£ oT R % £ME % | EFATEN cCrRisPR-Cas 7Et0RH. 2RsxeE (I

Chinese Journal of Biotechnology Mar. 25, 2025, 41(3): 949-967
CSTR: 32114.14.j.cjb.240865 http://journals.im.ac.cn/cjbcn
DOI: 10.13345/j.cjb.240865 ©2025 Chin J Biotech, All rights reserved

« Al IREHREFA -

F®E F lﬂ%&%iiﬁlki%&ﬁﬁ%ﬁﬁﬁﬁﬁ HEARIR, ZRAR
77‘1‘175/\)5&&%% HBE AN RF . AFARE L SHBE RS THit
G REEMY FIKR, MK S ADBARGES, £33 5:8F 8 H LA
i%&kﬁ*%% mﬁk%ﬁ@ BEBAATE | BB A TR
E LR XSRAEWN ZHEFT ALK E, RRKEFEIH 9000 4%5/ Ak E,
#& Nature Communications, Science Advances. Trends in B| otechnology\ ACS

Catalysis. Metabolic Engineering 4 B Fr4 7] X & 55 B X%, viF+ A I

14 7,

ET AT EEER CRISPR-Cas 2T, 12385
B

%m_:_’; 1,2,3, ,ﬁ% M2 % 1,2, %ﬁf/&\ 1,2, j(]J |:1«l— 1,2’ j%%i 1,2, };ﬁi/J\ 7 1,2,3, Ea’ﬁ 1,2,3*

1 W EFRE R A T AP E AR, KEE 300308
2 HEE B AEYHEARLH L, KiEE 300308
3 RERA R LAY e EE ALK, KHE 300308

EBWE, 6=, BRE, XM, BEk, BUNE, B4 5T AT 8809 CRISPR-Cas RA M. 248 5ME[0]. A9 T
TR, 2025, 41(3): 949-967.

MAO Yufeng, CHU Guangyun, LIANG Qingling, LIU Ye, YANG Yi, LIAO Xiaoping, WANG Meng. Artificial intelligence-
assisted design, mining, and modification of CRISPR-Cas systems[J]. Chinese Journal of Biotechnology, 2025, 41(3): 949-967.

W OE: MEASREMFHEA, CRISPR-Cas A4 A X RBHBOE ST EAEAE., RbfT
AMBRKEMRENT ERB A, KL %K T AIH H (artificial 1ntelhgence AI)%i#i/ﬁE
CRISPR-Cas % #%ikit. kbt oy m A utEk. Al BHAR, #7205 SRR I =2E ]

M Jp 23, AL sgRNA 323t 3R %o 3 20F TR L3 . RT3 TM&i%ﬂ%MM@@m
guide RNA, sgRNA)R it 5374 F 69 5 A, K FALE S 3 49 CRISPR %7, Cas XA #EHL
%ﬁ,M&MECM@R@%%;@%ﬁ%%ﬁéﬁﬁ¢%%ﬁ&LﬁT§5ﬁﬁ RN AN
ARG T AR BB E G, LAHLRATAZTFEET I T M, 45 ZIF Rfb
NASE-NEE =S g g ¥

X8R SR AEMF; HR%HE; CRISPR-Cas; $£4£7] 5 RNA Xit; BE6935IR G i

VNI H . R E R AR 2 SR B T (XDC0110201); E 5K H AR R FE S (32101186, 32301273, 12326611)

This work was supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (XDC0110201) and
the National Natural Science Foundation of China (32101186, 32301273, 12326611).

