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Functional Differences and Interactions between the Escherichia coli
Type III Secretion System Effectors NleH1 and NleH2

Thanh H. Pham,? Xiaofei Gao,® Karen Tsai,® Rachel Olsen,® Fengyi Wan,? and Philip R. Hardwidge?

Department of Microbiology, Molecular Genetics, and Immunology, University of Kansas Medical Center, Kansas City, Kansas, USA,? and Department of Biochemistry and
Molecular Biology, Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland, USA®

The human pathogens enterohemorrhagic and enteropathogenic Escherichia coli (EHEC and EPEC), as well as the related mouse
pathogen Citrobacter rodentium, utilize a type III secretion system (T3SS) to inject multiple effector proteins into host cells. The
E. coli O157:H7 strain EDL933 carries two copies of non-locus of enterocyte effacement (LEE)-encoded protein H, designated
NleH1 and NleH2, both of which bind to the human ribosomal protein S3 (RPS3), a subunit of NF-kB transcriptional com-
plexes. In this study, we describe significant functional differences between NleH1 and NleH2 in their ability to regulate the host
NF-kB pathway. We show that the EHEC and EPEC NleH effectors are functionally equivalent in their ability to affect RPS3 nu-
clear translocation. NleH1, but not NleH2, inhibited NF-kB activity without altering the kinetics of IkBa phosphorylation/deg-
radation. We also determined that the class I PSD-95/Disc Large/Z0-1 (PDZ)-binding domain of NleH was important for its
activity in the NF-kB pathway. In addition to binding RPS3, we found that NleH1 and NleH2 are able to bind to each other in
vitro and in vivo, suggesting an additional mechanism by which the E. coli NleH effectors may regulate the extent and duration
of NF-kB activation after their T3SS-dependent translocation. We also performed mouse infection experiments and established

that mouse mortality and Citrobacter colonization were reduced in mice infected with AnleH. Complementing AnleH with
NleH1 restored Citrobacter virulence and colonization to wild-type levels, whereas complementing with NleH2 reduced them.
Taken together, our data show that NleH1 and NleH2 have pronounced functional differences in their ability to alter host tran-

scriptional responses to bacterial infection.

nterohemorrhagic Escherichia coli (EHEC) and other Shiga-

like toxin-producing E. coli (STEC) strains are transmitted to
humans through consumption of fruit juice, raw/undercooked
meat, and vegetables contaminated with manure. STEC causes
diseases ranging from bloody diarrhea to severe kidney and neu-
rological complications and is a leading cause of pediatric renal
failure (hemolytic uremic syndrome [HUS]). There are no treat-
ments of proven therapeutic value (25), and administering anti-
biotics is often contraindicated because they can enhance the pro-
gression of enteritis to HUS.

While E. coli O157:H7 is the most frequently isolated STEC
serotype in North America, non-O157-STEC serotypes (e.g., 026,
0103, and O111) also cause outbreaks of bloody diarrhea and
HUS of comparable severity (14). The presence of a type III secre-
tion system (T3SS) and specific virulence proteins (effectors) cor-
relates with the ability of a STEC strain to cause severe disease and
human outbreaks (2).

STEC effectors are translocated directly into intestinal epithe-
lial cells through a T3SS (3). In attaching and effacing (A/E)
pathogens, which also include enteropathogenic E. coli (EPEC)
and Citrobacter rodentium, a natural pathogen of mice used for in
vivo studies (4), the T3SS and several effectors are encoded by a
pathogenicity island termed the locus of enterocyte effacement
(LEE) (13). Many other non-LEE-encoded [Nle] effectors are en-
coded by other pathogenicity islands identified more recently (5).

Some effectors (e.g., NleB, NleC, NleD, NleE, and NleH) are
key modulators of the innate immune system of intestinal epithe-
lial cells, especially pathways regulated by the transcription factor
NF-kB (6, 16, 17). For example, NleC is a protease that cleaves the
NE-kB p65 subunit (1, 15, 18), as well as the p300 acetyltransferase
(24). NleD cleaves the c-Jun N-terminal kinase (JNK) to prevent
AP-1 activation (1). NleE inhibits both p65 nuclear translocation
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and the degradation of the inhibitory NF-«kB chaperone IkBa (17)
to block NF-kB activation, in conjunction with NleB (16, 17). A
recent report also suggests that Tir, in addition to its role as the
translocated intimin receptor, also functions to inhibit NF-kB ac-
tivity by targeting tumor necrosis factor (TNF) receptor-associ-
ated factors (TRAFs) (22).

