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Escherichia coli Virulence Protein NleH1 Interaction with the
v-Crk Sarcoma Virus CT10 Oncogene-like Protein (CRKL)
Governs NleH1 Inhibition of the Ribosomal Protein S3
(RPS3)/Nuclear Factor kB (NF-kB) Pathway”
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Background: Bacterial pathogens use virulence proteins to inhibit the host innate immune system.
Results: The Escherichia coli O157:H7 NleH1 protein interacts with the host CRKL protein.
Conclusion: CRKL may recruit NleH1 to a host kinase on which NleH1 performs its inhibitory function.
Significance: These data clarify a mechanism by which E. coli inhibits innate immunity.

Enterohemorrhagic Escherichia coli and other attaching/ef-
facing bacterial pathogens cause diarrhea in humans. These
pathogens use a type III secretion system to inject virulence pro-
teins (effectors) into host cells, some of which inhibit the innate
immune system. The enterohemorrhagic E. coli NleH1 effector
prevents the nuclear translocation of RPS3 (ribosomal protein
S3) to inhibit its participation as a nuclear “specifier” of NF-«kB
binding to target gene promoters. NleH1 binds to RPS3 and
inhibits its phosphorylation on Ser-209 by IkB kinase- 8 (IKK).
However, the precise mechanism of this inhibition is unclear.
NleH1 possesses a Ser/Thr protein kinase activity that is essen-
tial both for its ability to inhibit the RPS3/NF-kB pathway and
for full virulence of the attaching/effacing mouse pathogen
Citrobacter rodentium. However, neither RPS3 nor IKKf is a
substrate of NleH1 kinase activity. We therefore screened
~9,000 human proteins to identify NleH1 kinase substrates and
identified CRKL (v-Crk sarcoma virus CT10 oncogene-like pro-
tein), a substrate of the BCR/ABL kinase. Knockdown of CRKL
abundance prevented NleH1 from inhibiting RPS3 nuclear
translocation and NF-kB activity. CRKL residues Tyr-198 and
Tyr-207 were required for interaction with NleH1. Lys-159, the
kinase-active site of NleH1, was necessary for its interaction
with CRKL. We also identified CRKL as an IKKf interaction
partner, mediated by CRKL Tyr-198. We propose that the CRKL
interaction with IKK recruits NleH1 to the IKKf complex,
where NleH1 then inhibits the RPS3/NF-kB pathway.

Many Gram-negative bacterial pathogens inject virulence
proteins (effectors) into host cells through a type III secretion
system (T3SS)? (1). These effectors are thought to be critical
for bacterial pathogenesis and transmission between hosts.
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Enterohemorrhagic Escherichia coli (EHEC) causes hemor-
rhagic colitis in humans and is the leading infectious cause of
pediatric renal failure (2). This E. coli virotype is transmitted to
humans through contaminated meat, water, and vegetables.
EHEC encodes numerous T3SS effectors, the presence of which
correlates with the ability of strains to cause severe disease and
outbreaks of disease in humans (3).

A subset of these effectors function as inhibitors of the innate
immune system of intestinal epithelial cells (4 7). For instance,
NleB disrupts the recruitment of GAPDH (8) and TRADD
(TNF receptor-associated death domain protein) (9) to TRAF2
(TNF receptor-associated factor 2) (8, 9). NleC is a zinc metal-
loprotease that cleaves the NF-kB p65 subunit to block IL-8
production during infection (10—13). NleD cleaves JNK to
inhibit AP-1 pathway activation (10). NleE methylates TAB2/3
to inhibit NF-«B activity in response to TNF and IL-1f (5, 6,
14). In addition to its role in EHEC adhesion and “pedestal”
formation, Tir (translocated intimin receptor) also inhibits
NF-«B activation in response to TNF stimulation (7).

NE-«B is sequestered in the cytoplasm by inhibitory IkB pro-
teins that mask NF-«B nuclear localization signals (15). Patho-
gen-associated molecular pattern recognition by Toll-like
receptors activates IkB kinase- 3 (IKK), leading to phosphory-
lation of the I«Bs, followed by their ubiquitination and degra-
dation by the 26 S proteasome. After NF-kB translocation to
the nucleus, this transcription factor binds «B sites within tar-
get gene promoters and regulates transcription by recruiting
co-activators/co-repressors (16). RPS3 (ribosomal protein S3)
has been recently implicated in host-pathogen interactions
(17). After its phosphorylation on Ser-209 by IKKS (18), RPS3
translocates to the nucleus and guides NF-«B to specific kB
sites by increasing the affinity of the NF-«B p65 subunit for a
subset of target gene promoters (16).

