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Abstract (UNARED)

Mechanisms of cadmium ions toxicity in microorganisms and their responses have
successfully been investigated. Proteomic profiles of Escherichia coli (E. coli) upon exposure to 0.2
mM cadmium ions were studied. In parallel, engineered cells expressing polyhistidine on the outer
membrane or cytoplasmic polyhistidine were applied to prove the roles of reduction of metal uptake
or intracellular metal complexation. Changes of aconitase, elongation factor-Ts, glyceraldehyde-3-
phosphate dehydrogenase and protein-disulfide isomerase were found in both control and
engineered E. coli. Meanwhile, expression of polyhistidine on the membrane mediated down-
regulation of H+-transporting ATPase, succinate dehydrogenase and glycerol kinase and up-
regulation of Mn-SOD. Expression of cytoplasmic polyhistidine led to decreasing of Mn-SOD,
succinyl-Co-A synthetase and outer membrane protein together with increased expression of
glycerol kinase. Such adaptations were concluded and further compared with environmental
bacteria. Bacteria from 41 sites were isolated and identified by MALDI-Biotypers. Four kinds of
bacteria demonstrated high resistance against cadmium ions as follows: Morganella morganii (1.6
mM) ~ Pseudomonas aeruginosa (1.6 mM) > Enterobacter cloacae (0.8 mM) ~ Aeromonas
hydrophila (0.8 mM). Enterobacter cloacae was selected to study the mechanism of cells in
response to cadmium. Growth curves and cadmium accumulation capability of the isolated bacteria
were subsequently investigated and compared with the control laboratory strains. Intracellular
cadmium contents after 1-hour incubation with subtoxic doses of cadmium ions at 0.02 and 0.2 mM
were determined by atomic absorption spectrophotometry. Cadmium accumulations in
environmental strains were higher than those of the lab stain. 2-DE showed that many pathways e.g
protein folding, protein synthesis, energy metabolism pathway and transportation were accounted for
bacterial adaptation in response to cadmium. Up-regulation of the cadmium-binding proteins were
observed in the highest cadmium-accumulated strain of Enterobacter cloacae ENO7. Moreover,
metal-responsive proteins were also identified and proposed as candidate biomarkers for metal
monitoring and bioremediation in the future.

Keywords: cadmium stress, polyhistidine, proteomics, metal complexation, outer membrane

protein, environmental bacteria
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1. Wafnsnalnminevsuaszaumasdamafafivaaslosaulanzunafiouuazing
lagandumnaiialdsdladng

2. IR aBNHLA= NI FILITN9T2 W (Biomarkers) amsaaamumstuiiionsas
loaaulans

Aa v 1

[ a [~
anInnilszaeataszusziauisddaudailn 2 iWa

{ €1 _a
L‘Nﬁﬁ 1 ﬂ']iﬁﬂ‘]&’]ﬂiﬂ1ﬂﬂ’]i(§lﬂﬂﬁ%@\??.lﬂdL%ﬂﬁﬂﬂﬂ‘l&ﬂlﬂ\‘lfﬁﬂg

aeazidyamuianasuwLun1 11w Manuscript ag/s:m?”mmiﬁm5mmau§'ﬂm’ﬁm§

UIU1T19%8 BIOMETALS 50?/8ﬂ&”)?[@7£/ﬁ?ﬂ@°:7ﬁ

a a '3
F3UHANITIVYUAZINT TN
lassnaunazllauiaataas Escherichia coli mﬂﬁuf TG1 Milwaasnd was
e a Ao & a A a Aaa A
Lmaammnmmaaﬂmaﬂﬂwugﬂmumm51Lﬂﬂvlmmaanma:ﬂmu@aamumg
melwlalanana Lmzaguuﬁamaﬁmmmu WWaNARAUFNNAZIUIINIIN Metal-binding
. A o o > € A o v a & A [ 7] ¥ 6
region WNaduwzAulancnmeluisas wiansaulane LinRaisas Lwalﬁmmmqmaa
U A 1 dl 1 1 6 a
GEGER UNasdan Tl asuulaina lnn1saauskaddalansianald ldanisasng
atingly
a A (d‘ o
NMINALRANLTRANUNNINARAL
Taglulavensiauh azldluiaasas Escherichia coli suWug TG1 Mulwwad
UN@UazLTad E.coli NNuMagausIn laun
1. TG1 host il control
2. TG1/pEV208 1w E. coli uWusnil vector 14 control w837 3
3. TG1/pEVZn iU E. coli spwuinaansniaaslisdugnuannfianoding
WaInInaci I uTiaSanan ﬁa%iuuﬁwnaﬁml,mu
4. TG1/pUC19 Lilu E. coli Wil vector Lilw control 28478 5

