cas & [1 K ¥ DNA 5 RNA (1) V) %I 1
e, [N 135 CRISPR/Cas R 48 5 T it i,
b RE DLSUEE KT 22 (double-strand breaks, DSBs)
()77 2 ) R EEAZ R 41, i 11 28 CRISPR/
Cas fc -9 1 4 5 B T 55 R 4 4 55 T4 % 18
Il 24 CRISPR/Cas ', CRISPR/Cas9. CRISPR/Casl2a
FICRISPR/Cas13a f LA, I SN FI T
2, FHEATE S IX =R KRG AT AN H

1.1 CRISPR/Cas9 &%t

Cas9 /& fix - K LA ZRAE /) 11 28 CRISPR/Cas
MNEH, £HATMHEATZK CsEEHZ
— bl Cas9 EEEN R G, 2 NIXIREE
i (nuclease lobe, NUC) iR Jl I (recognition
lobe, REC) PHHE(Zr, W4 T i) v i i v 25
2194 DNA F1 crRNA e % T B H 7 U X0 5% % 1R 73
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T, REC5 gRNARIRAEE & & VIM L, 1MNUC
W 3 47 5 DNA BERI 1% . NUC AT it — 5 %) 4
N HNH #5 . RuvC . #JZIH (wedge domain,
WED) #1PAM H.{Ei% (PAM-interacting domains,
PD, R 73 7 H T U1 #I 48 DNA B A B b
FEAESE R N 45 R, PLINS PAM T FI R 5 45 &
K. RECH k&R HRECT. 2. 34RELJE &
K 2 W 1) M W8 e 45 4 (bridge helix, BHD
(B 1(a)]. BARVFZ Cas9 FE AN = 4E45 1 415
B 7R, BT 2 A O B AR D RE IR R 19 3 52
2 i) B, DRI 38 a5 4 B 0 O 20Ok 0 Ak B
Cas9 T5 R B A e,

fEDIRE b, Cas9 st —Fh B crRNA 1 e X B0E
crRNA (trans-activating crRNA, tracrRNA) 5| 3
(] DNA KX IR N DI Mg, % 4% 1 ALEE 45 T CRISPR
FE %1 5% N pre-ctrRNA, [l J§ tractrRNA 5 pre-
crRNA I F A B AN, Jf5 Cas9 BEE S G 7E—
B RNA-BE AR A4k < B, PN
DIl RNase Il % RNA-# H & &4 F 1) pre-crRNA
BEATIN L BT Y], AE 9 B crRNA. SR J5 i 1
Cas9-RNA & & #4145 R 41 3' o & & 5 M2 04 1)
PAM 351, JFiR 5 B crRNA AN 45 DNA
JPH, 2 JETE AT crRNA 5 48 DNA H RN F: AL
S IREN R B R R, Cas9 2 1 #9 RuvC 1 HNH
1382 Sl % L ) DN % A E 7] DNA 85317 )
#, M5 K DNA WEERTR < [E1(d) ], %
TRXFHLAE], AATE I K T T CRISPR/Cas9
M S R g T H, @ R L R g Ul mie] DA
F FHHE [F P8 K 5 7%+ (non-homologous end-joining ,
NHEJ) 5% [7] J§ & 41 (homologous recombination,
HR) %5 DNA fE4MHLHI, % B br 58 ik 47 5 DA
bR BG. BI6L. HAL. PRI RAR DR FE N R
A BE S bR S g R AR B e o X
ERgmETERESS. TRt BERBEE
TEA R DA 20 REF R, 15 3] 7 P i) N
HEJ™, MR TSGR VF 2 W) Tl R TR 2H X T g ) Y
R, BRI AR AR DB R e — T EE K Bk

B2 Cas9 A LA R 2 Ak — 2 HARMK
PAM ¥ 519 5-NGG, % ¥ HIAEVF £ K GC & & 1
B R0 S IR AR B, 9 a0 AR N 2R R A
P35 RE 8 MR A A AT RE L 1S PAM A1), 1X

