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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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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/CRISPRIoci 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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GILE W AL, BEREPHIR ] CRISPR 471 1Y)
BEREIFHIMEIRTH . R, Y2 R R
R TR, X IR REA R
NE. MHEZT, PLasE IRl 2 E %>
2 BEAE A 52 96 FCH P oAl i B A s B AR R R
B, AMUSRTE T CRISPR [ 3 (R 51 v 1k
RTE Cas 25 1A 2806 TP RE I 1 B 5t 1)k 1 P
TR J) o X HREARKE CRISPR-Cas REETH
N B AR 58k B 2l 1 v
2.1 ETHZE3R CRISPR &5
ERE

CRISPR PE#) 5% 53¢ 0 A2 5 8 2 - (W] R B s i
pre-ctRNA , B J5 %% st 90 9% hm 128 WL 30w
CRISPR RNA (crRNA)z sgRNA ., CRISPR [45]
) 6 A O T4 X B R - (B B T B U
1 56 J7 1 JE R R FH T R 3 Lo B8 i
Z 1. H.BY (basic local alignment search tool,
BLAST). B /R a] R AIBA (hidden Markov
model, HMM)% T-H., Z7% L JI#) CRISPR [
GIE R 8 — S T S B T 8 AR L
AT & . AH R T HALHE CRISPRFinder!®! |
CRISPRCasFinder®! | CRISPRDetect!®* 4§, X
T HAEE B R, (AL BEEEAE T Ok
MNZE TE 9 DR 2 25t R R OB RS . b,
H T a] 6] B Ry 5] e BE 28 5, TR BRI R OR
W T RE P BRI A . —Se g 22k
ARG RE SRR U BE 51 Y 8 2 X
B o X WA () k-mer AT RN
SR TR TS HEFI N AR . X
IR R B K EE N, R A IFXEEL
ERAEH B E S, PR = A E] R A B
HAFRE (N A Z [ AR ), T LAY PES)
oRECEATHE 4 o AH G T H 5 CRISPR
Recognition Tool®fil PILER-CR¥74 , T4k,

&: 010-64807509

W7 2 AR By a2 s 1 2 B A B R R
AT RE AL IR 5 . DFoR A gt
XL CRISPR BESIA0Hr, AT &
IR T H, {4 CRASSE I MetaCRISPR!®,

SR, FHT CRISPR 441 oAy % ] b X 5k
SR B, N I A P53 R BSOME DL A 7RG T
T, PR, I & HAT O RE 7 05 e DK Sl
RUXE T ikt 26 5 J ) il R SC T B g i £ K
2£1) Rolf Backofen HIPAVYIF R T I TFHLaw#
>J ) CRISPR [4%1) % % i) T.H- CRISPRidentify,
% T HARE 3 A FEPRR (1) KWEE P 3
TCIHH A TE R 51 o (2) $RHZ A5 SR 21
FRIE. (3) BT RRE T LR 22 T 32
CRISPRidentify A%/ 2 B4 51 A= il — A~ FEAE
i, — HAPAEm a5 EE KO, 2l
G50 o 25 A 8 T 8 BE A1) A% TR 2 15 T RE 2
CRISPR [5%1, FFit+58% ] REE Y PE ) o TEIR] —
M3k 4E |, CRISPRidentify 78 43 [0 4 (L fHM: %
TPR). FEFMECEEIMER, TNR), #EMZ. P
HERR 2 Matthews AHOC R BLX A7 H LT
CRT. CRISPRCasFinder #l CRISPRDetect, JiF:
TERE VDT RS WL, e R 7T
MLES % > EAT CRISPR [ 51) % 5 o o FH W /7 o
% F CRISPRidentify WIfBiERE, JGgiItk
) CRISPR-Cas ZAEIER S EE M
CRISPRtracrRNA! CRISPRIocit”™ Al
CRISPRimmunity™"¥%{ii i CRISPRidentify #£17
CRISPR 519351, B T CRISPRidentify M3
fiid T.H., Nethery 2§V T —Fh L FHAEH2
F IR AL XGBoost [ 1T-H. CRISPRclassify,
A% CRISPR i s #EATR AN 4326 . %07
Pl 437 CRISPR AV, REMSTEA K
Cas JER A5 0 F iR 5] CRISPR v 5, & B LT
Cas FEP 4320715 TC AL PR 1o EAD,
A — L T H BRI L 58 )y vk 4T CRISPR
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MESI I %, (HAE S 2B i Rt B gl A
THLER 2= Hi AR . #ildn, CRISPRCasTyper!””
e JH T A 3 4R T vk S B (XGBoost) A6 75 Sk 15 3]
CRISPR [ 41 By AY , 3K A %4 T+ 1 X 9L
CRISPR 541 Fm 2% B9 1 53 25 RE T -
22 ETHHFIMCasFMERERD
ARSI

