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Applications and Development of CRISPR/Cas9
in Synthetic Biology of Actinomycetes

HUANG Rong" , DUAN Yan-Wen"** | ZHU Xiang-Cheng" > ¥ "

(" Xiangya International Academy of Translational Medicine, Central South University, Changsha 410013, China;
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Abstract Actinomycetes are important sources of active natural products and antibiotics. The synthetic
biology-guided efficient discovery and development of natural products will lay a solid foundation for
accelerating the development of novel drugs. CRISPR ( clustered regularly interspaced short palindromic
repeats ) /Cas9 ( CRISPR associated ) is a multi-functional gene editing system widely applied in
eukaryotic cells for genetic manipulation, because of its convenience and efficiency. However, its
application in prokaryotic organisms, especially in actinomycetes, is still in the early stage, which
provides us both opportunities and challenges. This review summarizes the progresses of CRISPR/Cas9
system in actinomycetes including gene editing and regulation, as well as the yield enhancement,
biosynthetic studies and potential resource development of active natural products. Besides, the major
practical challenges of the system such as low efficiency of recombination repair and potential off-target
effects are discussed in detail, and corresponding solutions are proposed. The future improvement and
development of CRISPR/Cas9 in actinomycetes will greatly facilitate the upcoming synthetic biology

Wi H A : 2019-01-215 & H ) : 2019-03-21; $:32 HY): 2019-03-25

TR R AT A RHIFRIHTI H (No. 2017221s861) % 1)

“HHAMEE Tel: 0731-82650539; E-mail: seanzhul996@ aliyun.com

Received : January 21, 2019; Revised: March 21, 2019; Accepted: March 25, 2019

Supported by Postgraduate Research Innovation Project of Central South University ( No. 20172zts861 )
* Corresponding author Tel; 0731-82650539; E-mail; seanzhul996@ aliyun.com



%9 1 B

#%%5 . CRISPR/ Cas9 1E 4 B G WAL W 2= 5% rh i) o L AN & e 961

research therein, and promote the effective exploitation and application of potential natural products.
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natural products
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BANGHE— 28 580 K HE 5 AR W) 2 1Y B TR BE
iR e AE bR Ty R WF 58 MR AT, CRISPR
( clustered regularly interspaced short palindromic
repeats ) /Cas9 ( CRISPR associated ) & 4 i i A T
BT R HL 0] 25 4% DNA $RAEFP 51, BEAT L4 REBR |
375 IV A A N ) R g e DR HG v A%k R B A PR
PRAERE R O 2 N T AR W 2 B AR S 4
i i CRISPR/Cas9 FR 5T AT LI iRi A0 A 2k 1 2k DA
AT F G 4, LSO D0BR B I A 7 ) &
JIHE PRI AL/ BRI A B A W6 R 1, A R
Az 1 B Bl B TRCER T R R W T R SR D Y S
Ffo AXELRR T 24 NI CRISPR/Cas9 REEAE
O T, JU IR BE 55 B % e S AN, B9, T 4
) B FG T I 0 3 B, O AR TR T S
Y ER TP R R AT T R (Fig. 1) .

PPP)IPEDDI— Refactoring

@ Biosynthetic studies
@ Metabolic regulations
' \ @ Discovery of new NPs
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@ Generation of analogs

Fig.1 Applications of the CRISPR / Cas9 system in the synthetic biology studies and natural product( NP) development

of actinomycetes

The CRISPR/Cas9 system can edit genome, while the CRISPR/dCas9 system can activate or inhibit genes,

the combination of these two systems accelerates the study of actinomycetes
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1 CRISPR/Cas9 #R7E M k& H RN B

