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Abstract: Innate immunity is the first line of the host against invasion of foreign pathogens,
and pattern recognition receptors (PRRs) are key receptors mediating innate immune response.
PRRs activate the innate immune response of the host by recognizing pathogen associated
molecular patterns (PAMPs). Among them, there is a milestone discovery in the field of DNA
recognition and innate immunity in the 21% century—cyclic GMP-AMP synthase (cGAS),
which plays an important role in the host innate immune process. cGAS mediates the activation
of stimulator of interferon genes (STING) by recognizing foreign DNA and producing a second
messenger 2',3'-cyclic GMP-AMP (2',3’-cGAMP), thus promoting the secretion of downstream
interferon and other cytokines to play an antiviral role in the host. Recent studies have found
that the cGAS/STING pathway plays an important role in the host’s resistance to bacterial
infection. Meanwhile, bacteria have also evolved different mechanisms to antagonize the
cGAS/STING pathway. This paper mainly reviewed the biological functions of the
cGAS/STING pathway and its role in bacterial infection, providing theoretical references for
the further development of new antibacterial drugs.
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FERPIE NFRZ A RIR LB AT g%, & DNA R E Estie Y iz —, —HiF

P00 I A e 2 — 1l 1E B4 BAR
i T 45 2 IR 51 32 44 (pattern recognition receptors,
PRRs), X $652 (ARREGS RN A Y T A i S A5G
1 F 153 (pathogen associated molecular patterns,
PAMPs), Fffiil & T F40 18 701 FI A0 [N -2 15
KRB AR P gt

PAMPs 2 i (A E A 3o 7 o RE X R 5T 8 23
¥, FEY PAMPs 20 FUARZIR , A4 DNA (R
HIEEAL CpG FP81)) . WUEE RNA, HifE RNA, 5K
Wi e A = #il2 5L A RNA (ppp-RNA), PAKJg
B, ANMO R IR L B A A R AR
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I HE TS A0S 20K DNA B 3 40 i
Frrh, FRWEER S-S iU (cyclic guanosine
monophosphate-adenosine monophosphate synthase,
cGAS) [ # I 5 DNAPY, ¢cGAS #il DNA —

FeEG T2 i &k T30 R LR R F (stimulator
of interferon genes, STING)/F 150K & I
VW% . STING Hi Ishikawa Z5°1F 2008 4575
IRAE Nature %275 & SCHIA , 72— P 5t 9 3 7ic
arEE, X RREG SRS RO EY

Bif5 , STING & H@id THRME T 3
(RFI)NF TR TR G S SO, it i
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STING —ZRMAb 4 & B R il {5 5 0 19 G i
ARV,

FIHI, E UESEZ R 240 18 n] #1E 4000 cGAS
PR IE U5 T 18 3277 A2 50 40 B JEk e o R A i
Wi FEfE FHEE LR, cGAS TIR T 2 Fh
SRS R AR PN & AP AN DNA, ik —
2 I 7 (adenosine triphosphate, ATP)F1 = R
5 1¥ (guanosine triphosphate, GTP)#% 1k & i
2'.3"- 3R Ak 5 R IR 1 R (2',3'-cyclic  guanosine
monophosphate adenosine monophosphate,
2'3'-cGAMP), 2',3'-cGAMP £ N5 — (5 S
T B A PUR Y R G RO R, &
200 T Al AN [] P G 92 75 D SR I 410 ) 5 30 s
fid B RAPER, BRAAE T T PR AL R 24
B 2 B, AT 6 3R T R A R 11 S
It T ff cGAS/STING i i 5 4 Tk e —H 2
AR EAER R, ASCEER cGAS/STING i #
HEETHAY A IIEE . cGAS/STING i %
T8 2 T JR % LA A Tt e vP A B o0 1 pL )
Fr8iik, Aik—IFRE X cGAS/STING #m)
RSk /N TP I 25 W) B4 BRIR A

1 c¢GAS/STING #BE+ FE4H
T LT

BRI AT 2013 41 IR EFL sh P4 i
FRPLT cGAS fi1E, H cGAS fE& i cGAMP
VE RS A i B S STING! Y, A IR A
IR ARG . (1) cGAS fE N E% DNA
Az AR, AT U A R DNA 4, —
BB 2:2 R AR, fE1k ATP Al GTP K
A 2,3-cGAMP; (2) 2',3"-cGAMP 1 M55 —
{5 1 45 A % A7 F N i X (endoplasmic reticulum,
ER)E |1 STING, 5% STING M4 k7%
fBJE i1k s (3) STING I 1k 5 M P Jo 0 5% 7% %)

