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Fig. 1 Stages of CRISPR/Cas12a immunity: adaptation, expression/maturation, interference
Bl CRISPR/Cas12aRGREMINTMEL: BN, Rik/M#. Fit

1 CRISPR/Cas2aZ %GR & HSRFET .
LEHER

1.1 CRISPR RNA (crRNA)
M A5 CRISPR/Cas12a 38 K {57 5, 14357 X T 5 1B

VEH T (Francisella novicida) U112 55359 $2 B
B/NRNA Zr P45 5 s, Cas12a X 4 24
crRNA K5 42~44 nt, i 19/20 nt X3 5 & )75,
HAx 23~25 nt XFRL IR T8 0 AFFEERIT, FE I
A CRISPR R4t 1, 7E Cas9 ££7E T crRNA [ B2
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& 15 £ K 8 1 RNase I AT 203015 crRNA
(trans-activating crRNA, tracrRNA) —#5Em, 1%
RNA 5 pre-crRNA i & B AMICXT "1 MELZ T,
Casl12a EL A BEZ IR N VTG 15, B A C 1Y pre-
crRNA JII T crRNA, 1T A 2 tractRNA,
B — R R ROV B, [FIEA AT RNA
5] 5 () DNase I ¥4 %I 8 DNA #F 17 24 figg 7,
pre-crRNA TERIN B Bewle il s f . Cas12a X )
| CRISPR # & JFHIIE MY & Je 548 F1iF 4 nt, JE
B H ] crRNA 737 44 A — 26 0 T
() crRNA. 2015 4F 7 55 AT A 1 4 crRNA 7 51 XF
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BE L RIRRIFAI R RAE . BRI AR RAR LA I
T TG . 25 2238 B4R A0 58 4 U1 F1 3 Pk
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Ui 5 BRI Y S RS 2SR M YT RINE YR, S T A
GAFANF MYV ENEYE ; FaCpfl 36 PRI F H i &
52 RNA G5 F 28R T i) 04548y, RIOR B RNA XWUE
ZERZEIR T RAE TR U RGP, IR ZEIAAL
FELE R M) 5 AR W) 58 A TH BRI EITEME , PRIX A B
PRI MR BR B 15, i Sz RPE A TR 510 A
PRIEEBEARERE U
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RuvC %5 #4935k ) DED {37 38 1 5 Mg Yl (i /E H
P EE L Ao A, NI sE T IR TR YE, AE
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W HER RS BAR A, IFE Mg ik T 2E1 TR
R DNA YIE] 5 % S5 in 3R], crRNA Y
SEEXZHT ZuEGYNAE, 1920 ntEE
X3 35 0 PSR HE B TR AR 5 4549, crRNA T8
1t 5 N YIEEE WED . RuvC Fll REC2 2544 555 1) K 9
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Fig. 2 Domain organization and crystal structure of FnCpf1
E2 FnCpfl&Higil B4
(a) FnCpfl&itiil; (b) FnCpflFiiA4i# (PBD 6GTC).
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1.3 PAMiEH|

