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The type III secretion system effector protein NleE from
enteropathogenic Escherichia coli plays a key role in the inhibi-
tion of NF-�B activation during infection. NleE inactivates the
ubiquitin chain binding activity of host proteins TAK1-binding
proteins 2 and 3 (TAB2 and TAB3) by modifying the Npl4 zinc
finger domain through S-adenosyl methionine-dependent cys-
teine methylation. Using yeast two-hybrid protein interaction
studies, we found that a conserved region between amino acids
34 and 52 of NleE, in particular the motif 49GITR52, was critical
for TAB2 and TAB3 binding. NleE mutants lacking 49GITR52

were unable to methylate TAB3, and wild type NleE but not
NleE49AAAA52 where each of GITR was replaced with alanine
restored the ability of an nleE mutant to inhibit IL-8 production
during infection. Another NleE target, ZRANB3, also associated
with NleE through the 49GITR52 motif. Ectopic expression of an
N-terminal fragment of NleE (NleE34 –52) in HeLa cells showed
competitive inhibition of wild type NleE in the suppression of
IL-8 secretion during enteropathogenic E. coli infection. Similar
results were observed for the NleE homologue OspZ from Shi-
gella flexneri 6 that also bound TAB3 through the 49GITR52

motif and decreased IL-8 transcription through modification of
TAB3. In summary, we have identified a unique substrate-bind-
ing motif in NleE and OspZ that is required for the ability to
inhibit the host inflammatory response.

Many bacterial pathogens, including enteropathogenic Esch-
erichia coli (EPEC),4 enterohemorrhagic E. coli, and Shigella,
utilize a type III secretion system (T3SS) to deliver multiple
virulence proteins directly into host cells that subvert a diverse
range of normal cellular functions (1). During infection, EPEC
and enterohemorrhagic E. coli remain extracellular and attach

intimately to the apical surface of enterocytes, forming attach-
ing and effacing (A/E) lesions. A/E lesions are characterized by
localized microvillus effacement and the accumulation of host
cytoskeletal proteins beneath the adherent bacteria (2). A/E
lesion formation requires the EPEC T3SS and secreted effector
proteins, which are encoded on a genomic pathogenicity island
called the locus of enterocyte effacement. EPEC also delivers a
repertoire of non-locus of enterocyte effacement-encoded
(Nle) effector proteins into host cells, some of which dampen
the inflammatory response during infection and allow EPEC to
evade early detection by the host immune system (3–10).

Recently, several T3SS effectors have been described as novel
enzymes that target innate immune signaling pathways for the
benefit of bacterial survival and dissemination. For example,
the EPEC effector NleB1 is a novel glycosyltransferase that
modifies death domain proteins with a single GlcNAc residue
and inhibits death receptor-mediated apoptosis, thereby pro-
moting the survival of enterocytes during EPEC infection (11,
12). The EPEC effector NleC is a zinc metalloprotease that
directly cleaves NF-�B Rel proteins, including p65 and p50, as
well as p300 (3, 4, 7, 10, 13, 14). OspF is a T3SS effector of
Shigella classified as a phospholyase that represses the expres-
sion of proinflammatory cytokine genes by dephosphorylating
activated mitogen-activated protein kinases and thereby block-
ing histone 3 phosphorylation at serine position 10 (15).

Another EPEC effector, NleE, is a novel S-adenosyl-L-methi-
onine (AdoMet)-dependent methyltransferase that modifies a
cysteine residue in the Npl4 zinc finger (NZF) domain of the
host signaling adaptor proteins TAK1-binding proteins 2 and 3
(TAB2 and TAB3) (16). NleE is conserved across all A/E patho-
gens and has a homologue in Shigella spp., termed OspZ (17,
18). TAB2 and TAB3 are redundant proteins that are essential
for signaling via the Toll-like, IL-1, and TNF receptors. Upon
activation, the NZF domains of TAB2/3 bind Lys63-linked
polyubiquitin chains on target proteins, such as the receptor-
associated ubiquitin ligases TRAF6 and TRAF2. Polyubiquitin
chain binding by TAB2/3 allows TAK1 to form a complex with
I�B kinase and subsequently phosphorylate I�B kinase �. This
leads to the phosphorylation and degradation of I�B and sub-
sequent activation of NF-�B. NleE abolishes the ubiquitin chain
binding capacity of the NZF domains of TAB2/3 and thereby
disrupts NF-�B signaling (16). More recently, the NZF domain-
containing protein ZRANB3 was identified as an NleE sub-
strate, and when methylated, the NZF domain of ZRANB3 also
lost the ability to bind polyubiquitin chains (19). ZRANB3 has
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been described previously as a translocase or annealing helicase
that interacts with Lys63-linked polyubiquitinated proliferating
cell nuclear antigen (19).

Despite the comprehensive work that has defined the novel
enzymatic activities of NleE and other T3SS effectors, knowl-
edge of effector target recognition and binding regions is often
lacking. Here, we identified a highly conserved motif in the N
terminus of NleE that is critical for the recognition of targets in
host. We also investigated the propensity of OspZ to bind and
methylate NleE host targets as well as the role of OspZ in the
inhibition of NF-�B activation and IL8 expression during Shi-
gella flexneri 6 infection.

Results

Identification of a TAB3-binding Domain in NleE—Although
the 208IDSYMK214 motif is essential for NleE activity (6), the
contribution of this motif to enzyme function is unknown. To
test whether the 208IDSYMK214 motif was involved in target
recognition, we used the yeast two-hybrid system to investigate
binding of NleE to its host target, TAB3. Saccharomyces cerevi-
siae AH109 was co-transformed with NleE and TAB3 yeast
expression constructs, and protein-protein interactions were
assessed by growth of the yeast on selective quadruple dropout
medium. Full-length NleE from EPEC E2348/69 interacted
with TAB3 as did NleE6A, a derivative of NleE where each
amino acid in the 208IDSYMK214 motif was substituted with
alanine (Fig. 1A). Hence despite the fact that NleE6A is unable to

inhibit NF-�B activation (6), this mutant derivative still bound
to TAB3, suggesting the existence of a substrate recognition
domain distinct from the 208IDSYMK214 motif.

To narrow down the TAB3-binding region within NleE, we
performed a sequential deletion analysis of NleE and deter-
mined the capacity of the NleE truncations to bind TAB3 in the
yeast two-hybrid system (Fig. 1, A and B). The results suggested
that the N-terminal 53 amino acids of NleE were crucial for the
interaction with TAB3 (Fig. 1, A and B). Within this 53-amino
acid sequence, amino acids 34 –52 are highly conserved among
NleE/OspZ proteins from EPEC, enterohemorrhagic E. coli,
Citrobacter rodentium, and Shigella (Fig. 2A). Upon transfor-
mation of S. cerevisiae AH109 with constructs expressing
TAB3 and just the fragment comprising amino acids 34 –52
(NleE34 –52), growth was observed on quadruple dropout
medium, suggesting that amino acids 34 –52 within NleE were
sufficient to sustain an interaction with TAB3 (Fig. 1, A and B).
To further confirm the interaction, purified GST-NleE and
GST-NleE34 –52 were used to pull down TAB3-FLAG from cell
lysates of transfected HEK293T cells (Fig. 2B). GST alone
showed no interaction with TAB3-FLAG.

Contribution of the NleE34 –52 TAB3-binding Region to the
Inhibition of NF-�B Activation—Based on the observation that
the region between amino acids 34 and 52 of NleE was sufficient
for binding to TAB3, we tested whether this region was
required for inhibition of NF-�B activation by NleE. Using a

FIGURE 1. Mapping of NleE-TAB3 interaction domains. A, growth of S. cerevisiae AH109 on medium lacking histidine, adenine, leucine, and tryptophan
(QDO) to select for protein-protein interactions (right panel) or medium lacking leucine and tryptophan (DDO) to select for plasmid maintenance only (left
panel). Yeast are co-expressing NleE and TAB3 (1), NleE6A and TAB3 (2), NleE1–53 and TAB3 (3), NleE1– 82 and TAB3 (4), NleE1–118 and TAB3 (5), NleE119 –224 and
TAB3 (6), NleE83–224 and TAB3 (7), NleE54 –224 and TAB3 (8), and NleE34 –52 and TAB3 (9). B, schematic representation of NleE and various deletion profiles with
TAB3 binding capacity indicated in the right panel. Y2HS, yeast two-hybrid system.
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Dual-Luciferase reporter system to measure NF-�B activation
(6), we found that NleE lacking the N-terminal 53 amino acids
(NleE�1–53) or the region between amino acids 34 and 52
(NleE�34 –52) was unable to inhibit NF-�B activation (Fig. 2C).
HeLa cells expressing EGFP alone were used as a positive con-
trol for activation. This suggested that the region between
amino acids 34 and 52 was essential for the function of NleE.