FIXT Cas ZKIGAHCE MR, BR
f) BLAST J5k, FIHIEE /R ] RAR L (HMM)
& Cas FEHE AN ILRSF IR, 7T LAFE iR
SIRHERRTE . H N T HALSE MacSyFinder™ Al
HMMCASP!, SR, X AR 7 AR T Cas &
BHE I, PR TR B AN S B A A i 25 B AT
BE SRR . o, XTFIPHE 2R
fb 1Y Cas 25 11 (40 Cas7 il Cas8), 3T HMM iy
T AT BRI R ANET T,

i K27 Rolf Backofen KNI %
T — Cas W %1432 T H CRISPRcasldentifier,
i Fl HMM 25U CRISPR & 545 fF (4 A5
Cas IO TSR, FFPEAG T 3 Fhblds
2f ) BRI 7 5 o] 7 Ml (support  vector machines,
SVM). 43255 [alIH# (classification and regression
tree, CART) A v Bl HLI (extra trees classifier,
ERT)IIZRBCR . HAEA L CRISPR JEHELHE
A F R IER RIS T 0.91 B F 23 %50F 0.89 Y-
s, e A 5 A TR Yang 204
TR T — AT SVM BRI Cas 2 (T FIN T A
CASPredict, il FHMEE F 551 FR 2L 400 Fif
TR AHE, 7E Cas FE 1 5E Cas FEAE L
FIMERG R Ik F 84.84%. Zhang Z5SELT4E 2 >
HEZRTF R T Cas 25 1R % T H CRISPRcasStack,
HAE ST B PR AR ARG 2 . Matthews AHE R
B SEIEAE AT CASPredict A7 — @ #
RGBS T4 NSRRI 45 R, (HE]
T BT B R R AE R RN AT R S

24 i

LN
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TRBE 7 2] 1 HH A G AR 1 2 11 o o
BEFNASHT 4008, 457 53] 2 AlphaFold!' %3 2 5] ¥
JE 2 SRR (% S B A B 11 5T — 425 0 ARG
WS AT BE . Park VR R T —FifE Lk TR
CRISPR-Cas-Docker, #2it 2 il 45 crRNA
JPHV AR Cas AW : BT A (in
silico docking) F13E F J7 41 () J7 vk (BLas 2= > o
). BT 45 1) 1R A AlphaFold2 T i &
Cas AWML, FFAe bt R S 5Ee
crRNA HIXHEE L. BT 9 m 07k R K-
H¢ 48 (k-nearest neighbor, KNN3 JE 75 Y
Ik, i o3 A s 22 v () CRISPR 431 5 Cas
RGERMZHBLER, LB CRISPR [475)
FRAE T LT R 1 Cas RAIH, PEAETEAL 4,
REIR, X T HABR B AR ST 92.3%.,
X F LR R S 2 mE ), F1 35—
Filr 25 A i K5 1 2 F0 3 Il 2R 9 45 Ar ) 8 i
0.897°1 2023 4E, CRISPR Xt [H 4 4 4 A 24
HNZ BRI NCITFE T —FhB i R 5
P —— 5L T P R T RS A ) R Rk
(FLSHclust), fii HIZB PR 3 > FEA A48
P PE AT 3248, iR B T 188 A i
CRISPR #R%t; MJnfihf 1454 AlphaFold2 AY%%
R EE R, X HA 4 D RGEVEAT T R RAE
g, B R#=EE T CRISPR-Cas RAMZE
FEPEPY, IAh, BT 128 CRISPR-Cas REL(AN
1A I B4R 22 W 58500 & A R (U Cascade
HAER)5E K DNA 10 5908, K5t
[T R -2 S S | Q= il N =
FLSHeLust 57: 5 AlphaFold2 254 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)
LA K 1-E B fY Cas5-HNH % 4t (Cas5-HNH ,Cas7 .
Cas5. Cas3 Ml Casl). IR IRBN 01 7
N2 W RGBS E PP 4 T R % .