The NleH effectors are conserved among the attaching/ef-
facing (A/E) pathogens EHEC and enteropathogenic E. coli and
the mouse pathogen Citrobacter rodentium. EHEC encodes
two forms of NleH, NleH1 and NleH2 (19), whereas C. roden-
tium encodes only one ortholog of NleH, which functions sim-
ilarly to EHEC NleH1 (19, 20). In addition to binding to the Bax

JOURNAL OF BIOLOGICAL CHEMISTRY 34567



Interaction between CRKL and NleH1

TABLE 1
Strains and plasmids used in this study
Strain/plasmid Description Source/Ref.
Strains
E. coli BL21(DE3) E. coli ¥~ ompT hsdSB (ry  my~) gal dem (DE3) Novagen
BL21(DE3)/CRKL-pET28a His-CRKL This study
BL21(DE3)/NleH1-pET28a His-EHEC NleH1 Ref. 4
BL21(DE3)/NleH1(K159A)-pET28a His-EHEC NleH1 (K159A) Ref. 4
BL21(DE3)/NleH1-pET42a GST-EHEC NleH1 Ref. 4
Plasmids
kB(5X)-luciferase Firefly luciferase driven by RPS3/kB site Promega
pTKRL-luciferase Renilla luciferase Promega
pET28a Bacterial hexahistidine fusion expression Novagen
CRKL-pET28a His-CRKL This study
NleH1-pET28a His-EHEC NleH1 Ref. 4
NleH1(K159A)-pET28a His-EHEC NleH1 (K159A) Ref. 4
pET42a Bacterial GST fusion expression Novagen
NleH1-pET42a GST-EHEC NleH1 Ref. 4
HA HA fusion expression Clontech
NleC-HA HA fused to E. coli EDL933 NleC This study
NleE-HA HA fused to E. coli EDL933 NleE This study
NleH1-HA HA fused to E. coli EDL933 NleH1 Ref. 4
NleH1(K159A)-HA HA fused to E. coli EDL933 NleH1 (K159A) Ref. 4
CRKL-HA HA fused to CRKL This study
3XFLAG FLAG expression Sigma
3XFLAG-CRKL FLAG-CRKL This study
3XFLAG-CRKL(Y198E) FLAG-CRKL (Y198F) This study
3XFLAG-CRKL(Y207F) FLAG-CRKL (Y207F) This study
3XFLAG-CRKL(Y198F,Y207F) FLAG-CRKL (Y198F,Y207F) This study
3XFLAG-RPS3 FLAG-RPS3 Ref. 16
3XFLAG-IKKB FLAG-IKKpB Ref. 18
HA-IKKS HA-IKKB This study
3XFLAG-IKKB(SSAA) FLAG-IKKB(SSAA) Ref. 18

inhibitor-1 protein to block apoptosis during enteropathogenic
E. coliinfection (21, 22), NleH1 also binds to RPS3 and prevents
its nuclear translocation by inhibiting IKKB-mediated phos-
phorylation of RPS3 Ser-209 (18). NleH1 possesses a Ser/Thr
protein kinase activity that is essential both for its ability to
inhibit the RPS3/NF-«B pathway and for full virulence of
C. rodentium (23). However, neither RPS3 nor IKKf is a sub-
strate of NleH1 kinase activity.

Here, we identified CRKL (v-Crk sarcoma virus CT10 onco-
gene-like protein) as a target of the NleH1 kinase. We deter-
mined both that CRKL interacts with IKKB and that CRKL
knockdown prevents NleH1 from inhibiting RPS3 nuclear
translocation and NF-«B activity. We propose that the CRKL
interaction with IKKf recruits NleH1 to the IKKB complex,
where NleH1 then inhibits the RPS3/NF-«kB pathway.