We predicted that amino acids 34 –52 would overlap the
T3SS secretion and translocation signal, making analysis of this
region of NleE difficult in EPEC. To test this, we used a system
that utilizes translational fusions to TEM1 �-lactamase (20).
Equivalent expression of the TEM1-fused NleE derivatives in
EPEC E2348/69 was detected with �-lactamase antibodies
(data not shown). Not surprisingly, a derivative of NleE lacking
amino acids 34 –52 was not translocated into host cells (Fig.
3A). To narrow down the TAB3-binding domain of NleE fur-
ther, we screened three NleE deletion mutants, NleE�41–52,
NleE�45–52, and NleE�49 –52, for their ability to bind TAB3.
None of the NleE mutants tested bound to TAB3 in the yeast
two-hybrid system, suggesting that the region between amino
acids 49 and 52 was important for NleE-TAB3 interactions (Fig.
3B). Co-immunoprecipitation experiments in cultured epithe-
lial cells confirmed this observation as full-length green fluores-
cent protein (GFP)-NleE immunoprecipitated with TAB3-
FLAG, whereas no binding was observed between TAB3-FLAG
and a derivative of NleE where each of 49GITR52 was replaced
with alanine (GFP-NleE49AAAA52) (Fig. 3C). Despite equivalent

expression (data not shown), none of the NleE deletion mutants
(NleE�41–52, NleE�45–52, and NleE�49 –52) were able to inhibit
NF-�B activation as efficiently as full-length NleE (Fig. 3D),
further suggesting that the 49GITR52 region was important for
NleE function. HeLa cells expressing EGFP alone were used as a
positive control for activation. We then tested the ability of
EPEC to translocate NleE�49 –52 and observed that NleE�49 –52-
TEM1 was translocated into cells (Fig. 3A), making analysis of
the 49GITR52 region possible in the EPEC background.

Contribution of the NleE 49GITR52 Motif to TAB3 Cysteine
Methylation and Inhibition of IL-8 Secretion during EPEC
Infection—Because EPEC has been reported to inhibit I�B deg-
radation (21) and NleE is necessary for this inhibition (6), we
examined the effect of NleE�49 –52 on I�B degradation. As
observed previously, cells infected with an EPEC nleE deletion
mutant or the PP4/IE6 double island deletion mutant, which
lacks seven effector genes (6), were unable to inhibit I�B degra-
dation in response to TNF stimulation, an effect that could be
reversed upon complementation with full-length nleE (Fig. 4A)
(6). In contrast, reintroduction of nleE�49 –52 to these mutant
backgrounds was unable to restore the inhibition of I�B degra-
dation in response to TNF (Fig. 4A) or the inhibition of IL-8
secretion during EPEC infection (Fig. 4B). Similarly, exchange
of each of 49GITR52 in NleE with alanine (NleE49AAAA52)
generated a non-functional derivative of NleE, similar to
NleE�49 –52 (Fig. 4C).

FIGURE 2. Functional analysis of the TAB3-binding domain of NleE. A, alignment of the N-terminal regions of NleE and OspZ from A/E pathogens and
Shigella. Amino acids 34 –52 are shaded. B, pulldown of TAB3-FLAG by immobilized GST, GST-NleE, and GST-NleE34 –52. C, -fold increase in NF-�B-dependent
luciferase activity in HeLa cells expressing EGFP, EGFP-NleE, EGFP-NleE�1–53, or EGFP-NleE�34 –52 and left unstimulated or stimulated with TNF for 8 h where
indicated. Results are the mean � S.E. (error bars) of three independent experiments carried out in duplicate. *, significantly different from unstimulated HeLa
cells expressing EGFP only (p � 0.0001, unpaired two-tailed t test). EHEC, enterohemorrhagic E. coli; IP, immunoprecipitation.
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Given that NleE disrupts NF-�B signaling by transferring a
methyl group onto the conserved zinc-coordinating cysteine
located in the NZF domain of TAB2 and TAB3 (16), we inves-
tigated whether the 49GITR52 motif was important for target
methylation by NleE. TAB3-FLAG was immunoprecipitated
from cell lysates of transfected HEK293T cells and then incu-
bated with either purified wild type GST-NleE or GST-
NleE49AAAA52 together with [3H]AdoMet. [3H]AdoMet label-
ing of full-length TAB3 was detected by 3H autoradiography.
Wild type NleE effectively catalyzed the transfer of [3H]methyl
from [3H]AdoMet onto TAB3, whereas NleE49AAAA52 failed to
mediate TAB3 cysteine methylation (Fig. 4D). This was pre-
sumably due to the requirement of the 49GITR52 motif for NleE
substrate recognition and interaction with TAB3, although
influence of the mutation on other aspects of enzyme activity
cannot be ruled out.

Competitive Inhibition of Native NleE during Infection by
Ectopic Expression of NleE34 –52—We reasoned that if NleE34 –52

bound TAB3 then a fragment of this region alone would act as a
competitive inhibitor for native NleE. HeLa cells stably express-
ing GFP-NleE34 –52 were utilized to determine whether expres-
sion of the NleE TAB3-binding fragment diminished the effi-
cacy of full-length NleE during infection. Suppression of IL-8
production by EPEC was used as a measure of native NleE activ-
ity. HeLa cells or HeLa cells stably expressing GFP-NleE34 –52

(Fig. 5, A and B) were infected with wild type EPEC E2348/69,
an nleE deletion mutant, �nleE complemented with full-length
nleE, the PP4/IE6 double island mutant, or �PP4/IE6 comple-
mented with full-length nleE. As observed previously, wild type
EPEC inhibited IL-8 secretion in HeLa cells stimulated with TNF,
whereas infection of HeLa cells with �nleE or �PP4/IE6 induced a
significant increase in IL-8 production in both stimulated and

FIGURE 3. Translocation and function of NleE mutants lacking the TAB3-binding domain. A, translocation of NleE-TEM1, NleE�34 –52-TEM1, and NleE�49 –52-
TEM1 fusions in HeLa cells. The ratio of blue fluorescence at 450 nm and green fluorescence at 520 nm is presented. HeLa cells were infected with EPEC
E2348/69 (pCX340), EPEC E2348/69 (pNleE-TEM1), EPEC E2348/69 (pNleE�34 –52-TEM1), or EPEC E2348/69 (pNleE�49 –52-TEM1). Results are the mean � S.E. (error
bars) of three independent experiments carried out in triplicate. *, significantly different from EPEC E2348/69 carrying pCX340 only (p � 0.0001,
unpaired two-tailed t test). B, growth of S. cerevisiae AH109 on medium lacking histidine, adenine, leucine, and tryptophan (QDO) to select for protein-
protein interactions (right panel) or medium lacking leucine and tryptophan (DDO) to select for plasmid maintenance only (left panel). Yeast are
co-expressing NleE and TAB3 (1), NleE�34 –52 and TAB3 (2), NleE�41–52 and TAB3 (3), NleE�45–52 and TAB3 (4), and NleE�49 –52 and TAB3 (5). C, immuno-
precipitation (IP) of TAB3-FLAG and detection of EGFP-NleE and EGFP-NleE49AAAA52 binding in HEK293T cells. Actin is a loading control. * indicates
nonspecific bands. D, -fold increase in NF-�B-dependent luciferase activity in HeLa cells expressing EGFP, EGFP-NleE, EGFP-NleE�34 –52, EGFP-NleE�41–52,
EGFP-NleE�45–52, or EGFP-NleE�49 –52 and stimulated with or without TNF for 8 h where indicated. Results are the mean � S.E. (error bars) of three
independent experiments carried out in duplicate. *, significantly different from unstimulated HeLa cells expressing EGFP only (p � 0.02, unpaired
two-tailed t test). UT, untransfected.
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unstimulated cells (Fig. 5C) (6). In HeLa cells stably expressing
GFP-NleE34–52, IL-8 secretion was significantly increased during
wild type EPEC infection compared with HeLa cells alone. Simi-
larly, GFP-NleE34–52-expressing cells infected with �nleE or
�PP4/IE6 and complemented with full-length nleE showed signif-
icantly higher IL-8 levels than HeLa cells alone (Fig. 5C). Overall,
this suggested that the NleE34–52 fragment could block the activity
of full-length NleE during infection.