PAM H 1] J2& PR3] R it DNA 43 F (1) G 5 —
s, A PAM i CRISPR/Cas 451X 73 H B iy 5k
K20 DNA AR WAZIR >, Casl2aRH T —F £
WA T RILE, RARRARXT B A a] B 41 0 v
iR 5. WED II-III, REC1 45445 #1 PAM A1 B 4E
75T PAM U, I )5 25 DNA 5 5 crRNA 24
2, il it WED FI REC1 Z5#930%F dsDNA #4731
J&i, A PLASF B O S PR 2 IR B2 E PR (loop-
lysine helix-loop, LKL) X, LKL {i T L662 %
1679, A5 3 MRS Ry AR5 3 (K667, K671,
K677), £ LKL X3P SF I 2 R 5 B T,
R GESE A PAM XUEE o ZERRIFE R, AR e
XF T dsDNA [\ 5 LA 450 ff 3 A, A 2R IR 1)
dsDNA JEFF. 3 RSP Hi Z 2 7F PAM J& dsDNA 1)
KA B R 3 T dsDNA FOfREIEE . H A% dsDNA f#
JiE FoF crRNA 5407 PAM (19 HFR5E DNA (TS) 2%
2, TifEErIE HAR DNASE (NTS) it PAMAH
‘B A F 45 #9350 ) DNase f s & 2h 1> ™ ©UE B
Cas12a FJ LAAT 20 ] 5" 7% T A9 PAM 751 5 A
8] B )7 51 . LbCas12a il AsCas12a 1Y) PAM J3* 1] i
5'-TTTN-3', FnCasl2a fj PAM J¥ %1 A 5'-TTN-3',
7 F NTS St i 5 7 WFSTIA R, B T 8L
fY 5'-TTTN-3' PAM 4}, Casl12aifiid 5 HAr DNA XL
BT B AT AR (AR AR, SHRAE % C 1) PAM 51
W F P H P PAM U 2
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$% REC1 1 REC2 25 #4350 1 B MR i 42 K (&1 3b)
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3b), X 3AMRSF X A LIS T X
ENL, —H & crRNA ITFLEI 5 TS 2428, s
V% DNase v s FIEACVE . Lid 25 Hiska
SSRGS, 7E crRNA-DNA 2458 B 2 /i, Lid
B T AR I TR 4% . TEZBIE BT, Lid
BB GIE o SR, DT 5 2 Ah2H 256 11 crRNA AH
HAEH, fEsirtAHEAER, Sk O48nTH, 1
YIE G I R AL iz X R BTy, £UITE
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Fig.3 FnCpfl cleavage process of dsDNA and ssDNA
E3 FnCpf1Zf#dsDNAFAssDNAT T2
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H754k; (b) FnCpflfmik4ity (PBD 6GTC) HiLinker. Lid. Fingerfifrfi & .
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PEBIT, XX AT HEAE e A P
2 Casl2a5Cas9

Casl12a fl Cas9 f AR & 4l 7 (kA2 ik, 1
DigeAEMRl (32 1), KR/MHELL (SpCas9 h 1368 12
PR ; FnCasl2a b 1 307 N&FEIR ), #EL 451
BN R, R 45 54 B I RNAJE LR
EW . Cas9 75 2 P RNA 431, tracrRNA Fl
ctRNA, T Casl2a H 7 % 1 4~ RNA 70+, H
crRNA. Cas9 HA7 YA A% 2 i 37 45 HNH 1 RuvC
ZER I, 11 Cas12a B A RuvC 45 #4) 3l — N % 12 it
7 . Ak, Casl2aif H A5 — 4 RNA Jin T.4
AR XA A BTE RNA T, . PAM U
H % DNA 45 & Fil e 24k T ik A HIL 6 A 3
W2

CRISPR [ 3] 1 o #% 5% ii— 1~ ) pre-crRNA
I3 F . ARIE RN T RS crRNA A fig 5 V)
B B WO R OB % A
ribonucleoprotein, RNP) . XJ J Cas9, tracrRNA
(4% 7E CRISPR o B ) 575 25 pre-crRNA
HAZ, BRIG 2238 ) RNA-RNA XU T 4544 9 Cas9 iR
S, 1 3 RNase T YIHIWEE, BF—PKA75nt
) tracrRNA Fll— 4~ K 39~42 nt Y crRNA, SR )5 IE
M RNP & & ¥, foi 1 5 R B E AR
DNA 1627280 " FH 2R, Casl2a ANF5 % tracrRNA
8¢ RNase 111, PN %8 5 7 Ho A0S A% IR T4 1L
A EE H 2 B9 crRNA ' TE E novicida T8 V
CRISPR i i b, [AIF@ X P84 BE SRy 27~32 bp, [H]
B X Z Hii 47 36 bp (U E S 751, CRISPR 451 %% 5%
77 ) pre-ctRNA H 1) 5 & J7 9 i th 45, ] 9%
Cas12a 831, TEIR 52 J5 pre-crRNA % 24 it i 2
43 nt iYL crRNA,  SEBR Y 2L K 3 AT g 23 HL A

