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i OE. (B8] £etiizfiF(Pichiapastoris) 25 — £ 45 FRAXE 2%, HEFE
B AR TR ERESZHORE T L, [Fx] A TAERKGN @4E= LELF5]/Cas9
B2 B4 (clustered regularly interspaced short palindromic repeats/Cas9 nuclease, CRISPR/Cas9)# K, &
it F+# 22 nCas9 5 Jo. 3 BL R Bl #k o & 3K 69 "5 v #k A % 45 23 (cytosine base editor, CBE), it
BEBERARAAY S SMA C 08— K/F 7 AEHFIFVUITN CBE 9B %I, witibis &
Ja, AR ZHEZMNFHASAN CBE 9B KA ERAHBRN, T —F R EEKRKE. &
A&k aAaxe B gRNA ¥e) i 71 (BP spacer) K EZ FF B & x5 CBE g a9 #m. [£4 R ] nCas9
5 PmCDAI #4204 CBE #64 XA FBAARAME C 95 %H. HEBKKEN
(GGGGS) B, CBE 9 % B £ & &, % & 2 4= T Ay 9] % /4 3] AR 4L &K & (protospacer adjacent
motif, PAM)iZ 3% ¢ C20-C14 18], H & C18 &9 % 2L £ 7T 1% 85.1%. nCas9 55 PmCDA1 A8 2¢
I E R CBE 9B R BEX T MR K. M gRNA ¥@ 57| KE % @& CBE
R, H gRNA 2@ 57 KETH#IKT 17 nt, 12 19-23 nt X @ ¥ T 5| F CBE A F
M FH R (LRI AR ECHBERBTTMET —£ LA & 2B % HE M0
R ER, AR TRFASEFOEABFEAARTRET TELFH.

KRR AR ABEE, CRISPR/Cas9; Jo"%7g ik 4 4 R
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Design and function evaluation of cytosine base editors in
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Abstract: [Objective] A targeted mutation system was established in Pichia pastoris to
provide an efficient editing tool for genetic engineering. [Methods] A cytosine base editor
(CBE) was designed with nCas9 derived from the clustered regularly interspaced short palindromic
repeats/Cas9 nuclease (CRISPR/Cas9) system and a cytosine deaminase PmCDA1. A cytosine-rich
sequence in the yeast genome was selected as the target to validate the CBE activity.
High-throughput sequencing was employed to analyze the editing efficiency and mode of the
CBE. Furthermore, we explored how factors such as the length of linker peptides, the relative
position of fusion proteins, and the length of gRNA targeting sequence affect the CBE function.
[Results] The CBEs established by the fusion of nCas9 and PmCDAT1 were capable of editing
the cytosine in the P. pastoris genome. The highest editing efficiency was achieved with a
linker peptide of (GGGGS);p, and the editing window was located between C20 and C14 at the
distal end of the protospacer adjacent motif. The window location at C18 achieved the
maximum editing efficiency of 85.1%. Changes in the relative position of nCas9 and PmCDA1
had minor effects on the editing efficiency and modes of CBEs. However, the length of gRNA
targeting sequence affected the editing efficiency of CBEs and cannot be shorter than 17 nt.
The gRNA targeting sequences of 19-23 nt were capable of guiding CBEs to edit the genome.
[Conclusion] This study establishes a set of CBEs with high editing efficiency in P. pastoris,
which serves as a solid foundation for further genetic engineering.