*Corresponding author. E-mail: wangmeng@tib.cas.cn

Received: 2024-10-31; Accepted: 2025-02-18; Published online: 2025-02-19



950

ISSN 1000-3061 CN 11-1998/Q =¥ T #2244k  Chin J Biotech

Artificial intelligence-assisted design, mining, and modification of
CRISPR-Cas systems
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Abstract: With the rapid advancement of synthetic biology, CRISPR-Cas systems have
emerged as a powerful tool for gene editing, demonstrating significant potential in various
fields, including medicine, agriculture, and industrial biotechnology. This
comprehensively summarizes the significant progress in applying artificial intelligence (AI)
technologies to the design, mining, and modification of CRISPR-Cas systems. Al technologies,
especially machine learning, have revolutionized sgRNA design by analyzing high-throughput
sequencing data, thereby improving the editing efficiency and predicting off-target effects with
high accuracy. Furthermore, this paper explores the role of Al in sgRNA design and evaluation,
highlighting its contributions to the annotation and mining of CRISPR arrays and Cas proteins,
as well as its potential for modifying key proteins involved in gene editing. These advancements
have not only improved the efficiency and precision of gene editing but also expanded the
horizons of genome engineering, paving the way for intelligent and precise genome editing.
Keywords: synthetic biology; gene editing; CRISPR-Cas; sgRNA design; enzyme mining and
modification
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Figure 1 Design, discovery and engineering of CRISPR-Cas systems guided by artificial intelligence.
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Table 1 Representative machine learning-based guide RNA design tools
Tool name Accession link Year Machine learning Cas type Data Source Reference
function

Azimuth 2.0  Web tool: None 2016 On-target Cas9 Human [30]
Source code: prediction
https://github.com/MicrosoftResearch/Azi
muth/releases/tag/v2.0

DeepSpCas9  Web tool: http://deepcrispr.info/DeepSpCas9/ 2019 On-target Cas9 Human [39]
Source code: https://github.com/ prediction
MyungjaeSong/Paired-Library

DeepHF Web tool: http://www.deephf.com/ 2019 On-target Cas9 Human [40]
Source code: prediction
https://github.com/izhangcd/DeepHF

C-RNNCrispr Web tool: None 2020 On-target Cas9 Human [41]
Source code: prediction
https://github.com/Peppags/C_RNNCrispr

Be-Hive Web tool: https://www.crisprbehive.design/ 2020 On-target Cas9-ABE/ Human/ [42]
Source code: https://github.com/ prediction CBE mouse
maxwshen/be predict_efficiency

DeepPE Web tool: https://www.crisprbehive.design/ 2021 On-target Cas9-revert Human [43]
Source code: https://github.com/ prediction ase
maxwshen/be predict_efficiency

CAELM Web tool: None 2022 On-target Cas9-CBE Human/ [44]
Source code: https://github.com/YQLICAS/ prediction mouse
BE4max

Elevation- Web tool ®: https://crispr.ml/ 2018 Off-target Cas9 Human [45]

aggregation Source code *: http://research.microsoft. prediction
com/en-us/projects/crispr

CNN_std Web tool: None 2018 Off-target Cas9 Human [46]
Source code: https://github.com/ prediction
MichaelLinn/off target prediction

CRISPR-Net  Web tool: None 2020 Off-target Cas9 Human [47]
Source code: https://codeocean.com/ prediction
capsule/9553651/tree/v1

Quantitative ~ Web tool: http://www.thu-big.com/sgRNA 2021 Off-target dCas9 Bacteria [48]

CRISPRi design/Quantitative CRISPRi Design/ prediction

Design Source code: https://github.com/
fenghuibao/CRISPR mismatch analysis

CRISTA Web tool *: https://crista.tau.ac.il/ 2017 On/off-target Cas9 Human [49]
Source code: None prediction

DeepCRISPR  Web tool ®: http://www.deepcrispr.net/ 2018 On/off-target Cas9 Human [50]
Source code: https://github.com/ prediction
bm2-lab/DeepCRISPR

CRISPRon/off Web tool: https://rth.dk/resources/crispr/ 2022 On/off-target Cas9 Human [51]
Source code: prediction

https://github.com/RTH-tools/crispron

2: The web tools or source code of CRISTA, Elevation-aggregation, and DeepCRISPR were inaccessible during testing from

October to December 2024.
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Table 2 Machine learning tools for CRISPR-Cas system annotation

Tool name Accession link Year Annotatable units Reference

CRISPRidentify Web tool: None 2021 CRISPR array [71]
Source code: https://github.com/BackofenLab/CRISPRidentify

CRISPRclassify Web tool: https://shiny.posit.co/ 2021 CRISPR array [72]
Source code: None

CRISPRcasldentifier Web tool: None 2020 Cas gene [73]
Source code: https://github.com/BackofenLab/CRISPRcasldentifier

CASPredict Web tool: http://i.uestc.edu.cn/caspredict/cgi-bin/CASPredict.pl 2021 Cas gene [74]
Source code: https://github.com/shanshan1996/caspredict

CRISPRcasStack Web tool: https://bioinfor.nefu.edu.cn/CRISPRCasStack/ 2022 Cas gene [75]
Source code: https://github.com/yrjial015/CRISPRCasStack

CRISPR-Cas-Docker Web tool : https://www.crisprcasdocker.org 2023 Cas gene [76]