Activation of the inhibitor of kB kinase (IKK) complex during
infection stimulates the NF-«kB pathway by promoting IkBa deg-
radation. After nuclear import, NF-kB binds to kB sites within
target gene promoters and regulates transcription by recruiting
coactivators/repressors (26). The ribosomal protein S3 (RPS3)
guides NF-kB to specific kB sites (26). We previously showed that
RPS3 is inducibly associated with and phosphorylated by IKK3 on
serine 209 (S209) in concert with NF-«kB pathway activation (27).
RPS3 binds to the p65 NF-kB subunit and increases the affinity of
NF-kB for a subset of target genes (26).

E. coli O157:H7 strain EDL933 carries the T3SS effectors
NleH1 and NleH2, the amino acid sequences of which are 84%
identical. We have shown that both NleH1 and NleH2 bind RPS3
(6). NleH1, but not NleH2, prevents RPS3 association with NF-«kB
in the nucleus by inhibiting IKK@ phosphorylation of RPS3 (27).
However, others have suggested that both NleH1 and NleH2 can
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inhibit NF-kB through a mechanism involving attenuation of
IkBa degradation, rather than by interacting with RPS3 (21).

Other studies have characterized NleH interactions with dif-
ferent host proteins. NleH1 also binds to the Bax inhibitor 1, in-
hibiting caspase-3 activation during EPEC infection (8, 20).
NleH1 also binds the Na™/H™ exchanger regulatory factor 2
(NHERF2), a scaffold protein involved in tethering and recycling
ion channels in polarized epithelia (12). Overexpressing NHERF2
diminishes the antiapoptotic activity of NleH1 (12). The interac-
tion between NleH1 and NHERF2 has been suggested to function
as a plasma membrane sorting site to control spatial and temporal
NleH activity (12).

Several animal studies have been performed to elucidate NleH
function in vivo, but with some conflicting results. The mouse
pathogen C. rodentium carries only one copy of NleH (19), a pro-
tein that functions equivalently to EHEC NleH1 (6). In wild-type
C57BL/6 mice, a AnleH C. rodentium mutant is cleared more rap-
idly than wild-type bacteria (9). At early but not late stages of
infection, AnleH also displays reduced colonization of mouse co-
lons (7). Unexpectedly, deleting nleH caused a reduced TNF re-
sponse (9). Infecting streptomycin-treated mice with EPEC re-
vealed that NleH inhibits proinflammatory cytokine expression
and promotes EPEC colonization (21). Deleting both nleHI and
nleH2 from E. coli O157:H7 caused increased shedding compared
with that of the parental strain in calves, yet had a reduced
competitive advantage in mixed infections of lambs (9). Our
earlier studies of E. coli O157:H7 in gnotobiotic piglets revealed
a hypervirulent AnleHI phenotype, but with reduced piglet
colonization (6).

The goal of this study was to clarify the biochemical basis for
the reported differences in NleH activities. In the course of doing
s0, we also determined that NleH1 and NleH2 are capable of in-
teracting with each other and identified the NleH class I PSD-95/
Disc Large/ZO-1 (PDZ)-binding domain as contributing to
NF-kB pathway regulation.

MATERIALS AND METHODS

Ethics statement. All animal experiments were performed according to
Institutional Animal Care and Use Committee-approved protocols (An-
imal Welfare Assurance no. A3958-01).

Chemicals and antibodies. All chemicals and antibodies were used
according to manufacturers’ recommendations. Antibodies were ob-
tained from the following sources: poly(ADP-ribose) polymerase
(PARP), BD Biosciences; IkBa and phospho-IkBa, Cell Signaling; phos-
pho-RPS3, Primm Biotech; RPS3, Proteintech Group; tubulin, Santa
Cruz Biotechnology; and actin, FLAG, glutathione S-transferase (GST),
hemagglutinin (HA), and His, Sigma.

Bacterial strains, cell culture, and infection experiments. The bac-
terial strains and plasmids used in this study are described in Table 1.
Oligonucleotide sequences will be made available upon request. HeLa
and HEK293T cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) with 4.5 g/liter glucose, L-glutamine, and sodium
pyruvate, supplemented with 10% fetal bovine serum and 1% penicil-
lin-streptomycin. Cells were transfected using Lipofectamine 2000
(Invitrogen) or TransPass COS/293 (New England BioLabs). Bacteria
were cultured in Luria-Bertani (LB) broth at 37°C for 18 h. Overnight
LB cultures were subcultured 1:10 into DMEM, followed by a further
incubation for 3 h at 37°C and 5% CO,. IPTG (isopropyl-3-p-thioga-
lactopyranoside) (1 mM) was added for the final 1 h of incubation
when NleH was expressed from pFLAG-CTC. Cell culture medium
was replaced with DMEM prior to infection, and bacteria were added
at a multiplicity of infection of 25 to 50.
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Protein purification. NleH1 and NleH2 were cloned into either pET-
28a (His) or pET-42a (GST) and expressed in E. coli BL21(DE3). Bacterial
cultures were grown to an optical density at 600 nm (ODy,,) 0of 0.2 to 0.5,
at which time IPTG was added (1 mM) and cells were grown for 2 addi-
tional hours. Cells were pelleted and lysed in either His lysis buffer or GST
Bugbuster protein extraction reagent (Novagen). After centrifugation, the
supernatants were applied to either PerfectPro Ni-NTA agarose or gluta-
thione bead slurries and incubated at 4°C overnight. After the epitope-
tagged proteins were washed and eluted, purity was analyzed using 12%
SDS-PAGE.

