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ABSTRACT Enteropathogenic Escherichia coli (EPEC) is a gastrointestinal pathogen
that utilizes a type Ill secretion system (T3SS) to inject an array of virulence effector
proteins into host enterocytes to subvert numerous cellular processes for successful
colonization and dissemination. The T3SS effector NleD is a 26-kDa zinc metallopro-
tease that is translocated into host enterocytes, where it directly cleaves and inacti-
vates the mitogen-activated protein kinase signaling proteins JNK and p38. Here a li-
brary of 91 random transposon-based, in-frame, linker insertion mutants of NleD
were tested for their ability to cleave JNK and p38 during transient transfection of
cultured epithelial cells. Immunoblot analysis of p38 and JNK cleavage showed that
7 mutant derivatives of NleD no longer cleaved p38 but maintained the ability to
cleave JNK. Site-directed mutation of specific regions surrounding the insertion sites
within NleD revealed that a single amino acid, R203, was essential for cleavage of
p38 but not JNK in a direct in vitro cleavage assay, in transiently transfected cells, or
in EPEC-infected cells. Mass spectrometry analysis narrowed the cleavage region to
within residues 187 and 213 of p38. Mutation of residue R203 within NleD to a glu-
tamate residue abolished the cleavage of p38 and impaired the ability of NleD to in-
hibit AP-1-dependent gene transcription of a luciferase reporter. Furthermore, the
R203 mutation abrogated the ability of NleD to dampen interleukin-6 production in
EPEC-infected cells. Overall, this work provides greater insight into substrate recogni-
tion and specificity by the type Il effector NleD.

KEYWORDS NleD, metalloprotease, JNK, p38, EPEC, type lll effector proteins,
mitogen-activated protein kinases

nteropathogenic Escherichia coli (EPEC) is an extracellular gastrointestinal pathogen

that causes significant diarrheal disease in infants, particularly in developing countries.
EPEC adheres intimately to the mucosal surface of enterocytes and injects virulence
proteins (effectors) directly into host cells via a type Il secretion system (T3SS). The genes
required to form a functional T3SS, along with genes encoding a subset of effector proteins,
are located on a 35-kb genomic pathogenicity island (PAI) called the locus of enterocyte
effacement (LEE). Other effector proteins translocated by the EPEC T3SS are located
throughout the genome on distinct genomic PAls and are termed non-LEE-encoded (Nle)
effectors. Many Nle effectors from EPEC display novel enzymatic activity and mediate the
subversion of host immune signaling processes, such as NF-kB and mitogen-activated
protein kinase (MAPK) activation, apoptosis, and necroptosis. For example, NleE is an
S-adenosyl-L-methionine-dependent transferase that specifically modifies the NF-«xB adap-
tor proteins TAB2/3, eliminating ubiquitin chain binding activity and thus inhibiting down-
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stream NF-kB activation and interleukin-8 (IL-8) production during EPEC infection (1-3).
NleB is an N-acetylglucosamine transferase that inhibits extrinsic apoptosis by adding a
single GIcNAc moiety to a conserved arginine residue on the Fas-associated death domain
(FADD) protein, as well as other host death domain proteins, including TRADD and RIPK1.
This activity predominantly blocks death receptor signaling and subsequent inflam-
mation and apoptosis during infection, thus promoting cell survival and pathogen
persistence (4, 5).

EPEC also produces two zinc metalloprotease T3SS effectors, NleC and NleD, which
were first identified to be effectors secreted by the LEE-encoded T3SS of the EPEC-like
mouse pathogen Citrobacter rodentium (6). Zinc-containing metalloproteases are a
group of proteolytic enzymes found across eukaryotes and prokaryotes and are impor-
tant in maintaining physiological homeostasis within the organism (7). Collectively
known as the “zincins,” they contain a consensus motif, HEXXH, where the histidine
residues bind a zinc ion and promote nucleophilic attack on peptide bonds using a
water molecule at the active site (8). Recent molecular studies have shown that NleC
and NleD require the HEXXH motif for cleavage of host innate immune-signaling
proteins. NleC specifically cleaves and inactivates NF-«B Rel proteins, including p65 and
p50, and thus contributes to the inhibition of IL-8 production during EPEC infection
(9-15). NleD cleaves and inactivates the mitogen-activated protein (MAP) kinases c-Jun
amino-terminal kinase (JNK) and p38 but not extracellular signal-related kinases (ERK)
and contributes modestly to the inhibition of IL-8 production and UV-induced apopto-
sis in EPEC infection (15).

The MAP kinases are members of discrete signaling pathways that mediate re-
sponses to multiple extracellular stimuli, including UV light, heat, osmotic shock,
inflammatory cytokines (tumor necrosis factor [TNF] and interleukin-1 [IL-1]), and
growth factors (colony-stimulating factor 1 [CSF1]) (16). Three distinct members of the
MAPK family exist in mammals: ERK, JNK, and p38/stress-activated protein kinases
(SAPK). Activation of JNK and/or p38 contributes to a number of important cellular
processes, including inflammation, apoptosis, cell differentiation, and cytokine produc-
tion (17).

Apart from the metalloprotease moatif, little is known about other functional regions
of NleD. In this study, we screened a library of transposon and site-directed mutants of
NleD to identify amino acids critical for its proteolytic activity against p38 and JNK. We
found that aside from amino acids within the catalytic site (H'42ELLH'4¢), R203 was
essential for direct p38 cleavage and inhibition of AP-1 activation and IL-6 production
by NleD but dispensable for JNK cleavage. In addition, we demonstrated direct cleav-
age of p38 by NleD and propose that cleavage is likely to occur between residues 187
and 213 of p38.

RESULTS

Effect of pentapeptide insertions on proteolytic activity of NleD. To map the
contribution of amino acid residues of NleD to substrate binding and proteolytic
cleavage, an extensive pentapeptide scanning mutagenesis screen was performed. A
library of 80 mutants was generated using a mutation generation system kit (catalog
number F-701; Thermo Scientific) and screened for the insertion of 5 additional amino
acids at random positions in NleD originating from EPEC O127:H6 strain E2348/69. An
additional 11 pentapeptide mutants were generated by site-directed mutagenesis
(SDM) to fill the gaps where there were more than 5 amino acids between mutants
obtained with the transposon-mediated mutagenesis system (Fig. 1; see also Table S1
in the supplemental material). In total, 91 mutants of pGFP-NleD with pentapeptide
insertions at 78 different positions were made. The resultant pGFP-NleD derivatives
were transfected into HEK293T cells, and the cell lysates were analyzed by immuno-
blotting for cleavage of JNK and p38 (Fig. 1 and Table S1). pGFP-NleD was selected as
the template vector for the mutagenesis screen, as expression can easily be visualized
by immunoblotting using anti-green fluorescent protein (anti-GFP) antibodies or di-
rectly by immunofluorescence microscopy, if required.
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FIG 1 Selected NleD transposon mutants that display altered proteolytic activity toward JNK and/or p38.
(A) Immunoblots of JNK and p38 cleavage in cells transiently transfected with GFP-NleD or GFP-NleD
mutant derivatives. Cell lysates were probed with anti-JNK and anti-p38 antibodies. Arrows, cleavage
products. Anti-GFP antibody was used to show the expression of GFP-NleD and GFP-NleD variants. Actin
was used as a loading control. The immunoblots are representative of those from at least 3 independent
experiments. UT, untransfected. (B) Schematic diagram mapping transposon insertion sites in NleD that
alter JNK and/or p38 cleavage. Dark gray arrowheads, little or no cleavage of JNK or p38; light gray
arrowheads, cleavage of JNK but little or no cleavage of p38; white arrowheads, total cleavage of both JNK
and p38. aa, amino acids.

