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ABSTRACT

The role of Spy (spheroplast protein y) in the pathogenesis

of Salmonella enterica serovar Typhimurium

Lee, Hwa-Jeong
Advisor : Prof. Bang, Iel-Soo, PhD
Department of Dental Bioengineering,

Graduate School of Chosun University

Bacterial secretion of proteins into the extracytoplasmic spaces is an
essential process for bacterial metabolism in interactions with external
environments including host cells during bacterial pathogenesis in host animals.
In bacterial maintaining protein homeostasis in extracytoplasmic spaces,
molecular chaperon proteins can prevent misfolding of extracytoplasmic
proteins from a variety of stresses originated from external environments or
from the internal bacterial metabolism. Spheroplast protein y(Spy) is known as
a chaperone function protein expressed and localized in the periplasm of
Escherichia coli during spheroplast formation or when exposed to protein
denaturing conditions. And structural studies about Spy have predicted that it

may assist proper folding of a broad range of proteins in bacterial periplasm.
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However, the physiological relevance of Spy in bacterial pathogenesis has
been unexplored. In this study, I show that Spy is required for the pathogenesis
of Salmonella enterica serovar Typhimurium. A spy null mutant .S. Typhimurium
showed the reduced invasion into Hela epithelial cells, the impaired replication
inside RAW264.7, and the attenuation of virulence in mice. In addition to
spheroplast sensing, spy transcription was induced when S. Typhimurium was
exposed to hydrogen peroxide, nitric oxide, and antimicrobial peptide that can
be produced by macrophages. The induction of spy transcription in S.
Typhimurium was dependent on regulator proteins for envelope stress
responses, BaeR and CpxR. In addition to recapitulate previously observed
phenotypes, this study has extended the role of Spy as an essential protein for
S. Typhimurium pathogenesis, and the conservation in genomes of most enteric
bacteria. There findings suggest that Spy may principally contribute to

extracytoplasmic fitness of enterobacteria in animal hosts.
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Salmonella entericaw HU3 FHAAe dFow Al &
vetfol 2 F Al i Ho| Qv ARdgSS doTA fdull]l.
FWNAN  Salmonella= £3] @72 AHAd wWol Eoj3low Salmonellad] It
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1. AHEas R ujgEA

o AFNA = FAA FEF2E dod|= oFAYAFTR]  Salmonella
enterica serovar Typhimurium 14082S< AR&3sIQIth. o] A3 Ap&H
plasmid®} EdAWo]F=+= Table 19 AR, 5 v U3= wiX|Z+= Luria-
Bertani (LB) 9% #1A¢} 0.2% glucoses 23t EHA2uA(1.66 mM MgSOy,
9.5 mM citricacidmonohydrate, 57 mM K,HPO,, 16.7 mM NaNH;PO,)E
ARSI ARE S BE A5 37T, 220 rpm 2719 JE wFT] oA vl st
AHE-3F91 2™ chloramphenicol (50 pg/ml; CM), kanamycin (50 pg/ml; KM)<

WA el wol Argatatt.
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3. spy clone A&}

spy clone (850 bp)S WE7] 98] PCR %<& £33 dsts= 4-4x A
A} PCR X9 Alg%E F38& S Typhimurium 14028s @AA S A3 1L,
Zefolm = 14028s AA LA spy FX+%AHpromotor) F-&oll AgFa s
Sacl®} Xbals w9 spy linker Sacl FWeF spy linker Xbal REVES

AV tH(Table. 2). o37]e i-pfu DNA %3 &4 (NtRON Biotechnology Inc,

AL

Korea)& °|&3 PCR T% < AlZth 5% PCRAHES PCRAA 7] E(GeneAll
Biotechnology Co. Ltd, Korea)& ©]&3l] AAIg $F 2SS 9 Agdasrs
primer F&o E9l  Sacld Xbpal(NEB) Hgsled AHEES Il gel
A A 7] E(GeneAll Biotechnology Co. Ltd, Korea)E& ©o]&3] At AA =

AHES Sacl® Xpal(NEB)e.2 A &s pBAD30 ol ZZAA E.coli DH10B

oft
i
F _>i

G 22S B LBHjA o] 8% ZoF 7]$ & plasmidS H-] ).

