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ABSTRACT

The Study on the Changes of Bacterial Inorganic Phosphate
Metabolism in Interactions between Nitric Oxide and

Salmonlla enterica serovar Typhimurium

Jeong, Seon Mi
Advisor : Prof. Bang, lel-Soo, PhD
Department of Dental Bioengineering,

Graduate School of Chosun University

For successful infection of pathogenic bacteria, tolerance to nitric oxide (NO) stress produced
by host macrophages is essential. Previous studies have shown that inorganic phosphate (Pi)
homeostasis is important for nitric oxide tolerance of Salmonella. In this study, I have found
that, when S. Typhimurium were treated with NO, the concentration of intrabacterial free
phosphate is reduced while levels of total phosphorous contents in Salmonella are unchanged.
This result suggest that NO and inorganic phosphate may interact in Salmonella in vivo. *P
NMR spectroscopy was employed to observe the phosphorous compounds in Salmonella
during NO treatment. The result spectra present chemical shift of peaks corresponding
orthophosphate and also presents new peaks of phosphorous compound unidentified so far. In
order to check where these new peaks of unidentified phosphorous compounds come from
inside the cell, contents of cytoplasm and periplasm were isolated by cold osmotic shock
procedure. The result shows that these new peaks of NMR spectra are derived from periplasmic

space in Salmonella. In order to get increased amount of these new phosphorous compounds

vii
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for further study, | have used Apst operon pitA mutant Salmonella lacking major
orthophosphate transporter Pst and Pit systems. Because it has been known that most of free
phosphate in periplasmic space are transported in to cytoplasm by Pst and Pit. Unexpectedly,
these new NO specific peaks disappear in the Apst operon pitA double mutant, but in the ApitA
single mutant, these peaks were observed, suggesting that these phenomenon is related with Pst
transport system. In Pst transport system, PstS is the Pi binding protein that transport Pi in
periplasm into Pst transport complex, so expected to play an important role in forming the new
NO specific peaks in periplasm. **P NMR spectra of ApstS mutant also did not present the new
peaks. However, ApstS mutant harboring complementing pstS clone was not able to present
these NO specific peaks. This seems to be related to the not yet identified mechanism of the Pst
transport complex. In conclusion, I have found that Pst transport system is associated with the
new phosphorous compounds formed by NO in periplasmic space of bacteria. Future research

will be needed to characterize these phosphorous compounds and related mechanisms.

viii

Collection @ chosun


http://endic.naver.com/search.nhn?query=phenomenon

2 S0IC
S=

A=

ot=
SOE/USH ALEO0IL

s
=

0

=]
=}

g]

X
o

=]
=

A
26 8 2] 0F 0l
014+9)
DI

JEIFAY

i

Z 0t
2,5000+ Xl

—

—

S. enterica®l
PSgeXiDS|

& EotA

Salmonella enterica
0f

—

Salmonella enterica serovar Typhimurium (S. Typhimurium)= 245 0l A

& A

Joom ol o w 5 o R & o © < K0 <
S B R B o Woa T 2 S m K
2 of WM = R0 T -~ 5 € » _ o <%
2 3 = 2 5 5 - a9 - X
E m 3 2 ® S ™M & gf = RO
— h S =T 2 < 8] =
3 RIS o1 d m 3 K
S qo o s o 2 S
= .x_.m W = 70 S 350 <K o X ol Mo
X0 @ <F Ko e W ®w mw X
ool 00 = o KomE 5 5
o3 o ._.L_._ o= ®| M= ru- ol
m — o) o_o =) ioJ = o w. .
B 10 b = =2 0O Iz D
m = 8 w . T £ B s Z % oo
p " S _ 5 o= & 2 = D
2 w & F 5 & 0 B o4 & o2 o &7
S D W i = © 2 I S 5™
R O~ m m = ® =z o g =
G W £ = R w6 © o % om W
w o 2 M@ % oz o W= Bl
_ = R = K = = o= o
ol W & w ° A S
104 n = = g
Koo 7 W o5 o wom U35 AR
a1 w0 5 o wow oy 8z g o M
g 05 8 _ 3 2o ¥ w oz UL ow 5 o=
5 B T 0oz ow s o w 25 W < H
WO oW 2 woa oy WoE 5 T
X0 KK &I — KO _.A_u = i o_n c - 0 i0J
M oz = < &= 4 Rr o ~ o = u
X0 D dor ERE > 50
X X w oK Wz o &
oF KF- 7 M oK T R = I3 O
0 oF ol B =z v ¥ _ X KT =
ol A0 =0 . K3 ™ g o g
Iy ] m W - 2 o
N Wy W oM o oo H o< s K
33 780 ol 0l Kk 0 0J <l 3 = ok Kio -
Sy M woR KT T "
a5 w T T B R - % <
Mo m oW s WX s WMoz @ o5z A~ =
o T <« W M+ T B E < 0 O . X
ol o oo & ok S KT owm Z <l oK

nitrogen oxide (NO,),

HX=

Collection @ chosun



peroxynitrite (ONOQ"), dinitrogentrioxide (N,Os), Z12| 1) S-nitrosothiols (RSNO)%t &2

Ches

rd
o

A& A ZF (reactive nitrogen species ; RNS)2 HAAIZH 2ld A= H K=
superoxide (O,--) Lt hydrogen peroxide (H,0,) =2 & & &4 S (reactive oxygen species ;
ROS)2t &M M=ol s =2 &0 HI>ALSO0IC [10, 11].