Gel overlays. GST-NleH1 and NleH2 (5 pg) were electrophoresed,
transferred to nitrocellulose, and sequentially washed first in 50 mM Tris
(pH 8.0)-20% isopropanol, then in 50 mM Tris (pH 8.0)—6 M guanidine
HCI, and finally in 50 mM Tris (pH 8.0)-0.05% Tween 20. Membranes
were blocked in Odyssey blocking buffer and then overlaid with 2.5 ng of
purified His-RPS3. The transferred and overlaid proteins were then
probed using appropriate primary and secondary antibodies. After rins-
ing in phosphate-buffered saline (PBS), blots were imaged using an
Odpyssey infrared imaging system.

ELISAs. Immulon-2 96-well plates (Dynatech) were coated with 2 pg
His-NleH1 or His-NleH2 and incubated at 37°C for 1 h. Plates were
washed with 0.05% PBS-Tween and blocked in 5% (wt/vol) milk in
PBS-Tween. After washing, the plates were overlaid with various amounts
of GST-tagged proteins (RPS3, NleH1, and NleH2) and incubated at 37°C
for 1 h. After incubating with primary and secondary antibodies, the
plates were developed with 1-Step Ultra TMB-ELISA solution (Thermo
Scientific) and then quenched with 2 M H,SO,. Absorbance at 450 nm
was measured. Competitive enzyme-linked immunosorbent assays
(ELISAs) utilized a 5-fold molar excess of His-NleH1 or titrations of either
His-NleH1 or a nonspecific competitor, His-6-phosphofructokinase
(His-6-PFK). K, values were estimated, using Kaleidagraph, through
curve fitting to the following equation, where 6 is the fractional occupancy
of the prebound NleH substrate: § = ligand/(ligand +K,).

Immunoblotting. Cells were lysed in radioimmunoprecipitation as-
say (RIPA) buffer (150 mM NaCl, 50 mM Tris [pH 8.0], 0.5% sodium
deoxycholate, 0.1% SDS, 1% Nonidet P-40 [NP-40]), incubated on ice for
30 min, and centrifuged. Equal amounts of protein from the supernatants
were separated by SDS-PAGE, transferred to nitrocellulose membranes,
blocked in Odyssey blocking buffer (Li-Cor), and then probed with ap-
propriate primary and secondary antibodies. After rinsing in PBS, blots
were imaged using an Odyssey infrared imaging system.

Nuclear fractionation. Cytosolic and nuclear protein extracts were
prepared from 293T cells transfected with NleH plasmids, as previously
described (6). TNF stimulation (20 ng/ml, 30 min) (Cell Signaling) was
used to promote RPS3 translocation into the nucleus. Data were analyzed
by Western blotting for nuclear RPS3. PARP was used to normalize the
nuclear protein concentrations.

Luciferase assays. 293T cells were cotransfected with a firefly lucifer-
ase construct driven by a consensus kB site, together with the renilla
luciferase pTKRL plasmid, and with NleH expression plasmids as indi-
cated in the figure legends. Transfected cells were cultured for 36 h and
then stimulated with TNF (20 ng/ml, 30 min). Cells were lysed with pas-
sive lysis buffer, and lysates were analyzed using the Dual-Luciferase kit
(Promega), with firefly fluorescence units (FU) normalized to renilla FU.
Luciferase assays were performed in triplicate with at least three indepen-
dently transfected cell populations.

Mouse infections. Four-to-six-week-old C3H/HeJ and C57BL/6 mice
were kept in sterilized cages with filter tops, handled in tissue culture
hoods, and fed autoclaved food and water under specific-pathogen-free
conditions. Mice were infected by oral gavage with 5.0 X 10° CFU of
overnight cultures of C. rodentium in 100 pl of LB broth. Mice were
monitored twice daily for up to 1 week. At necropsy, the first 4 cm of each
colon, beginning at the anal verge, was collected. Fecal pellets were re-
moved before colonic tissue was weighed. For viable bacterial count stud-
ies, colons and fecal pellets were collected in ice-cold PBS. Colonic tissues
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TABLE 1 Strains and plasmids used in this study