NleD from EPEC E2348/69 is 232 amino acids in length, and the HEXXH motif spans
amino acids 142 to 146. Mutants harboring insertions of pentapeptides within the 59
amino acids of the N-terminal region of NleD showed proteolytic activity comparable
to that of wild-type NleD (Table S1), whereas insertions at 22 different positions
downstream of amino acid 59 altered the proteolytic activity of NleD to various extents
(Fig. TA and B and Table S1). Insertion of pentapeptides starting at amino acid positions
73,196, 202, 203, and 217 in NleD abolished the cleavage of p38 and reduced the level
of JNK cleavage compared to that by wild-type NleD (Fig. 1A and Table S1). Insertions
starting at amino acid positions 60, 76, 100, 110, 154, 222, and 226 decreased the level
of cleavage of p38 to different degrees, whereas cleavage of JNK by these mutants was
comparable to that by wild-type NleD (Fig. 1A and Table S1). Insertions at amino acid
positions 115 and 179 completely abolished the cleavage of p38 and JNK, as did those
within or immediately preceding the H'42ELLH46 catalytic motif at positions 144, 146,
147, and 150 (Fig. 1A and Table S1).

Site-directed mutagenesis of NleD and screening of mutants for loss of pro-
teolytic activity. To further examine potential functional regions of NleD, 16 site-
directed mutants with mutations consisting of either two or three consecutive alanine
substitutions were constructed using a QuikChange Il site-directed mutagenesis kit.
Mutation positions were selected on the basis of the pentapeptide insertion positions
that yielded a significant effect on p38 or JNK cleavage. The site-directed mutants were
subsequently tested for their ability to cleave p38 and JNK (Fig. 2A and B and Table S2).
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FIG 2 Screen of NleD multiple site-directed mutants for loss of proteolytic activity against JNK and/or
p38. (A) Immunoblots of JNK and p38 cleavage in HEK293T cells transiently transfected with GFP-NleD
or GFP-NleD multiple site-directed mutants. Cell lysates were probed with anti-JNK and anti-p38
antibodies. Anti-GFP antibody was used to show the expression of GFP-NleD and GFP-NleD variants.
Arrows, cleavage products. Actin was used as a loading control. The immunoblots are representative of
those from at least 3 independent experiments. UT, untransfected. (B) Schematic diagram mapping triple
alanine replacement sites in NleD that alter JNK and/or p38 cleavage. Light gray arrowheads, cleavage
of JNK but little or no cleavage of p38; white arrowheads, total cleavage of both JNK and p38. aa, amino
acids.

HEK293T cells were transfected with derivatives of pGFP-NleD, and lysates were sub-
jected to SDS-PAGE followed by immunoblot analysis using anti-p38 or anti-JNK
antibodies (Fig. 2A). NleD harboring amino acid substitutions across positions 109 to
111,114 to 116, 146 to 148, 149 to 151, 153 to 155, 178 to 180, 202 to 204, 216 to 218,
and 227 to 229 cleaved JNK as efficiently as wild-type NleD. However, substitutions
across 109 to 111, 114 to 116, 146 to 148, and 216 to 218 resulted in less efficient
cleavage of p38 compared to that by wild-type NleD, and substitutions across positions
149 to 151, 153 to 155, 178 to 180, and 202 to 204 rendered NleD unable to cleave p38
(Fig. 2A and B and Table S2).

Arginine 203 in NleD is required for p38 cleavage but dispensable for JNK
cleavage. Single amino acid changes were made across most of the 3 amino acid
substitutions within NleD that resulted in the loss in p38 cleavage. This included the
replacement of glutamate 143 within the H'42EXXH'4¢ catalytic motif by alanine
(E143A) as a control for the proteolytic activity of NleD. Of these mutants, pGFP-NleD
with the R203A substitution (pGFP-NleDg,54) completely lost the ability to cleave p38
but retained the ability to cleave JNK (Fig. 3 and Table S2).
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FIG 3 Analysis of NleD single site-directed mutants for p38 cleavage. Immunoblots of JNK and p38
cleavage in HEK293T cells transiently transfected with GFP-NleD or GFP-NleD single site-directed mutants
are shown. Cell lysates were probed with anti-JNK and anti-p38 antibodies. Anti-GFP antibody was used
to show the expression of GFP-NleD and GFP-NleD variants. Cleavage products are indicated by arrows.
Actin was used as a loading control. The immunoblots are representative of those from at least 3
independent experiments. UT, untransfected.

Arginine 203 is conserved among metalloprotease effectors from pathogenic
bacteria. In order to determine whether R203 was conserved in homologues of NleD
from other pathogenic bacteria, a BLAST analysis was performed and an alignment of
proteins was performed using the ESPript (v3) program. R203 was indeed conserved
across a number of diverse bacterial pathogens (Fig. 4). To ensure that the phenotype
of the NleD mutant with the R203A substitution (the NleDg,q3, Mutant) was not only
due to the selection of alanine as the substitute amino acid, we replaced R203 with
lysine or glutamate, each of which carries a charge similar to or opposite that of
arginine, respectively. pGFP-NleDg,o3a PGFP-NleDgsose, PGFP-NleDgyos, and GFP-
NleDg,434 Were transfected into HEK293T cells and the cell lysates were analyzed by
immunoblotting using anti-p38 and anti-JNK antibodies. Cleavage of p38 was abro-
gated upon expression of GFP-NleDg,o3a, GFP-NleDg,gse, O GFP-NleDg, 45, compared
to that obtained upon expression of GFP-NleD, whereas expression of GFP-NleDg,o3x
only partially compromised p38 cleavage (Fig. 5A).

Previous studies have suggested that NleD inhibits AP-1 activation (15); therefore,
we tested NleD derivatives carrying amino acid substitutions in R203 and the adjacent
amino acids, R202 and T204, for their ability to activate AP-1-dependent gene tran-
scription of a luciferase reporter. Upon stimulation with phorbol myristate acetate
(PMA) (18), AP-1 activation was evident in cells transfected with the empty vector
PEGFP-C2, whereas it was not in unstimulated cells (Fig. 5B). AP-1 activation was
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EPEC_E2348/69_NleD VVDF HA[T|I[V] [H[N[L] .KVESSRPESQKYSP
Sorangium cellulosum IAEPSQ L AIN|A .TGTDPA.PPASQPD
Morganella_morganii EKQFHA| L H|Y|L .HITPADSPESIRYP
Chelativorans_sp._J32 PGISDV L H|NI[V| LVQAADPDQAQFPH
Endozoicomonas_numazuensis GLRPAY, L| Y|NM| S..EDS....AHFS
Acidovorax_avenae_Acav_3399 NPANAF L HH|LIA[TMMYGGGPVTREASSSRTD
Xanthomonas_vasicola NPEESF If H|LILIA[JTSKACKGGD...RYDDTSE
Xanthomonas_fuscans_XopG DPEESF L HILILA[JTSRAYKGGD...RYDETSE
Vibrio_shilonii EKAEPY L H|C|L c.DG. e e e e
Pseudomonas_syringae_Hopl DPSLAY L R|T|L .RVSRGRPDVDEDSG
Janthinobacterium agaricidamnosum DTSLSF L RIMM| .GGTSDR. .YDPSTP
Klebsiella _michiganensis DTSLAF L RMM .GGTSDR..YDTGSP
Beauveria bassiana DTSLAF[V|S|L| RIM[M| .GGTSDR.. .XDTGSP

EPEC_E2348/69_NleD EVL[S [E]T .[YlPHDSALIHDD
Sorangium_cellulosum AYP|S D|L WTPDG......
Morganella_morganii ETI|S E|T Wl s 590808065
Chelativorans_sp._J32 EQL|C E|T .ATSGDWVSYDD
Endozoicomonas_numazuensis AAIlS D(A MR ss e wmms
Acidovorax_avenae_Acav_3399 GEP|S EH JY[SRSGN . . ...
Xanthomonas_vasicola RQP|S EH IYIRPHG : .+ @ & @
Xanthomonas_fuscans_XopG RQP|S E|H .YKPHGM. . ...
Vibrio_shilonii NP M|S Q|F AVIE s s v s mmen
Pseudomonas_syringae_Hopl EYP|S E[H JY|SGNTG. .. ..
Janthinobacterium_agaricidamnosum EPL|S E|H AYIRAAPD Y & i i
Klebsiella michiganensis EAL|S EH SYARAG & .5 5 w w5
Beauveria_bassiana EALS |E|H YAAGLR.....