5. TG1/pGFP W E .coli mﬂﬁuﬁ:ﬁﬁ vector L control Va4Ta 6
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6. TG1/pHis6GFP (U E. coli snauifianansniaaslusdugnuaunfiansonying
vainnaiiluriiadafidu Negnululolawaay

\I8a E. coli N4 6 siagninmMage UMIAIIANNLTNTUIEY CdCI2 ﬁmnﬁq@
nlidlWizenyaisigdulefe 0.2 mM @It waa E. coli 19 6 THagniasalu 0.2 mM
anunannmsdsuarmeldanulluisuanaaiioulas two-dimensional
electrophoresis Iﬂsaugmwmﬁ@ﬁwmﬂﬁﬂ 2-DE (pl 3-10, 13 cm.) UNwLIaONdaxe e
Coomassie Blue @@Iﬂiﬁuﬁﬁmwmwmshaﬁ'uﬁé’aLﬂ@"[ﬁ%@Lﬁlu Qﬂé}”@ﬁ’lvlﬂeamﬁzﬁﬁm
MALDI-TOF Nan1snaaadnuin IﬂiaugﬂwamﬁmsJLﬂﬂ"lm@i‘maoﬂi@]a:mumﬁ@%aﬁﬁu 7
admululolawanay 289 E. coli (TG1/pHis6GFP) aztinliaannuiduivuauaaidoa

6 1 a J A A A s LY s a . .
melwaas laoazlinumaiudnaasldsduiinginuniiilasnunisiie oxidative stress
& a a a a ] a cll 6 a a a a A cll 1l a
Byazlidazaninmdndt lsdugnuanianoilyinduasnsaeiilusiiagafidn Naguuin
LIARLINLLTY VI E. coli (TG1/pEVZn)
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= = a a YY) A A & A [9)
wan 2 madansnlsoumnasunalnnisdsuarluaninznilanzvasranuaniaain
a [ o o 1A . a a =
AIUINA DN WAENIITNAWIAILIBTNIBININ (Biomarkers) tiNan13@naauni1sdwion

‘1]901888%T81&$1%§\‘] LL'JG]&?JN
adq a
3A5N1317398

NISLAUAIa819AIAZ D
& @ . a 4 Ao P A o
LAUA2089A BRI INLREINHANNLFLI WA TU W auaslane N LazaIn
LAY A a P @ & o ' a & A =<
wARIN L da NN REsIwTUw D auaslancniin - MIALUAIEINGR  LAUNANED
Uszanmh 5-20 LHwAlNaT nH26w lagldtandsaanaaanan  waztAuluwniouwsi
Uneanige Uszanaunadas 50 g mstiu@lesneiin  lhuNenuandszunm 5-30
AL as 1R Tasnndinnious ldlunansninlvaun Yssanmuwnasas 15 mL

mnfudaghadauuaiisyonduuazsii

fMWTUAIBE19NaY IYnAu 50 g wanlw Sterile Distilled Water 50 mL autilu
Wi dwsudmonain 1inin 15 mL nsasiwinesiazanaiietonawas las
ween thentwdenuefiseandietgeauuasin lagldanuisiseud 4000 rpm,
25°C \uaan 10 wifl @adIu Supernatant A9 Wndoiassuvos Middle Layer @o
Uszanm 0.5 mL wiloTuanfisaumin (Packed Soil) Toou3miazwuinduusnmiing

dreuuefiiuagunnfige shd1uuad Middle Layer 31 Streak 84U% LB Agar

msasresansasaanuaalansminyasBauyaiisy (Screening Test)

%173 Spread lang Cadmium AAWENT% 0.4 mM waz/m3a 0.8 mM Wiinas
Ut LB Agar awusafinta plate tiel$1ilw Screening Plate ¥1ms Spot Lauuafi3s
§7%V09 Middle Layer 41 Streak 84U LB Agar a9l Control Plate ua Screening Plate

wini 1 Incubate 1 37°C, Overnight tufinua

ms&?’nmnmyﬁufﬂaazfa
ddafianansanudalansuaailoy 0.8 mM W1 streak 89U LB agar Nvinnns
. A o o2 o a & o v a o * . a ao. &
isolate I Fatiunnanwmslalafinivive sinlddanFunsy uwnﬂgﬂmaLLa:mm@ammavLﬂ
¥in Biochemical test ¢l Oxidase test, Triple sugar iron agar (TSI), Pseudo P L8z
A [ (% o o ¢ d‘lp ‘:lI d.l'
Pseudo F  WRsHUWIWNAAIE m‘smLmﬂmﬂwugmaamammﬂ"l,@“%Umsao Mass

spectrometry (Biotyper)

n1madauANNRAalansuinyaBauUALsY (Screening Test) NkeALA
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N3 Spread lanz Cadmium %389%9 NANUITNTHAN 9RIUH LB Agar 3%
uisgiinna plate Waldidu Screening Plate ¥1n13 Spot \auuafiisaNUSUOD.winAy
0.1 US¥1@3 4 pl a9uu LB Agar 8k Control Plate Waz Screening Plate wan1inlyl