The 49GITR52 Motif of NleE Is Important for Cysteine
Methylation of All Identified Host Substrates—To determine
whether the 49GITR52 motif of NleE was also needed for the
interaction of NleE with TAB2 and ZRANB3, we performed
FLAG immunoprecipitation on HEK293T cells co-expressing
GFP-NleE derivatives and TAB2-FLAG or ZRANB3-FLAG.
GFP-NleE co-immunoprecipitated with TAB2-FLAG and
ZRANB3-FLAG, whereas no interaction was observed
between GFP-NleE49AAAA52 and TAB2-FLAG or ZRANB3-
FLAG (Fig. 6, A and B). We next investigated whether the
49GITR52 motif of NleE was important for TAB2 and ZRANB3
cysteine methylation. TAB2-FLAG or ZRANB3-FLAG were
immunoprecipitated from cell lysates of transfected HEK293T
cells, respectively, and then incubated with either purified

wild type GST-NleE or GST-NleE49AAAA52 together with
[3H]AdoMet. [3H]AdoMet labeling of full-length TAB2 or
ZRANB3 was detected by 3H autoradiography. Wild type NleE
effectively catalyzed the transfer of [3H]methyl from
[3H]AdoMet to TAB2 and ZRANB3, whereas NleE49AAAA52

failed to induce the methylation of TAB2 and ZRANB3 (Fig. 6,
C and D).

Interaction of OspZ with Identified Host Targets of NleE—
Given that the amino acid sequences of OspZ from S. flexneri
and EPEC NleE show a high degree of similarity, we investi-
gated whether OspZ targets the same host proteins as NleE.
Using the yeast two-hybrid system, we observed an interaction
between OspZ and TAB3 (Fig. 7A). OspZ also showed an ability
to methylate TAB3, and this required the 49GITR52 motif (Fig.
7B). Co-immunoprecipitation experiments using HEK293T
cells expressing GFP-OspZ confirmed the interaction between
OspZ and TAB3 and showed that OspZ also interacted with
TAB2 and ZRANB3 (Fig. 7, C, D, and E). Similar to NleE, bind-
ing of OspZ to TAB2, TAB3, and ZRANB3 required the
49GITR52 motif because GFP-OspZ49AAAA52 did not co-purify
with any of TAB3-FLAG, TAB2-FLAG, or ZRANB3-FLAG

FIGURE 4. Importance of the TAB3-binding domain to NleE function during infection. A, immunoblot of I�B degradation in HeLa cells infected with
derivatives of EPEC E2348/69 for 2 h and left unstimulated or stimulated with TNF for 30 min. B and C, IL-8 production from HeLa cells infected with derivatives
of EPEC E2348/69 as indicated for 2 h and left unstimulated or stimulated with TNF for 8 h. Results are the mean � S.E. (error bars) of three independent
experiments carried out in duplicate. *, significantly different from unstimulated HeLa cells or HeLa cells stimulated with TNF and infected with EPEC E2348/69
(p � 0.02, unpaired two-tailed t test). D, [3H]AdoMet (SAM) labeling of full-length TAB3 immunopurified from HEK293T cells and incubated with either purified
GST-NleE or GST-NleE49AAAA52 in the presence of [3H]AdoMet. [3H]AdoMet labeling was determined by 3H autoradiography (auto).
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(Fig. 7, C, D, and E). However, we could not detect methylation
of TAB2 and ZRANB3 by OspZ (data not shown).

OspZ Inhibits NF-�B Activation and IL-8 Production during
Shigella Infection—To confirm whether OspZ from S. flexneri 6
could inhibit NF-�B activation, we generated a GFP-OspZ
fusion to compare with GFP-NleE. Expression of the GFP
fusions was confirmed by immunoblotting using anti-GFP anti-
bodies (data not shown). HeLa cells expressing GFP-NleE or
GFP-OspZ were left unstimulated or stimulated with TNF for
2 h. NleE from EPEC E2348/69 and full-length OspZ from
S. flexneri 6 inhibited NF-�B activation in response to TNF,
although the inhibitory effect of OspZ appeared weaker than
that of NleE. Mutation of the 49GITR52 motif to generate GFP-
OspZ49AAAA52 abolished the ability of OspZ to block NF-�B
activation, similar to NleE. This suggested that the 49GITR52

substrate-binding motif was essential for the full function of
NleE and OspZ (Fig. 8A).

Given that OspZ inhibited TNF-induced NF-�B activation,
we determined whether OspZ affected the expression of
NF-�B-regulated genes during Shigella infection. To address
this, we generated an ospZ mutant of S. flexneri 6 where ospZ
was replaced with a kanamycin cassette by allelic exchange
using the � Red recombinase system. We then compared IL8
transcription levels in HT-29 cells infected with wild type
S. flexneri 6, the ospZ deletion mutant, or ospZ mutant comple-
mented with full-length ospZ. Cell monolayers were infected
for 1 h, and IL8 mRNA levels were examined by quantitative
PCR. IL8 expression was significantly higher in cells infected

with the ospZ deletion mutant compared with those infected
with wild type S. flexneri 6 and the ospZ mutant comple-
mented with full-length ospZ (Fig. 8B). HT-29 cells were also
utilized to determine whether the 49GITR52 motif was impor-
tant for OspZ-mediated inhibition of IL-8 production during
S. flexneri 6 infection. Following infection for 2 h, the ospZ
mutant strain showed a diminished ability to inhibit IL-8 pro-
duction compared with wild type S. flexneri 6, and this effect
was restored upon complementation with a copy of wild type
ospZ but not with ospZ49AAAA52 (Fig. 8C). Overall, OspZ
showed a similar ability to inhibit IL-8 production during infec-
tion, and the 49GITR52 motif was important for this function.

Discussion

A number of EPEC T3SS effectors have been implicated in
the inhibition of inflammatory cytokine production during
EPEC infection (1). Of these, NleE is a potent inhibitor of
NF-�B activation through its recognition and modification of
the adaptor proteins TAB2 and TAB3 (16). Derivatives of EPEC
lacking nleE are defective in their ability to suppress IL-8 secre-
tion even at early time points after epithelial cell infection
(5–7). NleE is a novel AdoMet-dependent cysteine methyl-
transferase that methylates Cys673 in the NZF domain of TAB2
and Cys692 of TAB3, thereby preventing NZF-mediated recog-
nition of polyubiquitinated TRAF2 and TRAF6 and thus TRAF-
induced TAK1 activation (16). Hence, in the presence of NleE,
NF-�B activation in response to TNF, IL1-�, or Toll-like recep-
tor stimulation is blocked.

