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Abstract: [Objective] In view of the enhanced cell-to-cell spread ability of the dsbA-deleted
strain (AdsbA) of Listeria monocytogenes, this study aims to elucidate the mechanism that how
the disulfide bond formation protein DsbA mediates this biological process. [Methods] The
mRNA and protein levels of virulence factors in the wild type and AdsbA were compared by
RT-qPCR and Western blotting, respectively. The immunofluorescence co-localization analysis
method was employed to observe the impact of DsbA deficiency on the actin recruitment by the
virulence factor ActA in the cell-to-cell spread of L. monocytogenes (analyzing the length and
quantity of the comet tails formed on one side of the bacteria by co-localization of ActA and
actin). The presence or absence of interaction between DsbA and ActA was determined by
isothermal titration calorimetry (ITC). [Results] Compared with the wild type, AdsSbA showed
no significant changes in the mRNA levels of virulence factors, downregulated protein levels of
InlA, InlB, PlcA, and PlcB, and upregulated protein levels of ActA and LLO. In addition,
AdsbA showed increased number and average length of comet tails, which indicated that the
actin recruitment of AdsbA was enhanced. The ITC results revealed that DsbA bound to ActA,
which gradually showed endothermic reactions, suggesting the presence of interaction between
DsbA and ActA. [Conclusion] This study proved for that DsbA attenuated the recruitment ability
of actin by regulating virulence proteins, thus affecting the cell-to-cell spread of L. monocytogenes.
The findings help to further dissect the virulence regulatory mechanisms of L. monocytogenes
during host infection, which is of great importance for controlling the contamination of zoonotic
intracellular pathogens threatening public health.

Keywords: Listeria monocytogenes; disulfide bond formation protein DsbA; cell-to-cell spread;
actin recruitment
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H H (actin) & UL SN & F R B OB LE B AR™),
S A0 B ) SR A LIRS, AR GRS ) A
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fif C (non-specific phosphotidylcholine phospholipase
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A S 5 % I AT o %o B 4 B R TR PR 4
AT TR IR, & IR RAIE S TR R 1mo1059
%if DsbA (% E A4 K DsbGHT,
J il A M RE IR 45 R B /M, 5 DsbA
HARML, HIEH 40 DsbAMYy, IR, ARSIE
ERAPTR LB, RN DsbA Jo, HUIE
2 i A BT A M )T RS i T s U (H EL A
LRI A R, ASBH 98 i 8 ) & A %
AL RIRACE L g OGS LK S5 TR
ERAE, MR T EIE R 1 DsbA 520 FLE
2R A M R AL AL, XN R BLIR A ST R
2 W D B G AL R 2 BN

1A

1.1 ##

ABIFE v i B 2 i TR BT A=tk EGD-e
Blede ¥k AdsbA (B4 DsbA 2 1) A A7 GFP %46
PR R A AR BRI R, B S AR
(HeLa), #f )8 FIAHCHUIAYS th A S50 2 (R AT o

BHI (brain and heart infusion broth), Oxoid
/N ; DMEM 4B 52 5 . ML (fetal bovine
serum, FBS). 0.25% Trypsin-EDTA . #ZEIH K
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Il 4',6- — oK HE -2- % J5 5] Wk (47,6-diamidino-2-
phenylindole, DAPD)Y4 kL, FEEK €t /KRB A
Al EER, LgRHL T AR B A R
Fl; BCA EAWERN &, HEESRAEY
AR A B A A0 RNA il 4l
Lk F & . Kisser’s # J157]. Goat Anti-Rabbit
lgG(H+L)HRP-tag. Goat Anti-Mouse 1gG(H+L)
HRP-tag, A4z T AW TR Bl A PR A Al
Tag Pro Universal SYBR qPCR Master Mix,
TaKaRa A\ #]

T RF R 2R . PR SDS 10 g. NaCl
5.84 g, EDTA0.292 g, I 800 mL ddH,O ¥%f# ),
FEHIA 20 mL Triton X-100 FIZLHREE A 10 mmol/L
f) Tris-HCI, % pH J8 = 8.0 J5, Fi ddH,O %k 2
% 1L, /rWEAERI: FRat EDTA2.92 g,
JRZ 360 g fi1 SDS 5 g, i 800 mL ddH,O ¥ fi#
J . FIIAZHKSE N 200 mmol/L fiY Tris-HCI,
¥4 pH £ 8.0 J5, Fl ddH,0 #h2 1 LI'8,

1.2 SIMIEK

ABEFE T B W3 e b A A R A
FRAF G, FPAITENLE 1.