Source code: https://github.com/hshimlab/CRISPR-Cas-Docker

CRISPRCasTyper  Web tool: https://cctyper.crispr.dk/ 2020 CRISPR array (based [77]
Source code: https://github.com/Russel88/CRISPRCasTyper/tree/ on XGBoost) and Cas
gene (Non-ML)
CRISPRIloci Web tool: https://rna.informatik.uni-freiburg.de/CRISPRIoci/ 2021 CRISPR array (based [78]
Source code: https://github.com/BackofenLab/CRISPRIloci on CRISPRidentify)
and Cas gene (based on
CRISPRcasIdentifier)
CRISPRtracrRNA  Web tool: None 2022 CRISPR array (based [79]
Source code: on CRISPRidentify)
https://github.com/BackofenLab/CRISPRtracrRNA and Cas gene (based on
CRISPRcasldentifier)
CRISPRimmunity ~ Web tool: 2023 CRISPR array (based [80]

http://www.microbiome-bigdata.com/CRISPRimmunity/index/

Source code:

https://github.com/HIT-ImmunologyLab/CRISPRimmunity

on PILER-CR, CRT,
CRISPRCasFinder,
CRISPRidentify) and
Cas gene (HMMscan)

2: The web tool for CRISPR-Cas-Docker was inaccessible during testing from October to December 2024.
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EWFE F | ETAIE M CRISPR-Cas AL, 2S5 XE

FET Ty A AR AEAS I A 7 e ARORSE T B f 1
GILE WAL, BEREPLEIR ] CRISPR 4471 1Y)
FEREIFHIMEIE TS R, Y2 R R
R IR, XTI R A REA S0
NE. MHEZTT, Hlas2s S Rl R 2= > Jr
RS R 1 52 55 B50HE rh Al 1 B A s B AR R R
B, USRI T CRISPR [43 (R S1 ERfA 7k
ITE Cas H 1A 4500 P R I T B8 58 () 305 1 P
FRINGE 1. X FRE ARK CRISPR-Cas R GETH
DA B AR T 58k B 2l 1
2.1 ETHZE3R CRISPR [EFIH)
TR

CRISPR P 5% 53¢ 0 A5 8 4 - (W] R S s i
pre-ctRNA , B J5 %% st 90 9% m 128 WL 301
CRISPR RNA (crRNA)zk; sgRNA ., CRISPR [45
) 6 A T EARO T4 Xo) R - B P T B TR
R GE 1 Jr 1 FE R R 2 T R 3 L 350 i 4
Z 1. H.BY (basic local alignment search tool,
BLAST). B2 /R Al RALAIE (hidden Markov
model, HMM)% T- B, 7% L JI#) CRISPR [
GIEL 8 — S T SO TR A AR AL
AT & . AHOCH T HALHE CRISPRFinder!®!
CRISPRCasFinder®! | CRISPRDetect!® 4§ | X
T HAEE RO T, (A 3 BEEAE T IOk
PAZE T 1 2 DR 20 25t R OB RS . A,
H1 T Al 1] By 2 v BE A 5, fRT BRI R OR
W& ] RE BRI R . — 2 g sk
ARG BYE AR AR U BE 51 Y 8 A X
Il PR A R k-mer AL T IEIAY 2,
e llk TRTFSHBEII TN R R . XTI
PR ET R B R KREEN, REEIFXLHEL
RN B E S, AR = A ) B P B
AR Z A AR, Tl SCRYPES)
oREEAT HE A o M E ) T H AU FEF CRISPR
Recognition Tool®fil PILER-CR¥74 , T4k,