| £ 7 R 2GR o 7 s ) g Y 2
LSRN, gRNA [RIEEZE A X & AT AR £k
TANIEFE PR ASTC 7, [A]1f CRISPR/Cas9 &R 4t F F: [K]
2 G A 3o A P AN T R b 2 R AR K DL TN )
W% . FuZEXt CRISPR/Cas9 % i i) i ¥ 2% 37 1 4T
TVPAL, &5 S AR LI 2R ik 66%, X TR
% T G I IR 2 AT R 1 g A 1 AR R U — A
T ), AR R 2 B R YT P [
I G {A] 184 55 CRISPR/Cas9 & 4t T %5 K 4 B 1) R
WOE AR MR R R RE R 0 OC BB
e s o) p b 2 A, CRISPR/Cas9 £ 4t (1 &4
i 7 I X P A e iE PEAS 2 . Cas9 B
BEPE S ) R 0] S A — e BRI T Bk
Ui, Xf3EF CRISPR/Cas9 £ 4t ) 3 [H] 4 4 T H 1)
FERFPLH, ORI 7 B TAE & X T A [F 4
P DR g 4R (R R 0, (R CAR R AN 2 2 b i+ 4y
B o DR b AT Ao ke o T W P Pk R, A G T B AT
&SRR, (A1 4R EIR AT I

1.2 CRISPR/Cas12a &%

Casl2a (JeHiFR A Cpfl) #& 125V % CRISPR/
Cas AN H, W2 HATN RN 21 Cas &
[z — B ™7 Cas12a 8 (A AN 3 454,
£, 4% NUC i Al REC H, NUC M £ 4§ WED. PI,
RuvC. BHFINuc ZAgEMy, i Nue 3k v B € 1
WAL, AT UIREEDNASE (K1) ],
55 Cas9 ® AANA, Nuc 38047 156 U151 2 i 1) A1 $2 2
RuvC 35 {8 % 5 ¥ DNA B5 1) B AMNSEREAT VI, Rt
X RuvC 380 1 % 2k 1 R AL 2 B IA Cas12a ik
AT XU DNA BE VI #1158 77 . 11 Cas12a [ REC Ht
AN AL FE A X 48, RECIIE A REC2 1K, FIFES
DNA MRS 4667 [E1b]. g
T Cas9 HEH, CaslatE {7 FREE/N—L, &
1200~1300 N R, FHiQ b 0 3& 438 i iR o 75
FHREHAR (recombinant adeno-associated virus vectors,
rAAV) [FIE KA T BN P40 f i 2R R g 7 7

HE4 M M ZE S S 8 CRISPR/Casl2a 5
CRISPR/Cas9 7EAE ML EA B EA . F=2A L
T =4i: OCasl2aA & [ 24 DNA FIRNA H )
WG, B8 % A K 5E tracrRNA 4 B 74 crRNA in T
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N crRNA; @ Casl2a R A7 T 48 5 51 5' =
o i R E (1) PAM T 41 (®Cas12a 43 A fEHE DNA
(1) PAM J7- 41 i 55 23 L% HF B2 A E AN 1R 28 18 i
BB HAT IR, P4 B A 4~5 bp It 558 H iy
fIEEPE AR S T [ 1A . Rk crRNA BT
MRS ) PAM R 3 5 41 DL R /6 VR s 1) 77 A A 45
CRISPR/Cas12a R4t LA M T1E'H & AT H HR &%
BITE Frh AT 2 S R g, e —E R L
5 CRISPR/Cas9 H Gt fEHF il FIE R 7 AN, 2R,

FABL ) PAM Jmy PR o JBE A 0 R S5 [l R [E] RE AF A T
CRISPR/Cas12a Z4iH, %Xz R4t — L
563, AT Casl2a EEH LA &M AT
HEE M gmiE R ST E, e NRATRAEE N
5 KRN 22 A I 25 R g 8 T L

1.3 CRISPR/Cas13a &%

5 FiR R Cas R A AE, Casl3a GERifRAN
C2¢2) & —MRNA 5| S HU#E [ RNA M IRE . 1X

1 60 94 167 307 447 718 765 909 1099 1138 1368
I
RECI1I ED
LA
NUC lobe REC lobe NUC lobe
(a) FRRSEEER B CasO 45 #4 &1 4L 2 (PDB: 4UN3)
(a) The structural schematic diagram of Streptococcus pyogenes Cas9 (5pCas9) (PDB: 4UN3)
1 |24 339 5|91 662 762 892 953 971 1078 1254 1301
WED]| RECI REC2 ]_ WEDIl =
LA J
NUC lobe REC lobe NUC lobe
(b) Francisella novicida Cas12af145#) 1L E(PDB: 5NG6)
(b) The structural schematic diagram of Francisella novicida U112 Cas12a (FnCas12a) (PDB: 5NG6)