R IR (Golg) [ % 5 (4) Zfii STING #
P HOR FE R o 55 82 15 AL TANK 458 3 1
(TANK-binding kinase 1, TBK1), 7F & /R IR
EIE AL STING-TBK1 & &%); (5) STING-TBK1
AW —LFF TP R M HF 3 (interferon
regulatory factor 3, IRF3) & AR 1k, Wiz fbhd
IRF3 ZRIKML G AAMAZ(E 1), FEEL
J& STING AT LA B4 IeB 3 (k) , 1%
5 HF «B (nuclear factor-kappa B, NF-«kB)H
T A IcB & AL wERR AL , R R 1L TkB M NF-xB
SIRRGEH HH p65 1 pSO A [ /I R
T, FEMLB IR S kB Z5TER T =
AR A Wi Ak T 5 1 RS ) BT HE R 1 M o
T2 FAb-B A EHA IR AR RE %, NF-xB —RIKH
B 7% 75 A% E L A (NLS), JEA 40 4% 5 5
fR 1k IRF3 L[R5 1 R 3 R A2 v g e IR 1
Gy USSR K FEAE E PR P (1),

1.1 c¢GAS 3 FEMFIENL T FHLE

1.1.1 c¢GAS 9 FLEMFFE
cGAS Xl C60RF150 5 MB21DI1, J&

T ¢GAS/DncV A% 1 IR %% 7 iff (CD-NTase)
KR - cGAS TEN . /INER L 8 TR S5 ) i ]
SRR RS, A — N g iyl A —A4~ C
AL A A I, A AS R SR B S AT IR
HRL W AZ U 38 (NTase) f Mab21 45 #3544 Bl 1
WUE54E, ALHE— > HuC i A 45 R S R A A
[Fil 7 1 L fep R E U AR N A — A
KA B, %8 N S Al C st , N S
A — AR 2 0 = R AL Y B 47 NTase 8
4, C A — A B IR (P 2)M T i
AL AT cGAS Pl Z [ R L%, —H
cGAS FEHIEH M5 DNA MHEERMSHES
cGAS KA, feffi cGAS fEfb«H4e”
THHES, MMiES GTP Fl ATP & 4= #8141k,
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Figure 1 Schematic diagram of cGAS/STING signal pathway.
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Figure 2 Side and top views of cGAS™M*™' (blue means a-helices, yellow means p-strands)!'®.. The Mab21
domain of cGAS comprises two lobes, separated by a deep cleft, lobe 1 possesses the NTase fold with a
two-leaved highly twisted B-sheet (B1-p8) that is flanked on the outside by two long a-helices (0A and aB).
At the inner side, lining the cleft, Bl and B6 harbor the signature catalytic site residues (E200, D202, D296)
of the NTase superfamily that coordinate the catalytic Mg*" ions and nucleotides. Lobe 2 is a bundle of four
a-helices (adE—aH), connected to lobe 1 by a long “spine” (aA), two linker helices (aC, aD) and by a long
active site loop connecting oA and B1.
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PR HERRAA B — B R <B4 R Il RE R
FERE, 2k cGAS Fl DNA W% (dsDNA)KZ B
R E BE RO AR B AE (B 2)), 5 dsDNA 454
JE A ¢cGAS PN B AR SE Y 8 — SR AR M i
i cGASPO?Y /NRAR R 5T R B, 4 4> cGAS
s A EEA M A S dsDNA 454
&, HEER 2:2 /M cGAS-dsDNA &1k, 7E
X AR, WA dsDNA 43 75— ¢GAS
TR, I cGAS BRI XS FRHbGE G
#| dsDNA I, Dl fetisk dsDNA WU %S (] 25
IR, 5 cGAS-dsDNA & S /)N LR 7
AEAL, AV cGAS (hcGAS)[FFE T DL 2H 2 i oA
IIRETE I cGAS-dsDNA &A1, SR 1M 4 A
PR cGAS B HIX .

1.1.2  cGAS JELHI 7 FHLE

cGAS FIFIBFR 45 5N DNA 2567 5
(FRlh A BAT B &)Y dsDNA 254, [RA) B
DNA (ssDNA)FIXUEE RNA (dsRNA)W ] DL
cGAS 254, HABERIG cGAS, N —&4ha
RHEEFES cGAS G L T a7 B AR, A
2z F, dsDNA 5 cGAS Z54& b 4% &
He, 454 ATP #l GTP JE4 0 2,3'-cGAMP,
2',3"-cGAMP & RS e . (1) A itk
“ AT K pppGpA; (2) ALY pppGpA
TEGYENL 5 E B, cGAS B IR LRI M (i A
% cGAS F & 7= 2',3'-cGAMP, 1T cGAS H.
A BARACE IR EE P, 32 500 38R R ] 20 3R
JELR M ] A R AR