FIGURE 5. Inhibition of NleE activity during infection by overexpression of NleE34 –52. A, representative immunofluorescence fields showing HeLa cells or
HeLa cells expressing the GFP-NleE34 –52 fusion protein (green). Cell nuclei were counterstained with DAPI (blue). B, immunoblot of untransfected HeLa cells or
HeLa cells stably expressing the EGFP-NleE34 –52 fusion protein using antibodies to GFP. Actin is a loading control. C, IL-8 production from HeLa cells or HeLa
cells stably expressing EGFP-NleE34 –52 infected with derivatives of EPEC E2348/69 for 2 h and left unstimulated (top panel) or stimulated with TNF (bottom
panel) for 8 h. Results are the mean � S.E. (error bars) of three independent experiments carried out in duplicate. *, EGFP-NleE34 –52-expressing HeLa cells
significantly different from HeLa cells when infected with E2348/69 or mutants complemented with pNleE (p � 0.05, unpaired two-tailed t test).
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Although the enzymatic activity of NleE is now well
described, how the enzyme recognizes TAB2 and TAB3 as sub-
strates for modification is unknown. Previously, we identified
the 209IDSYMK214 motif in the C terminus of NleE as critical
for activity. A derivative of NleE lacking the 209IDSYMK214

motif was unable to inhibit NF-�B signaling or p65 nuclear
translocation (6). Zhang et al. (16) further showed that NleE
lacking the 209IDSYMK214 motif was unable to modify TAB2/3
and block ubiquitin chain sensing by TAB2/3, and Yao et al.
(19) recently demonstrated that the 209IDSYMK214 motif was
associated with AdoMet binding. Here we ruled out involve-
ment of the 209IDSYMK214 motif in TAB2/3 recognition using
the yeast two-hybrid system to examine NleE-TAB3 inter-
actions. A derivative of NleE in which each residue of
209IDSYMK214 was substituted with alanine (NleE6A) bound to
TAB3, similar to native NleE. Further mapping and mutagene-
sis of NleE identified an N-terminal region from amino acids 34
to 52, in particular 49GITR52, as critical for TAB2/TAB3 bind-
ing. NleE lacking 49GITR52 or an NleE derivative where each
residue of 49GITR52 was substituted with alanine was unable to
inhibit NF-�B activation or suppress IL-8 secretion during
EPEC infection. Hence, the TAB2/TAB3-binding domain of
NleE was as important for NleE function as the 209IDSYMK214

motif.
Recently, another NZF domain-containing protein, ZRANB3,

was identified as a substrate of NleE (19). ZRANB3, an SNF2

ATPase, localizes at the site of DNA replication and plays a
significant role in the DNA damage tolerance pathway (24, 25).
Previous studies have shown that DNA repair systems are acti-
vated to antagonize DNA damage induced by chronic inflam-
mation, which has been well characterized during Helicobacter
pylori and Salmonella enterica infections (22, 26). In addition,
DNA repair mechanisms are suppressed by chronic infection
with H. pylori (22). Given its activity, NleE may also interfere
with DNA damage repair systems during EPEC infection. Here,
we determined that NleE recognized ZRANB3 through the
same motif as TAB2/3. Whereas wild type NleE co-immuno-
precipitated with ZRANB3-FLAG, this interaction was abro-
gated when each amino acid of the 49GITR52 motif was substi-
tuted with alanine. Overall, our results suggested that the
49GITR52 motif of NleE is important for recognition and bind-
ing of all currently identified host substrates.

NleE homologues are also found in Shigella species where
they are termed OspZ. Here we found that full-length OspZ
bound the same host substrates of NleE, namely TAB2, TAB3,
and ZRANB3. However, OspZ exhibited only weak cysteine
methyltransferase activity toward TAB3 and did not modify
TAB2 or ZRANB3. It is possible that OspZ has an alternative
substrate to NleE, and further work is needed to determine
which host proteins are targeted by OspZ. Interestingly, natu-
rally occurring deletion mutants of NleE and OspZ are main-
tained in some EPEC and Shigella genomes. S. flexneri serotype

FIGURE 6. Binding of NleE to TAB2 and ZRANB3. A, immunoprecipitation of TAB2-FLAG and detection of EGFP-NleE and EGFP-NleE49AAAA52 binding in
HEK293T cells. Actin is a loading control. B, immunoprecipitation (IP) of ZRANB3-FLAG and detection of EGFP-NleE and EGFP-NleE49AAAA52 binding in HEK293T
cells. Actin is a loading control. C and D, [3H]AdoMet (SAM) labeling of full-length TAB2-FLAG or ZRANB3-FLAG as indicated immunopurified from HEK293T cells
and incubated with purified GST-NleE or GST-NleE49AAAA52 in the presence of [3H]AdoMet. [3H]AdoMet labeling was determined by 3H autoradiography (auto).
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2a carries a truncated version of OspZ that lacks the C-terminal
36 amino acids encompassing the 209IDSYMK214 motif (6),
whereas EPEC E2348/69 harbors a second copy of NleE (NleE2)
that carries an internal deletion between amino acids 48 and
106 encompassing the 49GITR52 motif (5). NleE2 is not trans-
located into cells (5) unlike the alanine-substituted 49GITR52

mutant of NleE created here. However, even if NleE2 were
translocated, it would not be functional. The maintenance of
these inactive versions of NleE and OspZ is curious and may
point to an evolving advantage in allowing the inflammatory
response to progress under certain conditions and with certain
strains.

In summary, we have identified a region of NleE that is
required and sufficient for binding to host substrates TAB2,
TAB3, and ZRANB3. Stable ectopic expression of this region in
HeLa cells interfered with the function of bacterially delivered
NleE, presumably by competitive inhibition of NleE-TAB2/3

interactions. OspZ binds the same host targets of NleE, and the
newly identified 49GITR52 motif is involved in substrate binding
and the ability of OspZ to inhibit NF-�B signaling.

Experimental Procedures

Bacterial Strains and Oligonucleotide Primers—The bacte-
rial strains and oligonucleotide primers used in this study are
listed in Tables 1 and 2, respectively.

Yeast Two-hybrid Assay—A yeast two-hybrid interaction
assay was performed according to the manufacturer’s instruc-
tions and as described previously (Clontech PT4084-1 manual)
(12). The S. cerevisiae strain AH109 was co-transformed with
pGBKT7 empty vector or pGBKT7 carrying NleE (and deriva-
tives) from EPEC strain E2348/69 (GenBankTM accession num-
ber FM180568.1) and pGADT7 empty vector or pGADT7 with
human TAB3 derivatives using the lithium acetate method.
Transformants were plated onto both double dropout plates

FIGURE 7. OspZ binding to TAB2, TAB3, and ZRANB3 in vitro. A, growth of S. cerevisiae AH109 on medium lacking histidine, adenine, leucine, and tryptophan
(QDO) to select for protein-protein interactions (right panel) or medium lacking leucine and tryptophan (DDO) to select for plasmid maintenance only (left
panel). Yeast are co-expressing NleE and TAB3 (1), OspZ and TAB3 (2), pGBKT7 and TAB3 (3), NleE and pGADT7 (4), and OspZ and pGBKT7 (5). B, [3H]AdoMet
(SAM) labeling of full-length TAB3 immunopurified from HEK293T cells and incubated with purified GST-NleE, GST-NleE49AAAA52, GST-OspZ, or GST-
OspZ49AAAA52, respectively, in the presence of [3H]AdoMet. [3H]AdoMet labeling was determined by 3H autoradiography (auto). C, FLAG immunoprecipitation
(IP) of TAB3-FLAG and detection of EGFP-OspZ and EGFP-OspZ49AAAA52 in HEK293T cells using anti-GFP antibodies. TAB3-FLAG was detected with anti-FLAG
antibodies. Actin is a loading control. D, FLAG immunoprecipitation of TAB2-FLAG and detection of EGFP-OspZ and EGFP-OspZ49AAAA52 in HEK293T cells using
anti-GFP antibodies. TAB3-FLAG was detected with anti-FLAG antibodies. Actin is a loading control. E, FLAG immunoprecipitation of ZRANB3-FLAG and
detection of EGFP-OspZ and EGFP-OspZ49AAAA52 in HEK293T cells using anti-GFP antibodies. TAB3-FLAG was detected with anti-FLAG antibodies. Actin is a
loading control.
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(Trp�, Leu�) and quadruple dropout plates (Trp�, Leu�,
Ade�, His�) to select for vector expression as well as the inter-
action of the hybrid proteins encoded by them. The cDNA for
human TAB3 (GenBank accession number NM_152787.4) was
purchased from OriGene.

