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Research progress in prokaryotic antiphage mechanisms based on
nucleotide homeostasis regulation

LI Guolun, HUANG Bocheng, ZHANG Dandan”, ZHEN Xiangkai"

College of Life Science, Fujian Normal University, Fuzhou, Fujian, China

Abstract: The arms race between bacteria and phages has driven the evolution of diverse antiphage
defense systems. In recent years, a series of defense mechanisms targeting the nucleotide pool have
been discovered, revealing that nucleotides are not only fundamental molecules for metabolism but
also serve as key signaling carriers, effector substrates, and toxic weapons in bacterial immunity.
According to the interaction modes between defense mechanisms and the nucleotide pool, this
review systematically summarizes seven representative antiphage systems and categorizes them
into three major classes: (1) Systems mediated by nucleotide cyclization into signaling molecules
[e.g., cyclic oligonucleotide-based antiphage signaling system (CBASS), pyrimidine cyclase
system for antiphage resistance (Pycsar), and Panoptes], which utilize nucleotidyltransferases to
synthesize cyclic oligonucleotide second messengers that activate downstream effector proteins,
leading to abortive infection; (2) Systems mediated by nucleotide depletion [e.g., deoxycytidine
triphosphate (dCTP) deaminase, deoxyguanosine triphosphatase (dGTPase), and Nezha], which
specifically hydrolyze or modify dNTPs or NAD", resulting in a nucleotide pool imbalance and an
energy crisis that block phage replication; (3) Systems mediated by aberrant nucleotide conversion
[e.g., restriction by an adenosine deaminase acting on RNA (RADAR) and type III CRISPR-Cas-
associated deaminase (CAAD)], which convert canonical nucleotides into toxic analogs [e.g.,
inosine triphosphate (ITP) and deoxyinosine triphosphate (dITP)], poisoning the nucleotide pool
and inducing abortive infection. This review focuses on the core components, protein structural
features, assembly mechanisms, and antiphage regulatory strategies of each category of system and
discusses the escape mechanisms evolved by phages against these systems. In summary, the
regulation of nucleotide pool homeostasis has emerged as a core strategy in bacterial immunity.
In-depth investigation of these systems not only helps elucidate the molecular basis of prokaryote-
phage co-evolution but also provides important insights for developing novel antimicrobial
strategies and tools in synthetic biology.

Keywords: nucleotide pool; antiphage defense; abortive infection; cyclic nucleotide; nucleotide
depletion; nucleotide deamination
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{6 1ffi (restriction-modification, RM) Z& 4t Fll il % FiL
o (] o 2 o] SC R &2 1) S U 56 2 H (clustered
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(cyclic oligonucleotide-based antiphage signaling
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1 HAERHERARISLARER
U A 7 0 3

ME RN AT IRAL T 2h &P, 1E i
MIHEAZH AT, A4EEN RNA G U5 =k
PR ¥ B #% ¥ [ribonucleoside triphosphate (NTPs),
1 ATP. GTP. UTP. CTP], LIJMAEH DNA A
BRI = W2 i S22 M2 [deoxyribonucleoside
triphosphate (ANTPs), 41 dATP, dGTP. dCTP,
dTTP], A& —RIEHRIGAEY), WENE
B8 8 AT 5 43 1 1 R T Y R MR 0 A IR
(nicotinamide adenine dinucleotide, NAD") i HAY;
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ribose, ADPR) %, 76 B % 8 114 JUAZ 7t Wik B 44
RGP A% BRI LN A% AR I B o 1R R 58

