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Abstract: [Background] Salmonella enterica is a common foodborne enteric pathogen that
infects humans and animals and causes food poisoning, typhoid fever and other diseases. In
recent years, antibiotic abuse has aggravated the antibiotic resistance of S. enterica, and it is
urgent to develop new anti-infectives. After the contact with the intestinal epithelium, S. enferica
can deliver several effector proteins into the host cells through the type III secretion system
(T3SS). The effector proteins can manipulate many common cellular processes, including host
immune responses, cytoskeletal dynamics, vesicle transport, and signaling pathways, which
facilitate the infection in the host cells. T3SS, composed of more than 20 proteins, is a protein
transport nanomachine ubiquitous in most Gram-negative bacterial pathogens and symbionts. Its
structure and function are highly conserved in diverse pathogens. The SctV family protein, one
of the most conserved components of T3SS, is located at the core part of T3SS and involved in
energy supply and effector secretion of T3SS. The mutation of key residues in SctV results in
the failure of S. enterica invasion. [Objective] To obtain the anti-virulence T3SS inhibitors with
the SctV family proteins of Salmonella as the targets by virtual screening. [Methods] The in
vitro interaction assay, secretion assay, bacterial growth curve assay, and bacterial invasion
assay were combined to analyze and validate the inhibitory effect of candidate molecules.
[Results] The compounds C4 (pneumocandin B0) and C5 (purpurin) significantly inhibited the
secretion of T3SS effectors and further prevented S. Typhimurium from invading NCM460
cells. Instead of binding to the intracellular part of SctV, C4 and C5 employed other
mechanisms to inhibit the virulence of S. Typhimurium. [Conclusion] How C4 inhibits the
secretion of T3SS effectors remains unclear. C5 may down-regulate the expression of the
regulator gene AilD to inhibit the secretion of T3SS effectors and further hinder the invasion of
S. Typhimurium into NCM460 cells. This work provides new targets and ideas for the
development of novel anti-infectives targeting T3SS. Moreover, it provides a theoretical basis
for the optimization and modification of subsequent T3SS anti-virulence inhibitors.

Keywords: Salmonella Typhimurium; type III secretion system; SctV protein; anti-virulence
inhibitor
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Figure 1
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flag #r %5 $i /K (mouse anti-flag) . Fl — #iT
(anti-mouse) Fl 92 47 (anti-rabbit), MBL /A A ;
Wik LB H59% %L, BD 24w ; FBS, BI A Hl ; RPMI
1640 1775 . PBS HRMERALEORHCABRA
H] ; CCK-8 A5 & H MedChemExpress 2\ Fl ;
RNA $ U7 & . S sl & oot e it
7l & TB Green Premix Ex Taq 11 ) H TaKaRa 2%
Al NS A R RN
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Structures of SctVe monomer and nonamer”', A—C: SctV¢ forms a stable homo-nonameric ring
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Table 1  Primers used in this study

Primes name Function Sequences (5'—3")

hilA-F Activates the expression of invasion genes and SPI-1 apparatus genes CTCCGGGCAGATGATACCC
hilA-R preH/IIIIK GCAAGAGAGAAGCGGGTTGG
SctV-F Inner membrane protein in export apparatus GAGAAACTCCGGGAGCTTGG
SctV-R CGCTTCCAGTTGGTCCAGC
invF-F Transcriptional regulator required for the expression effector proteins CAACCAGCGGCAACACGAT
invF-R (SipABCD) CGCCATACGCCAGTTTCGTA
invG-F Out membrane protein in basal body GCAACGATAAGACGCCGCA
invG-R GTGTATAACCCCCGACCAGC
hilD-F Regulator, derepress /il4 expression CGAACCTGGGATGTTGGTGC
hilD-R GCATAGAGAGCGCCAAGTCG
hilC-F Regulator, derepress hil4 expression GTGGCATGTCCACGGGTTTG
hilC-R GGAAATCAAACCCACCGGGC
rstA-F Regulator, derepress hil4 expression CGATTGTCCTGCTCACCTCG
rstA-R GCTTTGCCGCAGGTGTAAGC
sicA-F T3SS secretion associated chaperone required for SipB and SipC GGCAGCAAAAGCCAGACAGT
sicA-R stabilization CGCCTCCAGATAGACCAACG
prgH-F Inner membrane protein in needle complex GTTGTGGGCTCGTCAGGTTT
prgH-R GTTGTGGGCTCGTCAGGTTT
rrsh-F 16S ribosomal RNA CCGCATAACGTCGCAAGAC
rrsh-R CCTCTCAGACCAGCTAGGG
1.2 HiE PMEMD #47 T 10 ns B4 20 1 #4540, ek