Construction of NleE/OspZ and TAB2/TAB3/ZRANB3 Expres-
sion Vectors—The nleE gene from EPEC E2348/69 was ampli-
fied from the genomic DNA by PCR using the primer pair
NleEF/NleER, and the amplicon was inserted into EcoRI/
BamHI-digested pGBKT7 vector (Clontech) to generate Gal4
DNA-binding domain fusions to NleE. Similarly, the ospZ gene
(GenBank accession number NZ_LAJR01000183.1) from
S. flexneri 6 was amplified from genomic DNA by PCR using the
primer pair OspZF/OspZR and ligated into EcoRI/BamHI-di-
gested pGBKT7 vector. To create Gal4 DNA-binding domain-
fused NleE�34 –52, the blunt-ended fragments comprising the
first 34 bp and the last 172 bp of nleE were amplified by PCR
using primer pairs NleEF/NleE(�34 –52)R and NleE(�34 –52)F/
NleER, respectively. The two fragments were joined together
using overlapping PCR to generate a single fragment. The single
fragment was digested with EcoRI/BamHI and inserted into
pGBKT7. The constructs pGBKT7-NleE�41–52, pGBKT7-
NleE�45–52, and pGBKT7-NleE�49 –52 were generated using
similar methods as for pGBKT7-NleE�34 –52 with primer
pairs NleEF/NleE(�41–52)R, NleE(�41–52)F/NleER, NleEF/
NleE(�45–52)R, NleE(�45–52)F/NleER, NleEF/NleE(�49 –52)R,
and NleE(�49 –52)F/NleER, respectively. To create an N-ter-
minal GFP fusion to NleE and OspZ, nleE and ospZ were
amplified from the genomic DNA of EPEC E2348/69 or
S. flexneri 6 by PCR using the primer pair NleEF/NleER or
OspZF/OspZR. The PCR product was digested with EcoRI/
BamHI and ligated into pEGFP-C2. To generate NleE trun-
cation constructs, the coding regions for amino acids 1–53,
1– 82, 1–118, 119 –224, 83–224, 54 –224, and 34 –52 of

NleE were amplified from pEGFP-C2-NleE by PCR using
primer pairs NleEF/NleE(1–53)R, NleEF/NleE(1– 82)R, NleEF/
NleE(1–118)R, NleE(119 –224)F/NleER, NleE(83–224)F/NleER,
NleE(54 –224)F/NleER, and NleE(34 –52)F/NleE(34 –52)R, respec-
tively. The PCR products were ligated into EcoRI/BamHI-
digested pGBKT7 or pEGFP-C2. The plasmids pEGFP-
NleE�34 –52, pEGFP-NleE�41–52, pEGFP-NleE�45–52, and
pEGFP-NleE�49 –52 were generated with by amplifying nleE
from pGBKT7-NleE�34 –52, pGBKT7-NleE�41–52, pGBKT7-
NleE�45–52, and pGBKT7-NleE�49 –52 using primer pair
NleEF/NleER. The PCR products were digested with EcoRI/
BamHI and ligated into pEGFP-C2. To generate the comple-
menting vector, pNleE, nleE was amplified from EPEC
E2348/69 genomic DNA by PCR using the primer pair
NleEF/NleER and ligated into EcoRI/BamHI-digested
pTrc99A. The ospZ gene was amplified from S. flexneri 6
genomic DNA with primer pair OspZCF/OspZCR and ligated
into BamHI/SalI-digested pACYC184 to yield complementing
vector. To generate TEM1 fusions to NleE, nleE was amplified
from EPEC E2348/69 genomic DNA with primer pair NleELacF/
NleELacR and ligated into NdeI/EcoRI-digested pCX340 vector.
To construct TEM1-fused NleE derivatives, nleE�34 –52 and
nleE�49 –52 were amplified from pGBKT7-NleE�34 –52 and
pGBKT7-NleE�49 –52 by PCR using primer pair NleELacF/
NleELacR, respectively. The PCR product was inserted into
NdeI/EcoRI-digested pCX340 vector. To create GST-NleE and
GST-NleE34 –52, the coding sequences for NleE and NleE34 –52

were amplified using primer pairs NleEGSTF/NleEGSTR and
NleE(34 –52)GSTF/NleE(34 –52)GSTR, respectively. The fragments
were digested with EcoRI and BamHI before being ligated into
vector pGEX-6P-1. To generate GST-fused NleE49AAAA52, the
coding sequence of NleE49AAAA52 was amplified from pEGFP-
C2-NleE49AAAA52 with primer pair NleEGSTF/NleEGSTR and
inserted into BamHI/EcoRI-digested pGEX-6P-1vector. To

FIGURE 8. OspZ mediated inhibition of NF-�B activation and IL-8 production during Shigella infection. A, -fold increase in NF-�B-dependent luciferase
activity in HeLa cells transfected with pEGFP-C2, pEGFP-NleE, pEGFP-NleE49AAAA52, pEGFP-OspZ, or pEGFP-OspZ49AAAA52 and left unstimulated or stimulated
with TNF for 8 h where indicated. Results are the mean � S.E. (error bars) of three independent experiments carried out in duplicate. *, p � 0.05, unpaired
two-tailed t test. B, reverse transcription-quantitative PCR analysis of IL8 expression in HT-29 cells 1 h after infection. Results are expressed as mRNA expression
levels that were normalized relative to 18S and are the mean � S.E. (error bars) of three independent experiments carried out in duplicate. *, significantly
different from uninfected HT-29 cells or HT-29 cells infected with wild type S. flexneri 6 or �ospZ (pOspZ) (p � 0.05, unpaired two-tailed t test). C, IL-8 production
from HT-29 cells infected with derivatives of S. flexneri 6 as indicated for 2 h and left unstimulated or stimulated with TNF for 2 h. Results are the mean � S.E.
(error bars) of three independent experiments carried out in duplicate. *, p � 0.05, unpaired two-tailed t test.
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create GST fusions to OspZ and OspZ49AAAA52, the coding
sequences of OspZ and OspZ49AAAA52 were amplified with
primer pair OspZGSTF/OspZGSTR and inserted into BamHI/
EcoRI-digested pGEX-6P-1 vector. To generate Gal4 activation
domain fusions to TAB3, tab3 was amplified using primer
pair TAB3F/TAB3R and inserted into EcoRI/BamHI-digested
pGADT7 vector. To create TAB3-FLAG, the coding sequence
of TAB3 was amplified from the commercial vector pCMV6-
TAB3 by PCR using primer pair TAB33�FLAGF/TAB33�FLAGR

and ligated into BamHI/EcoRI-digested pcDNA3. The cDNA
for human TAB2 was amplified from a HeLa cDNA library
using primer pair TAB2F/TAB2R. The PCR product was ligated
into EcoRI/BamHI-digested pGADT7 to generate Gal4 activa-
tion domain fusion expression plasmid. The coding sequence of
TAB2 was amplified with primer pair TAB2F/TAB2FLAGR and
digested with EcoRI and BamHI. The fragment was ligated into
pcDNA3 to generate 3�FLAG-fused TAB2. The cDNA of
human ZRANB3 was obtained from DNASU (Tempe, AZ). To
generate ZRANB3-FLAG, the coding sequence of ZRANB3 was
amplified from the commercial vector pDONR201-ZRANB3

by PCR using primer pair ZRANB3F/ZRANB3R. The PCR
product was ligated into BstXI/BamHI-digested pcDNA3. All
plasmids were verified by DNA sequencing.

Transfection and Immunoprecipitation—HEK293T cells
were grown in 10-cm dishes (Corning) and co-transfected
with pEGFP-NleE, pGFP-NleE49AAAA52, pEGFP-OspZ,
or pEGFP-OspZ49AAAA52 together with pcDNA3-TAB3-
3�FLAG, pcDNA3-TAB2–3�FLAG, or pcDNA3-ZRANB3-
3�FLAG using FuGENE 6 (Promega, Madison WI). TAB3-
FLAG and TAB2-FLAG consistently appear as two bands,
which presumably result from the breakdown of overexpressed
protein. Immunoprecipitation with anti-FLAG M2 magnetic
beads (Sigma-Aldrich) was performed according to the man-
ufacturer’s instructions. Briefly, 16 –24 h after transfection,
cells were washed twice with cold phosphate-buffered saline
(PBS) and lysed in 800 �l of cold lysis buffer (50 nM Tris-HCl,
pH 7.4, 1 mM EDTA, 150 mM NaCl, 1% Triton X-100). Cell
debris was pelleted, and an equal volume of supernatant was
collected. 800 �l of cell lysate was applied to equilibrated FLAG
M2 beads and incubated on a rotating wheel at 4 °C overnight.