RAEDREMIRZ LY,

AR, —RINE T8 E TR SR
SR 00 3 AR A A ML 1 AR 4k A BT Y
MWk D AR A A A4 TR P 240 TR AR N A 1 IR AR S Bl =2 52
FWRIZURE S, SEMTEE AR JE B 3 S B ) T
fH510, iR R G IR L T — A AT R A
WU B R 2% o ARG HAZ O I AL Al
P9 = REH(ER 1o (DEHRRIEIE S 2T
A4 BT I TR R 22 45 (0 CBASS ., Pycsar, Panoptes
). R R Gl it A B FOE A IR
M, ENES 0, WIS TUEmRO & A,
i A o e 7 O N1 A 1 N
()FEUR A% 1T IR P TR AR R SE[ 4N Nezha, flii %A
5 = % BR ¥ (deoxyguanosine triphosphatase,
dGTPase), 4 — Wi i & B (deoxycytidine
triphosphate deaminase, dCTP deaminase)%5], 7F
WK RGH TR HALGIHFE, A= T
e R W A DR, DR RE A b e T A
NARB2ORN ) A% 1 R 5 Ak oM % R Al
Pir- S HOE IR R R ST AN T RNA R i 2
A9 IR il 22 4t (restriction by an adenosine deaminase
acting on RNA, RADAR)., — %! CRISPR-Cas
> Bk B & B8 (type III CRISPR-Cas-associated
deaminase, CAAD)%§]. 28 R Gl 4% 1 IR i ik
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x1 ETREBRISSEIER3 LR E A R S FHELL R
Table 1 Comparison of three classes of antiphage defense systems based on nucleotide homeostasis regulation
Category Representative Core components Key nucleotide changes Core role of nucleotides References
system
Nucleotides CBASS CD-Ntase ATP/GTP/UTP/CTP—cOA Cyclic oligonucleotides actas ~ [17-18]
as signaling (cGAS/DncV-like (cyclic oligonucleotides, second messengers, binding to
molecules nucleotidyltransferase), e.g., 3'3’-cGAMP, effectors to activate membrane
effector 3'3'3'-cAMP-AMP-AMP) perforation, NADase, or
nuclease activities
Pycsar PycC (pyrimidine UTP/CTP—cUMP/cCMP  cUMP/cCMP activate PycE to  [19]
cyclase), PycE exert NADase and membrane-
(pyrimidine cyclase disrupting functions
effector)
Panoptes OptS (nucleotide ATP/GTP/UTP—-cyclic Cyclic dinucleotides suppress  [20]
second-messenger dinucleotides (e.g., OptE; their sequestration by
synthase), OptE 2'3'-c-di-AMP, phage Acb2 relieves this
(nucleotide-binding 3'.2"-cGAMP) inhibition, activating OptE and
effector protein) triggering membrane damage
Nucleotide dCTP dCTP deaminase, dCTP—dUTP, dCTP and dGTP are consumed [21]
depletion deaminase/ dGTPase dGTP—dG via deamination and
dGTPase hydrolysis, respectively,
depleting two key dNTPs from
the host nucleotide pool
Nezha Sir2 (NADase), HerA ~ NAD—ADPR+NAM, The NADase activity of Sir2 [22]
(RecA-like ATPase) ATP—ADP+Pi and the ATPase activity of
HerA function synergistically,
eliminating phage genomes
through NAD" depletion and
ATP-dependent DNA
unwinding
Aberrant RADAR RdrA (AAA+ATPase), ATP/dATP—ITP/dITP RdrB utilizes its adenosine [23-24]
nucleotide RdrB (adenosine deaminase activity to convert
conversion deaminase) ATP/dATP into toxic ITP/dITP,
which are misincorporated into
DNA/RNA, disrupting genetic
information transfer
Type 111 CAAD ATP/dATP—ITP/dITP Cyclic oligoadenylates (cAy, [25]
CRISPR-Cas- cAy) activate CAAD, which
associated converts ATP/dATP into
deaminase ITP/dITP, poisoning the

nucleotide pool

i AR RHS A0 AR PN 14 B R (A0 ATP . GTP,
UTP. CTP mk NAD"45) i i A AR S 4T e 5
S (AR IR BT R
K= ﬁﬁ%#W%LﬂﬂﬁﬁﬁMWﬁ”*ﬁ
1 25 AT WE R B %) SRR 45 4 [

fiff,
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MUBRE M . [ NAD' | KRG sk U5 2R
57 I il A L I, (Rl L AT
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O FHRE RN R 22 5, BT e i
KA EEALEE CBASS. Pycsar fll Panoptes %
G55

2.1 CBASS &%

2.1.1 CBASS ZZHILERK

CBASS J&— I T FROR S 1 W2 i Ho s 14
IG5 R5, | AT REEY PR, CBASS
ARG v ik BESLIKE (Vibrio cholerae)t
ISR H TR B S AR ER IR GMP-AMP 45 il
(cyclic GMP-AMP synthase, cGAS) )& T 45 ¥4 [A]
VR P T w5 R 1Y, CBASS & 4t 1
2 DA 1A): () BT IR
M Ak B (cGAS/DncV-like nucleotidyltransferase,
CD-NTase), 1 MiFRE 5 75 B HIWE b IR AR I K o
W R P Ak ZE 1 R 1R 5 41 F (3'3'-cGMP-
AMP . 3'3'3'-cAMP-AMP-AMP %§), M & 1
WIEARES; QBNEH, ZEEHREE
TR AL T B AT 5 0 F IF W, X 20 ™
EFEEAP MO, EAFRZER CBASS #
Gk fr e B REE R B E E, BEXT
CBASS RGEHH TR 5%,

