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- BEHDMEXBEC G

KISHi Escherichia coli(E. coli) i1 & + % &1 %
COBREBOBNEERO—DTH ), kK
BIIEFRRER 2 WAI R RBEEZRITOL
ThHa. Larl, WEEKIGE LTS
DU L MK LTS 2 MRS R R
TR RIGHIL, IBERLELIES T%@ﬁ%]

M RIB T, dlarrheagemc E. coli : DEC) L5
ﬂ-ﬂ-ﬁ%’%{“ %22 3 b 0 (extraintestinal pathogenic
" E.coli : ExPEC) I2KBI &, FIBREIZ57%
WL 6 FADHREEIISM SN, Fhen
Rdp o 7oA LERRAIC S BERICL R
oM ERT. BEDRBHREEREH
(uropathogenic E. coli : UPEC) % ¥ 4= JR il %
DREE % LIS ENDY, [ LABEOS
12, SO ISR REERATHIE LA A
=X alE, ENEROBRREIEEAE 2 IR0
WREEFLY POERIZI L EEZLNLY,

TRIEMARBEORC, LHEEEICBWTE
WHEEE > TV D DONIBE M MEXIBER
(enterohemorrhagic E. coli : EHEC) T& 5. %
DL, OBRGEHAH VoI, SHOBE

GRITIE, @B LW & & kS i

KEEEEITIE, QERIAPD LTS
SIHER O ERI L, HEFEEOIEH 1//\')1/%
boTLTh, HHr—EDOHATEL LbEH
BT L, @ﬁmmmr FAZY V) EOlE
VA IR TES LT ) R & 7 B9,
ﬁ%%%é&wutﬁik&&féh,%%w
DRI LWL, R ETH A,
EHECE L Tid, O157D1MLisE = £ Witks*
Lol bBHEELTHALHN, EMILIFEELM
% ORHECHHE L, ABOTF—<Thb
Oﬂl%%5bvwhmnOPWFHFC@—<TF%5
+~TOEHECIZIETT 5 K, G R Shiga
toxin (Stx) & MHTAL A IR 2 3 % Welk TAHIL
ThA(SxiENTFHH L LIHTN D, BifF
Shiga toxin & MR AMTH— 2225 5). Stx
DRETW 7 7047 7 =Y (MM EHEL T
BYANIVIRATEYN, Sx7 77— D%k
Betufh D7 7 —V% ) AOWAGERLL T
O77—JERb)l Lo TSKIEEMIT G- &
TV,

SR BEHM AR &
FDHRTOOITDMED T
B & 312, EHECILIX & & & B4
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HBEETFICL SIS SEOBBECLAIT 7 5—EAROEA

FHA B DR
* Intimin ETrO#ES
- WEEE DR
CTUOFUBEBICES

~ [ fIEEF

A ; Intimin

n : Translocated intimin receptor (Tir) | SXERICL 3

MERE RO HE

BEMEOME
c RES LUTHOBH

MFRMPULE PRS-

1 EHECOMBRBT & SKBEDEL

bOWMATAET 27, K& ZoDTN—7,
LY 7 b O (typical EHEC) & SRy 2 b 0
(atypical EHEC) IZ4MF TH X B T LMY T
»HhH. F1, SEEKEE 2% Shiga toxin-
producing E. coli(STEC) L MR Z & b H 5.

1. SEEEHEC ,

JLI4TEHECIE, locus for enterocyte efface-
ment(LEE) & IEIEN 2 5 ) LEREE L, 20
M IE 3 B5M Rtype I secretion system

(T3SS) &) BEVH 4S5 E, TISSIC & > TH

WINLEMOBEAE (L7 =7 ¥ —LIER),
4 ¥ F 3 v (intimin) & MEE NS M4 E T,
HET- BN B G 2 L Asa — F &R TWw D,
I EHECIE & OT3SS2fio T 7 22 ¥ —
HAVH 2 EEASACEREAL, B8 LR

WOWE - Mt e 2 bS5 (H 1), HIEE

% I7 x 7 ¥ ={itranslocated intimin receptor

(T ) BAKTH D, MARICEASNTr -

13 LB M DM (5% D PIIEE (2 T 9 % apical
surface) \SBAT L, MIEANAOREIZIFES 2 1

SFIVERGT S, SO, TidEALLT

705 OREAAHIIE FCHE s La

W, WHEAHEL, MREMRIHEE LAl

IS AEEEARICE D L0t 7 OTREAE

U % (attaching and effacing lesion D) .

LEE S35 &5 4 KM (enteropathogenic
E. coli : EPEC : DECO —2TH V&5 FH0M
KxRIT)ICOHFEET H7-%, EPECLHLEIM

EHECOIGE~OMNH L BRAOFHEFL L) %2

HEAMEBE VD, 12, RRRRLER

Tiid 575, HEMWEHECIFEPECE LTHILL

TRBEICS 7 7 — VAR AT EIZL T

CEELEELWRD. L, BTA I
 MEIAEHECH#E K F i3Stk & LEEFH IS AT —

N4 BT3SSHF T2\,

W MEHECHM L0157 Tdh 545, MBI
EHECIZ (201574 D Mg B % % 2 % o (non-
0157 EHEC) b & HHFIEL, #DH THEIY A
Yo =2 MERNZ026,0111,01037% & Th 5.
JRIWEHECIE W b 0157 & FBE DR %

BT BEEZLNTWAY, FIMMRFELERE
- # (hemolytic uremic syndrome ; HUS) 2 &% &

B LEEE(L S A3RBEATIEIRAYE Y 'non-0157 EHEC

& LTk, 026,0111,0103,0121,0145%%%
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R%& h—
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= — | EESRER (INE D IBEEE - effectors) -
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7 ¥ (LEE) ;
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X |k rpEnrEnz
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“*—ﬂ osecen {E
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H > 4 Stx2
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A AME

SOD ﬁﬁt?ﬁfa¥ 3 protease

M2 5950477 =Sk LN LEARERIRIETOBIZIC L 50157 £011DHEILD £
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= O RILO 15705 ) LTI b B 6 7012 % o T % 720157 DI - JE{LO MBI £ 4 72

KER LTI b OTH BT, &ﬁtnﬁ 121201110 -

FHEhaY,

2. FFHMEIMEHEC &£ 0104 : H4

Stk LT 5 HLEESI % A L 2V RIBH

—§50 12 LCHMBAEHEC E W5 . LEESM:
b nZ bbb, BENOMTE L BRREE
DA N = X MIBIMEHECO#E L 1E R B &
EZONDY, FORITIZIILALEEATYE
v, JEIEIMEHECHG3EIZ0113%°091 7% L' D il
BEITH BN, F0Mn~4F—2ERS &
KA 5. 0113%0917% Ytk M ow LTk
EmEEEEEL, BB RPHUSE &0
SEELVERITILELHAL, LoL, 20
B~ 4 F— 2 MBI IRk ETF R AT
AEVOWbEINTVE EEX b, FEN
BHIEPEDPNIE-ED L?Zcb‘ i» Wﬁ‘j\ﬁﬂﬁ'@
HA. ‘