13 RAEESHEHERMERKE
1.3.1 B4k EGD-e FAfR K Fk AdshA BY2 RNA
RE

1 W7 A bk EGD-e J il 2R Bk AdsbA B v [ 42
2 5 BHI R AR F2 B 40D, 37 °C
200 r/min JRFGIEFRAK, KH, % 1:100 4%
% 10 mL BHL ARG SR H5EH, 37 °C. 200 r/min
P KK % 4-5h, ffi ODgoo i5F 0.5, WA,
10 mmol/L PBS ¥Ei)5, H 20 mg/mL %5 R &
=, SOV 10 min, SRR S RNA filife
A fl iR BB RNA, 22 J5 FF 2 ShRE R AR UG
I RNA 75 5 4G, IrfS RNA JLZE-80 °CLRA T o
1.3.2 RT-qPCR

DL RNA g, i i 2 5 skin) &
AT S, ARAF 0977 cDNA R4 RT-gPCR

F1 KRB

Table 1  Primers used in this study

Primers name  Oligonucleotide sequences (5'—3)
actA-RT-fwd CAGCAGATGAGTCTTCACCACA
actA-RT-rev CAGCAGATGAGTCTTCACCACA
hly-RT-fwd ATTACCGTTCTCCACCATTCC
hly-RT-rev TCACATCGTCCATCTATTTGCC
plcB-RT-fwd CGCCCTTTTCGCATTTTC
plcB-RT-rev ATCATACCCTCCAGGCTACCA
plcA-RT-fwd CGTGTCAGTTCTGGGAGTAGTGTAA
plcA-RT-rev CGAGCAAAACAGCAACGATAG
inlA-RT-fwd TAGCGATGGCGGTAGTTACACAGA
inlA-RT-rev TTAAGTGGCTGCGTCACGGTTC
inlB-RT-fwd GTGCGAGGCTAGAGTTCCTTGTT
inIB-RT-rev GCAGTCAACTTAACCCGCTATGTCA
mpl-RT-fwd CTTTCACTGGGTTTCCGACATA
mpl-RT-rev CAGCAAGGACAGCTTAGGATTAC
prfA-RT-fwd ~ CGATGCCACTTGAATATCCTAACT
prfA-RT-rev CGATGCCACTTGAATATCCTAACT
rpoB-RT-fwd  CTACACTTAGGTATGGCTGCTCG
rpoB-RT-rev GGCTTCTTCCACTGTGCTCC

HYREHR . % 18 SYBR qPCR Master Mix i 77 15 B
x5 4 SR YL AR S 1 B T actAL hly,
plcA. plcB. inlA. inIB., mpl, prfA & rpoB rRNA
FEFE NS ER)IEFT RT-qPCR. ¥ 53K F-
ARAk A 2749 5047, FIF GraphPad Prism 8
AT P A B A T AL R M, AH T 25 AR
H log, fold change /% .
1.4 FF4EHKEGD-e F1E Kk AdsbA B & H
ERMS I ERRE

W7 4= Bk EGD-e K it 2 ¥k AdsbA o 42
Fh 2 5 BHI R IR = B4 A, 37 °C.
200 r/min ¥RV FF 7%, 12 000 r/min &5.0> 2 min
Sy A E] EIE WM E A . 10 mmol/L PBS ¥
VRS EORTIUR R, ARSI 47 /9 500 pL
2R T AR R R A, R S min, AT
JEERBEAT FE 0 0FES, 4 °C. 10 000 r/min &5.0>
2min, BE.OE RERChEEEA . SRR
BE R AN A B0 4 B AR B B WOH 022 pum i
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UEASEATREUE, R AR 10%01) —
AR, K EFEENR, 4°C, 12 000 r/min &.0>
30 min, F F3E)E, MULEF A 1 mL Bl
O /% o e A7 o B R s 2 L
1.5 Western blotting HiiEHHERAREKIE
K