Incubate 7 37°C 18 T2 14 Tufinua

mamzidgasasuuaiisy luneialanenin

inlalafivosidafiidon ansubculture 89u% LB broth %111 incubate 37°C 1flu
a1 24 Tl ﬁnaanm’s”@mig@ﬂﬁul,mﬁmmmm‘é‘u 600 nmtﬁaﬁ@hﬂ’ﬁ@@ﬂﬁmm
Wt 0.4 vinoanudisla Flask $1wan 2 flasks (Control, Cd) lusasnan 1:100 waaad
i LB broth 2 ml Lﬁal%’l,umﬁ@mg@ﬂﬁuuaa@iavlﬂm flask LAzWRREANARBI L incubate
37°C 3-4 2139 &8 incubator shakerinnaaniafidl LB broth 2 ml NIANNIANALURI
# 600 nmLﬁaﬁmmi@@mﬁmmmwﬁu 0.1 Whdwcdc2 adlluudaz flask T9aziiaanw
dudugarinevas Cd 1w 0.8 mMily incubate 37°C 1lwian 13-14 Falae Ui

A = &
LNBDLNULDRR

NS UNITAAFINIUNITIIATIEY Atomic Absorption spectroscopy

WH897n flask 1naslu centrifuge tube (15 mi) 1 lUiTuft 6,000 rom 1lwaan 10
wn ﬁnﬂffu@@mu supernatant Aol TTudarasads Tris-sucrose 1U5N@T 10 mi
$199m 5 a3 Tapilufianusa 6,000 rpm Wwan 540 mnfugmd’m supernatant 14
1 %é’amiﬁuﬁwﬂ%q@ﬁmlﬁ nauasacmduilalfient ansie  transfer &
microcentrifuge tube s lUtuAinsa 12,000 rpm fuian 5 wifl ﬁnﬂﬁ?u@@mu
supernatant f9lal 16w tris-sucrose U331@3 1 ml 8l microcentrifuge tube iyt
ALY 14,000 rpm  LHwaan 30w mnfugwﬁm supernatant AU 1i@579150
cadmium ﬁL%ﬁaagmﬁaLL@imﬂau ﬁmwﬂ%’ulﬁmmﬂuwﬁﬁuﬁaﬁ oD winnu 1 Y3unas
1 ml i lTuRienusa 14,000 rom e 30w ﬁnﬂﬁf’u@@dm supernatant 1& nitric

acid 1 ml 18 92133

MIASHNTAFFIINTUNTITIATIEY Proteomics

L%ﬂﬁ]’m flask &4bb centrifuge tube (15 ml) ﬁﬁvlﬂflfuﬁ 6,000 rpm Wuaan 10w
ﬁrmf:’ugmd’m supernatant feld Thudnsimasann Tris-sucrose 1311@3 10 ml $1%7% 5
a1 Taniufin1ui32 6,000 rom 1w 5w ﬁnﬂﬁ?ug@mu supernatant Holi a9
miﬁuﬁwﬂ%q@ﬁw‘lﬁ nanansazaneduiitowdentu a1nsi transfer 1d microcentrifuge
tube T lUTTufinusy 12,000 rom s 5 widl mﬂﬁ?ug@mu supernatant 71914
\@¥ tris-sucrose US¥1@5 1 ml adlUlu microcentrifuge tube inliufianus 14,000
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rom (U871 3011 1INUUQATIU supernatant 1AL TIATIALTA cadmium wRaatinia

LL@imﬂauﬁ'}"LﬂLﬁuﬁqmﬁnﬁ -80°C

o 14 { & I { . .
myiadsaauandeaiigniiuazas lwoasuuaiiisy 1a399 Atomic Absorption

Spectrometer

ﬁtd@iﬂLﬂ%ad Atomic Absorption Spectrometer (Varian - SpectrAA 250 Plus) laglw
wavelength 228.8 nm sz 326.1 nm, Slit width 0.5 nm, concentration for 0.2 Abs 0.5
(228.8 nm) Wz 200 (326.1 nm) mg/l, relative lamp intensity 40 (228.8 nm) ias 100
(326.1 nm) @38 Cd ANTRdn 50, 100, 150 mg/l thalWia3asiadn Abs ¥ standard
curve 13inan (ublank (set 0) ladaotefitasoutialiiniasrinnsia wissazulans