Lmﬂ%mm0®¢fﬁaén5wu,mnﬁ
D5 A, 6 FI0T—0 v S TREHR S F
AU EIRE L720104 : HADMEE & #oW#T
H5. ZOMFWUOEHECIHLIATIC b Mgt S hre

ELDOABRL T o7 RALTH A,

ZEHHBID, EbOTHRMENTHY, F-o
T EBESRTWED o, L L, 4HEOH
BITIE N4 Y il & 3 5 RN & E 3,000 A LL
LFOBRENREL, 800N EDEFERE LN
D EDFEEDHID, Lizht>T, JEMTIMEHEC
bILTEBEL TR 22w, 28, 4E0
0104 : HAB#kIZoWTIE, W {0 DRIZEHER]
LS =i - B LAY — i v —
% VT & b CHIB B CIRERS % e L,
LA DRTREORNCA ¥ & =% v b &%
CTREL™, £ < ORFREEAN T DT IC
Bz, ZOFRE, EFICRVERT, o
Rk 5 A Bede 1 KI5 H (enteroaggregative E.
coli - EAEC) LN D & 4 7O FHIBPEAIS 1
S ZI— N5 77— U BELIbOTH
BIENRALNE o,

OIFZROBEHK

gflﬁf A7e X 91, OLIIIMER %40
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EHECL W LDV h b, TDkw, 1EEA
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J AHRAFINTE B L S22 722 £ TO157
W7o AYK & Rk L 7.
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ThbIExERTAH, Lizdto T, KETIE,
0157 COMFFERE 011104 ) LEHRY & HEil
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#1 0111 EHECOT3SSI 7174 —L /%= h1)— :0157,026, EPECL DEE

wis s nTv AT x| B T B o)
FepB* RIL 2 TR, PR & (adherens junction) ® . ) ) i
P W, IAYUEBICL A ARMAE :
I bay N 7 OBIE, NHEIOAIEL, SGLT-
ORI, 4 vy arOnE Bo
EspF* | TEIH, 7 1 5 A ¥ b OWIE, SNXOOIFEHAL 1 1 1 1
(D) E7) v 7% 5H), NWASPADHAL
Htk{t, PBKIKTHOREDOHE
747 0F 27— VOIE (ARF GTPasesh DE
BspG* | 4 pARZ ol L TR OBE) ! b1 2
Biy A 1] =]
EspH* Rho GTPaseADHE, FCYREMLIAREM | ) ) 1 1
- B, ToFUREERS) LT
N > . - N
Rsp] I;C}TR-:E & U CR3% % 4 L 7= trans-phagocytosis 1 ) ) !
g :
EspK. 9] j 1. 1 2 0
EspL Annexin 2 @ F-actin bundling %t 7 L% 2(1) 1 1 2(1)
EspM. RhoA GEF (A F LA 7 7 4 X— DK % Fil) 2 2 2 0
EspN N ' , 1 1 1 0 -
EspO A 2 2 2 1(1)
EspV ARG 4& DA% fi 1(1) 1y 1) 0
EspW AH 1 1 1 0
EspX | Y : 1 1 1 0
Pl-integrin & FAKO#EE 2 I LT 7K F— o &
BspZ* | ) uitasts & fsE ! 1 ! !
Cdcd42 GEF (—Mty 7z filopodial2hl, I b F : *
Map* V7 OWEE, SGLTIDORFERBLU Y 4 MUy 1 1 1 1
YUY oay OWER )
1 7 B DE Liig s =z
Newmept| COPLEILERD G ORARRACS, 7 | | o)
NleB TNEF-H5538 4 2 NF-xBO iS4k & £ 2 31 1 3(1)
NleC A0 7077 —¥(p65(Reld), c-Rel, p50, [xkB 5 1 1 1
%Y1 L TUNF-xBIg AL % #0iil)
xyn7a7 7 —¥(INKE LW L TAP- 1D
NleD | 4y 2 s NI 0 o !
NleE | IxBSMEDEIC X 2 NFBigtE Lo i 2 -1 1 2
NleF ZNi » ’ 1(1) 1 1 1
NleG Ubox B3V ¥ F ¥+ — ¥ 11(3) 14(6) 14 1
- | Bax-inhibitor 1 1245 & (7 & b — ¥ ADHHI, RPS3 :
NleH %40 % TNF-xBR & %) | 2 2 2 Q)
TecP | N-WASP® E| CHN R IR (BB D BH) 1 20 - 1 0
Tipe A7 FIVDVE Ty —(REER, Mapfkfrtk {1 ) 1
S D filopodialE B DM, SGLT-1DFIE{L)
NEDD8 D7 3 KA % 4 L /=CRLiFH: 0D #] .
Cif (p21 £ p27DEEF L G(2)/G (D)cell cycle arrest® 1(1) 0 1(1) 1(1)
i) :
Ibe AR O T 1 0 2 0
0snG Ser/Thr7 17 A > %} —¥ (phospholkBH1 ) 0 0 0
p FF ML - FEB L UNEBiEH{L O E)
Total 44(7)  44(9)  44(3) 26(5)
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Subtilase Cytotoxin Enhances Escherichia coli Survwal in Macrophages
by Suppression of Nitric Oxide Production through the Inhibition of
NF-kB Activation

Hiroyasu Tsutsuki,® Kinnosuke Yahiro,* Kotaro Suzuki,® Akira Suto,® Kohei Ogura,® Sayaka Nagasawa, Hideshi lhara,®

Takeshi Shimizu,? Hiroshi Nakajima,” Joel Moss,® and Masatoshi Noda®

Departments of Molecular Infectiology,” Molecular Genetics,® and Legal Medicine,© Graduate School of Medicine, Chiba University, Chiba, Japan; Department of Biological
Science, Graduate School of Science, Osaka Prefecture University, Osaka, Japan?; and Cardiovascular and Pulmonary Branch, National Heart, Lung, and Blood Institute,
National Institutes of Health, Bethesda, Maryland, USA®

Subtilase cytotoxin (SubAB), which is produced by certain strains of Shiga-toxigenic Escherichia coli (STEC), cleaves an endo-
plasmic reticulum (ER) chaperone, BiP/Grp78, leading to induction of ER stress and caspase-dependent apoptosis. SubAB alters
the innate immune response. SubAB pretreatment of macrophages inhibited lipopolysaccharide (LPS)-induced production of
both monocyte chemoattractant protein 1 (MCP-1) and tumor necrosis factor o (TNF-a). We investigated here the mechanism
by which SubAB inhibits nitric oxide (NO) production by mouse macrophages. SubAB suppressed LPS-induced NO production
through inhibition of inducible NO synthase (iNOS) mRNA and protein expression. Further, SubAB inhibited LPS-induced
IkB-a phosphorylation and nuclear localization of the nuclear factor-kB (NF-kB) p65/p50 heterodimer. Reporter gene and

. chromatin immunoprecipitation (ChIP) assays revealed that SubAB reduced LPS-induced NF-kB p65/p50 heterodimer binding

to an NF-kB binding site on the INOS promoter. In contrast to the native toxin, a catalytically inactivated SubAB mutant slightly
enhanced LPS-induced iNOS expression and binding of NF-kB subunits to the iNOS promoter. The SubAB effect on LPS-in-
duced iNOS expression was significantly reduced in macrophages from NF-«kB1 (p50)-deficient mice, which lacked a DNA-bind-
ing subunit of the p65/p50 heterodimer, suggesting that p50 was involved in SubAB-mediated inhibition of iNOS expression.
Treatment of macrophages with an NOS inhibitor or expression of SubAB by E. coli increased E. coli survival in macrophages,
suggesting that NO generated by macrophages resulted in efficient killing of the bacteria and SubAB contributed to E. coli sur-

vival in macrophages. Thus, we hypothesize that SubAB might represent a novel bactenal strategy to circumvent host defense

during STEC infection.