S. Typhimurium2| Flavohemoglobin Hmp= Al=# LH2] NOE dli=dt= O =&t

Je
!
ujo

ot= Aoz &AM QUCLH NOJE Xel& SalmonellallAl= S& A HIE LIE

Lt=0Ol [12], HmpJdt NOOI 28t s& 9HME 20 HANIZENAM Salmonellall

Al

—/

0l
o

=
=

rr

Ct. Hmpe NOE ZJI14, OIMESIIE T2AHUHAM=E 0,-2/ &4 denitrosylase
HALES2Z ZEAME (N0 )2Z ofsotH &EJl48 X2AHHAN= 0, SEH
deoxygenase HIHLIS 22 O&ISE A (N,O)E S AI2ICH [13].

Hmp 0l21S F T2 NO N& 2

A2 LOIED] fAst dHAHARO AFE NO
Mol SI12! (inorganic phosphate ; Pi)2l =&01 280&tli= JAS ZAMCH [14].

Ol (phosphorous)2 Alz?# i QIXI&, QITHBHA Etx512, SHAl SO SRst MEZ Xt

CHAF, CHEHA) STIE ZEot= MSSIA Btg, UK AL ME S &g
=
.

=)

72 A& L WAHQ 0def JtXl Hatol tHSoHo
L2 gad2 RAdte A0l 2ED SR, P2 &a4H | £5 M2 AL
E2=XOICH E. coliOll M Pi2l Z&EW & AZHHCZ AZLN A= S XL 40004
H50I04, Ol= MMl proteomell 10%0| oHEdt= ==XtOICt [15]. E. colitilAl PIiE
L&ot=0 =2 205t= Pho regulon? S&X HHEJAE2 HOHST 4040104 Pho
regulon2| sHAl BH = eda, phnCDEFGHIJKLMNOP, phoA, phoBR, phoE, phoH, psiE,

pstSCABphoU 2 ugpBAECQZ 9JH2| XAt SOICH [16]. Pho regulon & X+
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nt

& &2 TCRs (two component regulatory system)@! PhoR1t PhoBO| 2|5 OIF &l
Ct. PhoR2 Pi2] =0l WMet BtESdt= GIAEIE IILIOHA MM SERA 0|0 PhoB=
HAEL JALE 243 AIZIHL HHAIDI= B2 & Xt (response regulator ; RR)OI Ct

(Figure 1) [17].

(A) Promoter

737bp /] 788bp 1,162bp
phoU tB

N

(B)
Pho ON Pho OFF
* A
Pi * Pi+ *
* % * % *
* & * L, [/
Periplasm Periplasm

Cytoplasm Cytoplasm
@ PstB PstB) (PstB
hoR PhoU hoR

* . 1
%w Q‘w
Kinase Phosphatase

v v

Transcriptional Activation

4o PHO
] Pho regulon gene
boxes

Figure 1. Pst operon structure and model.
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GIpT (glucose-6-phosphate transporter), UlpT (sn-glycerol-3-phosphate transporter) Al A &l
S0l QUCH [18]. Pst =& AIAEIE pstSCAB-phoU operon0il 2ol & &0 PstS=
periplasm LH Piet Zelole &2 Zg HHEZ pst =5 AIAHIN PIE 2Btol=
Jl=sS &Lt PstCet PstA= PstSIt 28tet PIE MEE W2 0lsAldle IS

otl) PstB= Pi =52 <t GIUHXIE XEotH PhoUs Pi sTOl HE &S E

2
rr
i
to
Iy

grst PstS It periplasm 0ff S&&T™
M MIZStol PstCAB S&HAlt Z8otl 0l AlS= PhoU 0l 23 PhoR Off &< & 0]

PhoR 2| ZAIEIOIN E4dE SJEZM B2 ZE X2 PhoB £ E0l4tst

Pi £ =3 ol= Pit AIAEISl ZEH2 RXEC [20]. BHHHZ NE 212 Pi 550t
4uM 018t [H= PhoU Jt PhoR 2| ATPase =01 BHS&E 22 M PhoR 2| 3| AE]
C XD[JF RtD|QIAFSE (autophosphoylate) &l 1) 91&HD|= PhoB 2 OtATIIEHIOIE
M2 FAHM PhoB-P JF SHECH 0l QI4HDI9] 0lS2 PhoB E &43HAIZ11
PhoB-P SEiZ Phobox & ZZ22H0 Z&0otH S HMAE SAAIZICH [17].

Pi =&XI2l pst operondt pitOl Z&EE SHWHO| @It NOO
&2 JtA1 PIE S=Soi=% NOOI Ui&t LHEOl ChAl 2 =&l= 2401 2elE A
t [14]. Ol= PiJt S. Typhimurium2 NO MEHH Z RS OtF ZSRE Riacts

20ICH 2 AHR0AM=E P NMR spectroscopyS AF25H0 A5 =0 NMRO| gt

SNIIDYR A0S DE S B8 T DX HEHUMN H2 XY HAl 2K
DFo DES HEHE HYoH| B M FHSID CHS =ROICH [21] ES
NMR EAEe 2Xol 38 2 g8 = H49 W2 252 25100 ZYAS
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2 dHIAWAM=E OrME Z#3= (WT)Z Salmonella enterica serovar Typhimurium
14028sE AtEStA D, 0 AN AMEBE SAHPO0O| @FF= Table 10 H2IoHALH

Z4F9 i¥S <&t BiXIZ= Luria-Bertani (LB) broth &2F UiXI 2t 0.2 % glucoseS

H
ol

fot= E = ABHAI (2.35 g/L MgSO4 50 g/L citric acid monohydrate, 87.5 g/L
NaNHs;PO,, 3275 g/L K,HPO,) 12l12 04 % glucoseE ZE&3dt= MOPS (3-N-
morpholino propanesplfonic acid) Z 2AUH Xl (8.37 g/L MOPS, 0.72 g/L Tricine, 0.0028 g/L

FeSO,4-7H,0, 1.9 M NH,CI 5 ml/L, 0.276 M K,SO, 1 ml/L, 0.02 M CaCl;,-2H,0 0.025 ml/L, 5