EXPERIMENTAL PROCEDURES

Plasmids, Chemicals, and Antibodies—The strains and plas-
mids used in this study are described in Table 1. All chemicals
and antibodies were used according to the manufacturers’ rec-
ommendations. Antibodies were obtained from the following
sources: anti-poly(ADP-ribose) polymerase, BD Biosciences;
anti-RPS3, Proteintech Group; anti-CRKL, Santa Cruz Biotech-
nology; and anti-B-actin, anti-FLAG, anti-HA, and anti-a-tu-
bulin, Sigma. CRKL was amplified from HEK293T RNA using
an RNeasy mini kit (Qiagen) and a ProtoScript II first strand
c¢DNA synthesis kit (New England Biolabs), and the CRKL
open reading frame was generated by PCR. To produce the
CRKL(Y198F), CRKL(Y207E), and CRKL(Y 198F,Y207F) mutants,
p3XFLAG-CRKL was used as a PCR template, and a two-step
PCR was used to generate appropriate PCR products. All
mutants were verified by DNA sequencing.
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Cell Culture and Transient DNA Transfection—HeLa and
HEK293T cells were maintained in DMEM. HCT-8 cells were
maintained in RPMI 1640 medium. Media were supplemented
with 4.5 g/liter glucose, L-glutamine, and sodium pyruvate and
with 10% FBS and 1% penicillin/streptomycin at 37 °C and 5%
CO,. For immunoblot analysis, cells were seeded into 6-well
plates or 10-cm diameter dishes, and DNA was transfected into
subconfluent cells using Lipofectamine 2000 reagent (Invitro-
gen) or PolyJet reagent (SignaGen Laboratories). For luciferase
reporter assays, HEK293T and HCT-8 cells were seeded into
24-well plates and transfected using PolyJet or Lipofectamine
2000, respectively.

SiRNA Transfection—Two different siRNAs targeting CRKL,
as well as a negative control siRNA, were obtained from
OriGene. Cells were seeded into 6-well plates and transfected
with 30 nM siRNA (final concentration) using Lipofectamine
2000 reagent.

Protein Purification—CRKL was cloned into pET28a. WT
NleH1 and NleH1(K159A) were cloned into pET28a and
pET42a and expressed in E. coli BL21(DE3) cells. Bacterial cul-
tures were grown to Ay, = 0.5, and isopropyl B-p-thiogalacto-
pyranoside was added to a final concentration of 1 mm. After 2 h
of additional growth, cells were pelleted and lysed in either His
lysis buffer (5 mm imidazole, 0.5 M NaCl, and 20 mm Tris-HCl,
pH 7.9) or GST BugBuster protein extraction reagent (Nova-
gen). After sonication and centrifugation, the supernatants
were applied to either nickel-nitrilotriacetic acid-agarose (Qia-
gen) or GST bead slurries (Novagen) and incubated overnight
at 4 °C. Slurries were washed several times, and proteins were
eluted and analyzed by 12% SDS-PAGE.

Kinase Substrate Identification Assays—Recombinant NleH1
(5 nm) was supplied to Invitrogen for use in ProtoArray® kinase
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substrate identification assays and incubated in 100 mm MOPS,
pH 7.2, 100 mm NaCl, 10 mg/ml BSA, 10 mm MnCl,, 0.1%
Nonidet P-40, and 1 mm DT T supplemented with [y-**P]ATP.
Buffer containing [y->*P]ATP but lacking NleH1 was used as a
negative control. These solutions (120 wl) were applied to
microarray slides that had been preblocked in PBS and 1% BSA.
Arrays were covered with a glass coverslip and incubated at
30 °C for 1 h. After incubation, arrays were transferred to 50-ml
conical tubes and washed four times with 40 ml of 0.5% SDS in
water. Arrays were dried by placing them in a slide holder and
spinning them in a tabletop centrifuge equipped with a micro-
plate rotor at 1,000 rpm for 2 min. Arrays were placed in an
x-ray film cassette and covered with clear plastic wrap and a
phosphorimaging screen. Exposure of the arrays to the phos-
phorimaging screen was carried out for 20 h prior to scanning
on a Cyclone PhosphorImager at a resolution of 600 dots/inch.
The TIFF file produced from the PhosphorImager was pro-
cessed using Adobe Photoshop. GenePix 6 software was used to
overlay the mapping of human proteins in the array list file on
each array image with a fixed feature size of 200 um (diameter).
Pixel intensities for each spot on the array were determined
from the software after incorporating nearest neighbor analy-
sis, background correction, and Z-score transformation.

