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Abstract

In recent years, with the widespread use of tumor chemotherapy, immunosuppressants and
broad-spectrum antimicrobial drugs, the morbidity and mortality of invasive fungal infections
have shown a significant upward trend globally, and fungal infections have become one of the pa-
thogens that pose a serious threat to public health. The list of fungal priority pathogens published
by the World Health Organization (WHO) in 2022 has also further emphasized the fact that the
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danger of fungi to human beings has reached a crisis point and must be given high priority global-
ly. The limited availability of clinical antifungal drugs and the consequent emergence of drug re-
sistance have made the search for new antifungal drug targets particularly important, and F1Fo
ATP synthase, as an ideal molecular target for drug discovery, has long been a hot research topic.
With the clarification of the mechanism of action of the F1Fo ATP synthase subunit, it has been
shown that F1Fo ATP synthase has great potential as an antifungal drug target. Here, we collect
and organize the research results on F1Fo ATP synthase in recent years, start from the subunits of
ATP synthase, and then elaborate the structure, function, and mechanism of each subunit, and re-
view the potential of each subunit as a target, so as to provide a reference for the research of anti-
fungal drug targets.
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1. 51§

B EAERRGY . CBNEMR . BB I T AR A SC AR B R A SGRR G 2, IR R T
FBEAMHFIFI RN, SBHUVAERERE, RE RS20, RV R IRAAE BRI A AR 2
BEAR, 7 B R R A AR T R SRR — I A MR 5 . HAT, IRARH F ST E R
YL EAR. BMER. IR MAE R LR, HIFE AR A R RN1][2]. & WHO i
F LA GURATN B RO EAR” i, R A DL DUSRPTR R 25 I 25 P thAE BTt IF H,
HI T PR R 251 AT 265 2 BT e AT LR B 29 e (I R i AR PR, 3BT IO UL T 25 W OO R e A R
WE[3] [4] [5] [6] [7]o AT HWMAEZEN, FARKREY), HARARHICE TGP R,
BRIk, FHBIZGYITE AL AL XA IR AN SRR VR T R RO

2. ATP &1

ATP &, WFR F1Fo-ATP & /ili, fAETJUFIra A, H I3 EAAE T AR JEE A
HpEE b, S5 pae RN, T AL Re EEREL, MRS P vE T R R BR8], 4R
b fAE T A BRI =4 ATP (PR RE R, MLRKIIK ATP SR IX — DRI BERE, ZME 5YH 17
MANFEEEE R, 53 KIS F i FIBEHR AR F, #09. FEFLE T, BERERARLIAN I ATP G 17
AAEIE R, 3 NKIEYE Fy 350 AR AR Fy 3890 SR EANG Ey #0H o B pa 0 A1 &5 FhlE
BEA R, T F, i WA FE TS by OSCP (& R BURMHER TE ) dv ev £ gy hy i ko PAURERRIARR)
Tk 6. 8. 9. [AINF, BERFRL KA RS INH. STFL 1 STF2 =M1 E - SM[9]. MiTLRiik ATP
G i 45 R R R R DR R AR R AR B 2 5 4% F AR )6 ORI AH 2B P R R R A AR B8 o B | B A i [ 10]
LW F1Fo ATP &5 A28 F1Fo ATP &l B RIVR, IR S BEOR~F, (a5t AR R, A
BAYENPUE R YIE - IHTHE Al A SCRN LR F1Fo ATP &g 7 1B L R filin 27348

2.1. F1 FEKE 5
KVEME F1 XBAL TR F, B as B ps 0 &5 R Rl .
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2.1.1.a &

o WHSE FIFo ATP AEFH GBIy —, M p WRAESTERI 6 ik (a3p3) 2 A BRI
AL f[11], SERPARThEER UM . Bk, o TWIELEH. ThEEM 2 BEIEXT 4 ATP &M E X
HE. ENIMIFTRI o WIS 5505 B 15 IR G FE I 2 FHLEIRE, o TEEE AT RS PR AR BUR LA
AL [12] [13].

ATP1, 2 FlFo ATP A1 o WA IS EER, W KIS NFEH F1Fo ATP & RgndtE 7
FIFFERE S, PR RSO BT L B A E - fl. B — Bt FUR I, R Z#H 7 5]
FAEEREES, (ARIREM G MR SRR T I S BEORST, FRMERR, XN o WHERIRT TR T Ant.
BEE 7 TAEVFE R AR RRIR R R, AT R IEAR AR R A L R 20 oA 5 N A s C1292 F C415 Xt
ATP & o A1 g WAL 2 MM EAEFRET, 5 ATP & AH3E[14] [15]. JEELHIRF 7 RE S AR 543 1
IR SRR A DG RNA 196 G, LA BIH0H) B I RCR, R B AT O T .

