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ABSTRACT

Molecular Interactions between Cytotoxic Nitric Oxide and Pst
Inorganic Phosphate Transport System of Salmonella

Typhimurium

Choa Lee
Advisor : Prof. lel-Soo Bang, Ph.D.
Department of Dental Bioengineering,

Graduate School of Chosun University

Phosphorus is an essential factor for bacteria life, and is mainly found in cells in the form of
inorganic phosphate (Pi). Pathogens have phosphate-response (Pho) regulon to maintain Pi
homeostasis in a variety of stress environments, such as inside hosts. Pho regulon is regulated
through the PhoB/PhoR two-component signal transduction system and the Pi-specific Pst
system, necessary for Pi transport in bacteria. The Pst system is expressed by pst operon
composed of pstSCAB-phoU, and its expression is regulated by PhoB/PhoR system sensing the
extracellular Pi concentration in a PhoU regulator-dependent manner. It has been known that,
when the extracellular Pi concentration is high, expression of Pho regulon including pst operon
is inhibited by dephosphorylation of PhoB, and when the extracellular Pi concentration is low,
Pho regulon expression is actively induced by phosphorylated PhoB. However, molecular
mechanisms by which proteins of Pst system interact for sensing Pi concentration and
transduce their signals through interactions between PhoU and PhoB/PhoR are remained less

understood. In addition, the maintenance of Pi homeostasis in bacteria plays a key role in
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survival against nitric oxide (NO) stress, one of the antimicrobial agents produced by host
immunity. This study has worked on the molecular interactions of the Pst system in the
regulation of the Pi metabolism in Salmonella enterica serovar Typhimurium, a pathogen of the
family Enterobacteriaceae, and on the effect of NO in Pst system interactions. When the
extracellular Pi concentration was high, Pst expression was not affected by NO stress, but on
the contrary, when the extracellular Pi concentration was low, the induced PstS expression,
which must be highly expressed under Pi-limiting conditions, was largely suppressed by NO.
However, NO treatment did not affect the expression of PstS in AphoU mutant, demonstrating
the PhoU-dependence for the NO-mediated regulation of Pst expression. In order to find out
which proteins interacting with PhoU are NO targets for suppressing PstS expression, the
interactions between PhoU and PstB and between PhoU and PhoR were analyzed using a
bacterial two hybrid system. Results showed that the interaction between PhoU and PhoR was
significantly reduced by NO, while NO affected little to the PhoU-PstB interaction. And in the
absence of NO, mutation of Cys residues in PhoU to Ser decreased PhoU-PhoR interaction at
much higher rate than PhoU-PstB interactions, suggesting that thiols in these Cys residues in
PhoU could be the target of NO. It further suggest that nitrosylation of these Cys may lead to
potential conformational changes of PhoU to bind PstB more tightly, inhibiting transduction of
low Pi signal to PhoR for regulating PhoB activation. Further studies about the NO-mediated
regulation mechanism on the Pst system and about the interactome of PhoU associated with
NO stress will shed light on the insight into the bacterial survival mechanism under Pi-limiting

conditions in NO-producing animal hosts.
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LIZ Q2! Phosphate (Pho) regulon

Ay

=0, Ol= Escherichia coli HA XME8 ZAZJASMH, phnCDEFGHIJKLMNOP,
UgpBAECQ, phoE, phoH, pstSCAB-phoU, phoBR, phoA 12|11 psiE § e REXZ2

PHE0 UCH MZ W Pi £&2 Pst, Pit, GlpT, UhpT J2lD YjbB AIAE 0]

5 JIXl =SHME Sol 0IFHALCH Pit AIARIEZ Pi &2 2264 =502

=SgE SEZ Pi E +3&0tH, GlpT AIAE 2 UhpT AIAEIE Glycerol-3-phosphate
(G3P) £ = Glucose-6-phosphate (G6P)2t &2 RI|CIAS cytoplasm L =&0HHA
monoesterase 5= phosphatase 0l 2|6l Pi £ periplasm @2 HHZSICH YjbB A|AE2

cytoplasm Wi Pi Jf LHEHOZ

Ja

CIAS M Pi E periplasm 28 HEAI9{ AE LA

Ay

Pi &2 OIF=0 &3 =0 OHXNYH2Z, Pst AIAEEZ 4 It HHESZ
Pi 1) &lstd ABC & AAECZ Mz W Pi =50 X2 S sttt

(Figure 1A) [1-3]. PhoB/PhoR two-component system (TCS) = PhoB = Pho regulon

SEX A20 U= Pho box ZZ22HS2 DNA AE0H 286t Pho regulon 2
HAIE AEHoZ XHGle BtS REX0IMH [4,5], MXE & OlAF s=0fl et
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Figure 1. A simple model of bacterial phosphate transporter.

