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We characterized OrfS and SepQ, two type III secretion (T3S) system proteins in enteropathogenic Esche-
richia coli, and showed that they are essential for T3S, associated with the bacterial membrane, and interact
with EscN. Our findings suggest that Orf5 and SepQ are homologs of YscL and YscQ from Yersinia,
respectively.

Enteropathogenic Escherichia coli (EPEC) belongs to a fam- with YscL, the soluble cytoplasmic T3SS component (2, 11).
ily of bacterial pathogens that colonize the gut epithelium via Moreover, YscL was shown to bind YscN, the T3SS ATPase,
formation of distinct histopathological attaching and effacing and inhibit its activity (2). A similar protein organization was
(A/E) lesions (15). The A/E phenotype is linked to the locus of ~ found in the flagellar export apparatus, where FliH, the flagel-
enterocyte effacement (LEE), the pathogenicity island of  lar homolog of YscL, was shown to bind both FII (YscN
EPEC that encodes components of a type III secretion system homolog) and FliN (YscQ homolog) as well as to inhibit Flil
(T3SS), transcriptional regulators, chaperones, and effector ~ ATPase activity (19, 21).
proteins (4, 12). Pallen et al. proposed that, based on the results of PSI-

The T3SS is a multiprotein complex that transports effector ~ BLAST searches restricted to bacterial proteins, the missing
proteins into target cells. The overall structure of the type III YscL/FliH component in the EPEC T3SS is Orf5 and sug-
secretion (T3S) apparatus is conserved among different patho-  gested renaming it EscL (25). In this study, we biochemically
gens and resembles the flagellar apparatus. The T3S apparatus characterized Orf5 and SepQ. Based on our results, we support
consists of three ring structures that transverse the bacterial the suggestion of Pallen et al. to change the names of Orf5 and
cytoplasm (C ring), inner membrane (inner ring), and outer SepQ to EscL and EscQ, respectively (25); thus, we use that
membrane (outer ring), joined together by a cylinder (inner terminology throughout this paper.
rod) and linked to a needle and a filament that reach the host To determine whether EPEC EscL, EscN, and EscQ are
cell membrane to form a pore (translocators) (23, 28-31). The  egsential for T3S, nonpolar deletion mutants were constructed
cytoplasmic ring is assumed to consist of an oligomer of a  for gscl, and escQ by the use of the sacB-based allelic exchange
protein from the YscQ/FIiN family. This assumption is based  method (14). The respective primer pairs used are summarized
on the crystal structures of FIiN and HrcQj, which were pre- i Taple 1. The EPEC AescN mutant used here was previously
viously shown to form doughnut-shaped tetramers that con-  gegeribed (7). We analyzed the secretion profiles of the trans-

form in. size and shape to electron microscopy (EM) images of locators EspA, EspB, and EspD in EPEC AescL, AescN, and
the Cring (5, 20). Although PSI-BLAST searches failed to find  Ap5c0 strains, after induction of T3S (8). The null strains
any YscQ homolog among the EPEC LEE-encoded proteins,

a search of the NCBI conserved-domain database (18) identi-
fied an FliN domain in the C terminus of the LEE-encoded
SepQ protein (25). A recent study by Lara-Tejero et al. sug-
gested that SpaO, the Salmonella YscQ homolog, has a critical

showed defective secretion, indicating that EscL, EscN, and
EscQ are essential for T3S (Fig. 1A), in agreement with the
observations previously reported for Citrobacter rodentium and
EHEC (3, 16). Complementation of the null strains with dou-
ble-hemagglutinin (HA)-tagged EscL, EscN, or EscQ in trans

function that ensures the hierarchy in T3S, as it serves as a (cloned into pTOPO-2HA [3] by the use of HindIII and Xhol
sorting platform for effectors and translocators (17). This find- sites with the primer pairs shown in Table 1) restored secretion

ing reinforces the importance of identifying the YscQ/SpaO of the translocators, thus confirming that the deletion muta-

