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Cas9 <° Casl2 [T H A K RNA LHEHAKREK LIER DNA 20l 5720, 8077 ) AREY —1 & L
TIALFIHENTWD (Cong et al. Science 2013, Zetsche et al. Cell 2015), L2>L. %/ 2 DNA OEIEHIZHE S
B}kb ORKEBIEEZTZELHY, YD 7 AREIESENED S TWS, ZhucxL, “OIsi
WG AR T B D EIERAEEIN N E R S TS, DNA SIS A KIE 72 Cas9/Cas12 (2T X/
(bl SE 2 Bl U 72 JSHRAE Y — /L (Baseeditor ; BE) 13, MY DNA 12 C—T EH#° A—G Effiz 5| XL =

(Komor et al. Nature 2016) , #¢lZ, e RMEEMLEMHIEED 6 BN SEARIZED2 b0 THY, 0% 131
EHLIZ L VIEENRATEETH D72, HIERESN OBEB T IBE~DOISHPHE S TWD, L,
Cas9/Cas12 25ERY DNA Z 583 5 72 OITITFRFE OS] (PAM) DB THDH Z LD HHAREN AT
fEZ2 7 7 DEIIIRE SN TV D, I HIZ, ERNTOEEREDT-OITIT, VA NVARY Z—CH# AR
2RV DSHAREL Y — VOB VAETH D, AWFETIL, /MED Cas9 X° Casl12 D5y F M2 X 2 i
PHOYESE L7 TREDHRAMRE Y — -t v b &2BAZE L. MAR ., BISMELIIE, 7V Y A <~ —EREZ B K
PERBET /L & LT2RE PS il L OYVRIBRET L~ U RZBWT, B LI IERE Y — &2 TR 3
BEOE@ZATH Z & T, WREREIC L2 BEMEEEIRREA N T 7 U — DML Z R AT,

SaCas9 (1053 #%%L). CjCas9 (984 #&KL) . B LU BICas9 (1092 #&%L) 1% SpCas9 (1368 #&kL) (ZH~T/h
BTH DD AAV RT X —~DENHRENE L, Lz > T, SaCas9/CjCas9/BlCas9 % H\ 7= BE | 1H HiH
LA OIERIC 7N 5 Z ENFREES NS, LL, Z4b 3O Cas9 [T IEIE LV PAM (SaCas9:
NNGRR (R (% A/G). CjCas9: NNNVRYAC (V X A/G/C, Y X T/C). BlCas9: NNNNCNAA) %384 57-
O, HEIPHRE STV D &0 D MBS E ST\, & 2 CAMFZER%E TlX, SaCas9, CjCas9, I
J UVBICas9 OffffEiEZ b L IC, ZHEND PAM @BikCB 5957 I/ BRI OERZEANT H 2
& T, FME S PAM 238k T 5 AR Cas9 AR Z B L7z, BARAUIZIZ, —305 D G % PAM & L CiR
9% SaCas9-NNG, LT H D AlZxd 2 FrBIMEA#E 1 L 72 enCjCas9 (Nakagawa et al. Commun. Biol. 2022) |
LXTHE ENLTHD A KT DR A28 L 72 enBlCas9 2 Z N ENBI% L=, & 51T, SaCas9-NNG,
enCjCas9, enBlCas9 # T EHMLT X /(LBER LA &7 BE 2/ER L, WiflER SV T&
Cas9 WA K ZFM L7ZBEIZ X o T—HIEEHZFHHETH 5 Z & M L 72, SaCas9-NNG 2B LTI,
SaCas9-NNG 3 L O sgRNA Z#5# L 7= all-in-one AAV X7 ¥ —%~ 7 AZH 5 L, SaCas9-NNG H3EAH
SaCas9 & H~_TIRWERYHIPRAICKT LTH /) MRENAIRETH H 2 & ZEEAR L~V THEIEL /-, ABE %
53 L 72 SaCas9-NNG % H\ T, ~ 7 ANFIMALEE T PAM ECFALMER T2 2 L 2R LTz, S 5T~
DIMAR B ER, O OTC KIBSEL BT 2 MR %2 MGE L, SaCas9-NNG (ZF31) % g HAREERD
FOYHEZHER LTz, b MUEOBEERFM S REMRAMEIIER T2 707 4 CREREIFER L, HAlff~
U ANTHKT D AAV 7 —Z T invivo 7/ AfE T 5% L ORI HDR (X D /v 7 A v & AlEE
EL, EBICT T A CRE~ T ADAEENIER Lz, & 512, SaCas9-NNG-sgRNA-HZ[) DNA #HA KD
B0 5 ROSKRBEIZXHG T 5 7 7 A A8 TS S 2 B L, SaCas9-NNG (Z X 2 45) DNA R O
72 5y 1 HAE A iR L 72,