(A) Five systems responsible for transporting phosphate in bacteria. G3P, glycerol-3-phosphate;
G6P, glucose-6-phosphate. (B) A model of signal transduction pathway that regulates the
bacterial Pho regulon. When the extracellular Pi concentration is low, PhoR donates a
phosphoryl group to PhoB to induce the transcription of Pho regulon, and when the
concentration of Pi is high, it removes the phosphoryl group from phosphorylated PhoB (PhoB-

P) and stops the transcription.
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histidine autokinase 2 phospho-PhoB phosphatase & JtXl & &S ot= PhoR 0| QUCH
[6, 7]. Pst AIAENE pstS, pstC, pstA, pstB, phoU SEXZ OIR0U & pst LQHES

NI, periplasm Off =XHot= Pi o Z&ole EEZE SHEHE QL PstS, PstS Jf

H0
i
]

Pi £ cytoplasm 22 0ISAIJl= WML 9f HHEHAOI PstC 2t PstA, Pi

=52 g UXE dZot= PstB, dcld Pi =30 HNEHSZ 2t0{6HAl
ZAE pst QHE A &S 20 4 XL €S ot= PhoU 2 2EEHN

UCH [2]. =2 & HF0AM E.coli PhoUu = PhoR 2| PAS (Per-ARNT-Sim) & 0Iel &

PstB &t &SXHEE 0/FMH, Ol= cytoplasm OlA Pi s&0 et ASHE =X

A0 20dstCtn 20E Ht UCH [8]. Ml L Pi It Sl= Z2H0IM pst AIAEZ2
OIaE =50 =SRet IS ot=0l, ME 222 Pi )t =2 &S, periplasm 0

=XNE Pi £ PstSCAB S&AJt cytoplasm 2& SUotAl 206tAH o+, 0lH&
&S E PhoU Jt PhoR 0Ol MZ300 PhoR 2| phosphatase &S FXSE=ZM
PhoB £ EO0IAGIAIH SE4 A2 oS0, 12 QI Pho regulon 78 XS 2
HAE 20 BHUHZ, NIE 229 Pi s&Jt 2 B2 Pst AIAEES Soil Pi It
cytoplasm LHE2 R E 10, PhoU 2 dSHEYZ PhoR 2| SIAEIE (His) &J[JF Xt
OIAFSHEOf His-P 2 EAZEI|(-P)E PhoB 2| OtAIIZ EAHAsp)2l EII0IH =01

elatstE =&XGHK PhoB

ﬂllﬁl'

A 3StAIA Phoregulon 2 MALE & 8HCH (Figure 1B) [9].

=z &

02

AFSHE A (nitric oxide; NO)= XL YR A o=z2H BESdle 2o

HeZ dEEAN E=H0IUH [10]. HAAIE, BISAE S HAANE W MZO0l

CEDH |54 &AL @45 A(inducible nitric  oxide synthase; INOS)E

2436t NO 2HIE SSTetCh [11]. Ol A MAE NO = peroxynitrite (ONOO),
nitrogen dioxide (NO,.), dinitrogen trioxide (N,O3), hydrogen peroxide (H,0O,), hydroxyl

radical (-OH)2t &2 BtS4 & A Z(reactive nitrogen species; RNS) £= B84
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& A B(reactive oxygen species; ROS)2 2 &M EHAIZ{ DNA L= A 5 HIAAIHA
N &0 Ze=2 =0 SAS AHST [12]. 834 M2 =01 0leist RNS
SRMZOZRH A0tED| ?IoH NO E o= = A= =%E 8452 #=0, S
Typhimurium 2| 2% NO £ o=ot=0 flavohemoglobin Hmp Jt &SR8t IS

StCH Ol @J14 E£&= OIMSI1d Z2A40A denitrosylase 0f

°lof NOs; =2, &Jld

Z2H0A NO, E N,O 2 SHJAIZ2ZM NO E i=ot0 XU S8=2 L2210
[13-16]. &£8t A0l NO &R HEZE2C=2H HEdt=d Pi &&d RA= SQotCH
0 2dMd UCH [17].

Salmonella enterica serovar Typhimurium (S. Typhimurium)2 222 S &4
g Sd8L2 g, F3 L= M 2 AEEE Sas Z2o2H e
20 AIZ =S =clicteE A2 etS(salmonellosis)= 22I|= EUAMZOICH [18, 19]
0l 2348 NS 01830 2 =20 M= Pst 2lakE AJAE 2 ASHAA 249
ASEZ0 CHOLH A R2SHRULCH

5
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. Mz & 2

1. 9tElcIOF @=, i HHAl & i A

2 M= 284 Yo 2€Y¥HZ2 293|= Salmonella enterica serovar

Typhimurium 14028s (S. Typhimurium)S AFZ0l 12, lambda red-mediated gene

recombination 2Eo=Z 80l ZF ZL  TAP/SPA tagdt EHYE ZFE
MZEGHHCH &£t AMZEE Z24A0E ¥ 22| 2dIQE0IE 25 Table 10