1.2.1  [ERITFIE
HETF SctVe 454 (PDB 2X49), B Z&fliH

Schrodinger [ Protein Preparation Wizard #
LigPrep B3 75l %) & 45+ Fib & 9 2 1
NI TSR, ARSI Glide Hr EI@
HTVs, SP Al XP B AT 3 42 fE $DL0H vk

J 400 1 v 4T 43 Hif IO%E"Jﬂﬁ/a\%l_/\T—i/EUﬁ%
e HEXAT A mER 100 MESPET YR
ST, 25 AMEEE 4 T (https://targetmol.com/

library-collection-2/Natural Product Library
for CADD),

)5, i AMBERI14 % 25 Mk 4+ i
SctVe T HE AL AT o0 F 8 1248, R
AN 45 58 ] Amber14SB #l GAFF

KArFEH TIP3P #2233 ZIKRM &R
SR, BANEA-NT TR AW

{5 1 AmberTools14 1 cpptraj HEHL A= BE 4 F
TE0 8 1t 72 v B9 A9 42 254 (root mean
square deviations, RMSD), i I PEAL ik 43+ 5
SR AL G MREE, AT 18 Miitsr
FHEATIE P E
1.2.2 BIKRE T3SS MM ER 7R
B#ikk S. Typhimurium UK-1 x8956 [t T3SS

PR BE R BTRIAS A T BT HAR B iR s, i ad By
RS S0P T3SS MG i R Rk o 4 Bl

FEVLICIE 54U R 200 pmol/L f)/NrF1k
HBWRGHA, RN MBTHA S S T3SS
?ﬁﬁ%ﬁ(SlpA SipB. SipC Fl SipD)fJ ik,

i3 SDS-PAGE Hi ik 4G I 1 2L 5500 25 11 # 3R
K. FH Y myricetin /E R FHYEXT L, DMSO
1 o B BB 26 1 FIIC A e R R
DAL A NS00 45 vkl AR R S — 2
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# S. Typhimurium UK-1 FFEFEHF T 3 mL
) LB AR 785, 37 °C 220 r/min B3 373474,
H # BE 1% (R 80544 % 1.3 mL LB 1A
BrgRBe AR TE 0.02% BT Hi {F 5 5 T3SS
Tk FLHAMA/NTFHHGR, xR A
it DMSO. TRATJEH IR 400 nL/ALA T 48 fL
MeH, 37 °C L 450 r/min YR HE 5%, BB 15 min
WIZE 1 UK ODgoo fE, FEMAE 6 he
124 M FURENHRGEDITRERERE
ALk R

1) CCK-8 {551 G A /N - XoF 241 B e e

Aer il /N34 R C4 FD CS X A A= 1Y
oM, 7E 96 fLtl I, BALMA 100 pL i
W, 295000 DAL, 37 °C. 5% CO, 853717
SR 1A 96 FLHCH A 20 pL I RPMI 1640 5
FRIL(10% FBS)H B 47 14 A [ e BE /N 43 7 1 ikl
FA 10 uL CCK-8 i3, 37 °C. 5% CO, K¢
4 h J5 FEEFRIUN E ODysoo MR I A= A7 R T
N BEAEERE (%)=L ODsse-% A4
ODyso)~(BHTEZ OD4so—75 F14 OD4so)* 100,