NleH1 Inhibits Host NF-xB

Strain or plasmid Description Reference or source
Strains
E. coli EDL933 Wild-type E. coli O157:H7 isolate CDC
E. coli E2348/69 Wild-type E. coli O127:H6 isolate 11
E. coli BL21(DE3) E. coli F~ ompT hsdSy(rg~ my ™) gal dem (DE3) Novagen
BL21(DE3)/pNleH1-pET28a His-NleH1 6
BL21(DE3)/pNleH2-pET28a His-NleH2 6
BL21(DE3)/6-PFK-pET28a His-6-PFK This study
BL21(DE3)/RPS3-pET42a GST-RPS3 27
BL21(DE3)/GST-pET42a GST Novagen
BL21(DE3)/NleH1-pET42a GST-NleH1 This study
BL21(DE3)/NleH2-pET42a GST-NleH2 This study
C. rodentium DBS100 Wild-type C. rodentium ATCC 51459 23
C. rodentium AnleH C. rodentium nleH mutant ]. Puente
C. rodentium AnleH/pNleH1-FLAG C. rodentium AnleH expressing EHEC NleH1-FLAG This study
C. rodentium AnleH/pNleH2-FLAG C. rodentium AnleH expressing EHEC NleH2-FLAG This study
C. rodentium AnleH/pNleH1(K159A)-FLAG C. rodentium AnleH expressing EHEC NleH1(K159A)-FLAG This study
C. rodentium AnleH/pNleH2(K169A)-FLAG C. rodentium AnleH expressing EHEC NleH2(K169A)-FLAG This study
Plasmids
kB (5X)-luc Firefly luciferase driven by RPS/kB site Promega
pTKRL-luc Renilla luciferase Promega
IKKB IKKDb expression plasmid 27
pET28a Bacterial hexahistidine fusion expression Novagen
NleH1-pET28a His-NleH1 6
NleH2-pET28a His-NleH2 6
NleH1(K159A)-pET28a His-NleH1 K159A mutant 6
NleH2(K169A)-pET28a His-NleH2 K169A mutant 6
6-PFK-pET28a His-6-PFK This study
HA HA fusion expression for transfection 6
EHEC NleH1-HA EHEC NleH1 fused to HA 6
EHEC NleH2-HA EHEC NleH2 fused to HA 6
EPEC NleH1-HA EPEC NleH1 fused to HA This study
EPEC NleH2-HA EPEC NleH2 fused to HA This study
VN Venus fluorescence protein (aa” 1-173) 6
VC Venus fluorescence protein (aa 155-238) 6
VN-actin Venus 1-173 fused to human actin 6
VC-actin Venus 155-238 fused to human actin 6
VN-NleH1 Venus 1-173 fused to EHEC NleH1 6
VC-NleH1 Venus 155-238 fused to EHEC NleH1 6
VN-NleH2 Venus 1-173 fused to EHEC NleH2 6
VC-NleH2 Venus 155-238 fused to EHEC NleH2 6
pET42a Bacterial GST fusion protein expression Novagen
NleH1-pET42a GST-NleH1 This study
NleH2-pET42a GST-NleH2 This study
pFLAG-CTC Bacterial FLAG fusion protein expression Sigma
NleH1-pFLAG-CTC NleH1-FLAG 6
NleH2-pFLAG-CTC NleH2-FLAG 6
NleH1(K159A)-pFLAG-CTC NleH1(K159A)-FLAG 6
NleH2(K169A)-pFLAG-CTC NleH2(K169A)-FLAG 6
FLAG NleH1 NleH1-FLAG fusion for transfection This study
FLAG NleH2 NleH2-FLAG fusion for transfection This study
FLAG NleH1 ALSKI NleH1 ALSKI-FLAG fusion for transfection This study
FLAG NleH2 ALSKI NleH2 ALSKI-FLAG fusion for transfection This study

“aa, amino acids.

were homogenized, serially diluted, and plated onto MacConkey agar.
Bacterial colonies were enumerated the following day. Tissues were col-
lected in PBS for viable bacterial count studies or transferred to TRIzol
reagent (Gibco), frozen in liquid N,, and stored at —80°C until required
for RNA analysis.

RT-PCR. cDNA was prepared from 1 g RNA using the Superscript
First Strand system (Invitrogen) with oligo(dT) primer. Real-time PCR
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(RT-PCR) was performed in triplicate using a SYBR green PCR Master
Mix (Ambion) in a Fast 7500 sequence detection system (Applied Biosys-
tems). Relative transcription levels were calculated using the AAC;
method.