FIG 4 Alignment of zinc metalloprotease motif and the surrounding area in NleD proteins from various Gram-negative bacteria. Sequences were identified
through BLAST analysis using NleD from EPEC O127:H6 strain E2348/69 as a reference. A section of the proteins identified by BLAST analysis was aligned using
the Clustal Omega program, and presentation of the alignment was performed using the ESPript (v3) program (36). *, HEXXH zinc metalloprotease site; arrow,
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conserved residue R203.

inhibited in cells transfected with wild-type pGFP-NleD, pGFP-NleDg,yg,n, OF pGFP-
NleDy,04a, Whereas ectopic expression of the catalytic mutant GFP-NleDg,,5, or GFP-
NleDg,o3e had no significant impact on AP-1 activation upon PMA stimulation (Fig. 5B).
Inhibition of AP-1 activation by GFP-NleDg,qsk in response to PMA was similar to that
by wild-type NleD, and we noted that GFP-NleDg,o34 still inhibited AP-1 activation in
this system, despite being unable to cleave p38 (Fig. 5A and B).

NleD directly cleaves p38. To test the ability of NleD to cleave p38 directly, we
incubated purified recombinant NleD with purified p38 and observed cleavage of the
substrate by catalytically active NleD (Fig. 6A and B). Both catalytically inactive NleD
(His-NleDg,454) and His-NleDg,o3e Were unable to cleave p38 directly (Fig. 6A). In order
to prove that the R203E mutant was active, we incubated purified His-NleDg,o3e With
HT-29 cell lysate and observed cleavage of endogenous JNK but not that of p38 (Fig.
S1). The in vivo-generated p38 fragments were further assessed by mass spectrometry,
which both confirmed their status as p38 cleavage fragments and revealed the putative
cleavage site to be between residues 187 and 213 (Fig. 6B and C, S2, and S3). Analysis
of the peptide coverage of full-length p38 compared to that of the N- and C-terminal
cleavage fragments revealed that peptides spanning the entire protein sequence could
be identified, with peptide coverage being restricted to the N- and C-terminal regions
within the N- and C-terminal fragments, respectively (Fig. S2). However, there remained
26 residues ('8?WYRAPEIMLNWMHYNQTVDIWSVGCI2'2) between the N- and C-terminal
cleavage fragments that were inaccessible to analysis due to the composition of the
sequence, which lacks sufficient lysine or arginine residues required for tryptic diges-
tion and subsequent mass spectrometry analysis (Fig. S2). The peptide 2'3MAELLTGR22°
was the most N-terminal peptide identified within the C-terminal cleavage fragment
and was not present in the full-length or the N-terminal p38 cleavage fragment tryptic
digest, suggesting that M, may be the most likely cleavage site (Fig. S3). Overall, we
can safely conclude only that cleavage occurs between residues 187 and 213 of p38.

Arginine 203 in NleD is essential for p38 cleavage and inhibition of IL-6
secretion during EPEC infection. To examine whether the NleD R203E variant had the
same effect on p38 and JNK cleavage in EPEC-infected cells as in transiently transfected
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FIG 5 Analysis of various NleDg,,, site-directed mutants for p38 cleavage and their effect on AP-1 activation. (A)
Immunoblots of JNK and p38 cleavage in HEK293T cells transiently transfected with GFP-NleD or GFP-NleD single
site-directed mutants. Cell lysates were probed with anti-JNK and anti-p38 antibodies. Anti-GFP antibody was used

to show the expression of GFP-NleD and GFP-NleD variants. Arrows, cleavage products. Actin was used as

a loading

control. The immunoblots are representative of those from at least 3 independent experiments. UT, untransfected.
(B) Fold increase in AP-1-dependent luciferase activity in HEK293T cells expressing GFP or GFP-NleD variants
unstimulated or stimulated with PMA for 6 h. Results are the means = SEMs from at least three independent

experiments carried out in duplicate. *, a result significantly different from the results obtained with GFP-

stimulated with PMA (P < 0.05, by an unpaired, two-tailed t test).

cells, nleD, nleDg,y3. and nleDg,,;, were cloned into the bacterial expression vector
pTrc99A that carries a C-terminal 2X hemagglutinin (HA) tag to visualize the expression
of NleD by immunoblotting. The constructs were expressed in the EPEC E2348/69
APP4/IE6 genetic background. This strain is missing seven effectors (nleD, nleC, nleE,
nleB1, nleB2, espL, and nleG). Infection of HT-29 cells with wild-type EPEC resulted in the
cleavage of p38 and JNK, whereas infection with either the T3SS mutant (AescN), the
APP4/IE6 double island mutant, or the APP4/IE6 mutant complemented with nleD, 3,
had no effect on the cleavage of either substrate (Fig. 7A). Complementation of the
APP4/IE6 mutant with wild-type nleD resulted in the cleavage of both JNK and p38 in
EPEC-infected HT-29 cells, whereas complementation with nleDg,,5 resulted only in
the loss of JNK (Fig. 7A).

Studies have shown that activation of p38 MAPK signaling results in the increased
secretion of proinflammatory cytokines, including IL-1B3, TNF, and IL-6 (19). Therefore,
we examined IL-6 secretion levels in HT-29 cells infected with various EPEC derivatives.
Cells infected with wild-type EPEC and stimulated with TNF produced minimal amounts
of IL-6, comparable to the findings for uninfected, unstimulated cells (Fig. 6B). This was
also the case for cells infected with APP4/IE6 complemented with nleE, which is a
potent inhibitor of inflammatory cytokine production (2) (Fig. 6B). Expression of wild-
type NleD but not that of NleDg, 454 Or NleDg,os in the APP4/IE6 mutant also inhibited
IL-6 production, but NleD was less effective than NleE (Fig. 7B).

DISCUSSION

Early in vivo studies showed no significant virulence phenotype for single nleC or
nleD deletion mutants in C. rodentium infection of mice (20) or enterohemorrhagic E.
coli (EHEC) infection of infant ruminants (21). Subsequently, both NleC and NleD were
identified to be metalloprotease effectors. Whereas NleC and its cleavage of NF-«B are
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FIG 6 Direct cleavage of p38 by NleD in vitro and mass spectrometric analysis of putative cleavage site for p38. (A) Immunoblots of GST
or GST-p38 incubated with His-NleD or His-NleD site-directed mutants. Arrows, p38 cleavage fragment. Reaction mixtures were probed
with anti-GST antibodies, and anti-His antibodies were used to detect NleD and NleD variants. (B) A Coomassie-stained gel showing the
N-terminal (N-term) and C-terminal (C-term) cleavage products of GST-p38 in the presence of His-tagged NleD after incubation for 2 h or
overnight (O/N). White boxes, bands that were excised from the gel and used for further mass spectrometric analysis. (C) Identification
of semitryptic peptide 2'3MAELLTGR22° only within the C-terminal p38 cleavage fragment supports the suggestion that cleavage of p38
occurs at or before position 213. M_,, oxidized methionine residue; a, b, and y, peptide fragment ions.

very well characterized (9-15, 22), to date only one study has examined the substrate
specificity and enzymatic function of NleD (15). Baruch et al. showed that NleD cleaved
the MAP kinases p38 and JNK and that mutation of glutamate within the metallopro-
tease motif (H'*2ELLH'4%) abolished the cleavage of JNK. In addition, this study dem-
onstrated direct cleavage of JNK by NleD and identified the conserved TPY motif within
the kinase activation loop of JNK to be the specific cleavage site (15). The activation of
JNK/p38 influences transcription of the proinflammatory cytokines, such as IL-8 (23, 24).
Previous studies showed that EPEC potently inhibits the production of proinflammatory
cytokines early in infection (25, 26) and that NleE and NleC contribute significantly to
this inhibition (2, 3, 12). Cleavage of JNK by NleD makes a minor contribution to this
inhibition, as a modest reduction in the level of IL-8 secretion was observed in cells
infected with an EPEC mutant lacking nleC, nleD, nleE, and nleB1 and complemented
with wild-type nleD (15).