1 242 479 643 883 973 1102 1437

REC lobe

NUC lobe

(c) BIEF E Cas13al) 45 HfRI{L EI(PDB: SW1I )
(c) The structural schematic diagram of Lachnospiraceae bacterium Casl3a (LbaCas13a) (PDB: 5W1I )

dsDNA

PAM: TTTN

FnCasl2a

LbaCasl3a

ssRNA

PFS: A, U,C

(d) SpCas9, FnCas12aM1LbaCas13afF F L A fii &
(d) The mechanistic schematic diagram of SpCas9, FnCasl2a and LbaCasl13a

B 1 SpCas9. FnCasl2afl LbaCasl3a (45 20 2RI FHAL
Fig.1 Schematic diagrams for the structures and working mechanisms of SpCas9, FnCasl2a and LbaCas13a
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Filt I 25 VI CRISPR/Cas &5 [ 7E 17 1) 5% ¥ RN A i
WeoE, BT TR 5 — R E B
) i RNA ", Cas13a [1J 8 [ 45 ¥ [F £ 1R
W R/, GAFRECHANUCH . HAFNEK
4 (N-terminal domain, NTD) HI#Z i 35 1 44 %,
REC M, T 91 5t crRNA 5'3i () [ % ;1) NUC
B R = A B AR E A T RS A
Ik 1 Chigher eukaryotes and prokaryotes nucleotide-
binding, HEPN1). BRjEd 2. #2 )¢k 3 Al HEPN2
A (B 1], Hod HEPN 3 B0E A 5 80
RNA R 9%, Hik—DIKahE A 524k,
FRAE A I RNA B G ML 5 ™. SR1f1 BT Casl13a
() HEPN 38 PR 0s WL i R A5 31 58 i Re, fiifg 2k
F- Cas13a [ RNA 4 T H & 25 7 RS, i
Y F Cas13a 1% B2 1 22 R 7E RNA A I LA K ] i 1)
RNA #54& (4ndCasl3a, A AL HEPN I, Y
TREE IR 254 RNARE Sy, °T R 35 40 1) RNA B
BERE ™) A E RN HE ), A 0%EEE
X% 8 Cas B B D) e L 2E AT 3E— 28 B IR A
5, X¥A BT HES) Cas13a 7E A RNA % T H 1)
BIHr R

FALT HoAth Cas H5 (14§ 5E K] PAM 5 51 1) iR
5 75 3R, K 2 % Cas13a X ¥ RNA [ 1) #1446 85 T 5
3'H(A, U, C) Hi [A] k& ] # 7 41| (protospacer flanking
sequence, PFS) 11 5l (R B T 40 B§ Leprotrichia
wadei ] Cas13a s& — Nl 7+, AN 7 % PFS ¥ )
[ 1(dD ], fEHERRA PFS J5, “crRNA-#ERNA”
WU PR 45 A 7E NUC 5 1F B Aot JisE R
Casl3a fE KA W F MR BN, 3 — D WIE
Cas13a 5 H HEPN B AL AL 5, Ja & s S e D) 1
FAEE I RNA I RS BE RS, [FIB 35 16 1) Cas13a &
12 S {1 282 A B3 S B 17) RNAs, X FR N B 7 20
R, ZILRIEEAL DA AR RIS M 5
Cas12a25f8l, Casl13a H &t B A P57 1 RNA B G
P, feEH T CRISPREES, FA T 2 Hew
B|EZARNAJFI . F4h, M RO A7 78 815
CRISPR/Cas13a £ %t A I8 i 4 A fisk i 4 5 118 1) 40
BU T B A A1 A S 1 PR A 495 17 A 1 1) RNA RS
MR & RNA A71E. 2T, Gootenberg & L[]
HE T ARSI amol/L 2% () DNA 5, RNA 7)1
f{)°F- 4, N SHERLOCK (Specific High Sensitivity

Enzymatic Reporter UnLOCKing) , 1%V & i i #%
P& 47 38 A1 Cas13a /5 1 F) H2 R 7 1R 25 RNA SR A
BERC R & A5 5, AT A] T S B A 2 28 R
B BBV B SR E AR ) B E bR RNA B DNA 77
T AU, Fozouni S K T —F 4t 1E 1
CRISPR/Cas13af I H A, 7] LLZE 5 min N EHE M
— 20 BT R T AE AR A I H SARS-CoV-2 RNA,
H.30 min Wl & I (] Py BRI AT 21 K25 100 #% DL/mL 1)
REED SR, X CRISPR/Casl3a R 41
JFR N RNA 5| S RNA AT 7 K0T, %
F AR W] I R RNA s it A7 T30 .
AT I, A5 FRATTAE 0% S AN [F] (9 40 R 2
0P DA R R B RNA 7K P RIEE 3 40 i P ) 5 Ao
A8 T A 2083 & ATX RNA 2 T 49 % 1
HfR 1