In Vitro Kinase Assay—His-CRKL (100 ng/ul) was incubated
with 100 ng/ul His-NleH1 (WT or K159A) in the presence of
0.5 uCi of [y->*P]ATP (GE Healthcare) in kinase reaction buffer
(50 mm Tris-HCI, pH 7.5, 10 mm MgCl,, 100 mm NaCl, 1 mm
DTT, and 1 mm ATP) at 30 °C for 1 h. Reactions were termi-
nated by adding 5X SDS sample buffer and boiled for 5 min.
Samples were analyzed by SDS-PAGE and autoradiography.

Nuclear Fractionation—Cytosolic and nuclear protein
extracts were obtained as described previously (4). Briefly,
HeLa or HEK293T cells were transfected with the VN-HA or
NleH1-HA plasmid and with CRKL siRNA. After 48 h, cells
were stimulated with TNF (50 ng/ml, 30 min) and harvested.
Cells were resuspended for 10 min on ice in 10 mm HEPES, pH
7.9, 1.5 mm MgCl,, 10 mm KCl, 0.5 mm DTT, and 0.05% (v/v)
Nonidet P-40. Lysates were centrifuged at 900 X g for 10 min at
4°C, and supernatants were collected as cytosolic fractions.
The pellets were resuspended in 5 mm HEPES, pH 7.9, 1.5 mm
MgCl,, 300 mm NaCl, 0.2 mm EDTA, 0.5 mm DTT, and 26%
(v/v) glycerol; homogenized; and incubated on ice for 30 min.
Supernatants were collected as nuclear fractions after centrifu-
gation at 22,000X g for 20 min at 4 °C. Data were analyzed by
Western blotting for nuclear RPS3. Poly(ADP-ribose) polymer-
ase and actin were used to normalize the protein concentra-
tions of nuclear and cytoplasmic fractions, respectively.

Luciferase Reporter Assays—HEK293T and HCT-8 cells were
cotransfected with a firefly luciferase construct driven by a con-
sensus kB site and the Renilla luciferase pTKRL plasmid (Pro-
mega) at a ratio of 10:1, together with the VN-HA, NleC-HA,
NleE-HA, and NleH1-HA expression plasmids and siRNAs.
Transfected cells were cultured for 48 h and then stimulated
with TNF (50 ng/ml, 30 min). Cells were lysed with passive lysis
buffer, and lysates were analyzed using the Dual-Luciferase kit
(Promega), with firefly fluorescence units normalized to Renilla
fluorescence units. Luciferase reporter assays were performed
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in triplicate with at least three independently transfected cell
populations.

Co-immunoprecipitation Assay—Transfected cells were
scraped into PBS, pooled, centrifuged at 16,200 X g for 5 min,
resuspended in PBS, and recentrifuged. Supernatants were
removed, and cells were lysed in 20 mm Tris-HCI, pH 8.0, 2 mm
EDTA, 137 mm NaCl, 1% (v/v) Nonidet P-40, and 10% (v/v)
glycerol supplemented with Complete protease inhibitor mix-
ture (Thermo Scientific). Samples were incubated on ice for 30
min, and cell lysates were collected by centrifugation at 7,800 X
g for 10 min at 4 °C. Protein G-Dynabeads (Invitrogen) were
first incubated with 2 ug of the appropriate antibody for 30 min
at room temperature. After washing, ~300 ug of protein from
cell lysates was added to antibody-fused protein G-Dynabeads
and adsorbed overnight at 4 °C. The mixture was pelleted and
washed several times with cold PBS. The beads were resus-
pended in 5X SDS sample buffer, boiled for 5 min, and analyzed
by immunoblotting.

Immunoblotting—Cells were washed with PBS, and cell
extracts were prepared by adding radioimmune precipitation
assay buffer (150 mm NaCl, 50 mm Tris, pH 8.0, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Nonidet P-40, and Complete pro-
tease inhibitor mixture), incubating on ice for 30 min, and cen-
trifuging. Equal amounts of protein from the supernatants were
separated by SDS-PAGE, transferred to nitrocellulose mem-
branes, blocked in Odyssey blocking buffer (LI-COR) for 1 h at
room temperature, and probed overnight with the appropriate
primary antibodies. After washing with PBS, the membranes
were incubated with IRDye 680RD or 800CW secondary anti-
body (LI-COR) for 1 h. Blots were imaged using an Odyssey
infrared imaging system (LI-COR).