Keywords: Pichia pastoris; CRISPR/Cas9; cytosine base editor

AR, AR R A 1] B e ] S & 471/
Cas9 ¥R if#(clustered regularly interspaced short
palindromic repeats/Cas9 nuclease, CRISPR/Cas9)
FARM R HAELE T R TR A Jl
AR AT o 7R AL P A DNA RS W 24
(double-strand break, DSB)i75 & 4l itl N 1& 52 i
2, LASEIXT DNA BYmbR . B4 . 6 ASEEM
SR, DSB 51K 1) DNA 1& S ARMESE B i ke e
ML . T CRISPR/Cas9 R4 FTfiiLE

) CRISPR- i, 3 & 4 A S — i RE A5 S BUAG M 2.
BRIE R A H AR, — i CRISPR AHICHE . i
AW gRNA 3 N AL, F IR &
CRISPR 7 45 A 2 5 B8 77 LA S M S T 1 = 3
HEALRE ST o LI mg e BRI g R m 191, R B 2L
fiff 5 CRISPR AH&#E (41 nCas9 . dCas9)fil & f&
5 eRNA JEWE AW, ZE AU gRNA 5]
TR, SR A O, R AME T
BEE (cytosine, C)ii 2 FEIE Bl IR B8 IE (uracil, U),
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38 o ffL 9 DNA A& 5 AL TR 1 M i s g
(thymine, T), feZeSCEihRSE C 2 T M50,
CRISPR- i % g 48 #i5 ) 12 i FH T R V4
BESE N AL TR, 7EBRB B Y 2L R R 3% . ThRe
FER A7 | AR TR 40U 2 45 T A A,
7 1R o PR 2 A SO AL A A A A T
T AR P IR IR ) R R R AR 2 e
BT X SERFGE R T T CRISPR-A 4 45
ARSEIN TR G ik BT T, I H At B EH
/g T LA R BRI AR (G R SRS 1 . BB
HT 7 5 R R S — T A R v kR s A
VRAE 1 1) BRI R G TR e g A 7=
BAAE . RBERE  AMNEIERE LR E . B
Jr B A S A R S, T AL AR
BN AE SRR 1 A iy O T LA BOR AT
I B S RS DR TR A SRR AR5t
DRI Z 22 R B4 3 R 2 i 7 B 2 S BR
Ry T A BT AR e R e S i R W
Y B AT LA L G R D) BE VA T IR, FRAT T
¥ nick JEZLHY Cas9 [nCas9 (D10A)]FHITF 2
fitf PmCDAL @G, WINTESE AR R IL R 45| &
B C ) T Mmsoeas. o, JATRMaS
nCas9 FIJIi 20 2 20 53 (1 3% 22 IR DL K. gRNA $1
Tia) J7 810 118 8 X s ks 0 4 ) i 553
AR U8 A BRI

1 S

1.1 KM

£ 37 4 Be R % £ (Pichia pastoris) GS115
AL E /AT ;. KIHATF# (Escherichia coli) TOP
10 1 A RARAEARH (LR AR A A . YPD
(%MEEERY , 2% AR, 2% % % 1] 55 77 56
TR MR W 3R, YPDS i3RI %M EE
¥, 2% AR, 2%%50%, 1 mol/L ILIZLED)FI
MD B S5 RE[(2% A0, 1.34%M R R H(YNB)]
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T Wb R TEAR I E . LB K5 3R (0.5%8%
BE¥r, 1%E AR, 1%A ) LLB BiaEkt
(0.5%BEERr, 1%EEE, 0.5%FALINH TR
AR B3R . AR SR EE T AN 2% 555
¥, AERNTRHERRIC, 207N % % (ampicillin, A+)
He M 100 mg/L, 1H3EHE K (zeocin, ZH)KIE R
100 mg/L,

PRI E PN D | 3% 42 S 2 R AL I A
NEB /A +l; KOD FX Neo lJ § TOYOBO 237 ;
I7i] 95 0 2 125 6 W) ) et A M A R A R
A BORRBURAH & H QIAGEN 2AH]; #
R I RIS &l H Omega Bio-Tek /AH]; &
F1RR IR I H OXOID A vl Bfigk iy Bk
R EFHARRA A BOlEHE L B EE A
SIGMA A Fl; A NHEHRIWHA SAITONC 2
Al MSEFE R A Invitrogen 23 A ; HiAfthfb2zid
I A 2 B GR A BRA A HL 2R LAY
(GenePulser Xcell)Fll PCR 1% (C1000 Touch)l F
Bio-Rad A w] . BREFMTE IS, FEEFHIG &
W o e AR R A BR A Wl S8 . A
W5 RS 1k 1 R,

