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Cellular Responses of Salmonella typhimurium
Exposed to Green Tea Polyphenols
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The purpose of this study was to examine the cellular response of Salmonella typhimurium exposed to tea
polyphenols (TPP) extracted from Korean green tea (Camellia sinensis L.). TPP showed a dose-dependent
bactericidal effect on S. typhimurium. Analysis of cell membrane fatty acids of S. typhimurium cultures treated with
TPP identified unique changes in saturated and unsaturated fatty acids, while scanning electron microscopic analysis
demonstrated the presence of perforations and irregular rod forms with wrinkled surfaces in cells treated with TPP.
Two-dimensional polyacrylamide gel electrophoresis of soluble protein fractions from S. #yphimurium cultures
showed 16 protein spots increased by TPP. These up-regulated proteins including proteins involved in antioxidants
and chaperons, transcript and binding proteins, energy and DNA metabolism were identified by peptide mass
fingerprinting using MALDI-TOF. These results provide clues for understanding the mechanism of TPP induced

|2 =

stress and cytotoxicity on S. typhimurium.
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L2} (Camellias inensis, L)y= A AAIZ o2 da] AH|EE=
=29l S Ro|tl &A= flavanols, flavanoid, phenolic
acid 59 polyphenolFE FHat=t], i Hxt9
polyphenoliF+ 7}H]7](catechins)o]atal g2 &= % flavanol
F+o|th(Graham, 1992). =2 3H-E 7171 5 S 2H|
E 7, FIEE, @S AA|, A, FASRE,
2hg 59 ohekstar fogt ek 9 ofe|EhE &44E 7HA|
= o= g glon, o|Hgt A-gEo| w19 & HE(tea
polyphenols, TPP) A&9] 7]Ql5}= Ao g Ry Qrt &
8] TPPO| Ada = W2 AtSolA BaEa AR o|
712k SJafjA] A|EZ O] Aeto] o] R R =R FAEHA B A|
A 3 ik A A 9 ke AAlske WHdEol gt
TPPS] G| AYE ato] gt L A7} HILEo|9) 2 Uk (Ahn
et al., 1991; Hamilton-Miller, 1995; Yam et al., 1997,
Hirasawa and Takada, 2004), TPPo] =25 LA Al
A ERS T} X2 e g BT BelE AT TP} 7R A
e Fekd] i o ofulrt dgols Brela,
A 2P A AE vlejg Aol
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Z2EHF 242 YA ZY A DA HekE d-st
<t F83 AnEE AlSshe ez 4A tk(Schmid
et al., 1997; Jungblut et al., 1999, 2000). 2-Dimensional gel
electrophoresis (2-DE)+= ©|E0] ojH AEF A FRHEZ Y
=S O 2E At 84 duds HAE 5 7]
oll, o1& fre S o Ao o] 82 4= Qi

olefe AL HlEko 2 Bxjolx] 23 TPPo| B H o2 A,
Salmonella typhimuriumol| X =% ThlAE9o] EAS AL}
=t ZL3tnt theFst S =9 TPPo| =29 S. typhimurium
o WERTH o Ak 249 WS, Teln AEds SAT
W219] DnaK ¢} GroEL Q] §- =5 ZASISTE TPPY L-Zof uf
25, oyphimurium®) AVBARE AR AN A S Folo] B2
slgon, TPPe] 2-87|2ke] 777 A =ikg T} Wrae Zae|
£0] B418 Fok ATVAZ 2N

EETE

Miztot HHEEZ

H AR X AN S. typhimurium-2 American Type Culture
Collection (ATCC)oY| A Ft43t S. typhimurium 13311 ARE-35}
4t} o] ¥ Luria-Bertani (LB) 9| = 1Aufx] o] FZE
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% &, B 17032 3|sh= 37C g7l oA s gR-A]
Al7|HA Aol AHESHET