* higa-toxigenic Escherichia coli (STEC) produces Shiga toxin 1
(Stx1) and Stx2, which are cytotoxic for colon cells, resulting

"in hemorrhagic colitis. Shiga toxins are significant virulence fac-

tors in STEC infection and may be responsible for life-threatening
complications, such as hemolytic-uremic syndrome (HUS) (27,
43). However, it is not clear whether Shiga toxins are the only
factors responsible for the morbidity and mortality associated
with STEC-associated disease.

A new member of the AB; toxin family, named subtilase cyto-
toxin (SubAB), was identified in E. coli O113:H21 strain 98NK2,
which produces Stx2 and was responsible for an outbreak of HUS
(42). SubAB binds to receptors on the cell membrane (59, 60) and
thereby enters the cell, resulting in a site-specific cleavage of en-
doplasmic reticulum (ER) chaperone protein BiP/Grp78. Previ-

* ous studies have shown that BiP/Grp78 cleavage by SubAB initi-

ates an ER stress-induced unfolded protein response (UPR) (41,
54), resulting in transient inhibition of protein synthesis (34),
Gy/G; cell cycle arrest (33, 34), downregulation of gap junction
expression (24), and caspase-dependent apoptosis via mitochon-
drial membrane damage (32, 58). These actions of SubAB are
responsible for cell death and may be involved in STEC-induced
disease. Intriguingly, in addition to these activities, a series of re-
cent studies showed that SubAB pretreatment of various cell lines
inhibited lipopolysaccharide (LPS)- and tumor necrosis factor al-
pha (TNF-a)-induced NF-«B activation (17, 37). SubAB inhibi-
tion of TNF-a-induced NF-kB activation in rat renal tubular
epithelial cells resulted from induction of CCAAT/enhancer-
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binding protein beta (C/EBPB) and a mammalian target of rapa-
mycin (mTOR)-dependent Akt phosphorylation pathways (37).
However, an early event following SubAB-induced ER stress in-
volved activation of NF-kB through an Akt-dependent pathway
(61).

Nitric oxide (NO) is a short-lived free radical and an internal
messenger that mediates a variety of functions, including vascular
homeostasis, neurotransmission, and host defense (30). NO is
synthesized from L-arginine by NO synthases (NOS) (2, 30). In
mammals, three different isoforms of NOS exist (i.e., neuronal
[nNOS], inducible [iNOS], and endothelial [eNOS]). nNOS and
eNOS are primarily expressed in neurons and endothelial cells,
respectively. In contrast, iNOS is a primary regulator of NO pro-
duction in the innate immune system whose expression can be
induced by LPS, gamma interferon (IFN-vy), interleukin-18 (IL-
1B), IL-6, and TNF-a (2). iNOS gene expression is regulated
through transcriptional control, particularly by NF-kB activation
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(29, 56, 57). Five mammalian NF-kB subunits, p65 (RelA), RelB,
c-Rel, NF-kB1 (p50 and its precursor, p105), and NF-«xB2 (p52
and its precursor, p100), form homo- or heterodimers to produce
gene regulatory complexes with different properties (10, 46). In
LPS-induced iNOS expression, the involvement of the NF-xB
p65/p50 heterodimer is well documented (10). p65/p50 het-
erodimer is held in an inactive state in the cytoplasm by IxB, which
is phosphorylated by the Ik B kinase (IKK) complex (9), leading to
IxB degradation and NF-«B activation (26). In mouse, the iNOS
gene promoter contains two NF-«kB binding sites, one upstream
(GGGATTTTCCG; nucleotides —971 to ~962, designated the NF-
kBu site) and one downstream (GGGACTCTCC; nucleotides
—85 to —76, designated the NF-«kBd site}, both of which need to
be occupied to obtain full induction of iNOS by LPS (56).
Phagocytic cells such as macrophages or neutrophils are im-
portant components of the innate immune response. Two major
antimicrobial systems of phagocytic cells are the NADPH phago-
cyte oxidase (also known as phox) and iNOS pathways; which are

" responsible for the generation of superoxide (0,”) and NO, re-

spectively (11). The NO produced by iNOS contributes to the
bactericidal activities of macrophages. NO reacts with simultane-
ously generated reactive oxygen species (ROS), resulting in forma-
tion of reactive nitrogen species (RNS), such as peroxynitrite
(ONOO7™) and nitrogen dioxide (NO,). NO, RNS, and ROS have
antimicrobial activities (39). NO potentiates hydrogen peroxide
(H,0,)-induced killing of E. coli in part through the generation of
ONOO™ (3, 40). Nitrite exerts antimicrobial effects through gen-
eration of NO, which is toxic to STEC (35). Furthermore, NO
suppresses Stx2 production by STEC through inhibition of stx,
mRNA expression (51). These findings suggest that NO and NO-
derived RNS protect the host from STEC-induced disease.

In this study, we demonstrate in mouse macrophages that
SubAB inhibited LPS-stimulated NO production through inhibi-
tion of NF-kB nuclear translocation and iINOS expression. More-
over, we show that NF-kB p50 is involved in inhibition of LPS-
induced iNOS expression by SubAB. In addition, we report that
SubAB enhanced E. coli survival in macrophages. This study pro-
vides the first evidence for direct inhibition by SubAB of LPS-
induced, NF-kB activation-mediated NO production and for a
novel bacterial strategy to survive in macrophages.

MATERIALS AND METHODS

Reagents. LPS (from Escherichia coli O111:B4), penicillin-streptomycin,
polymyxin B, and anti-a-tubulin monoclonal antibody were purchased
from Sigma-Aldrich (St. Louis, MO). Dulbecco’s modified Eagle’s me-
dium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco
BRL (Grand Island, NY). All primers were synthesized chemically by In-
vitrogen (Carlsbad, CA). Anti-NF-kB p65 polyclonal antibodies (C-20,
s5¢-372), anti-NF-kB p50 polyclonal antibodies (H-119, sc-7178), and an-
ti-NF-«kB p50 monoclonal antibodies (E-10, sc-8414) were purchased
from Santa Cruz Biotechnology; anti-NF-«B p50 polyclonal antibodies
and mouse recombinant M-CSF were from eBioscience; anti-nucleoporin
p62 and anti-BiP/Grp78 monoclonal antibodies were from BD Biosci-
ence; anti-phospho-IxB-a monoclonal antibody (9246) and recombinant
TNF-o were from Cell Signaling; and anti-GAPDH polyclonal antibodies
were from GeneTex. L-NAME was from DOJINDO (Kumamoto, Japan).
Other reagents were purchased from Wako Pure Chemical Industries
(Osaka, Japan). iNOS-specific monoclonal antibody i2G4 was prepared as
described previously (38).