2 CRISPR/Cas &#&th ik

CRISPR/Cas R 4t fE 2L K g 48 . 4. R &¢
3 T BT B BRSO, A8 A AT 7R AN [i] 40 4k
MM A TEZ MBS . SR, CRISPR/
Cas R —LC [ A BRE AL, PR TP HEE. LA
3 48 i) CRISPR/Cas12a Jy 4] . % PAM ¥ %)
TTTN FE BRI 7 #8551 e B, BRI TEVE B B
b T 358 PRI 2H AN R AL i AT BN 7 ) B AR RN
U A% A IR 1) T 1% 2 G 0 3k DA 1 R 4 g 2 4
b4k Cas12a %% Cas B 70 T2 AR, AR Td@d
O 3 K kA T B R R A B0 0 Y i k2
i, {13 CRISPR/Cas RETELL 2 &[R4 72
G — P R R B T M E R, R E
it Ui& CRISPR/Cas R Guk @ it “ BRAR” (1) 5 (K 9w
B|THREBRN I AT O R RS, TS EAN
#4455 T CRISPR/Cas % 4t ) XU id J7 1 A — e T P
1 o

2.1 £33 CRISPR/Cas ZRRBSRIMIE

Cas & 1 /E ¥ CRISPR/Cas & 4 % O o iE 2
—, HEWAERPUR R KRR EYoE TR
GuinThaeEm, PRImE X Cas B (A 1) T AR AL 50 —
B 2L IR TF CRISPR/Cas Z 4t (1) < .
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AR AL A2 X Cas 8 FEEAT A2 o0 19
JiiE e I VER F BEAL T AR ) i A B K& Cas KA
B SCEE, AR5 8 I A 280 9k AR, i e ik
Cas 5 113 0] 5 5 g ) 253 3% 5k IR 1) 0 D7) 364 ) 4
A A7 TR B 3 - N R4 1Y) EGFP 41 75 25 IR 4t
G S, SRRMIEM A MR, FHift—DPwd
HAEA R ALK B M BEE Y Cas 82 1k
(27wl X Fp s ,  Kleinstiver & H 7]
AN SRR T 0 (0 # & 3K E (Staphylococcus
aureus) 1] Cas9 (SaCas9) HEAT T #tfbiwiiEk, K15
T AR 5] PAM 4 NNNRRT ] SaCas9 RAGEK, i 4
N KKH SaCas9, 1% 975 fA ki S8 P 1) 1123 68 1 78
SaCas9 (NNGRRT) [5&fli 4 g 7 2~4 1%, XA

G AR

FIHE N R IGERE ST e Gao ZExf I T2 3%
TREK T (Acidaminococcus sp.) ] Cas12a(4sCas12a)
HHHE T PAM OBUEE T 471 1R 3301 60 A 28 2k 1% 7k Ak
17 7 BRI, HRE R R i) B g R
B REATH G, RZAIRTE T PAMEAIT 5550 A
TYCV FI TATV 41 [f) RR (S542R/K607R) AR {4
HMIRVR (S542R/K548V/N552R) RAGMK, 7F b3k
fih b, PG N KO49A £ 5 AR Sk 2 B bl 1 7k 5 5
DNA 2 [5] (1 =45 S5 1 4 ikt DA77 3484 5 30 ) o e 2
B A5 3 T BE B A 5 OKYE F Y PAM iR il e ) LA
AEERAEENRBA, XERBM HEEHT
HoAth Cas12a 25 H [ &0, 9 Wi kYR T B AR RS