Here, we screened a library of insertion mutants of NleD for their ability to cleave the
host substrates p38 and JNK during transient transfection of cultured epithelial cells. A
total of 78 unique insertion mutants were constructed, and of these, 22 insertions
affected p38 and/or JNK cleavage. Further mutagenesis in the form of multiple or single
site-directed mutations was performed to assess the contribution of specific amino
acids to the cleavage of host substrates. Amino acid substitutions at HNL from positions
149 to 151 [HNL49_q57)l, GER from positions 153 to 155 [GER(;53_155], TVG from
positions 178 to 180 [TVG(;,5_150)l, and RRT from positions 202 to 204 [RRT505_504)]
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FIG 7 Effect of the R203E mutation in NleD on p38 cleavage and IL-6 secretion in EPEC infection. (A)
Immunoblots of JNK and p38 cleavage in HT-29 cells infected with various EPEC derivatives. Cell lysates
were probed with anti-JNK and anti-p38 antibodies. Anti-HA antibody was used to show the expression of
NleD-2HA and NleD-2HA variants. Arrows, cleavage products. Actin was used as a loading control. The
immunoblots are representative of those from at least 3 independent experiments. (B) HT-29 cells were
infected with derivatives of EPEC, as indicated, for 2 h and left unstimulated or stimulated with TNF for 8
h (gray bars). Results are the means = SEMs from at least three independent experiments carried out in
duplicate (*, P < 0.05; **, P < 0.005; P values were determined by an unpaired, two-tailed t test). Ul,
uninfected; UN, unstimulated.

abolished p38 cleavage, while cleavage of JNK remained unaffected. Analysis of mul-
tiple single site-directed mutants revealed that mutation of the R203 residue in NleD
abolished the cleavage of p38 but not that of JNK during both transient transfection
and EPEC infection, suggesting that R203 in NleD discriminates between these host
substrates. An alignment of the region surrounding the zinc metalloprotease motif
from a subset of effectors from various Gram-negative pathogens revealed that R203 in
NleD was highly conserved. This may reflect the importance of the conserved amino
acid in host substrate recognition for other metalloprotease effectors; however, there
is currently no structural information available for these effectors. Therefore, the
function of R203 in NleD proteolytic activity remains unknown.

NleD mediated the direct cleavage of p38, which was dependent on the catalytic
motif of NleD, as mutation of E143 within the HEXXH motif abolished cleavage of the
substrate. In addition, the R203E NleD mutant was also unable to directly cleave p38,
further suggesting that R203 is essential for the proteolytic activity of NleD against p38.
The purified R203E NleD mutant was still, however, active against JNK. A previous study
identified the NleD cleavage site within the activation loop of JNK before residue Y185
of the TPY motif (15). No study has yet, however, identified the cleavage site within p38.
Here, we have shown that cleavage does not occur within the TGY motif of p38
(residues 180 to 182), as we observed a clear intact peptide containing this motif within
the N-terminal cleavage fragment. We did, however, narrow down the cleavage site to
a region just downstream of the TGY motif, between residues 187 and 213, suggesting
that the cleavage sites of p38 and JNK differ. Mass spectrometric analysis of full-length,
N- and C-terminal fragments of p38 suggests that the most likely cleavage site is M213.

The loss of p38 cleavage attributed to the R203 mutation in NleD significantly
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TABLE 1 Bacterial strains used in this study

Bacterial strain  Characteristics Source or reference
EPEC E2348/69  Wild-type EPEC O127:H6 37
AnleD EPEC E2348/69 AnleD Kmr This study
AescN EPEC E2348/69 AescN Km* 38
APP4/IE6 EPEC E2348/69 PP4/IE6 double island deletion mutant 2
XL1-Blue E. coli recA1 endAT1 gyrA96 thi-1 hsdR17 supE44 relA1 Stratagene
lac [F' proAB laclgZAM15 Tn10 (Tet")]
BL21 C43(DE3)  E. coli strain used for expression of proteins for Novagen

affinity purification

affected MAPK signaling in host cells. AP-1 is a transcriptional activator located down-
stream of the MAP kinases p38 and JNK that mediates transcription of proinflammatory
cytokines, such as IL-6, in host cells (27, 28). NleD inhibited transcription of an AP-1
luciferase reporter in response to PMA, which was dependent on the R203 residue in
NleD, as radical mutation of R203 to glutamate most significantly affected NleD activity.

Since a consequence of AP-1 activation is the production of the proinflammatory
cytokine IL-6 (28), we examined the ability of NleD to suppress IL-6 production. Previous
studies have shown that IL-6 is required for protection against colonization, mucosal
pathology, and mortality in C. rodentium infection of mice (29). A single nleD deletion
mutant of EPEC was unable to cleave JNK or p38; therefore, in order to test the
contribution of NleD to inflammatory cytokine production in EPEC infection, we utilized
a double island deletion mutant lacking seven effectors (nleB1, nleB2, nleC, nleD, nleE,
nleG, and espl) and complemented this with wild-type nleD or nleD site-directed
mutants. The reason that we chose to utilize the seven-effector mutant is because NleE,
NleB, and NleC all significantly contribute to the inhibition of inflammatory cytokine
production (2, 12, 15). Therefore, we aimed to test the relative contribution of NleD in
this genetic background. Here, wild-type EPEC inhibited IL-6 production in response to
TNF stimulation, to which NleD made a significant contribution. Mutation of R203 in
NleD significantly abrogated IL-6 inhibition, suggesting that p38 activation contributed
to IL-6 production during EPEC infection and that NleD specifically targets p38 to
dampen the IL-6 response. Interestingly, cleavage of JNK alone by NleD was insufficient
to mediate the suppression of IL-6 during EPEC infection.

Overall, the potent early inhibition of inflammation in EPEC infection is a result of
the translocation of multiple type Ill effectors that specifically target innate immune
signaling pathways, including NF-«B (NleE, NleC, NleB1, NleH1, NleH2, Tir) (2-5, 12, 13,
30) and MAPK (NleC and NleD) (13, 15). Here we showed that NleD blocked IL-6
production through cleavage of the MAPK p38 during EPEC infection. Hence, NleD is
yet another example of an effector that targets host immune processes and contributes
to the dampening of inflammatory responses during EPEC infection.

MATERIALS AND METHODS

Bacterial strains, plasmids, cell lines, and growth conditions. The bacterial strains and plasmids
used in this study are listed in Tables 1 and 2, respectively. All PCR primers are listed in Table 3. Bacteria
were grown at 37°C in Luria-Bertani (LB) medium, Dulbecco’s modified Eagle’s medium (DMEM) with
GlutaMAX (Gibco), or RPMI with GlutaMAX (Gibco) where indicated, and the media were supplemented
with ampicillin (100 wg/ml), kanamycin (100 wg/ml), or chloramphenicol (25 wg/ml) where necessary.
HEK293T cells were grown in DMEM with GlutaMAX (Gibco) supplemented with 10% fetal calf serum
(FCS; Sigma) at 37°C with 5% CO,. HT-29 cells were grown in RPMI with GlutaMAX (Gibco) supplemented
with 10% FCS (Sigma) at 37°C with 5% CO..