1.1 CRISPR/Cas9 XI5 £k B & FE A M 48

Al 1 L3k CRISPR/ Cas9 £ iR P e BLA% Ak
YA R L A2 TR A H g
TE AR v 1 [ T 2 3 A R 18 52 B () AU T 284
( double strand break , DSB) , A1l 53 CRISPR/ Cas9
RGN HRZBR S R I, 545 2 R 0o i s
T CRISPR/Cas9 # GE1E Tl 26 W (149 ) 2 B2 T (I
Table 1), 2015 4F, CRISPR/Cas9 44 & T
AR 4% B 1 ( Streptomyces lividans ) W — o 5k
R ZE (undecylprodigiosin, RED ) Il £k £ 41 &
(actinorhodin, ACT) FJ redN Fll actVA-ORF5 H& K 43
S FE AT BR, O 38 5 3l A XU sgRNA ( single-guide
RNA ) [ 5 W AN A 52 B 1 5 DR ) () s i 5 348 B
IR 31 kb (1Y red BAFE, MLAM, 76 H ERERE A
(S. albus) FIP=LE A HEFE H (S. viridochromogenes ) 1
AU T, it — 2R W] T [R5 sgRNA 3Rk
B Cas9 £ 1 ) pCRISPomyces-2 i 80 Y J51 k7 A9
CRISPR/Cas9 7 ¢ 16 8 55 1 h 194 80 L AR 1L
FHA AL T, CRISPR/ Cas9 58 45 75 K i (4 75 141
(S. coelicolor) "1 b; AN ST A XS 858 R 48, W& F)
FH pKCcas9dO JFiki  pCRISPR-Cas9 Bk ™™ LA K
pWHU %51 CRISPR ki) | s xd K s (05 75 B
AR SCIE IR AT T R BR . CRISPR/Cas9 &R ¢ n] LA
PS5 URE 2 FAS R o) AR R R A v, LUA &L
b O 0 BR AR W I PR 3 5 e A B i R
BT kasO = p 18 A3 5C 5 i B3k A A e PR R 45 T
B A DR 3, T 0 R R P R R (R
R, AL HT T BER T R RED Il ACT £ 4
7 5 T SR SR TR] R 1 SR IS B0 B A6 BE R A (S
roseosporus ) WA Z2 I HH | I PN 1 e 25 R T 5 J 7
RILHFE , BNERPIBERE 7 (S. venezuelae ) Y T Y
RIS Y (PKS) 2 R, DL 7™ 2k (55 55 18 ( S.
viridochromogenes ) 1 (1) 11 9 PKS JE N %, 7351 1% D)
AT P EE G PTM 21L& 9 photoeyclized
alteramide A Fll dihydromaltophilin | 3T JE %< 3% 4 A9
FR-900098 , L\ Je AN [|] i 7 0 ¢, 8 b &5 4 . ik
41, CRISPR/ Cas9 71— 46 1 % 1 Tl HCZR i v 3¢
TN, AEA ™ 1 BYHE ik 245y e - I 1 1) i
B 1 SE50/110 ( Actinoplanes sp. SE50/110)
HH Rl 53 T TR T 3 TR melC2, W] LAY B R 7 0 A
MER e AR 2B R T (S, rimosus) T

T e ] 2 R -6 -l TR O S il (] T g P 22 D 6
4 % 40 2 0 R M) T 5 TR deoB 1) 80 5 728 TR 5
R 2 S5 DR g i (S0 T T 24 W 0 R Y 7
T36.8%'",

Jy— 51, i 3 CRISPR/Cas9 7 4 %f 5 /3t
PRI P DR R | 30 o 280 M 5 AR AT 17 R R 2R
Y ngts . Bian, IWores A& A 39 IR
ARG A3 PR 7 1 OB 65 5 T (S, formicae ) Y, T
FEFTRIP R IR 2L L5 ) formicamycins B — > 11
R PKS HE R 17 5% G B, I L2 3 A0 P i X g
ForV J& & WX 281k & 4 1 B 5 e gt ™ . [
R NELAR AR TR W) v 43 18 1 4 25 18 SDSS, & A7
52 A URACEEA 180 AE PR AR, 30 e i oA A ke A 5 T
G HEFEA sceN, Hi5%E 1 B PKS FEHFE sce 157 A
PULE B 20 K BEE sceliphrolactam ' | XF F
TS S R 35 1 45 4 A 2R AR M A ST 8 S50 R AT 1)
A TR, CRISPR/Cas9 & 45 19 i Y B8 2 Jin 38 T
HAHSC AW & A58, 38 2o % 52 b /) B 6 TR
( Micromonospora chersina) ' Fr 4 8 Fi A [A] 25 #Y
PKS 5 M & 138 — mi bR, DA i 33 & T T S
T dynemicin ] PKS-8 H1 2 4> P, E AL 3L
AR , T PKS-8 v) ) S5 i DynES , F] fE [
i 70 T s R 2 B RN R BR S5 A BT I AR
B, B F 5 AL T T BRI bR 0 AR A B 5
B T o e me ™ bR T TE AR AR P Y )i
H1, CRISPR/Cas9 7 4t ik RE A S Hu X A&k 41 | A 45 ot
L5 DR A2 70 I 1 4% R B0 4 v 2 1 6 e 1 ik AT
LI 4 %5 F EE M), ICE & 4t (in vitro CRISPR/
Cas9-mediated editing system ) 7F T4-DNA 3 & [ Y
HrBI T, 43 6 BkL pYH285 Hf tetronate 28 JE K 7%
(¥ 3-SEE 5L -ACP AR rkD KL 10A3 rh 2%
FHEFE A NRPS 3£ homE HEFT 1wk
FHEE T B PCR € [0 RAZK & ICE R GG T
P E A AT T, M HE L S8 DNA (RS E 4y
MG 4% % 3%, [ B, CRISPR/Cas9 & 4838 AR B &
Gibson Fe 20 e 46 A, 52 B JC 75 i 2 i % 1 4 4
BE PR [RIAE e 2 IS 3h 7 B 46 70 BE A R A
R PR F 1) F P R S DR R A5 5 T AR AR Tas T
2% LBk, CRISPR/Cas9 7 4815 i &5k K 4 48 190
PR RO AR G UL e BT AR W B T
FEEA H bR AL & 9 7 i 5 T4 5 1 A R AR
Hu PR T R TR I B A W A O S LR AR T )
1%
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Table 1 Summary of the CRISPR/Cas9 system applications in actinomycetes