RESULTS

NleH1 Phosphorylates CRKL in Vitro and Co-immunopre-
cipitates with CRKL in Mammalian Cell Culture—The T3SS
effector protein NleH1, encoded by the A/E bacterial pathogens
E. coli and C. rodentium, inhibits the phosphorylation of the
NF-«B subunit RPS3 by IKKp, thus limiting host NF-kB path-
way activation and promoting bacterial colonization (4, 18).
NleH1 is a Ser/Thr kinase, and Lys-159 (in E. coli O157:H7
EDL933) is critical for its kinase activity. However, neither
RPS3 nor IKKp is a substrate of NleH1 kinase activity (18).

To identify NleH1 kinase substrates and their potential con-
tribution to NleH1-mediated inhibition of the NF-«B pathway,
we used an in vitro kinase array (Invitrogen). Incubating puri-
fied recombinant NleH1 with an array of ~9,000 human pro-
teins allowed us to identify three candidate substrates (Fig. 14):
EPS8L2 (EGF receptor kinase pathway substrate 8-like protein
2), MAPRE1 (microtubule-associated protein RP/EB family
member 1), and CRKL. EPS8L2 is responsible for functional
redundancy in the receptor tyrosine kinase-activated signaling
pathway, leading to actin remodeling (24). MAPRE1 functions
in microtubule polymerization and spindle function by stabiliz-
ing microtubules and anchoring them at centrosomes (25).
CRKL contains an SH2 domain and two SH3 domains and
mediates the transduction of intracellular signals (26). CRKL is
tyrosine-phosphorylated and interacts directly with the trans-
forming protein BCR/ABL (27). Among these three candidate
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FIGURE 1. NleH1 phosphorylates CRKL in vitro and co-immunoprecipi-
tates with CRKL from mammalian cells. A, identification of CRKL (yellow
spot) as a substrate of NleH1 kinase activity using a kinase substrate array
(Invitrogen). B, recombinant NleH1, but not NleH1(K159A), phosphorylated
recombinant CRKL in vitro. C, HEK293T cells were cotransfected with FLAG-
CRKL and NleH1-HA. After 48 h, cell lysates were immunoprecipitated (/P)
with either anti-HA or anti-FLAG antibody, followed by immunoblotting with
anti-FLAG or anti-HA antibody. The protein expression levels of NleH1 and
CRKL in cell lysates are indicated in the input fraction.

substrates of NleH1, we confirmed the specific phosphoryla-
tion of CRKL by NleH1 using purified recombinant proteins.
WT NleH1, but not NleH1(K159A), phosphorylated CRKL in
vitro (Fig. 1B). We failed to confirm the interactions between
either EPS8L2 or MAPREI and NleH1 (data not shown). These
potential kinase substrates of NleH1 were therefore not studied
further.

To determine whether NleH1 interacts with CRKL in mam-
malian cells, we performed co-immunoprecipitation experi-
ments. After transfecting both NleH1-HA and FLAG-CRKL,
cell lysates were immunoprecipitated with either anti-HA or
anti-FLAG antibody and subsequently immunoblotted.
NleH1-HA, but not an HA epitope control, interacted with
FLAG-CRKL under both co-immunoprecipitation condi-
tions (Fig. 1C).

CRKL Is Required for NleH1 to Inhibit RPS3 Nuclear Trans-
location and NF-kB Activity—To determine whether the inter-
action between NleH1 and CRKL contributes to the ability of
NleH1 to inhibit RPS3 nuclear translocation and its role in
NEF-kB-dependent transcription, we first established siRNA
knockdown conditions to reduce the steady-state levels of
CRKL in HEK293T cells (Fig. 24). CRKL knockdown cells were
cotransfected with either NleH1-HA or an HA epitope control
plasmid. Cells were treated with TNF for 30 min (to induce
RPS3 nuclear translocation) before harvesting cell lysates and
fractionating them to separate cytoplasmic from nuclear con-
tents. RPS3 nuclear translocation induced by TNF was then
assessed by immunoblotting.