homolog 1n. EPEC' . . . tions in escL, escN, and escQ were nonpolar and that the
The Yersinia YscQ protein was previously shown to interact tagged versions of these proteins were functional (Fig. 1A) (the
- plasmids used are listed in Table 2). Double-deletion strains
* Corresponding author. Mailing address: 301-2185 East Mall, Uni- missing two of the three genes (AescLAescN, AescLAescQ, and
versity of British Columbia, Vancouver, British Columbia Y6T 174, AescNAech) were also complemented for T3S when both
Canada. Phone: (604) 822-2210. Fax: (604) 822-9830. E-mail: bfinlay - . .
@interchange.ube.ca. missing proteins were expressed from plasmids (pTOPQ—ZHA
# E.B.-O. and N.S.-M. contributed equally to this work. and pACYC-HSV [7]) (Fig. 1B). The AescNAescQ strain com-
" Published ahead of print on 29 July 2011. plemented with pEscN-HSV and pEscQ-2HA showed a re-
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TABLE 1. Primers used in this study
Construct and primer Sequence (5'-3")
escL deletion mutant
FL-€SCL it TAAAGGTACCTACAATGAAGCAAGGAACTG
RIFESCL e TATGCTAGCTTCCGTAAGCACTAAATCAAT
F2-escL TATGCTAGCATTATTCAGGAATGATGATATG
R2-ESCL .. AATGAGCTCCCCAGCCGCATCTATTGCC
escQ deletion mutant
FL1-€SCQ ottt TCGGTACCTTTGCGTGCGGCG
R1-escQ... .TAGCTAGCAACAACGGCAAATAAAAATCG
F2-€SCQ it CAGCTAGCACGGAATAATACCACAATCG
R2-€SCQ....iiiiiiiiiii s AAAGACTCACAAATAAATTACCTATGAACACATCA
lysA/argH deletion mutant
FL-argH ..o CGGGGTACCCGGGTTTGCCGTTCAGGGCGA
RIFATGH oo CTAGCTAGCACGCCCGCCCCAAAGTGCCAT
F2-argH .CTAGCTAGCGCAAGGGCGCGGTTGGGGTAA
R2-argH .. ATCGAGCTCACCTGCCGCCACCATGTTGCG
FLAIYSA Lo CGGGGTACCATAATTCACCCAAAGCCAGCG
RI-IYSA (oot CTAGCTAGCCTGGCGCTGGAATTGCTTTAA
F2- lysA... .CTAGCTAGCGCTGAACAGTGAATGTGGCAT
R2-TYSA ot ATCGAGCTCAAATGCTCACTAAACGCCTGC
pEscN-2HA
F-eSCN-HA ..o CCAAGCTTTCTTTTCAGGAGGTTGGGAAT
R-ESEN-HA ...t CACTCGAGGGCAACCACTTTGAATAGG
pEscL-2HA
F-eSCL-HA ..ottt AAAAGCTTTTACCGAAAAGTGGAGAAAT
R-€SCL-HA ..o TACTCGAGTTCCTGAATAATGCTAAGATAATTATC
pEscQ-2HA
F-eSCQ-HA ..o TAAAGCTTAAAAAAGACTATGTTTTCGATAAG
R-€SCQ-HA ..ottt CCCTCGAGATCACATACTACGCTAATAGTA
pEmpty-2HA
F-empty-HA ..o AGCTTAGTGGAGAAATAAAACCAACTCATATTAATGATTTATTTCTTAC
R-empty-HA ..c.cooiiiiiiiercecccee e TCGAGTAAGAAATAAATCATTAATATGAGTTGGTTTTATTTCTCCACTA
pEscQ-HSV
F-esCQ-HSV ..o ATGGATCCTGATGAAGCCATTGAGTT
R-€SCQ-HSV it TGGTCGACCACATACTACGCTAATAGTAAAATAAA

duced ability to secrete translocators compared to the wild type
(WT), possibly due to interference from the tags.