Host System Function
S. livi 6] : (L6] k-
L.m.dans .S alb[l:]s pCRISPomyces Knock-out
S. wirtdochromogenes
S. lividans™" | S. albus""
S. viridochromogenes-""’ pCRISPomyces Promoter insertion
S. roseosporus'®’ | S. venezuelae'""!
S. coelicolor M145"" pKCcas9dO Knock-out, site mutation
S. coelicolor A3(2) ™ pCRISPR-Cas9 Knock-out
S. coelicolor M145 1] CRISPR/ Cas9-CodA (sm) Knock-out
S. formicae"! pCRISPomyces Knock-out
S. sp. SD85! pCRISPR-Cas9 Knock-out
S. rimosus"" pCRISPomyces Knock-out, site mutation
Actinoplanes sp. SE50/110" pCRISPomyces Knock-out
Micromonospora chersina'"™ pCRISPR-Cas9 Knock-out
S. lividans'"®" | S. albus""® ICE (in vitro editing of vector) Deletion/insertion, deletion
S. pristinaespiralis"'"’ CRISPR/Cas9/Gibson assembly .
., . [17] . .. Gene cluster refactoring
S. coelicolor (in vitro editing of vector)
S. avermitilis''> ICE (in vitro editing of vector) Deletion
S. coelicolor A3(2) ™ pCRISPR-Cas9 ( CRISPRi) Repression of single gene

S. coelicolor!™!

( CRISPRi)

pSET152/dCas9-based system

Repression of single/multiple genes

1.2 CRISPR/Cas9 37§ £ & & FH %

FE PR B S 3R 1 IR A SR A 5 i PR ) B A Ry
FENTA WS R EZETFB ) 1 CRISPR/Cas9
F GO 1) o S Mt Bl LT T Ay — o 1 3 P
W T AP ¥ Cas9 2 M Z PR 45 #4 5), RuvC
FHNH 19256 10 7 R AR ASE 840 40 2R [W] i
431578 R N E R ( D10A/HS40A ) |, 7] L 345 2 2
AR PN VI Tt 3 P 118 98 A8 K dCas9 (dead Cas9) , H
SRICIEDIE] DNA, dCas9 3685 sg RNA B A &
YIIEH0 ] 45 4 45 E 19 DNA JE 591, 3F B A 23 8 i
DNA B4 Py 24 DA 17 s e T ik R 58 A8 1 V8 A 5
M2 3T dCas9 ¥ & M3 R #E S Rk 18 ¥ 248,
£ E 4 & CRISPR T #t ( CRISPR interference,
CRISPRi) Ml CRISPR #{ & ( CRISPR activation,
CRISPRa) .

