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Pathogenic gram-negative bacteria, including Sa/monella typhimurium, remodel their outer membrane to survive
within host tissues and phagosomes. The remodeling includes modifications of lipid A, a membrane anchor portion of
lipopolysaccharide. Lipid A modifications, such as palmitoylation, deacylation, addition of aminoarabinose, and addi-
tion of phosphoethanolamine, are beneficial for salmonellae to resist host innate immunity. Aminoarabinose attach-
ment, phosphoethanolamine attachment, and palmitoylation of lipid A increase salmonellae resistance to cationic an-
timicrobial peptides. Lipid A deacylation and palmitoylation reduce its ability to activate the Toll-like receptor 4-MD-2
complex, suggesting that these modifications are beneficial for salmonellae to evade host innate immune recognition.
These modifications are regulated transcriptionally by the two-component regulatory system PhoP-PhoQ, which is es-
sential for S. typhimurium virulence. Lipid A modifications are also regulated posttranslationally. Aminoarabinose
modification of lipid A represses deacylation of lipid A by PagL. The posttranslational regulation may be involved in S.

typhimurium pathogenesis.
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Fig. 1. Membrane Structure of Gram-negative Bacteria
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Fig. 2. Structures of Lipid A
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HEMNZRo>TW5S. 2 L, lipid A OREEIZE
I THRAZ>TW5, FIAREHO KGR ETILE
FIE CIIEAREIIFR U, KEBE & EiEED
JFH K& T d % Helicobacter pylori,® & %\ i3 % &
W DR K TdH S Porphyromonas gingivalisd & T
BRE<HEAS (Fig.2). L,™L, H. pylori & P.
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Fig. 3. PhoP-PhoQ-regulated Expression of Genes Involved in LPS Modifications

MEEIN TS, N6 DD BB E 21T
% H DI pag (PhoP-PhoQ-activated gene) & #4ff
Jon, #ICEREHHZZT 5B O prg (PhoP-
PhoQ-repressed gene) & #1751 TWw%., LPS
EH1 (7 % B i5 T HEIE PhoP-PhoQ 12 & D #R G
HLZEZ T 2BLEFOIBT—RITIN—T%EFHL
TWo,

PhoP-PhoQ (2 & - TiHfic 5 LPS &ffiz 2D
W%”%béﬁ&?ta%”mg4”i&®%”
JIEIZ & ffiZ A T< &, PhoP-PhoQ {&{#(bIC
1)0&@@0t—%ﬂ@m9?5 Dlm0®@

RO K L 72 205,10 3) Y b
k%%P%L@@%;iDHY/wk%xU%JD
4) NV FI)VEEB B R PagP O I2X 0/
2 FIUEZEZT %, 1219 DL k7Y PhoP-PhoQ 2 [H %
HH SN TVWDEMTH 2. PhoP-PhoQ 13X 51T
B D B4 Hl# R PmrA-PmrB 275 E{L 3% 2 &
IZ&L D PmrA-PmrB iI2 X > T{EMHELEI NS LPS &
fidHHFEL TS (Fig. 3). =N 5L 5) PmrE,
PmrF A RO O@EICL2) CBEDCY I /)T 5
E ) — 2 &, 19 6) PmrCicksd) DEEDRZ
RILY ) —IV7 X AEHE D7) CptAIZX2a7 F
U OB ORARIY /=)L 7 2 &R, 19 TH
5.

ZDX D7 LPS BMIZ Y IVEXR T EZ T ITHFE
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Fig. 4.

PhoP-PhoQ and PmrA-PmrB-regulated LPS Modifications

Numbers of O-antigen repeat, hydroxylation, 3-O-deacylation, and palmitoylation, were regulated by PhoP-PhoQ. PhoP-PhoQ activates another two-compo-
nent regulatory system PmrA-PmrB. Aminoarabinose addition and phosphoethanolamine addition were regulated by PmrA-PmrB. Genes involved in the modifica-

tions were shown in parentheses.
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FALTELSHFEINTNWS, R I F2 3Bt
TR 727 2 BRTEE & BUKIE DRI B 5.
LPS Zfid > 5, lipid ADY I )7 58 ) — A&
BRI PIE AR T F RIKPIE 28T 5. ZOMBIEY
R )ROBEMERFDOTYI /)7 IE S =AM LPS
AN % EE D EIRENZET 2 D THIE T
F RONEEZENE LEH RN EEEEZLN TN
% (Fig. 5). BRAITHIIE D ksl % PmrA-
PmrB @ Pmr 3R U 2 F 2 Vit (Polymyxin
resistance) IZHKT 5.2 ZNHIIARY 2 F 2 0
IR EETELUFEESINL.

¥7z, lipid A DNV FIVEIZE > THHENR

TF RIEPUEN R T 2 2 ENHISNTWS, 1D )X
V2 FIABIZ K > TEOBUKEN AL, EDFER
PIWRTF EOEOHICTRAL#< 725 Z ENEK
EEZ5NTNWS (Fig. 5).
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5. Toll-like Receptor 4 R {5E & LPS {54

S @ H. pylori & P. gingivalis @ lipid A ®IH T
Bk Rz K DI, MEENEFITH U TG ZE AL S
BE520IIEERERIISERNSENS &
MARYIZEEZEZSND. EFEDHRGIE R DI
H1Z X5 T, Toll-like receptor (TLR) 7% LPS %5
DI MEY RS DRBIIHRD D ZENRHIN
2. 22T ET TLR I X B AEM R 7 Bk
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Fig. 5. Models for Interaction between Cationic Antimicrobi-
al Peptide and Bacterial Membrane