To identify the interaction partners of EscL, EscN, and EscQ of
the EPEC T3SS, we employed a mass spectrometry (MS)-based
stable isotope labeling of amino acids in cell culture (SILAC)
technique. SILAC is a quantitative proteomic method for identi-
fication of protein-protein interactions with high confidence and
without a priori knowledge of interaction partners (24). The pa-
rental strain, EPECAlysAAargH expressing the double-HA tag
without a protein attached (empty-2HA), was grown in media
supplemented with the stable (heavy) isotopes *C, L-arginine
(L-Arg6) and 4,4,5,5-D4 L-lysine (L-Lys4) for 3 h under T3S
conditions. EPECAlys4 AargH was completely auxotrophic for ar-
ginine and lysine; therefore, the proteome of this strain would be
preferentially labeled by heavy lysine and arginine derivatives.
The null strains EPECAescL., EPECAescN, and EPECAescQ, ex-
pressing their corresponding double HA-tagged proteins, were
grown under similar conditions but supplemented with normal
(light) L-arginine and L-lysine. Lysates of heavy and light bacterial
populations were mixed at a 1:1 ratio and immunoprecipitated
(IP) using a-HA antibodies. Eluted proteins were digested into

peptides, separated by high-performance liquid chromatography
(LC), and analyzed by tandem mass spectrometry (LC-MS/MS)
on an LTQ Orbitrap XL system (27) (Fig. 2A). The relative
abundances of proteins present in two different samples can thus
be quantified based on the ratios of the peak intensities of argi-
nine- and lysine-containing peptide pairs for calculation of a
heavy/light (H/L) ratio. Peptides with H/L ratios below 0.3 are
considered significant, and the corresponding protein is consid-
ered an interaction partner candidate for the tagged protein.
Immunoprecipitation of EscL-2HA showed significant inter-
action with the LEE-encoded proteins EscN and EscQ. Nine
unique peptides from EscN and four unique peptides from
EscQ were identified. All peptides showed a very low H/L ratio
(Fig. 2B, right panel), indicating specific binding to EscL. Pep-
tides from nonspecific binding proteins, such as the iron trans-
porter EfeB, showed an H/L ratio near 1.0 (Fig. 2B, left panel).
Furthermore, immunoprecipitation of EscN-2HA identified
interactions with EscL. and EscQ whereas immunoprecipita-
tion of EscQ-2HA identified peptides of EscL. and EscN (sum-
marized in Fig. 2C). Overall, the SILAC results suggested
formation of a ternary protein complex, EscL-EscN-EscQ. The
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FIG. 1. EscL, EscN, and EscQ are essential for type III secretion in
EPEC. (A) Protein secretion profiles of the EPEC WT, AescL, AescN,
and AescQ strains as well as the null mutants complemented with a
double-HA-tagged version of the missing protein (pEscL-2HA,
pEscN-2HA, or pEscQ-2HA). Secreted proteins were concentrated
from supernatants of bacterial cultures grown in DMEM and analyzed
by SDS-12.5% PAGE and Coomassie staining. The locations of the
translocators EspA, EspB, and EspD are indicated at the left of the
gel. The location of EPEC EspC, which is not secreted via the LEE-
encoded T3SS, is also indicated. (B) Protein secretion profiles of
EPEC double-deletion strains complemented with the two missing
proteins. Secreted proteins were processed as described for panel A.
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H/L ratios of these interactions were very low (<0.1), suggest-
ing that the interactions were specific and probably strong.
Interestingly, no other component of the T3SS was identified
in the SILAC screen. This result is in agreement with a recent
report that failed to identify chaperones or proteins associated
with either YscN or YscL (2) but is inconsistent with previous
reports that identified chaperones of the ATPase (6, 32, 33).
These conflicting results can be explained by the different ex-
perimental setups: interactions with chaperones and associated
proteins were observed using purified proteins. In contrast,
interactions between T3SS substrates and chaperones are
highly regulated and probably transient in vivo and therefore
would not be detected by our analysis. Moreover, the C ring
must interact with inner-membrane components of the T3SS,
but these were not identified in this study. Recently, Johnson et
al. showed interactions between CdsD, CdsQ, and CdsL of
Chlamydophila pneumoniae, suggesting that the C ring is tar-
geted to the T3S apparatus through a YscD homolog (13).
Confirmation of the EscL-EscN-EscQ complex was obtained
by coimmunoprecipitation. EPECAescLAescN was comple-
mented with pEscL-2HA and pEscN-HSV, EPECAescLAescQ
with pEscL-2HA and pEscQ-HSV, and EPECAescQAescN
with pEscQ-2HA and pEscN-HSV. All strains were subcul-
tured at a 1:40 dilution in Dulbecco’s modified Eagle’s medium
(DMEM) and grown for 3 h under T3S-inducing conditions,
including centrifugation at a relative centrifugation force
(RCF) of 5,000 for 10 min, and resuspended in 1 ml of lysis
buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 3 mM MgCl,,
1 mM CaCl,, 2 mM B-mercaptoethanol, protease inhibitor
cocktail). The cells were lysed using a probe sonicator, and
then 0.1% NP-40 was added. Unlysed bacteria were removed
by centrifugation for 10 min at an RCF of 8,000, and the
supernatant representing the cleared lysate was collected. Cell
lysates were precleaned on protein A-Sepharose beads (GE
Healthcare) by incubation on a rotary wheel for 30 min at 4°C.
The beads were removed by centrifugation for 4 min at an
RCEF of 1,000, and the precleared lysates were transferred to a
clean tube. For the immunoprecipitation, 5 pg of anti-HA
antibody and 20 pl of washed protein A-Sepharose beads were
added simultaneously to the lysates. Samples were incubated
with rotating for 2 h at 4°C, and then the beads were pelleted
by centrifugation for 4 min at an RCF of 1,000, followed by
three washes in lysis buffer (plus 0.1% NP-40). The washed
beads were resuspended in sodium dodecyl sulfate-polyacryl-