(pre-assembled

& ) CRISPR/Cas & 4t 1 [ 1) 25 AU 1 A FF A
IE] (1214, 1718, 3OJO }J\Effﬁiiﬁ: , Casl12a Hﬁ Cas9 ﬂﬁ
R R Y R S

Cas9 i [7] DNA J3 51| () PAM & 5'-“NGG-3', fii
TR H AnGE RIBE 750 00 S, o PLER G, AHE
ZF, Casl2a Ul 58 & T W PAM TSI, fi F i)
B DX B i 252 U0 PAM P81 S H b DNA fi
JF A4, RNA-DNA 2458, W AP TE PAM 4] 5%
FREEAE— DGR Fh T 751, LA OR H b5 DNA 45
BIFRERM, Cas9 B 774124 10 nt, Casl2a
H AP F 7 51 2 Fy 5~6 nt 14 118260 M DNA 5 RNA
ZRAESE T, Cas9 78 HNH HI RuvC 45 44 3 it 41 4k
D5 B I BSOS AR, 7= SR S )
IEEWT 2L (double strand break, DSB), ZLf# 7 5
S PAM J¥ 31 137 3 AR X 200, SR, Casl2af¥
TETE— LR B 25, DNA W 4% 55 A6 A 7] A4 14
PRI 25, FEIR] — A% RR A7 s g D7 R
PER U Y DSB P 4 AR il 1) A OR LR SE
i pg — DR Y — N L R g T
e R A BSOS g i, ity
HAER AN, Reabik oA 5L A A A A7 A5 1
FAANTTII AR LGS . L, ReStERd
7 B UTE )R L A G DG, RIS e
SR I BRI B R T HE, 7E CRISPR/Cas %
Girp, gRNA T ST H HANE A )5 Cas 85 A BE
RAEVIRIThRE, XA BRSSO UE T A I Y R
o 2015 4F5KEEAIBA ) HiZil T CRISPR/Cas12a H
AR YVIBEEYE, 42t CRISPR/Cas12a 4 7E LA
S P 35 DKL s 6 R0 A ) B R S e AR
2017 4 Doudna [ BA ¥ ¥ CRISPR/Casl2a & 4t 5
HEHMREEY AR (RPA) AT AR L
JEMEE (HPV) myAI, M T CRISPR/Casl2a
(RN R G2 b T R RINEE & o

Table 1 Casl2avs Cas9
*1 Casl2a5Cas9Lt 3

eS| Casl2a Cas9
EEDIPNGN ~1 300 MZH IR 1 000~1 600 %+

gRNA crRNA (42~44 nt) crRNA (39~42 nt) FltracrRNA (~75 nt)
K2R L A RuvC-Nuc HNHFIRuvC
LV FiiE AR (PAMF 31 R i) P (PAMF A1 13

PAM/7- %
Pre-crRNA N T.

3~4nt, HH5EETHPAMT 1
A 7E FRIRNase i K Il Tpre-crRNA

3~5nt, HH3E G GHIPAMT 4
75 Z15 FERNase [TFTtracrRNASK I Tpre-crRNA
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3.1 DETECTR (DNA endonuclease targeted
CRISPR trans reporter)

2017 4F- Doudna HA1BA ' /& 3 CRISPR R S 7E Y
I ] XUE DNA f RIS, Cas12a YRR AERZ R
POl T S TS, XA R N Y BRLEE DNA S
TEBVIRINE T . X & B RS MR A I AL T
B, R B 1) 5 0 A 2R P9 3% A ) H % DNA /Y
CRISPR/Cas12a R4t FIAEFR: 77k ssDNA 9 i 45 4
A (FQ-labeled reporter) , — H & £ H i) DNA,
CRISPR/Cas12a ZGVIEIE NG JG 8, 2GS 5
AR, MBI ZOGIE S, e F
FRIAT S H ) DNA RN . 2018 4F Doudna 4]
BA 4B YR B 4 R 5 CRISPR/Cas12a #H45 4T
KT —FMK £4%, BIDETECTR, Z&% AT
XPAEA ) f i DNA SEAT PR | 7 5 A R A A )
(Kl 4a) . izl 2 40 1 Sei i RPA B AR X AEA iE
TP 14, SR @1t CRISPR/Casl2a, crRNA . 9
A FEATARZE G AL IR, A FZ R G )55
BT HPV 16 MIHPV 18 (iZ Wi AL Hi2 W, ST
PCR (RN J7 VA FL A5 R FEAAA A . Kl R S8
RS FetEaR, v TSNP P Mo Bl