M NaCl 10 ml/L, Micronutrient stock 0.02 ml/L)E ArE5tCt. MOPS HiXl= 1084

s&& HH BtE = 0.2 um sterile syringe filter (Corning Inc, Germany)Z2 O 08t =

20C 0O 22 ot0 AMEE [ OtCH &= (distilled water)0ll =04 AFZ0IRLH £2
fJlel ZANMM= 01 mMOILE 1 mM KHPO,E 20 AIEoIRL], =2 FJ1¢

ZAMM= 10mM K,HPO,E €0 AHE6HRILCEH

AEst F= 25 g BHILII0A 37T, 220 rpm =492 Ui Lot0 AISot)A
O &MH = chloramphenicol (20 pg/ml ; CM), ampicillin (200 pug/ml ; AP)2 Ui X Ofl
20 AtZotRL
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2. pstS EE(Clone) &

4

pstS clone (1,317bp)E Bt=J| ?lol HNH PCR == ol

o
rr

ol KA 22
HRACH PCR SE0U AI2E F=EE S. Typhimurium 14028s ZAHXI0| 10, Table 20

EOIE pstS Forward Z2tO|(H2t pstS Reverse ZetOIHE AFESHRAUCE i-pfu DNA

OfH

gf& A (iNtRON Biotechnology Inc, Korea) O|&d PCR &=2 AlIZLL S=EE
PCR &t=2& PCR & MIZIE (GeneAll Biotechnology Co. Ltd, Korea)S At&ol & KMot

4, Z20IH 220 22st Xballt Hindlll (NEB Inc, USA) £fIE Maetei

i

AESHH ZetWCh Xballt Hindlll Hgtsa XMelE & pBAD30 HE2F 20| gel

ZHMIIE (GeneAl)Z FHMSH = T4 DNA ligase (NEB)S AESIH ot

O
S

ZZ Al E.coli®! DH5a0ll EEXME AL EHE 222 LIE pstS Forward, Reverse
T2l0IHE PCRE Aol ZHEZEW CE AIOIZE =2t ChAl LB broth S
BHXIO StF St HiYst = ZctADNEE &2l ot 28t EctA DS

CtAl Xballb HindIlIE Xclot pstS 2ES =S &QIGHALE

3. MBIEA (NO) R 2

SpermineNONOate [(Z)-1-[N-[3-aminopropyl]-N-[4-(3-aminopropyl ammonio)butyl]-amino
diazen-1-ium-1,2-diolate ; sperNO] (Cayman chemical, USA)E &H3HE A S0 AlE AFE6t

U Ch sperNO= 0.01 N NaOHOll =04 500 mMZ HIZ&ESt & -80TC 0ff 220 AIE

ol

HOtCH Sl A6t AFSotATH
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4. RNA(Ribonucleic Acid) &

otF =02 BHSEt S. Typhimurium OFME Z#=Z 1 mM Pi X211t 10 mM Pi
£242 MOPS HHRIO 1:20022 &ESH = O0.Dgyonm 8401 050 & MIHAX
BHLSIRACH 2 242 FEUMAM OtRA2E XMeldtkl £2 (untreated ; UT) =&

3mAE SN gl=otdd, 3 mI0ll sperNO 500 pM= XMe2lotACt Ol i 10 mM Pi

2219 & 3 m2 01 mM Pi MOPS BHXIZ M&EStL] 0.1 mM Piel X£212 MOPS
BHXIZ 1AI2F Set 20] et = 2oLt

348t @0l 5 % phenol (95 % EtOH) 600 ul (1:5)2 £ 1) vortexing o S0l A

3022t Xceletth 4 TOlA 12,000 rpme 2 1022t Ea =22l

]

= phenolS M1t
1 pellet®fl 10 mg/mlZ HMIE St lysozyme (Sigma Aldrich Inc, Germany) 100 plE €1
A20M 220 StHMA 10 =2 & 302 vortexing oFACEH &l TS RNA iso
Plus (TAKARA Biomedical Inc, Japan) 1 ml2 1) vortexing & & 20 A 522t

S XIAIFI12 400 pl2l chloroformES 210 CHA

A20 M 522 EXIAIZI = 4THA
12,000 rpm@ & 15&72F A Z2l Al 500 WdE T2 ASHI JAMAHAH N FE=Z
SACH O A4SH0 250 pl2l isopropanolE2 E 10 inverting £ 10228 XA
ChAl 2AZ22|ol ASHS MAHGHACE OZH 2218 RNAO 750 wel Xt 70%
EtOHE Z€ 1 MAS = AHZXAIH DNase free water (GeneAll)Ol ZdHAIZCH EOt

A= DNAE DNase | (Sigma)S & 20A 2AI12H X elol M Hok L.
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5. cDNA (complementary DNA) &4 % & & PCR 1 real-time

(RT) PCR

cDNA &4 2 1 ug 2l RNA 0l Rnasin Ribonuclease Inhibitor, Random primer, M-MLV

fo

reverse transcriptase (Promega Co. Ltd, USA)E AtEGtRUCH cDNA 2 &4 =A
25C;10 2,37T;60 &,90C;5 222 HHGIUCE. B PCR 2 e-Taq DNA polymerase
(SolGent Co. Ltd, Korea)S AFE3dt0{ 95TC;5 &, 95C;40 =, 52TC;30 =, 72C; 1 &,
72TC;7 22 XAH2Z 25¢cycle & AI&BHRALCE real-time PCR 2 c¢cDNA £ JtAl12
GoTag® gPCR Master Mix (Promega)S At&olf &l ot ALt Rotor-Gene Q (QIAGEN,
Germany)E 0| &8t real-time PCR 2| =242 95C;2 &, 95C;15 =, 60TC;1 222
40cycle 2 Al &G CE