1.2 B 0% OE 5 £ 4% 5§ 8% (cytosine base
editor, CBE)3Ri& BRIV T 5

SR ERBRA TR 220 PmCDA1 0 U2

FEBRFFAFRELE NCBI (GenBank No. ABO15149.1).,

*1 KWMRFAAS

Table 1 Primers used for this study

Primers Sequences (5'—3)

GAPI-F CGTCGCTGGCAATAATAGCG
CYCI-R CCTTCCTTTTCGGTTAGAGC
TC-F CGGTGTAACCAAATTTAGAGT
TC-R ATGAACTTGAGAATTTGAGGGTA
TC-F2 AGTTCCCAGAATGTGCAAC
TC-R2 CCCGAACGTGTTATTCAACT
choose-F1 CTAATCTAAGGGGCGATCTG
choose-F2 AGTAAGCTCGTCTCAGATCTTAAG
3'AOX GCAAATGGCATTCTGACATCC
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W B RE B RS 04K 5 A M I 24 55 PmCDA1
B 7 5 Bl (E nCas9 I N i, &1l i3 GGGGS
P K 4% LA & CBE @il & 26 38 iR .
(GGGGS),-PmCDAL fy Bttt hE R MAY)
FARABRAF AN, MR nCas9 (D10A)F
Bt Tk pGAP-Cas9 (7 5216 = (R A7) ¥ 1 45
15, Wit RIIREAR A, WESHEER
ik i B pGAP-PmCDA1-(GGGGS),-nCas9 .
pGAP-PmMCDA1-(GGGGS)s-nCas9 pGAP-
PmCDA1-(GGGGS)s-nCas9 . pGAP-PmCDAI-
(GGGGS)o-nCas9 Fl pGAP-nCas9-(GGGGS),(-
PmCDAI,
1.3 gRNA ERRIEAFRAAIFIE
AT R R R GE . Gt ik, P
Be R IE R 4 FA7F XM_002490399.1 | f1)—
BUE St ¢ WFY), st T 15 48 AR
KEERE ] 41 (1428 nt)fl) gRNA Fik ki,
=2 Pin. FIARIIEEL T, B gRNA 1
FF9 vifES] pTEF-gRNA A 3R (A< 516 % {3
fE) b, ST B8 IER Y 15 45 gRNA
WA FRIBFRL, 344 TC-14-TC-28.
#2 ARKELEFFIA gRNA
Table 2 Different target sequence lengths of gRNA
2RNA length (nt) Target sequences (5'—3")

14 CTCCCGCCACCTTC

15 TCTCCCGCCACCTTC

16 CTCTCCCGCCACCTTC

17 TCTCTCCCGCCACCTTC

18 CTCTCTCCCGCCACCTTC

19 TCTCTCTCCCGCCACCTTC

20 CTCTCTCTCCCGCCACCTTC

21 TCTCTCTCTCCCGCCACCTTC

22 CTCTCTCTCTCCCGCCACCTTC

23 CCTCTCTCTCTCCCGCCACCTTC

24 TCCTCTCTCTCTCCCGCCACCTTC

25 TTCCTCTCTCTCTCCCGCCACCTTC
26 CTTCCTCTCTCTCTCCCGCCACCTTC
27 GCTTCCTCTCTCTCTCCCGCCACCTTC
28 AGCTTCCTCTCTCTCTCCCGCCACCTTC

1.4 BEERSZSHIGIE R B

PeH YPD Vil P F] 4 mL YPD }55%
Heh o F30°C, 220 r/min 514 FHi 95 24 h 5
2 mL & 200 mL YPD 5353, £F ODgoo N
1.0-1.5 B &0 5 min, WUERGEIA B R TC
KR, SO PES 2 IR(5 min/IR), FHHA R
1 mol/L INAYEEE A . B0yEd 1K (10 min), 5
i, PR BLDEM N 4 °C. 2 000xg,
A1 1 mol/L INRUEE S RREEMMIFERE
1.0-1.5 mL %5 H, BCRP A EERERAZ S 40