(€Y (b)

P N ) ~
~~ —~— HF"DNA

P~ P~ -
o~~~ —~—~ H#sDNA

20 e T SR BT L J T 24 0 T A A
For WL T ANy S AR -

3.2 HOLMES (one-hour low—cost multipurpose
highly efficient system )

2018 4 Cell Discovery %% ) Aii ¥ HOLMES £
MAEG (K 4b), LRGH PCR AR 5 CRISPR/
Cas12a &5, AT 2L 5 53 Bl FRR IR I AL
BOeRm . AR, 5 T#A T < oot
A8 X 10 Fh ELAT B s DI #1619 Cas12a HEA 740
b, FZA5 5] 4 Fhizid & H T HOLMES £l 2 48
Ay Casl2a, 43 9l B W€ E (Lachnospiraceae
bacterium) ND2006 Casl2a (LbCasl2a) . I
J& (Oribacterium sp.) NK2B42 Cas12a (OsCasl2a) .
I8 5E A NC2008 Casl12a (Lb5Cas12a) Fil 4 i #4
o B v BT W (Francisella tularensis) Casl2a
(FnCasl12a) . HZJ5 4T TR #E (DNA %K
) A HAR AR (RNAWRE) Al s
A 35 1~10 amol/L, 5 SHERLOCK Z &Y, ﬁ‘c
F3% 38 PCR A Fi SYBR Green Y 6} J7 2 ) %
PCR. Il 1% 75 A2 A53d T SNP Bz, 7i
PR Y4 9 A5 I I PAM T 51 B} CRISPR/Cas12a Y
P H s, % I8 A LR AN 5 T B A PAM
FE), R AT LLAE 15 1 PCR 51 9 B N Hi i A
PAM JF41 LA ARG H Y

©

P
RPA 37°C 10 min PCRY 1H
~45 min
PAM PAM i
— L, - -~ -+~ RPA 37°C 15 min
s - b -~
- A +— A
— A A A A A
[
iy (G g S
-rrrr)uuu-uu\rrﬂ- g;"scl23ag~é)0 min -n-r/uwuu\rm- Cas}zaﬁjm“ m
W ‘g T 5& 37°C 15 min o Cas12afsill
PAM é PAM 37°C 15 min
‘.// %o
D, tioRil] bRl
DETECTRAGl HOLMESH: ] Cas12a VDetkG il
R L
crRNA Reporter Casl2a

Fig.4 Schematic diagram of DETECTR, HOLMES, and Cas12aVDet detection
El4 DETECTR. HOLMES, Casl2aVDet# /R E
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33 Casl12aVDet
detection)

JEREEST B 3L T CRISPR/Cas 12a K 7 40
PP EAE, B2 hima R HOR B PCR
FARXS H 0 B4, 58 20 N 5T CRISPR/
Cas12a WY EG YIS N, 454 ) F rh 55 B X4 38 7 1)
BAT IR R AL B, SRR N TR I BT A
6], T ELARAE AR 2 3 L 3G 7 ik s s % 52 5
F. NFPGX—[ L, 2019 4F Wang & 2 FF R T
— R, Bl Cas12aVDet, FBf 128 AR N H 2]
T HFEARE R (K de) . ZH AR Cas12a B H
[P TE SO R ) 3, YA — D R N A R
BLOHLELG, R e 7R RE Y Cas12a B
B, RASE R 5 R AR W