Tea polyphenols
EXHCamellia sinensis, L) 25 €] tea polyphenols (TPP, <=

97% oVHE FE3ATE BXUS 20% oAeH2olAN ESHBIL,
ATfs}ol 22NE 474 T, S0-60T oA A EZaIAT} 52
& BAAZY| 2 BUsele] SAEE RS Fulshich 2uE
AWAo] BAFEBE 4812 WAIS] $I5te] 0.15 mM HiPO,
ol A FAXFH ). 52 FEE2 TPPe|| 234 718|71-& HPLCE
BasjelR wAAD, 719 Fa HaEe SHsgen,
I AET 5= 2 o) 24tk (-)-epigallocatechin gallate
(EGCG) (—~50%), (-)-epicatechin gallate (ECG) (~24%),
(-)-gallocatechin gallate (GCG) (~16%), (-)-epicatechin (EC)
(~2%), (-)-epigallocatechin (EGC) (~1%).

TPPOI| oISt AERIA 2|9} MEAIR

LB brothol A Rt AlZ252 2,000xg2 1087F A& st
o], dojZ] #AE A& 3L, 30 ml phosphate buffer (pH 7.0) ]|
A ~10 cells/ml | =% @A A 55 Qo] 482 ZAES
ZH)5l59th. #4l= 100 ml Erlenmeyer flasko] 4] AE@ ALY
(stressor) & 2 4] ThFE 5= 9] TPPO]| A 2|H ¥, 37Cofl A uj
FE St HigE ARE2 S5E o] LB A HE|X] 4] ml
2 colony forming units (CFUs)2] A<= Aol 2] AA =
ATHCho et al., 2002).

Fatty acids methyl ester (FAME) 241

S. typhimurium AN|3Zo] £A3H= phospholipid ester-linked
fatty acids= MIDI system (Microbial Insights, Inc., USA)E A}
831 fatty acid methyl esters (FAMEs)2] |2 EA= )
Fatty acid 52 AHEA} ool 4] AAIE whlol ket ey
ZtHCho et al., 2002). FAME-& MIDI database©]] 23 A%
= authentic standard 9] retention time} mass spectra-2 H]) 1l 5}
o] BAE|gIc). TPPo] 3t vh-g-o 2 #sbe AHhkS 2L
At MEZEL TSBolA]| 37C, 24X7H5<L v gstlon, 4=
A% A|EE= potassium phosphate buffer (pH 7.0)]| A 23] A&
3}4q, 5,000 pg/ml TPPS- E§}5]= potassium phosphate buffer
of HABAIZITE 12417 Wl 3, APAE 242 flolA 71sE

o] whet 2k

TPPOll .=EEl S, typhimurium MZ2| SEM 2

LB 1A ol A 24 A7k 52t A4k S. typhimurium 2] 322
0.5 cm® 37)2] 22 sHBE2 0 2 A} §. typhimurium |3
£ 235} HHEE-2 11 35 phosphate bufferof| A 37°C, 124]
ZF 521 3,000 pg/ml TPPo]| =& A|F Tt 1% TPPZ X2 H 3
gE2 1, 9, 528 I¥ 59 oA 7le" W o
2}, Hitachi S-2500C FAFAA}E )7 (Hitachi, Japan) 2.2 ZA}
3} THHo et al., 2004).

CHHH X!

Jor

= 0
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. typhimurium A3EE TPPO =&A|7]1 & 4C=E FX51H
A}, 2,000xgo) A 1057 AAlEe]ste] dojxl FAE 10 mM
phosphate buffer (pH 7.0)2 33] A|&Astct 15 5 buffer
o #AE At 4CE FAISHHA, 5 WE 3027F 103] &t
BohuA skl BuWAg FEsilnh THE s
3,500%g 2 3027F YAR T T GNYL Faska U= A
o2 2|3} Bradford WP(1976)% o]-§5t0] Thij ke 414

shec.