MM, HETC PR CBASS &
Ginl 4y ok 4 FpEAL: (1) 17 CBASS, 454t
AT, AL BIR 2 MDA APY; () TR
CBASS, FR 2 MZ0A 0400, &2 155
Mgz ZAREAHCNESMEER, 258
eyt (3) I CBASS, {5 A HORMA
(Hopl. Rev7. Mad2) % #4) s Al B DR AR 3 2% %
& A1 B /F FH #5 1 13 (thyroid hormone receptor
interacting protein 13, TRIP13)%% ¥4 3 %) %ff Bh 25 (4
DA 2 A A L RIF R (4) IVEL CBASS,
HH 2 A% 0 20 53 DL R A A TRAG i 45 48 1
FhE B4R REARZERL CBASS R4E

B FEAr KB, AR Iy 22 0 B AR A B 4
B v A 56 4 BP0
2.1.2 CBASS RZHEXERNEHFER
BEBIES 7 FRERK

FAZAT R IMEREVE A CBASS RGEMIAZ L4
5%, A Pol-B FEAZ T IR T S 454 ; %%
TR 5 B &0 B AR 54 =2 i N i Y
KR IRTE A S C 3 o0 SR IL RIR BR, R
SR NI RE A L R T R (5 5 o A
Mitg 1% 11 4%, DLk R H NTase # .0 D RE'™, 7
CD-NTase M EIAAAE—1 o BRBEIX B, 1% IX 45k
PN WS EARSE G, dE 845 CD-NTase 11 il
T PEROL, Bl dn A A L IR S A R Bk il
(dinucleotide cyclase in Vibrio, DncV)-5 iz 25 {pl
VIR E EWEEh, DneV 1 C St e — ik
M ARFY 1A%, % D AS ]38 L 45 A R AR i vh
[ — &R, PEmifE DneV fEfLA5Hy AL i
oS BRI KA 120080, XA G s 25 S B
PRz 2B7 AN, CD-Ntase 7% HEAR T 42 8
BT, KBRS T OATESRE LG, B
By A A T A2 A A% 1 1R B9 A7 L R B vy v [) A4 7
FasElP, f£ CD-NTase [IRHE 48 P2 (R TF R
SHMRE A IR A5 A THNAL, AR H
R r 2'F0 32 ) K TP AL e XA TR
o BEMR BE A A A% ety . DNITTAE AR A% 1
R o PR = A AT IR ST,

BN HAVEN CBASS RGEMEE 2 MZ 04
g7, ARIHEPATHRR IR G EH] . 4 28
AN CBASS #8901 IL[FHHA 6 Fhakn & 128
RIE B), 3ok s (1) A 85 MR 45 44 Jal 1y
ROV QRN E; )& A TIR 45
P35 NADase &0 2 115 (4)75 A patatin FE
JE B AL A ROV 5 (S) B TR A T/ A T il
KGR 5 (6) &% A R 45 74 3500 2500 28
HUY HATE BT HY CBASS U0 B TR 3%
Y, O[] 9 5007 5 1 R 108 3 2ok IR N 295 g k1
IG5 R E AR ZERAZ IR, RS
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Figure 1

Antiphage model diagram of the CBASS system (modified from the reference [14]). A: Composition

of the CBASS system; B: Molecular mechanism of the CBASS system.
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Eﬁ&%ﬂ%@% ST 4 S P Y DNA BEF 7R
SRR S TIR S5 R 0 R0
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AF Y TIR W 3 g 2 4128 A ek FE &
Yy, 315 NAD R G2 Kige s e
(Escherichia coli) CBASS /%éﬁqj F1A) T i it 2080 7 2
I CapE 7E# EURE T LS %0 — RIKE R
£, 4 cUMP-AMP %54 T M4 11485 CapE
RS M4BT 288, N
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cyclase, PycC) PR BB IR A% 11 32 (800 £
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Figure 2  Antiphage model diagram of the Pycsar system (modified from the reference [19]). A: Composition of

the Pycsar system; B: Molecular mechanism of the Pycsar system.
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fF9 0 FEABENZEE.
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FFE

kB A 5% K 18 IR B (Burkholderia
cepacia) FAERE M (Pseudomonas aeruginosa)
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PR B AL 4 Jag LA % 5, T T 00 i 2R 7 D g o A%
RIS A D40 A NS EfE L
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NEEE, PUCREEER G RS TRIL e, fhil ) T