(Cas12a—based visual

FRAER . MR R IT RS TG Yy, I8 T R
NETE], PR AT .
34 dWS-CRISPR  (digital  warm-start

CRISPR)

AR AN 7 i BB XA £ SR A T R T AN
REFEATEHE . 2021 4F Ding % %' JF & T —Fp LT
CRISPR/Cas12a 1 % #4 3 2h & M J7 35 dWS-
CRISPR, ¥ RT-DAMP F1 CRISPR/Cas12a #5411
— AT T, TG R A vh ™ E M R
G A MG EE 2 & (SARS-CoV-2) HIHUR &
HAGI . dWS-CRISPR Kl Jz v 78 50°C LA LA )
g, sefk T RPA S5 1E A 7 vk 2= 6 T i R
14, BEWE X SARS-CoV-2 #E47 i il 5 1Y KU 7 /&
. Wi H0 ) SARS-CoV-2 IR KL, dWS-
CRISPR fi il J5 ¥ fig % 76 05 v rpboA 0 21 i =
594 U1 /ul () SARS-CoV-2 RNA ., [fi]if dWS-CRISPR
XA 70 5L A v T A2, T LAZE R FE B RNA
F14) L MR A R A HR 4% K I SARS-CoV-2. b 4h
dWS-CRISPR Kl 75 2 0] LA-5 3 AT e FHLA i 15
SAGE SRR, DLl B it s A
3.5 CRISPR/Cas2aZE A B RBESESEAN
BRI 2

CRISPR/Cas12a FEAZ IR K i A1 352 i o #E
PR SR T T, BA DGR SR, SR ik
Dy RN H AR Y B A ) i B IR, RO
4T CRISPR/Cas12a kil , X 2538 szl it pisf i)
MTAERE . EFERAZA 1 CRISPR/Cas12a 540
e R G SSRGS, SRR T IR

W, B R PR AL, RS
e 2020 4F Xu 5 ' FF & T —#P 3T CRISPR/
Cas 2 4t 1) 3 5% 70 H3, L 2% DNA  (electrochemical
DNA, E-DNA) 12§, JF % T Cas9 fil Casl2a
B A B-DNA L AR MRS, 7ETCRIR Y 14 1) 17
LR IRE] T REERAETHAIRI R, Qs T
CRISPR/Cas =W & &A% 1 & & (Bl Sa) . 2021 4%
Liu % “ JF & | —FF 3£ T CRISPR/Cas12a 11 Hi fk
SRR IRAY, I L-H R & R R e &K
%  (Met-AuNCs) 1E b @& & B 1k 2% & b
(electrochemiluminescence, ECL) JoffSCIlr k2%
RCAF T it KPP A P15 IR 2% HA 3 A e %
P, EATEEALRRY WA AT ™ S T X AR MR
FEG T HPV-16 AN, BEASA AT ZE 70 min P 58
A, AR BE A 0.48 pmol/L (8] 5b) .

5 SCHR B CRISPR/Cas 2245 5 32 i Ha o 7
2 5% % (surface-enhanced Raman scattering,
SERS) tHZEA T4k, SERS &4E Y —Lbsy
TR B R 1 &R (N4, 4R . W) &
I, BT B HR 5 R 2 B i 10°~10°
£ 47, FET SERS AE WL B il LU S A i i
AP, i FR AT & LA Y. 2021 4F Liang
4 ¥4 CRISPR/Cas12 &4t 5 SERS AHAS & & T
SERS-CRISPR (S-CRISPR) #il°F-&5, TR
P H97E 30~40 min 52 )i SARS-CoV-2 B IR FhrAs
R, 5 o i 7 S R A W EE N (RT-
qPCR) #HEL, S-CRISPR FYREUENEFIEE S 14 1k
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Abstract The CRISPR/Cas system consists of clustered regularly interspaced short palindromic repeats
(CRISPR) and CRISPR-associated genes (Cas). The system forms an adaptive immune system in archaea and
bacteria. The inherent defense mechanism enables these microorganisms to protect themselves against the
invasion of foreign genetic material. The system functions of immune response including three main stages:
adaptation, expression/maturation, and interference, each stage needs specific Cas proteins encoded by Cas gene