Statistical analyses. RPS3 translocation, luciferase assays, ELISAs, and
bimolecular fluorescence complementation (BiFC) data were analyzed
statistically using one-way analysis of variance (ANOVA). C. rodentium
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colonization and mouse survival data were analyzed using the Kruskal-
Wallis and log rank tests, respectively. RT-PCR data were analyzed with
unpaired ¢ tests. P values of <0.05 were considered significant.

RESULTS AND DISCUSSION

EHEC and EPEC NleH effectors have similar functions. Bacte-
rial infection ultimately results in the induction of an inflamma-
tory response after the host recognizes pathogen-associated mo-
lecular patterns (PAMPs). Toll-like receptor (TLR) signaling
causes activation of the IkB kinase complex (IKK), which phos-
phorylates IkBa, subsequently promoting its ubiquitination and
degradation, liberating NF-«B for nuclear translocation. Bacterial
pathogens have evolved T3SS effectors that inhibit NF-«kB activa-
tion to reduce proinflammatory cytokine expression.

RPS3 was identified as a non-Rel NF-«kB subunit that confers
regulatory specificity on NF-kB (26). Knockdown of RPS3 alters
the expression of a subset of NF-kB-dependent genes (26). For
example, p65 binding to kB sites in the IkBa and interleukin-8
(IL-8) gene promoters is reduced in RPS3 knockdown cells (26),
whereas RPS3-independent genes (e.g., CD25 and CD69) are un-
affected. Moreover, RPS3 was recently identified as a novel sub-
strate for IKKB (27). Although bearing no consensus IKK recog-
nition motif, RPS3 was phosphorylated at a casein kinase (CK2)
recognition motif through the alternative substrate specificity of
IKK (27). Phosphorylation of RPS3 S209 promotes its nuclear
translocation, coordinating the nuclear import of this subunit
with the p50-p65 NF-kB heterodimer (27).

Some debate has emerged as to the mechanism by which the
NleH effectors present in A/E pathogens inhibit NF-kB activation.
We previously showed that EHEC NleH1 and NleH2 bind to the N
terminus of RPS3 (6). NleH1, but not NleH2, inhibits the nuclear
translocation of RPS3 by reducing the extent of RPS3 S209 phos-
phorylation by IKK{ (27). However, based upon NleH sequence
similarity to that of the Shigella OspG effector, a protein kinase
that binds to ubiquitinylated ubiquitin-conjugating enzymes
(E2s) to block IkBa degradation (10), and upon experimental
data obtained using EPEC (21), it has been suggested that both
NleH1 and NleH2 may instead inhibit IkBo phosphorylation/
degradation (21). Others have also shown that both EPEC NleH1
and NleH2 can inhibit NF-kB activity when IKKB is overex-
pressed (21), calling into question our previous data indicating
that NleH1 and NleH2 have opposing functions (6).

To begin to resolve the potential discrepancies in these data, we
first examined whether the EHEC and EPEC NleH effectors have
similar functions. We quantified RPS3 nuclear translocation in
the presence of either EHEC or EPEC NleH effectors after stimu-
lating 293T cells with TNF. We also quantified PARP to normalize
nuclear protein concentrations. As expected, EHEC NleH1, but

NleH1 Inhibits Host NF-kB

not EHEC NleH2, inhibited RPS3 translocation (Fig. 1A and B).
Similarly, EPEC NleH1, but not EPEC NleH2, also inhibited RPS3
translocation (Fig. 1A and B). Thus, we conclude that the EHEC
and EPEC NleH effectors are functionally equivalent in their abil-
ity to affect RPS3 nuclear translocation.

We next evaluated the functional significance of inhibiting
RPS3 nuclear translocation on NF-kB activity. To do this, we
quantified NF-kB activation using a luciferase reporter proven
responsive to RPS3 (6). As expected, EHEC NleH1, but not EHEC
NleH2, inhibited NF-kB activity after TNF stimulation (Fig. 1C).
Similarly, EPEC NleH1, but not EPEC NleH2, also inhibited
NE-kB activity (Fig. 1C).

We next determined whether the previously reported differ-
ences in NleH activities (6, 21) might be attributable to the mech-
anism used to stimulate the NF-kB pathway. We therefore also
evaluated NF-kB luciferase reporter activity in the context of
IKK overexpression. In this case, all NleH effectors (both NleH1
and NleH2 from both EHEC and EPEC) functioned as inhibitors
of NF-kB (Fig. 1C), consistent with other reports (21). Thus, we
conclude that while NleH1 and NleH2 have strikingly differing
abilities to inhibit NF-«kB following TNF stimulation, they both
function as inhibitors of the pathway when IKKf is overexpressed
(Fig. 1C) (21). The biochemical basis for this difference in NleH
activities depending upon the mechanism of NF-kB activation is
currently unknown.