2.1.2.p E

B WIHEAZ F1Fo ATP AR EH ZH KA 5>, 2 ATP SRR MM S. B, ERHAK
W, EESERE T B @ RIS IR ARG ER, #8587 FilFo ATP & g WiZ 5
F PR B0 A B G R A AR AL, Oyt — Bk e e S g WA RPTE 23 it 1 2k
WKHE[16] [17] [18]. (HIRIRMIE, B WHALEF A ILS Y = B RVR, e MM DseErE A&, Lo
R S ATTE YN IR AAAE WA . A B iR S 85T = 38 & 7 1% (High Throughput Screening, HTS) 5
FE T B 45 0 1Y B FUL 0 % (Structure-Based  Virtual Screening, SBVS), K15 —Fh £ 13 /N4 7
S2-13, X2 —Moraity . HiLH KPR &), X QR E A Z N, (HHX B ERE A AL5h
VIR IE BRI, AR EREARZA[19]. SRR EE, R S2-13-1 BARCKMENE, HEH R
PUELRTEYE, A RN HTTS, kit — Bk sk £ g WA/ I FId 4t 1 9e Akl .

2.1.3.0 &

0 WA ATP S O ZE(EHE F1 AL S5 MR Fo BIRRE5 M) = KUz —, BB TI5 s
FATP 6 S RPEE EEAER . WFFURIL 6 WA SR B G AT L A, Hodid s A oG /R 7/
FHOARUIE IR R, BRACEARIIEE K, (HEIAZIALA ATP 7K, XA & WHAE AR TR
FRAit T EIRIKAE[20] [21]. AR FOEHE T S ARA MR 531 S5 A6 () REA0M IR e Hh — b mT 2 2 40 o S 2E 10
A0 S1 (INU-SM919, CysHyoCIN,O,8), B —Fh N-ZRIENRIE-1- FAREL AL 4 &40 7E/NRSEEF, S1 rTRLE
E BN SR E IR 20]. BRI, HHFUIFARIE H BRI IR LSS, TOEAS A P ) 251 v] e
FEAERI RS AN RS, ARMEAFH A, /ANREEIRIELS, FURE ARG b 6 WA E 78 s mr get

2.1.4. ¢ WE

e WHSE ATP &g OZER— 85y, HIZWEREDRE A TG 2[10]. TR, TEREREF ¢ WAL
S, TCASEATP SRS TR F1 2N E MERRAK. RISk, o W RETE LAY ATP A1
F1 S5 Hs A0 25 R A AR [22]. WAk, AT FRIL ¢ WILT- 7] LIZERE FL3IY ATP & g Bl
B PETESE ¢ [F] F1 5 H38AH 45 & [23]. R ¢ WRMBTAZE AT, (HLAAE AP B S 29 k7
HIVFEE, EEIFEFEWHANY e WHESBEREE ¢ WA R E R, hEesEr24].

2.2. Fo Bi7k B4

Fo DXIBIR N LR R P, ALFE HAZ LR B 1) E 3L by OSCP(BEE 8 R BUKMEM RE ). d. ev £ go
h. i/j+ kv INH. STF1 #1 STF2, DL ZERifAL R 40 EE 6. 8. 9.
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2.2.1. INH

INH (ATPase Inhibitor)/e —F KRR MHHFIEE, SE€ KT STFI (stabilizing factors 1)1 STF2
(stabilizing factors 2) LA F1-ATP g 1) 55 BE /R L5 4 Bl 1) 52570 25], 4 ATP B s VI R s oh B K
FEAEH - INH 2R 2 8R-17 BIPR TN Z8R-28 [ XIS A T F1 45 M) 41 il g e 22 DG FL 22, w41 ATP
K S, AHAHIH] ATP & H[26]. EAMIFFA s, BERER INH B, 23 ATP MG Wi &, b)s
HILEEETE A, S DNA 9774, AR T:[27]. MEWF R, WILEIY4 it INH [FVEY—
—IFL, A LLAHIEE RGN ATP S EEEYE, (2 INH AR L3504 ATP 4 /5[28]. STF1 1 STF2
YEFaE 7 n] DA 5 INH FH0HI/E R, STF2 8885 Fo #i4r 454G, JE#iE INH 8¢ STF1 & [ [# & 1£
Fl W4 b #H= STF2, INH TiEA MG ATP A EEIELE R IENT iy 5 304 &, R o Bus, S
B b A B () WG 58 M BRUR T IEIE M [29], H STF1 A1 STF2 2R [ ZE M FLEN 4 b ik b 5 A RIVE YD . Xk
NBATERAE T —/N S INH MR E BT Re S AE N ATP SRR Z5 080 5, SR B K E S, 1M
S HUAAIE A5 . I B OA B FAE T AN BT 4 s b R I T m %08 I BEZR R AR I 2880 T INH R A
i, MAI-2[30],