Random-insertion scanning mutagenesis and site-directed mutagenesis. Generation of an NleD
pentapeptide scanning mutagenesis library was carried out in the plasmid pGFP-NleD using a mutation
generation system kit (catalog number F-701; Thermo Scientific) with an entranceposon (M1-Cam')
according to the manufacturer’s instructions. Three independent mutagenesis reactions were performed.
E. coli strain XL1-Blue was used as the transformation host for the chemical transformation steps, and
agar plates were incubated for 40 h at 37°C. The restriction enzymes EcoRl and BamHI (New England
BioLabs) were used to clone nleD open reading frames containing the entranceposon into the vector
backbone of pEGFP-C2 without entranceposon insertions. The 15-bp insertions in the individual nleD
clones were mapped by colony PCR following the manufacturer’'s recommendations using primers
PEGFP-C2; and pEGFP-C2; in combination with the Notl miniprimer (Table 3). The exact position of the
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TABLE 2 Plasmids used in this study

Infection and Immunity

Source or
Plasmid Relevant characteristics reference
PEGFP-C2 Expression vector carrying enhanced GFP, Kan" Clontech
pGFP-NleD Full-length nleD from EPEC E2348/69 in pEGFP-C2, Kan" 2
pGFP-NleDgq10a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid G,,, mutated to A, Kan" This study
pGFP-NleDry114 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid T,,; mutated to A, Kan" This study
PGFP-NIeDg; 54 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid F,;s mutated to A, Kan" This study
pGFP-NleDg ;434 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid E,,; mutated to A, Kan" This study
pGFP-NleD 444 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid L,,, mutated to A, Kan" This study
pGFP-NleDy;46a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid H,,s mutated to A, Kan" This study
pGFP-NleDy;50a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid N,;, mutated to A, Kanr This study
pGFP-NleDg; 544 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid E,5, mutated to A, Kan" This study
pGFP-NleDg;55a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid R,55 mutated to A, Kanr This study
pGFP-NleDy;79a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid V,,, mutated to A, Kan" This study
pGFP-NleDg;g0a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid G,4, mutated to A, Kan" This study
pGFP-NleDg,oza nleD from EPEC E2348/69 in pEGFP-C2 with amino acid R,,, mutated to A, Kanr This study
PGFP-NleDg,g3a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid R,,; mutated to A, Kan" This study
pPGFP-NleDgo3e nleD from EPEC E2348/69 in pEGFP-C2 with amino acid R,,; mutated to E, Kan" This study
PGFP-NleDg,osk nleD from EPEC E2348/69 in pEGFP-C2 with amino acid R,,; mutated to K, Kan" This study
pGFP-NleDr,04a nleD from EPEC E2348/69 in pEGFP-C2 with amino acid T,,, mutated to A, Kan" This study
pGFP-NleDy,174 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid N,,, mutated to A, Kan" This study
pGFP-NleDr, g4 nleD from EPEC E2348/69 in pEGFP-C2 with amino acid T,,5 mutated to A, Kan" This study
PGFP-NleD, pso_s1)aan nleD from EPEC E2348/69 in pEGFP-C2 with the LDKs4 4,y motif mutated to AAA, Kan® This study
pGFP-NleD 27384 nleD from EPEC E2348/69 in pEGFP-C2 with the LN,,_,5) motif mutated to AA, Kan" This study
pGFP-NleDigs 75 77)ana nleD from EPEC E2348/69 in pEGFP-C2 with the IES;5_,,, motif mutated to AAA, Kanr This study
pGFP-NleDyg100-101)aA nleD from EPEC E2348/69 in pEGFP-C2 with the HR 40,07, Motif mutated to AA, Kan® This study
PGFP-NleDggr109-111)anA nleD from EPEC E2348/69 in pEGFP-C2 with the RGT(;4o_45) motif mutated to AAA, Kan" This study
PGFP-NleDyg(147-148)aa nleD from EPEC E2348/69 in pEGFP-C2 with the VF 4, ,4¢ motif mutated to AA, Kan® This study
PGFP-NleDpeiy114-116)anA nleD from EPEC E2348/69 in pEGFP-C2 with the DFH;,,_;,5 motif mutated to AAA, Kan" This study
PGFP-NleDy e (146_148)a8 nleD from EPEC E2348/69 in pEGFP-C2 with the HVF ;46 1,45 motif mutated to AAA, Kan" This study
PGFP-NleDyyy (140-151)anA nleD from EPEC E2348/69 in pEGFP-C2 with the HNL; 4o_5;) motif mutated to AAA, Kan" This study
PGFP-NleDgeg(153_155)ana nleD from EPEC E2348/69 in pEGFP-C2 with the GER(;55_;55 motif mutated to AAA, Kan" This study
PGFP-NleDryga7s-180)aaA nleD from EPEC E2348/69 in pEGFP-C2 with the TVG(;,5_15, Motif mutated to AAA, Kan" This study
PGFP-NleDgee (105 197)ana nleD from EPEC E2348/69 in pEGFP-C2 with the REE ;45 ;4,) motif mutated to AAA, Kanr This study
PGFP-NleDggr202-204)ana nleD from EPEC E2348/69 in pEGFP-C2 with the RRT 4, 504 Motif mutated to AAA, Kan" This study
pGFP-NleDpnra16-218)a8A nleD from EPEC E2348/69 in pEGFP-C2 with the DNT ,;4 5,5 motif mutated to AAA, Kanr This study
PGFP-NleDqyr225-227)a8a nleD from EPEC E2348/69 in pEGFP-C2 with the QVR ,,5_,,7 motif mutated to AAA, Kan" This study
PGFP-NleDgy 112272200 nleD from EPEC E2348/69 in pEGFP-C2 with the RLH,,,_,,5 motif mutated to AAA, Kan® This study
pET28a N-terminal 6 X His Tag cloning/expression vector Novagen
pET-NleD nleD from EPEC E2348/69 in pET28a, Kan" This study
PET-NleDg 434 nleD from EPEC E2348/69 in pET28a with amino acid E,,; mutated to A, Kan" This study
PET-NleDgoose nleD from EPEC E2348/69 in pET28a with amino acid R,,; mutated to E, Kanr This study
PGEX-4T-1 N-terminal GST cloning/expression vector, Amp" GE Healthcare
pPGEX-p38 Human p38 (MAPK14 transcript variant 2) in pGEX-4T-1, Amp* This study
PTrc99A Bacterial expression vector containing a lacl promoter, Amp" Pharmacia Biotech
pNleD nleD from EPEC 2348/69 in pTrc99A, Amp® 12
pNleDgy 434 nleD from EPEC E2348/69 in pTrc99A with amino acid E,,; mutated to A, Amp" This study
pNleDgoo3e nleD from EPEC E2348/69 in pTrc99A with amino acid R,,; mutated to E, Amp® This study
pNleD-2HA nleD from EPEC 2348/69 in pTrc99A with a 2X C-terminal HA tag, Amp" This study
pNleDg;434-2HA nleD from EPEC E2348/69 in pTrc99A with amino acid E,,; mutated to A and a 2X This study

C-terminal HA tag, Amp*

pNleDg,g3e-2HA nleD from EPEC E2348/69 in pTrc99A with amino acid R,,; mutated to E and a 2X This study

C-terminal HA tag, Amp"

15-bp insertion within nleD was determined by DNA sequencing of selected transformants using primer

pEGFP-C2; (Table 3).

Site-directed mutagenesis of nleD was performed in plasmid pGFP-NleD, pNleD, or pNleD-2HA as the

template. The oligonucleotides used to generate the mutants are listed in Table 3. The mutant strand
synthesis reaction was performed with Pfu DNA polymerase (Promega) under the following conditions:
95°C for 30 s; 18 cycles of 95°C for 30 s, 55°C for 1 min, and 68°C for 5.5 min; and a final extension at 72°C
for 7 min. The amplification products were digested with Dpnl (New England BiolLabs) and directly
transformed into chemically competent cells of E. coli strain XL1-Blue. Mutations were confirmed by DNA
sequencing using either primer pair pEGFP-C2./pEGFP-C2; or primer pair pTrc./pTrcy (Table 3).
Construction of plasmids to express NleD and p38. pNleD-2HA was constructed by amplifying
nleD from EPEC E2348/69 genomic DNA by PCR using the primer pair NleD-2HA./NleD-2HA;. PCR
amplification consisted of an initial denaturation step at 95°C for 10 min, followed by 30 cycles of 94°C
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TABLE 3 Primers used in this study

Infection and Immunity

Primer Sequence?