Lachnospiraceae bacterium 1] LbCas12a "> *,

AR CasEEH

5 45PCR. PACE.
PANCEZ%

T FRLH R
AV A S
BT AR S
B[R P g

A

HEMmHTRE

HREE R CasE (1 R AR
(R E. RIS
B2 FTFAERR b Cas 2 A BUE R g o~ = &

Fig.2 Schematic diagram for random modifications of Cas proteins

(The random modification strategy for Cas proteins contains following steps: Firstly, random mutagenesis, such as Error-prone PCR, PACE, PANCE,
etc, are employed to generate variant libraries of Cas proteins. Secondly, effective assessments, such as plasmid interference-based depletion
screening, human cell-based EGFP reporter assay, and so on, are applied to screen positive mutations. Finally, the positive mutations are combined

for mutagenesis to develop more significant Cas variants.)
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43— 42192, Hu A1 Miller 25 38 1o 15 B 14 4
B Frsit it (PACE) J77%, Xf SpCas9 4T 7 ik
th, Gk SRS T PAM RGP 51 A NG, GAA Fl
GAT [ RAF Ak xCas9, 1% A5 8 4= T SpCas9 #
bb HL A SO RE 1) PAM R 3 B8 g A4 5 DR 4 v
T i B, 3X A8 75 xCas9 A8 R A8 N AR 4H fifd v 3
P T s R 42 ik IR i o R Rk 5 i % 45 1) e
BT REHRTE 5 S5, Miller & H [ 2 il it
W T A A B AR I 43 (PANCE) 75 480 3 Ry
() PACE ffi 3% 5 CHIVEE SpCas9 fHEAL 313287 A 3
AT T, A IR RS B A RS ) NAA
NAT FINAC X 3 # PAM 741, Sk ¥iiik ] 120 JE £
# PAMs JT 41 1) SpCas9 KRR, k45 T 581 5l
PAM J¥ % ’JNRNH (R ZAFMG, HiZA. CFIT)
) 3 /N8 5 SpCas9 RALAA, i | SpCas9 X & A
RFE 5 IS PAM T 41 R Sl AR R, ax 3 A4S T Y
SpCas9 LA 5 5 Hi i 18 1) SpCas9 A2 & — 2, J7 I
AT RLSE BEE 1) K £ $ PAM 41 D NR ) S [,
& FE P B T CRISPR/Cas9 % 4t % % [ f # [y
CEV2 I

Bt A% Cas 25 11 = 4k 25 F R I HL I
AN, S R A 2 ) X Cas B I HEAT
A A 80 328 T A — PR AL A 52 F+ CRISPR/Cas
RGN J1F-Bro %7715 A Cas 5 IR 45 R4 KR AURN
AL B TG 51, X Cas B 11 AH 1R &5 A 38 ik 47
Wt o iE ok ORIk AR E N R B 0 Cas A&
A Dot 35 37 o8] e BN T R “PAM 4
W7 JE 24T 0 CRISPR/Cas 5 48 M K J& (%

SgRN

A, IR Cas B A B DRI K 2 Bl SR
P AR R SR R YT R PAM T A R 0
BBl 73X P I 25 R T

B 1) 4 B M 2 CRISPR/Cas £ 40 T 35 R 41 6
HEg AT . 7 Cas A, RECHLS gRNAH
WU B VIAE oG, A2 B 2 F+ CRISPR/Cas R 4t
B [ R S PR A X T 7 0 Chen J M [R)
RIL 4 Cas9 R 5 5 gRNA 78 4 it bf ) #0 3 B i
REC3 I fit i i 5 RNA-DNA 7 5 BU4E 2> 1 1) AH 5
TEFH, f15 Cas9 M Gk A= A8 A0 I 18 1 4 HNH 45k
AbFBOEARES, T A S HERR IO DI B S vz B 4
I Chen i 1 20 4 %8 38 REC3 35 ) 4 4N 5% %& F1 HNH-
RuvCER AL I 1 ANREE, B susE B Hm B A &
£/ B M 1 Cas9 4% /K HypaCas9, 1% 7€ A8 18 ) &
N692A/M694A/Q695A/H698A VU iR Ax, (EH: A
RIS ER KA BRI T, EANKER
s MR e AR T R ENREA. BT
REC I 41, Slaymaker #1 Gao %5 & ¥l 7E SpCas9 ]
HNH . RuvC 3 F1 PAM iR 5 38 2 18] — AN 4 1E
HE A7 A TUT A, T g 5 AR HE DNA 1) B RbBE A %,
{f1ZAE S8 W) DNA 55 [M4%  (nt-groove) H i Y 1E 2
i 7% 5 14 4 T i 43 1Y 3 Cas B 1§17 DNA [ 4F
S (E3) B, Kk Slaymaker F1 Gao Z5 5% 3 $E 7]
DNA HE VI8 1) 31 AN 37 1F B o [ 5% 35 HEAT T TH 2R
Briimit, 25 XARIEM kT THERE,
HE T HA mREMEN Cas9 RAZK eSpCas9 (1.0)
FleSpCas9 (1.1), X P FEAZR 43 AL 5848 55
K810A/K1003A/R1060A F1 K848A/K1003A/R1060A .