EWE = | BFATREH crisprcas 2. sasxe @D

2024 4, i DIR%AG 3. CRISPR JE[H 4%
A ZEFE N 22— Jennifer Doudna Z{#Z [ AP HE 4
T AlphaFold2 5EG 45 LX), JFEE T
—Fh BB ES IR R DT, KB T Cas13 (9
i Casl3an, FfEiE—2##MTr T Casl3an Hy%5
P R HAEFHALE, #F Cas13 AL JRGE 3 2 5 By
THIRH OC B A2 M 4% 2 B (ribonuclease)

FE TR 2% > i 8 11 45 00 Bt 4 5y 1 H:
fth, CRISPR fis A= F AR, UM 4 B A A8 A T o
R BT 5 K E AR A I R
H BAPSMt Y AlphaFold2 Xif 482 i) i 2 2 BE 7
GIHAT T =SSR, JE T ) = 4S5 A i
IV EARZE I 5ERE, IR ERIRE
Bkl oo 20 285 BREHE R APOBEC/AID Jifg %
WE 2SN, TR T 5 KEALHFHH
SR I 2 1 B s g S TS R, IR DA
FER I A T — R R R g T H
BT R, b E RO R BRI ROl B
PR 2 AF 5 i 1) 22 — AT LA 7R T kA T = 225
P TN e R I 2 By S L, DA 1 483 i s
WE i 22 Wl (Y SRS P ik % 1 272 S HRARERMER
JI5E 2 il A R s R T A, R T A 2
P80, TG 4 i e e P 2 e W i v
TH.,
23 ETEHERIBSHREM CasFIhEE
S1=aP NSN3

Bl TR ) HOR R iR S R
il (protein language model, pLM)AY & J& , il
P15 T 4 B4 B ) L 328 i DA R 0 ) 5 DR AL A
B PRR T2 I 5% ) S A2 LY pLML J&— R
FeF R A, BT AR S L
FAKAFENTE AT . pLM $ 2 517 514
YE—FREER 1B =, I o B e 5 vh i
Aok HNTERY iB 2 fig SO Hzo A
RETE T 25 11 57 1) v 1 2 BRI B ik () 52 2 1 A

&: 010-64807509

HAENS B ARE S B R T A S5 R O R A
o B RAS I XEESER, pLM BEME TN iR
FUR A NRE . S5 FSh ARk . & A
IS5 R0 I pLM B ZRE i , IXFh4s
A5 R A B B 2R 5K I BE A AR R M 4 5 pLM
Xt 3 HSUR 81 -5 40 2 8] 52 7k Ok AR B Al A g
T3, P e A T AR SRR Y v .
XA, pLM AN RE RS B 3R 15U 51 Y