A) Cationic region of antimicrobial peptide binds to negatively charged
bacterial membrane. After binding, antimicrobial peptide penetrates into
bacterial membrane using hydrophobic region. B) Alternation of bacterial
membrane charge protects bacteria from attack of cationic antimicrobial
peptide. C) Increase of membrane hydrophobicity by addition of fatty acid
to lipid A protects penetration of antimicrobial peptide into membrane.
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Fig. 7. Structures of S. typhimurium Lipid A Modified by

fHEHKY YRS A2 EC =P Y ad::|
RRIFK  UKRFIE/RUF EYRRFFR YR L (LPS) Flagellin
B . —
MD2
HERaRE
TLR1 TLR2 TLR6 TLR4 TLRS

endosome
CpGDNA

TLR3

TLR7 TLR8

Fig. 6. Localization of Toll-like Receptors and Their Ligands

Unmodified lipid A Palmitoylated lipid A .
(U-lipid A) (P-lipid A) OU-lipid A

: @ D-lipid A

:2;2_0 HHO%O-EIHO :Z:E_o I:‘ P'llpld A
o ko3 B DP-lipid A

o ag; o

PtdEtn

N
[}
I

30H 30H 30H 30H
C14 C14 C14 C14
C14 c12

ci6
PagL
Pagl¢\30H C14 30“ C14

H

-
o
I

o
HC’*(pj-o Ho
HO* H Ho O'P\HD

O o= O

Q o
Ho -0 No- 2Ho
o o, SHO

HO o
9 PagP 9 -

PtdEln

Relative luciferase activity (fold)

.. Deacylatgé and 0
Deacylated lipid A ) itoviated lipid A 0.0010.01 0.1 1 10 1001000

EApA (OP-lipic A Lipid A (ng/ ml)
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through TLR4

Structures of U-lipid A, D-lipid A, P-lipid A, or DP-lipid A were shown
in Fig. 7. LPS-unresponsive Ba/F3 cell line was conferred LPS-responsive-
ness by expression of human TLR4 and human MD-2. NK-xB activation was
measured by luciferase reporter activation.

PagL and/or PagP



No. 12

1233

STHIEMHILEI NS, 3 PmrA-PmrB G E{LIC & -
T, lipd ADY I /778 ) —ZXEMIZIHRDE
T8 (pmrE, pmrF +XR0O) ERAFRIY J—
VT 2 ANEERCRD S EET (pmrC) DIEBNH
Bxnb, 4 LPSEMICIZZ DX D @ n T 57#E
L XV TORIEN R sxEZL TnWS, —FT,
B OIEERE B2 XN TNWT, BEBREVHTR N
B/BONTVD, RITIEEEZOIEEGITEI DWW TH %
U CHAT 5.

Jeib @ lipid A it 7 2 )V {t B 3 PagL & PhoP-
PhoQ IZ K> TiHFEEBEINDH®EHETH 50, PhoP-
PhoQ 23 iEML L TW B &M FTH B K TIE
PagL ICX B Y 2 IIVEITE D 65Nz, 113 & 2
A, lipd ADY 37 I8 ) —AEMREKT
1% PhoP-PhoQ {E b 45t T PagL 1T K27 >
AL Z % (Fig. 9. B ETI /7 I E
J — A fEHiR MR E TlE Pagl 7 > )87 OFRBIEIC
EWERW, ZOBRKOEBEHRELTTI/ T IE
J = ARIIZE > THRONSHEREZ T 272901
WENIITORWE T I EITD &EE X2 EHEMN
KW, ZNEHELYUL BRI FEINTN S,
PmrA 2ME BTG ML LU TWw 5 2B LR T lipid
ADEIMTI)TISE ) —ATERMizIN TV
HZDIZHMUTHEARIY =)V T I >TRHEVE
fichThian, ZOKRIZTI /)7 I8 ) —XEH
ICIHAEBRBRTFORBEEATS I EITKD, lipid
A7I)7IE) —ZABHMNEISBRNEDICT
% &, lipid ARAKRIY J—IV7 I EMNZ <
HAHNZEDTRD.3 73 )T IE ) —AEMI
LR E DIV ER T OPIEXRTF Rtk icRd 2 Z
EMRINTEZ O Lo TlipidA Y2/
7 I E ) — ZEMIRERIIPTTE X T F REZETH
5., RAKRLY J—=)IVT7 I EMICE>THYILE
FITWMOPIE R T F MEFIENHE®RT 50T, 19 7
)T —REMREERTASNIERARTY
J =T 2 AEMOBEIMIFTE R T F KKtk B
REMHT2HENDH D EHERIND. ZDLDI
HERERIC lipid A BN S > ZDYELS 1 % 3 fii B
I KBHAOMETSH 5.

7. &HYIC

ARTIEYILERTHE LPS BilCEH L THR
RIS & LPS BHiOHRHDVIZDOWNT, MM
MO OB TR L 72, 18 B3 REM R 2 JEkRd 2

Wild-type 1814 2052
100 / 4
2036
50+
179&\ \\
1945 2184
\wu‘
0 |
pmrA® 2052
100} 18264
/
1814
N
sol- 1587{# 1768 -
1571<i\ AN \\\
0 ng i A A I-Il
pmrA~ pagl” 2052
100} /
1814
50+ 2036
1798 \\\
0l Lo . A .lJ‘
miz

Fig. 9. Lipid A Deacylation was Observed pmrA-null Mutant
Strain, but not in Wild-type Strain
Lipid A prepared from S. typhimurium wild-type, pmrA-null, pmrA
and pagL-null strains were analyzed by MALDI-TOF MS. m/z values cor-
responding to deacylated lipid A species were indicated with sharp (#).
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