2.2.2. & i/j

W i/ =2 AL LR ATP18 g i) — & 59 MR BRI AL ISR TE 2 K, £ HEE ATP S ERA 1)
Wz —[31]. I ifj Z 58— FAARNIZ D HR LR A R EE I N ATP A 8§(32]. FFFERIL, B
WEREEER ATPI8 JE[H G, # ). REFIFEEME T, BEREAH N B 2 AH At R FE, SR
PR 3 vy, A BE R S5 M RN T RE B A 5240, X B0 7 A R B B0 P PR R S B E F [33]. 3%
1) REWRA R, FUA BT w2 s

2.2.3. OSCP

R R BUEAH 5% A (Oligomycin Sensitivity-Conferring Protein, OSCP), 1EA— AN KX A% R F1
LIS ANEZERR, BT kS Fo WA . OSCP 2 ATP AEEHEILAN 15448 F B E B HAE HI )
. AWFFEE Y OSCP fa ATP 4 Fo Al F1 [f1i%42, OSCP [ N i 5 F1 M EAEH, C Kifil5 Fo &
iz, 4% OSCP J5, I ATP & Fo Ml F1 E#IIFEE T, TTRESIRIK ATP & R/ EE, XI5
FHREHEA S ANE TR, OSCP 2 — B M MEBEATE VIR 40 A, DAIMHIZRifk ATP
HEETEEN[34]; BUAMEBERE RifA ATP & BE OSCP # Hefli/ N 1) OSCP J&, ATP &t 55 K
JEVER R . OSCP TEEAZ AR RS, ROV P HT 5 B HE A i AT AT PR, (R 15 REAE N L R 5
BT T IR 5 B R IR S 7T

2.2.4. TE e/g

Wk e, HHAZIED ATP21 Jwfd, —FhNBEEE, HBKPER N 5] DL e e B, TheRKIEmR C
vty WY SR IR][35]. WOk g, W EHAZIEDR ATP20 4fid, W UARIEIE e R ik, 7E ATP &l —Fik
TR E AR [36]. WFARCIESE, B i3t e MEHE g MEAZERRESH —MET GXXXG 3
HF5, b G REBEHRARE, X ARRAEMHKENREERRE, Ho@wE A T BN BRI N ), #T
ISR A - B AT AR (3 N it GXXXG HI5RAET] LIS IE g AP 8. Hb,
KT A e-N Ui (19 D) e I 78R AT T —— 3 N i /K X (B 8 X)) A7 TE R AR T g W k FIZERF
LRIk DNA FTb T, B N i P4 E X AEEIRE e IIRITEYDH om s FE I R SR IR R < ik, IR R
B DA N 3 s DR ST (1) GXXXG R 7 51 88 s T LB 25 AR MERL D o T e-C Ui 7K X 43y s i g
WEIX FNA ) C oy, AEXS HINRERF AL ENATE 4 . RGO FURIN, W X 45 it 22 B 45 M R T i A
BB, Bl THSBERST, WIRMEBCZE S . AR, 2940 MEEERRIRIEEFTE R C
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e DX 38 AR B ORF 1, (EH S AL S P el R 5 e JUT- A [RIRTE[37]. XV EE e MIFE R HTR
R 25 I e oK T RT g

23. AHEHEF

FlFo ATP &R RR T /AN Z S, BFRTTHTFHSS.