LIEFLHRACE [20]. =3 HH Al 37°C 220rpm<2| shaking Z=210il Al Luria-Bertani (LB)

SHXl 2 0.2% glucosedt &EItE!  3-morpholinopropane-1-sulfonic acid (MOPS)
ZAUHKIE AFESHULCE 1mM 2IAFE(KH,PO,)O0l & RE BHXIE 10 214&kE MOPS
B Xl (HiP; MOPS), 0.1mM KH,PO,0| & == HHiXIE M 2/&E MOPS HiXl (LoPi
MOPS)Z &Hootd ) [21], 222l 22 HEZot)|l Aol &M kanamycin
(75ug/ml; KM), ampicillin (200ug/ml; AP) 12|11 chloramphenicol (20 pg/ml; CM)2
AE3THCE Bacterial two-hybrid system @& 30°C 220rpm&| shaking Z=24 0fl A
kanamycin (75pg/ml; KM), ampicillin (200ug/ml; AP) —12|/1) chloramphenicol (20 ug/ml;
CM), isopropyl-B-D-thiogalactopyranoside (0.5mM; IPTG)Jt S22t LBO BHSHA LD,

KM, AP, CM, IPTG, 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside (40ug/ml; X-Gal)Jt

o

S S0 2t LB-X-Gal plateJt A= ZI UL
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2. TAP/SPA tagging @3 HI&

TAP/SPA tag 2 1 red recombination system 2 Ol Z3t0{ TAP/SPA cassette & &1 &4

Jm

Jts8t kanaymycin &dHl LHES = S8 RS PCR &=Z= S, Typhimurium

S C-2HEZ0l 4otRULE. PCR Ol= template = plL148 =, Z2l0I0=

10
o
P}
10
O

¥
kU
rn

o
N

Obp & SIIME0 TF tag (5-TCCATGGAAAAGAGAAG-

32 2T=2 HMEGIUD, 0= Table 2 0 LIEFLHRACH [22]. PCR 2 TS 2
Aoz XM ACH 94°C 5min; 94°C 1min, 55°C 1min, 68°C 2min 10sec, 30 cycles; 68°C
10min; 4°C oo, M4 & PCR &22 Expin PCR SV mini (GeneAll, Korea)E 0| &35t
PCR purify otACH. 21 CtS®E = lambda red-mediated gene recombination 1t S &t

gdHoZ MHOUL, MEEH o

rr

PCR 2 western blot @2 & Q0I5+ L.

1A
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w
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1z
0g

& CHBHA (Green Fluorescence Protein; GFP) 0| & &t

A
>

IC
I
0
ne
13
[l

37CHA LB 0l &AM I 2 pstS-gfp(ova) E2tADIEE 2= #FE HiPi MOPS
Ol 1:100 22 MM&ESSIH 4 JtXl XA “CHEZZ(untreated; UT); 1mM S-
nitrosoglutathione & spermine NONOate 1 Al2t X 2| (+GSNO/sNO); HiPi MOPS 0fl A
LoPi MOPS 2 HBHAl Wil = 1 Al2t (Media Change; MC); GSNO/sNO 30 = X2l =

media change 2t SAl0l GSNO/SNO X2l 1 Al2t (MC+GSNO/sNO)” UM =& &&t

(]

!SIt log phase (ODgp=0.4~05)Jt &&= otALCH AMIZ0l UEHUH= &S

I

01222 2Z6tJ| ?IoH 1ml cell down AlZ4 1X Phosphate-Buffered Saline (PBS)2 &2

0y

g

2 2 washing = PBS 100ul 0l 201 &€& & 0|3 (Axioscope Al; Carl Zeiss, Germany)S
0|23t brightfield (BF) 2 fluorescein (FITC)MIM At&ES EHASHAULCE L6

i =]
Sagds

4

HAIES =FoHI| {51 1ml cell down Al PBS & 2 3| washing

o

re
nio

=
=)

ro

= PBS 100ul Ol 20X ZE cell 2 96-well black plate 0l 100ul € £ DTX 880

Multimode Detector (Beckman Coulter, USA)E 0| &30t && =X GtULCH
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4.RNA =& cDNA &4 % Real-Time PCR (RT-gPCR)