TABLE 1
Bacterial strains and plasmids used in this study

Strain/plasmid Characteristics Source/Ref.

EPEC E2348/69 Wild type EPEC O127:H6 23
�nleE EPEC E2348/69 �nleE cmR 18
�PP4/IE6 EPEC E2348/69 �PP4/IE6 double island deletion 6
S. flexneri 6 Wild type S. flexneri 6 6
�ospZ S. flexneri 6 �ospZ kanR This study
S. cerevisiae S. cerevisiae AH109 Clontech
pTrc99a Cloning vector for expression of proteins from Ptrc GE Healthcare
pNleE nleE from EPEC E2348/69 in pTrc99a 6
pNleE�49–52 nleE from EPEC E2348/69 carrying the GITR deletion in pTrc99a This study
pNleE49AAAA52 nleE from EPEC E2348/69 carrying alanine substitution for each amino acid in the GITR motif in pTrc99a This study
pEGFP-C2 GFP expression vector Clontech
pEGFP-NleE nleE from EPEC E2348/69 in pTrc99a 18
pEGFP-NleE1–53 Truncation of nleE from EPEC E2348/69 encoding amino acids 1–53 in pEGFP-C2 This study
pEGFP-NleE�34–52 Full-length nleE from EPEC E2348/69 carrying the GITR deletion in pEGFP-C2 This study
pEGFP-NleE49AAAA52 nleE from EPEC E2348/69 carrying alanine substitution for each amino acid in the GITR motif in pEGFP-C2 This study
pEGFP-OspZ ospZ from S. flexneri 6 in pEGFP-C2 This study
pEGFP-OspZ49AAAA52 ospZ from S. flexneri 6 carrying alanine substitution for each amino acid in the GITR motif in pEGFP-C2 This study
pGEX-6P-1 GST expression vector GE Healthcare
pEGFP-NleE34–52 The region between amino acids 34 and 52 of nleE in pEGFP-C2 This study
pGST-NleE34–52 The region between amino acids 34 and 52 of nleE in pGEX-6P-1 This study
pGST-NleE nleE from EPEC E2348/69 in pGEX-6P-1 This study
pGST-NleE49AAAA52 Full-length nleE from EPEC E2348/69 carrying a mutation in the motif 49GITR52 in pGEX-6P-1 This study
pGST-OspZ ospZ from S. flexneri 6 in pGEX-6P-1 This study
pGST-OspZ49AAAA52 Full-length ospZ from S. flexneri 6 carrying a mutation in the motif 49GITR52 in pGEX-6P-1 This study
pGBKT7 Yeast expression vector Clontech
pGBKT7-NleE nleE from EPEC E2348/69 in pGBKT7 This study
pGBKT7-NleE1–53 Truncation of nleE from EPEC E2348/69 encoding amino acids 1–53 in pGBKT7 This study
pGBKT7-NleE1–82 Truncation of nleE from EPEC E2348/69 encoding amino acids 1–82 in pGBKT7 This study
pGBKT7-NleE1–118 Truncation of nleE from EPEC E2348/69 encoding amino acids 1–118 in pGBKT7 This study
pGBKT7-NleE54–224 Truncation of nleE from EPEC E2348/69 encoding amino acids 54–224 in pGBKT7 This study
pGBKT7-NleE83–224 Truncation of nleE from EPEC E2348/69 encoding amino acids 83–224 in pGBKT7 This study
pGBKT7-NleE119–224 Truncation of nleE from EPEC E2348/69 encoding amino acids 119–224 in pGBKT7 This study
pGBKT7-NleE6A nleE from EPEC E2348/69 in pGBKT7 carrying alanine substitutions for each amino acid in the IDSYMK motif This study
pGBKT7-NleE34–52 The region between amino acids 34 and 52 of nleE in pGBKT7 This study
pGBKT7-NleE�34–52 Full-length nleE from EPEC E2348/69 carrying the deletion between amino acids 34 and 52 in pGBKT7 This study
pGBKT7-NleE�41–52 Full-length nleE from EPEC E2348/69 carrying the deletion between amino acids 41 and 52 in pGBKT7 This study
pGBKT7-NleE�45–52 Full-length nleE from EPEC E2348/69 carrying the deletion between amino acids 45 and 52 in pGBKT7 This study
pGBKT7-NleE�49–52 Full-length nleE from EPEC E2348/69 carrying the GITR deletion in pGBKT7 This study
pGBKT7-OspZ Full-length ospZ from S. flexneri 6 in pGBKT7 This study
pCX340 Cloning vector for constructing TEM-1 �-lactamase fusions 20
pCX340-NleE nleE from EPEC E2348/69 in pCX340 This study
pCX340-NleE54–224 Truncation of nleE from EPEC E2348/69 encoding amino acids 54–224 in pCX340 This study
pCX340-NleE�34–52 Full-length nleE from EPEC E2348/69 carrying a deletion of amino acids between 34 and 52 in pCX340 This study
pCX340-NleE�49–52 Full-length nleE from EPEC E2348/69 carrying the GITR deletion in pCX340 This study
pcDNA3 Mammalian cell expression vector Invitrogen
pcDNA3-TAB3–3�FLAG Full-length human TAB3 with a C-terminal 3 � FLAG tag in pcDNA3 This study
pcDNA3-TAB2–3�FLAG Full-length human TAB3 with a C-terminal 3 � FLAG tag in pcDNA3 This study
pcDNA3-ZRANB3–3�FLAG Full-length human ZRANB3 with a C-terminal 3 � FLAG tag in pcDNA3 This study
pGADT7 Yeast expression vector Clontech
pGADT7-TAB3 Full-length human TAB3 in pGADT7 This study
pRL-TK Renilla luciferase vector Promega
pNF-�B-Luc Vector for measuring NF-�B-dependent luciferase expression Clontech
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Beads were magnetically separated, and the supernatant was
kept as non-bound protein. The beads were washed three times
with cold lysis buffer, and the protein was eluted with 100 �g
ml�1 FLAG peptide (Sigma-Aldrich). The beads were magnet-
ically separated, and the supernatant was subjected to NuPAGE
protein gels (Thermo Fisher Scientific). Proteins were trans-
ferred onto nitrocellulose membranes and probed by incubat-
ing with mouse anti-GFP (Roche Applied Science) or mouse
anti-FLAG (Sigma-Aldrich) diluted 1:1000 in TBS (50 mM Tris-
HCl, pH 7.5, 150 mM NaCl) supplemented with 5% bovine

serum albumin (BSA; Sigma-Aldrich) and 0.05% Tween 20
(Sigma-Aldrich). Proteins were detected using anti-mouse IgG
horseradish peroxidase (HRP)-conjugated secondary antibod-
ies diluted 1:3000 in TBS with 5% BSA and 0.05% Tween 20
and developed with enhanced chemiluminescence (ECL)
Western blotting reagent (Amersham Biosciences). Proteins
were detected using the DNR MF-ChemiBIS Bio Imaging
System.