Animals. NF-xB1™/~ mice (46) were purchased from the Jackson
Laboratories (Bar Harbor, ME) and C57BL/6] wild-type mice from SLC
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(Hamamatsu, Japan). Animal experiments were approved by Chiba Uni-
versity Institutional Animal Care and Use Committee, Chiba, Japan.

Preparation of SubAB. Recombinant His-tagged SubAB and a cata-
lytically inactive SubAB mutant, SubAg,,, ,B (mSubAB), were purified as
reported previously (34). Heat-inactivated SubAB (Hi-SubAB) and heat-
inactivated mSubAB (Hi-mSubAB) were prepared as described previ-
ously (59).

Cell culture and treatment. RAW 264.7 cells, a murine macrophage
cellline, were obtained from Riken Cell Bank (Tsukuba, Japan) and main-
tained in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, and 0.1
mg/ml streptomycin (DMEM-10% FBS) at 37°C under 5% CO,. The
preparation of bone marrow macrophages (BMMs) from NF-«B1 ™/~
mice was based on the procedure of Guilbert and Stanley (16). Briefly,
bone marrow cells were collected from the femurs and tibiae of mice and
cultured in DMEM-10% FBS, supplemented with 20 ng/ml M-CSF, for 4
to 6 days before use in experiments. RAW 264.7 cells and BMMs were
stimulated with LPS (0.01 to 10 pg/ml) or recombinant TNF-a (10 ng/
ml) in the presence or absence of SubAB (0.005 to 1 pg/ml) or mSubAB
(0.5 wg/ml) in DMEM containing 1% heat-inactivated FBS, 100 U/ml
penicillin, and 0.1 mg/ml streptomycin (DMEM-1% FBS) as described in
the figure legends. ‘ i

Analysis of nitrite accumulation. NO release from macrophage cells
was determined by assaying nitrite levels, a relatively stable NO metabo-
lite. The accumulation of nitrite in culture supernatants was quantified by
Griess reaction; as described previously (47). Briefly, cells were stimulated
as described in the figure legends and 50-p] aliquots of the culture super-
natants were dispensed in triplicate into 96-well plates and mixed with 25
wl of Griess reagent A (1% sulfanilamide in 5% H,PO,). After 5 min of
incubation, 25 pl of Griess reagent B [0.1% N-(1-naphthyl)-ethylenedi-

‘amine] was added, followed by incubation for 10 min at room tempera-

ture. The absorbance of samples at 540 nm was compared with that of
sodium nitrite standard on a microplate reader (Bio-Rad).

Cell viability assay. RAW 264.7 cells were incubated with 0.5 pg/ml of
SubAB, mSubAB, Hi-SubAB, and Hi-mSubAB for 24 or 48 h, and cell
viability was evaluated by cell counting kit 8 (DOJINDO), according to
the manufacturer’s protocol. )

Preparation of total cell lysate and cytoplasmic and nuclear protein
extracts. To prepare total cell lysate, cells were treated with LPS in the
presence or absence of SubAB or mSubAB, washed with phosphate-buff-
ered saline (PBS), and lysed with SDS sample buffer (62.5 mM Tris-HCL
[pH 6.8], 1% SDS, 10% glycerol, 2.5% mercaptoethanol, and 0.001%
bromophenol blue). Cytoplasmic and nuclear protein extracts were pre-
pared as described previously (45). Briefly, cells were washed with ice-cold
PBS and then incubated with hypotonic lysis buffer (10 mM HEPES [pH
8.0}, 2 mM MgCl,, 1 mM CaCl,, and 10% glycerol) containing protease
inhibitor (PT) cocktail (Complete ULTRA, mini, EDTA free) (Roche Di-
agnostics) on ice for 10 min. Nonidet P-40 was added to a final concen-
tration of 0.6%, and the resulting preparation was vortexed for 10 s and
then centrifuged at 10,000 X g for 30 s. Nuclear pellets were washed with
hypotonic lysis buffer, and nuclear proteins were extracted by incubation
of the nuclei with nuclear extract buffer (20 mM HEPES [pH 8.0],0.42M
NaCl, 0.5 mM dithiothreitol [DTT], and 10% glycerol) containing PI
cocktail for 15 min at 4°C, and cell debris was removed by centrifugation
at 15,000 X g for 15 min at 4°C. The Bradford method (protein assay;
Bio-Rad) was used to measure protein concentration in the extract, which
was then stored in aliquots at —80°C.

Immunoprecipitation. Coimmunoprecipitation of NF-kB p50 and
p65 was carried out as described previously (60). Briefly, cytoplasmic
proteins were incubated with anti-NF-«B p50 antibody (Santa Cruz Bio-
technology) at 4°C overnight. Immunoprecipitates were collected by in-
cubation with protein G-Sepharose (Invitrogen) for 1 h, followed by cen-
trifugation for 1 min at 4°C. Immunocomplexes were washed with
hypotonic lysis buffer three times, and proteins were dissolved in sodium
dodecyl sulfate (SDS) sample buffer, subjected to SDS-polyacrylamide gel
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electrophoresis (PAGE) in 7.5% gels, transferred to polyvinylidene diflu-
oride (PVDF) membranes, and then analyzed by Western blotting using
anti-NF-«B p65 antibodies (Santa Cruz Biotechnology).
Immunostaining. RAW 264.7 cells were seeded in 12-well plates con-
taining coverslips and incubated at 37°C overnight. After treatment as
described in the figure legends, the cells were fixed with 4% formaldehyde
in PBS at room temperature for 15 min and then washed three times with
PBS. Cells permeabilized with methanol for 10 min at ~20°C were treated
with PBS containing 5% goat serum and 0.05% Triton X-100 for 1 h. Cells
were incubated with anti-NF-kB p65 polyclonal antibodies or anti-NF-«B
p50 monoclonal antibody overnight at 4°C and washed three times with
PBS, followed by incubation at room temperature for 1 h with Cy3-con-
jugated anti-rabbit IgG or Alexa 488-conjugated anti-mouse IgG. Cells on
the coverslips were then washed three times with PBS, once with water,
dried, and mounted on glass slides using ProLong Gold antifade reagent
with DAPI (4',6-diamidino-2-phenylindole) (Invitrogen). Stained cells
were visualized using confocal microscopy (Olympus).
Immunoblotting analysis. Total cell lysate and cytoplasmic and nu-
clear extracts lysed in SDS sample buffer were heated at 100°C for 5 min
before proteins were analyzed by SDS-PAGE. After electrophoresis at
room temperature, separated proteins were transferred to PVDF mem-
branes at 100 V for 1 h. Membranes were blocked with 5% nonfat milk in
TBS-T (20 mM Tris-HCl [pH 7.6], 137 mM NaCl, 0.1% Tween 20) for 30
min and then incubated with primary antibodies for 1 h at room temper-
ature or overnight at 4°C. After being washed five times for 5 min with
TBS-T, membranes were incubated with horseradish peroxidase-labeled
secondary antibodies. Bands were visualized using Las 1000 (Fuji film).
Quantitative reverse-transcription PCR (QRT-PCR). Total RNA was
prepared from RAW 264.7 cells or BMM:s using the PureLink RNA mini-
kit (Invitrogen), according to the manufacturer’s protocol. Total RNA
was measured, and 1 to 5 ug were reverse transcribed using Ready-To-Go
You-Prime first-strand beads (GE Healthcare) with oligo(dT), ., ; primer
(Invitrogen). cDNA content was measured by real-time PCR with SYBR
green reagent using an ABI PRISM 7300 sequence detection system (Ap-
plied Biosystems, Foster City, CA). Specific primers used for real-time
‘PCR were as follows: mouse iNOS forward, 5'-GTTCTCAGCCCAACAA
TACAAGA-3', and reverse, 5'-GTGGACGGGTCGATGTCAC-3'. Prim-
ers for GAPDH cDNA amplification were as described previously (13).
Plasmids, transient transfection, and reporter.gene assay. The
mouse iNOS promoter-luciferase reporter plasmid (pGL2-iINOS) was