2 8 plasmiddl BamH1¥} XbalS A& spy gfp F2(850bp)S HE

o
r
N

|

0,
32
)

4. 9433AA (spheroplast) GA =4

LB dFul Aol A skt wjFet #58 LB AuA] 4:12 H§Fshe] 37C

w71 A 0.Dgoonm=0.8°] & wj7}=] vjeFst FH 25C 5,000rpm oAl 205 94
walste] ASdS WElal 1 M Tris-HCl (pH8.0)S 0.0IMZ S|AAlA
|Fos Hrtste] gl 9 F/U 0.5 M sucrose’t XE3HE Tris buffers
AEe Ay 2 IurF Yo A A 58 wEAIZl F lysozyme (Sigma) 2

pg/ml& A7kste] 10 & HHeAIZ1 ¥ Tris-buffers 1:1 H]&= H7Mgth A7l

Axioscope Al(Carl zeiss, Germany)

o

1 mM EDTAE A gsto] 4213+ dkg AlZ)

dAn| 7 02 spheroplast7} € AHS & A Th[23].
5
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5. spy—gfp transcriptional fusione ©]&3} spy HA}F A

Spy-gfp clone (360bp)S TH&7] 9138 PCR %= &3 Y3t F4A A&
A} PCRZEZ | AF8HE F8L S Typhimurium 14028s @AA S A1 1L,

Zepolm = 14028s A M LollA spy FXdAH(promotor) H--oll Al ghE A
Sacl®} BamH1S 9] spy linker Sacl FW¢t spy linker Bamill REVE
AFE38F TH(Table. 2). ¢17]e i-pfu DNA <3 a4 (iNtRON Biotechnology Inc,
A},

AlDE o] &3] AHAAZ = F=Z2YS 8] AdaL+E= primer F-Eo 2 Sacli}
A

Korea)E ©o]&3d PCR ZZ& * PCRAHELS PCRAA 7]E(Gene

=

01}4
|
1)

BamH1 (NEB)E A g 3le] AHES A% gel ZAIZIE (GeneAll Biotechnology
Co. Ltd, Korea)E o]&3] AA&At. AAE AEL Saclydt BamH1(NEB) 9]
A A 2 ¥WE pFPV25e] AZ AlA DHI10BA FAHZ AFT &S

] 3} plasmidol

A

PN
T

%

el LBl Aol 35 E<F 7] § plasmidE # Tk
3

BamH1¥} Sacls A2 3l spy gfpE&(360bp)s #HE &8t spy-gfp TdS

o

74 371 918 LB dduAolAl 16hrst mlds & EAMoAES LBYY
HiAfell - 1:10008.% 34 ete]  HFsto] 37Tl wigst T
0.Dgoonm=0.4°14 4% EtOH (Ethanol) ¥} Polymyxin B (1 pg/mD< 23 %
ZF7F2 1hr ¢ ul%stedtt. GFPY exitation maximas 495 nm©|il emission
maxima® 515 nmeo]t}. #5+ iCHM1.4 (IMT, Canada) 7}HE}e} Axioscope
Al(Carl zeiss, Germany) dn7Z o= BF (Bright-field)¢} FITC (Fluorescein

isothiocyanate) 2. & 323t}
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6. Ale =1 54

LB gFujA|o slwk wlYkst #5E PBS (phosphate buffer saline;
pH7.0)°l O.Dgoonm=1°] H == 34 A # t}. GSNO (S-Nitrosoglutathione)< 500
M, 1 mM, 2 mM 3 H,0s (Hydrogen peroxide)= 250 uM, 500 uM, 1 mM &%

HZ ¥35 E HauA] o] ODgo=12 343 775 0.Dgoonn=0.02 7} HE=F

off

23l %S microplated] 3 T Microplate & Bioscreen C Microbiology
Microplate readerol| Al 37CE FA|8FHA] Rk 3l 24A|7F 5ot wjdsld