1.2.1 A4 F 4937 4)-CRISPRi  CRISPRi %
it dCas9 BHET RNA A i 5 50 L S 31 19 45
A, B2 5 EHE (open reading frame, ORF) B
TS5 RPN S S ] ) 55 S A, Hop T
A RH S HIER TE 5, P AR Mepl i K i s
BT (WL Table 1), @ 5L ACT BRI
actl-ORF1 J3 3 ¥ H1 ORF X I8 £ seRNA , IiE
JA 3 F X3 ) CRISPRi ¥ R8I /D 8l Bk ACT (7=
A=, MITE ORF XA JERAR 5% [ /) CRISPRi figik

2 [FIRE A P R 5 AN B dCas9 BRL Y 252K 18
REFBIRE ACT M4 L™ . 2R U HIF, CRISPRI
YR D B3 DR 178 Rl 7 o , %of O (o e 8 1 o
10 1~ H- A ANTAR ( AmiR and NasR transcriptional
anti-terminator regulator ) Z54 38 /) RNA 454 25 1 %
BRI T CRISPRI i , & 80 A S g i 7 A+
FEPH SCO2013 114 S5 M il 2 52 ) K & €04 75 T 1Y
AR I — AR T SCO2013 [ [AIAE Rk A5 2] T 56
TENT M BT Al i 3 R R P B R CRISPR B
PEFAAE TG [ 1 L PRI C B AN AT DLS S A
It L RB IR 224 35 PR A7 300 341, ) b 7 122 7%
JEF| CRISPRi X} B A5 R R i HAth 38 PR (/] — 4240
T ) B SRR TE R

1.2.2 A PB4 F 698 %E-CRISPRa CRISPRa F %
AT dCas9 5N [ FR [ I A il £ A S5 4R 5 S G I
I, PR TS BT 4 (4 S PR SRS . T AU K
WA CRISPRa £ 40 78RR A2 9 v 1 BF
SRR Ak T2 A2 B B, BT gE R W, KA AT
RNA 40 (RNAP) o W35 N I 5 14 B 38 &
FI(Nel) B C R ¥l 5 )5, 7 ATE R BR o JEFEIE A
mpoZ W KIAFTF 528 T (ArpoZ ) H ¥ RNAP WZEYE
Ja shF X, T B- FLE T B R A% 3L B lacZ 1)
KP4 70 £ 0 BT UL, f dCas9 C A
5 RNAP-o WIEERL G, 7F ArpoZ 5878 T H [A) A L RE
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IBURSE S} =hr et e B R O Ea R e N @ iy L VA
UEES 96 D BIEAL ) AR lacZ FIK . FIH
X — TR ,EF@?@H%(Lysobacter enzymogenes ) h
XF wap FEHFR 5 A SHEFE R IEAT ILHE e300 | I AE
SRR T P 5 R 4 A AR IR T H A
BRI S WAP-8294A Ko A AE W iy H 4
T 4~9 452 PR, Bt B A S RS 3h
T/ CRISPRa R%¢, /T LI R P M HiE R IR
AR 2 0 A W G R IR R TE RS 3K T ( Myxococcus
xanthus ) P FE SR8, SEURTHE R 5 IHE K
PR IERR T

A —75 1, Zalatan 25" 7E gRNA R ¥ fn 7
MS2 & IJE5H4 ¥ 51 14 7 342 RNA (scaffold RNA,
scRNA) , I MS2 Sh7¢ 25 1 (MCP) 43331 5 A [A] 1Y
WOE B RlE & P DNA 45 656 S F SoxS 1%
SEISIE R B o W 85 B, 3838 5 XF seRNA &2 3
SERI TG MCP 5 SoxS % FE 8 1% 27 56 1 1
KA SoxS By #E ] #E Ak 5 L b T 5 T SoxS 1Y
CRISPRa 24, 1E /45 SoxS W EE DNA 45415 1
AIRTHRE T, B R T T 3% 2R G0 19 1 s s AU
i T SoxS FE it 5 RNAP-o WKL 145 5707 o5 ik
FFAHEAER, T RNAP-o MV 75 40 5 Pk 6 58 0 45
S, X — RGEAR A v REHE) N H B KM LA
SN HA AN . B4R CRISPRa 7E LR B i oK
DLARTE , H5E 4 0] LUAE S 1 5 B v 51 4 £ 57 A 5%
Z4:, 738 i CRISPRa Ml CRISPRi & &MY B & iz
FH, FE 420 TR R A 2 A AR I 4 R s ML, n
R E AR R T FROR R SR ) Kk AT T
W% .
2 CRISPR/Cas9 24L& E N A HEIE
APk AR
2.1 BEABENENES