37CHA LB O EM II=2

RN

=£ HiPi MOPS 0Ol 1:100 22 M

F

0K
W

g

o
4

U =8t 4 JbXl =2 (UT; +GSNO/SNO; MC; MC+GSNO/sNO) 0l A

&8 30oto

= =<
xE

LZIt log phase (ODgyp=0.4~0.5)7t &&= oGtRUCH Z=HI= cell 3ml Ol 5%

phenol (95% EtOH)Z 15 HIE2 <21 ice MM 30 28 MAE SHAIIILD,
& A1 22/(12000rpm, 4°C, 10min)& phenol 2 & KNI HGHACH 10mg/ml lysozyme 2
000 2 €1 30 2 S € X2 vortex £ Soll MEHES T A2, RNAIso
Plus (TaKaRa, Japan) 1ml & chloroform 200ul € €1 5 22 420 A EISAIZI &
2 Al Z21(12000rpm, 4°C, 15min)dtd 3 2 & = SISt ASHRNAZ MZ=2
1.5ml microcentrifuge tube Ol SH==RUCL 250ul 2| isopropanol & 20 invert =
A20 10 2 & & A& Z21(12000rpm, 4°C, 10min)atO! isopropanol & M =

washing StJ1 ®Ioi 750ul 2 75% cold EtOH 2 invert & & & =2[(12000rpm, 4°C,

10min)ot ASH=S 22M HHGHH airdry 2 pellet = 2&0

¥

free water 100ul Ol pellet 2 =0{F=QC OtXIY2 2 Y0tU= DNA E HMIHHFD

A AlI21 & RNase-

£ DNase | (NEB, UK)2 X 2ldt%d 12, DNA contamination O] & =Xl rpoD primer £

AFE5I0d PCR 2 20I514CH cDNA = 845171 9Ioh 2ug RNA, 0.5ug Random

Primers, M-MLV Reverse Transcriptase (Promega, USA)E AIE0lRULCH Real-Time PCR

(RT-gPCR)S GoTag® gPCR Master Mix (Promega, USA)0il KIZ2E 2t © 2 Roter-Gene

Q (QIAGEN, Germany)E O|Z0ot0 AlHotRUCH RT-gPCR Ol AFZE primer =

2 Ol LIEFLHRA 204, housekeeping Gene (HKG)Q! rpoD Jt O &l&Q
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5. Western Blot

rr

37°COIA LB Off A Z3=Z HiPi MOPS 0

(]

S TAP/SPA tag = 2

o sZ8 4 JHX

Y

1:100 22 M&E SN

o

s o=
[==2ha ]

0

(UT; +GSNO/sNO; MC,;

MC+GSNO/sNO)UI Al =E &8 LTI} log phase (ODgyp=0.4~05)Jt EAS O

m
g
A

S FZ0RULH  Bradford protein assay (Bio-Rad, USA)E Soff HHHE =& E

tO4 10% SDS-PAGE gel Bl A SHHA S FZ2[6HR 1, polyvinylidene fluoride (PVDF)

OII

~
o

m\J

membrane @& transfer St Ct. Membrane € 5% skim milk (in TBS-T)E 0| &Zdt0d

ol

blocking & 1 X & & 2 monoclonal anti-FLAG® M2 (1:5,000; Sigma, USA) % 2 Xt
&t goat anti-mouse IgG-HRP (1:5,000; Santa Cruz, USA) X 2|5+%1 1, Pierce™ ECL
Plus Western Blotting Substrate (Thermo Fisher Scientific, USA)E 0|E0ot HHAS
detection OFIRACt O|0|Xl= Kodak Image Station 4000 (Kodak, USA)S AtE35H0

A2t 3t

kOII
ol

FALCH.

10
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6. Bacterial Two-Hybrid System (BACTH system)

R & Zip 2ctA0l&E= Pst T & Kpn I

d3= PCR % sequencing 4= ol MOl MUZ OIFHEB =KX &elotULCtH

BACTH system =5 A3cldot)|l ?Ioh KM, AP, CM % IPTG & €2 LB 0l

30°CUHIA ZAH HHGHO ODgp=1 2! cell € LB-KM-AP-CM-IPTG-X-Gal plate £&=

MOPS-glucose-KM-AP-CM-IPTG-X-Gal plate 0l 10ul % drop GtOf 24 HH3OF LIEHE
C}HH Xl D|—O| g}i&kg%

=

HDEXI 30°COf|A] Z|RICt. S8t B-galactosidase assay & Soff CHEHE

ol

[

tACE.

o
ol

11
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7. B-Galactosidase Assays

:
ra
1o
i

oA
ol
<
0
o
z
|_|_[.
0
1
|0
HU
v
&
@
53

p-galactosidase 42 FHA &
two-hybrid system OIA2 |R&EX &2 S HWME 2to] ASAzi 2430 UL

—

= AP0 M= p-Galactosidase &4 ZA 0l =0l ALE0t= Miller Units O] Ot:l CHE

fon

Y S 2l(units)E Ol 2oHAULCE 96-well plate &2 B-Galactosidase &4 24 -0

!