307 ODgpotks S 3F3 T

7. Polymyxin B o ti3F 91734 =H

N-minimal media (5 mM KCI, 7.5 mM (NHy) 5S04,0.5 mM K5S0,, 1 mM KH
9P04,0.1 mM Tris-HCI pH 7.4,0.1 mM MgCl,, 0.2% glucose 0.1% Casamino
acids)oll 3w widslar, 0.Dgoonm=0.5% Y+ TFS, N-minimal Media(-

%
MgClp)Z 3HH 8l37¢] 31 N-minimal media®l] 1:1002.2 HZE3}e] 3A17F ¢

Hjj 3l

M

t}. 3A]7F Fo polymyxin BEZ 2.5 ug/ml 1A17F g3t} 96well-

plateo]] PBS® 3]4]3}o] agar platedl plating@}3itt.
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8. Hela celldll W3t Salmonellad] AYJ& =A

Hela cellZ 10% FBS (Fetal bovine serum)”’} ¥£3% RPMI 1640 (Hyclone,
Logan, UTD)elA 37T 5% COs ®7]elA] wldAIFH Y. HemocytometerZ

o] g3ty AXE FE Ao 24-well cell culture plate (SPL LIFE SCIENCES)®l

il

2X10°2.% seedingdte] wl¥atolch. LBl olA shyk wjkd w55 MOI

(Multiplicity of infection) 25 (5X10%wel)®Z Hela celldl 37C 5% CO,

7oA 308 HAAFHTE 30 T gentamycin(10 pg/mDS EE3 RPMI
1640 WA & AF&3te] wiAE wssFa 1A Fo] 1% Triton X-100S A &
3to] LB agar plateo] 20 pl? wolre] CFU (colony forming units)<

bt

3

e
ol

9. NAANXE U Salmonella BZEE =A

A AES] Raw 264.7 cell (ATCC TIB-7)& 10% FBS (Fetal bovine
serum)”} E ¥ RPMI 1640 (Hyclone, Logan, UT)ol A 37C 5% CO, Z7 ol A

WA T Hemocytometers ©]-83te] 5 Ao 24-well cell culture plate

(SPL LIFE SCIENCES) ¢l 1 X 10°2.2 seedingd}%lth. LB Guj <o)l A &} 2t

WFe d5= Gl Aol 1:1000.2 HFE3e] widrlo A 447 72 F
AA e B #FE 0.Dgoonm=1°] /== PBSZ &35t MOI (Multiplicity
of infection) 10 ©] A Raw 264.7 cell o 30% #TEAIHTE 30 F
gentamycin (10 pg/mD< 3 RPMI 1640 vl A& AF-&-sto] wiA] & w sl 5=a1
30+ (0OAIZh), 18AIF F-off PBSel A Azl 0.05% Triton X-100s A& 3skaL

LB agar plateel] 20 pl? @ojrt] CFU (colony forming units)S =434 .
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10. A 3 Salmonella B=ZA =3
AAC57BL/6)9] S, Typhimurium= HE skt Yol FA HBEE s
A LBY G Al e wk wiFetal PBSE A8t 3748 F3 FTAFSH

T

597 Fo] AES WA Atk WE A A AT, 10 vhH T oW
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Table 1. Bacteria strains and plasmids used in this study

Genotype Source

Strains

Salmonella enterica serovar
IB1 ATCC
Typhimurium 14028s

IB3 A hmp KM [24]
IB1006 ArpoS::Tnl10dCm [25]
IB1026 Aspy it CM This study
FB127 pTP223 [22]
Plasmid
pKD3 cat cassette [22]
pFPV25 gfp fusion vector [26]
»SDY-8ID spy promotor—gfp fusion This study
10
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Table 2. Primers used in this study

