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Next-generation CRISPR-Cas for genome editing: focusing on the
Cas protein and PAM
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Abstract: The emergence of the gene editing technology, especial CRISPR-Cas (clustered regularly intersected short
palindromic repeats and CRISPR associated proteins), has greatly promoted the ability of human beings to transform natural
species. It has been widely harnessed for the engineering in the medical, industrial, agricultural and other fields. The
key component of the CRISPR-Cas system, the Cas protein, possesses its specific features, including self-activity, recognition
site, cutting end and guide RNA. PAM (protein assistant motif) is a number of nucleotides adjacent to the target site, which
is very important for the Cas protein to recognize the target sequence and is also the key characteristic of CRISPR-Cas.
There are several reported methods for identification of PAM. In this review, we summarize the searching for the Cas
protein, the identification of Cas mutants with desired traits and the mapping of the PAM (including the extending of PAM

spectrum), in order to provide a reference for the development and optimization of next-generation gene editing tools.
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Fig. 1 Molecular mechanisms of microbial CRISPR systems in adaptive immunity
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Fig. 2 Schematic of the computational pipeline for identifying putative new loci of Class 2 CRISPR-Cas system
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Fig. 4 Schematic of the positive selection assay via bacterial selection-based directed evolution
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Fig. 5 PACE of Cas9 variants with broadened PAM compatibility
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Table 1 Comparison of different Cas protein search methods

7k LT % Cas #HH SCHR
AR BT — KRB AR R4 TEDHEFIE B SpCas9 [16]
ARABA SR D) RE S R 4 1 SaCas9 [25]
AT EIAT o T 55 Cpfl [11]
FnCas9 [59]
NmCas9 [60]
CjCas9 [61]
St1Cas9 [40]
St3Cas9 [40]
TR T SSRERKE R, % PAM RS it & A AR i Cas 2 R AE R, AsCpfl RR [33]
FER i ik I A 14 SE TR (R TAERR; AsCpfl RVR [33]
o B HEAT AR AR
20T e PR H PAM 2 5115 41 B 0 24 77 4 1 20k Wil fE Cas 2 15825 SpCas9 VQR [34]
JE In) HEAL WP RIAT 2T, A5 MBI spcaso EQR [34]
52 +45 T
BAERX S SpCasd VRER  [34]
RN A L [ st 24 7 28 25 il 8 fveid # LA H T Cas LS A HES, xCas9 3.7 [37]
2L kK ST LAGi 5 HE ) Cas 25 141 B 38 £ 15 Sy —Fif
Te VI M dCas FH
w45 44 hy 2 G iR E B T HEE R A T LR TR S5 FnCas9 RHA [62]
RiRYE AR TR R 575 BL A 5 SaCasd KKH  [29]

SpCas9-NG [38]




242 AR Hereditas (Beijing) 2020

o542 4

AHIEFE A B\ 2 A T 2 MR S I 5 5 1 2 TR R B P
mlEAk, 8 A T RS S8 R e, HR GRS B L
SR TCIEELE LR, AR . DL ARG A
Tl 0 78 5 578 R M Cas 4B M iR 4 M 5t 3
MR 2 AL A il B S AR . BR T ARAR SRR SE R AN, ey
PERR R IR I AT R AR AR L %, FIH PACE ki
TEGE A ART LS R[] i 1A T 58 AR R . AT R
FHZ 7 ik it B T2 PAM LI xCas9 3.7,
R H e 2 R T Cas AWML ARES, &
AR FIE M, BreAmgE i Cas B AHEIE S
YER—Fh dCas9, ITHIRAFFEEM, xCas9 Xf PAM
PR B E FEE RIE IR ATz, HXF TGA,
TGT F1 TGC bR iy U1 HIIE M AU A1t o7 o5 55 T 7
A SEAS 2 SpCas9-NGE®, AHFST A BA k3 1 B
SEAE IR, @K T-RNA JiInAF] sgRNA HihENS
A i 45 =5 v {5 L SpCas9 (HF-Cas9 Fl eCas9) 1y i& P
HEABE 2 5 xCas9 pyim #E R,

2 PAM

2007 4F, Horvath %51 Deveau 210415 51| i 8%
F, PR R T R S s T A R A [
X321 RSP 51, 2009 4F, Mojica 2125 it 4= 9y
FESFANIEBL T £ CRISPR-Cas R&HA 1HAH
RUFF, FH¥ PAM B 2 X 25 R G R 41E o iF
FHEANIX CRISPR-Cas &4t PAM WWF5R R, xR
S FH X B0 35 571 Ok FI KT CRISPR FE51K [ A B
WAEAMEA R #HE02A

R ZS R FAEAR S BT 7R T PAM Wfif 5 5
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Fig. 8 PAM screening via PAM-SCANR
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#2 AR CasEHPAMMERZSLEER
Table 2 Comparison of different PAM determination methods

Tk YIRIRES ik 1) F A Cas fH M PAM SCHik
MRS R ER B A1 LK F T LA spacer, 45RT4E;  SpCas9 WEE [42]
Axin i 22 T A spacer; St1Cas9 NNAGAAW [40]
TeVEH AR spacer U Y TEAAPE 5
TR PAM 2 BT R 41 S13Cas9 NGGNG [40]
NmCas9 NNNNGATT  [60]
UNARZIE R i) S 1a] TR PAM 78 25 SpCas9 NGG [34,63]
(PAl\A e 2 1l A TR B o P B SpCas9 VQR NGA [34]
TR ) T T Cas 7B 142 Fk 1075 & 5 e E I =
PAM 3 i 37 #5158 45 2, DNA 16 52 511 P
SpCas9 VRER  NGCG [34]
SaCas9 NNGRRT [34]
SaCasd KKH  NNNRRT [29]
CasX TTCN [31]
CasY.1 TA [31]
St1Cas9 NNRGRA [34,64]
NmCas9 NNNNGNNT  [64]
NSRRI T ] 1E 7] PEAL T — B IE [a] 1 5 1 7 205 FnCpfl TTN [25]
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PAM, PR, SpCas9-NG NG [38]
TR . RS S A RAh
SR ETT Bl FE PAM 25 R 2 57 Sacas9 NNGRRT [25]
FnCas9 NGG [62]
FnCas9 RHA  YG [62]
CjCas9 NNNVRYM [65]
St1Cas9 NNRRRA [25]
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PAM-SCANR 4% i R E Tk SpCas9 NGG [54]
KM dCas &1, SR ATRES LAUTE N St1Cas9 NNAGAA [54]
HAb T IRIR Y PAM B 245
i 5T i 2252 ML AR B B
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AsCpfl YYN [55]
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