* generously provided by Charles J. Lowenstein (Johns Hopkins University)

via Addgene Inc. (Addgene plasmid 19296). Deletion constructs were
created by modified methods as reported (29). All constructs were then
sequenced to characterize them definitively. Endotoxin-free plasmid
DNA was purified using Qiagen plasmid plus midikit (Qiagen), according
to the manufacturer’s protocol. RAW 264.7 cells (1 X 10* or 2.5 X 10*
cells) transfected with a luciferase reporter plasmid were cultured in 24-
well plates in DMEM-1% FBS. Reporter constructs (pGL2-iINOS; 0.5 pg
or HIV-NF-«B luciferase reporter construct [9]; 1.5 jg) were mixed with
20 ng of phRL-TK (Promega) in 50 pl of Opti-MEM I reduced serum

medium (GIBCO/Invitrogen). The solution was mixed with 1 ! of Fu-

GENE 6 (Roche Diagnostics) and incubated at room temperature for 30
min; the two vectors in 50-pl solutions were cotransfected into RAW
264.7 cells after the medium was replaced with 300 .l of fresh DMEM-
10% FBS. Subsequently, the cells were incubated at 37°C for 24 or 72 h.
After transfection with plasmid, the medium was replaced with 300 pl of
fresh DMEM-1% FBS and cells were stimulated with LPS (10 pg/ml) in
the presence or absence of SubAB or mSubAB. After incubation for 4, 8, or
24 h, cells were washed with cold PBS and lysed by adding 100 l of passive
lysis buffer (Promega). Aliquots of 20 pl of cell Iysate were used to assay
for luciferase activity with the dual-luciferase reporter assay kit (Pro-
mega), according to the manufacturer’s guidelines.

ChIP-gPCR assays. Chromatin immunoprecipitation (ChIP)-qPCR
assays were performed to examine the binding of NF-kB.p65 and p50
subunits to iNOS promoter, as reported previously (22). Briefly, cells were
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fixed with 1% formaldehyde for 10 min at 37°C, collected by scraping, and
lysed in SDS buffer (50 mM Tris-HCl [pH 8.1}, 10 mM EDTA, 1% SDS)
containing protease inhibitor cocktail (Roche Diagnostics). Lysates were
sonicated to fragment the chromatin by using Bioruptor (Cosmo Bio Co.,
Tokyo, Japan) and then diluted with ChIP dilution buffer (20 mM Tris-
HCI [pH 8.1], 1 mM EDTA, 150 mM NaCl, and 0.3% Triton X-100).
Immunoprecipitation analysis was carried out using control rabbit IgG
and anti-NF-kB p65 or anti-NF-«B p50 antibodies. Cross-links were re-
versed at 65°C for 6 h, and proteins were digested with proteinase K (0.4
mg/ml) for 1 h at 55°C. Immunoprecipitated DNA was recovered by the
QIAQiuck PCR purification kit (Qiagen). DNA fragments were amplified
by PCR with specific primers as follows: 5'-CACACAGACTAGGAGTGT
CCATCAT-3' and 5'-CATAACTGTTCCCAAAGGGAGAGT-3'. DNA
content was measured by real-time PCR with SYBR green reagent using an
ABI'PRISM 7300 sequence detection system (Applied Biosystems, Foster
City, CA). Results are expressed as the percent input for each ChIP frac-
tion,

Macrophage infection. Transformants of E. coli strain BL21(DE3)
(Invitrogen) carrying the SubAB and mSubAB genes on pET23b (BL21/
pET-SubAB and BL21/pET-mSubAB, respectively) were generated as re-
ported previously (34). For macrophage infection, RAW 264.7 cells were
cultured in antibiotic-free DMEM containing 10% heat-inactivated FBS
and infected as described previously (47). Briefly, cells were seeded at 1 X
106 cells per well in 24-well tissue culture dishes for 24 h and then infected
with BL21/pET23b, BL.21/pET-SubAB, or BL21/pET-mSubAB at a mul-
tiplicity of infection (MOI) of 10. The plate was centrifuged for 5 min at
1,000 X gto synchronize the infection and incubated for 20 min, and then
the cells were washed and fresh medium containing 100 pg/ml of genta-
micin was added to kill extracellular bacteria. After 2 h, the medium was
discarded, the cells were washed, and the medium was changed to include
20 pg/ml of gentamicin with or without L-NAME (10 mM), SubAB, or

mSubAB. The infected monolayers were Iysed on the tissue culture dishes .

by the addition of 0.1% sodium deoxycholate in phosphate-buffered sa-
line. The number of surviving bacteria was determined by bacterial plate
counts (CFU).

Statistical analysis. Student’s ¢ test was used to determine significant
difference when only two treatment groups were being compared. Anal-
ysis of variance (ANOVA) with the Student-Newman-Keuls test was used
to analyze significant differences among multiple groups.

RESULTS

 SubAB inhibits LPS-induced NO production by RAW 264.7

cells. To investigate the effect of SubAB on LPS-induced NO pro-
duction in RAW 264.7 cells, cells were incubated with LPS for 24 h
in the presence or absence of SubAB, a catalytically inactive SubAB
mutant (mSubAB), heat-inactivated SubAB, or heat-inactivated
mSubAB, and then supernatants were collected for the measure-
ment of nitrite, a relatively stable metabolite of NO (Fig. 1A).
When RAW 264.7 cells were incubated with LPS, a significant
amount of NO production was observed. LPS-induced NO pro-
duction was markedly decreased in SubAB-treated RAW 264.7
cells. mSubAB treatment did not inhibit LPS-induced NO
production; rather, it slightly increased NO production. Heat-
inactivated SubAB or heat-inactivated mSubAB did not affect
LPS-induced NO production by RAW 264.7  cells. In addition,
LPS-induced NO production was completely reduced in the pres-

ence of an iINOS-specific inhibitor 1400W dihydrochloride, indi-

cating that iNOS is essential for LPS-induced NO production by
RAW 264.7 cells. These results suggest that SubAB-induced ER
stress inhibits LPS-induced NO production by RAW 264.7 cells,
and mSubAB binding to RAW 264.7 cells slightly enhances LPS-
induced NO production. In addition, SubAB treatment sup-
pressed LPS-induced NO production in a dose-dependent man-

iai.asm.org 3941

ALISHIAINN VEIHO Aq 2102 ‘01 4890300 o /Bio"wse jel/:dny woly pspeojumoq



™,

/

L—

»