34570 JOURNAL OF BIOLOGICAL CHEMISTRY

Treating WT cells with TNF induced an ~9-fold increase in
RPS3 translocation to the nucleus (Fig. 2, B and C). Transfect-
ing NleH1-HA significantly inhibited RPS3 nuclear transloca-
tion. By contrast, in CRKL knockdown cells, NleH1-HA failed
to inhibit RPS3 nuclear translocation. Knockdown of CRKL did
not alter the ability of TNF to induce RPS3 nuclear transloca-
tion in cells lacking NleH1 (Fig. 2, B and C). Thus, WT levels of
CRKL appear to be required for NleH1 to exert its inhibitory
activity.

As RPS3 nuclear translocation is essential to NF-«kB-depen-
dent gene transcription, we subsequently assessed the impact of
CRKL knockdown and NleH1-HA transfection on NF-«B-de-
pendent luciferase reporter activity. Luciferase activity in WT
cells transfected with NleH1-HA was significantly inhibited
(Fig. 2D). By contrast, in cells with reduced CRKL abundance,
NleH1-HA failed to inhibit NF-«B luciferase activity (Fig. 2D).

To determine whether CRKL knockdown would also affect
the ability of NleH1 to inhibit NF-kB activation in intestinal
epithelial cells, we cotransfected HCT-8 cells with CRKL
siRNA and NleH1-HA and luciferase reporter plasmids. Similar
to the results obtained using HEK293T cells, knockdown of
CRKL in HCT-8 cells inhibited the ability of NleH1 to suppress
NE-kB activation (Fig. 2E).

We also assessed whether CRKL knockdown would affect the
ability of other E. coli effectors to inhibit NF-«B activation.
However, neither NleC (10-13) nor NleE (5, 6, 14) was pre-
vented from inhibiting NF-«B activation in CRKL knockdown
cells (Fig. 2E), suggesting that the impact of CRKL knockdown
is specific to NleH1.

Characterization of Amino Acids Mediating the NleH1-CRKL
Interaction—Tyrosine phosphorylation of CRKL by BCR/ABL
plays an important role in CRKL activation and signal transduc-
tion. CRKL residues Tyr-198 and Tyr-207 are phosphorylated
in response to BCR/ABL transforming activity (27). To deter-
mine whether CRKL Tyr-198 and/or Tyr-207 is required for
interaction with NleH1, we mutated these residues either singly
or in tandem by site-directed mutagenesis. We then performed
cotransfection and co-immunoprecipitation experiments.
Mutating both Tyr-198 and Tyr-207 to phenylalanine residues
abrogated the interaction between NleH1 and CRKL (Fig. 3A4).
By contrast, the single Y198F or Y207F mutation did not inhibit
the NleH1-CRKL interaction.

NleH1 Lys-159 is required for NleH1 kinase activity (Fig. 1B)
(4, 18, 23). To determine whether NleH1 Lys-159 governs the
interaction between NleH1 and CRKL, we compared the inter-
action of WT NleH1 versus NleH1(K159A) with CRKL. After per-
forming cotransfection and co-immunoprecipitation assays, we
determined that NleH1 Lys-159 is required for the NleH1-CRKL
interaction (Fig. 3B).

CRKL Interacts with IKK, but Not with RPS3—IKKB-medi-
ated phosphorylation of RPS3 Ser-209 governs RPS3 nuclear
import and subsequent NF-kB pathway activation (18). NleH1
kinase activity is required to inhibit IKK3-mediated phosphor-
ylation of RPS3 Ser-209, although NleH1 does not phosphor-
ylate IKK (18). We considered whether CRKL might interact
with IKKB and/or RPS3 and thus recruit NleH1 during infec-
tion to inhibit the NF-«B pathway. To test this idea, we cotrans-
fected HEK293T cells with CRKL-HA and FLAG-RPS3 or
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FIGURE 2. CRKL is required for NleH1 to inhibit RPS3 nuclear translocation and NF-«B activity. A, CRKL knockdown with siRNAs. B, RPS3 nuclear translo-
cation assay. HEK293T cells were cotransfected with NleH1-HA or an HA epitope control and with two independent CRKL siRNAs (siCRKL) or with a nonspecific
siRNA (ns siRNA). After 48 h, cells were treated with TNF (50 ng/ml, 30 min), separated into nuclear and cytoplasmic fractions, and subjected to immunoblotting.
PARP, poly(ADP-ribose) polymerase. C, quantification (n = 3) of the -fold change in nuclear RPS3 abundance after normalization to nuclear poly(ADP-ribose)
polymerase abundance. Data are shown as means = S.E. ¥, significant differences between the indicated pairwise comparisons (p < 0.05, t test). ns, not
significant. D, NF-kB activity. HEK293T cells were cotransfected with NleH1, CRKL siRNA, a firefly luciferase construct driven by a consensus kB site, and a Renilla
luciferase plasmid. Cells were stimulated with TNF (50 ng/ml, 30 min) after 48 h of transfection. NF-«B activity was determined by luciferase reporter assays.
Data are shown as means = S.E. of luciferase activity from three independent assays. *, significant differences between the indicated pairwise comparisons
(p < 0.05, t test). The expression levels of CRKL, NleH-HA, and the HA control were determined by immunoblotting with anti-CRKL and anti-HA antibodies. E,
NF-«B activity in HCT-8 cells. HCT-8 cells were cotransfected with CRKL siRNA and luciferase reporter plasmids in the presence or absence of NleC, NleE, or NleH1
and then treated with TNF (50 ng/ml, 30 min) 48 h after transfection. Data are shown as the means = S.E. of luciferase activity from three independent assays.
*, significant differences from unstimulated cells (p < 0.05, t test).