HFLBIY cGAS 24y 2',3"-cGAMP 1E1k
2 E S AE A S A S cGAS [FIEY) ™
4 3',3'-cGAMP A [A], IXFIE A cGAMP U5
PSSR G 305w R R Y. RAE N,
2',3"-cGAMP Fl 3',3-cGAMP LA K HoAth 41 14 77 £
IR — #% ¥ IR (cyclic dinucleotides, CDNs)#R f&
STING ¥ zh#l. HRHEE R cGAS J7 M

2',3'-cGAMP % % 5 AJ8 STING 454, HoEM
H1BEFET 3,3'-cGAMP FIH A4 % CDNs, If
5| R i S A5 5 G i i U BRI
cGAS FI/NER cGAS #f 2B i — R IKIE XA
REPOIG , [H 53OS T DNA B B R/,
NI cGAS Z /DT 5 45 bp K J&F dsDNA K iis
1M/ cGAS AT LI B 46 Y dsDNA 876 P02,

cGAS &b T 24> FHLH 2 — It H 5 i
H1 dsDNA 456G o T4k 5858 ke A7 AE LAt A
FEHLHIR M cGAS Gk, 18 R RBENT
R F O <A 2, cGAS @it B & BiE
JE AR R R L TR, VR cGAS T
DI IR AL B P Akt BERR AL I 30 %
R cGAS i P& FIH A (F 538 [ 2 0] °] REAE7E
AR 0 AR S ORI R A
TTLL4 Al TTLL6 1] LAl cGAS & 4= 45 & BE i Ak
A T R L3 4, SRIKEE CCPS M1 CCP6
P A 75 S BE A% 00 1] A 2 1k i £ 48 T DA T 4 52
cGAS TEPERY . SR, Akt B RR AL AU & 5
45H TTLL4 Al TTLL6 7] LAffi cGAS kAR E
Tl Jiie A B 2% J A M 2 AT 52 ¢cGAS T M AR
FABLEMS AT 2 .
1.2 STING 3 F&H RIEN 7 FHLH
1.2.1 STING 5> FEEMYFHE

STING X #:Z N MITA .MPYS.TMEM173
s0# ERIS, J& % 7 T P 5T I 8l s /R B AR RN Ry
40 kDa Hy#E3LE AP, STING U5 £ EE K
N R 4 &5 M 8 UL &5 3 5 F R (cyclic
diguanylate monophosphate, c-di-GMP)%% & #H 5%
C K vt 4% #4) 35 (C-terminal domain, CTD), N K %t
A 4 A EEBEIRE S5 #4 (transmembrane  region
1-4, TMI1-4)45 FLA & T A S5t o i s H A 240 Jie
ARl b H € R CTD S5 A0 S A0 5 — A Fid (A 2
4 4t #)18 (ligand-binding  domain, LBD)#1 7K %t
FE B 45 A4 8 (C-terminal tail, CTT) (& 3A)P*,

http://journals.im.ac.cn/actamicrocn
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3 AJBESTINGC™ 5 c-di-GMP £ & #H = 4 g: 4413

Figure 3 Structure of human STING“™

in complex with c-di-GMPP?. A: Schematic representations of

human STING. Black and yellow boxes denote the predicted transmembrane domain and the cytoplasmic
C-terminal domain (CTD) studied here, respectively. Hatched lines indicate sequences disordered in the
structure. B: Ribbon diagram of STING“™ in complex with c¢-di-GMP (in 2:1 ratio). Monomer A is in yellow
and monomer B in magenta; Secondary structure elements and the N and C termini are indicated; Ca*" and
c-di-GMP are shown as a gray sphere and in stick representation (with carbon atoms in cyan), respectively.