Z&: 010-64807509

D P B AR 25 Tl T 2 56 AL B AR R
AT KR I S AL s . ST A R g
XL F CRISPR BESI 08, AT &
ITH9 T E., 40 CRASS®IHI MetaCRISPR®,

SR, T CRISPR [4:41 i m] A% 1] [ [X ik
PS5 M, N TN 2T 40 R BOHE DL IR A58 1
T, PR, & AT O RE 7 045 e DK Sl
RN F AR DI 2R 0 2 ) B 2 oG e, Fh iR K
2£1F) Rolf Backofen HIPAVYIF R T I TFHLaw#
>J 1) CRISPR [ 41| % %€ 1) T.H. CRISPRidentify.
2 LHAR 3 AEELE: (1) KWEE )P
BICIF MR FE S . (2) FRIREZ A5
KL, (3) HETHRBUGFFIE AT HL A2 >
4325, CRISPRidentify b %™ 2 B 4 A )i —
AFRAE ) &, — HARE 1) 2 5 A X O HK
28 1 YNGR 10 43 208 4 B Do [ 9] e 3 72 75 ) BB
J& CRISPR [%%1], Ffit3Z nl PP, 18
] —il X4 b, CRISPRidentify & 73 [A] % (L
P, TPR). FemfE(ELPIMES, TNR), HEH
K OPHTAEREF Matthews HH5¢ 22 B0X 5 1T
Y0 F CRT .CRISPRCasFinder #1 CRISPR Detect,
JEHA R RS B ENS, BoEA
THRTHLA2: S 4T CRISPR 451 % %€ B9 hf
FH# 71, %F CRISPRidentify A48 BE
JG 4 IF &) CRISPR-Cas RSB S5 KEY
fER CRISPRtracrRNA?1 CRISPRIocil”*'fll
CRISPRimmunity™¥%{ii i CRISPRidentify #F17
CRISPR 519351, BT CRISPRidentify M3
fiitE T H., Nethery SEUVHHLH T —FpRL T2
TR R XGBoost ) 1. H. CRISPRclassify,
A% CRISPR i s #EATR AN 4326 o %07
Pl 47 CRISPR FEE )P, REASTE A
Cas JER A5 0 F iR 5] CRISPR v 14, & BT
Cas SN2 L TCIL A BRI A7 05 . tAh,
A — L T H BRI 1L 58 )y k54T CRISPR
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MESI I %, (HAE S 2B i Rt B gl A
THLER 2 AR . #ildn, CRISPRCasTyper!””
K JH T A 3 4R T vk S B (XGBoost) A6 75 sk 15 3]
CRISPR 4 Ay LAY, XA R4 T+ 1 X 9L
CRISPR F5 M 2 B 51 19 93 2R BE ) o
22 ETHHFIMCasFMEREBRD
ARSI

FIXF Cas KIGAHCE MR, BR
) BLAST J5k, FIHIEE /R ] KA (HMM)H
P& Cas FEHE AN ILRSF IR, 7T LA iR
SR HERRTE . F N T HALHE MacSyFinder™ Al
HMMCASP!, SR, X R0 7 AR T Cas &
BHE A, PR TR B AN S B A A i 25 B AT
e IR B ZE I oAb, XTI slm 2 0
fb 1Y Cas 2511 (40 Cas7 il Cas8), H:T HMM iy
T3 AT BRI R ANEL T,

i K27 Rolf Backofen AT %&
T —A Cas W %1432 T H CRISPRcasldentifier,
i Fl HMM $2HU CRISPR & 5E 4% ik (4 5
Cas IO TN, FFPEAG T 3 FhblAs
2f ) BRI 37 5 o] 3 Al (support  vector machines,
SVM). 43255 [aH# (classification and regression
tree, CART)FIH i FAILIY (extra trees classifier,
ERT)YIIZRCR . HAEA S CRISPR L
A F R IER RIS T 0.91 B F 23 %50F1 0.89 Y-
s, e A 5 A T HT Yang %04
FER T —AHT SVM BRI Cas 25 (1 F T
CASPredict, il M F 51 HRH2HLE) 400 Fif
TRRESRHE, 7E Cas HE5E Cas EEAE L
FINERG R Ik F] 84.84%. Zhang Z5SELT4E 2 >
HEZRTF R T Cas 5 FIR % T H CRISPRcasStack,
HAE 0 ST B PR AR ARG . Matthews AHE R
B UENE AT CASPredict 5 —E L #
RIS AIS T4 NSRS R, (HEA]
T BT AR R AE TR RN A R S