FLAG-IKKp. After immunoprecipitating cell lysates with anti-
FLAG antibody, we observed that CRKL interacted with IKK(3,
but not with RPS3 (Fig. 4A4). A reciprocal immunoprecipitation
experiment with anti-HA antibody against CRKL also con-
firmed this result (Fig. 4B).

To assess the role of the CRKL Tyr-198 and Tyr-207 residues
in mediating interaction with IKKf3, we performed cotransfec-
tion and reciprocal co-immunoprecipitation experiments with
CRKL mutants. CRKL(Y198F) and CRKL(Y198F,Y207F) did

NOVEMBER 29, 2013« VOLUME 288-NUMBER 48

not interact with IKKB, whereas CRKL(Y207F) retained the
ability to interact with IKKp (Fig. 4C).

We also tested whether IKKS kinase activity is required
for IKKB interaction with CRKL. To do this, we trans-
fected a “kinase-dead” form of IKKB (IKKB(SSAA)) and
performed co-immunoprecipitation experiments. CRKL
interacted with both WT IKKB and IKKB(SSAA) (Fig. 4D),
suggesting that IKKf kinase activity is not required for the
CRKL-IKK} interaction.
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FIGURE 3. Characterization of amino acids mediating the NleH1-CRKL
interaction. A, co-immunoprecipitation of CRKL(Y198F), CRKL(Y207F), and
CRKL(Y198F,Y207F) after their cotransfection with NleH1. B, co-immunopre-
cipitation of WT and NIeH1(K159A) with CRKL after cotransfection. IP,
immunoprecipitation.

DISCUSSION

Bacterial infection triggers an inflammatory response via
host recognition of pathogen-associated molecular patterns,
resulting in activation of the IKK complex. IKK phosphorylates
IkBa, subsequently promoting its ubiquitination and degrada-
tion, releasing NF-«B for nuclear translocation. RPS3 is a non-
Rel NF-«B subunit that significantly enhances p65 binding to
DNA (16). The phosphorylation of RPS3 by IKK on Ser-209 is
a critical determinant for the nuclear translocation of RPS3
before it participates in NF-kB-dependent transcriptional reg-
ulation (18). Many bacterial pathogens use a T3SS to inject
effector proteins into host cells to subvert the innate immune
response by inhibiting NF-«B activation (28).