NF-�B Reporter Assay—NF-�B activity was determined by
using a Dual-Luciferase Reporter Assay System. Transfection

TABLE 2
List of primers used in this study

Name Primer sequences (5�–3�)

NleEF GTGAATTCATGATTAATCCTG
NleER GAGGATCCCTACTCAATTTT
NleELacF CTCATATGATGATTAATCCTG
NleELacR CGAATTCTCCTCAATTTTAGAAAGTTT
NleE(1–53)F GTGAATTCATGATTAATCCTG
NleE(1–53)R GAGGATCCTCCTCTGGTTA
NleE(1–82)F GTGAATTCATGATTAATCCTG
NleE(1–82)R GAGGATCCTTCTGGACATAC
NleE(1–118)F GTGAATTCATGATTAATCCTG
NleE(1–118)R CTGGATCCGTATAAACTATC
NleE(54–224)F GTGAATTCATGGTAGCTAACTAA
NleE(54–224)R GAGGATCCCTACTCAATTTT
NleE(83–224)F GTGAATTCATGGCGTTTGAACC
NleE(83–224)R GAGGATCCCTACTCAATTTT
NleE(119–224)F GTGAATTCATGAATCCTGATTTAC
NleE(119–224)R GAGGATCCCTACTCAATTTT
NleE(34–52)F GAATTCATGTACTTTAATGAATCACCCAATATATATGATAAGAAGTATATATCCGGTATAACCAGAGGATCC
NleE(34–542)R GGATCCTCTGGTTATACCGGATATATACTTCTTATCATATATATTGGGTGATTCATTAAAGTACATGAATTC
NleE(49AAAA52)F GATAAGAAGTATATATCCGCGGCAGCCGCAGGAGTAGCTGAACTAAAACAGGAAG
NleE(49AAAA52)R CTTCCTGTTTTAGTTCAGCTACTCCTGCGGCTGCCGCGGATATATACTTCTTATC
NleE(�34–52)F CATGATGGAGTAGCTGAAC
NleE(�34–52)R GCTACTCCATCATGTTTAATTTTC
NleE(�41–52)F GTCCCAATGGAGTAGCTGAAC
NleE(�41–52)R CTTACTCCATTGGGTGATTCAT
NleE(�45–52)F CTGATAAGGGAGTAGCTGAAC
NleE(�45–52)R CTTACTCCCTTATCATATATATTGG
NleE(�49–52)F GTATATCCGGAGTAGCTGAAC
NleE(�49–52)R GATACTCCGGATATATACTTCTTATC
NleEGSTF GTGGATCCATGATTAATCCTG
NleEGSTR GAGAATTCCTACTCAATTTT
NleE(34–52)GSTF GGATCCATGTACTTTAATGAATCACCCAATATATATGATAAGAAGTATATATCCGGTATAACCAGATAGGAATTC
NleE(34–52)GSTR GAATTCTATCTGGTTATACCGGATATATACTTCTTATCATATATATTGGGTGATTCATTAAAGTACATGGATCC
OspZF TAGAATTCATGATTAGTCCCATC
OspZR GCGGATCCTTAAGTAACAGGC
OspZCF TAGGATCCGGTTCTGGTTTTCAAATTG
OspZCR TAGTCGACTTAAGTAACAGGCATTCGAGCC
OspZ(49AAAA52)F GACAAGAAGTATATCTCTGCTGCAGCCGCAAGTATGGCACAATTAAAAATAGAGGAG
OspZ(49AAAA52)R CTCCTCTATTTTTAATTGTGCCATACTTGCGGCTGCAGCAGAGATATACTTCTTGTC
OspZGSTF CAGGATCCATGATTAGTCCCATCAAG
OspZGSTR CAGAATTCTTAAGTAACAGGCATTCG
�ospZUPF TAGGGATAACAGGGTAATGAGCCCCAATTAAGTTATCAAGC
�ospZUPR GAAGCAGCTCCAGCCTACACAGCCATACTTCTGGTTATACCAG
�ospZDNF CTAAGGAGGATATTCATATGCAAGGCTCGAATGTCTGTTAC
�ospZDNR TAGGGATAACAGGGTAATGTAAGCGCTGGGCGTAC
�ospZF GGGATCACCTGGCATGGACGAGCTGTACAAGTCCGGCCGGACTCAGATCTCGAGCTCAAGCTTCGAATTCTG

TGTAGGCTGGAGCTGCTTCG
�ospZR GTTTCAGGTTCAGGGGGAGGTGTGGGAGGTTTTTTAAAGCAAGTAAAACCTCTACAAATGTGGTATGGCTGAT

CATATGAATATCCTCCTTA
TAB3F CAGAATTCATGGCGCAAAG
TAB3R GTGGATCCTCAGGTGTACCG
TAB33�FLAGF CAGGATCCATGGCGCAAAG
TAB33�FLAGR CAGAATTCTCACTTGTCGACATCGTCTTTCTAGTCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGT

AGTCGGTGTACCGTGG
TAB2F CAGGATCCATGGCCCAAGGAAGCCAC
TAB23�FLAGR CAGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGT

AGTCGAAATGCCTTGGCATCTCACAC
ZRANB3F CACCAGTGTGCTGGATGCCTAGGGTTCATAACC
ZRANB33�FLAGR CAGAATTCTCACTTGTCGTCATCGTCTTTGTAGTCGATGTCATGATCTTTATAATCACCGTCATGGTCTTTGT

AGTCCTTCTTTACCAAAAATCGTG
IL-8F GTTTGATACTCCCAGTCTTGTCATTG
IL-8R CTGTGGAGTTTTGGCTGTTTTAATCG
18SF CGGCTACCACATCCAAGGAA
18SR GCTGGAATTACCGCGGCT
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was performed using FuGENE 6. HeLa cells were cultured in
DMEM supplemented with 10% FBS, 100 units ml�1 penicillin,
and 100 �g ml�1 streptomycin in 5% CO2 at 37 °C. 24 h before
transfection, cells were seeded into 24-well trays at a density of
105 cells/well. Cells were transfected with 200 ng of pNF-�B-luc
(Clontech), 40 ng of pRL-TK (Promega), and 200 ng of pEGFP
derivatives. After 24 h, cells were left untreated or treated with
20 ng ml�1 TNF for another 8 h before assaying the luciferase
activation. Firefly and Renilla luciferase levels were detected
according to the manufacturer’s protocols (Promega part num-
ber TM040). Samples were measured on a FLUOstar Omega
microplate reader (BMG Labtech).

Site-directed Mutagenesis—The pTrc99A-NleE49AAAA52,
pEGFP-NleE49AAAA52, and pEGFP-OspZ49AAAA52 were cre-
ated using the Stratagene QuikChange Lighting site-directed
mutagenesis kit. NleE49AAAA52 and OspZ49AAAA52 were ampli-
fied from pTrc99A-NleE, pEGFP-NleE, and pEGFP-OspZ,
respectively, by PCR using the primer pair NleE(49AAAA52)F/
NleE(49AAAA52)R or OspZ(49AAAA52)F/OspZ(49AAAA52)R. Plas-
mids were digested with DpnI at 37 °C overnight before trans-
formation into the appropriate E. coli strain.

�-Lactamase Translocation Assay—The secretion and trans-
location of effector proteins from EPEC were measured using
translational fusions to TEM1 �-lactamase (20). 24 h before
infection, HeLa cells were seeded in 96-well trays at a density of
4 � 104 cells/well. For infection, EPEC strains were cultured in
Luria broth (LB) for �16 h at 37 °C. The bacterial cultures were
subinoculated 1:50 into DMEM supplemented with 5% HEPES
and incubated at 37 °C with 5% CO2. 2.5 h later, the bacterial
cultures were induced with isopropyl �-D-thiogalactopyrano-
side for 30 min at a final concentration of 1 mM. In the mean-
time, cell monolayers were washed three times with PBS and
covered with 100 �l of DMEM plus 10% HEPES and 20 �l of 6�
CCF2/AM loading solution prepared from the CCF2/AM kit
(Invitrogen). The cells were incubated at room temperature for
1 h in darkness and then infected with 100 �l of induced bacte-
rial culture (A600 � 0.2) for 2 h at 37 °C with 5% CO2. The blue
emission fluorescence (450 nm) and green emission fluores-
cence (520 nm) were measured on a FLUOstar Omega micro-
plate reader, and the translocation signal was shown as the ratio
between blue emission fluorescence and green fluorescence.

Detection of I�B Degradation by Immunoblotting—HeLa cells
were seeded into 24-well trays at a density of 105 cells/well 24 h
before infection. Wild type EPEC and derivatives were cultured
in LB for 16 h before being subinoculated 1:50 into DMEM for
another 3-h incubation at 37 °C with 5% CO2. The bacterial
cultures were induced with isopropyl �-D-thiogalactopyrano-
side at a final concentration of 1 mM during the last 30 min of
incubation. HeLa cells were infected with EPEC derivative cul-
tures (A600 � 0.02) for 2 h after which the cells were washed
three times with PBS and the medium was replaced with
DMEM supplemented with 100 �g ml�1 gentamicin. Cells
were incubated at 37 °C with 5% CO2 for 30 min with or without
the stimulation with TNF at 20 ng ml�1. 20 �l of cell lysate was
loaded onto NuPAGE protein gels followed by transfer onto
nitrocellulose membranes. Proteins were probed with mouse
polyclonal anti-I�B� (Cell Signaling Technology) diluted
1:1000 in TBS with 5% BSA and 0.05% Tween 20 or mouse

monoclonal anti-�-actin (AC-15) (Sigma-Aldrich) diluted
1:5000 in TBS with 5% BSA and 0.05% Tween 20. Proteins were
detected using anti-mouse IgG HRP-conjugated secondary
antibodies diluted 1:3000 in TBS with 5% BSA and 0.05% Tween
20 and developed with ECL Western blotting reagent.