25 il

LN
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TRBE 25 > ) H BRAY) RS el 28 T 8 P o B
B> Hr48a, 4552 AlphaFold! ™ 41| I
JE 2 S RS (1 S IR A B 11 5T — 425 0 ARG
WS AT BE . Park VR R T —FifELk TR
CRISPR-Cas-Docker, $#2 it 2 il 45 crRNA
FPA AL Cas AR 7. BT A5 7 ii(in
silico docking) Fll & F J3 51 B9 5 ¥ (HL A% 24 > 41
X)) T 45H B J7 75 AlphaFold2 i i
Cas RIS, FFAEMEAE EBIDIL 55 e
crRNA MXTHE DL . TR HIR ik R K-
H¢ 248 (k-nearest neighbor, KNN3 1 JEA 75 Y
Y2, L 43 A8 s B Hh 9 CRISPR 4415 Cas
RGERMZARLR, SLHAMHE CRISPR [441
FRAE T L XF R 1 Cas RAIHL, PEAEPEAL 45
RN, 2% T HAERTERFRE] T 92.3%.
XTF F LN E R S 2 mE ), F1 35—
P 25 4 i 5 R 1 R F0 A Il 2R 19 35 Ar ) 8 i
0.897°1, 2023 4E, CRISPR Xt [H 4 4 45 A 24
HNZ KRB NCITFE T —FhB i R 5
P —— 5 T P R T R S A ) R Rk
(FLSHclust), fii HIZB PR 3 > F LA A3
P PE AT 248, A iR B T 188 A Y
CRISPR ZR%t; MJRfihf 1454 AlphaFold2 AY%%
R EE R, X HA 4 D RGEIEAT T IR RAE
Sfftr, M R#FEE T CRISPR-Cas RAMZE
FEPEPY . IAh, BT 128 CRISPR-Cas REL (AN
1A I AR 22 W 58800 & AR (U Cascade
A W) DNA w5808, HEk 5t
(TSI R -2 S N | Q= il N =
FLSHeLust 87: 5 AlphaFold2 Z5#4 i, M7
I DR 2 508 P 42 4l B Y 1-F 8 2 48 Cas8-HNH
Z%i(Cas8-HNH, Cas7. Cas5 Fll Cas3 & & 1K)
Ll & 1-E B f Cas5-HNH % 4t (Cas5-HNH ,Cas7 .
Cas5. Cas3 Fl Casl), MR IRB 01 7
P Z W HEE R GRS I 4R At 1T R .



EWE = | EFATREH crisrcas 2. sasxe @D

2024 4F, I DIUR¥EAGE . CRISPR ALK FikE %
A ZEFE A 22— Jennifer Doudna Z{#Z [ AP HE 4
T AlphaFold2 S5EG 45 LX)y, JFEE T
— R AR EE IR Jrk, KRBT Casl3 AUt
i Casl3an, FfiE—2Cf#MT T Casl3an Y45
¥ Je HAE FAALE, ¥ Cas13 AL P68 31 2 5 By
AEAH G Y AZ A A% B2 I (ribonuclease) .

FEF IR 24 > B B 1 245 #4 Tt 4 s T
ft CRISPR fiTAEFIA, A 1 2 B0 AR ) R JiE
B2 Bt L 5 R B AV E TR T m R
P BACM it ] AlphaFold2 i34 ) i 2 2h B
GIHAT T =SSR, JE T ) = 4EZ5 A i
T EARZEI SRE, BRI R
B >0 20 285 BREHRIE R APOBEC/AID Jifd
WE 2 B A, AT R T 5 KREA 28T AR
SR EE 1 B R g A S R, IR DA
FERl I A T — R R R g T H
BT, hELOL BB BRI
DRV B9 T B4 22 AR AT BRI R T AT — 44
AT £ S8 158 2 g e ST L, DA 1 483 A i g
WE B 2 B SRS h ik 1 272 N EAARRER
JI58 A R A T B G VS PEAG I, B R 2
PR AL . JCIF 4 i S %) A 75 e s e i 35 s
TH,

23 ETEHIBSEEMN CasFINEE
SN SC 57

BlE TRBE 2 S HOR, FEnE I BiE S
il (protein language model, pLM)AY & J& , il
P15 T 4 B B ) L 328 i DA R A 4 ) R DR AL A
SR Z FAZ IR 1) DSk A2 LY, pLML & —Fh
JeiF IR EE A SR, B T HARE S A3
AT E TS . pLM B 218 7 5140
VE—Fhp gk py<ih 5, Ffaad b e ) vp g s
Aok 2g S HNTER “Th A O, Ho A
FUTE T8 11 07 91 v ) 2 SR 1R 3 R 1) 52 2% 1 A

Z&: 010-64807509

HAER S ARG T b S e 0 45 54 ¢ R A
Bl HITIRA XA, pLM REAE TN 2
FIR I TNEE . Z5H R sh A5tk . BB A S5 H 1
2t ST AR A pLM IR B0 dE X Rh 2
B 45K 05 B I 250K % AR I A K b3 38 pLM
X T 9 5 A 22 (R) 52 2% O R Y A 4 e
T3, B i HAE WO B 1 SRR B O MR . 8
b ARy 2, pLM AN RE % B i 25 11 5T 4 1Y
LYEMF R, EREUE IR S = A 25/ R )= &
S, R PR B AL T — 58 KA 43 B AT
L = A