50

I . 50 4 -
2 I
g 40 T 40 ;
2] 3
3 %07 % 30
5 3
;‘: 20 o E 20
& @
Z 104 £ 10
Z
0 4 0 v
PS - & 4+ + o+ & . 4 e s LPS L
) SUbAB (s - - 0005 005 01 05 1
SUBABWT) - - + - Hi - . . 4 . UbAB (pg/ml)
SUbABMT) - - - + - Hi . . . &
t400W - - - - - - -
c D . ;
DPolyB(-) l
g 201 wpolyBie) |
S 0 + o
4 yE(t)
3 z
[3
£ 3 10
: £
8 S
g
LPS -~ 4 + + + 4+ + + z
SubAB -« - o+ o+ ¥ o+ o+ o+ Y !
Time post-treatment ) PBS SubAB  SubAB LPS
with SubAB (min) - - 0 15 30 60180 300 ' Wwn M7
E N.S.
o 2h N.S. —‘_‘-—‘l
g : N.S. |
z 1% |
£
‘g 100
3 501
0 9

PBS  LPS SubAB SubAB HFWT  HI-MT
Wwn)  (MT)

Cell viability (%)

PBS  LPS SUbAB SubAB HHWWT  HiMT
WT)  (MT)

FIG 1 SubAB inhibits LPS-induced nitrite production by RAW 264.7 cells. (A) RAW 264.7 cells (1 X 10° cells/well) in a 96-well dish were grown in DMEM-1%
FBS for 24 h. Cells were treated with LPS (10 pg/ml) in the presence or absence of SubAB (0.5 pg/ml), its catalytically inactive mutant, mSubAB (MT),
heat-inactivated SubAB (Hi-WT), heat-inactivated mSubAB (Hi-MT) (0.5 p.g/ml), or 1400W dihydrochloride for 24 h. The accumulation of nitrite in culture
supernatants was quantified by Griess assay, as described in Materials and Methods. (B) RAW 264.7 cells (1 X 10° cells/well) in a 96-well dish were grown in
DMEM-1% FBS for 24 h. Cells were treated with LPS (10 jg/ml) in the presence or absence of the indicated concentrations of SubAB (WT) for 24 h. The
accumulation of nitrite in culture supernatants was quantified by Griess assay as described above. (C) RAW 264.7 cells (1 X 10° cells/well) in a 96-well dish were
grown in DMEM-1% FBS for 24 h. Cells were treated with LPS (10 pg/ml) and then postireated with SubAB (0.5 pwg/ml) after LPS stimulation for 0, 15, 30, 60,
180, and 300 min. After a total incubation time of 24 h, nitrite was quantified by Griess assay as described above. (D) RAW 264.7 cells (1 X 10 cells/well) ina
96-well dish were grown in DMEM-1% FBS for 24 h. Cells were treated with LPS (10 ng/ml), SubAB (WT), or mSubAB (MT) at 0.5 p.g/ml for 24 h in DMEM-1%
FBS in the presence or absence of polymyxin B (10 pg/ml). The accumulation of nitrite in culture supernatants was quantified as described above. (E) RAW 264.7
cells (1 X 10° cells/well) in a 96-well dish were grown in DMEM-1% FBS for 24 h, Cells were treated with SubAB (WT), mSubAB (MT), heat-inactivated SubAB
(Hi-WT), or heat-inactivated mSubAB (Hi-MT) (0.5 jng/ml) for 24 or 48 h. Cell viability was evaluated by cell counting kit 8 (DOJINDO) according to the
instruction manual. Data for all these experiments are means * standard deviations (SD) of values from three independent assays in triplicate experiments.
Statistical significance: *, P < 0.01; **, P < 0.05; N.S., not significant.
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ner in RAW 264.7 cells, with 0.5 jug/ml of SubAB inhibiting LPS-
induced NO production by RAW 264.7 cells (Fig. 1B).
Posttreatment with SubAB after LPS treatment for 0 to 180 min
significantly suppressed LPS-induced NO production by RAW
264.7 cells, suggesting that SubAB effectively inhibits NO produc-
tion (Fig. 1C). The effect of SubAB appeared to be diminished
with time. To examine the effect of mSubAB binding on NO pro-
duction in RAW 264.7 cells, cells were treated with PBS control,
LPS (10 ng/ml), SubAB, or mSubAB in the presence or absence of
polymyxin B, which inactivates LPS (36, 62). In the absence of
polymyxin B, both LPS and mSubAB, but not SubAB, induced NO
production. In the presence of polymyxin B, LPS-induced
NO production was completely inhibited, but mSubAB-induced
NO production was only partially reduced (Fig. 1D). These results
suggest that mSubAB binding to cells may promote NO produc-
tion. mSubAB is known to bind surface receptors, even though it
is catalytically inactive. A recent study reported that SubAB inhib-
its TNF-a-induced NF-kB activation in rat renal tubular epithelial
cells (37). To examine the effect of SubAB on TNF-a-induced NO
production by RAW 264.7 cells, cells were treated with recombi-
nant mouse or human TNF-a in the presence or absence of
SubAB. However, both recombinant mouse and human TNF-a
did not induce NO production by RAW 264.7 (data not shown).
Next, we tested the effect of SubAB on RAW 264.7 cell viability. At
0.5 pg/ml, SubAB did not affect cell viability at 24 h, but cell death
was detected after 48 h (Fig. 1E). Heat-inactivated SubAB or
mSubAB or heat-inactivated mSubAB did not affect cell viability.
Therefore, we used 0.5 wg/ml SubAB in our experiments.

* SubAB inhibits LPS-induced iNOS expression in RAW 264.7
cells. To investigate the mechanism of the inhibitory effects of
SubAB on LPS-induced NO production in RAW 264.7 cells, LPS-

-induced INOS expression in the presence and absence of SubAB
was analyzed by immunoblotting. LPS induced iNOS protein ex-
pression in a dose-dependent manner; it was dramatically blocked
by SubAB (Fig. 2A). LPS also induced iNOS expression in RAW
264.7 cells in a time-dependent manner, which was attenuated in
the presence of SubAB but not mSubAB (Fig. 2B). In addition,
densitometric analysis also showed that SubAB suppressed LPS-
induced iNOS expression. To test whether the inhibitory effect
involved ER stress, we investigated the effects of ER stress-induc-
ing agents that prevent disulfide bond formation (DTT), ER-as-
sociated degradation (MG132), or N-glycosylation (tunicamycin)
or alter calcium homeostasis (thapsigargin) on LPS-induced
iNOS expression. After cells were incubated with LPS in the pres-
ence or absence of SubAB, mSubAB, or ER stress-inducing agents

for 6 h, INOS expression was analyzed. Although SubAB and ER .

stress-inducing agents inhibited LPS-induced iNOS expression,
mSubAB and vehicle control dimethyl sulfoxide (DMSQ) were
inactive, suggesting that LPS-induced iNOS expression was inhib-
ited by ER stress (Fig. 2C). We next examined the inhibitory effect
of SubAB on LPS-induced iNOS mRNA expression in RAW 264.7
cells. RAW 264.7 cells were treated with LPS for 4 or 24 h in the
presence of SubAB or mSubAB, and then total mRNA was used for
quantitative PCR analysis. For 4 h of incubation, LPS treatment
significantly induced iNOS mRNA expression in RAW 264.7 cells,
while SubAB, but not mSubAB, inhibited LPS-induced iNOS
mRNA expression (Fig. 2D, left). For 24 h of incubation, SubAB
treatment inhibited LPS-induced iNOS mRNA expression, which
was slightly increased by mSubAB (Fig. 2D, right). These results
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indicate that SubAB strongly suppressed LPS-induced iNOS
mRNA expression.