Pos. 18¢ GTCATCAACGTCGAGCTTGCGGCCGCAGAGCTCAATGTCAGATACAGATATCG

Pos. 18, CGATATCTGTATCTGACATTGAGCTCTGCGGCCGCAAGCTCGACGTTGATGAC

Pos. 50¢ CGTTTCCAGGGGACTGATCATGCGGCCGCAGATCATAATATATATCAGCAGATTG

Pos. 505 CAATCTGCTGATATATATTATGATCTGCGGCCGCATGATCAGTCCCCTGGAAACG

Pos. 60 GCAGATTGAAGCAGCACTCTGCGGCCGCACACTCGATAAGATTGGCTCTACAG

Pos. 60g CTGTAGAGCCAATCTTATCGAGTGTGCGGCCGCAGAGTGCTGCTTCAATCTGC

Pos. 91, CAGTGGTAATACACCTTGCGGCCGCACACCTCAACTCTTCCAGACTAGG

Pos. 915 CCTAGTCTGGAAGAGTTGAGGTGTGCGGCCGCAAGGTGTATTACCACTG

Pos. 121¢ CGATTTTCACTGTAATCTGAATTGCGGCCGCATGAATGCAGTTGAATATCCCTGTGG
Pos. 1214 CCACAGGGATATTCAACTGCATTCATGCGGCCGCAATTCAGATTACAGTGAAAATCG
Pos. 128 CAGTTGAATATCCCTGTGGTGCGGCCGCATGTGGGGAGGGGATTAGCGTGGTG

Pos. 128, CACCACGCTAATCCCCTCCCCACATGCGGCCGCACCACAGGGATATTCAACTG

Pos. 133; GTGGGGAGGGGATTAGCGTTGCGGCCGCAAGCGTGGTGGACTTTCATGCGAC

Pos. 133, GTCGCATGAAAGTCCACCACGCTTGCGGCCGCAACGCTAATCCCCTCCCCAC

Pos. 144, CGACTATTGTTTTTCATGAGTGCGGCCGCAATGAGTTGCTCCATGTTTTCCAC

Pos. 144, GTGGAAAACATGGAGCAACTCATTGCGGCCGCACTCATGAAAAACAATAGTCG

Pos. 167 CCGACCAGAATCACAAAATGCGGCCGCACAAAAATACTCTCCACTTTTACTCG

Pos. 1675 CGAGTAAAAGTGGAGAGTATTTTTGTGCGGCCGCATTTTGTGATTCTGGTCGG

Pos. 191 CTTTTTCAGAGGAGGTGCTTTCTGCGGCCGCACTTTCAGAAAATAAATTCCGCGAAGAG
Pos. 1915 CTCTTCGCGGAATTTATTTTCTGAAAGTGCGGCCGCAGAAAGCACCTCCTCTGAAAAAG
Pos. 207, GATGCCCCGTAGAACCTCCTATGCGGCCGCATCCTACCCGCACGACTCAGCTCTTATTC
Pos. 207, GAATAAGAGCTGAGTCGTGCGGGTAGGATGCGGCCGCATAGGAGGTTCTACGGGGCATC

LDK59-61AAA,
LDK59-61AAA,
LN72-73AA;
LN72-73AAq
IES75-77AAA.
IES75-77AAAG
HR100-101AA.
HR100-101AA,
DFH114-116AAA.
DFH114-116AAA,
HVF146-148AAA.
HVF146-148AAA,
VF147-148AA
VF147-148AA,
HNL149-151AAA,
HNL149-151AAA,
GER153-155AAA,
GER153-155AAA,
TVG178-180AAA;
TVG178-180AAA,
REE195-197AAA;
REE195-197AAA,
RRT202-204AAA.
RRT202-204AAA,
DNT216-218AAA,
DNT216-218AAA,
QVR225-227AAA.
QVR225-227AAA,
RLH227-229AAA,
RLH227-229AAA,
E143A,

E143Aq

G110A;

G110A,

TIIA

T11Ag

F115A.

F115Aq

L144A,

L144A,

H146A.

H146Aq

N150A

N150A,

CAGCAGATTGAAGCAGCAGCGGCGGCGATTGGCTCTACAGAGACAGGG
CCCTGTCTCTGTAGAGCCAATCGCCGCCGCTGCTGCTTCAATCTGCTG
CAGAGACAGGGCGTGTACTCGCGGCGGCTATTGAATCAATATCC
GGATATTGATTCAATAGCCGCCGCGAGTACACGCCCTGTCTCTG
CGTGTACTCCTGAATGCTGCGGCGGCGATATCCCGACTTAAATCAGAAACAGTG
CACTGTTTCTGATTTAAGTCGGGATATCGCCGCCGCAGCATTCAGGAGTACACG
CCAGACTAGGAGTTATGGCAGCGGCGGATATAGATGCTGAGAACCATCG
CGATGGTTCTCAGCATCTATATCCGCCGCTGCCATAACTCCTAGTCTGG
CCATCGGGGGACTGGTTCCGCGGCGGCGTGTAATCTGAATGCAGTTGAATATCCC
GGGATATTCAACTGCATTCAGATTACACGCCGCCGCGGAACCAGTCCCCCGATGG
CGACTATTGTTTTTCATGAGTTGCTCGCGGCGGCGCACAATTTAAATGGGGAGCGTTTG
CAAACGCTCCCCATTTAAATTGTGCGCCGCCGCGAGCAACTCATGAAAAACAATAGTCG
GACTATTGTTTTTCATGAGTTGCTCCATGCGGCGCACAATTTAAATGGGGAGC
GCTCCCCATTTAAATTGTGCGCCGCATGGAGCAACTCATGAAAAACAATAGTC
CATGAGTTGCTCCATGTTTTCGCGGCGGCGAATGGGGAGCGTTTGAAAGTTGAGAGTTC
GAACTCTCAACTTTCAAACGCTCCCCATTCGCCGCCGCGAAAACATGGAGCAACTCATG
CCATGTTTTCCACAATTTAAATGCGGCGGCGTTGAAAGTTGAGAGTTCCCGAC
GTCGGGAACTCTCAACTTTCAACGCCGCCGCATTTAAATTGTGGAAAACATGG
CTCGAAGAAGCCAGGGCGGCGGCGTTGGGGGCTTTTTCAGAG
CTCTGAAAAAGCCCCCAACGCCGCCGCCCTGGCTTCTTCGAG
GGTGCTTTCAGAAAATAAATTCGCGGCGGCGATTGGGATGCCCCGTAGAACC
GGTTCTACGGGGCATCCCAATCGCCGCCGCGAATTTATTTTCTGAAAGCACC
CGAAGAGATTGGGATGCCCGCGGCGGCGTCCTACCCGCACGACTCAGC
GCTGAGTCGTGCGGGTAGGACGCCGCCGCGGGCATCCCAATCTCTTCG
GACTCAGCTCTTATTCATGATGCGGCGGCGGTGAGTCTGGGATTCCAACAGG
CCTGTTGGAATCCCAGACTCACCGCCGCCGCATCATGAATAAGAGCTGAGTC
CAGTGAGTCTGGGATTCCAAGCGGCGGCGCTGCATCCATTGCTTTAG
CTAAAGCAATGGATGCAGCGCCGCCGCTTGGAATCCCAGACTCACTG
GACAATACAGTGAGTCTGGGATTCCAACAGGTAGCGGCGGCGCCATTGCTTTAG
CTAAAGCAATGGCGCCGCCGCTACCTGTTGGAATCCCAGACTCACTGTATTGTC
GGACTTTCATGCGACTATTGTTTTTCATGCGTTGCTCCATGTTTTCCAC
GTGGAAAACATGGAGCAACGCATGAAAAACAATAGTCGCATGAAAGTCC
GATGCTGAGAACCATCGGGCGACTGGTTCCGATTTTCACTG
CAGTGAAAATCGGAACCAGTCGCCCGATGGTTCTCAGCATC
GCTGAGAACCATCGGGGGGCGGGTTCCGATTTTCACTG
CAGTGAAAATCGGAACCCGCCCCCCGATGGTTCTCAGC
CATCGGGGGACTGGTTCCGATGCGCACTGTAATCTGAATGCAG
CTGCATTCAGATTACAGTGCGCATCGGAACCAGTCCCCCGATG
GACTATTGTTTTTCATGAGGCGCTCCATGTTTTCCACAATTTAAATGG
CCATTTAAATTGTGGAAAACATGGAGCGCCTCATGAAAAACAATAGTC
CGACTATTGTTTTTCATGAGTTGCTCGCGGTTTTCCACAATTTAAATGG
CCATTTAAATTGTGGAAAACCGCGAGCAACTCATGAAAAACAATAGTCG
GTTGCTCCATGTTTTCCACGCGTTAAATGGGGAGCGTTTG
CAAACGCTCCCCATTTAACGCGTGGAAAACATGGAGCAAC
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TABLE 3 (Continued)

Primer Sequence?