G PR /N 4 i e i ik % i e A RIS AT
W WE FR Ak B TIR 2% N 25 [ (pyrimidine
cyclase TIR effector protein, Pyc TIR)FIMENE AL i
15 IRV 75 H (pyrimidine cyclase transmembrane
effector protein, PycTM) £ H i N ¥ ¥4 & 45 GE %
R 5P B cCMP 3% cCUMP {5 54> T A% 4 R
ZERH, AN CumlAF 2R PycTIR 1Y
C Il & 17—~ TIR Z5F498K, 11 PycT™ (9 C %
WA 7 B A DG 25 A0 e i 3 AT PycTIR-2R
¥ 1 1R 45 & 45 ¥ 3} (cyclic nucleotide-binding
domain, CNBD)-cCMP & & Y45l A1, cUMP
454 T PycTIR By N143 i )5, & C ikl 2E
R ] BC AR 255 T AR07 ) KA 5 i R, DT
{2 PycTIR (CNBD) A — AL 3 b i
U5 CBASS R4 H YU R FIZRML: U E
HIE SR R IRE 50 T e kKRG,
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LT, A7 5 B4 F 1Y) OptE 2800 26 11 (B 3A)P% . 7Efa

2.3 Panoptes 2%;

2.3.1 Panoptes ZRZLHAL

Panoptes Fi 1 B 14 22 Gt BRAE 4 S 1k B 0 30T
o7 % W T 1R B (Straboviridae) 48 i ) W T 420
Panoptes % 4t 5 CBASS. Pycsar 254K #i ¥tk 4%
TIRIE 770 T WY R G B AT Wy ARG, (HH
R ZADTE T A8 38 Ao W0 s TR A B B B AR T R
efihk R G0 sh,

%R G E &R INE (Vibrio vulnificus) %
Jili % va B 1A FC B (K lebsiella pneumoniae) 4 %
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«U( ﬁﬂ‘@&ﬁ?%ﬁj\? FFH ] OptE &N 2 1 Y
L B Y TR R I 4 5 BR A8 45 5 PR IR
1‘? ﬁ@aﬂﬁ“f HEE U [N TE AT CBASS
Acb2 (phage anti-CBASS protein 2, Acb2)]Hf {5 5
ST FASHARER, IMEERXT OptE 08 24 1Y
k(& 3B), fdH A0 A= B FHAE A, SEt
BT 142046
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Figure 3  Antiphage model diagram of the Panoptes system (modified from the reference [20]). A: Composition

of the Panoptes system; B: Molecular mechanism of the Panoptes system.
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TR 5 TR AT IRIME R, & A — /)
%I CRISPR % 4 [} (minimal CRISPR polymerase,
mCpol) 5 4™, 5@ i A2 F-Br, iR s
A TR OptS FE 45 AT, OptS LIPUE
RHPE A, B S — DR EEEER
S5k S, W4 DT o BIERRSE 5 B p AT
BRER A S AL PRI XA 2
IR R RS54 5 CRISPR-Cas10 25 [ 1) B A
R 6 R B e B RS ROYY S S AT OptS 5
o,B-3F H 5 = @ fR I* 11 (alpha,beta-methylene
adenosine 5'-triphosphate, ApCpp) )& & W) &5 m]
H, OptS & MEMIRAZH BRA(E— 70 T AT PO
KR ELTR o 6 AL S 57 3 1Y R A Tt e
TR BT IR ML AN S S T 4E. OptS
A I PR A R AL 2,3 -c-di-AMP
3',2'-cGAMP fil 3',2'-cUAMP % ; F CRISPR-
Cas10 FFI K EE YR HOIRSER IR TTIR . 451
Sl i i BE AR ST R R E T OptS i & Ui BRAR — A%
TR 50 T B0 & — AR AT,

OptE 1E 4 Panoptes % 4t B AL & H,
2 FEAER R 2 A SRR A AL
DL K —ASBERSF S M UN I 45 8 MR AL T IR
5558 F 1 S-2TMP S5BRIP4 FERR S %14
T, H S-2TMB Z5H 3845 & R AT R (5555
T IWTGERFM GRS s HA SRR TR
(559> TR T OptE 7 43 DA 5548 Jy ik
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T A ] SIS R A PR LA AT A 1 2 —
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3 BEHBRAENTHIEE R
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I 25/ 8 R 0 W 5
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G LR B 3 A A K ATFIHDIR A, e
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PR B R G HI2H AR