SubAB inhibits LPS-induced transcriptional activation of
the INOS promoter in RAW 264.7 cells. In macrophages, LPS-
induced iNOS expression is triggered by activation of the Toll-like
receptor 4 (TLR4) signaling pathway, followed by binding of tran-
scription factors (i.e.,, NF-«kB, STAT-1, AP-1, C/EBP, CREB,
IRF-1, Oct-1) to the INOS promoter (2, 29, 57). To investigate the
effect of SubAB on LPS-induced iNOS promoter activity, RAW
264.7 cells were transiently transfected with mouse iNOS promot-
er-luciferase reporter plasmid (pGL2-iNOS), and then transcrip-
tional activity was determined by relative luciferase activity 24 h
after LPS stimulation in the presence or absence of SubAB or
mSubAB. As shown in Fig. 3, LPS treatment significantly in-
creased relative luciferase activity, which was suppressed in the
presence of SubAB but not mSubAB. These results indicate that
SubAB inhibits LPS-induced transcriptional activation of the
iNOS promoter. To determine which sites in the iNOS promoter
are responsible for inhibition of iNOS expression by SubAB, we
transfected RAW 264.7 cells with iNOS promoter deletion plas-
mids (see the diagram in Fig. 3). SubAB suppressed LPS-induced
luciferase activity of deletion mutants pGL2-INOS/—724 and
pGL2-iNOS/—93, However, inhibitory effects of SubAB on LPS-
induced luciferase activity were completely lost in pGL2-iNOS/
—40-transfected cells. Stimulatory effects of LPS were also lost in
this mutant. These results suggest that the inhibitory effects of
SubAB on iNOS promoter activity are contained in the region
between —93 bp and —40 bp, which has NF-kB-, NF-IL-6-, and
Oct-binding sites (29, 57). To understand the importance of the
region for iNOS transcription, RAW 264.7 cells were transfected
with pGL2-iNOS full/A—46-—203, with a deletion of the region
from position —203 to position —46. These cells showed slight
LPS-stimulated luciferase activity, suggesting that this region
plays an important role in iNOS transcriptional activity in the
presence of LPS.

Of note, mSubAB increased the effects of LPS on iNOS tran-
scriptional activity of the intact promoter. This stimulation was
not observed in any of the promoter mutants, where, in some
instances, slight inhibition was observed.

SubAB inhibits LPS-induced NF-kB nuclear translocation in
RAW 264.7 cells. The results of iNOS promoter assays suggested
that SubAB affects NF-kB, NF-IL-6, or Oct binding to the iNOS
promoter. Since previous studies showed that SubAB inhibited
LPS- or TNF-a-induced NF-kB activation through inhibition of
IkB-a degradation (17, 37), we examined the effect of SubAB on
LPS-induced IkB-a phosphorylation and NF-kB nuclear translo-
cation in RAW 264.7 cells. As shown in Fig. 4A, LPS treatment
induced NF-kB p65 and p50 nuclear localization, which was in-
hibited by pretreatment with SubAB but not mSubAB. In addi-
tion, densitometric analysis also showed that SubAB significantly
suppressed LPS-induced NF-kB p65 and p50 nuclear localization.
NF-«B p65 and p50 subunits most commonly form an NF-«B
p65/p50 heterodimer with transactivation activity (10, 50). To
confirm the inhibitory effect of SubAB on nuclear translocation of
the NF-kB p65/p50 heterodimer, we next performed coimmuno-
precipitation with NF-kB p50 antibody in a cytoplasmic fraction
from RAW 264.7 cells. In LPS-treated cells, the amount of NF-kB
p65/p50 heterodimer was reduced but not in the presence of
SubAB. mSubAB did not affect the LPS-induced NF-kB p65/p50
heterodimer. As shown in Fig. 4B, confocal microscopy demon-
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FBS for 24 h. Cells were treated with LPS (0, 0.01, 0.1, 1, or 10 pg/ml) in the presence or absence of SubAB (0.5 g/ml) for 24 h. Cell lysates were analyzed by
immunoblotting with anti-INOS or anti-a-tubulin antibodies as a control. Data are representative of at least three separate experiments. (B) RAW 264.7 cells
(5 X 10* cells/well) were treated with LPS (10 pg/ml) in the presence or absence of SubAB (WT; 0.5 pg/ml) or mSubAB (MT; 0.5 pg/ml) for the indicated times.

Celllysates were collected from cells and analyzed by immunoblotting as described above. Data are representative of three separate experiments. (C) RAW 264.7

cells (2 X 10° cells/well) were incubated with LPS (10 p.g/ml) for 6 hin the presence or absence of DTT (1 mM), tunicamycin (Tm; 1 ng/ml), MG132 (MG; 1 pM),
SubAB (WT; 0.5.pg/ml), mSubAB (MT; 0.5 ug/ml), or DMSO as a control. Cell lysates were analyzed by immunoblotting with anti-INOS, anti-e-tubulin, or
anti-BiP/Grp78 antibodies as described above. Data are representative of three separate experiments. (D) RAW 264.7 cells (5 X 10* cells/well) were treated with
LPS (10 pg/ml) in the presence or absence of SubAB (WT; 0.5 pg/ml) or mSubAB (MT; 0.5 pg/ml) for 4 or 24 h. Total RNA extracted from the cells was subjected
to real-time PCR using specific primers for iNOS as described in Materials and Methods. iNOS expression was normalized to GAPDH (iNOS/GAPDH). Data are
means * SD of values from three separate experiments. Statistical significance: *, P < 0.01; **, P < 0.05; N.S., not significant.

strated that the NF-kB p65/p50 heterodimer was localized in cy-
toplasm in untreated RAW 264.7 cells. In LPS-treated cells, the
NE-kB p65/p50 heterodimer was translocated into nuclei, while
treatment with SubAB, but not mSubAB, blocked the transloca-

transiently transfected with the HIV-3X-«B luciferase reporter
construct, which contains a consensus sequence for NF-«B bind-
ing, and then LPS-induced transcriptional activity was deter-
mined by relative luciferase activity at 4, 8, and 24 hin the presence

tion to the nuclei. These data suggest that SubAB inhibits LPS-
induced nuclear translocation of the NF-k B p65/p50 heterodimer.