TABLE 2. Strains and plasmids used in this study

Strain Description Source or reference
AescL EPEC E2348/E2369 escL deletion mutant This study
AescN EPEC E2348/E2369 escN deletion mutant 7
AescQ EPEC E2348/E2369 escQ deletion mutant This study
AescLAescN EPEC E2348/E2369 escL and escN deletion mutant This study
AescLAescQ EPEC E2348/E2369 escL and escQ deletion mutant This study
AescQAescN EPEC E2348/E2369 escQ and escN deletion mutant This study
AlysAAargH EPEC E2348/E2369 lysA and argH deletion mutant This study
pEscL-2HA pCR2.1-TOPO carrying EscL-2HA This study
pEscN-2HA pCR2.1-TOPO carrying EscN-2HA This study
pEscQ-2HA pCR2.1-TOPO carrying EscQ-2HA This study
pEmpty-2HA pCR2.1-TOPO expressing double-HA tag This study
pEscN-HSV pACYC184 carrying EscN-HSV 7

pEscQ-HSV

pACYC184 carrying EscQ-HSV

This study
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T3SS H/Lratio |S.D. |#of H/Lratio | S.D. | #of H/Lratio |S.D. |#of
proteins | (average) Peptides | (average) Peptides | (average) Peptides
EscL 0.05 0.04 18 0.02 0.02 5 0.02 0.02 5
EscN 0.05 0.03 9 0.06 0.07 36 0.02 0.02 10
EscQ 0.02 0.02 4 0.08 0.07 4 0.07 0.04 8