SDS—-PAGER} Western blot &4

SDS-PAGE £442 Bollag 5(1996)2] Bl o3 AA| =3
t}. Separating gel 12% acrylamide gelS ARSI oM,
stacking gel2 4% acrylamide gel-& ARSI A7 F 52
B gel staining solution®.Z 2A|17F G531, destaining
solution I destaining solution 112 A3}t AEFY A ZAT
W2 (DnaK @} GroEL)& £43}17] ¢3}e] Sambrook 5(2001)
9 B o] wha} Western blot-Z A A|SH4TH

O|XI 2! F7|H=(2-DE)z} in—gel digestion

2-DEL= o] 9] 7|48 Hhglol nfat AN SIStk Ho e al, 2004).
AAE protein spot> Aoj| A ZElo], 30 mM potassium
ferricyanide®} 100 mM sodium thiosulfate & ARE-3to] 2 FA
a1, ZR42 AHSG AAS AANIL, T AL 50%
acetonitrileX} 100% acetonitrile @ 2 Z}z} 1587F A7),
200 u1€] 100 mM NH,HCO; (pH 7.8)2 R} 2=8Hrehydration)d}
Fom, upx|gto 2 100% acetonitrile2 ThA] A Z T AF
HAEZ7I=Z AZAZ] &, AL 50 mM NHHCO; (pH 7.8)&
Z33l= digestion bufferof| Al AYHAIA, 02 pg trypsin
(Promega, USA)2 37 C oA 1641752t A 2|5tk I peptides
+ elution buffer [50% acetonitrile, 5% trifluoroacetic acid
(TFA)IZ -&3A17]2L, Eol7 peptide extract= At Z1F
HHEY7 R FEART T -20C of) AFsH5Tt

MALDI-TOF/MSO]| 2|§t peptide sequencing
Digested peptidest= 0.1% TFA £N-& ARE35o] ThA] 5o,
zip-tip Cis pipette tips (Millipore, USA)E AFE5le] & gslS
t}. Peptidess= CHCA matrix solution (10 mg/ml CHCA in
0.5% TFA/50% ACN, 1:1)Z AR&3}o] MALDI plate 2 &3}
%}l Mass spectrax= 4700 Proteomics Analyzer (Applied
Biosystems, USA)S A}8-51o] Agjct 1 & hula.2 NCBI
database®] o3t MASCOT (http://www.matrixscience.com)S
AREEE MALDI fingerprint data2 K€ 5 = Q1ch(Pertins et
al., 1999).
2 'II. =1] _Tl_il-

=24 x =

TPP L&0f U2 M| M=
TPPO] sL=Z7}o)| WhZ S. typhimurium®) =22 TPP7} 4
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Fig. 1. Survival of S. typhimurium after TPP shock. The cells were
maintained at TPP concentrations of 0 pg/ml (e), 1,000 pg/ml (m),
2,000 pg/ml (A), 3,000 pg/ml (@), 4,000 pg/ml (V) TPP,
respectively. At intervals, the numbers of colony-forming units per
ml (CFU/ml) of culture were determined

#8E 7HA AL Utk RS B S. typhimurium ] R}
B /d @l (colony-forming unit)= TPP2] =EA|7to] 23}t
Uk A 0.2 4SO, T 24l & AHE TP 3
=of| vt Th(Fig. 1). ~10" CFU/mIS] HF 02 A|&kstod, 7t
743,000 pg/ml®] EEoA] 8057} -2 E 4,000 pg/ml TPP
oA 6023t s 5 S. typhimurium €] R 22 A=A gt
TPP9| o] wg YFEAEA =22 H nalidixic acido] W}
391 8. typhimurium2) nalidixic acido]] 2]3F H-AMEA| AAAY
S Al ZHbgof tiet Aol frAkRE 2z HaE uf Qlok
(Lim et al., 2008).