The E. coli effector NleH1 is a Ser/Thr protein kinase that
depends on Lys-159 for kinase activity (4). NleH1 inhibits the
phosphorylation of RPS3 Ser-209 by IKK (18), but the mech-
anism is not understood. Although NleH1 kinase activity is
required for its inhibitory activity, NleH1 does not directly
phosphorylate either IKKB or RPS3 (18). We speculated that
NleH1 might phosphorylate one or more human proteins. We
screened ~9,000 human proteins to identify NleH1 kinase sub-
strates and identified CRKL as the most promising candidate.
We confirmed that recombinant CRKL is phosphorylated by
WT NleH1, but not by NleH1(K159A). We also found that
CRKL interacts with WT NleH1 but not with NleH1(K159A) in
mammalian cells.
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FIGURE 4. CRKL interacts with IKKS3, but not with RPS3. A, HEK293T cells were
cotransfected with CRKL-HA and FLAG-RPS3 or FLAG-IKKB expression plasmid.
Cells were harvested after 48 h of transfection. Samples were immunoprecipi-
tated (/P) with anti-FLAG antibody and immunoblotted with anti-HA and anti-
FLAG antibodies. B, co-immunoprecipitation using anti-HA antibody. C, HEK293T
cells were cotransfected with HA-IKKB and FLAG-CRKL (WT, Y198F, Y207F, or
Y198F,Y207F) expression plasmids. Cells were harvested after 48 h of transfection
and immunoprecipitated with either anti-HA or anti-FLAG antibody, followed by
immunoblotting. D, HEK293T cells were cotransfected with CRKL-HA and FLAG-
IKKB (WT or kinase-dead SSAA mutant) expression plasmids. After 48 h, cell
lysates were immunoprecipitated with either anti-HA or anti-FLAG antibody, fol-
lowed by immunoblotting.
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FIGURE 5. Model illustrating the potential role of CRKL in recruiting
NleH1 to inhibit RPS3/NF-«B signaling during A/E pathogen infection.
During A/E pathogen infection, NleH1 is injected into host cells through the
T3SS and then interacts with CRKL. CRKL interacts with IKKB and may recruit
NleH1 to the RPS3-NF-«B complex, where NleH1 can then inhibit RPS3 phos-
phorylation. In the absence of CRKL (indicated by dashed lines), NleH1 is not
recruited to the IKKB-RPS3 complex and fails to block RPS3 nuclear transloca-
tion. PG, peptidoglycan; TLRs, Toll-like receptors; TNFR, TNF receptor; TRAF,
TNF receptor-associated factor; Ub, ubiquitin; RIP, receptor-interacting pro-
tein; clAP, cellular inhibitor of apoptosis protein.

CRKL has been studied extensively for its role as a substrate
of the BCR/ABL tyrosine kinase in chronic myelogenous leuke-
mia (29). Other CRKL binding partners include the proto-on-
coprotein CBL (30, 31), Cas (Crk-associated substrate), HEF1
(human enhancer of filamentation 1), and paxillin (32—34).
Although the role of CRKL in bacterial pathogenesis is
unknown, data suggest that its homolog, Crk, influences bacte-
rial adherence and internalization. Abl tyrosine kinases are
required for Shigella flexneri infection through a mechanism
linked to Rho GTPase activation (Rac and Cdc42) (35). CRKL
may also contribute to viral pathogenesis, as the SH3 domain-
binding motif of A/NS1 (influenza A virus non-structural pro-
tein 1) is essential for binding to CRKL and can suppress the
anti-viral JNK-ATF2 pathway (36).

In this study, we identified a role for CRKL in E. coli infection.
We found that CRKL interacts with IKK3 and with NleH1. We
determined that both Tyr-198 and Tyr-207 of CRKL are
required for its interaction with NleH1 and that Tyr-198 is
required for its interaction with IKKB. CRKL is required for
NleH1 to suppress the RPS3/NF-kB pathway, as CRKL knock-
down significantly reduced the ability of NleH1 to inhibit RPS3
nuclear translocation and NF-«kB activity normally stimulated
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by TNE. We propose that, during A/E pathogen infection,
NleH1 is injected into host cells through the T3SS and then
interacts with CRKL (Fig. 5). A model consistent with our data
is that, in the absence of CRKL, NleH1 is not recruited to the
IKKB-RPS3 complex and fails to block RPS3 nuclear transloca-
tion. However, CRKL knockdown itself does not affect IKKf3, as
RPS3 nuclear translocation and NF-«B activity were unchanged.
This suggests that CRKL serves, in the context of E. coli infection,
as an adapter protein to recruit NleH1 but does not appear to have
a native role in regulating IKKp activity.

The limitations of our study are that we did not identify the
residue(s) on CRKL that are phosphorylated by NleH1 and did
not determine the functional significance of such phosphory-
lation. Although we observed that NleH1 phosphorylates
CRKL in vitro, it is possible that NleH1 is not an especially
efficient kinase in vivo. Thus, the significance of the NleH1-
CRKL interaction may be limited largely to the apparent
requirement of NleH1 in CRKL expression for its targeting of
the IKKB-RPS3 complex.
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