HNH

o 0®

* U DNA%E

[ESm T DNA B
PAM

B3 SpCas9 fift T # DNA XU HE 45 44 5 DNA B 15 5 [0] DNA B IR 1 o i 4 A 52 780 ] )
Fig. 3 Model for charge distribution on DNA and the nt-groove after SpCas9 unwinds the double helix structure of targeted
DNA strands™

(Positively charged grooves among the HNH (purple), RuvC (green), and PI domains (gray) in SpCas9 play a key role in stabilizing the non-target
strand of the target DNA by DNA interactions. Then, the SpCas9 complex can readily target paired DNA strands through complementation to drive
DNA unwinding and prevent re-hybridization of DNA double strands.)
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fRI: PAM SU4E, 3k CRISPR/Cas R 4i4m 4 At 111155
B, Walton A [A] 5 DL SpCas9 [ /& SpCas9-VRQR
R, T LA R R TR UG SRR, B
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] DU i 3 £ RF 8 1 AR P 81 9 A4 gRNA F
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Ui VN I P A 55 N W A% R T LA Cas9 &5 1 5 2L FF
S, e AR RS B T Zetche f H A
W7 e iZ 4%, MR 55 sgRNA FI H 4h4E DNA 45 & It
Cas9 fn k4544, 4 Cas9 & H 4 AN B B 4051
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555 A8 R U RS M TR A, R
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o
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SRR v DR A g A R e v Y O R
PasE e P <o N i N N [ i o O o T O R
gRNA 45 G40 i, TEPIAgRNA G F 2, Fokl-
dCas9 B E AWM 4 & HMER T, mTH
AN Fokl ¥ B2 B ) 5805 A A 1, R AH AR
P gRNA &5 & 07 55 A I 45 & Fokl-dCas9 HL 44K I,
A e ZE BE B A S 1 1 Fokl #% R s — Ak,
E T fih 2 DNA XUEE V) E o T AH AR 9 A [
B A Tt S S A (1 Ak 6 E L B A o7 a5 S S
(R/NMF 2, B n] &35 52 5 CRISPR/Cas 5 4t %) &
DRl g i ()R e 1 B (14D

TONE BN, SMEE O 5 N ]
“H CRISPR/Cas £ 4ty K4 8 (1 D g 451 W1 Zhou 45
T e i 5 I 5R Ak 4k (5 % )% & 1 pdDronpa 5
Cas9fili &, Wit 7 HA RN Cas9 & H ps-
Cas9 ¥, 7EEEHTIRA T, pdDronpa & 145 #445 —
BALE T R BR B NUC AR 5 H REC 22 18] )

dCas9
B4  Fokl-dCas9 fili & & 78 fA () 45 44 ) D g s = e

Fig. 4 Schematic diagram for the structure and function of FokI-dCas9 fusion protein variants

[64]

(Two distinct Fokl nuclease (blue grey)-dCas9 (green) complexes with sgRNA (black) bind to adjacent target sites with particular spacing

constraints, and dsDNA cleavage can be triggered only when the two FokI-dCas9 complexes assemble a dimeric active Fokl nuclease.)
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bb, X Flh Cas9 5 & 1K w] 5 4 Mo/ S 5 S s, JF
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SR T Ao L T RO B R D] Vi 17 8 R R SR o A
ab RS AL, SARGAS X ME 31D 4
5 fill 1B 9 B8R oo e A1), i GGGGGGGG.
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) CRISPR F5 %1 I T 6E /1, 7 % AE crRNA A
tractRNA FJ ¥ [F] T HH BN RuvC A% FR 38 HE ] 17 1 XU
B DNA, i = AR F PR o U 0 T X e A
Cas £ W % € ML HLHI AT, BRI T

Casl2k
LE RE
A
LLLAIR
g target [ ]
PAM ‘T‘
60~66 bp . WAL
NNNNN NNNNN

BI5 ShCAST f/i 5 f) DNA ¥ 5
Fig. 5 Model for S\CAST-mediated DNA transposition™
(The ShCAST consists of a Tn7-like transposase (blue) and a Cas12k protein (green), which catalyzes sgRNA-guided DNA transposition.