IL-8 Secretion Assay—HeLa cells were seeded into 24-well
trays at a density of 105 cells/well 24 h before infection. Wild
type EPEC and derivatives were cultured in LB 16 h before
being subinoculated 1:50 into DMEM for another 3-h incuba-
tion at 37 °C with 5% CO2. The bacterial cultures were induced
with isopropyl �-D-thiogalactopyranoside at a final concentra-
tion of 1 mM during the last 30 min of incubation. HeLa cells
were infected with EPEC derivatives cultures (A600 � 0.02) for
2 h after which the medium was replaced with DMEM supple-
mented with 100 �g ml�1 gentamycin with or without 20 ng
ml�1 TNF. Cell culture supernatant was collected for analysis
of IL-8 secretion after 8-h incubation at 37 °C with 5% CO2. IL-8
secretion was measured using the human IL-8 ELISA kit (Bio-
legend) according to the manufacturer’s instruction.

Affinity Purification—GST-tagged proteins were purified
using the GST�Bind kit (Novagen) according to the manufactu-
rer’s instructions. Purified GST-tagged proteins (80 �g) were
dialyzed against TBS before being immobilized onto 25 �l of
GST�Bind resin in 500 �l of binding buffer. The resin was incu-
bated with 1 ml of TAB3-FLAG-transfected HEK293T cell
lysate for 2 h at 4 °C. The bound proteins were eluted with GST
elution buffer and analyzed by immunoblotting.

Stable Cell Line Generation—HeLa cells were grown in
10-cm dishes and transfected with pEGFP-NleE34 –52. 48 h
later, cells were split into fresh growth medium (DMEM sup-
plemented with 10% fetal calf serum) containing 400 �g ml�1

G418. To obtain stable transfectants, cells were selected with
medium containing G418 for 2 weeks, and the culture medium
was changed every 3 days during selection. Single colonies were
selected and seeded into 24-well trays. The expression of GFP-
NleE34 –52 in G418-resistant cells was detected by immunoblot-
ting and immunofluorescence microscopy.

Immunofluorescence Microscopy—Untransfected HeLa cells
or G418-resistant HeLa cells were fixed in 4% (w/v) formalde-
hyde (Sigma) in PBS for 20 min at room temperature. After a
20-min blocking in PBS with 0.5% (w/v) BSA, 0.1% (w/v) sapo-
nin, and 1% (v/v) fetal calf serum, samples were incubated with
mouse anti-GFP antibody. Antibody was used at 1:200 (v/v)
diluted in blocking solution for 1 h at room temperature. Alexa
Fluor 568 (Invitrogen)-conjugated anti-mouse antibody was
used at 1:2000 (v/v) in blocking solution for 1 h in the dark.
Following 10 min of incubation in PBS containing 4	,6-di-
amidino-2-phenylindole (DAPI; Invitrogen), coverslips were
mounted onto microscope slides. Images were acquired using a
Zeiss confocal laser scanning microscope with a 100�/EC Epi-
plan-Apochromat oil immersion objective.

Construction of Deletion Mutants in S. flexneri 6 —For con-
struction of the S. flexneri 6 ospZ mutant, the ospZ gene was
disrupted using the � Red recombinase system in wild type
S. flexneri 6. Briefly, the upstream and downstream flanking
regions of the gene ospZ were amplified from the genomic DNA
of S. flexneri 6 using primer pairs �ospZUPF/�ospZUPR and
�ospZDNF/�ospZDNR. The kanamycin resistance cassette was
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amplified from pKD4 using the primers �ospZF and �ospZR.
The flanking region of OspZ and the kanamycin resistance gene
were assembled by doing overlap PCR. PCR products were
digested using DpnI and electroporated into S. flexneri 6 carry-
ing the Red recombinase expression plasmid, pKD46. Mutants
were selected from LB plate supplemented with kanamycin and
chloramphenicol. The replacement of ospZ with kanamycin
resistance gene was confirmed by sequencing.

S. flexneri 6 Infection and IL-8 Assay—For Shigella infection,
HT-29 cells were seeded into a 24-well plate at a density of 105

cells/well in RPMI 1640 medium supplemented with FCS, 100
units ml�1 penicillin, and 100 �g ml�1 streptomycin in 5% CO2
at 37 °C 48 h before infection. Wild type S. flexneri 6 strain and
derivatives were cultured for �16 h at 37 °C in LB supple-
mented with kanamycin (100 �g ml�1) or chloramphenicol (25
�g ml�1) when necessary. HT-29 monolayers were washed
three times with PBS and then infected at a multiplicity of infec-
tion of 100. Infection was synchronized by centrifuging the
plate at 1000 rpm for 10 min. After incubation for 15 min at
37 °C in 5% CO2, the plates were washed three times with PBS
and transferred into fresh RPMI 1640 medium containing gen-
tamicin (100 �g ml�1) with or without 20 ng ml�1 TNF for
indicated time in 5% CO2 at 37 °C. Shigella-infected cells were
washed three times with PBS and transferred into fresh RPMI
1640 medium containing 100 �g ml�1 gentamicin for 2 h in 5%
CO2 at 37 °C. Cell culture supernatant was collected for analysis
of IL-8 secretion. IL-8 secretion was measured using the human
IL-8 ELISA kit according to the manufacturer’s instruction.

RT-PCR Analysis—Shigella-infected HT-29 cells were washed
three times with PBS and transferred into fresh RPMI 1640
medium containing 100 �g ml�1 gentamicin for 1 h in 5% CO2
at 37 °C. Total RNA was isolated from Shigella-infected HT-29
cells using TRIsure (Bioline). After treatment with DNase I
(Ambion), total RNA (1 �g) was transcribed into cDNA with a
iScript cDNA synthesis kit (Bio-Rad) in a reaction volume of 20
�l. After cDNA synthesis, the reaction mixture was diluted
1:10, and 2 �l was utilized for quantitative RT-PCR measure-
ment using SsoAdvanced Universal SYBR Green Supermix
(Bio-Rad). Relative mRNA levels were calculated, and data were
normalized relative to 18S using primer pairs IL-8F/IL-8R and
18SF/18SR. The equation -fold change � 2���Ct was applied to
calculate relative expression. All measurements were done in
duplicate, and the experiments were repeated three times.

In Vitro Methylation Using [3H]AdoMet—HEK293T cells
were grown in 10-cm tissue culture dishes and transfected
with pcDNA3-TAB2–3�FLAG, pcDNA3-TAB3–3�FLAG, or
pcDNA3-ZRANB3–3�FLAG. Transfected cells were lysed the
following day, and the ectopically expressed proteins were
immunopurified with anti-FLAG M2 magnetic beads. To
detect the methylation of TAB2/TAB3/ZRANB3 by NleE or
OspZ, immunopurified TAB2/TAB3/ZRANB3 was incubated
with or without 200 ng of recombinant purified GST-NleE,
GST-NleE49AAAA52, GST-OspZ, or GST-OspZ49AAAA52 at
37 °C for 2 h in the presence of 0.55 �Ci of [3H]AdoMet
(PerkinElmer Life Sciences). 4� lithium dodecyl sulfate sample
buffer was added to the samples and heated at 70 °C for 10 min.
Samples were subjected to NuPAGE protein gels and subse-
quently detected by 3H autoradiography.

Author Contributions—Y. Z. conducted most of the experiments,
analyzed the results, and wrote the paper. S. M., C. V. O., and J. S. P.
assisted with experiments and analysis of results. E. L. H. conceived
the idea for the project, assisted with the analysis of results, and
co-wrote the paper with Y. Z.
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