PR R, R REME I B = 4RSS M R IRJZ Y
SC, AR BB SR A T — A K i e A A
T A

T & Fem—hs Science WX, HHHMEK
RN A SR R RS ETBALL 80 000 A4~
NP AN R ZH (AR 3000 124> DNA fili ik
X NSRBI ZRTT & T 8 8 5 B8 Evol®™, £
X} CRISPR-Cas #&%t, WFFEHIBAFIA 82 430 4~
CRISPR-Cas J¥ M5 B i# T Evo #A, Ff7EAE
IR TR E PR FRIZAN Cas9. Casl12 i
Cas13 DU 5 22 AT DR H X Se AR R R T4 2R
X% CRISPR-Cas #4t. HR Evo &I
CRISPR-Cas9 Z %t ¥ A & SLI0 g0 ik, (H AL
D) 2580 5 RAREE U R I S5 R AR T AL, X
R R T AR EES ., T,
Profluent 2\ &) 7 BioRxiv 23 A FAF7E 1000 | 3@
TEFZ4E 26.2 Tb (R sA: 4 5 DR 20 0 7 5 TR 4H 2
Pk E TS T CRISPR-Cas #:4EHICH)
CRISPR-Cas Atlas; Jf-3& F B VI 25 T KiE
5 BRL ProGen2 , AL T 200 £ N B )
CRISPR-Cas9 #H [ )ral. Hrp, HHAEFI =K
OpenCRISPR-1 ff) Cas9 2K [1F51Y SpCas9
A 400 572, SAEMERIKIR Cas FHI
FHELAT I 200 ANZ8A8 76 6 PR 2 B o gt 0 R OG
iy ol S T E R T E TR v N i
FEFPENOL AN, AT A BT — R SR R
%W, Hrp PF-DEAM-1 #ll PF-DEAM-2 7525
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HE /R 5 ABE8.20 AH Y YIS AR Tl
35 ARAE, OpenCRISPR-1 A i i35l Cas9
nickase ) U] 1§ , 3+ 5 PF-DEAM-1 &
PF-DEAM-2 454, SEEUas g 48 gl .

3 EHE4miExw R

X} CRISPR-Cas FRGiA%. LB oC i iy ekt 76
P2 = AR AR L D IR A LA R ) e 5 R G
N FVE R R E L, Rk, SR
OB AR 11 0 3 B T 1) e k(o ) B
PEBETE I s ek Ty ikt 10 g ) R Y A
L B 3 ) RN i L 2 A8 S I ey
1 T LI VAT g AR, JC R AR X Bl A AL AL
il A5 R FUREE S AR A R A BRIS IA . AR
T, ey 3 o S0 A AT R0 S it X 1 2 2R 11 T
SRV RPRR . KL, CPYPRE R I & A X
BTSSR . DhRe AT EALE R AR,
B/ INTITRG 1) 5 748 SO B E i 58728 SR /b 52 By
AR 55t WA T O —Fl S AR 1 O SRR
SR, DL RSR MG B R 2k Ak, M
B, I HAOB T E 0 eI AR DL X A
Jo B 5 HoAth 437 1 RH BV F B TR A PR

h TSR SRR AN, AL
5 1A B 35 R G 01 2 1 Ao 1) A g A v 1221021,
3 %8 G R 0 I ke T 5 A8 1 5 R AT LA
WD SR TR e TAE R, — M 5N EATZ
AR S AR AL B Z A R A AR KT 0, S
Z RN > R PR R R, R I AL A8 2% ) 43
BT A -hBe s, $&F Pk RE 28 AR AR 1 PR 13K
N4 SC I i B . RS R L E 2 R
s T R O R PERE, (HFE Cas A
Pk i R R . AU R A IR I A
PATIO3-1042 S S5 O X R SRS L T T Cas 2 H
P . 2022 47, 45 A RTHIIT R LT 4%
TEAD ) oS 2H A DNA 425 H R CombiSEAL!®!