The cargo gene between transposon LE and RE sequences can be inserted into DNA at 60~ 66 bp downstream of PAM.)
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CRISPR/Cas & G AW 2 i SO 7 s o5 —
77 TH X B838 2R 4t 4 5 89T T 2\ CRISPR/Cas T A
I 7 REFHIEAL, %23 A CRISPR/Cas & 4t
FIPAM S PR B 5. Fr e mE S As
HEME L.

4 REiHRER

CRISPR/Cas R4t & T & it EEAEMIME . K1
B A RAE BEEA R AR RA R 1E
e, XMERZAGHTERGwmE LG L+
RN AR, R iz R G H T L 6 4 48 11
Thee — &R R s G 8] T 2 RRO0E, M
H, AT RKREZHEYFLEEMIKZE SCHEH
Aol BRI, CRISPR/Cas RG Mt — B K IEIET
AR R 1 N R PAM 2 R 5 el B, O T R
VRIX B ) 5, B 1) CRISPR/Cas & 4L it AT
g ” LR “FIH H R 5 CRISPR/Cas R4 £

FEMEF2 3 37 X CRISPR/Cas R4 7 A2 2411 AR
FH (0 79 ol B g S R R SR o “ XTI R G AR Ak B
it EEEIEXT P CRISPR/Cas R 4L I & 2 kb
BEAT BOEHE T, B HERT Cas 8 (A A Ak Bt DA Az
T A B A R 51N R e B AR X Th e IR
B AWM CasFHEAK, £ Cas T ANUE T, Tk
RS TIF 2 E KR, HILT —L TAEMERE
13 3 2 25 3 F+ 1 Cas B F RAZ AR, 5] 1 SpCas9-
HF1. SpRY. endsCasl2a%%, iX¥ECasIATIE 2
TE I 17 5 5 1 3 A E 4R 55 PAM 1R 3 [ 45 7 T 4
ATHENR®E (KD, XERREBEERS TR
ITX%F CRISPR/Cas % %t A H ALl 09 22 A, 51 G %ok
Cas £ [ REC 35 (1 £ A e id vT DA RS AR e #8288, %f
PI 45 &35 DA S WED 8 0 A4 24038 7T 4 96 PAM 741
(R YE B, % Nuc 381 9848 ] B 2 B AR 1) 3% 1
s, EE AR Cas EEAQIE T, X LT 7T AL
RN, T — AR R A A R 5 AR
A R Y E T CRISPR/Cas % 45 ) Th RS A1 N &
P, Bl A Cas 22 4 OG5 14 b w7 A T 225 R A&
B A BENLIE A . B g B A
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Table 1 Engineered Cas protein variants

Cas A4 RAE R PAM %1 TRELTE 73%
SCHR

KKH SaCas9 E782K/N968K/R1015H NNNRRT — 75
RRAsCas12a S542R/K607R TYCV — 74
RVRA4sCas12a S542R/K548V/N552R TATV — 74
xCas9-3.7 A262T/R324L/S4091/E480K/E543D/M6941/E1219V NG/NNG/GAA/GAT/CAA E =TI )|
SpCas9-NRRH/NRTH/NRCH — NRNH o [78]
HypaCas9 NG692A/M694A/Q695A/H698A NGG e [79]
eSpCas9(1.0) K810A/K1003A/R1060A NGG #m o [35]
SpCas9-HF1 N497A/R661A/Q695AQ926A NGG o [80]
SpG D1135L/S1136W/G1218K/E1219Q/R1335Q/T1337R NGN [31]
SpRY SpG RAF ;S+L1111R/A1322R/R1333P/A61R/N1317R NYN/NRN [31]
endsCas12a-HF1 E174R/S542R/K548R/N282A TTYN/VTTV/TRTV fem [30]
LhCas12a-RVRR G532R/K538V/Y542R/K595R TNTN/TACV/TTCV/CTCV/CCCV [38]
Blackjack SpCas9 — NGG em [37]

Note: From left to right, the Cas protein variants represent those with enhanced performance; the mutation points represent the combination of

amino acid mutations occurred in the Cas variants; the PAM sequences represent the recognizable PAM sequences of the corresponding Cas variants;

fidelity represents whether the variants have improved targeting specificity; “—" represents no data for the fidelity of the Cas variants in the

corresponding reference.
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B ThRE TR (. 1Y CRISPR/Cas 24, A BT HE—
WY KIZRGWMNANE (K2 . EHERERLS,
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CRISPR/Cas & 4t , 151 CRISPR/Cas® #il CRISPR/
Casl2k, RI#HAE m/MUIThEENE Cas T, TE4N
Pt 1k 75 T R AR B, JE A AR T [ R
20 5 [R5 A i 3% 2 S5 ML R AR, T AR A
TRAGENMBEEEMN., S5 W, XX
B Cas AWM LRSS, AUSE—LIHH
CRISPR/Cas £ 4t 1) )3 FH 453k