FH 577 100 7Y I8 4R M — W 1R I 2 i (dCTP
deaminase) F1 I 58 % H =B MR i (dGTPase)H: [7] 41
FPURERR R G I R LAY — Sl e FE R
SER TR ARG B ARG i Bl R Ll 3 8
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SR B 1 2S00 F R 2 4 0 Bt 2 %
SO P TEFRAR G PR A o i b R OGSV E FH (8] 4A)
(1) dCTP deaminase, %2k il 7 Wit P 14 JEk 4 ) g
% R S PEVE T 40 A% H R M 1 dCTP, Hf
HBE A B dUTP, dUTP iF— 2 Bl 40 1 4 41
B Y 2 3R 0 = Wl R M AL DR Tl B 5 Ak
dUMPR!4, () dGTPase, %25 7E W 14 14 J&
YL Isf BE A% 20 A% IR P 1Y) dGTP R S M R i
AT ERRIEA LR S, SR, HA Y
Wik T & A2 S5 dCTP B Z B Fl dGTPase A 239
PR AEYE AN N ACTP 5% dGTP 2 FiA 2Bl
HZIRE(E 4B).
3.1.2 B51HE! dCTP deaminase & dGTPase
B 45 HI4F1E

i & AlphaFold il (% K B 3% & [C B
(Escherichia coli) dCTP M % fif§ 5 A8 5 4% 3k 74
(Streptococcus mutans) "% WE i 2 i 10 25 44 LX) i
7N, dCTP fid 2z i i N i 1 5% Bk 405 140 S A C g
(14 JE 2 205 B R A P v, N i
S50 B2 B A R dCTP it 2 il BT A 10 45 4
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Figure 4 Antiphage model diagram of the defense-type dCTP deaminase and dGTPase system (modified from

the reference [21]). A: Domain organization of dCTP deaminase and dGTPase; B: Molecular mechanism of

defense-type dCTP deaminase and dGTPase in antiphage immunity.

fiE, AN N AT EES 5 ACTP i 2 iR
S0 W TR A SRR e g el AR O S 4 A b 5
370 LEANES 410 SRS eI IB 1 45 55 T2
L s A RO P

il AlphaFold Tl 145 FU IR IR (Shewanella)
dGTPase 5 A\ZS SAM Z54435Fl histidine-aspartate
(HD)Z5 ¥ Pl B2 25 11 1 (sterile alpha motif and
histidine-aspartate domain-containing protein 1,
SAMHD) 45 LU X RB, = HAT v B [
PE, Y8 WA SRR K fif g T 75 19 HD A&
JPRUO 5 dCTP BB, dGTPase (1) HD
i 16 O R RE TR B4 A T &R B ok D B I
RAERHEDIRE,
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3.2 Nezha &%

3.2.1 Nezha RGHY 5T FLHR M HFHIE

Nezha &4 (WHR Sir2-HerA £ 4 af PD-T7-2
ARG 2 A T4 v A B ER TR (Staphylococcus
aureus). K5 G E 25 /0T 1 (Bacillus) 55
Z Rl AN R B B B 7 A TS B SR
% R GRENS A AR T4, TS A1 T7 WEE AR
1RYLP, Nezha RGirH 2 LA RL(E SA):
(D) UL B A5 B V8 45 I F 2 (silent information
regulator 2, Sir2)& 1, %8 )& T Sirtuin ZKH%,
&= — K NAD KMl & Lk o WEfe i, 7¢
Nezha % 4t H 3 LR H NAD" /K fiff il 1 1 2
55 HU I B AR B AR P51 (2) HerA L, JB T
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P-loop ATP [iff 8 ZE 1% 0 i el , %K I 7E Nezha
RGP ATP BEIEPE | A WBUE B 1 A% R il
T —RPO ) (AR A S, HerA H AR
Y5 Sir2 HH UM E L DI R IR DIBES, BT
DUF4297 & 4L (R4 i, Hailibu B R 5500, %
PRI BE 2 FEME F2 ] HerA B — A2 IR 7R
H, REfSS ZROR IR DR BB 2 HEVE R
3.2.2 Nezha RGHE &140 5 K L5H4FE
1 32 fE M Y Sir2. HerA Az Sir2-HerA
B EWEERIAT o] AL, Sir2 HAA MR-
Shk, B Sir2 23 JE L TC NAD K fif il 1 P
(AR 3 1A HerA WU HY N 3 B-AlghFa sk . o
Jt RecA H ATP Rl 25635k DL Ko C g B T R 45 44
BRZH A, AP AETE ) HerA 231K WU JC ATP Jig i
PR [RIJE = AR 24 Sird Fl HerA [A]HHF7E
I~ 2 ATE L2 1 MDa 19T \RIKE AW
(K 5B). TEMLE AW, A Sir2 [FJE R A&