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

F1 Arnold A1 BATF A O HLA 2% ~J 4 Bl 1) #4607
1 MLDE 1971 X7 4 8 {0 A BRI Cas9 #%
W4l (SaCas9), A . T 10 NHTF Cas9 T ML
I 2H 5 97 SCPE I TS AN SE R B AR T kAT T
IR, UEB T 45 A HLE A T W TR T ]
PUEFSEER T T AR R8> 95%!1 0, 5 rr ol 5
JE AL E R L, R RE S AR AR Y AR R
H T2 7.5 4% 2024 4, R T E— TR
REZR AR IR & 28R T, 1% 1 DAOKE 2 4 2 930
(zero-shot prediction) Fll 22 f& Ik £ & A A< 1€ $%
(low-N sampling)45 &, 18 12 X /b il i) e A
AR T S K 5] 5 F 52 2] (active learning)
fIEEAC, JFR T TopVIP il 04, Fil ok
PERIALAR 2% 2 w4 580k IE RN RIE (B
i 12 AR, FELLA SO i R L 1%
A R HERA 2 R A 92.6%
AlphaFold2!" g Z IR T CRISPR R%K
SHE Y i R . R O BB R A A A B I - A
BAT'OSIF] F AlphaFold2 il T~ Cas12i3 () — 445
¥, SRR Cas12il/i2 & 45
TR, BiE T Casl2i3 SR HAEM CHE
FERRA AT 5 FET XS o, H A T —
ML E 150 A ERARRSCE, it 2t
RGLTE ) 26 MG 1.5 A5 DL _E By Cas12i3
AR, RS S AR AR A T T S R
SR AR K Cas-SFO1 . 36 [ fk & BL 1K K241
Nguyen Z¢U N a] i 1 FH A% 2 (0 2 11 R I T 2
SWISS-MODEL! HIEF IR 2% 2] ) AlphaFold2
UM Tk U5 T L ZF 98 A T (Brevibacillus  sp.)
SYP-B805 HYJ Casl2b (BrCasl2b)iyZity ., AT
e E A ATRENE, HA R E 5 I R e v
i T B DeepDDG!' 1 2F B ¥ i+ T. B
HotSpotWizard 3.01'" (R GIFF %11 T 35 NS TE
I RAEE A 3 R IR 16 A58 1 s A i
(Tw) B FTHETE, Ho 5 ASANKRN) T35 T8
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ik 2 °C, XfH AlphaFold i1 SWISS-MODEL i
M AERRPERT DA BE, 2T SWISS-MODEL 4 il
W AERR N 52% (13/25), 1 AlphaFold )5
WERA AT =, AT LUK E] 60% (15/25) 191,

TR, EREAREN EFE .
EF SO AT BRI A B o BB K2 1 5K 42 [T BA L %
AL E AR MR A A, R T — 1348
L) 6.95 L1 A HE 11 BT IR B R AR~ > A
R ZAERILL AlphaFold & [ 5 45 #) 508 12
M2y 1.6 AZAEE TR F 9 S5 #0522k
s, R T T A R RHIE 2 A R
2T S . TE BRI R AL 2 BRLY)
Feml b, B BIBASE— 20T &k T —FhH T EFE
A (zero-shot) il W £ [ it 28 48 2L W 1Y) 7 3%
ProMEP, 7EXf (RNA H¢ 54 MR 17 B 26 TadA
HEAT G B #R P ZE A ProMEP Tl top 10
(A R R AE TR AR Y, BoR A FI =AY
TIUI ER R AE 50%—T0%Z [0], T AN 1) 5825 g 13
MERRIKF] T 100%3), tsh, 52T ProMEP
BT TadA s AR R () ABE Bk 2 i 4
16 AS/A6 PP B 1Y A-to-G Z i 55058 F 55 S i 44
N5 2 ML) ABE9 MY, HAEMEE I AL T
ABERe!'Pl, ik S s HL R T ProMEP 7E 8 )i
AR TT, R R AR R N e e T
RE 7 THT 9 7 FH AT 5%

bR TiEPE . RES MR E AL, Cas R
1A /N0 Ak A 2 > i 35 D] g R 00l ) A 5 A
SN TR AN AU fig e Big AH G 75 (adeno-
associated virus, AAV)Z AR ZE & PR, 38 7] )ik
DE FAMACE AR, RRAR S e R T
R, WMWY Cas HE NS ZURECIFR
e, HYsR T R gm0 RN, RIS AT
RETE S A0 ) R S, Bl RN o RO 2
2 5 ZE A AN 3 454 AlphaFold2 Uil 454
FE, RN T —FETERR-EOMEEAEN . 3
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A0 5 AR IR DR STV G AR 1 B/ BLAE SR
W&, BUINEETH T Z2FE B Cas13 2Bk, F-XkE
#1729 30%FF81], EHH RNA 456 FbIEE T
EHPAE IR Y . SRR E R AR BRI R T
— i T I 4% Il 55 1 P 3 FH & B) (web-based
fast generic discovery, WFG) K W% , %45 &
AlphaFold2 FUNZSHIE R, AKMIF/NMLZ 5%
HEEE DNA B2 (Sdds), PR T4y
40% 19 741 o I — g, A BARL ST It
T 28 % %Y Sdd-CBE.