CRISPR/Cas9 # 48 7E i 2 1/ rh (19 1 ) hi ] 3
BUARTh T RSB MR, MRV 2 B PR RCREA
o P AR AR IO T b i TRk R Ferh S 4
ERRMEEEFERNZ - M TRBEEABE
(homologous recombination, HR) 7E £k H B X%
AN, FEO A TCEAE R Cas9 VI 1E 81
DSB IMZET-, PRI, Gnfey $i i 5 40 18 52 2R R TR
R %08 CRISPR/ Cas9 22 40 ik 5 il e 118 56
HREIE, X} IR 22— S T i TR R A TR R A ity
4% (non-homologous end joining, NHEJ) &% &4%
(Fig. 2A) il RumZs A& M Ku HWAE DNA §

WL HE T, 4540 55 L — 1k DNA JE4EH Ligh &%
DSB ff 127 AEWE B HT R, 2 645 A HA 5T
REIE N A0 1 R E I RE A TR 204 20. 2% 9 )
FP S A MR Ku gefid B9 (H 2 R 28U I
HORBER A AR & LigD™ o LUZE % 0 B A 1
( Mycobacterium tuberculosis) LigD HHRE, A8 T A
OHERE R (S. carneus) "PAFAE Ligh [Al IR H T, il
1L¥ H 5 CRISPR/Cas9 R G0 7E K i 055 % 1 A3
(2) 3R IKKXT NHEJ i 217001k, 5 ACT JE
R P S HEIE N actlORF1 F actVB ) LR B0R 4%
S 45%F 37 % B 77%F1 69% "> {0 G FE 137 25
BRI R4 R B T W O A A SR BERL RS T
HR TEE S A FAERR BE I 0y S 80 A T 5L B kG
T2

% I8 = FAEE DSB JZBR | CRISPR/Cas9 i
FHT I 1 B 25 ] AR T 7, DNA FRL e T 24
(single strand break, SSB) X 40 Mg B9 52 ) it K F
DSB'™ . [RIIHG , XA% R A U0 il 245 ) 11 i 5% 8 7
T LUK Cas9 ¥ 747 i B4 ) O [ ( Cas9 nickase,
Cas9n) , M R A A9 REE (Fig. 2B) o fER
FaFT i R CRISPR 18] ) Cas9”'™* Fil Cas9"™** B
FRAN[E] O] F1 2R 50, 34 RE 70 Jk DA 20 F RS o o 3a 3
I SSB, T SSB 75T 1Y [Al J5AE 52 55 5% s AR OC , H
HE SEEED) 1 (Cas9™™ ) W5 & 19 HR RORZE W] 5
TARFE ARV T, 3 HREAFH 7 Az 00 RUHE g il 11 %)
3K 133 kb 1R 7 BOHEE KA T A 80 B2 . 5
2Bl CRISPR/ Cas9”"™" 2 4t i 0.2 kb #Y ] P A
L, 5 AT 2 25 b (> 95% ) %ot figt £F HE MR T ( Clostridium
cellulolyticum ) 3 FNATIEATAE B 10— 25 G4 ', i 7E
TFWEFLFT I ( Lactobacillus casei ) ™ T A 2 F0 AT 1
( Bacillus licheniformis) "' v | HE47 55 DA i 4% B0 A
[ 28 728 8 AR 43 4% 30 65% Fl 80% , AR T
Cas9 ) il W 7RO TR v 1 R LR IE (B0 IR
SELETE DSB B E BE B HR BORMRA R RN &,
AR Jg—F4 5 CRISPR Z 48 1 4146 52 R Ay W]
FroRms,
2.2 BMEYIBIMENMRL

CRISPR/ Cas9 28 4 114 i L AU [a] B o) 1
TETCER TR P AT L o ZEMG L Sl 4 i b B R
5T B, sgRNA 19 )7 51 FHK BE L PAM ( protospacer
adjacent motif) {5 IV DL & Cas9 5 1Y KB &
TG PESE R 2 #B 4352 0 CRISPR/ Cas9 R S8 1HE 5
PE. sgRNA AL T B AR B 800 B B
FEIT PAM AL BN P51 (10 IR A ) T2k
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A
(A) DSB Ku binds to DNA

' 3 5 \ ' 3
jIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII5,—’3,|||||||||||||||||I|‘K“‘ Q‘“illllllllllllllllll .

l Ku recruits LigD

' 3’ 5 ‘ \ 3
I , <+ [ uérnmmmnm !