Shang % 2019 4FF| H1¥% Uk Mo 45 i i th
STING 5¢ % = #4554, STING M 5B 43 L —
RIAFERAAAE, 16 STING ZRiAH TM1-4 %
FAZE A M g by, Hoh—A~ STING H A
T™M1 55—/ Bk TM2, TM3 1 TM4 HG5—
(&l 4A. 4B), 8 MEBXAWMMZE: 2 PH]
A& TM2 Il TM4 #4 B — AR 0] )2, A2 8% TM1
1 TM3 fL22 (& 4C), Ht TM2 J2& STING i
Ky e (& 4D), 1 c-di-GMP 45411
STING ™ JE it — 1k, HAARX RO
—MNEARS T, B5— DR 55T
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AR 7] £ ) 0 — R AR STING ™ fy &5 g A Y
HRALFEIZ IR A 151343 (4 FLfR5k 2, LBD
ZER I 47 a BB HE (al—ad) FT 54> BT (B1-P5)
P, 3 TM4 il LBDal BY3ES: TUfF—4
IR TE R — I, TE SRR A
FIE A ESE X, ffi[fl— STING 43 F ) T™M Fl
LBD 434 7E Z RAR X (B 3B). TM2 Fil TM3
Z A B AT | IR AT LBD L[] ui il
S RREAE A B2 A B RTEA RS, TM1 ZHTH N
A i B L T XAV A, X AR A 5 2
— PR SF B G RRAE X A B R E AT
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A B Ligand-binding g
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Figure 4 Structure of full-length human STING in the apo state®*. A: Side view of the cryo-EM 3D
reconstruction. The two subunits in the dimer are marked in yellow and green. B: Cartoon representation of
the structure in two orthogonal side views. C: Cartoon representation of the transmembrane domain dimer in
the top view, from the cytosolic side. D: Topological diagram of the transmembrane domain.

AedH E 2D, CTT 5 STING KM G /45
A %454 TBKI A9 3E)¥ (TBK 1-binding motif,
TBM) fll 45 & IRF3 3 ¥ . cGAS & M1
2'3'-cGAMP 454 STING J&, 55 LBD [ it {4
gEA TS INNE, eV JBAE U B>, FHFHE
a4 LA pITE N EATIE
T4, STING H“FF O G376 28 S <P 5
G0 (LR BRI AL G2 B AR Ak e 1) AL B A
ST
1.2.2 STING 5EEI 5 FHLE

STING J&—Fh Py BT M 55 B B 1, il
FOON Iy 15 5 235 A Sl 4 6 T 2R A R 2 ks
R HH 5 1) 9 BT X R (mitochondria-associated
ER membrane, MAM)®® | 5 40 Iits it v & K%
2'3-cGAMP %54 )5, STING - RIKEE(L £
JRIDX S8, 33 38T T Ui £ 5 2 i O A RO,
STING HEHE ()5, 54 TBK1 ffi STING i

IRF-3 # TBK1 B LE, i 1 B4 %
PG o EASERMSE, STING E&gHEH ] LI
Be4h4 DNA, X#EIH STING thn] LIfE—1H
R AN DNA B3z %5 . STING A DNA 4=
PRA R H 5 HAth DNA B2 250 [EVE R A
FpiE— 2 aroE R,

STING 5 2'3'-cGAMP — H 44 2iFSH
WA EZE S THLE . 5 cGAS ML, A5
KL STING 1 BHPESE B0 5 G MAH G, [ HE
R MBERR AL . 12 RIS TRIMS6 Wik
YER—Fh E3 12 Z4bi%E 0 5 STING 454, If
TR R K63 Xt STING 12 Ak i , MMt
#E STING —RIKML LI Iz 5 TBKI 2541, it 4y
W5 & B TRIM32 HLEEME 45 & STING, [RIFEFE
K63 iz Z{bBiMi STING, STING /Yy KI50R
28708 s/ #84> TRIM32 45 STING 12 %1k,
TETIHh 3 AL R AR D> STING 2 %4k .

http://journals.im.ac.cn/actamicrocn
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RNF26 7£ STING it K150 %3 B2 4% 3L % F) Fi i
2R K11 i3 Hyz 2B MY, X &8 RNF26
X STING &AL IE M ¥ . 75—, TBK1 &
Bl UE B 7E AR R 2 2 iR sk 2L IR 1L STING,  #Eifi
P STING Flitf5 5% 0%, XEW STING
TG AL Z A FPLH ™ A P88, BRI 1L
Tl AT L — 25 A

2 c¢GAS/STING & % ¥t 40 &%
2 ¥ oh g6 R T

FE R PE RGeS WUARHCHTRS [ A Py e e
B E RS, cGAS/STING i B{7ETE F2%
RGP PP EE MO, B5E L LI
cGAS/STING 515 F PR Rp YL 25 BT AR >4,
VAR K B, 41 DNA | 415 IE Z 4 (LPS)
IR —#Z 7R (CDNs, 34 c-di-AMP ,c-di-GMP
2'2'-cGAMP Fl13’,3'-cGAMP)tH, 7] L4 7% cGAS/
STING il #1471 b, 414t CDNs (eCDNs)
40N CDNs (iCDNs) W B % STING, Ji 50
T e K APE R A SN SR, AN [ 41
I ARRIZER K IEL STING 51 5 KA
Nio T TR M OATE K cGAS &I STING {1k
LT cGAS B STING T Ak LA K HiAth 25 77
STING 75 13K )38 cGAS/STING 18 5 41 i Jk
P HMEAEHXR.