B 80 pL Bz A AL 55 20 nL ZebEfb Bk 58
PRSI ERR R T, VKR 5 min, THLEF
UL 2 kV. 5ms FHE 1R, SLEVIMATR T
1 mol/L INFLERERIR AT, FFUR A T B AH L i i
BB FREEAR R, 30 °C BE R B R A vElE IR,
1.5 CBE E4HEHIIME

CBE it 735 i kr 28 Nhe T BR i 14 P9 1) 1l 1k
rgttl, S4B S L b L i A
GS115 FFEER, (] MD ~EAR e BHE sa ke,
W3 514 GAP1-F/CYC1-R #1775 PCR K 5E,
ZMFEHING 31 CBE B4 FEMR, Akt
¥ T 5 Ff CBE, 43illtw#4 A CBE1-CBES,
1.6 CBE If&ERIIEIE

S8 1.4 BRI 20 nt 19
TC-20 % CBE H, LIPFH/r CBE1I-CBE4 AYfi
FLmEEINRE . 2 YPDS Z-+ AR 57 1% BH P v
e, JFEPREBCHTESCRE, ST 3G S0 )y 51 X 5
HAMYHFBRFS), ik Sanger A EE
(>1 000 i), PEHT CBE (MBI S i
A, BRI A NovaSeq PE1SO V15,
DU FE R N A TR AE R Ry A BR A w58 .
ET VS, K 750 g i) pE 3 41 <8 3k By
(protospacer adjacent motif, PAM)F 41 Fc it AHR L
SCHES 20 (g, Amzibisdsty C ML C20 .
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2 BER540

2.1 AEHKEERBAXT CBE #9520

A IR T 4 P SRR B AR )
CBE1-CBE4 LI HTFPEH CBEs HIRERY TC-20
(Bl 1A), Epd a4 R%EY], CBEL LgwiEif
£, CBE2-CBE4 WA iR 7 1394 PAM A&7
Y C20-Cl14 fin, M C18 (Bt
(¥l 1B-1D), EIEARAK X CBE BB CFA
R, LA C18 i, fEiZfiE b, &
(GGGGS), KEEWIN, CBE 4Rk, CBE2
1E C18 (i I gnRRN 30%, CBE3 (K4t

RE N 73.2%, 1 CBE4 HIFmERRCHR % 85.1%.
MPEERFH, Br T FHZARAE C R T RAE, #Hor
R C BB AmiE G/A, Horp C 3| G i g AR
Kbl £, AL, 7€ CBE2 1,
C20-C14 fii I C 3| G Hygw’E 5 BB 17.9%,
CBE3 /5 14.3%, 1fif CBE4 F{XF 4.8%, LI 4%
R, AR SRR Ay T CBE i
#r, H 101~ GGGGS MR TRl B 1%
BRCATE(E 1B-1D). MAh, ERERKEAR
{G%0 CBE [4mfaiR, 5 | CBE il
B, 4 PmCDAI1 fif 57 nCas9 1Y N i, C 2|
G W ZmAR AR b A 2 B I B A i 14