MEE Z2t0lH= Table 2 0 2 HIotA20 B PCR 1t real-time PCR 0Ol
At&8t control Z2t0I0{= housekeeping =& At rpoD OICH Z2t0|H= mbiotech

AHOIlA K&t Ol = ok AT
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Orde =#=2 E ZIAHIXIONA O.Degonm 0.57F = [HILXl BH S uT

&V

=
=

o

t2 33t 1 mM sperNO2E 3 mM sperNOE 22 X 2Iatd 1AI2F O BHFSHRALCE
O 08 1t Z7s2 28 AH=HStLD J4aZel ot 22 pellett 0.5 M2

perchloric acid 100 wWE £ 5&0iCH 104 & 30 vortexing of MEE I

-

12,000 rpm, 4 T2 ZHUAM 1022t FAZe| o 4SSN 50uE 3=5tACH [23].
212l £&FE Malachite Green Phosphate Assay kits (BiosAssay Systems, U.S.A)S

ANSotHCH H 96 well cell culture plate (SPL, Korea)Oil 0, 4, 8, 12, 16, 24, 32, 40 pM2)|

ol 20} 1], Reagent A?t BE 100:12 =& 6tN

—

P

& standard 24Ut MHZ 80 A

o
HII
o

Working ReagentE Ct=0{ 20 pl#l EF8t = pipetting2 2 A HFRUL 302 &

T
010
>_

|21 ¥ Epoch Microplate Spectrophotometer (BioTek Inc, USA)MI Al 620nm I} & 2

£
nio
Jlh
0
ol

FRCH e ChS Graphpad Prism2 0| &6t0d standard curveE ot 1

O
H
i
S
HH
|0

2 M

s

o sk

i

ot ALTH

7. ICP-MS (Inductively Coupled Plasma Mass Spectrometry)

i
Hl
o
ol
f| r

S. Typhimurium OF8 & Z3=Z 0.2 % glucose E ZIABHXI0IA BH ot
O.Dggonm 2401 050t &/H UT @FE 2 3+3t12 1 mM2l sperNOE 2f2f 1Al2H,

2A12F MelIoHRILH ZEa+2 28 MEHGHLD &=l ot 22 pellettl Nitric acid

=
3
o
(i
kJ
<
)
T
X
5
«
ro
ol
(o¢]
ol
2
x
N
(&3]
HI
N
o
=3
5
«Q
(o]l

D 16,000 g, 2029
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8. *P-NMR (Nuclear Magnetic Resonance spectroscopy)

ol BHYS 22 0.2 % glucose E EL&dl= E ZAUIX 80 ml 0l 1:200 22
CtAl &8 = O.Dgoonm 0.7 MR &HE BHAGHRUCE sperNO E XM2IE Al 1 AlZ2tS
O BHSHACH D8l CHE 4,000 rpm, 4 T2 ZHUAM 10 ESCF A Zelst £
100 mM 2| MOPS Buffer (20.9 g/L MOPS, pH 7.0)2 3 & ME5I%CH ASHS o<

XA St pellet 0 Deuterium oxide (D,0O) (Sigma) 600 ul £ =11 vortexing otACH 2

0z

Z 2 5mm NMR tube (NORELL Inc, USA))0Il '£0f 20 COIM CIOIEE =H5ACL
Observation frequency 121.5 MHz, Acquisition time 0.3 ==, delay time 2 ==, scan 25,000 £1 2]
2422 Lambda AL300 (Jeol Ltd, Japan) spectrometer & S0 J|=0tiCH Chemical

=

shift = 85 % Phosphoric acid solution (Hs;PO,) (Sigma) external reference & AtE St

P
0
ol

FACE.

11
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9. &M (Spheroplast) &4

MEDNX Z2H NMR 4 Z0 0.5 M Sucrose, 0.03 M Tris-HCI (pH 8.0), 100 mM EDTAE
&IIot) vortexing SFRCH 2l &=20 A=z WEHIINA 180 rpm22 102 72¢

shakingSt £ 12,000 rpm, 4 T2 =Z2AH0UA 1022t J|AZ2| oFAUCH &

Ol
12
o

MAHGHD X2 D,O0 1 mlZ vortexting o) 4 T2 ZZHOA rotator2 1020t
shaking St Ch CHAl 12,000 rpm, 4 T2l Z2H0A 3022+ A =2 ot ASHS

3| =3t HLt pellet2 D,0Z vortexing Al A& GHAULCEH

10. NI d& =& =& (Bioscreen)

LB broth BHXIGIA GIHEE BHSH S. Typhimurium OFME =3, ApstS =AHHO

22 2|0 pBAD30 HIEIQ pstS 22 HIE(D

—_

S0 ApstS SHPHO| FFE

A Z2IoH PBS (phosphate buffer saline, pH 7.0)& 32 AIESt & O.Dggonm 3401 10|

TE 5 SIAAIZCE el 500 uMSl sperNOJb EEtElAHLE E

gon

CSDNI

FIO
m
eal]
>

BH Kl O.Dgognm 2401 0.029F Z &= Microplate (Honey comb)0ll & Z35tSUCE
Microplate= Bioscreen C Microbiology Microplate Reader (Transgalactic Ltd, Europe)S

AESHH 37CUHAM  24A128 st WEGIEAM 308 2ASZ O.Dgom 2
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http://endic.naver.com/search.nhn?query=europe

=
kH

Table 1. Bacteria strains used in this study.

Strains

IB1

1B1134

1B1187

1B1195

1B1320

1B2063

1B2122

1B2136

Genotype

Salmonella enterica serovar

Typhimurium 14028s

ApstS :: CM

ApitA :: CM

Apst operon pitA :: CM

Apst operon pitA :: CM / pUC19-pst operon :: AP
ApstS(no AB)

ApstS(no AB) / pBAD30-pstS :: AP

ApstS(no AB) / pBAD30 :: AP

13
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Table 2. Primer used for construction of clone and quantitative,

real-time PCR analysis.