Mutated repair

LigD
(B)

—_—

Target 2+PAM2

o bm
PAMI ’

l - gRNA2
Dual-nicks
(DSB formation) L LR L 111 R
o IO _
l Site-specific ssDNA nick

DSB repaired via HR or NHEJ

Fig.2 The action mechanisms of NHEJ repair (A) and CRISPR/Cas9 nickase (B) (A) The site-specific DSB is
generated via sgRNA-directed Cas9 cleavage, then Ku proteins recognize and stabilize the DNA end. Next, the DNA ligase LigD is
recruited to the DNA ends and imprecisely repair DSBs. (B) The use of paired nickases can introduce DSBs and produce long

overhangs on each of the cleaved ends instead of blunt ends

SE S 5 TR A R S s e 8 DU e 5 |
Cas9 FQHUE AL M AR R S ESE &, Ak, AR
HABFR T H1 44 245 A 76 TPk R Y sgRNA 251 M
B AAGR5E sgRNA K J3 X6 R5 50 1 52 415 A5 15 50
E, I LT AR R A RCR Y . BT SIS 5 R
seRNA T 5 4178 T R 2 45 44 111 R AR 8 S 38
PEAEIL SR NHAN N 2 A~ S IS ] L) i 25 sl M E L
R (K 5000 17%5) ) Hwir e K kT i
SEIY sgRNA SCERRGEHT, M TF & T —F &1
B X2 B 255 i ok S RN sgRNA | I & P
1 WL 0 420 240 R A AR R A A oF TUI 40 B sgRNA 77
FE I R BRI 220 X — 4N sgRNA JF & &
GEEy ST B OR HIAE E CRISPR/ Cas9 £ S8 1E £k
TR ) IS FH I B T R 1) AR 5%

YE RO RESE F T, Cas9 T H PAM ¢
HIHEZE RN DNA 455 RCR APk, x5 m b B sk
RIPEEWEXRELZ, FHlA, LL Cas9 5 PAM {7 5
FHECAE FH A S5 8 X 38 (55 1 097 ~ 1 368 fii) S H
T, K S I AL 2 A8 SC PR IR AT 4 A 4 A, O % 30 Y
VRER ZE SR AU AEFR #E PAM 351 NGCG 5
NGAN" 171 38 s W T A 5 00 10 32 5 a0k A T 3 A 1)

FEALIA xCas9, FTLAPU] NG \GAA FI GAT S5HHIET
B8 S AL Y CasO FED™ AT R0 4 607 4 10 3
flt b, SN T g AR R e, A RETABE R
T ( Streptococcus thermophilus) Cas9 Fl4: ¥ (3 4 Bk
W ( Staphyloccocus aureus ) Cas9, 45 H B A A A
PAM o7, Horp RO 85 /IN Y 4 B €0 4 % 3K T Cas9),
PRIHCHI S HE KA PAM 3255 NNGRRT T4 K 2 125
TR (ERE DR A 0 T G A AL ] A O
BT BT PAM {3 £, Cas9 5 sgRNA/DNA & &
R SRS BER WA 7R TR 25 DNA 88 [ ik
FRPESS G A KRS E R, fE HNH, RuvC A0
PAM 1 FHE e 3 2 18] f4 717 1 H YA Al -5 A e e R 245
A, TN R Herp 32 AN IR HL SR A T
B R R T 1 3 Ry L I ) 555 ) 9 A A
eSpCas9 (1. 1) [ B, % 48 {& SpCas9-HF1,
evoCas9 WREHE— S Re R, S—rm, Bl
ITEFX] sgRNA/Cas9 4 5 5 R R R 1K 51 ik Y i 4
BONE, RIBCKE Cas9 2748 B LG BSOS IA
VPR 3 7ol 25 Cas9 3k 82K dCas9
5 Fokl HFREERLGIE B fCas9 J5 Fi3E T fCas9 5
PR DNA g AR SR m | 24 RS [ A2 B b
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RARC e BRI

BT Cas9 2548 (9 7 FIBLHI BT 58 & B, Cas9 Xt
BRSPS & 451 HNH R 4 e 2s, [H]
If il & RuvC B HEAL T P LA AR %) DNA X% 1Y T
[P0 i 2 AR S 5 DNA P91 B AR AT LI Cas9
gE4 BT EEIK 3 HNH M v (8] 44 42 3] 3% M i 4
3k I, DT 3B B 1 A1 465 T 5 30 DNA B4, [
T PAM TE5IHT RNA-DNA 5 35 B %o 2545 % AL
il , HNH 7E DNA %5 & 5 24 22 0] (1) 74 52 5 46 ol
H Cas9 I DNA BUE 22 Hij 5 o 10 R S A o
AT LAAT S5 B 1 R 7 5 A B0 R B4y T
BT 388 T Cas9 M apo % [ 5 DNA
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