located near the CRISPR sequences, along with other auxiliary proteins. In 2015, Zhang et al. reported
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Casl2a (Cpfl) as a member of the Class II type V CRISPR/Casl2a system, which possesses endonuclease
activity. This finding holds great promise for its application in the field of biotechnology. In 2018, Doudna’s team
first applied the CRISPR/Cas12a system for detecting HPV nucleic acid. The system comprises the following
essential components in vitro detection: Casl2a, the crRNA sequence complementary to the target DNA, the PAM
sequence, and the ssDNA reporter. Casl2a possesses a typical RuvC domain, displaying a canonical bilobed
architecture that consists of a recognition (REC) lobe and a nuclease (NUC) lobe. The REC lobe contains the
RECI1 and REC2 domains, and the NUC lobe includes RuvC, PAM-interacting (PI), Wedge (WED), and bridge
helix (BH) domains. The mature crRNA for Cas12a has a length of 42-44 nt, consists of repeat sequence (19/
20 nt) and spacer sequence (23-25 nt). The crRNA spacer sequence has been found to require a length of 18 nt to
achieve complete cleavage activity in vitro. Additionally, mutation in the bases of crRNA can indeed affect the
activity of Casl2a. The PAM sequence plays a critical role in the recognition and degradation of DNA by the
CRISPR/Cas system, enabling the system to distinguish between self and non-self genomic materials. Casl2a can
effectively target the spacer sequence downstream of a T-rich PAM sequence at the 5' end. LbCasl2a and
AsCasl12a both recognize the PAM sequences of 5'-TTTN-3', while FnCas12a recognizes the PAM sequences of
5'-TTN-3'". All of these PAM sequences are located upstream on the non-template strand (NTS) at the 5' end.
Casl2a (Cpfl), guided by the crRNA, binds to the target DNA by recognizing the PAM sequence. It exhibits the
ability to induce arbitrary cleavage of ssDNA within the system while cleaving the target ssSDNA or dsDNA.
According to this feature, an array of nucleic acid detection methods has been developed for tumor detection and
infection diagnostics, such as the DETECTR (RPA-CRISPR/Casl2a method) and HOLMES (PCR-CRISPR/
Casl2a method) in 2018. Then, in 2019, Casl2aVDet (one-step detection method), where Casl2a protein was
immobilized on the upper wall of the reaction tube. This not only prevented contamination from opening the tube
but also reduced the detection reaction time. In 2021, the dWS-CRISPR (digital warm-start CRISPR) was
developed as a one-pot detection method. It serves as an accurate approach for quantitatively detecting
SARS-CoV-2 in clinical specimens. With the innovation of scientific technology, the high-sensitivity signal
transduction technology has also been integrated with the CRISPR/Casl2a system, enabling direct detection of
nucleic acids, and eliminating the need for nucleic acid amplification steps. Here, we elaborated the detection
principles of CRISPR/Casl2a in in vitro detection. We discussed the different stages leading to the catalytic
pathway of target DNA, and the practical applications of Casl2a in nucleic acid detection. These findings
revealed a target interference mechanism that originates from the binding of Casl2a-guided RNA complex to
complementary DNA sequences within PAM-dependent (dsDNA) regions. The crRNA-DNA binding activates
Casl12a, enabling site-specific dsDNA cleavage and non-specific ssDNA trans-cleavage. The release of Casl2a
ssDNase activity provides a novel approach to enhance the sensitivity and specificity of molecular diagnostic
applications. Before these CRISPR/Casl2a-based nucleic acid detection methods can be introduced into clinical
use, substantial work is still required to ensure the accuracy of diagnosis. Nevertheless, we believe that these
innovative detection tools based on CRISPR/Cas will revolutionize future diagnostic technologies, particularly
offering significant assistance in pathogen infection diagnosis for developing countries with relatively poor

healthcare conditions and high prevalence of infectious diseases.
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