FIG. 2. SILAC screen for interacting proteins EscL, EscN, and EscQ. (A) Schematic representation of the SILAC method. The
EPECAlysAAargH strain expressing the double-HA tag and an EPEC null mutant complemented with the HA-tagged protein were differentially
labeled, and lysates were mixed in a 1:1 ratio. Proteins were immunoprecipitated with the a-HA antibody and then trypsinized and analyzed by
LC-MS/MS. (B) Representative mass spectra for peptides recovered from the SILAC experiment performed with EscL-2HA. Right panel: open
and filled triangles indicate the expected mass charge (m/z) of light and heavy forms, respectively, of a peptide (QVIDQPFILGVR) from the
specifically bound EscN from pulldowns with EscL-2HA and 2HA, respectively. The light peptide of EscN is present in a ratio >3.0 higher than
the heavy peptide, indicating a specific interaction with EscL. Left panel: open and filled triangles indicate the expected m/z of light and heavy
forms, respectively, of a peptide (TAESESSLMLR) from the nonspecifically bound EfeB protein from pulldowns with EscL-2HA and 2HA,
respectively. (C) Summary of LEE-encoded proteins identified by LC-MS/MS as specifically immunoprecipitated with EscL-2HA, EscN-2HA, or
EscQ-2HA in the SILAC experiments. H/L ratios represent the average values for the heavy/light isotope ratio that were determined among several
peptides from either two or three independent immunoprecipitation experiments. S. D., standard deviations.

amide gel electrophoresis (SDS-PAGE) sample buffer, boiled beads (when expressed in the absence of HA-tagged bait pro-
for 10 min, and subjected to Western blot analysis. teins), indicating that the interactions between EscL-EscN,

EscN and EscQ, tagged with a herpes simplex virus (HSV) EscL-EscQ, and EscQ-EscN are specific. These results confirm
epitope, coeluted with EscL-2HA (Fig. 3A and B), and HSV- the data obtained by the SILAC method showing that EscL,
tagged EscN coeluted with EscQ-2HA (Fig. 3C). HSV-tagged EscQ, and EscN are all part of the same complex and are in
EscN and EscQ did not show nonspecific binding to Sepharose agreement with the idea that the ATPase—C-ring complex of

A AescLAescN B AescLAescQ C AescNAescQ
pEscL-2HA + - + pEscL-2HA + - + pEscQ-2HA + - +
pEscN-HSV - + + pEscQ-HSV - + + pEscN-HSV - + +

lysate | — a— | lysate | - e lysate | --|
| _— P o= P | - |

FIG. 3. EscL, EscN, and EscQ interact with each other. (A) EscL-2HA and EscN-HSV were expressed alone or together in an
EPECAescLAescN mutant. Lysates were immunoprecipitated with a-HA antibody. Lysates and eluted fractions (IP) were blotted against
HSV. EscN-HSV was immunoprecipitated only in the presence of EscL-2HA. (B) EscL-2HA immunoprecipitated EscQ-HSV by the use of
a procedure similar to that described for panel A. (C) EscQ-2HA immunoprecipitated EscN-HSV by the use of a procedure similar to that
described for panel A.
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FIG. 4. EscN-EscQ interaction is independent of EscL. EscN-HSV
and EscQ-2HA were individually expressed or coexpressed in WT
EPEC and in EPECAescL strains. Lysates were immunoprecipitated
with an a-HA antibody. Lysates and eluted fractions (IP) were immu-
noblotted against the HSV epitope.

the flagellar system is composed of Flil, FliH, and FliN (19)
and that the C ring of the T3SS of Yersina is composed of
YscN, YscL, YscK, and YscQ (11). To date, no homolog of
YscK has been identified in EPEC.

To examine whether EscL targets the EscN ATPase to
EscQ, the basal secretion component, we performed coimmu-
noprecipitation using the EPECAescL strain expressing both
EscN-HSV and EscQ-2HA. Interestingly, we observed that
EscN interacts with EscQ in the absence of EscL (Fig. 4). It
should be noted that, although we observed similar expression
levels of EscN in both EPEC WT and the AescL strains, less
EscN was detected in the immunoprecipitated fraction in the
absence of EscL. This suggests that, although EscL is not
essential for EscN-EscQ interaction, it may stabilize the EscN-
EscQ complex. Similar results were reported for the flagellar
system in Salmonella, where Flil can interact with the export
apparatus in the absence of FliH (20), but are contradictory to
recent reports that FliH is responsible for efficient localization
of the Flil to the C-ring complex (9, 19, 22).