TPP LE0f U2 Mz X[t x4 Hs}

TSBOJ|A] 24 X752t A=k S. typhimurium A|ZO| A, 18|31
3,000 ug/ml TPPS Z3}5= phosphate bufferof| 4] 40& Zot
TSBOA] Ak Az & A Abare] kS Blmshc
Fig. 204 RHojx= vlel Zo], a3k A4kl 12:00, 13:0
20H/13:0 iso 30H, 14:1 ®S5c/w5t, 14:00, 16:00, 17:0 17:0
anteiso, 17:0 cyclo, and 18:0+= TPPo|| =& % S. typhimurium
ANz A F7TsIR AT A4kl 8:0 30H and 18:1 o7cE &
Agt 2748 A AT TSBO A A S. typhimurium A
Zo A AEE R &PE XA 18:1 iso, 19:0 cyclo @8c= TPP
of 29 A2 F NE A4E 7k 42 2.3%, 1.5% 5
7¥st gt} B=0] TSBol| A A%t S. typhimurium A|3£ol] E2 5t
e A HFARR] 12:0 20HS} 16:1 iso= TPPo]| l=&F A EZ oA
A&EA ggrow, BrlAd o2 BAH 15:0 iso, 16:0 iso 30H,
16:0 20H 5] A|HHilof| A= TPP =Zof W W3y} 2%
AATE o]ek FARRE AR o] 5,000 pg/ml TPPO]| 12A17F =25
E. coli A|3E9]| diste] AA|E Q) TPPY|| 2% S. typhimurium
A|EZof| A 14:1 w5¢/w5t, 14:00, 16:00, 17:0 cyclo 52| Z|HFAto]
Z7V3F a1, 18:02} 19:0 cyclo w8ce= 4313 21, 17:0 anteiso
9} 18:1 iso, 20:20 w6,9¢c= Z}o|7} ¢tk B sl tHCho et
al., 2007). & Ao\ A =385 S. ryphimurium®] AIE E. coli
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Fig. 2. Fatty acid profiles of S. typhimurium analyzed by GC-FID
and GC-MS when grown for 24 h in TSB (control) or after
TSB-grown cells were washed and re-suspended for 40 min in
phosphate buffer containing 3,000 pg/ml of TPP.

RS} |5t} B W), TPP teof] w2 Xhabe] sk 7]
Z59} L2 ATk et YA Ao IR, oleie
Az} e ojeizlx] A s} 370 Aol FF] F5
of w2 A|zre] k3 ejetE o] e Ao AR

TPP LE0f| 2 M= 2 Hel H}

BEE AP BAste TPP &0l W S. typhimurium A|
29| QEFH 9] H3lE FAPAAEN]E S ARSSte] BESHS
ok AR R ARl o| A Hojg= Hle} Zol, TPPY]| k=&
A 2 AEfollA B A|(LB)olA At B Al Z52 v
3 A AFPAH] YL HoFch(Fig. 3A). 1=y
3,000 pg/ml TPPOA] 1205 9k Al el A EEL A|E Eo|
o] A71AY % sl x, Eelo] ZIHAE o] B
SAch(Fig. 3B). SAFE e slzo] 7o EAf3he Streptococcus
mutans, Streptococcus salivarius, Staphylococcus aureus,
Neisseria meningitidis, Lactobacillus plantarum 5-2] ThFst A
ol gt FAEAL dnl TR H2d ZE Ald=0] Al
Z17) o o= A7t g H e Ao] Had v glon, 2
Aol A B2 S. yphimuriumo A WEE AT Arkd 2}
o7} = Aoz FAETH(Cho et al., 2010). H7}A] Ato]|
A FE8] Tkt SeEA T HAS| HEEEo] TR 5

Fig. 3. Scanning electron micrographs of S. typhimurium treated
with TPP. (A) untreated cells; (B) cells treated with 4,000 pg/ml
TPP for 80 min.
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Table 1. Production of stress shock proteins in S. typhimurium treated with TPP at different concentrations

Treatment Stres-shock TPP (ug/ml)
time (min) proteins 1,000 2,000 3,000 4,000
DnaK + + + ++
20
GroEL + + + +
DnaK + ++ ++ +
40
GroEL + ++
DnaK + n
60
GroEL + ++ ++ +
DnaK ++ - -
80
GroEL ++ + -

o] eJ3te] A|zZof o] Itk A Boj& vt Qlck(Park ez al.,
2001; Cho et al., 2002, 2007, 2008; Chang et al., 2004). Ikigai
5(1993)2 TPP7} Alt9] A=t &/FA17]1aL, EGCG Y| A+t
A7} atel| A AR Al zhet Aol 7 Qlgttkar B skeich.