I [ v U v & o >
sanundunsinoanutudu mg/l 19 SedrwiadIouifisuann standard curve Tufinua

AT12Y Proteomics: 2D-PAGE

Run 1°" dimension (Isoelectric Focusing): strip TW1@ 18 LTWAILUAT pl 3-10 an
Rehydration Tu tray 350ul/strip/ Sample loading and run 1st dimension 12 %;aim e
1309 cooling ‘ﬁqm‘ﬁgﬁ 20°C lus@u 200-500 pg laluns Isoelectric Focusing lag3s
cup loading mineral oil L&) mineral oil AWLWYD cup L‘ﬁaﬂa\‘iﬁu sample ELHAY

?thm%aaLLL%”’Ni@“ﬂ"JVLWWﬂﬁQﬂéTaa LAY A9ANLATaINITh

Step Volts mA Watt Time
1 50 2 5 600 W
2 300 2 5 1 Yty
3 3500 2 5 90 Yty
4 3500 2 5 300 W
5 500 2 5 120-240 Yty

nislaitiamn run 2™ dimension LA -70°C

Run 2'° dimension (SDS-PAGE): \@38% 12.5% Polyacylamide gel lag 1 gel §
US3Na51/52anms 25 ml aangl37 4°C fwam 24 Falusrowsianls strip 90'ld incubate u
Equilibration buffer | (Equilibration buffer | 163 DTT 100 mg/10ml) %1 15U LAz
Equilibration buffer 1l (Equilibration buffer L&y IAA 250 mg/10ml) 15 W 19 strip U%
polyacrylamide gel luuwInaudan standard protein marker lasaglwinasana
321N IPG strip Ay polyacrylamide gel L@3 1% Agarose gel s bromophenol blue 89 b ﬁd
TWiuutiedm duru gel anupnlusdudonszualwilalasld 1XSDS running buffedasn

ﬂ‘itLLﬁvLWW']LLﬂtL'JE\]"I@T\‘]ﬁ
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Step Volts mA Watt Time
1 3,500 40 200 30 W¥
2 3,500 80 200 240 W7
3 3,500 2 200 500 Falus (5
A0 mﬁ')

0 polyacrylamide gel l&@naaswana@n L@NF colloidal coomassie blue lA¥inuLIa2474.
\AY polyacrylamide gel 13 40Cc w3mthaiiunwlay Canoscan LIDE20 scanner
(Canon, USA).

nsiansiniziazaslysin
myazAoievaslysin lauis Peptide Mass Fingerprinting (PMF) lagnsaa
savaslisduanudwaaidond  uazihluvinsdesdisenlod  Trypsin  uazibly

JNzhedase MALDI-TOF Mass Spectroscopy

AANIINAaaY

WamsasI9AAnsasaNNNudalansminyagBouyaiSy (Screening Test)

MM AUGI0Ene 36 a0udi wuinludaingin 32 dra819 Gratnedn 34 Wa
ﬂ’]iﬁ@ﬂia\‘]L’%E]ﬁ;a‘%wﬁﬁ’lll’liﬂﬂu@iEIVLE]E]E]WIJEIGIE\MZWIIT] Cadmium finuEuTH 0.8 mM
Wun Wafimansanusaleaauuaslansyiin Cadmium Aanududu 0.8 mM ldann

Aaeantdu dw 1wIu 8 A1at1e ara1eNdln 1 N 5 a8

ms&?’nmnmyﬁufﬂaazfg

wud%%amulmyﬁmmsmu 3Uurly (Gram negative bacilli) FIURDIWLLNTY
uIn JUuriy (Gram positive bacilli) wazunInuINgl3ninan (Gram positive cooci) Uaz
diasnnnuunsuay iudulna 39¥mmesey Biochem test a7 lald Oxidase

test, TSI, Pseudo F, Pseudo P FIANANINAROU AINITINN 1AL 2



19

m‘i'l\i‘ﬁ 1 WFAINANIINAFDL Biochem test @18 Oxidase test, TSI, Pseudo P, Pseudo F