2.1 EKRHB cGAS BUAY STING B EEIE{L

B D o B P T B (Francisella novicida)lg
Yeid FEH cGAS Ml IFN-y 538 11 16 (IFI16)H)
FRAANE DNA, — #4555 STING i
A T BT3RO kS A T, M
7T 9 41 40 PR P AT s ko A IR R
(Pseudomonas aeruginosa)fW5E KB, sk
FR SRR A TS EANS , JLIE 41 DNA ]l
B cGAS P, TS STING /5 1 BT
PR, A STING iR fEMS I 5 NO & i il

<l actamicro@im.ac.cn, & 010-64807516

Fik, MIMIERRME A AR s, fon
w5 8 kB, B A5 FE VD 1T TR (Salmonella
enterica serovar Typhimurium)/E4% /)N B E W 41
M R AU 1 BT S, 2R
R ISR AN T R g o R P e e AORLIA DNA
(mitochondrial DNA, mtDNA)R L, #1if T/
FUE W20 cGAS-STING 3 BTGkl #R i,
TE 3% L 0 T B g i A v 2 R i A A HAR AR AL T
M cGAS B STING i P 1 A 1t AT 4E o
2.2 JELFERI cGAS BUAY STING IBEEE

LR N S R o T 2 (Listeria
monocytogenes)°" |, 4 ORI (Staphylococcus
aureus)> VKL FE, AR A L) DNA BB
B cGAS P, —HEL GRS DNA
PR T AHME 2,3'-cGAMP KT STING i
s S8k, X PR A I IR RE 98 E i H B B
c-di-AMP Kififk STING MifiiF S Rt T4 &
G Y il R BE BR I (Streptococcus
pneumoniae) & R 2H 25 i 14 Jili 145 T4 2= FL BB B
EAPY)EHFES p THRAFN-p) LAt h & #
HEAEN, Ply 5 EE WA AR A E A
1538 mtDNA i 57 55 i, - R LA cGAS/STING
g )y X fih & TEN-B RS, I HALAN T
A GBI c-di-AMP WA TE L STING AT
VoS T TP R s B W A
(Brucella abortus)it AL 7=/ c-di-GMP
55 STING 454, filt & T s 5 BB, [
LA S DNA AEB B cGAS P51, ¥ 45
A5 BOE T STING A~ S Aa Bt i S i P
2.3 Hh2ABH) STING BEEK

STING 3 0 T/ & TR LR Bl
A A] B2 AR R M £ BR T (Streptococcus  pyogenes)
TEE R AN AR SR AN cGAS IR B
MG RTY, BERRTE T REAIH M & (—Fb
B SR F)BE S STING 3915 538 %
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VBRI T 1IL-10 7724, B SR8 S i,

H A6 FH% Ak STING A HG UL AT A B
i LR, BARXT T AL MM BBk R e ad FR p
YT DNA HE A M 5 FL AR B R 3%
cGAS/STING i# % s U AL il 75 A B o, (H
cGAS/STING 18 J&7E 241 T S 4 5 1 320k U]
I ] e o o v ) S A IR 5

3 I cGAS/STING i &
By o &6 AL

XTI A, i cGAS/STING
AR ) 58 DL R A AL O 2 B A1 DNA
A L B A Sk kA 3 o i e R R R AR R
RHIBT cGAS/STING 38 B3 o« H 1l T e ik
YIHEPT cGAS/STING i [ 3= B4 i AE s B 2 I,
WE5E, i A A ORI R cGAS/STING i
HIEARALE A B AT, WAEEA T cGAMP
cGAS!®Y | STING!*®]  TBK16+%)  [RF344: /3
To ARG K I A TR BE A8 38 o AN [R] A T
AE ML A BT a3 cGAS/STING 3 B
3.1 ZR-ERABAERE

TE TR TR Z HA P E I RE B R
EAH, SRS EE N ZKE(GBPs) U HA
SRKHUE ALY GBP1/GBP2b #ik KAl L)
T DR A0 P 5 40 S APl R S T A Sfl) 38 2 /N
N AN S 77 SR 7l S G| Wi I 1 =973 & )
AT . BT KA E RN R -, A4 P 4
LR

— BRI YL A GBPs G R P14/ MR
SRR 56 R S W28 SN, o FEXT o QAR B T
(Shigella flexnerii) WF 5% Wb & B, % N & A
IpaH9.8 K Hfi T #i 2 % 48 (1112 44155 hGBPI
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