Primer name

primer DNA sequence

b-gttgcctcta ccctggegat gggtgctgcg

Spy FW-P1 aatctcgctc gtgtaggcetg gagetgette -3
spy FW 5- ttaatcacga caacacggcg—3

spy REV b-aggacggcta tagaattct ctg—3

spy linker Sacl FW 5- tatgagctct gctatatcat getgttgta -3
spy linker Xbal REV 5- tattctagaa ggacggctat aagattctc -3
spy FW linker Sacl 5- tatgagctcc tgtaagctca cgttaggat -3
spy REV linker Bamt]1 5- tatggatcct agaggcaac aaatagagca -3
qRT-PCR

gyrB FW 5- tgactgccegt getgetettt -3

gyrB REV 5- agccaactct gaccgaagcec -3

spy FW 5- gcgcaaatta cgaaaatgga -3

spy REV 5- ccgtcagacg cttctcaaaa -3

Collection @ chosun
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1. S, Typhimurium® spy AAF= thekst AEd A0 8831

=gt

s

Spy7}  E.colil 4] spheroplastsS & A o Wo] Wdo] Hvha 4HA
Joi(14]. 2=BYH  Salmonliad)l A% spheroplastE® FAE w spye] HE o)

A eyl As ofAE Tl Lspy-gfps FEXHEAIA GFPO| HEl

o

]
kel &}l thH(Fig. 1). Spheroplasti= sucrose®} lysozymes A 23k & 7 -F-ol =
¥ a1, sucrose, lysozyme, EDTAS E% X839 S W spheroplast”}
g2l &klal, WT/,spy-gfp ¢ 745 spheroplasts &Ad st
Ao AR Hdo]l HeE S Rl skglu o AXE salmonellad A &=
spheroplast’} &4 2 wl spy transcription®] W HS HojFrh, 1=
WT/,spy-gfpe] HaAL 2l3ly] 93] thokst ~E#f 25 Fh(Fig. 2). LB 9%
Ao A shERE vl et 755 PBSel GSNO (S —Nitrosoglutathione) 1 mM,
H:0, (hydrogen peroxide) 500 pM, ¢F 6413 A2 3}t GSNOA 8=

B obF AR AgskA @2 dEe Bus 2w gdol HAA, HOx=

—

12
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Figure 1. Fluorescence expression of pspy—gfp transcription fusion during

spheroplast formation.

WT/,spy—-gfp cultured aerobically for 16hr at 37C in LB broth. cell into 4ml
of Fresh LB broth 16 ml incubation with shaking(O.Dgoonm=0.8). At given times
of incubation, culture were harvested by centrifugation at room temperature,
washed once with an equal volume of 0.01M tris (hydroxymethyl) amino-
methane (Tris)-chloride (pH8.0), and suspended to a final cell density of
approximately 5X10° cells permilliliter in the same buffer supplemented to
contain 0.5M sucrose. To prepare lysozyme spheroplasts, lysozyme (sigma
chemical Co., St. Louis, Mo.) was added to a concentration of 20 pg/ml; in the
cells were incubated at room temperature for 10 min, and diluted 1:1 with Tris
buffer. For preparation of EDTA-lysozyme spheroplasts, EDTA to a final
concentration of 107 M was added to lysozyme spheroplast suspensions.
Formation of spheroplasts was complete within 15min as determined by
Axioscope Al Fluorescence Microscopy[23].

(ONC : overnight cell, compacted arrow : spheroplast, hellowed arrow : rod )

14
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FITC GFP
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Figure 2. Induction of pspy—gfp expression in HyOs— and GSNO- producing

cultures. Cell were overnight cultured in LB broth. Washed of 1 X PBS and
treated with GSNO (S—Nitrosoglutathione) and Hy0, (hydrogen peroxide),
respectively, for approximately 6hr. spy induction is determined by Axioscope

A1 Fluorescence Microscopy.

15
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2. Ml &9 stressoll W3k spy7F HE )

Alet 9B stressoll spydrde]l = A F9ler] fE A MAR 4%
EtOH & Agatlal, F MAzs 3 A fete]=9] polymyxin B (1 ng/mDE
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Figure 3. Induction of pspy—gfp expression by treatment of polymyxin B and 4%
EtOH.