Primer name Primer sequence (5’ - 3°)
Clone
pstS Fw TGCTCTAGAACATGTGATGC
pstS Rev TATAAGCTTTTAATACAGCGCCTTA

gRT, real-time PCR

rpoD Fw GTGAAATGGGCACTGTTGAACTG
rpoD Rev TTCCAGCAGATAGGTAATGGCTTC
pstS Fw GGTCTGGGCGGTAAAGGTAA

pstS Rev CAGGTTTCTTCTGCGCTTTG

14
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1. NO Ol 2oH HIXZ W SII2l4t (inorganic orthophosphate)

STt 20 E0h

NOE HMelotdE M MZEUWS Pi == Z0tED] o G810 201 A &3HALCH
A S. Typhimurium O S Z= (WT)E E ZAHIXIHA Bist G2 1 mM1t 3
mMZ2| sperNOE 22t HMe2lotRCH AMEZEIE SAEX 2H MZS = perchloric acid

(HCIO»HE Hclol =&42 MEYS X2 Ee8e dX U2issS 4 EclotH

i
1
0
ol
2

HIHotd &HOll EollEl= 0

11
un
=
r
ro
>
Ol

9" © Z malachite green assay
M W AR Piol =& 2ZoIACH O Z 10 sperNOE Xelotkl 22 JL2C
sperNOE  HMclgt A0A Pi =%t O A URCH (Figure 2A). Z3 g2
sperNOE Xclgt = HMaIotkl @ %22 UFH HWEESZ LIEUWHA2H
2AG6HAEH 1 mM 20 3 mM2l sperNOE HMelst MZWAS Pi =0t O ERULCH

HHAS Pi =2 =&EotJ| <ol ICP-MSE ==t 1 214

A
o
P
Hl

P

sperNOE Mol |20 42201 MEZ MM Pi s&= LS WS L = AJUL
(Figure 2B). [t2tAl NOE HMc2lot®H AIE W 4ol Pi & s&EJ EHE=E S

g = ULL
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A

150+
c
Q
Ji
c
@
o
c
e}
o
=
=
B) uTt 1mM sperNO 3mM sperNO
150-
c
Q
£ 100-
c
T
o
c
o
o 50+
o
;e
0-

uTt sperNO 1hr sperNO 2hr

Figure 2. Intrabacterial Pi concentration and total phosphorous contents in S.

Typhimurium.

Wild type cell were cultured in the E minimal media with or without sperNO. Cells were
treated percloric acid after washing. Inorganic phosphate levels measured by malachite green
assay. (A) The intracellular inorganic orthophosphate concentration of wild type treated or not
with sperNO. (B) Through ICP-MS, phosphorous comtents in the whole cell by sperNO is

constant.
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2. S. Typhimurium 0l NO & XclotH pstS 2] MALE0| SItst

Ct.

pst operon 2| NO Ol 2|8t &&s HSE 20t2I| ?IoH operon 2l H B S& A
Ol pstS 2 MAtEES SEHMNEJUCEH 1 mM Pi MOPS BHXI2F 10mM Pi MOPS BH X
2t2t0l A log phase 2! O.Dgoonm 0.5 DEAI HHFGHL) 500 uM 2| sperNO £ HMelatA L
10mM Pi MOPS HBHXIOIA 0.1mM Pi MOPS BHXIZ HIH 1 Al2tE  BHLGHSICH

RNA € =06t HH8AMELE AEGHH cDNA £ 48 = & PCR S ofRL

HIoh sperNO £ Xclgt @F0UAM2 pstS HMAME=2 XMelothl &£2 =0 ook
20l SOt £ 10 mM Pi MOPS HHXIGIA JI2 ZF2 pstS = HE

SALEIX AKX 0.1 mM Pi MOPS BHXIZ HHH HHEGHRAUE LI pstS &AFE0l 3

_N0|'

SOtot AL (Figure 3A). O HEGHAH =QIGt)| <o real-time PCR & S8t MAIES
=XoICH HY PCR 2 Z0te OF&IIXIZ sperNO JF Mel&EdH X %2

HECH pstS ®AFZ0l Z0t5H

Ol
%)

1 Pi Jb EHE MOPS HHXIOIME pstS & AHEO|

SItotA L (Figure 3B).
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(A)

10mM to
1mM 10m M 0.1 mM

sperNO

1000

100

AACT (T/UT)
-—
o

1mM 10mM 10mM to
0.1mM

Pi
Figure 3. pstS transcription in S. Typhimurium.

Wild type cells were culture in the 1 mM or 10 mM Pi MOPS media. And Treated with 500
uM sperNO or transferred into 0.1 mM Pi MOPS meida. pstS mRNA levels were measured by
quantitative reverse transcriptase PCR assay (A) and real-time PCR assay (B) using total RNA
purified from cultures. rpoD were housekeeping gene that used as normalization control for

gRT PCR and real-time PCR assay.
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pd

=
0z
0g

oFE E I

ZAHUHA 1 mM2| sperNOE X elol 1AI2¢

(Figure 4B). sperNOE X2l

=2

A |
=

mj3ass = UAULH
polyamine spermine®t 4!
spermine2 X 2l5t0d NMRS
e 2

b ZRUCH (Figure 4C).

sperNOE  XclotHLI SIlelat

Zel

9%
[

o=2or stz
-12.9ppmZ 0l M2 21

stet==0l NOOl 2o Hatols &

Collection @ chosun

OE HMcIotHE W S. Typhimurium<)

ABHRION A HH &

otACL

S Al PiJt sperNOJE Ottl sperNOOIA 2I2tEZ AEE

ZdotA =0l

X2lgte S, Typhimurium 2 *P NMR spectra Jt

P NMR spectraS &tQI5t)| <IH

FSH

—

OF O}
[E=gPVN

o

0l Z3t= sperNOE X eldtXl

2] 5l

=i kelie

2

O XHAIGHA AIH | ol

o &ot=

all

orthophosphate 01| 2-4ppm  Z 0l

OO (Figure 5) -8.7ppm, -8.9ppm, -12.7ppm,

o
AA AN

ULt (Figure 6). MetAl Salmonellall oI
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(A)

(B)
(C)
g iphling T o I e P e
| i | ! | . | . | y | b |
10 5 0 -5 -10 -15 -20

Chemical shift (ppm)

Figure 4. P NMR spectra of S. Typhimurium wild type.