INAC (Inner Membrane Assembly Complex), PIREZHEEE A1k, 7] LAAEZE c10 3845 AH oM 8 25,
R DARE F1 254638 MR TEEE 6. TPHE 8 LA 7 FFE18 ATP10. ATP23 4 iIHaE AL & .
INAC ZhREERIT2 K 8 F1 S5 M3 5 AR 73 Fo #4073 25, i INAC F LA RS & 25 171 i S HL 4 e i ATP
ElE[10]. SAWIFEKIL, INAC F1 HSP70 HIRIEIHET ATP SRGHER, XRPIXPFEE S T7E Fl
RIS A ERERE T RE N ER AR CEZENEN .. M CIUESE, INAC H INAL7 1 INA22
PR Z IR, H RN IE, FERENEA R RIFEIEY) . AR, = Ina22 2 52mafe BRI
BRI AR K, DR W A K BT T O 2R RAR TR 15 Ina22 23 BB A% ATP &l S E R IEURE, FI 2
IEWH 2T REE FIFo-ATP & EEAT L T II[38]. [FIRF, WFFCEM Inal7 & —Fhehifh s [, & —Fa
HIRTR, HB/RH S a22 255 T2 8 F1Fo-ATP &M S XL, BAR Inal7 F1 Ina22 () B 5 [FUEPE
ANAE BB SR I, ABAE NARZRRLAR T R I T VF 2 AR F1 i A i, X R BA BB Thae it &
H 5 A A B PB4 F1Fo-ATP ARSI . INAC BER BCAPIE FHZG/E RE S, SemZkifk ATP
A, ARERSLIRNI.

3. RE

AR, BEET WA R BB M MR 2 N, AT RS B R R R I, SR
WAT, M E R R AR ZERE LTS HnlmR LB R a7 2 B R KT wUREe. w5
KBS RAy|glizgly, HHMZGECEHS™E. Wik, 02 Y1E RS E a7 A E
R

FIAT, £/ F1Fo ATP & EEPLE W AMIERSSE R T EXE ). ATP AN Z TERE &1, A
WEREA 18 NI, WARNAE 16 AN, MASERE S5 AN FlFo ATP SM4iMER R, B
R, WA PTREVE NPIR A 20 E DR e . R BB A AR EE R RIS T IAE R EES, (Hif
T ATP AR BEAR I E BB B AL H AR O/~ = BEFUR, WX ATP A B HE 17 257 1 TE A
TEERERS . BEFURIL, S5 WA i WA Fo #HOG 8 A 7 (Stflp F1 StR2p) N E B FTREA 1), 1
AL ZE A A ARG BRI L b e AL RIVEY . TR REAS LAX SR AT (45 ) N HE i, IR PRIE
Hh ) B F1Fo ATP S EWE? 1 2u R BN, ZgWimb], B 7 720 mik st . sk,
ERELEEM AR FIABNBEEL TNE. SBHRPRERE, HARIA KX G S HEHE soh
BRI 2900 7). R X SRR AT ST R R, R A S5 M AL PO TR N R BT 2536 2 w2k
H BBk 2 0 7048 75 F1Fo ATP SR EAR/E LS, (2 J0 CHRIRIE F1Fo ATP & B EH W IEE AP A
W ZPE S s . FEHJRN, F1Fo ATP AEEIIE A M RITIRENI(E BAE . 5800 1m0 25 VL3 =
RPN R . IR AT G H X PR s e IR BRI B ARRE A 20 2 H AP A 259 1 R I AT
ST IR R AR PR B N P e, ARZ TR AR R A B 1S B A A AL E 2R A&
PR 7R R . ORI FU IR i B R S T A A S M R R O A, AT HE T & BRI F1Fo
ATP A 0258 85 46 1) KR AU I8 S S PRI UIE,  JRTE t ) 1S BB 1E F /N o T30 S AT d5 i ik, mT e
1B FP O 3EAT R )RR NS AR RIS P SR R RE R AT R I P4 FH AT
MPLE 259, HHT FiFo ATP SEE/EANR . F MY R TI, XPHE HbLE
PE AL EA A . HATThREE I By S)/N - FHIHIFI CAuE i 1 H B3
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JUREFUREACR, (Hl T HARE, AT IRKRTET R B, RN AT TR% . B o PR
iy WRHEBSEHORIEED , FA F1Fo ATP R4S I 7T A T . BARECIA ATP & B AR FL3)
Ve FERNE, (HRFFERI, FELEM R (U e MEAE) N 3isl C sfAfE DR & LR T 41, HAE BB & L (A
P, TR IS ORI F IR -

S H AT JESCHRRIE F1Fo ATP &g s L LA oNPLA W25 IS i, (HBA TR ATP ST

BETR 25 B R A s RN AT St MRS BERE 2 AL WL AN S5 4 B ADAT 7T, AHSRRE A 29 th i e 45
F BB o

E&UH
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