E154A; GTTTTCCACAATTTAAATGGGGCGCGTTTGAAAGTTGAGAG

E154A; CTCTCAACTTTCAAACGCGCCCCATTTAAATTGTGGAAAAC

R155A¢ CCACAATTTAAATGGGGAGGCGTTGAAAGTTGAGAGTTCCCGAC

R155Ag GTCGGGAACTCTCAACTTTCAACGCCTCCCCATTTAAATTGTGG

V179A¢ CGAAGAAGCCAGGACTGCGGGGTTGGGGGCTTTTTC

V179Ag GAAAAAGCCCCCAACCCCGCAGTCCTGGCTTCTTCG

G180A: CGAAGAAGCCAGGACTGTTGCGTTGGGGGCTTTTTCAGAGG

G180A; CCTCTGAAAAAGCCCCCAACGCAACAGTCCTGGCTTCTTCG

R202A; CGAAGAGATTGGGATGCCCGCGAGAACCTCCTACCCGCACG

R202Ag CGTGCGGGTAGGAGGTTCTCGCGGGCATCCCAATCTCTTCG

R203A¢ GATTGGGATGCCCCGTGCGACCTCCTACCCGCAC

R203Ag GTGCGGGTAGGAGGTCGCACGGGGCATCCCAATC

R203E. GATTGGGATGCCCCGTGAGACCTCCTACCCGCAC

R203E, GTGCGGGTAGGAGGTCTCACGGGGCATCCCAATC

R203K: GATTGGGATGCCCCGTAAGACCTCCTACCCGCAC

R203Ky GTGCGGGTAGGAGGTCTTACGGGGCATCCCAATC

T204A GAGATTGGGATGCCCCGTAGAGCGTCCTACCCGCACGACTCAG

T204Aq CTGAGTCGTGCGGGTAGGACGCTCTACGGGGCATCCCAATCTC

N217A; GCTCTTATTCATGATGACGCGACAGTGAGTCTGGGATTCC

N217A; GGAATCCCAGACTCACTGTCGCGTCATCATGAATAAGAGC

T218A: CTCTTATTCATGATGACAATGCGGTGAGTCTGGGATTCCAACAG

T218A; CTGTTGGAATCCCAGACTCACCGCATTGTCATCATGAATAAGAG

NleD¢ AAGAATTCATGCGCCCTACGTCCCTC

NleDg GGAGTCGACGCTAAAGCAATGGATGCAGTCTTAC

p38; GGGGATCCATGTCTCAGGAGAGGCCCACG

P38y CGCTCGAGTCAGGACTCCATCTCTTCTTGGTC

NleD-2HA¢ AACCATGGATGCGCCCTACGTCCCTC

NleD-2HAg CCGGATCCCTACGCATAATCCGGCACATCATACGGATACGCATAATCCGGCAC
ATCATACGGATAAAGCAATGGATGCAGTCTTACC

pTrce AACACCCCCATCGGCG

pTrcg GTAACCATTATAAGCTGC

pEGFP-C2, AACACCCCCATCGGCG

PEGFP-C2, GTAACCATTATAAGCTGC

Notl TGCGGCCGCA

aBoldface nucleotides indicate mutated codons.

for 45 s, 50°C for 40 s, and 70°C for 1 min and then a final elongation step of 70°C for 10 min. The PCR
product was digested with Ncol and BamHI and ligated into pTrc99A.

pET-NleD, pET-NleDg 434 and pET-NleDg,q5 Were constructed by amplifying nleD, nleDg,,;, and
nleDpg,,s5- from pGFP-NleD, pGFP-NleDg, 45, and pGFP-NleDg,, template DNA, respectively, by PCR using
the primer pair NleD./NleD,. PCR amplification consisted of an initial denaturation step at 95°C for 10
min, followed by 30 cycles of 94°C for 45 s, 50°C for 40 s, and 70°C for 1 min and then a final elongation
step of 70°C for 10 min. The PCR products were digested with EcoRI and Sall and ligated into pET-28a
to produce N-terminal 6XHis tag fusions to NleD.

PGEX-p38 was constructed by amplifying human p38 (MAPK14 transcript variant 2) from Hela cell
cDNA using the primer pair p38./p38;. PCR amplification consisted of an initial denaturation step at 98°C
for 30 s, followed by 35 cycles of 98°C for 10 s, 63.4°C for 30 s, and 72°C for 30 s and then a final
elongation step of 72°C for 5 min. The PCR product was digested with BamHI and Xhol and ligated into
PGEX-4T-1 to produce an N-terminal glutathione S-transferase (GST) tag fusion to p38.

EPEC infection. HT-29 cell monolayers were seeded into 24-well tissue culture trays (Corning) at 24
h prior to infection. EPEC derivatives were inoculated into LB broth and grown with shaking at 37°C
overnight. On the day of infection, the overnight EPEC cultures were subcultured 1:75 in DMEM with
GlutaMAX (Gibco) or RPMI with GlutaMAX (Gibco) and grown statically for 3 h at 37°C with 5% CO,.
Where necessary, cells were induced with 1 mM isopropyl-B-b-thiogalactopyranoside (IPTG) for 30 min
prior to infection. Cells were washed twice with phosphate-buffered saline (PBS) and infected with EPEC
cultures at an optical density at 600 nm of 0.03 for 2 h.

Transfection. Transfections were carried out in HEK293T cells using the Fugene 6 (Promega) transfection
reagent according to the manufacturer’s instructions. Cells were seeded into 24-well tissue culture trays
(Corning) and transfected with 0.4 ug of pEGFP-C2 derivatives 24 h later for a period of 18 h.

Dual-luciferase reporter assay. For the AP-1 dual-luciferase assay, HEK293T cells were seeded into
24-well trays (Corning) and cotransfected with derivatives of pEGFP-C2 (0.4 ug), 0.05 ug of pRL-TK
(Promega), and 0.2 ng of pAP-1-Luc (Clontech). At approximately 18 h posttransfection, cells were left
untreated or stimulated with 25 ng/ml phorbol myristate acetate (PMA; Calbiochem) for 6 h. Firefly and
Renilla luciferase levels were measured using a dual-luciferase reporter assay system (Promega) in a
CLARIOstar microplate reader (BMG Labtech). The expression of firefly luciferase was normalized to
Renilla luciferase measurements, and luciferase activity was expressed relative to that of unstimulated
PEGFP-C2-transfected cells.
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Immunoblot analysis. For immunoblot analysis following EPEC infection or transfection, cells were
collected and lysed in cold lysis buffer (1% Triton X-100, 50 mM Tris-HCl, pH 7.4, 1 mM EDTA, 150 mM
NaCl) with cOmplete protease inhibitor (Roche), 2 mM Na,VO,, 10 mM NaF, 1 mM phenylmethylsulfonyl
fluoride and incubated on ice for 10 min to complete lysis. The samples were pelleted at 4°C, and the
supernatants were added to 4XBolt lithium dodecyl sulfate sample buffer containing 50 mM dithio-
threitol (DTT) (Thermo Fisher), heated to 70°C for 10 min, and resolved on Bolt 4 to 12% bis-Tris Plus gels
(Thermo Fisher) by PAGE. Proteins were transferred to nitrocellulose membranes using an iBlot2 gel
transfer device (Thermo Fisher) and probed with one of the following primary antibodies: rabbit
polyclonal anti-SAPK/JNK (Cell Signaling), rabbit polyclonal anti-p38 MAPK (Cell Signaling), mouse
monoclonal anti-HA (Covance), mouse monoclonal anti-GFP (clones 7.1 and 13.1; Roche), and mouse
monoclonal anti-B-actin (clone AC-15; Sigma). The antibodies were diluted in Tris-buffered saline (TBS)
with 5% bovine serum albumin (BSA) (Sigma) and 0.1% Tween (Sigma). Proteins were detected using
anti-rabbit or anti-mouse IgG secondary antibodies conjugated to horseradish peroxidase (PerkinElmer)
diluted in TBS with 5% BSA and 0.1% Tween and developed with an enhanced chemiluminescence (ECL)
immunoblotting reagent (Amersham). Images were visualized using an MFChemiBis imaging station
(DNR Bio-Imaging Systems). At least three biological replicates were performed for all experiments.