TR AR R—5S Sdence 1830, WHARK
SR AR TR AL A FE AT BALL 80 000
NP AN R ZH (T 3000 124> DNA fili
XA HEAI AT K TR ETE S AL Evo™, &
X} CRISPR-Cas #%4t, WFFEHIBAFIA] 82 430 4~
CRISPR-Cas J¥ {5 S H T Evo ##Y , JfFFEAE
RUFR SN T REE B HE R PRIAAN Cas9. Casl12 i
Cas13 DI J5 22 ] DAAR 4 3 SEAR R 4 2R
H X H CRISPR-Cas 245 . HiSX Evo #itHy
CRISPR-Cas9 FR 4t A 1L SLgw ik, (H A
W 2540 5 RAREE A R I S5 /AR R AL, XN
PR RRML T A A AR A T,
Profluent 2\ &) 7 BioRxiv 23 A FAF 781000 | 3@
A2 4E 26.2 Tb R A: 4 5 DR 20 7 o 5k TR 4H 2
P E TS E T CRISPR-Cas #R1EEICH)
CRISPR-Cas Atlas; F3& T s Il 2k T KI5
5 AL ProGen2 , AL T 200 £ AN Y
CRISPR-Cas9 #1741, Hr, mHFTsm
OpenCRISPR-1 fif) Cas9 2K [1/F51Y SpCas9
LA 400 28748, SR EHIKER Cas HHH
FHELAT I 200 ANZ8A8 76 3L PR 21 B o gt 0 R GG
BRI, R A 22 R 1 G AR R e Y
SRR, JRAN, TR AR R T — R TG
%W, H.rp PF-DEAM-1 #ll PF-DEAM-2 7525
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HE 7R 5 ABE8.20 AH Y B S A%
iF 5] ARAE, OpenCRISPR-1 A i i35l Cas9
nickase 1 U] 1 fi§ , 3+ 5 PF-DEAM-1 &
PF-DEAM-2 454, SEPUas g 4R o gl

3 EE4iExwEm R

X} CRISPR-Cas FRGiA%. LB oCi iy ekt 76
P2 = AR AR L D IR A LA R A e 5 R G
N FVE R RO E R, Rk, R
OB AR 11 0 3 B T 1) R (o) B
PEBETE B s et ikt 10 e ) R R Y A
L B 3 ) RN i 1 2 A8 S I ey
1 o S VAT g AR, JO R AR ) B A AR AL
il A5 R FUREE AR S A R A BRISIA . AR
T, ey 30 S P AL T R S it X 1 22 2 1 T
U RPRAL . Dt , (F) 3Ry B R X
WSS . DhRe AT B AL R AR,
BT/ INTTAR 9 98 728 SCPE B0 it 58 A8 Sf ik /> 512 6
TS5, BN T 05— 32 AR 1 el SR e
SR, DL SRmS I R 2 kA ks,
B, FFHAOB T E & B eI AR DL
Jo e L 55 At 43— i AE ELAE FH P TR B8R