Cas9 ZF|H L7 HiEMmIE DERICIX, G%EF L7z sgRNA O A RELHIH D target window & FEEAL 2D REE D FE
BRICTFET DAEE O (ABE OAI1ET7T 5 =2, CBE ODHAITY F ) IO L TRENE L., Z DOffE
IRY— U PREBR T IESS Cas9 OFFEIZ K> CRARDGAENH D, AR TIL, KEOBIHI>— 27
TV T A VTR T E T VAR L bR REERE Y — I K o TIRE DS LA #
—7y N LESAICHE SN IRE Y — 2 2 PT D2 HM 2B Lz, B ET AV OFHMBiFER %17 -
TRER, WINOBEERE Y — BN TH 2D % —4 v YA MR RRE Y — v Rk % 7288
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JETELDZ L, WBEEET AN O —0 (EOX I BRRENTY = BNED LS RBETHET 50)
BEET—HZ VTV UG 07T BRETTRTESL L ER LI, 51T, BRI LA WEAREZFHES
HUA7 RS> T sgRNA ZRitT 0V 7 MU= TRBOERT — 2 250, 7o Vavy—rxy
T T = A NOEREOEEREY —VIC KL o THERE DY ) AEBE X —7 Y F LICGRICHEIN DI
HIRENY — o 2 THITHHINERE L., ShbDY 7 vy =T Y=oy r—IfbaEn s L L bic,
B LW ERELZFET DU A7 20 Y > TsgRNA %5172 Y 7 by =T OBREIT- 7,

BT DML S, Cas9 EIIMN L7277 XU —IZJ@T 5 Cas fiEE L LT, M E A $ D Casl2 EHR

(Casl2a~Casl12n) M[EE AT 5 (Zetsche et al. Cell 2015 ; Harrington et al. Science 2018 ; Yan et al. Science
2019 ; Pausch et al. Science 2020 ; Wu et al. Mol. Cell 2022), H T Casl2c iZ, TN &9 % PAM % idik3 5
Teh, ERELPH 2 LR Lo AR EE Y — L E L TAHTH Y . £7- AsCasl2f IFZBEfFED Cas9/Cas12 FEHE D
TIR/NDODRESTHD 422 FREATHERIET 2 2 &0 b AAV X7 X —~ZhRICHEE e e i SRS Y — v
ELTHIf S TWD, RIFSEBIFRE T, 7 7 A A - BAMETHEEMENTIZ X - T, Casl2c-sgRNA-HE) DNA
B RO SLARKERE 2 P E L, Cas12¢ 12 K D — 3050 PAM a8ttt 2 %81 L 7= (Kurihara et al. Mol. Cell 2022) ,
F U< 7 TAAETBEMBEEMRITIZ X > T, AsCasl2f-sgRNA-HE[) DNA &K LIRS 2 P E L
AsCas12f 3—73 7D sgRNA EIZ "3 1D AsCasl2f ¥ L /R 7 EWFES LIz FERt e “BIRE L CTHERET D
Z L& ST L7z (Hino et al. Cell 2023) , AsCas12f D7 ) ARy —/L & L COFRAM%EEZ B LSS 57290,
FTWEIZ L D AsCas12f {EVEM FZEFAROBHF 21T o 72, BARHIIZIL, Deep mutational scanning (DMS) &
FIEN D EBERIKA 7 ) —=0 7V FiE% AsCasI2f I8 L, WMV T AsCas12f 12 L 5
7 MRS A L S D A RE 200 HLL ERE LT, [RIE U728 B A AE g I 25D & A BRI LA
B BRI AR & LT 2015 0L EoVEYEAR A9 5 D AsCas12f MY 25 S 4K (AsCas12f-YHAM
B LU AsCasl2f-HKRA) ZBA%E L7, F7o. MEERH#RICHEO X, sgRNA TORBHIIE M L/ filize kS
W7tk EH sgRNA & B L. Z DOkZER sgRNA 28B4 sgRNA (2T FLER A P s 31T D38 HL
EOEINT 52 & ZB BN LT, AsCasl2f UEZE IR E seRNA AR L AGDOE D Z & T, MiFLEES
FHIFIZ BT SpCas9 WA Casl2a L [FIED T ) ARENFRZH T 25 AsCas12f RO BRI L
7o & BT, AR AsCas12f-Ch R sgRNA-FER) DNA B EIRD 7 T A A& - BSiE &2 I ET D 2 & T,
AsCas12f 1T A L7247 X  IRZE SRR I ED XD IZH G LT D)y, O 7oy TR 2 B 6 08T
L7z,