S. Typhimurium wild type were cultured in E minimal media with (B) or without (A) 1 mM

sperNO. (C) is treated with 1 mM spermine, a ligand of sperNO used as control.
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(A)

(B)

(C)

Chemical shift (ppm)

Figure 5. Orthophosphate region of P NMR spectra of S. Typhimurium wild

type.

Front part peaks in Figure 4 were enlarged.Expanded the peakss from 5ppm to Oppm, and
the peaks divided into two bifurcation (3ppm, 2.5ppm) in UT (A) were combined after sperNO

treatment (B). *'P NMR spectra treated with spermine (C) is the same as the UT.
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(A)

(B)

(C)

r— 1. - 1t - 1 - 1t - 1T 1
-8 -9 -10 -11 -12 -13 -14

Chemical shift (ppm)

Figure 6. New phosphorous compounds detected in *'P NMR spectra of S.

Typhimurium wild type treated with sperNO.

Rear part peaks in Figure 4 were enlarged. Expanded the peaks from -8ppm to -14ppm, and
nothing at UT (A), but when treated sperNO (B) generated a new peaks (-8.7ppm, -8.9ppm,

-12.7ppm, -12.9ppm). Peaks of treated with spermine (C) is nothing as like UT (A).
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4. NO O 28t S. Typhimurium 2 *P NMR spectra B&t=

cytoplasm Ol A & & X| =0

Salmonella Typhimurium2 OFAM& ZZ=O0IA sperNOOI 23 *'P NMR spectralt

Ct

rr
Py
o

%
ol
o

NMRES Sol €H =HUA=0 (Figure 4-6) Ol= ANE HHE

0z
&
HU

St Z0ICH Salmonella?t 22 Gram-negative =2 &2 2|2, peptidoglycan,

=
H

2oz 0IF0M UL A% KMEEL AOIQL KMEFHZE (periplasm) it

MEZZE (cytoplasm)0l ZTHBHCH NOS Piol ASXE0| =2 0/20(X= SAX=

20ot=2I] floi SN cytoplasmUIA Sl HSE Z2AFSIALL HFY SHC=
spheroplastE S & AIJ|10 A& =Z2clgt = L2 cytoplam@EZ NMRE =&otRUCH 1

-

Z 1t sperNOE HMcelotHLE ofXl §ELE 22 L3It 2F /YLD OFdE Z=F0A

sperNOE Xcld=S el Hatel Ila= 201X EUACH (Figure 7).
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(A)

r 1 + 1 - 1 v T * 1 ' 1
0 S5 0 5 10 15 20

Chemical shift (ppm)

Figure 7. P NMR spectra of cytoplasm in S. Typhimurium wild type.

S. Typhimurium wild type cultured E minimal media with (B) or without (A) 1mM sperNO.

Cytoplasm of S. Typhimurium was obtained of the cold osmotic shock as described in methdos.
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5. S. Typhimurium 0l NO 0ff 2|8t **P NMR spectra & Bigt=

periplasm Ol A 2t & & C}.

Salmonella Typhimurium@ OfM& ZF0HM sperNOE XIS [ cytoplasm

OlA2 3P NMR spectra®l Bisl= S0IX LUACH JZJOH A" sT9 Pidf

ZETHot= periplasmOl A NO%tel ASHE0l LOL=X LOtEI] <o 4F
SHL2ZE spheroplastE SAAIZILD JAa=2clet = 10 HSHQ periplasm2 2

NMRZ =XFoIACH JRHELI cytoplasmUl A= 2E T X L AE sperNOE Hel 2
el Hatel m3Jr 2= EUCH (Figure 8). WetM S, Typhimurium & X Al X0l A
ZHEE! sperNOOI 28t *'P NMR spectra®l £13t= cytoplasmOl Ol periplasmOil Al 2t

2EE2Z  (Figure 9) periplasmOilAl NO2F phosphorous® OMEHE ASEZ0|
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(A)

r-— 1. - 1t - 1 - 1 1 1
10 5 0 -5 -10 -15 -20

Chemical shift (ppm)

Figure 8. 3P NMR spectra of periplasmic extracts from S. Typhimurium wild

type.

S. Typhimurium wild type cultured E minimal media with (B) or without (A) 1mM sperNO.

Periplasmic extracts of S. Typhimurium were obtained by cold osmotic shock procedure.
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(D) ‘
)
(C)

(B) .

(A)

30 20 10 0 -10 -20 -30
Chemical shift (ppm)

Figure 9. Comparison of **P NMR spectra of S. Typhimurium wild type.

The *P NMR spectra of the cytoplasm and periplasm separated by cold osmotic shock and

whole cells were compared. **P NMR spectra of whole cell with sperNO (B) or not (A).