The interaction between EscL, EscN, and EscQ suggests
similar localizations of these proteins in the T3SS. Therefore,
we expressed EscL, EscN, and EscQ tagged with the C-termi-
nal double-HA tag and examined their subcellular localization.

A AescL+pEscL-2HA

AescN+pEscN-2HA

J. BACTERIOL.

Bacterial cell fractionation was done as previously described
(7, 10). We found EscN in both the soluble and membrane
fractions (Fig. SA) as previously reported (7). EscL and EscQ
are 27-kDa and 35-kDa proteins, respectively, and are pre-
dicted to be cytoplasmic. EscL. and EscQ were both found in
the soluble fraction as well as associated with the membrane
(Fig. 5A). This is in agreement with the predicted homology of
EscL to the YscL/FliH family and the homology of EscQ to
YscQ/FlN (1, 25). Collectively, EscN, EscL, and EscQ dem-
onstrated similar localizations. Western blots were probed with
markers for the soluble protein, DnaK, and the membrane
protein, EscJ, to confirm proper fractionation. To determine
whether the localization of EscL, EscN, and EscQ to the mem-
brane fraction is intrinsic or requires binding to specific com-
ponents of the basal body, cell fractionation was performed
with strains that expressed EscL.-EscN-EscQ in a double-dele-
tion mutant for the other two proteins. As seen in Fig. 5B,
the localization profile of EscQ-2HA was not affected in
EPECAescLAescN compared to the WT. EscL-2HA and EscN-
2HA, on the other hand, showed higher membrane association
in EPECAescNAescQ and in EPECAescLAescQ, respectively
(Fig. 5B). These results indicate that EscL, EscN, and EscQ
are capable of localizing to the membrane regardless of the
other complex components. These data support observations
reported by Auvray et al. that Flil and FliH, the EscN and
EscL. homologs, respectively, are intrinsically targeted to the
membrane before contacting the secretion machinery (1).

In this study, we demonstrated that EscL. and EscQ are
essential for secretion, suggesting that they are part of the
secretion apparatus. Localization of EscL. and EscQ indicated
that these proteins fractionate to both the cytosol and the
membrane. These data suggest that these proteins are part of
the C-ring complex that assembles in a location adjacent to the
inner membrane. Moreover, using the SILAC technique and
coimmunoprecipitation experiments, we confirmed formation
of a protein complex between EscL, EscN, and EscQ that is
similar to the flagellar system and the T3SS in Yersinia. Over-

AescQ+pEscQ-2HA

Cytoplasm  Membrane

Cytoplasm

Membrane Cytoplasm Membrane

-y -—

a-DnaK - -_—

a-Escd a——
B AescNAescQ+pEscL-2HA AescLAescQ+pEscN-2HA AescLAescN+pEscQ-2HA
Cytoplasm  Membrane Cytoplasm  Membrane Cytoplasm  Membrane
w-HA =T o — — —

FIG. 5. Subcellular localization of EscL, EscN, and EscQ. Bacteria expressing tagged versions of EscL, EscN, or EscQ were fractionated into
soluble and membrane fractions. Samples (2 pg of each fraction) were resolved by SDS-12.5% PAGE, transferred to a polyvinylidene fluoride
membrane, and probed with a-HA antisera. DnaK and EscJ were used as markers for the cytoplasmic and membrane fractions, respectively.
(A) Localization was examined in the complemented strains. (B) Localization of the proteins was examined in double-mutant strains.
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all, our results validate the bioinformatics prediction by Pallen
et al. whereby a YscQ/FliN domain was identified in SepQ and
Orf5 had homology to YscL-FliH (25). Based on our results,
we support the suggestion of Pallen et al. to rename SepQ and
Orf5 as EscQ and EscL, respectively (25). Interestingly, we
found that EscL is not essential for the EscN and EscQ inter-
action but most likely stabilizes the interaction.

We thank members of the Finlay laboratory for critical reading of
the manuscript.
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