RO WK AsCas12f D H B AsCas12f-HKRA (2RI LT, il A hr 7 4 —TH 5415 DMD &Ein 1D
Exon 44 73K L7z iPS AR H S OATMIAZIZIS VN C Exon 45 Z# X LICRBSHEL LTI —T 477 L—
L&KL, DMD # o R7 OFRBEEIELZEITHI L, vVALLTIE /) v 777 MZEY T2
AVFrTIvng R=ADIRENRAREE 25 P R T A A VF U OIRT, /v 7 A & AW TLAR
B~ U ADIRRESGEICEE) LTz, 72, = U A{EKAN TO CRISPRa IZf%Z) L, Luciferase DERFIEM:Z 10 7%
W EFBZ b Lz,
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The CRISPR RNA-guided endonuclease Cas9 and Casl2 cleave double-stranded DNA targets complementary to the
sgRNA guide and have been harnessed for genome editing technologies. Besides the guide RNA—target DNA
complementarity, Cas9 and Casl2 require specific sequence as the protospacer adjacent motif (PAM) for target DNA
recognition, thereby restricting the targetable genomic sites. Moreover, their relatively large gene size poses a limitation
for delivery by cargo-size-limited adeno-associated virus (AAV) vectors.

Based on the previously reported crystal structures, we rationally engineered small Cas9 variants (SaCas9-NNG,
enCjCas9, and enBlCas9) that recognizes relaxed PAMs. These Cas9 variants efficiently induces indels in human cells
and mice with broader targetable range as compared to those of wild type. Furthermore, these Cas9 variants fused to
cytosine deaminase or adenosine deaminase efficiently mediated C-to-T or A-to-G conversions in human cells. These
results indicated that our engineered Cas9 variants exhibits the expanded target scope in mice, and can be utilized for a
therapeutic genome-editing tool deliverable using a single AAV vector. In addition, we determined the cryo-EM
structures of SaCas9-NNG in complex with its cognate sgRNA and dsDNA targets in multiple functional states. These
structures provide explanations for how the introduced mutations relax the PAM specificity.

Besides Cas9 orthologs, recent studies have identified a dozen functionally divergent type V Cas12 effector proteins.
Among them, Casl2c recognizes short TN PAM, thereby potentially expanding the target space in genome editing, while
minimal AsCas12f which consists of only 422 amino acids shows great promise as a miniature genome-editing tool that
can be packaged into a single AAV vector. In this study, we determined the cryo-EM structure of Cas12c-sgRNA-target
DNA ternary complex, providing mechanistic insights into the short PAM recognition by Casl2c. We also determined
the cryo-EM structure of AsCasl12f-sgRNA-target DNA ternary complex, revealing that two AsCasl2f molecules
(AsCas12f.1 and AsCas12f.2) assemble with one sgRNA molecule to form an asymmetric homodimer to compensate for
its small size. Additionally, we present a comprehensive effort to improve the AsCas12f system for genome editing. By
combining structural analysis and deep mutational scanning (DMS) methods, we revealed the molecular basis and
identified a detailed landscape of amino acid substitutions that greatly augment the nuclease activity of AsCas12f. The
synergistic effects of these mutations, coupled with guide RNA engineering, remarkably enhanced the genome-editing
efficiency of AsCas12f in human cells to levels comparable with those of both SpCas9 and engineered AsCasl2a

effectors.