Cytoplasm (C) and periplasmic extracts (D) sperNO were treated.
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. 212 =& A pst operon 0| SHBHO| S. Typhimurium
Ol 28t *P NMR spectra B30} ZH& X &=L

B0l & S. TyphimuriumWl A& B30t

XM QI pst operondt pitAdt SHEHO| &
o139t NO

ol 2
= 2y

b 3ppm 220IM
-12.9ppm0il A

-8.9ppm,
FE O 324 Pst, Pit

HXIBH -8.7ppm, -12.7ppm,
A AEO]

SO0IXl HUCH (Figure 10). Afe
B0l & 232 NMRZ2 =Jol UL
ZHELIACH

H SN pitABt =X

JELL ZXIeH Orde 232 22 NOOl 2t ME& 1TI30t
OO0l 28t *P NMR spectra 3= pitAJl Ot:l pst operont

Ol pst

ZUE N
2 E A}ACH e M Apst operon pitA ==
== NOJ3

Mol 2UHLI ApitA
Z 1= NOO

(Figure 11C). Ol
H2

A20] Ol A= =40l

Hi
[m]
kK
0>-
njo
Jlh

tADIEE EEAE
Ct (Figure 11D). Ol
20 stit=2

=) IT
=2 2

=2
ol &t

Mz= ¢l

operon
Pst =S AIAEDOQ]

mio
=

=~
o

i
s

SHH0l =

Ofolf A=

PHEL
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(A)

r r 1t - 1 - 1t 1 1
10 6§ 0 5 10 15  -20

Chemical shift (ppm)

Figure 10. *'P NMR spectra of S.Typhimurium Apst operon pitA mutant.

S. Typhimurium Apst operon pitA mutant cultured E minimal media treated with (B) or

without (A) 1mM sperNO.
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. W
(C) ™ ‘
(B) l*

(A)

L] L]

f 3 T z T 3 T ¥ T
30 20 10 0 -10

Chemical shift (ppm)

I |
-20 -30

Figure 11. Comparison of 3P NMR spectra of S. Typhimurium mutant.

The *'P NMR spectra of the Apst operon pitA mutant were compared. (A) *'P NMR spectra
of wild type whole cell treated with sperNO. (B) *'P NMR spectra of Apst operon pitA treated
with sperNO. (C) **P NMR spectra of ApitA mutant were treated with sperNO. (D) **P NMR
spectra of Apst operon pitA mutant harboring complementing pst operon clone treated with

sperNO.
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7. pstS I = HBHOIE S. Typhimurium OIS NO 0ff 28 *p

NMR spectra B30t 2& & X #=C.

Ol EMIXIS ZIZ sperNOOI 25 Salmonella®l *P NMR spectradt £13tE0H pst

operondt HAZE 0 U= A= LUCH (Figure 11). pst operon2 CtA JHXl SE X2

OI20HAN U=Ol 0l = PstSCH periplasm0l =Mot= SHHAEOICH OHEZ NOO

24 O

— AN

il
10

=

0z

rr

o5t 3p NMR spectra #1310} pstS S & X2t A 2t6t10 CHE operon

-

SENS2 AN SE

io

MNXX A Sl F/AE MIAHES Apsts =& B0

i

230 sperNOE Helottd NMRE2 =EMHEZQUCE I Z 1, sperNO Ml 20
ARGl 22 O3 2a2 BACH (Figure 12). pstSIt 22 & EUHADEE MM
ApstS SHB0| 20 EEMEAIH NMRES ZTSIA2LE sperNOE H2IGtHE

3= 2FEX ALUCH (Figure 13C). pstSIt SEE SctA0EIH FEMEE

xl]
4
hQ
my
=}
o
Qﬂ
rr
g
my
>

ApstS EHBI0| ZF= complement 22222 OFME

sperNOE Xclot0 OtdE ZF2ts d&E S 3Sotell dE=4s dHEUAXNS

KtetXl 2 3CEH (Figure 14).

31

Collection @ chosun



(A)

(B)

r+ r 1T 1T 1T 1T 1
10 &5 o0 5 10 15  -20

Chemical shift (ppm)

Figure 12. P NMR spectra of S. Typhimurium ApstS mutant.

The first gene of S. Typhimurium pst operon, ApstS mutant cultured E minimal media with

(B) or without (A) 1mM sperNO.
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(A)

| d | : | . |
30 20 10 0 -10 -20

Chemical shift (ppm)

|
-30

Figure 13. Comparison of *'P NMR spectra of S. Typhimurium ApstS mutant.

The 3'P NMR spectra of the ApstS mutant were compared. (A) **P NMR spectra of wild type
whole cell treated with sperNO. (B) **P NMR spectra of ApstS treated with sperNO. (C) *P

NMR spectra of ApstS mutant harboring complementing pstS clone treated with sperNO.
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0.D 600nm

WT UT
WT sperNO
ApstS UT

t Q0o

30

Time(hr)

—0- ApstSIpBAD30 UT

—-0- ApstS/pBAD30 sperNO
-0~ ApstS/pBAD30-pstS UT

ApstS sperNO @8 ApstS/pBAD30-pstS sperNO

Figure 14. Growth curves of S.Typhimurium treated with sperNO or not.