W& HerA [H5E, [RIRF HerA 3 148 Mot 2 0 52 i
A, TS BACIR AR 52 i 4 % 5 Y
Sir2 /15 T NAD KBS PE . NAD /K fift fig i
PEAZ 3] ATP KR TE, 24 ATP K- L
TEPEAZ B3R, I HerA 3@ o H: ATP B I P
K S ATP, FEAL ATP /K F, MBS Sir2 4
NAD 7K fiff i 12

4 BEAEEREEEALNTH
NEEERR S

B N LA R (NTPs 3 ANTPs %)
i o I A BB AT R A S R R (I
ITP. dITP &%) 7 % W5 i 1A S5 AR IR B, AR i 2%
RErh 5 #ﬁﬁ&%%E?QWMIi%%%
(R S B, DI A B AN 5 3k — SRS
(%) S [ A5 o5 S A R L4 %Wﬁmﬁ%wm
B2 T2 B B 2 5 1 3 S AL B
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ATP |
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Figure 5 Antiphage model diagram of the Nezha system (modified from the reference [26]). A: Composition of
the Nezha system; B: Molecular mechanism of the Nezha system in antiphage immunity.
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H1AH RADAR R4l CAAD RGi%5, XFhil
1 7 200 A Y TR b R fioh & R U AL
S 240 R e g 2 P T S RO IR R
AR YR B S il (%) SR AR A ARLABL, A L SR A%
55 B R W G E BIL I ) AL S BRI T A
T,
4.1 RADAR
4.1.1 RADAR R%RI4ESD

RADAR ZA % & — 25 i XU 21 45 H4 L %
TR N S RN B R 422, % &R
B 2 N LE AN 6A): (1) RdrA, &
T AAA+ATP B, KK ATP $ kg o
FIZIRE, IFZ 5 E KRR (2) RdrB,
JE MR IR I & W R — 51, e EE PR ks
ATP 8l dATP i 2 FE A Bl ITP 8% dITP, #1155
FEENZ RIS, RADAR R4 4
HAETE Y, RArA-B B G 4% ATP Fl dATP #5475
OB (& 6B), ZEJE ITP F dITP WL RTAE My b

WA R, MR TR, ] 40
HRKET . ZRGAEM KA i DL,
10 AR LR L1 1% 247, HHES RN
7, CTEEE R ] (Pseudomonadota) Fil
ZF A3 ] (Bacillota) TE N I 220 7 ST
75 AN JE PR BT BRIEIESE, KR G
F119 RADAR R G HEWS AT ZU B 1 T-even ZEWE 1A
fR(an T2, T4, TO)RYFZYLT,
412 RADAR R MEESMRENEE
FFIE

RdrA IS 2 D455, 430000 N 3y
AAA+ATP FELEFIRT C 3 o IEGESSF L, i
1o V& Uk HLBE 7 AT 1) K B 3R Ay X 1R (Escherichia
coli) RdrA F AL B/, RA&rA EHESR A
AUZ IR L R AR LG, 120 N i ATP i
giksl, 2N C i o BEELE M HIEIE
. —~ Crown Z5438, 7555 RdrB A9 BAE
Mo % R PIFA R 3L 2 (8] °] T B AN [ 1)

A

RADAR RdrA
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> >
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Figure 6 Antiphage model diagram of the RADAR system (modified from the reference [23]).

of the RADAR system; B: Molecular mechanism of the RADAR system in antiphage immunity.
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Wi B, JF AT AKEE L ATP g 16 P i 2 K i
ATP KL RIR I G AR

RdrB 25 1 & A MR IR 2 B 4h b . RIR T
K57 I ) RdrB 2 1A VR B4 M 2 1
RdrB 5 12 PN ERIRA IR R 160 A 1Y
s T RIRSSIREE R, B H AT e AT E—
—FhEA T R EE R I MR

RArA-RdrB #8775 A R B9 VR B BE 4544
7R, RArB TR SIZE G AR hOARAL,
RZ A9 12 4> RdrA LB 1 H Crown 45
456 F RdB i, BIRZIALARG . 5E
A4 % 5 1) RdrA-RdrB #8572 &% RdB 1Y
JI 2 A T 2 T, WA AL ATP A
dATP R 22 S 2324, RdrB Y IR i 22 45 4
SRR RIARLUE R, AR T A
ML RENE; 1 RdrA 5 RdB IEE S WG kA=
(IZ5F 5D REMEE, W F 70 000G S0 By
BEOMRIEAE, Sk PR A7 A0 R 7 1 R G ) AL AR It
TR
4.2 =% CRISPR-Cas X Bk it S ESHTIE
EaR 25
4.2.1 =3I CRISPR-Cas KBt S B
KRG HY