TERH MR, BB 450 oo n) DL AR
Cas & F R ) PAM J7 41 9 B A L B0 B R, R
Cas 25 [ 67 PAM J3 51) [ 35 530 8 42 AL 8] DA J% ot 80 2
I AR AL BE v oK 73 21 56 A e B, X g BR 1 1 BA
G5 K 0 s B ATL 1) Sy JE Al 4 6 Cas B A AR P40 B
AL, XTEA CasEmEARII K, BERINEEHL
P35I N BT DUER AT 1 Thie . (H A 0] BE 5210 Cas
FEE PR DL s A Re . Hk, AT
#E3)) CRISPR/Cas RA MG K e, — 7 AR
BLEE ST INVEA ) Cas B B A H SR IT 5 HIAE
FRLAL, #E— 25 f# T CRISPR/Cas % 4t 1 1E F HL
i, % R G S0 R Th B8 R SR A L SRR
Iy — 77 [ i 7 I A W 72 98 CRISPR/Cas B &

i, RINRIRATN % R G K IhBE 2 FEMERIAR,
M A 37 T Re T B R F 40 R Al R . Ak, 3R
A3 wT AR TAE H B, 784> F CRISPR/
Cas RGN FIRE S, FERFT &, Bln, Bk
S - 25 DR ORGSR D — AN E LR, (H
XA ) 35 TR A 1) 9 AR R A SR U, A — AT AR
I RF R Wang 48 2 "R I AE L A LR
CRISPR/Cas9 L }2 CRISPR/Cpfl £ 4t B4 8 i 41 3
Z, FHXMHIHS, aTUFREUTHLEMHY)
RE M g e T B . UM, Kiga Mz 3 [F 35 12 F H
CRISPR/Cas13a A] D) [ fif 41 1 RN As #E i 410 ] 3 4=
YIE K HEYE, PR 7% T CRISPR/Casl3a [P
AT, BR% I8 IR A R ) B AR R 2 2
SRR i 52 Bk T 87 I 1 K i 1R R i 52 R 4R P AR
& 0 B B PR AT R AR R R, HEE AR
VE AT 24 240 B B 96 97 70 R0 ARG S 200 B AR o 2 TR 1 7
Tl WIREESE “IAE RBMALE” A “H R4
ZHE 7 S5 T7 gk S EUR R R, R R A
AN[Fff) CRISPR/Cas R AL Th e a1, Wit TP R H
HA B3 N FH 3% 5 # CRISPR/Cas I. ., CRISPR/
Cas R H UL H ) [ [ R S 25 ]

MM H 2, % CRISPR/Cas % 4t 1l 3 ¥ (1 ¥ i
FR, GlR T BN dm i AR R R, R
b T FRATT X 3 DR AT 4 R R 45 4 1 B T R AL
o, HE B INER T RRATT 6 S A AR A RL 2 B A IR A
A R IEE T PR R A ) TR S A AT R
R, U X A AR W) 2 1 U S X 2% CRISPR/

K2 PMM CasEHE
Table 2 Novel Cas proteins

Cas H A AR IR Y CRISPR [ 41 )i T- PAM/PFS 1% 5 1) DNA A ity B
Cas12b dsDNA 7 & T PAM Zh AR [109]
Casl2c dsDNA 7 — — [47]
Casl2d dsDNA & &4 T PAM — [54]
Casl2e dsDNA & % T PAM — [54]

Cas® dsDNA oA TBN B oK i [48]
Casl2k dsDNA I GTN A HE ) A D)) [50]
Casl3b ssRNA = 5'D PFS 3'NAN/NNA ssRNA DL 23 ) RNA [47]
Casl3c ssRNA ¥ — — [47]

Note: From left to right, the Cas proteins represent those novel ones; the target nuclease types represent those targeted by Cas proteins; the

CRISPR array processing represents whether Cas proteins have the ability to process CRISPR arrays; the PAM/PFS represents the recognizable PAM/

PFS sequences of the corresponding Cas protein; The target cleavage pattern represents the form of nucleic acid end cleavaged by Cas protein;

“—" represents no data.
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