o Hels2 s =20 M 0101 210E "t ACH [23, 24]. KM,

o

ro
nfo

=
0

rr

&

Chek
AP, CM, IPTG = HM2Ist LB O Al IS BHES 2000 = 800ul 2 D.W Of
S|&GH 600nm UMl 28 LT (ODgp)E =AEOHUCE A 1.5ml microcentrifuge
tube Ol 800ul & Z buffer (60mM Na,HPO,, 40mM NaH,PO,, 10mM KCI, 1ImM MgSO,,
50mM p-mercaptoethanol, pH7.0)0l 200ul 2 BHZ=S & ItotRACH. 30ul & chloroform
2 10ul 2 01% SDS € &I = 15 = SO vortex £ & &F2[(13,000rpm,

1min)ot0d Zai3t 8t MIXE OHEDE chloroform 2 24 E2lXl 210 200ul o &A&SHS

96-well plate 0l S5H=RUCL Z buffer & SOH=Z & 0.4% o-nitrophenol-4-D-galactoside
(ONPG) 40ul E 2 MEZL A0HE = Epoch Microplate Spectrophotometer (BioTek,
USA)E 0I5t 420nm UHIA 2 &8 L& (ODgym)E 2 Al2E SO 1 20 St

= & GH QU LY. p-Galactosidase &4 &2l (units)= CS 0t 201 HAZI UL [8].

Units = 1000 (cell &) X OD,,, JIEJI (OD,,,/min)

02 (3|4EHE) X 1:4 HIEE =88 0D, &

12
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8. Site-directed mutagenesis

PhoU 2| Cys (TGC) ZEZ2 Ser (TCC) DESCz H&ol =2l =2dI

I

EtOIEE HMIZESHH point mutation 2 XIS CE. S. Typhimurium 14028s 2 template 2
083t 1 Xt pfu PCR (phoU_Kpn_I_Fw + PhoU* C72S Rev, PhoU* C72S Fw +

phoU_Hind_III_Rev)S +&oIUCt. MAEE PCR &2 Expin PCR SV mini (GeneAll,

Korea)E O|Z35t0 PCR purify & PCR &t==2 40 95COHAM 10 & denaturing =
10 20iCH 25CHX| 10TA SF=0OH0! annealing 6t CH 0l E template 2 0| &5t

phoU_Kpn_I_Fw + phoU_Hind_III_Rev primer £ 0|Z5t0 2 Xt pfu-PCR S &35t 11,

(@)

agarose gel loading St phoU =J[2t Y XIGt= PCR &== Expin Gel SV mini
(GeneAll, Korea)S 0|25t gel purify of .0l =& 229 Hegte4AE 0lE6tH

S = pT18 plasmid vector Of| ligation 5tRACH. =#FIF MIUE MEEA}=X PCR &

sequencing =4S Soll &CIotALCEH.

13
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Table 1. Bacteria strains and Plasmids

Strain Genotype Source or reference
EK395 Hfr D dcya 1400::KM A — el14- relAl spoT1 thi-1 [25]
EF646 Acya-1400::KM / pT18-Zip::AP / pT25-Zip::CM [25]
FB336 E.coli K-12 (MG1655) [20]
FB411 DH50. / pCP20::AP [26]

IB1 S. Typhimurium 14028s, Wild-type ATCC
1B2163 WT / pstS-gfp(ova):: AP This study
1B2294 WT / pstS-gfp(ova):: AP, AphoU::CM This study
1B2363 pstS-TAP/SPA tag::KM This study
1B2364 pstS-TAP/SPA tag::FRT This study
1B2369 DH5a. / pT18-Zip::AP This study
1B2370 DH5a / pT25-Zip::CM This study
1B2374 pstS-TAP/SPA tag::KM, 4phoU::CM This study
1B2381 DH5a. / pT25-Empty::CM This study
1B2383 DH5a / pT25-PstB::CM This study
1B2384 DH50. / pT25-PhoR::CM This study
1B2385 DH50. / pT18-PhoU::AP This study
1B2389 Acya-1400::KM / pT25-PstB::CM This study
1B2390 Acya-1400::KM / pT25-PhoR::CM This study
1B2391 Acya-1400::KM / pT18-PhoU::AP This study
1B2392 Acya-1400::KM / pT18-PhoU::AP / pT25-Zip::CM This study
1B2393 Acya-1400::KM / pT18-PhoU::AP / pT25-Empty::CM This study
1B2394 Acya-1400::KM / pT18-PhoU::AP / pT25-PstB::CM This study
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1B2395
1B2434
1B2435
1B2436
1B2437
1B2438
1B2450
1B2451
1B2452
1B2453
1B2454
1B2455
1B2456
1B2457
1B2458
1B2459

Acya-1400:

‘KM / pT18-PhoU::AP / pT25-PhoR::CM

DH5a / pT18-PhoU* C72S::AP

DH5a. / pT18-PhoU* C110S::AP

DH5a / pT18-PhoU* C195S::AP

DH5a / pT18-PhoU* C206S::AP

DH5a / pT18-PhoU* C210S::AP

Acya-1400:
Acya-1400::
Acya-1400::
Acya-1400::
Acya-1400::
Acya-1400::
Acya-1400:
Acya-1400:
Acya-1400:

Acya-1400::

:KM [/ pT25-PstB::CM / pT18-PhoU* C72S::AP

KM / pT25-PstB::CM / pT18-PhoU* C110S::AP
KM / pT25-PstB::CM / pT18-PhoU* C195S::AP
KM / pT25-PstB::CM / pT18-PhoU* C206S::AP
KM / pT25-PstB::CM / pT18-PhoU* C210S::AP
KM / pT25-PhoR::CM / pT18-PhoU* C72S::AP

‘KM / pT25-PhoR::CM / pT18-PhoU* C110S::AP
‘KM / pT25-PhoR::CM / pT18-PhoU* C195S::AP
:KM / pT25-PhoR::CM / pT18-PhoU* C206S::AP

KM / pT25-PhoR::CM / pT18-PhoU* C210S::AP

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Collection @ chosun

15



Table 1. Bacteria strains and Plasmids (Continued)

Plasmid Genotype Source or reference
pBAD18 Expression vector containing the arabinose operon Pgap promoter, Ap?  [27]
pKD4 Plasmid carrying the FRT-KmR-FRT-cassette [20]
pCP20 Plasmid expressing the FLP recombinase [26]
pJL148 Expressing C-terminal TAP/SPA fusion plasmid, Km® [28]

pT18 pBluescript Il KS containing T18 C-terminus of B. pertussis cyaA [29]

pT25 pACYC184 containing T25 N-terminus of B. pertussis cyaA [29]
pT18-Zip pT18 containing leucine zipper domain [29]
pT25-Zip pT25 containing leucine zipper domain [29]
pT18-phoU phoU -'cyaA(T18) in pT18, Ap® This study
pT25-pstB cyaA(T25)- pstB in pT25, Cm® This study
pT25-phoR cyaA(T25)'- phoR in pT25, CmR This study

pstS-gfp(ova) Expressing Green Fluorescent Protein (GFP) OVA fusion plasmid This study

containing the pstS promoter, Ap®
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Table 2. Oligonucleotides

Primer Name 5'-Bases-3"

TAP/SPAtag £

pstS-TF-Fw GAA GAC CAG TAT AAA AGA CAG CAA CGG TAAGGC GCT GTAT
TC CAT GGAAAA GAG AAG
pstS-TR-Rev GTA GGG CGG ATA AGC GTA GCG CCA TCC GCC AAT TCG TTA

ACATAT GAATAT CCT CCT TAG

RT-PCR

rpoD_RT_Fw GTG AAATGG GCACTG TTG AAC TG
rpoD_RT_Rev TTC CAG CAG ATA GGT AAT GGC TTC
pstS_RT_Fw CGG TAT TCG CGG TGATTT GTT
pstS_RT_Rev TGT ATG CCAAAT GGG CGG A

Bacterial two hybrid system &

cyaA(1-224a.a)_Fw CGCAGTTCG GTGACCAGC

cyaA(225-399a.a)_Rev GCG CGAGCGATT TTC CAC AAC

pACYC184_Rev CGG AAG GAG CTACCG GACAG

phoU_Kpn I _Fw TAT GGT ACC GAT GGACAG TCT GAACCTT

phoU_Hind II_Rev TAT AAGCTTATC TCTTTC GGATCTTTC CC

phoR_Pst I _Fw TAT CTG CAG GGG TGC TGG AAC GGC TG

phoR_Kpn I _Rev TAT GGT ACC CGT TAATCG CTATTT TTG GCAATT AAACG
pstB_Pst I _Fw TAT CTG CAG GGATGAGTATGG TTGAAACTG CC
pstB_Kpn I _Rev TAT GGT ACC CGT TAACCG TAACGACCG GT

Site-directed mutagenesis
PhoU* C72S_Fw CAG GTT AAT ATG ATG GAA GTC GCC ATC GAT GAA GCC TCC
GTG CGTATT ATC GCC AAG CGC CAG CCGACG GCGAGC GAT CT

17
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PhoU* C72S_Rev AGA TCG CTC GCC GTC GGC TGG CGC TTG GCG ATA ATA CGC
ACG GAG GCTTCATCGATG GCGACT TCCATCATATTAACC TG