PEHUEF A4 bR EGD-e ALK R AdsbA 11 4 T
EAMAWEMA, A 10 mmol/L PBS Xt H
AT R, WA R T SDS-PAGE. #4iE
45BN % PVDF B 1, F 5% NS 048 == T B
Ml 1hJ5, 233 A ActA. LLO. PlcA. PlcB,
InlA., InlB. Mpl 12 GAPDH. P60 Hiik(bt
WAL YR ARA A, 4 CEFLRER; 7
A HRP AR1C B EP e IgG O b 25 1 PlcA
PlcB. InlA. InIB, Mpl. GAPDH #1 P60)#I+
Pl 1gG (WM ActA Fl LLO), =IHH
1 h; RGN W, T2 RO AR I
PRAFZE S, A Imagel X #4577 10 ALEA T K
JE 4, JFAIH GraphPad Prism 8 4% %
BYE I AT A B A A 22
1.6 RERAHXEMNMAEZEERRD

W 2 BE T A E 7 s ) 24 FLAG 4N
MokEFEMcR, X HeLa A0 E4 T 40 M 155, F2m
FLUAEEFL 1.5% 10 A 14 25 B - 359 43 ikt il 7
TAAEICH Y 24 FLANREES TR ; BEFREEH 10%
FBS % DMEM }i#: 4, BT 37 °C. 5% CO,
BIAR IS TR TR 5 12 he B G SR R B AR
Pk EGD-e Flfik 2 £k AdsbA % 8 MOI=1 000:1 J&%
YL HeLa #fiffd, ¥ 40MEHCT A& M3 DMEM
Rigrsh, BT EA 37 °C. 5% CO, l4n ks
FAATRESR 1 hy GG BALINA 500 pL 28k
JEh 50 pg/mL POREEZRHY DMEM ZH g1 R0k
FHLAAS KMANA s A K MSNE 1 h J5, A 500 pl
LR R S pg/mL PR %E K (1) DMEM 4 il 15 5%
FAksESR 3 ho AR5 FHZ R P E 30 min,
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Triton X-100 %1k 10 min; 235 FH B2 FH R AL
SEE YA 1 h, FEA] DAPL JL (000 41 Mo g4
10 min, P@ERUE, WAIFFAALRER
MM, gttt R R K E . 2
i, JFHIH GraphPad Prism 8 {4 % i f5- B
AT Ak R 43 ] 1
1.7 ZRi#HE = # % (isothermal titration
calorimetry, ITC)¥|# DsbA 1 ActA =&
BE1{E

I FH 5256 % K T 1) DsbA Fl ActA 25 115
BRI T E RS RS Sk, 15
P | R DsbA Fl ActA E 1. A
ST PG TR, ST AR IMAE A
I 0.5 mL, FEAECN 1.4 mL, ek
(140 umol/L)AY DsbA (% BB 15 pL, (6] F&
180 s % & Z AR (10 pmol/L) Y ActA &[T,
JUWAE 25 °C. 25 mmol/L Tris-HCI £1 100 mmol/L
NaCl Z iR (pH R 7.5)% 17, LR )G,
XF A B A EE S TG e b, JEAEXT AH A
AS (AP0, Sl DsbA £ 5 ActA A1 H.
YEM .
1.8 HiEabE

K4 A GraphPad Prism 8 A4 #E17 t test
Giit2E o dr, B8 meantSD Fin., HH ns
Fn P>0.05, *3FRR P<0.05, **3F/R P<0.01,
*xk RN P<0.001,

2 HZRE5OM

2.1 dshA SRR BREXENEFIER
y SO b-A

PRI 37 cCHh o AR AT T P AE bk EGD-e F11
HRICHE AdsbA ) RNA IfEmilf 7t sk, Lig
FIHY cDNA Mty , Fl RT-gPCR %A1 J7 5k
PRI R 2 AP AT E | 20 #r, SR 1 B .
RT-qPCR Z5 KB, K dsbA J5, actA. hly %5
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Figure 1 Transcription levels of virulence genes
after dsbA deletion in Listeria monocytogenes. Data
are expressed as meantSD of three independent
experiments.
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Figure 2 Effect of DsbA deletion on the expression of bacterial whole cell lysis proteins and corresponding
grayscale analysis. A: Representative Western blotting images of whole proteins. B: The relative protein level
of tested virulence proteins. Data are expressed as mean£SD of three independent experiments. ns: P>0.05;