— 4 CRISPR-Cas F 4t JCHK Y IR 1 1 2 2
AT SR R B — 2O BB AR R e, Hfe
PE RN 5 A PR A R AT O, IR RS AK
Jif& 5 CRISPR-Cas RALINZIRVIFIDIRE, 1/
A S T AR T R R A HE e T e = A
CRISPR-Cas &% 1 & & 14 il i crRNA (CRISPR
RNA)H IR REIRALR, 515 Cas10 B R b
it 5 BLIRAR SERRAT R (55 73 F(cAs cAs), TEIL
W o R AR AR 5P i CAAD R I% &R
G LAy, ER—TEAEA, B
N Ui BHIEE 500 cAq B cA4 ) CARF Z5 43 A1
C S B LS A R i, DR IR R I B
BT = R (K] 7A)Y; BE Ak, Nudix 7K fift il
XA RSG5, 1T UKL =R,

Y CAAD pla] ZAZ B ) 5ER5
4.2.2 =% CRISPR-Cas XBi S EEEHL
HME5RRTHL

Wi AR B TFB A, CAAD EHTEL
cOA /NIy FAF SAEAE N ST R B il i 75 R AR
ghby Al A5 P ek 2 Al Y R B 5 K
B 1H AT B =R TR R, 1 CARF B
SERNA TN R TS, 50 44
B 6 N4 &2 (6His, 6H)IE ik b Bk X i
PSS MBI A BIRE T, cOA AR
PR IR/ Ny T R BRI, CAAD i) CARF
ZERIUATE cOA S5A0IRAS, MM i sh A mR
C it 1 MO 22 T 235 F i % Pt , 523K CAAD 4b
T AMERE; S8 A cOA W T,
CAAD [ CARF 24 36§ {5 2338 £ HOE Hi faf cOA
it RGN RS, 863408 ER
cOA 5570 T (cAs B cAg) 515 CARF K EZ)
60° e, A8k, feZilid 6H BHE XK cOA 17
ALk B AR, T 2 AR
TC I B FRAR X I (402 -411 I 439456 v 53 it
fiR), MIifRETE IR A ATP 254 1148, K%
PR R I R B M, K ATP 5% dATP L&A ITP
ﬁ dITP[28,65,70]O

5 HHARBEHREZRA
B SR

A TR D B R G SRT
S AR BT S TR AR J s, R i Wk A T L T
JIF A Z R R N . H ET A B
R AL 3 FERE A R G 2 OB A
HIRME S0 TR G E 51,

£ % CBASS. Pycsar, Thoeris 554 i FR IR
BH RS AR RS, HHiC sk s
kR EAALUT 238, (DG 5707 B -
4t CBASS 5 1 1 (anti-CBASS protein 1, Acbl)
NPT Pycsar 5 1 (anti-Pycsar protein 1, Apycl)
T #L ] % CBASS Fl Pycsar 224 MIRAZ AT IR
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Figure 7 Antiphage model diagram of the type III CRISPR-Cas-associated deaminase system (modified from

the reference [28]). A: Domain organization of CAAD in the type III CRISPR-Cas-associated deaminase system;

B: Molecular mechanism of the type III CRISPR-Cas-associated deaminase system in antiphage immunity.

R U T H A BT CBASS & 1 S (anti-
CBASS protein 5, AcbS) W GEVIE] 3',3-cGAMP {5
S0F, B 27,3 -cyclic AMP Hl 2',3'-cyclic
GMP, LLIEBH IE CBASS R4y iE, (2)
FETIFHEM: W Acb2 it /S BARLS I
% ¢cGAMP, BLAMEAA e K ILHY Sequestin F
Lockin & FI gl i H B A TE By 1 oy 1148
24 3'-cADPR & His-ADPR, [FHI¥ Thoeris 225t
RN B TG 3 A ERR A AT IR (5 5
F14) g TR AR 2 %R 2 1 3 FH 24 100 24 R ok A
MR, a8 R A R I IE L 4%, A
7 58 it AT B AR AZ AT R AR 5 o 7, e &l
i ERIENE

XoF T 36 2 R SR W TR AR B 1 R BT B B AR Y
dCTP deaminase/dGTPase & 45, Wi i {4 I 5% B
KR A ARG . BN, Gps.7 EARAZE
TP RGNS, FECRBERE M 2
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H, WEREARN) Acb2 2458 I 5201 Panoptes FR LMY
OptE & F1IE0 . Hki AL A 2 REE I8 7R T
IR SR Z B ZER8 5w T8 42, mAaKkE
R WS X B S % B AT 5 43 W s B B o 25 e
F, Xt EE T A R w e R e h
A% HBA