S. Typhimurium wild type, ApstS, ApstS / pPBAD30, and ApstS /pBAD30-pstS strains were

measured O.Dggonm in E minimal media cultures by treating 500 uM of sperNO.
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NOE BHSE4H0| =2 2dZA0/H XNEESH0 =0 A=z2=s

OH
[
%

Nol 42 Mottt MetMd Salmonella= MIXE WHOIA MESHD &

Jn
0x
o

Il

203710 fdiM= NO W0l Z==FO0ICt. Od&td S. Typhimurium0l sperNOE

MelotAdHL AZ W Piel s&Jt E0HE= HS =025 (Figure 2). 0|2t
a2 NOOl 28t pigl AZHQ By H=2g =%, Pi 440l &0ot=
SA59 4 B3 HEY =% JULH 0IE =elot)| <o BN o =2

SAGII0 JFR MEHEE ghgol ¥p NMR2 AR 5HY D S. Typhimuriumel OFM &

20 A sperNOOI 218 P NMR spectra®l 1310} ZHECIQJUCH (Figure 4). B35t

.

spectras A HEH AN F 2222 UHAJA=0M 3ppm 22D -9ppm, -13ppm

=

S Z0IC 3ppm =22 Il3= sperNOE XMl otk 2US e F 2z Zetd
UCEIE sperNOE XMelatll A Stz & ™XHAM AKXt 0IS3HALCH (Figure 5).
S 29 I3 & &F IO3= cytosolic Pi, LEZXE Ild= external Pi IIAZ2
QAN UCH [24]. 2l2 -8.7ppm, -8.9ppm, -12.7ppm, -12.9ppm 2FE2 Ol3A=
OI8O 2 AKX 22 M2 Ul3¢e! 2 &2C (Figure 6). 0| Il3= sperNOE
Meldls et L= OI2Z sperNO (SpermineNONOate)2| c|2t=9Q1 spermineS
Melgh 22 THAl =QlotALH (Figure 6C).

;

Jelld NO%t Pigl 4SHE0 F=2 0IF0HXNes RIXE ZO0HED| H

ol
0>
M
IS

#
=]

x

SAS =01 spheroplastE &A1) & =2l ol periplasmdt cytoplasm 2+2t0f]
o ¥p NMR spectraS 2tE3IUCLI cytoplasmOlAlE T3 B30 201X LAD

(Figure 7) periplasmOll A2t 2t & ACH (Figure 8). = periplasmOl A4 NO2 Pi2
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Het XS0l 20Ul =2 2o AMXE W Piel s&EJt 20E== A0ICH

M=2Z20| &2l%l= IIIE =46tJ| ol periplasm0ll EXot=s HAIZ2ES SR

metabolomicsE =& aotd HEGIR LD Pi =SHE =HHH0| AlAH HE WHE PiJt

I

ol

=Yel

02

0l

Ol

b

ot

SH 22X =2otH oStH periplasm0Ol NOO| 2/st M2 o 3

ol

[

Aoz MAGHRCE M S, Typhimurium2l =2 Pi =3HMS2 Pst ¥ Pitl

30
r
>

FSQl pst operonZt pitAZ S0l A2l 22 3P NMR spectra B3tE
AHEJXXICH A CEH OrME Z0AM SoIE MZ2 T3 AletB D
3ppm 222 & ZdJFE mIAL otttz S™[MCH (Figure 10). Pi =3 X0t
SAHH0| E @F=E NE 2422 PiJt SHLXl =RotLl [14] & ZeHel mI3Aot

[2PS PAPN IR =10/ 30};

ol

t=0l sperNOE XclotLl Ords =2 20l &™RMLL Ol=
010 €& orthophosphatell L3It OFLIL] sperNOO| 2lo BigtE TIAZ 2OICH

A ApitA SAHB0l Z2F2 NMRS SHEHZEJCUL OFdE 2F2 22

@30l pst operon 2 ZcA0EE FEHES A2 @2 OAl NMR2
MNP UCIL ApitA SQIH0| RE2 =S [ 22 WIS SAUCH (Figure
11D).

[etAd NOOI 28 *'P NMR spectra®l H135t= pst operondt 20| QU= 24 20D

/\HI—
(=T

RO, 21 = periplasmOl A2 EMotD ME LHZ PIE =&0tH sperNOE

OII

Melg M MALE0l SItote (Figure 3) pstS SIS SAHHO| Al2! ApstS =0l
sperNOE HMe2loi: HHaE H3E 2O0IA LUCH (Figure 12). pstSIt 2 EE
Z2A0IEE E2XE A2 ApstS Z@FS OF&IFXIRCH (Figure 13C). Complement
S22 Oy 7o 22 ZUE 200 ot2Z2 sperNOOGI 28t Mz ¢l

StgfE U3ot OAl 2FE A0Ictl d=3UX

g X RHUCH LB OrdE

232t complement 28 0 sperNOS XHMclofl ME M2 =ZHHZS UKL
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complement 28 ZF= 0fME 202 MEES 2 =0tk RotACH (Figure 14).
ApstS 2= 2Z0IRUA 21X complementE oHE &Kl L UCH pstS= pst operon
, SHB0| S CIE operon SEXLl HAMN Hek2
Ol A0 ApstS &3 W CIE operon REX HAIHE2 S 20, O
SHEI=2 M S0l AL & ZIUCH (Data not shown). O] Pst =& SEM=
Ot&lg oKXl @2e E2XE =F0Ae 2HQ J 20t ¢e=2 o A =2
JEXIOF QUCH

pstSOl 28t M=Z& ¢ stet=2 g4 Jts&d= =0I6H)| fIof, PstS HEHAES
AMGHACH OrME 232 periplasm =0 <22 X2Iot SHHEASS
HAAIILD, D10 ENE PstS HHEHE S FHItst =, sperNOE HMe2lof NMRZ
S0 EUX 28 0tRe TIAE HEHIX LUCH (Data not shown). O0l= NMR
spectroscopy Jb phosphorous &S & SEE == US HEO 240l ZHKXKX LO0tA
g 28 20 =0l ChAl 2242 8ol 278 & ZRIt AL

INE=E)ION

e

Tol ZEZ2 Salmonella Typhimurium0il NOZ RH2I5t2 *P NMR
spectrall B30t MI|0 Ol= periplasmOlACH ZEHEATD NO2 MEAHU Pi

+=SHE 222 of Pi =5HE Z2& AlA =l =2

I

I 3P NMR spectra®l
B13l= pst operont 20| URACH A2 29| AU A= 2EE NMR spectrasS

Zotl) 0l 2= HHUSS Sol0F & AO0ICH
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