To determine the inhibitory effect of SubAB on the LPS-in-
duced DNA-binding activity of NF-kB, RAW 264.7 cells were

3844 iaiasm.org

or absence of SubAB or mSubAB. LPS treatment gradually in-
creased NF-kB-mediated luciferase activity in a time-dependent
manner, which was significantly suppressed in the presence of
SubAB at 8 or 24 h (Fig. 4C).
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FIG 3 SubAB inhibits LPS-induced iNOS promoter activity in RAW 264.7 cells. RAW 264.7 cells (2.5 X 10* cells/well) were cotransfected with 0.5 pg of
pGL2-iINOS and 20 ng of phRL-TK as an internal control. After transfection, cells were incubated with LPS (10 pg/ml) in the presence or absence of SubAB (WT;
0.5 pg/ml) or mSubAB (MT; 0.5 pg/ml) for 24 h. Relative changes in luciferase expression were measured as described in Materials and Methods. Luciferase
activity was normalized for Renilla luciferase activity. Data are means + SD of values from three independent assays in triplicate experiments. Statistical

significance: *, P < 0.05 versus LPS treatment.

To examine whether SubAB affects IkB-a phosphorylation asa
trigger of IkB-a degradation, we next investigated IkB-a phos-
phorylation by immunoblotting. LPS treatment of RAW 264.7
cells increased phosphorylation of IkB-a within 1 h, with a sub-
sequent decrease by 3 h. In the presence of SubAB, BiP cleavage
was observed after 30 min of incubation, followed by suppression
of LPS-induced IkB-a phosphorylation. A densitometric analysis
also showed that SubAB significantly suppressed LPS-induced
IkB-a phosphorylation at 0.5 and 1 h. In contrast, mSubAB treat-
ment did not affect LPS-induced IkB-a phosphorylation (Fig.
4D). These results suggest that SubAB suppresses LPS-induced
NEF-kB nuclear localization through inhibition of phosphoryla-
tion-induced IkB-o degradation.

SubAB inhibits LPS-induced NF-kB binding to the iNOS
promoter in RAW 264.7 cells. The NF-kB p65/p50 heterodimer

Y has been shown to bind to the NF-kB binding site at a position
7 from —85 to —76 adjacent to the TATA box of the iNOS pro-

moter, which was designated the NF-kBd site (56). To examine
whether SubAB treatment suppresses LPS-induced NF-kB p65/
p50 heterodimer binding to the NF-kBd site of the iNOS pro-
moter, we performed ChIP-qPCR assay in RAW 264.7 cells using
anti-p65 or anti-p50 antibodies. As shown in Fig. 5, LPS treatment
dramatically increased p65 and p50 binding to the NF-kBd site.
Consistent with the NF-kB reporter assay, SubAB treatment
downregulated LPS-induced NF-kB p65/p50 heterodimer bind-
ing to the NF-kBd site, whereas mSubAB induced additional
binding. Our findings indicate that SubAB treatment suppresses
LPS-induced iNOS expression in RAW 264.7 cells via inhibition of
NF-kB p65/p50 heterodimer binding to the NF-«Bd site in the
iNOS promoter; in contrast, mSubAB increases binding.

NF-kB p65/p50 heterodimer is involved in SubAB-mediated
inhibition of LPS-induced iNOS expression. To further deter-
mine the role of NF-kB p65/p50 heterodimer in LPS-induced
iNOS expression, we prepared bone marrow macrophages
(BMMs) from wild-type or NF-kB1 ™/~ mice and examined the
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effect of SubAB on LPS-induced NO production and iNOS ex-
pression. First, we evaluated SubAB-mediated inhibition of LPS-
induced NO production in BMMs by Griess assay. Compared
with RAW 264.7 cells, SubAB treatment more effectively inhibited
LPS-induced NO production by BMMs (Fig. 6A). To further in-
vestigate an involvement of p50 in SubAB-mediated inhibition of
LPS-induced iNOS expression, we next examined the inhibitory
effect of SubAB treatment on iNOS expression in wild-type and
NF-kB1™/~ BMMs by immunoblotting. We first confirmed p50
deficiency in NF-«kB1 ™/~ BMMs and the same expression levels of
endogenous p65 in wild-type and NF-kB1 ™/~ BMMs (Fig. 6B). As
shown in Fig. 6C, LPS-induced iNOS expression in NE-kB1™/~
BMMs was slightly attenuated in comparison with wild-type
BMM s after 8 h of incubation but not after 24 h of incubation. In
addition, densitometric analysis showed that, in wild-type BMMs,
SubAB dramatically inhibited LPS-induced iNOS expression by
77% after 8 h of incubation and 95% after 24 h of incubation. On
the other hand, SubAB inhibition of LPS-induced iNOS expres-
sion in' NF-kB1™/~ BMMs at 8 and 24 h was significantly de-
creased at 59% and 71%, respectively. Wild-type BMMs were sig-
nificantly more responsive for SubAB-mediated inhibition of
LPS-induced iNOS expression than NF-kB1~/~ BMMs at 8 hand
24h (P < 0.01 and P < 0.01, respectively). These results suggest
that effects of the NF-«B p50 subunit are partially responsible for
SubAB-mediated inhibition of LPS-induced iNOS expression.
SubAB contributes to E. coli survival in RAW 264.7 cells, The
ability of NO to kill microbes makes it an important part of pri-
mordial host defense. Because we found that SubAB inhibited
LPS-induced NO production by macrophages, we hypothesized
that SubAB contributes to the viability of E. coli in macrophages.
Therefore, to investigate the effect of SubAB on E. coli survival in
macrophages, RAW 264.7 cells were infected with a nonpatho-
genic E. coli strain, BL21{DE3), carrying pET23b in the presence
or absence of an NOS inhibitor (L-NAME) and purified SubAB or
mSubAB, and then bacteria in RAW 264.7 cells were quantified at
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FIG 4 SubAB inhibits LPS-induced NF-«kB nuclear translocation in RAW 264.7 cells. (A) After RAW 264.7 cells (5 X 10° cells/dish) were treated with SubAB (0.5
pg/ml) or mSubAB (MT; 0.5 pg/ml) for 3 h in the presence of polymyxin B (10 pg/ml), cells were treated with LPS (10 pg/ml) for 30 min. Cells were collected
and lysed in lysis buffer, and cytoplasmic extracts (CE) and nuclear protein extracts (NE) were prepared as described in Materials and Methods. Proteins in CE
or NE were analyzed by immunoblotting using anti-NF-kB p65, anti-NF-kB p50, anti-nucleoporin p62 (nuclear protein control), and anti-GAPDH (cytoplas-
mic protein control) antibodies. Nuclear translocation of p65 and p50 was normalized to nucleoporin p62. CE were immunoprecipitated with anti-NF-kB p50
monoclonal antibody and subjected to analysis by immunoblotting using anti-NF-kB p65 polyclonal antibodies. The relative amounts of p65 and p50 are based
on densitometric quantification. Data are means * SD of values from three independent experiments. Statistical significance: *, P < 0.01;**, P < 0,05. (B) After
RAW 264.7 cells were treated with SubAB (0.5 pg/ml) or mSubAB (MT; 0.5 wg/ml) for 3 hin the presence of polymyxin B (10 pg/ml), cells were treated with LPS
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