PhoU* C110_Fw GAA CTG GAG CGC ATT GGC GAC GTG GCG GAT AAA ATC TCC CGT ACC
GCG CTG GAG AAATTC TCC CAG CAG CAT CAG CCG CT

PhoU* C110_Rev AGC GGC TGA TGC TGC TGG GAG AAT TTC TCC AGC GCG GTA CGG GAG
ATT TTATCC GCC ACG TCG CCAATG CGC TCCAGT TC

PhoU* C195_Fw TCG CGC ACC ATT CCC AGC GTG CTG ACC GCG TTA TTC TCC GCG CGC
TCTATC GAG CGT ATC GGT GAC CGT TGC CAG AAT AT

PhoU* C195_Rev ATA TTC TGG CAA CGG TCA CCG ATA CGC TCG ATA GAG CGC GCG GAG
AAT AAC GCG GTC AGC ACG CTG GGAATG GTG CGC GA

PhoU* C206_Fw TTC TGC GCG CGC TCT ATC GAG CGT ATC GGT GAC CGT TCC CAG AAT
ATC TGC GAATAC ATC TTC TAC TTC GTG AAG GGG CA

PhoU* C206_Rev TGC CCC TTC ACG AAG TAG AAG ATG TAT TCG CAG ATA TTC TGG GAA
CGG TCA CCG ATA CGC TCG ATA GAG CGC GCG CAG AA

PhoU* C210_Fw TCT ATC GAG CGT ATC GGT GAC CGT TGC CAG AAT ATC TCC GAA TAC
ATC TTC TAC TTC GTG AAG GGG CAG GAT TTC CGT CA

PhoU* C210_Rev TGA CGG AAA TCC TGC CCC TTC ACG AAG TAG AAG ATG TAT TCG GAG
ATATTC TGG CAA CGG TCA CCG ATA CGC TCG ATA GA

Underlined sequences indicate restriction sites
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Figure 2. The level of pstS transcription.

(A) WT treated with ImM GSH, GSNO, spermine and sNO respectively in HiPi MOPS. (B)
phoU mutant shows a high level of pstS transcriptional expression. (C) WT were grown in LB
overnight at 37°C and then reinoculated in HiPi MOPS to log phase (ODgy = 0.5), and treat (+)
or untreat (-) with 1 mM GSNO/sNO for 1h at 37°C; or resuspended in LoPi MOPS then
incubated at 37°C 1h. RNA was purified under the material and methods. The relative mRNA

level of the pstS gene was measured by quantitative real-time PCR. The expression levels of
target gene were normalized to that of the housekeeping gene rpoD, and shown in all data

represent the fold value divided by the HiPi UT used as a control.
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Figure 3. Examination of gfp expression in pstS-gfp strains.

The strains were grown in LB overnight at 37°C and then reinoculated in HiPi MOPS to log
phase (ODggo=0.5), and resuspended in LoPi MOPS with(+) or without(-) ImM GSNO/sNO

for 1h. Gene expression in bacteria was detected (A) using BF and FITC by fluorescent
microscopy, and (B) the fluorescence of cells washed with PBS was measured in a 96-well

black plate.
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Figure 4. Effect of PstS-TAP/SPA tag expression by low Pi

(A) Western blot analysis of cell extracts prepared from PstS-TAP/SPA tag. Total cell extracts
were grown in LB overnight 37°C and then reinoculated in HiPi MOPS to log phase
(ODggo*=0.5), and treat (+) or untreat (-) with ZmM NO for 1h at 37 C; or resuspended in LoPi
MOPS then incubated at 37°C 1h. The expression of TAP/SPA tagged proteins were detected

by anti-FLAG M2 antibodies, and the predicted size is indicated in the figure. (B) The relative
MRNA level of the pstS gene was measured by quantitative real-time PCR. The expression
levels of target gene were normalized to that of the housekeeping gene rpoD, and shown in all

data represent the fold value divided by the HiPi UT used as a control.
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Figure 5. Principle of an E. coli two-hybrid system.

(A) In E. coli Acya, cAMP synthesis occurs when it has a full-length catalytic domain (residues
1-399) or when two interacting proteins (e.g. Zip-Zip) are fused to two fragments. The
synthesized cAMP binds to catabolite gene activator protein (CAP), and cAMP/CAP complex
recognizes the specific promoter and transcription occurs. (B) The Structure describes pT25

and pT18 and indicates the restriction enzymes used in the multi cloning site sequences (MCS).
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Figure 6. In vivo interaction between PhoU, PstB and PhoR.

The BACTH system was used to identify proteins that interact with PhoU. The strains were
grown at 30°C in LB medium supplemented with appropriate antibiotics and 0.5mM IPTG. (A)
For screening, the transformants was dropped 10ul on the LB-X-Gal indicator plate and
incubated at 30°C until the color developed. The leucine zippers (Zip) fused to the adenylate
cyclase domain was used as a positive control, while PhoU paired with the Zip plasmid or
empty vector was used as a negative control. When hybridized proteins interact, all colonies
form blue, whereas non-interaction they form white (pale blue). (B) For more quantitative
analysis, f-galactosidase activity was assayed in stationary phase (O/N) cultures. The strains
and plasmid constructions are shown in this Figure. Interaction between hybrid proteins induce

lacZ expression by reconstructing the adenylate cyclase (CyaA) activity in E. coli.
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Figure 7. Effect of NO stress on protein interaction.