2) RRERRIP LS

DU /NG —F- A R0 B A FEVD T IR R 2%
RE I . #E 12 FLAR RN LA 1 mL 40
B, AR EE ) 2.5%10%mL,  [A] BBk
S. Typhimurium UK-1 ¥.5¢BE3EFF 3 mL LB
fREEFE I, 25°C, 220 t/min 85 Fd 7K . G5
SRR E I 1% (KBRS EOER T &
H 0.02%FT R8RS LB B35 ep | A AAH
/NG TR, 37 °CREFR 2 4 h H 2 ODeoo
K 0.9, FiHE MOI=50 [ kit i 12 FLA A
MR imA 0.5 mL 2, 37 °C. 5% CO, K
B 1 h, SAIANRE R, BEE S A
100 pg/mL PXKFF R AT RPMI 1640 5535 5:(10%
FBS) LR AL G, IEMeai)s, Al

A 0.5 mL 1% Triton X-100 ZLf# 4 i1, - i) 22 i
WP Ah A 0.5 mL i LB 353335 B 20 pL 40
ZUAA, M 180 uL PBS, ENIHSEE 1, M
W 1 " HL 20 pL, JNA 180 uL PBS, Efiik
FE 20 ArHIEC 100 puL ¥R 1 FRIE 2 TR IR AN
T LB AR, 37 CHIEIGF R, X P
GEFATITER . WREE 1 MR e RER <100, WREE 2
BT R 1 000, B AAE£L AR AR 4 Y 4
AL
1.25 HERHEERIE
1) SctVe & H 4tk
SctVe R FRIBLAMLIE E. coli BL21 ik
17, FIHZIKFRL pET15b, 7E SctVe EFA N
Uit A 6xhis bR, It SEFZHTE 4 SctVe
EHH, BB Sctve EH &0
B 28 4 J2 AT RN R R Ao 0 2 B AR iE — 2P 4l
b, 2 SctVe A4 ZE 5 mg/mL, [#4F
F-80 °C,

2) S A

A 20 mmol/L Hepes (pH 8.0). 150 mmol/L
NaCl 1EH 2 hig alifk SctVe 1, Fi B3]
50 pumol/L , /Nl C4 1 C5 % T DMSO,
I FHAH R A9 22 vpg s B 22 500 pmol/L, & B 5%
M R as X IR L 500 pmol/L Y C4/C5 i &
SctVe 2 1, FIH MicroCal PEAQ-ITC 43 #r4Kk
A, HHEEA S/ FZRER KofE.
1.2.6 KHXE=E PCR

# S. Typhimurium UK-1 7£ LB $:3R3EH
37 °C. 220 r/min ¥5 5730 0%, ARG LA 1% (RFU3
Ok 2 3 mL LB WAKREEFRIE, IMAZWE
0.02% BT HL AR S T3SS ik, SLERAIMA
LR BE 200 pmol/L BY/INF-, XTHRZE N A &5 i
DMSO, 37 °C. 220 r/min ;5% 4 h J5#2H RNA,
F:B% gDNA JG 175k, 15511 cDNA /£
it , HEF TB green Y4k} & PCR ;=) 44
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SIHT ARG FEYD T ICTA 168 IRNA B[R N 2,
TR /NG R A 3 A R 45 3 P mRNA A
X e K- HHRAE

Relative mRNA level (sample/control)=224¢T

AACT=ACy (sample)-ACr (control)
AC1=Cr (target gene)—Cr (16S rRNA gene)

2 EREG5N

2.1 NG I T Y U 2 R R

T AE AR [ BE 122 PDB H SctVe Bk 4h
¥4 (PDB 2X49)1E Ky i e # g, , T4 AE T Sctve
T SD2-SD4 1484 T3SS /N T4l ], M
I E MY S SctVe Mg S . T4
T XTI AT ME R RIS A 4 2R, ik 25 4
B /Ny A ), — 20l A Bl A
PPk F S A EAS S MRENE, &
L 3 18 Mk (Kl 2).
22 C47F1C5 REHF T3SS M EBHH
w2 DU