h TP R RCRE RN, AL T
5 1A B 35 R G 0 2 11 Ao 1) 1A i A v 1221020,
A X8 A R 0 I ke T 5 A8 1 A5 R AT LA
DS TR e T AR R, — M 5N EATZ
AR 7S AR AL B Z AL R A AR KT 0, E 2t
Z RN > R PR R R, R I A8 2% ) 43
MrF 8-S e, 4 T i M B 28 AR A () PR 18K
NG J S0 i . RS X MR g L 7E 2 Fh
s T R AL R B PERE, (HAE Cas A
R TR R R . A KA IR I A
PATIO3-1048 S S5 0K X R SRS L T Cas EH
P . 2022 4%, 45 A AT R LT 4%
TEAD ) TC4% 2H A DNA 2125 H R CombiSEAL!®!
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F1 Arnold A1 BATF A O HLA 2% ~J 4 Bl 1) #4607
1 MLDE 1971 %07 4 B {0 A BRI Cas9 #%
W4l (SaCas9), A K. T 10 NHTF Cas9 THMZ
I 2H 5 9% 7 SCPE I TS AN S e BH e AR T kAT T
IR, UEB T 45 A HLEAE T I TR g ]
PUBRSEEG T T AR R8> 95%!1 0 5 rafi ik 5
E M HECE R L, R RE S AR AR ) AR 4R
m T2 7.5 4% 2024 4R, R T HE— BRI EE
REZS AR IR Y & B2 RE T, 1% 1 DMK 2 4 A 73
(zero-shot prediction) Fll 22 f& Ik £ & A A< 1€ $£
(low-N sampling)45 &, 18 12 X% /b Tl 4 A0
ARRPEF T 5L B K 5| 7 8% 2 (active learning)
(LAY, P& T TopVIP TN B4, FiI o
PERIALAR 2% 2 S ms , L 4 580k 1E R IE (5
12 AR, FELLA SO i R 1%
A B HERR R 8 92.6%.
AlphaFold2!" i Z IR T CRISPR R%K
SHEG Y A R . R O BB A A A B o - A
BAT'OSIF] F AlphaFold2 Tl T Cas12i3 () — 245
F, SRR Cas12il/i2 & FA45 i
TEeRt, BiE T Casl2i3 SRR HAEM E
FERRA AT 5 T XS o, H A T —
AMIE 150 A SRARR SR, it Bt
RGETRE ) 26 MG 1.5 A5 DL By Cas12i3
AR, RS S AR AR A T T S R
SEPEM AR {R Cas-SFO1, 32 [H il B B ik K41
Nguyen Z¢U a1 FH A% 2 (0 2 11 R I T 2
SWISS-MODEL! HIEF IR 2% 2] ) AlphaFold2
UM TR P8 T A ZF i AT i (Brevibacillus sp.)
SYP-B805 iy Casl2b (BrCasI2b)JZ5ty ., AT
femE A ATRE N, HA R E 5 e vk
i T B DeepDDG!' 1 2F B ¥ 4+ T B
HotSpotWizard 3.01'" (R GIFF &1 T 35 NS TE
I RAS L 3 R IR 16 A58 AS A 1 s A e
(Tw) B FTHETE, Ho 5 ASARKRN) To 325 T8
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ik 2 °C, XfH AlphaFold i1 SWISS-MODEL i
M AERRPERT DA BE, 2T SWISS-MODEL 4 il
I AERR A< 52% (13/25), T AlphaFold A9 il
WERR AT, AT LUK E] 60% (15/25) 191,

TR, EREAREEN ETE .
EF SO AT BRI A B o BB K2 1 5K 42 [T BA DL %
ZALSER E AR MR A A, R T — 138
UL 6.95 A AL 1R 11 BT IR B R AR~ > A
T ZARILL AlphaFold 8 [ 5 45 A4 Sk 12
M2y 1.6 AZAEE BT R F 9 S5 #0522k
s, RG] T T A R RHIE 2 A Rl
ST . SRR TR B R AL S B
St b, R BB kT — R T ERE
A (zero-shot) il W £ [ Jix 28 48 2 W 1Y 7 3%
ProMEP, 7£Xf (RNA H¢5 4 MR 17 B 2 TadA
PEAT G Ak R TR, ZEA T ProMEP T top 10
(A R R AE TR AR, BoR A FI A1
T ER AR 50%—T0% 2 [0] , T AN 1) 58 28 g 13
WMIMER L] T 100%3), Hsh, ££F ProMEP
Wi TadA U EIRM R ABE B 5 i 48
TE AS/A6 B | 1 A-to-G Z 35058 1 55 2 55K
N5 2 ML) ABE9 MY, HAEMEE A AL T
ABERe!'Pl, X S HL I R T ProMEP 7E 8 )i
TARH R TT, R R AR R N e T
RE 7 1T A 7 FH AT 5%

bR TIEYE . RE bR E AL, Cas
1A /N R0 Ak A 2 > i 35 D] g R 00l ) A 5 A
SN AR AU fig e Big AH G 75 (adeno-
associated virus, AAV)Z AR ZE & PR, 38 7] )ik
DE FAMEACET AR, RRAR S e, R T
ERCR . H/NMY Cas NG ZIREILITR
e, HEsR T R gm0 R M, RIS AT
RETE S A0 R S, Bl RN o AR 2
25 5 FE P AShi 3 254 AlphaFold2 T 454
FE, BT —FETERR-EOMEEAEN. 3