It has also been reported that rather than, or in addition to,
targeting RPS3, EPEC NleH1 and NleH2 alter IkBo phosphoryla-
tion/degradation to more generally subvert the NF-kB pathway
(21). We also evaluated the kinetics of IkBa stability and phos-
phorylation after stimulating 293T cells with TNF. As expected,
TNF induced the rapid phosphorylation and subsequent degrada-
tion of IkBa (Fig. 1D). In agreement with our previous studies (6,
27), but in disagreement with results from others (21), we did not
observe an ability of any NleH effector to alter the kinetics of Ik Bat
phosphorylation/degradation (Fig. 1D).

We previously showed that IKK-mediated phosphorylation
of RPS3 S209 was inhibited by the kinase activity of NleH1 (27).
To determine whether EHEC NleH?2 also alters RPS3 phosphory-
lation, we complemented C. rodentium AnleH with EHEC NleH2
or the kinase mutant NleH2(K169A). As expected, TNF signifi-
cantly increased RPS3 S209 phosphorylation and was inhibited by
C. rodentium expressing EHEC NleH1 (Fig. 1E). Consistent with
its mild stimulatory activity toward NF-«kB, complementing C.
rodentium AnleH with EHEC NleH?2 elevated the extent of RPS3
S209 phosphorylation. Mutating the active-site lysine (K169) to
alanine (K169A) reduced RPS3 phosphorylation levels to those
observed in cells infected with AnleH (Fig. 1E). Thus, the kinase

FIG 1 EHEC and EPEC NleH proteins have similar functions. (A) RPS3 nuclear translocation. Immunoblotting of cytoplasmic and nuclear fractions of 293T
cells transfected with EHEC or EPEC NleH1, NleH2, or an HA-epitope control, with (+) or without (—) TNF (20 ng/ml; 30 min). Blots were probed with RPS3,
HA, tubulin, and PARP monoclonal antibodies. (B) Nuclear RPS3. Quantification (n = 4) of the fold increase in nuclear RPS3 after TNF treatment. RPS3 signal
intensity was normalized to nuclear PARP. Asterisks indicate significant differences compared with HA transfection. (C) NF-kB activity. Relative NF-kB activity
determined using luciferase reporter assays in 293T cells transfected with the indicated NleH plasmids (# = 3). Cells were stimulated with TNF (20 ng/ml; 30 min)
or cotransfected with IKKR, as indicated. Cells were also transfected with a firefly luciferase construct driven by a consensus kB site and with a renilla luciferase
plasmid. Asterisks indicate significantly different pairwise comparisons between TNF and IKK stimulations. (D) Neither NleH1 nor NleH2 alters IkBa
dynamics. Immunoblot analysis of total and phosphorylated IkBa after TNF (20 ng/ml; 30 min) treatment in the presence of indicated NleH constructs. (E)
NleH2 does not inhibit RPS3 phosphorylation. Immunoblotting of HeLa cell lysates after a 3-h infection with C. rodentium strains complemented with the
indicated EHEC NleH expression plasmids. Cells were treated with TNF (20 ng/ml; 30 min) prior to harvest. (F) PDZ-binding motif of NleH regulates its
function in innate immunity. Relative NF-kB activity determined using luciferase reporter assays in 293T cells transfected with the indicated NleH plasmids.
Experiments were conducted as described for panel C. Asterisks indicate significantly different pairwise comparisons between wild-type and ALSKI constructs.
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FIG 2 NleH1 and NleH2 bind to each other. (A) Purification of GST- and His-tagged proteins. RPS3, NleH1, and NleH2 were expressed as GST and His fusions
and purified using affinity chromatography. Protein purity was assessed by Coomassie blue staining after electrophoresis through 12% SDS-PAGE. (B) Gel
overlays of NleH and RPS3. GST-NleH1 and NleH2 (5 j.g) were resolved by SDS-PAGE, transferred to nitrocellulose, and overlaid with 2.5 pg of purified
His-RPS3. (C) Binding to NleH1 in vitro. Immulon-2 plates were coated with 2 g His-NleH1. Coated plates were overlaid with increasing amounts of GST,
GST-RPS3, GST-NleH1, and GST-NleH2. GST fusion protein binding was detected using an anti-GST antibody and 1-Step Ultra TMB-ELISA solution.
Absorbance at 450 nm was measured. The results are shown as the means = standard errors (n = 4). The asterisk indicates significant differences in binding to
His-NleH1 compared with the GST control. (D) Binding to NleH2 in vitro. Experiments were conducted as described for panel C, except that plates were coated
with 2 pg His-NleH2. The asterisk indicates significant differences in binding to His-NleH1 compared with the GST control. (E) Competitive ELISAs using excess
NleH1. RPS3 binding to His-NleH1 was assessed in the presence of a 5-fold molar excess of NleH1 during RPS3 titrations. The asterisk indicates significant
reduction in RPS3 binding due to the excess soluble NleH1. (F) Competitive ELISAs using specific versus nonspecific competitors. RPS3 binding to His-NleH1
was assessed in the presence of increasing amounts of either NleH1 or 6-phosphofructose kinase. The asterisk indicates significant differences in RPS3 binding
due to competition from NleH1, compared with competition from 6-PFK. (G) BiFC. Relative fluorescence intensity after cotransfecting the indicated NleH1-
and NleH2-eYFP plasmid combinations (n = 3). Asterisks indicate significantly increased fluorescence compared with Venus fluorescence protein controls (VN
+ VC). (H) Cotransfection. Relative NF-«kB activity determined using luciferase reporter assays in 293T cells cotransfected with the indicated molar ratios of
NleH plasmids (n = 3). Asterisks indicate significantly different pairwise comparisons.
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TABLE 2 Binding affinities of RPS3 and NleH proteins for either NleH1
or NleH2*