T G T 0 TR A i % A T R 928 2R S R F
AL TFRAL B, CHErkiRE A FEE
£ YE CBASS R 48 (U Acbl ., Acb2., Acb5)
F1 Thoeris Z& 4t (40 Sequestin, Lockin) 55 /0% 2
g v, X% F dCTP deaminase/dGTPase. Nezha.
RADAR. CAAD %5 Z5¢, W AR5 25 5 A7 1
BT . HAE LR ey, 5= RaE
PERFTY o 3K — Uk B A9 25 1 2 B U e R 4
FERZH e PEN AR SE R LX) 5 vk X DL
LA B kiR R o

AR TIE T LT I (1)
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I FH 2 S R 4 8eds % (1 NCBI RefSeq. IMG/VR)
SEA 45T T 2. (4 AlphaFold3 . ESMFold)xi
W T A 20 % 110 A R 2 1 2R A7 v B 45 4 LU X
YU ] BE B A R4S & 1 A B K ik i 1% o7
MR B, PR RSN E IR (N
TGS & /A TE M 2 ) B IA T RE s ()R VR U
HIL AR B X AR i A g pr e i B 1 5 18 E
W25 54> F (1 cGAMP., cUMP. cA, %254
Wk, JF HL456 55 IR0 & & #% (isothermal
titration calorimetry, ITC) ¥ 5% [fj 55 & 1 & 3 iz
(surface plasmon resonance, SPR)IM & 45 & 25 #1711
S e, g R RR AR 3) RN
AR LR S, K R A4
BEDIZHMN Y, 8 3 e T AR 3 3 5 728 AR 7 o B
H, SBERRkIR RN, ARG LT s
7N b3 B 1 RGN R B AR SE RE o0 A
A

6 SHEHRE

Ph b 7 Fob DIAZ R A A2 0 B4 200 1 e s o
B 40 2R e B 8 1 40 T 2 RS MR 1 B R
TR R AN AR A RS, R R
AUEA A i AL S e R A LA A, RN
RGP ELEENGES T RS A
AR .

CBASS. Pycsar, Panoptes % Gt 1% H iR
FEAL NS TS, BOE TUERUN & A5 & T
By, TR T AR A ) A B R IOR e g
SO 192% - dGTPase. dCTP deaminase F1 Nezha
RGBS ANTP 5 NAD #2535 i 4 52 il e
T EE S hg Y, RADAR Fl CAAD 2% 0|
AR TE s, R R AT IRE 6 ITP/AITP 4%
BEMERMY), IR AR R B A%
PR e R G IR R A XA, AN
[l B2 A S B W AR A 22 E T ok o

MHEAR A A o A0, 3R DA R M A 0
4 41 TR B A 2R Gt 5 A A W R e R f i i
TEAEIRIE (B . fldn, CBASS £ 48 # 0

CD-NTase 5 A2 cGAS Z5#y A, — 1
ok A CFRIR A R A5 A TS T Ui e
% EBN TR OGP R 5 AL B 4 ) AR
[ (virus inhibitory protein, endoplasmic reticulum-
associated, interferon-inducible, Viperin) 5 Jil #%
Viperin [A]J5, S8R S-BRH FH A 2 Rl A 1
1 NTP S AL RIS, J i 58 G e il
BRI RNA G MW LY B G, e
BT EAZ S FAZ S e AL 0 PR S PETY TIR 45
P BAE A NADase 75 4H 1470 W5 B 4 B 400 5 48 400/
sh e h U Re sFY . eIk B PR SF
R YR Se R e R a0 ] e I8 T 5%
A= ) BT TR AR B AL TR, ek K P B R R RS
AT RE BB 2 A5 T8 Ak B kg 52 2% 110 9 92 i 425 1Y
2. RIFEBIE R GERIRANGE, AT
BN RGN BRI, ok PR A S
R FHLHE L T EE SR

R R C B HE R, HEZ
TETR R R 1) 40 T B A 2R GEAT A 22 TG R 2
() AT 1 R Y a7 0 5% 5 1) 14 B ) A o 5%
e AN T BT o 200 T e PRI A ol i [ BN 45 21 By
WRS, BENZEESAAERE . EAS)E%R
A5 7 RO T S Jek PR L A SR S AT S A
ARG R 2B RS R IA I, 4
B PO RGP RS S 8T 54
[F] 2 2 A I 7R Aot 42585 v rh S i 3 B2 AR
20 L0 B AR O N S A, 4B RGEIR] ) B R S 5
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