Z&: 010-64807509

A5 A AR IR ORI AR 1 B/ BLAE SR
W&, BT T 2R B Cas13 22K, F-XkE
{8 729 30%M)741, HIH RNA 454 FPIHEEPE
EHPAE IR Y . SRR AR A R T
— i T I 4% Il 55 1 P i FH & BH (web-based
fast generic discovery, WFG) K W% , %45 &
AlphaFold2 FIZSHIE R, KMIF/NMELZ 5%
B HEE DNA 2 i (Sdds), VIR T2y
40% 74 o 38 X — SR g, HT B P T If
T 2 8 % EE ) Sdd-CBE,

4 REZ

AR, FERgmRE AR IE R R R, ALfE
sgRNA %11 51F4k . #r7 CRISPR-Cas HYE
B S20 g B O A R B S ko S O T
4 o7 8 i 25— 43R iy %) % B T
{EAT SR THI I 2 i 2Pk

7E sgRNA BT 5, 8 AL H
RE BERTF sgRNA W BTRHCR AR, (2
B 1 7 L 1 R S o A7 B o A 75 ) Rz
FRBE T BRI o AR AT N S v T
BN Z R R BN B 45, IFES A iE
o] | BN S S HORIT R ek Al
B, DI SRR 2 bR JT . BEAh, sgRNA
AR T EZ B R AR ACE, BT A R
TS R, 3k Ko AR TR F R PR TR R Y
B3k, 1€ CRISPR RGN HH, sgRNA it
() HAR AT RETT 2297 R B £ guide RNA [4511
ofk. WFFERM, AP guide RNA [FE41] H
1) 75 &2 Jp A1) K B R [R) B 400 1 HE 8 T LB v
guide RNA MREME, FFul /b sz n 7, i
an, DA A A BE (AN I AE 20-36 nt 2
(] RE A% A 15 = A i 1 R BE, dsl/ IRL e K
BT BN BB ATE ML, o,
sgRNA MK /KF-LU K Cas B 1R L B2
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XoF S B F14) 4 e 280 23 i U K S ) o (FLBH 25 A G
AR ARBR B E5 A ALEAR, kA s
Z Bintifbsng, #E—48F guide RNA it
) A 5N 2 A o T X RE S A L R B
P2 Hl . sgRNA BEH L5 B h K S B 5%

CRISPR-Cas REM ZHEMEFIE 2200 &
PUB R SE BTN Cas 28 (A FIE ) $2 At
TEXRAW I, SR, JRZ TR0 E B4R 2
TR I 7 5 IR G e 00 ST O ) PR . PR AL
HORM R R e, FRilljZ AlphaFold % VR
2T HA DGR, R TS5 #7000 A I B T R AR
REES. M AL SRS H B RIE AR
P, WRIE N G RE ISP & B0 EL A kR T RE 1
Juft, AT A B A A PR, S 306 DX
B AR A, TR A R R S Y
KB RSLILAL . BRI R, BEE
EIMEF AR R R, TR L%t
AR 7 4 B DR G i OG5 B 11 oo R e s A B
IR -

7L DN 4 4B DG B B T B el 7 T, Cas [
S5 5 TR g B O B B 1 ) 1) A R ) R el
PRI ABACE . WD RN 1Y iR AR, S
KT ATAESESIEFE 5 Cas ilF 25 3k [F] 4 45 ¢ i 2R
I ) A ST, b S AR B, Bk
WROR, K RARMRWEE . [, K
BRI E SRR R R, R ER 1 e
RS AE . B RE

g8, 1EBh B Sk, R g AR Y AR
FEFF S0 Il BT ATHRAE . A sgRNA 33t 58
U § et Enp S T E < I N s B S LI N S RS KA
Ao XA E 455 7S A, R RERRSE
Wi An e L . RHLEL . mENAE, AR
TR 2 i BN R A R 5 S B PR Pk . R OC B ER
HEIZ88 SO T, A Sk E Bk
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A 0 S R I 3R SR R e B G Y Bl i
WA, ANPGRS IR A ZR e AL IR IR A
W 4 e R RO S . Rk, [ B kit
5 AL SORMRER A, ARG AR T N 4
NI & S (Y S PN PR R & S AMIb R T
ok 25 [N g 4 R AR BE AL RS TETE K R R
AR

(-

EWF: WG FFEEBY; 6
= R X R BN BRI G
B AR WEES . RORE B

16 # A 25 ¢ RATE 7 W

VR P W B AT A RT BB 22 52 W AR SCT AR
TAERE AT R 2 s AR R
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