SDS-PAGE®} Western blot

S. typhimurium AN|EZE thoFst H%=2 TPP (1,000-4,000
pg/mi)ol] l=ZAZ1 Sof] FIA|Ze] w2 Al Z ol A W ==
2B A SATNL O] WAS 2ALSHEITH(Table 1). Z2 T
%l DnaK 9} GroELS] HHAH=E goli 7] §l5te] Folzl 5
oA 20& 7tH o= TPP 7 o3 f-= Y=+ DnaKe}
GroEL2 ZAFSHAtE Fig. 404 EojF= ukel Zho], TPP 5=
7F S giof] AlellA HE = FATHAL ST it
of| whet Aol FrstH e, BF =& TPPY 5271 5
7hgtel weh A EFE S7FSEAT S. typhimurium A X7} 2,000
ug/ml TPPo]| 1=2%|912 wf, DnaK 9} GroEL- ZHzh 4023} 60
Hoj| Hof| @S HFTHTable 1). 5% 9] TPPL} AA7H
O] leZo| A S. typhimurium NZEANA FEEE= AEH A F4
glE e I gastg o, o] AEjo AEE FAIAER A
° 7 HAsAS o Fej M Ho] o]FolA FAEE
o] Tt

TPP &of w2 ZRE|Ze| Hst
2-DE protein profiles 2242 S. ryphimuriumol| A A|3Z ohd

TPP shock (mins) DnakK GroEL

kDa M 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80

200 p
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Fig. 4. Induction of stress shock proteins in S. typhimurium treated
with 2,000 pg/ml TPP concentrations for different times. The stress
shock proteins were analyzed by SDS-PAGE (A), and western blot
with anti-DnaK (B), and anti-GroEL (C) monoclonal antibodies,
respectively.

Zo] TPPO| k=2 Fof| 371 B FA2AHE ZAH| st
o, TPP n| x| 2] A7~ =2} 2,000 pg/ml TPPZ 6027+ 22| €
N ZE ARE3te] AAEAck(Fig. 5). tigF 150 protein spots7}
isoelectric focusing (pH 4-7)2] 2-DE gel¥} 12% polyacrylamide
SDS gelAo| Al HEE 1t} 30 protein spots ©|4Fo] TPPZ A
2|9 AlF9] 2-DE AollA A= Gl e, o]F protein spots 7}
=t TPP Ao &Jsf FHo] 27|17} S7H 16715 5785t
7] Sfsted Aretsict.

MALDI-TOF& A3t peptide mass fingerprinting< 2-DE
oA HItE Y-S HojE dMAS FA5H] Yot AAEHA
t}. MALDI-TOF 240 2 X HojZ A3} Table 19] 7
=k 16719 SiEe JFHog FHEGoH, elucidated
amino acid sequencesS AR5} sequence homology©l 2]3f
EAZARE AAEH T 2,000 pg/ml TPPO| A 6027 % 2] = S.
typhimurium R|Eo|A Ast 2 RE=ASHKatE, YfaE),
chaperone protein HSP (DnaK, GroEL), ZAFHE 2] ofj 1 %] o
Aol o](Trm, CysW, AcrA), DNA thAKGyrA, Ssb) Sof o
oot TS| 1.8-12.3u12] HolA [E=E GITH(Table
2). o]5 WAL AlZoA Woi7| 2t TAE TPP-= Tid
S°] TPP k&0 A9} -2 $A] g2 FH 24 =250
NZE golstAY N2 &S FEd $a% 98-S stk
A& AlALsH T