K, (nM) for prebound:

Protein His-NleH1 His-NleH2
GST ND ND
GST-RPS3 17 =5 15+ 4
GST-NleH1 ND 28 £8
GST-NIleH2 25*4 24+ 6

“ Dissociation constants (K,;) were estimated through curve fitting to the equation 6 =
ligand/(ligand +K), as described in Materials and Methods, and are given as means *+
standard deviations (n = 4). ND, not detected.

activity of NleH2 is also essential for its ability to stimulate RPS3
phosphorylation.

It was previously shown that the PDZ-binding motif of NleH1
is responsible for its interaction with NHERF2 (12). To test the
hypothesis that NleH1/NleH2 recruitment to other host proteins
via their PDZ-binding motif might contribute to differences in
their activities against NF-kB, we assessed the activities of wild-
type and mutant forms of NleH1 and NleH2 in which we deleted
the C-terminal PDZ-binding domain (residues 290 to 293 in
NleH1 and 300 to 303 in NleH2 [ALSKI]). Transfecting these
constructs and performing luciferase assays indicated that the
PDZ-binding motif was indeed essential for NleH function in the
NEF-kB pathway. Deleting LSKI from the C terminus of NleH1
(NleH1 ALSKI) substantially blocked its ability to function as an
NF-kB inhibitor (Fig. 1F). Remarkably, NleH2 ALSKI inhibited
NE-kB luciferase activity to a magnitude similar to that of wild-
type NleH1. These data suggest that the PDZ-binding domain
may contribute to functional differences between NleH1 and
NleH2 in regulating NF-kB activation.

NleH1 and NleH2 bind to each other in vitro and in vivo.
Because of the overlapping substrate specificity yet opposing func-
tions of NleH1 and NleH2 (6), we considered the possibility that
these two effectors might also interact with one another, providing
E. coli with an additional mechanism by which to regulate the
extent and duration of NF-kB activation via RPS3 interaction. We
expressed and purified both GST- and His-tagged forms of NleH1
and NleH2, as well as GST-RPS3 (Fig. 2A). Using gel overlays, we
first verified the specific binding of RPS3 to both NleH1 and
NleH2 (Fig. 2B). We then quantified NleH binding interactions
using ELISAs. As expected, GST-RPS3 bound to immobilized His-
NleH1 in a concentration-dependent manner (Fig. 2C), with an
apparent dissociation constant (K,;) of 17 = 5 wM under the con-
ditions of the ELISA (Table 2). Notably, we also observed that
GST-NleH2, but not GST-NIeH1, was able to bind His-NleH1.

We also quantified protein-protein interactions using pre-
bound His-NleH2 (Fig. 2D). As expected, GST-RPS3 bound to
immobilized His-NleH2 with an affinity similar to that of His-
NleH1 (Table 2). Both GST-NleH1 and GST-NIleH2 bound to
His-NleH2, albeit with slightly lesser affinity than did RPS3. Thus,
NleH2 is capable of forming both homotypic and heterotypic
complexes with NleH1, whereas NleH1 forms only heterotypic
complexes with NleH?2.

To confirm the specificity of these interactions, we performed a
subsequent experiment in which we used soluble NleH1 to com-
pete for RPS3 binding with the prebound His-NleH1 substrate.
Since NleH1 binds RPS3 but does not interact with itself, it can
serve as a competitor to distinguish between specific versus non-
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specific binding in ELISAs. Adding a 5-fold molar excess of NleH1
simultaneously with RPS3 caused a significant reduction in RPS3
binding to the His-NleH1 substrate (Fig. 2E). Similarly, titrating
the amount of NleH1 competitor in the presence of a constant
amount of RPS3 (0.8 M), but not titrating an unrelated protein,
6-phosphofructokinase, decreased RPS3 binding to the prebound
His-NleH1 (Fig. 2F).