A B
CBE]Z PmCDALI (GGGGS), nCas9 CYCI term T 1CBE2
. GAP I N S =100 - ’ p—
& == C-G
CBE2 PmCDALI (GGGGS), nCas9 CYCI term O o5 | mmC-A
CBE3 PmCDAI (GGGGS), nCas9 CYCI term 3 60 [ C20 Cl4
' T 40
CBE4  PmCDAI (GGGGS),, nCas9 CYClterm %5
.~ GAP IS I 5 20
. 2
L
TC-20 gRNA scaffold AOXI1 Term B 0 n>1 000
TEF1 GICTCTCTCCCGCCACCTTC
\
CTCTCTCTCCCGCCACCTTCAGG
C D
XM 002490399 ;CBE XM 002490399.1 CBE4
_ 100 =~ = 100 = C-T
> = C-G = = C-G
mm C- mm C-A
S 80 © 80 I
E2 2
=] =]
= 60 I C20 Cl14 = 60 C20 Cl4
“ L HNEN nz1 Vv A L HEEN L
CTCTCTCTCCCGCCACCTTC CTCTCTCTCCCGCCACCTTC
20 14 20 14
1 CBE W&EHmEFNZITSTN
Figure 1 Design and evaluation of the CBE. Construction of CBE1-CBE4 and gRNA expression plasmid (A);

Next generation sequencing (NGS) sequencing results of CBE2 (B), CBE3 (C), and CBE4 (D).
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2.2 BAEEBMEMAEX CBE Mz

b J5 B AT TE— 498 T nCas9 A1 PmCDAI
BilE ISF B AR X7 B CBE SRERYSEIN . 76 R T
TAERIERE |, T PmCDA1 Fl47E nCas9
1 C ¥, FFRM(GGGGS) IR, Mgt
193] CBES (&l 2A), [AIFEZEE TC-20 #E#r CBES
() G R 0% M A, Rl P A R R
CBES HAUgmfEa 1 [RFER PAM L% 428 b 1)
C20-C14 fii, H CI18 iRy 4miBRCR FIAE R i e
B, Ak 82.6% (& 2B), X5 PmCDAI1 fiF
nCas9 N ¥ () CBE4 i 30 F 5 A —3(85.1%,
& 1D). fE CBES H1, C20-C14 i [-HLA4 &B43 b
B C Mg NmEE G/A, Hifh C 3 G By4iE L
BRI 26.1%., DL EZ55R KB, PmCDAL @l G
1 nCas9 [ C ¥, CBE MI4miERCR M gt i
15 PmCDAI1 fii T nCas9 N ¥t/ CBE4 #H 78
FEAK, ERBEIE C 2 G (%4 &5 E e A
R (26.1%)H CBE4 (4.8%) KM, W54,
PmCDA1 ) CBE 7 - 2647 ¥ 83E C 2] G

B R AR AT AR 5 s e v B AT 5, [Nl PmCDAL
5RO BR I 2 ST I, 20 B A8 A 04 D A BT R
3G, MIMSEAE CBES H C 3| G 4B seE
N
2.3 gRNA $#[EF5KExt CBE M0
WEFR R, gRNA [ #E ] 3 51 4K B 5 i
CRISPR/Cas9 4 MHFEH g R ol TR UE
gRNA 1] ¥4 B 520 CBE B 4 4 %
TEEE SRR T R S RS 1, ARSI T 15 4%
TR EER 8] 251 Y gRNA (3 2, B 3A)FFIF
P T BT iR R R 1360 A A R A
X BN B CBE4 F1 CBES AYR2NH . Sanger
T 245 R B R , gRNA $10] 741 % T 8K T 16 nt
I, CBE4/5 ¥k EgmiHTh1E; gRNA ]y 5]
Jg 17-18 nt B5f, CBE4 CI18 {7 BI4m4BA0RAL N
40%, YT 8 PAM igii C20-C16 7, i
CBE5 C18 {4l 80%, i ed 1k
PAM i3 C20-C14 37 ; gRNA $E [ 7512 19-23 nt
i, CBE4/5 C18 (M4l 4k 80%—100%, 4

A
CBES nCas9 (GGGGS),, PmCDAI CYCI term
GAP - I |
5 XM 002490399.1  CBES
100 . C-T
= mC-G
< = C-A
U 80
]
B
S 60 C20 Cl4
]
&
T 40
o
§ 20
&
n>1 000

(ZZJCTCT(]fICCCGCCACCTTC

2 HTRMAEBMENBERERRTSITN

Figure 2 Design and evaluation of the base editor with different fusion. A: Construction of CBES. B: NGS

sequencing results of CBES.
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Percent of edited of base C (%) ®