**: P<0.01; ***: P<0.001.
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A Secreted proteins
EGD-e AdsbA  kDa EGD-e Ag{sﬁA kDa
P60 et i — 600 pici W 0.6

InlA " '— 73.9

)R

i
(¢l
>
|
(¥%]
[R]
el

Acta | . - 600

LLO ‘—— S

Mpl E —30.6
P ——
kR

? Q06 22 S4r — g 201 [ g20r
S " % il B 31 g1s
£ = 5 A& 1.0 Bj0
e o] b= [
s 02 21 205 205
5 k S 0.0 £ 0.0
e 0.0 {)'e‘ o> e 0 ol& o =4 0{)’6 .QOP‘ 60,@ &‘.0?‘
@C’ A <<)6 b@\"a & W RO
o Kok g I—‘** & 15 18
1S g 13 1.0
<10 =10 2
S
5 S S 0.5
c 0.5 c 05 K=
e 5 g
e 0.0 oF & 0.0 o b ~ 0.0 o b
& W W SN

3 DshA REBEWNSMEAFSHNEOBREENEZMURIKE

Figure 3  Effect of DsbA deletion on the expression of bacterial secreted virulence proteins and corresponding
grayscale analysis. A: Representative Western blotting images of secreted virulence proteins. B: The relative
protein level of secreted virulence proteins. Data are expressed as meantSD of three independent

experiments. **: P<0.01; ***: P<0.001.

(P<0.01), ActA FikH TG 7 322 5 (P>0.05), %k
MAESP I 1, PlcA, PleB. InlA Fl InlB %
ik B F AR (P<0.01 8 P<0.001), LLO. ActA
FIEH B ETFE (P<0.01 5 P<0.001). A% LLO
Fl ActA FZLE L /I EN AR ARSN R #EAE, Pr
DL R 25 SR 5 DsbA Bk m, mlREE
A5 5 i (8] S % ) B % U1 AH 5C 19 & 11 (LLO
ACtA)F LW, DT S0 240 1 1) B () SRS e T -
23 dshA BRREMAEAMERSERE NN
T ActA B E P S LN T, BRI
w20 AT A R P S R LB R, T K
“EBEREE”, AL RE DsbA X ActA
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AR R R SR AN T A R R RS, (A
WA GFP 9OUARZ ¥ A bk EGD-e FHE K b
AdsbA J& Yt HeLa A1, 5 X% 240 M i 47
F-actin 44 (8, , 38 0 220 4 I S EA T WL BT 48
GritesH AR IR /NI, EELT 20 4
LY X BUR B BB A . Fus i gt o
Mr, B E 812 1, S5 UNE 4
FliRso s RaRM], BT DsbA J5, &IE
AT A B B Bl #0025 15 hn (P<0.05
5 P<0.001), iAW 405 555 L sh & R 77 i
FHaGE BB DsbA J5, 4N R LEhE [ 5
LERE T 4R R o L () AR AL BE T
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2.4 DsbA 5 ActA EAHEEMERAXRZRRE
i@ 1k Western blotting {56 Al 5 A2 i il B
WECH DL & PR, 7F DsbA B2k 5 ActA MR

KR EFETE, P HMRISERSFER T T

W
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AdsbA

S~ inn - alalat

ld o F T

Listeri

Z FTF, N T DsbA BB 5 ActA fA7EAHH.
YER, AWFoEidt—2FIR ITC X8 A Z [l 56 R
AT TIRIY . WKl 5 P, B 1TC iR B a1 T,
DsbA Fll ActA J % A 5 BRI Y , R BHAEIX

“-actin Merge

Merge (4%)

ﬁ

Long tails Short tails  Cloud

Fl4 BETHHER Hela BHSERE B AR

No actin

o

Figure 4 Analysis of comet tail formation in HeLa cells infected with Listeria monocytogenes. A: HeLa
cells were infected with the wild type strain (EGD-¢) and the dsbA-deleted strain (AdsbA) with fluorescent
markers. Confocal microscopy was used to observe the infection process. B: Quantitative analysis of comet
tail morphology and number. Data are expressed as mean+SD of twenty views. *: P<0.05; ***: P<(0.001.
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Figure 5 The interaction analysis between DsbA and ActA by ITC test. A: Calorimetric peak profiles of the
reaction of DsbA and ActA in buffer. B: ITC fitting data for the reaction of DsbA and ActA in buffer.
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