We also used bimolecular fluorescence complementation
(BiFC) assays to determine whether NleH1 and NleH?2 interact
when they are coexpressed in mammalian cells. In support of
ELISA data, NleH1-NleH2 as well as NleH2-NleH2 coexpression,
but not NleH1-NleH1 coexpression, reconstituted two fragments
of the enhanced yellow fluorescent protein (eYFP), resulting in
quantifiable increases in fluorescence (Fig. 2G). Thus, we con-
clude that NleH1 and NleH?2 are capable of binding to each other
invitro and in vivo. To assess the biological relevance of NleH1 and
NleH2 interaction, we performed NF-«B luciferase assays after
TNF stimulation with cells cotransfected with different molar ra-
tios of NleH1 and NleH2. Whereas cells expressing a 4:1 ratio of
NleH1/NIleH2 displayed little NF-«kB luciferase activity, this trend
was reversed by increasing the molar ratio of NleH2 (Fig. 2H).
While the underlying functional significance of these interactions
is currently unclear, they raise the intriguing possibility that inter-
actions between NleH1 and NleH2, and perhaps other effectors
targeting the NF-«kB pathway, after their translocation into host
cells, may profoundly impact the extent and duration of host in-
nate responses to bacterial infection.

E. coli O157:H7 NleH proteins alter C. rodentium coloniza-
tion and mouse survival. We performed infection experiments
with C. rodentium strains complemented with either EHEC NleH1
or NleH2 to determine if their demonstrated in vitro differences
would also contribute to differences in bacterial virulence. Con-
sistent with other reports, the virulence of C. rodentium AnleH was
attenuated compared with that of wild-type C. rodentium in
mouse infections (7, 9). Wild-type C. rodentium caused severe
disease in C3H/HeJ mice, to the extent that all mice succumbed to
infection within 5 days (Fig. 3A). In contrast, deleting nleH from
C. rodentium delayed and reduced mouse mortality. Comple-
menting AnleH with NleH1 restored Citrobacter virulence to wild-
type levels, whereas complementing with NleH2 reduced Citro-
bacter virulence. Consistent with our in vitro data, the kinase
activity of NleH was essential for maximal Citrobacter virulence in
C3H/He] mice. Mice infected with C. rodentium AnleH comple-
mented with NleH1(K159A) displayed significantly increased sur-
vival over the time course of infection (Fig. 3A).

Infecting C57BL/6] mice, a strain that is relatively resistant to Cit-
robacter, indicated that Citrobacter colonization was reduced ~10-
fold upon deleting NleH (Fig. 3B). Whereas complementing AnleH
with NleH1 restored Citrobacter colonization to wild-type levels,
complementing with NleH2 had no measurable impact (Fig. 3B).
Furthermore, complementing AnleH with NleH1(K159A) did not
enhance bacterial colonization, further emphasizing the importance
of NleH kinase activity to bacterial virulence. Interestingly, comple-
menting AnleH with NleH2(K159A) severely dampened Citrobacter
colonization.

We also quantified changes in mouse TNF gene transcription
(TNFA) using RT-PCR from RNA isolated from C57BL/6] mouse
colons 7 days after infection. Deleting C. rodentium NleH signifi-
cantly increased host TNF transcription, compared with TNF ex-
pression in mice infected with wild-type C. rodentium (Fig. 3C).
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FIG 3 Expressing EHEC NleH effectors alters Citrobacter virulence. (A) C3H/
HeJ survival. The survival (percentage of initial population) of C3H/HeJ mice
is plotted as a function of time after oral gavage with indicated C. rodentium
strains (n = 7 or 8/group). Asterisks indicate significantly different survival
rates compared with wild-type infection. (B) Citrobacter colonization. Colo-
nization (CFU/g mouse colon) of indicated C. rodentium strains (7 days post-
gavage) in C57BL/6] mice (n = 8/group). The asterisk indicates significantly
different colonization magnitudes. (C) TNF expression. Relative TNF mRNA
expression levels from colons obtained from C57BL/6] mice (7 days postga-
vage) infected with the indicated C. rodentium strains. Asterisks indicate sig-
nificantly different TNF expressions compared with wild-type infection.

Again, complementing AnleH with EHEC NleH1, but not with
NleH2, restored mouse TNF transcription to levels similar to
those in mice infected with wild-type C. rodentium, indicating that
NleH1 plays a key role in regulating the NF-«kB/TNF response in
vivo. Thus, differences between NleH1 and NleH2 are clearly evi-
dent from our in vivo studies using C. rodentium, and similar to
what is shown by in vitro data, the kinase activities of the NleH
effectors are essential in modulating host phenotypes in vivo.
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