The strains were grown in LB medium supplemented with appropriate antibiotics and 0.5mM
IPTG. p-galactosidase activity was assayed in log phase (ODgy=0.5) and stationary phase

(O.N) treated (+) or untreated (-) with 1 mM GSNO at 30C.
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Figure 8. In vivo interaction between PhoU*, PstB and PhoR.

The strains were grown at 30°C in LB medium supplemented with appropriate antibiotics and
0.5mM IPTG. (A) For screening, the transformants was dropped 2ul on the LB-X-Gal indicator
plate and incubated at 30°C until the color developed. All strains shown were dropped together

in one plate. (B) For quantitative analysis, f-galactosidase activity was assayed in stationary
phase (O/N) cultures. Zip-Zip was used as a positive control, and PhoU-Zip and PhoU-Empty

were used as negative controls.

35

Collection @ chosun



I

"] |
-

Nz 0l &0t 212

M2 0l AFBHEL A (NO) 22

i Pi = XlGt|

2|5t

al
=<

, Ol= PhoB/PhoR two component system

O

SOl et ¢s0l 2E8HE= NESHS Pst system

2 ==0lMe ralel

S. Typhimurium W Pi s&

I

2 U CHFigure 2-4). OIE

01K NO Dt Of® crewmo

o Jlss

o

2?6l PhoU-PstB £ PhoU-PhoR

bl

[og]
BA

. 1 Z1, NO Jt

—
—

L20lA PhoU

—

EME [ PstB 2t=

5015+

g

=
=

CHEH Xl O]

JtE [ PhoU 2t &S

Collection @ chosun

At(inorganic phosphate; Pi)2l & F =

HALIZES

Pho regulon

PstS o &&

Oz AsH
Ct (Figure 6, 7). 0l2{8t NO 2

I nitrosylation Oif 2 R8t Cys &J12 JIs

—

= 40| Ct.

CZRH Meots

2  Phosphate (Pho)

Pi 0l SOIMO0I0 M2

(]

2 =Ch (Figure 1).

=

=
S

ot=

interactome O|



2A2tol Cys MIIE SO0l AIS I HRESl ASXS0| ANSSEZM,

,3
28
w
[z}
1o
0x
fol
=2
x
=
S
(%]

=
)
S
=2
1o
ro
o
g
A
e
(]
=)
oy
ko
ro
18
14
mio
ok

PhoU-PhoR 2| ASEHE2 NO AEHAN 2o AHME=d, Ol= Cys
nitrosylation Ol PhoU-PhoR 2 &SXHEE HL & ZAAZ0NME =0t

SHH AS&EEZ0| 20LlE 2422 20t 0l= Cys 2 S-nitrosylation 0 OF:l

Ct.

et

04

< Ot

[l

& MNALISOH 2doh PhoR el ASHE0 AMEBCtD M2 = = UL

(Figure 7,8). 8t 0l218t ASEE2l 2AH= PhoU 2 Cys &J|2| thiol group Ol NO

FH

=0

utn

= UACMH, 0 22 2UE O82=Z LIEFHRUCH (Figure 9). Ol

i

B JtE2 Cys JF A HE0l o NO o Z2E8E = 9= SEHY 3=

S-nitrosylation 0| =Jtsot0{ NO 2HE &= = ULLD d=2s = UL &

JIE2 Cys = XJISDel M2 Zeoteds 8&0] ZotH disulfide bond & &

OII

K H

NO 2

= RULH Cys IJb M2 disulfide bond A= 0|F= X B2 NO 2 Z&< thiol

group (-SH)Ol 8104 nitrosylation 2 O{LIXl 2&2=Ch 12 2IGH NO JF &0

A =

1, disulfide bond € &8t Cys & st JH2 Cys E =SAHBO0| Al

disulfide bond &= OI2H Cys It Z&0l ZI1H M thiol group (-SH)O| AI[H & 11,

0l= NO 2 B2tL} nitrosylation 0] 2 LI NO € RESAH ASEHE0 L

]

ULt AOICH O LIOHIL Pst AIAE0IA NO

bl

regulon 2 &&0l OIXl=s & & HHUS S0l ol &= SOk

ct) M2t=C

37

Collection @ chosun

o 4+

! PhoU interactome Ol 2lai Pho

LI N



l Cytoplasm

Transcription

L
Pho regulon I_

Figure 9. The interaction model of Pst system

PhoU interacts with PstB and PhoR, and the interaction with PhoR is reduced by NO.
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