EAFEES SREAN XA HE 78S A3k s,
R A0 Asste o= 49A ¢

Isoelectric focusing (IEF)

Fig. 5. 2-DE analysis of stress-induced proteins of S. typhimurium:
(A) control cells, and (B) cells treated with 2,000 pg/ml TPP for 60
min. Circled spots, up-regulated proteins.
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Table 2. Relative protein expression profiling in S. typhimurium treated with TPP

P Ldentificated protin Aceession coquence  nduction fold
Antioxidants, detoxification and chaperons
1 Molecular chaperon, DnaK AAO067746 28 6.2
2 Chaperonin, GroEL AAO71833 28 8.4
3 Catalase (hydroxidase I), Oxidative stress AAO71018 18 12.3
response proteins, KatE
6 Putative ferredoxin, YfaE AAO068291 35 2.6
11 Probable peroxidase AAO70051 48 42
Transcript and binding proteins
4 Oligopeptide transport protein, OppF AAO069281 13 5.8
Dipeptide transport protein, DppB AAQO71362 25 4.3
Energy metabolism : regulatory function, protein synthesis and electron transport
8 tRNA modification GTPase, TrmE AAO71173 23 3.1
9 Thiosulfate permease W protein, CysW AAO68134 12 34
10 Probable transcriptional activator AAO71999 34 1.8
15 Putative efflux pump, AcrA AA068096 14 2.1
DNA metabolism
7 DNA gyrase subunit A, GyrA AA068297 25 1.8
12 Single-strand DNA-binding protein, Ssb AAO71625 39 2.7
Cell envelope : Biosynthesis and degradation of polysaccharides and LPSa

13 CDP-glucose 4,6-dehydratase, RtbG AAO68472 32 24
16 Thiamine biosynthesis protein, ThiC AAO70983 39 2.8

Protein fate : protein and peptide secretion and trafficking

14 Secretion system apparatus

AAO68931 36 1.8

* LPS, lipopolysaccharide.

T ool e thFet T2 HaA Aol diste Al@Tin
vitro) = A3 A W(in vivo)ollA 3t ot ATE 7HA] = Zo]
Hulslch(Yang and Landau, 2000). 25 SFelallA| Q] o
|02 Q3 ZAMS s dstid, WA EERE S 7t
A AEE FE5F9 Ao stz sk A7 B2
B diidel Hu k. sAEEEY 4= EGCGrt
s}l A A) <1 imipenem-WAl Klebsiella pneumoniae®l] o3t
g3t FFart olgol 45E vk UTHCho et al., 2011). FF
9] A= SAFEES FAEC] 7= FEd digt A
78 E5}o] T A phytochemical o] FFRHE HI LB
S1, 7 712 el W2 2xE ojo} 2 Zloj}
He

o] At FAL 4t =X (Camellia sinensis L)V F&
3l 2= Y =(tea polyphenols, TPP)o| =% Salmonella
typhimurium®] o] 7}A] M| ZREEE ZAPH= Zolth. TPPE
S. typhimuriumo]| tjsto] Foj=ko] vl gt A A TE HoFG]
th. TPPZ X2 & S. typhimurium ¥Fol A AZoE F4d5k=
23} 9 S35} AR 2AJA et HE) dojt RS
2 EAEQon, AR B4 oA oFX|AL 5= TPP

2 A9 Al AlEzxde] o] L, o] 2% il E+F
gt moFo 2 T ATt TPPO| =& S. typhimurium v
of 584 Thal 28] et o9l Eejola o= A A
719514 16709 deido] TPP =&l 93 F7Fst= Aol
AU FAt3t % chaperons, HAF 31 A, ofif %]
% DNA tlA} Sofl el el Zgoks o5 wd o
W22 MALDI-TOFE ARE-3t peptide mass fingerprinting o]
O3] ZA =t ol5 A= S. typhimurium®) gt TPP %=
2EY A0 A=A 9] 712 olsfist=t] S8t BAE AT
a4 ek

i
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