Figure 3

TC-14-TC-28
TEF1

gRNA scaffold

AOXI term

AGCTTCCTCTCTCTCTCCCGCCACCTTEAGG

14-28 nt

AGC,,TTC,,C,,TC,,TC,,TC, . TC,, TC ,CCGCCACCTTCAGG

100 m (26
= C22
60 = C20
40 = C18
m Cl6
20

= Cl4
m C12

3 GRNA #EIF5HE T CBE BIF2M

AGC,TTC,C,.TC,, TC,,TC, TC,, TC,.CCGCCACCTTCAGG

—

(]

(=]
1

S S S S

C
S
o = (26
2 g0l = (23
P - C22
5 60F = C20
5 40 F = Cl18
- = Cl6
2 20 - Cl4
g = C12
5
A

& =10

Q
DGO WD Y o W b

Influence of the gRNA target sequence length on CBE. Construction of TC-gRNA with length

between 14-28 NT (A); Sanger sequencing results of gRNA target sequence length between 14-28 nt on CBE4
(B) and CBES (C).

BB 8 PAM i C20-C14 f(K 3B, 3C).
gRNA ¥ 41y 24-28 nt iif, CBE4 il CBE5
B AR A% C18 1o M 44 BCEFHART 20 nt,
YT 1o PAM 13 C20—C12 f7 (18 3B. 3C).
DL 25 R, X B2 R P o e 5 1 o i i 2
M5, 24 gRNA 75 KT 17 nt B 44 4idE
1EPE, gRNA #ja FE4I7E 1923 nt Y, CBE %
R ER; LA, gRNA B[ 4% CBE 1Y
i CU A K, B2 A FAE C
eI &

3 WwE54£&#

ARG L HE ST T R R HE TR T i s e
BREG RS, FEEM T CBE MBI R Hig
WINREMRZI . AW CBE, H4wieE
IR ZA0F PAM JLJ7 ik C20-C14 i, C18 i
eI € S5a =N

B RAE WA REE A Th R A &
BVERY, AR R, 7EEEARIEERE Y, CBE
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FREL L7 nCas9 Al PmCDAI1 RYIHAE. 1KAL,

SCHRAE Rl A 8 A X B R R 23X Cas
MY REE A T, (EARIF S8 PmCDAL 4y
HELE 3] nCas9 K PidG, CBE HA @i
B|ACE, XTRREH T B KM GGGGS iEH:
B, AT ARV AN B T A B AR R TR 52 CBE
HIRERSCR . AR, GGGGS B g
ML C 8] G M4 ECE, B4 PmCDAL fil
A7 nCas9 11 C ¥, 8L C 2 G HIMERA Br
B, O BRI R A ) 2R A

WEFT & B, gRNA HE ] Fy 5104 58 A6 4 J ] [
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IR AR (R R AR 3] — 8 A B i G AR R A R
KA, 2R L, — Rt
f) gRNA (5 [ P81 38R 20 nt!'?, ABF5T4s
FAUEH] TEER AR ERE T, 2 gRNA HE [ ¥ 5%
T 17 nt B, CBE JoémiiditE, 24 gRNA /7
§1°h 17-18 nt i, CBE SR T gRNA 0
[ 751 20 nt B . 1724 gRNA K2R 19-23 nt
i, CBE ¥ HA RS M gA0E . t4h, £ CBE
HP L RO 22 T R ) P A0 P A8 52 AL e i
C WS e 2 e i M AR s e T, T P e C
25 ML N & A AR R BE LIS 2 P 2 5 3501
WANE C A7 — MRG0 Ry SRS G FIIRIEERS A,
H I S BFE DR 20 FP B C 3] G/A iYEE R il
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1R S 56 8L e 21
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o7 FH R & 222 H e SR R A SR
A 4 o A5 T T 1 1 255 P i 3 G
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