4 RZE

AR, RN gmRE AR IE R R R, ALfE
sgRNA %3157k . #r% CRISPR-Cas HYVE
B S42 06 . dndE O A R Bo S ek S O T
4 o K i 2 s — 43R iy %) % B T
{EAT SR THI I 2 i 2Pk

7E sgRNA BRI+ 5 H, RE AL H
RE B FERTF sgRNA B ITHRCR a1, 2
B P 7 L 2 R S o A7 PR o A 7R ) Az
FLBE T T EEHR R o AR AT N A v T A
BN Z R IR BN B 4, IFES &
oo o] | BN S SEHORIF R SR Al
B, DI SRR 2 bR JT . BEAh, sgRNA
PRI T E 2 R AB AR, BT A R
B8 R, 3k Ko R TR PR o R T Y
K, 7E CRISPR RGN HH, sgRNA it
) AR Al e 229 R B £ guide RNA [45111
ofk. WFFER, AP guide RNA 51
1) T &2 Jp 41 K B R[] B e 510 1 HE 8 T DL v
guide RNA (A2 E M, FFui B s, )
an, DAk 4 A BE (AN I AE 20-36 nt 2
[0 RE A% Ak 15 = A i (9 R BE, asl /b IR K
B RBON G BB ATE ML, o,
sgRNA K /KLU 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 AR B 45 A ALEAR, RokA s
Z HiriAb 5 ms , i — 48T+ guide RNA #%1f
B R AR RN 2 Ak o BT R E AN R B
Fhag 2 Hl k. sgRNA BEH 5 BN K S B 5%
LY

CRISPR-Cas R LM 2 FIE Z2ME &
BB R SEHE TP (N Cas 28 (A FIE R $2 4E
TEXMW I, R, JRZE R0 E A2
T I 7 o R G e 00 S0 T M 1) L PR . PR AL
HoRM R L e, FEilZ AlphaFold 4 VR
ST HAIRNE, 5 T 25 R T A o B vE R AR
BEMER . FA Al R E AR
P, WFIE N GRS P e BHLELAG A T BE 1 T
g, MNTTHLER B L AR BRI, SE30 I A g
PR ) AR AR, TR A R R S Y
KRB RSB . TR BRI R, REE
EAEGERIN AR, ETEF BRI L%t
AR B4 i 5 DR 4 8 O B 2 11 oo 4 s s AR
I o

TE 5L DN g B OC B B 1 A el 7 1T, Cas il
S5 IR g 8 OC B B 1 P9 1) A R ) R el 2
ST . WD RO B SRR . T
KT ATHEZERTE S Cas i &5 3L K 4 i 0GB 2R
1 ) A S, s/ S R AR B, B ek
WROR, K RARMRWEL Fm . [, b
BTG SRR R, OB R 11 s
BOMAEHE . B HE

Fioh, (e B A Sk, DN e AR A 4 i
FRfF o2 B =l BT ATHRAE . N sgRNA 33}, 58
0 b A B 45 R A & A S R A s Ak se
Ao XA 455 TSR R, SRR RS
Wb AnuEfL . RHLEL . mBE AR, AR
P G i B A PR S S BT PR . R OC R AR
H Bz 48 SO0, A s ka8 A Bk .
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24 A Ry B S TR IR 3 R g A ) e
R, A ALER S I BRI 2R TR IR A
T By e R O S . Rk, ad A sk it
5 Al #IARMBERS, AUAEGE HE T 3L K 25
BRI IR 45 e H AR AR i ]
i L DR G R R A e AL . RS AR R R BT
A

(GEE

THE: MG BN OB #O
BLORBH . XL R BUNE: BifRE G
M Thh: MRS . MR G,

1B & H 45 o R W
{6 7 W8 AT A7 T R 2 A SR A 5
SWATERES ST
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