L%aﬁga%wﬁmmmwu@ia"laaaumaﬂamﬂﬁﬂ Cadmium NANULTNT% 0.8 mM

VDY
Sample [Cd] 0.8 mM

Oxidase | TSI | Pseudo P | Pseudo F
1(Cd) ~ - KIAG - -
2 (Cd) + K/N - -
3 (Cd) SE AU 5 AL + K/N + +
4 (Cd) - K/IAG - _
5 (Cd) < + K/N + +
6 (Cd) N - AAG - i
7 (Cd) + K/N + +
§(Cd) \_ AU AU 8 Fiasing KIN " *
9 (Cd) ( + K/N + +
10 (Cd) - A/AG - -
11 (Cd) J + | AAG - -
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1 3 1 1
A19197 2 N1sauunaufIeTeNuanlilneLAses Mass spectrometry (Biotyper)

Biochemical Test

MALDI-TOF/MS

ID Organism
Organism Score ( b Score
second best
Oxidase | TSI Pseudo | Pseudo (best match) Value Value
= F match)
Morganella Morganella
1 - KIAG - - 2.378 2.348
morganii morganii
not reliable not reliable
2 + K/N - - 1.484 1.42
identification identification
Pseudomonas Pseudomonas
3 + K/N + + 2.319 2.312
aeruginosa aeruginosa
Morganella Morganella
4 - K/IAG - - 2.665 2.508
morganii morganii
Pseudomonas Pseudomonas
5 + K/N + + 2.382 2.181
aeruginosa aeruginosa
Enterobacter Enterobacter
6 - A/AG - - 2.112 2.074
cloacae kobei
Pseudomonas Pseudomonas
7 + K/N + + 2.35 2.27
aeruginosa aeruginosa
Pseudomonas Pseudomonas
8 + K/N + + 2.375 2.276
aeruginosa aeruginosa
Pseudomonas Pseudomonas
9 + K/N + + 2.328 2.219
aeruginosa aeruginosa
Enterobacter Enterobacter
10 - A/AG - - 2.122 2.099
cloacae kobei
Aeromonas Aeromonas
11 / / / / 213 2.067
jandaei hydrophila
12 Aeromonas Aeromonas
- / / / / 2.262 2.241
(LWHN) caviae hydrophila
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MALDI-TOF/MS
Biochemical Test

D Organism
Organism Score ( b Score
second best
Oxidase | TSI Pseudo | Pseudo (best match) Value Value
P F match)
13 Aeromonas Aeromonas
o / / / 2.316 2.246
(vWN) hydrophila caviae

ANNuealansuinyadiiauuaiilsy (Screening Test) IMENUAITENIWITDVINFILINA DN

uazzfi’amnﬁaanmaad
18 4 wRa'leuA Enterobacter cloacae Pseudomonas aeruginosa Morganella
morganii Aeromonas hydrophila inudalanzuaauiion? 0.8 mM lagldanalnfianua
anvlunIszanuaaiisNramasINiga (8198400890 Preliminary data) fignidan
o = a 1 L = d&y a A
WMTIsufisuanuaInT lkanunuds lansninuaalsnvad Tanuaie
(Screening Test) TWINTANNTINARONUALITONNRBINARDY WU &InaunniTalu
Fwadaudanuamuisalumsnudsunatisuunnnin sndu Pseudomonas aeruginosa

AU

AN919N 3 AN NTUAEBENI1A1 Minimum Inhibitory Concentration (MIC) U438 1
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Background

Environmental pollution by toxic metals arises as a result of
industrial, agricultural and sewage disposal activities. These metal ions,
particularly heavy metals, exert their toxicities to all organisms including
human, animals and microorganisms. Most of the organisms attempted to
adapt themselves from these metals by utilizing several cellular
responses, e.g., reduction of metal uptaking process, sequestration of
metal ions by biological macromolecules, transportation of metal ions out
of the cells by efflux system, and transformation of toxic metals by
reductase enzymes. However, the underlying mechanism of metal
toleration remains not fully understood. Therefore, the aim of this study
was to investigate the effect of metal ions (particularly cadmium ions) on
cellular responses of bacteria by using two-dimensional gel
electrophoresis (2-DE) in conjunction with peptide mass fingerprinting.
Proteomic profiling of Escherichia coli upon exposure to toxic doses of
cadmium ions was analyzed. In parallel, cells expressing metal-binding
regions on the outer membrane or cytoplasm was applied in order to

prove whether reduction of metal uptake or intracellular metal
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complexation play significant roles in modulating cellular adaptations
against toxic metal.
Results

Results revealed that exposure to cadmium ions resulted in down-
regulation of enzymes involved in components in active transport.
Meanwhile, adaptation of cells by up-regulating the protein energy
metabolism and synthesis machinery was observed.
Conclusions

Our findings gain insights into the detailed mechanism of cellular
responses against metal toxicity and explore a high feasibility to further
search for a biomarker for metal monitoring in the future.

Key words: Escherichia coli, cadmium, 2-DE, me