WT/pspy—gfp strain were cultured to log phase (O.Dgoonm=0.4) in the LB

broth, and then treated with 4% EtOH or Polymyxin B (1 pg/ml) for lhour at
37C, Bacterial cells were observed with Axioscope Al Fluorescence

Microscopy.
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@%H FRT FRT
| I Antibiotic resistance I |

M WT Aspy::CM I;i.‘%\%
1 i
spyFw SpyREV
2,000 bp astt spy STM1309
500 bp

FRT l FRT

astf I Antibiotic resistance I STM1309

Figure 4. Construction of spy mutation in S. Typhimurium chromosome.

(A) PCR products were obtained after PCR reaction with chromosomal DNA
from WT and spy mutant using DNA oligomers as described in Materials and
Method. The representative result was visualized after PCR products were
electrophoresed in an 1% agarose gel and stained with ethidium bromide. M; a
molecular size marker. (B) The strategy used for the construction of spy
mutation. P1 and P2 refer to priming sites for PCR to obtain DNA product
containing antibiotic cassette and FRT (FLP recombinase recognition target).

The figure was modified from the paper of [19].
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1 1 1
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g o 04 04 -+~ GSNO 1 mM
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0.01 T o -r-r-r-rrrrr-r-r-rsocTcsr o.M ———rrrrrrrrrrr-
0 [ 12 18 4 o [ 12 18 24 o [ 12 18 24
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Figure 5. Susceptibilities of S. Typhimurium strains to GSNO and
hydrogenperoxide.

The growth of S. Typhimurium was measured by the Bioscreen C microplate
reader observing optical density (O.Dgoonm) Of bacterial culture in minimal E
media containing 0.2% glucose treated with varying concentrations of GSNO (A)
and in the LB media treated with varying concentrations of Hs0s (B). A

representative out of three independent experiments is shown.
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WT spy SDY/pSDY phoP
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Figure 6. Survival rate under polymyxin B of S. Typhimurium.

Overnight—cultured bacteria cell on N-minimal media containing 10 mM MgCl,
were exposed to polymyxin B (2.5 ng/ml) for 4hr (WT, spy, spy/, spy, phoP).
The pH of the medium was buffered with 100 mM Tris—HCl (pH 7.4).
Stationary phase cultures were harvested and washed three times in N-
minimal medium, and incubated for 3h ant 37C with aeration. Approximately
5.0 X 10* - 1.0 x 10° bacteria from each culture were then inoculated in to N-
minimal media containing Polymyxin B and grown further for 1h at 37C with
aeration. Serial dilutions of each culture were made in PBS and plated on
selective agar[28]. The experiment was repeated two times with essentially

identical results.
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Figure 7. spy promotes of the invasion rate S. Typhimurium to Hela cell.

Hela cell cultured in FBS containing RPMI1640 media were infected with WT,
A spy mutant, Aspy/,spy, AsipC mutant S. Typhimurium strains. Cells were
cultured in LB broth. Hela cells were infected with S. Typhimurium at MOI
(Mutiplicity of infection) 25, lhour after infection, Salmonella cells were

1solated by treating with 1% Triton X-100 to Hela cells.
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Figure 8. Spy is required for invasion and survival of macrophage.

INF- y —primed or naive Raw 264.7 cell cultured in FBS containing RPMI1640
media are infected with WT, Aspy mutant, ArpoS mutant S. Typhimurium
strains. Raw 264.7 cell were infected with .S, Typhimurium at MOI (Mutiplicity
of infection) 10, 18hour after infection, Sal/monella cells were isolated by

treating with 0.05% Triton X-100 to Raw 264.7 cell. The experiment was

repeated three times with essentially identical results.
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Figure 9. Spy is required for S. Typhimurium virulence in mice.

Salmonella cells were grown at 37°C in Luria—-Bertani (LB) broth (Difco). The
inoculum was diluted in PBS and injected orally, and mice were observed
during 15day. The sick mice were euthanized. In two independent experiments,
10 mice for WT and spy deletion mutant were used, respectively. The

representative data were shown.
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