In vitro cleavage assay. Plasmids for the expression of 6XHis-tagged proteins (pET-NleD, pET-
NleDg, 43, and pET-NleDg,q5¢) or GST-tagged proteins (0GEX-4T-1 and pGEX-p38) were transformed into
E. coli BL21 C43(DE3). Overnight LB cultures of BL21 containing the appropriate plasmid were used to
inoculate 200 ml LB broth 1:100, in which the cultures were grown at 37°C with shaking to an optical
density (Agq,) of 0.6. The cultures were then induced with T mM IPTG and grown for a further 2.5 h at
37°C (for His-NleD constructs and GST) or 18°C (for GST-p38) before being pelleted by centrifugation.
Purification of proteins was performed using Novagen His - Bind and GST - Bind kits according to the
manufacturer’s protocols. Protein concentrations were determined using a bicinchoninic acid (BCA) kit
(Thermo Scientific).

In vitro cleavage assays were performed by incubating 2 ug of purified GST or GST-p38 either alone
or with 2 ug of His-NleD, His-NleDg, 5, or His-NleDg,q3c in buffer [TBS supplemented with 1 mM
Tris(2-carboxyethyl)phosphine hydrochloride] for 4 h at 37°C. Sample buffer was then added to the
incubation mixtures before they were heated at 70°C for 10 min, resolved by SDS-PAGE, and subse-
quently transferred to nitrocellulose membranes. The membranes were probed with mouse monoclonal
anti-His (clone AD1.1.10; AbD Serotec) or rabbit polyclonal anti-GST (Cell Signaling) primary antibodies
and horseradish peroxidase-conjugated anti-mouse or anti-rabbit immunoglobulin secondary antibodies
(PerkinElmer) and developed as described above.

For detection of the activity of purified NleD proteins within HT-29 cell lysates, HT-29 cells were
grown in 10-cm dishes for 48 h before being washed with PBS and then collected and resuspended in
800 wl PBS. Cells were then lysed by passage through a 26-gauge needle 50 times and pelleted, and the
supernatant was used for incubations. Forty microliters of the HT-29 cell lysate was incubated alone or
with 0.5 g of His-NleD, His-NleDg, 454, Or His-NleDg,5¢ for 4 h at 37°C. Sample buffer was added to the
incubation mixtures before they were heated at 70°C for 10 min and immunoblotted as described above.

Detection of IL-6 by ELISA. For analysis of IL-6 secretion, HT-29 cell monolayers were infected for
2 h before 8 to 12 h of incubation with 50 wg/ml gentamicin with or without 20 ng/ml TNF (Calbiochem,
EMD4Biosciences). The HT-29 cell supernatant was collected for subsequent analysis of IL-6 secretion.
Analysis of IL-6 secretion was performed using a human IL-6 enzyme-linked immunosorbent assay (ELISA)
set (Max Deluxe; BioLegend) as per the manufacturer’s instruction. All experiments were performed at
least three independent times with samples from three independent infections performed in duplicate.

Mass spectrometry analysis of p38 cleavage fragments. For mass spectrometric analysis, 15 ug of
GST-p38 and 1 ug of His-NleD were incubated together or individually at 37°C for 2 h or overnight.
Sample buffer was then added to the incubation mixtures before they were heated at 70°C for 10 min
and subjected to SDS-PAGE. Polyacrylamide gels were fixed and visualized with Coomassie G-250
according to the protocol of Kang et al. (31).

Tryptic digestion of full-length p38 and cleavage products. Bands of interest were excised from
the Coomassie-stained gels and destained in a 50:50 solution of 50 mM NH,HCO,-100% ethanol for 20
min at room temperature with shaking at 750 rpm. Destained samples were then washed with 100%
ethanol, vacuum dried for 20 min, and rehydrated in 10 mM DTT in 50 mM NH,HCO,. Reduction was
carried out for 60 min at 56°C with shaking. The reducing buffer was then removed, and the gel bands
were washed twice in 100% ethanol for 10 min to remove the residual DTT. Reduced ethanol-washed
samples were sequentially alkylated with 55 mM iodoacetamide in 50 mM NH,HCO; in the dark for 45
min at room temperature (RT). Alkylated samples were then washed for 2 rounds with 100% ethanol and
vacuum dried. Alkylated samples were then rehydrated with 12 ng/ul trypsin (Promega, Madison, WI) in
40 mM NH,HCO, at 4°C for 1 h. Excess trypsin was removed, and gel pieces were covered in 40 mM
NH,HCO, and incubated overnight at 37°C. Peptides were concentrated and desalted using C, 5 stage tips
(32, 33) before analysis by liquid chromatography-mass spectrometry (LC-MS).

Identification of p38 sequence coverage using reversed-phase LC-MS. Purified peptides were
resuspended in buffer A* (0.1% trifluoroacetic acid, 2% acetonitrile [MeCN]) and separated using a
two-column chromatography setup composed of a PepMap100 C, 4 trap column (20 mm by 75 uwm) and
PepMap C, g analytical columns (500 mm by 75 um) (Thermo Scientific). Samples were concentrated onto
the trap column at 5 wl/min for 5 min and infused into an Orbitrap Fusion Lumos Tribrid mass
spectrometer (Thermo Scientific) at 300 nl/min via the analytical column using a Dionex Ultimate 3000
ultraperformance liquid chromatograph (Thermo Scientific). A 90-min gradient from 2% buffer B to 28%
buffer B over 51 min and then from 28% buffer B to 40% buffer B in the next 5 min was run; it was then
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increased to 100% buffer B over a 2-min period, held at 100% buffer B for 2.5 min, and then dropped to
0% buffer B for another 20 min. The Lumos mass spectrometer was operated in a data-dependent mode
automatically switching between the acquisition of a single Orbitrap MS scan (120,000 resolution) every
3 s and ion-trap collision-induced dissociation MS-MS, Orbitrap higher-energy collision-induced dissoci-
ation MS-MS, and Orbitrap electron-transfer/higher-energy collision dissociation for each selected pre-
cursor (maximum fill time, 100 ms; automatic gain control, 5 X 104 with a resolution of 30,000 for
Orbitrap MS-MS scans).

Data analysis. MaxQuant (v1.5.3.1) software (34) was used for identification of p38 cleavage

products. A database search of the sequences against a GST-p38 protein sequence supplemented with
data from an E. coli K-12 database (from UniProt, 16 March 2015) was carried out with the following
search parameters: carbamidomethylation of cysteine as a fixed modification; oxidation of methionine,
deamidation (NQ), and acetylation of protein N termini as variable modifications; and semitrypsin
cleavage specificity. The precursor mass tolerance was set to 20 ppm for the first search and 10 ppm for
the main search, and a maximum false discovery rate of 1.0% was set for protein and peptide
identifications. To enhance the identification of peptides between full-length GST-p38 and cleavage
products, the Match between Runs option was enabled with a precursor match window set to 2 min and
an alignment window of 10 min. The resulting protein group output was processed within the Perseus
(v1.4.0.6) (35) analysis environment to remove reverse matches and common protein contaminants prior
to analysis.

SUPPLEMENTAL MATERIAL
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