FIRARSME S UPTTIGE T3SS 200 8 1147
WS ) AR B 18 AMERE /N T R T W)
VAN, SR WE 3 R, M#T DMSO, 1k
A% C3. C4. C5. C12 1 C13 Ab3Vb TG
J5 RN B 11 (SipA . SipB. SipC F SipD)F) 43
WA AN FEREE R TR, BN TS
XoF T RUON B B 43 WA AN ) A B2 AR 4 A 1
HepPl 3, c4 1 C5 RN, H C3
Xof o K T HP N 28R 1 FILC (193 15 B I S FAAIK
FIREEH T C3 X RUAGFEV T IRE A KA I
HFE T o 2 B A 4R B 45 SR UESE T XA
W, T C4 1 C5 XTI TRE A K ILT I
M 4). ik, C4 (AI5EHEE BO, CAS-ID:
135575-42-7)#1 C5 (#§HL K, CAS-ID: 81-54-9)
REAS S 2 0 BRAGJE VDT TR T3SS &A1
Mo . BT UL ESSR, X C4 F C5 RS

M E— M E C4 Fl CS FFRN 2 114306 Y
MR SER T T3SS, X /NrTAeaY c4 Fi
C5 MMk EEMOMEEA T T A2, FEXT Setv A
M SipC & H YK iKiH4T T Western blotting 16
M. i#id SDS-PAGE 45 R IFEH, /INrF1ik
AW C4 Fil C5 XF T3SS BN HE 11431 B il 18
FH B A B 3 g s, AT W AR, T HL
TERARAEE (50 pmol/L) FXF T3SS /5263l H i
ANEIERI (B 5). XK C4 I C5 J2HLAIf
T3SS #17]. 1 Western blotting 45 5 75 C4 Fil
C5 4bFRJ, SctV Z M SipC H A E A mA U
W2, HEM C4 A1 C5 BRI (E S5).
23 C4 F1 C5 IR RMHAEDIKEM
NCM460 48 Y12 3

o HERR S S FE R C4 F CS S0 40 i £ AR
F T 5 2R FE VD 1T G 2 % 400 e ) &5 SR
2%, MM CCK-8 i{fl&lwE C4 F1 C5 Xt
NCM460 2l A A5 o 38 2 52 56 25 T LA
Fil, SaAXTEME, C4 1 C5 X NCM460
2 A K TG B R (A 6).

FIH PR K B 2 DR A 2 30 e 7 /N 43— 40 o)
F C4 F1 C5 XTI TR R B AR R, &%
B myricetin ABHMEXT IR, 25 (X DMSO 19
ARHEN 100%. MIE 7 7T LLE 1, /NrF- 3]
# C4 F1 C5 AT E G ATV R R
NCM460 4 Jifl (112 28(P<0.000 1), Ik, C4
C5 iEaT PP T3SS RN B 1119 73 Wb ik — A5 52 i
BT ZEVD 1T R X NCMA460 41 it (4222
2.4 C47F0C5H1ERNLE

245 0 B ) T I A2 24 ) U 3o R 1 O B AR
A7, PR A R A2 i #492: (isothermal titration
calorimetry, ITC)ZE{RSMEM Sctve 5 C4. C5
Z I ERT, B 8 25 Bin, C4 fil Sctve &
RS54, C5 M SctVe A LS, 4iaHE
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Figure 2 The screening results of T3SS inhibitors.
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Figure 3 Effects of different compounds on T3SS secretion. C1-C18: Compounds; DMSO: Negative

control; Myricetin: Positive control.
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Figure 4 Effects of compound C3 (A) and compounds C4 and C5 (B) on growth of Salmonella
Typhimurium. **: P<0.01; ns: No signification difference.
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