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Chlamydia trachomatis is an obligate intracellular pathogen of humans that exhibits species-specific biolog-
ical characteristics in its early interactions with host cells that are likely important to pathogenesis. One such
characteristic is the tyrosine phosphorylation (Tyr-P) of an �70-kDa polypeptide that occurs only after
infection of mammalian cells by human strains. We sought to identify this protein because of its potential
significance to the pathogenesis of human chlamydial infections. Using an immunoproteomic approach we
identified the host protein ezrin, a member of the ezrin-radixin-moesin (ERM) protein family that serves as a
physical link between host cell receptors and the actin cytoskeleton. Confocal microscopy studies showed
colocalization of ezrin and actin at the tips and crypts of microvilli, the site of chlamydial attachment and
entry, respectively. To demonstrate a functional role for ezrin we infected cells with a dominant-negative (DN)
ezrin phenotype or treated cells with ezrin-specific small interfering RNA (siRNA). We found that both DN and
siRNA-treated cells were significantly less susceptible to infection by human chlamydial strains. Moreover, we
demonstrated that inhibition of infection in ezrin DN cells occurred at the stage of chlamydial entry. We
hypothesize that the C. trachomatis-specific Tyr-P of ezrin might relate to an undefined species-specific
mechanism of pathogen entry that involves chlamydial specific ligand(s) and host cell coreceptor usage.

Chlamydiae are obligate intracellular prokaryotes that, de-
spite a considerable degree of shared developmental biology
and genomic identity, exhibit distinct host infection tropisms
and clinical expression of disease (32, 33, 39). This interesting
spectrum in pathogen characteristics is frequently correlated
with subtle differences in in vitro infection properties, partic-
ularly treatments that affect early chlamydial infection events
of cultured mammalian cells (30). Chlamydiae have a biphasic
developmental cycle whereby the infectious elementary body
(EB) enters the host cell, evades lysosomal fusion, and differ-
entiates into the replicating reticulate body (RB) within a host-
derived vacuole (29). Infection of cells by EBs requires both
attachment and entry steps. Initial attachment is temperature
independent and heparin reversible. These mechanistic prop-
erties are shared by most chlamydial strains (48), suggesting a
shared common chlamydial ligand and host receptor interac-
tion. Work with chemically mutagenized Chinese hamster
ovary (CHO) cells has shown that EB entry is phenotypically
distinguishable from attachment since it is temperature depen-
dent and irreversible, and the ligands and/or receptors appear
to differ among chlamydial strains (7, 18). Numerous chlamyd-
ial ligands (40, 42, 47, 48) and several host receptors (10, 15)
have been implicated in attachment, leaving the precise mo-
lecular mechanisms largely unresolved and controversial.
Despite the apparent species specificity governing chlamydial
entry mechanisms, all chlamydiae induce the reorganization

and recruitment of actin that is necessary for the entry process
(6, 8).

The utilization of specific receptors by different chlamydial
strains during EB entry is paralleled by observations that chla-
mydial entry also induces strain-specific tyrosine phosphoryla-
tion (Tyr-P) (44), suggesting a possible mechanistic relation-
ship between these two independent observations. Previous
studies have shown that entry is accompanied by the rapid
Tyr-P of a number of proteins ranging in mass from 64 to 68,
97, and 140 kDa that were originally proposed to be of host cell
origin (2, 16, 41). Recent reports, however, have identified an
�150-kDa protein, termed translocated actin recruiting phos-
phoprotein (Tarp), as being a chlamydial type III effector that
is translocated to the cytoplasmic face of the host cell plasma
membrane (9). Although Tyr-P is not essential for Tarp func-
tion, Tarp plays an important role in actin recruitment at the
entry site (8). We recently showed that the entry-mediated
Tyr-P of a 70-kDa complex of proteins was chlamydial strain
dependent where infection by human C. trachomatis strains,
but not the guinea pig pathogen C. caviae, induced strong
Tyr-P of this complex (44). The specific induction of these
Tyr-P proteins by human strains suggested to us that they
might be critical in the pathogenesis of human infection.

The present study examined the 70-kDa protein complex
and identified the host protein ezrin, a member of the ezrin-
radixin-moesin (ERM) family that serves as a physical link
between the host actin cytoskeleton and the plasma mem-
brane. Here we show that ezrin is recruited to microvillus-like
structures at sites of chlamydial entry. Importantly, ezrin is
Tyr-P only upon C. trachomatis infection and plays an essential
role in pathogen entry. This is the first confirmed identification
of a host protein that is Tyr-P during chlamydial infection that
is an integral component in the pathogenesis of C. trachomatis.
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MATERIALS AND METHODS

Bacterial and cell cultures. The following chlamydial strains were used: C.
trachomatis serovars L2 (434/BU) and D (UW-3/CX) and C. caviae (GPIC [for
guinea pig inclusion conjunctivitis]). HeLa 229 cells (ATCC CCL-2.1) were
grown in modified Dulbecco’s modification of Eagle’s medium containing 10%
fetal bovine serum, 2 mM L-glutamine, 1 mM HEPES, 1 mM sodium pyruvate,
0.055 mM �-mercaptoethanol, and 10 �g/ml gentamicin (MDMEM-10). Trans-
fected LLC-PK1 cells, a porcine kidney epithelial cell line, were kindly provided
by Monique Arpin of the Institut Curie (Paris, France). As previously described
(12), LLC-PK1 cells were transfected with either the pcB6 control vector (control
cells) or the vector with the N terminus of human ezrin containing a vesicular
stomatitis virus G (VSVG) protein tag (dominant-negative [DN] cells). Cells
remained under selection by the addition of 0.7 mg of G418/ml to the growth
media. Chlamydial infections were performed by rocking at either 4°C (44) or
room temperature at various multiplicities of infection (MOIs). Cells were
washed twice with Hanks balanced salt solution (HBSS; Invitrogen, Carlsbad,
CA) and cultured in prewarmed MDMEM-10 at 37°C and 5% CO2. This tem-
perature shift was designated time zero for kinetics studies. A one-step growth
curve to measure recoverable inclusion-forming units was performed as de-
scribed previously (5).

Abs. The anti-phosphotyrosine monoclonal antibody (Ab) 4G10 (Upstate,
Charlottesville, VA), rabbit anti-actin (Bethyl Laboratories, Montgomery, TX),
rabbit anti-ezrin, rabbit anti-phosphoERM, and horseradish peroxidase-conju-
gated anti-mouse or anti-rabbit secondary Abs (Cell Signaling Technology, Dan-
vers, MA) were used for Western blotting. The following secondary Abs were
used in microscopy studies: goat anti-mouse Cy5-, Alexa 488-, and Alexa 568-
conjugated goat anti-mouse and anti-rabbit immunoglobulin G (Invitrogen).
Additional Abs used were the C. trachomatis-specific anti-mouse L2I-10 major
outer membrane protein (MOMP) Ab, anti-rabbit GPIC MOMP, fluorescein
isothiocyanate-conjugated or unconjugated mouse anti-lipopolysaccharide (LPS)
(EVI-H1), and mouse anti-VSVG (clone P5D4; US Biologicals, Swampscott,
MA). F-actin was visualized by using Alexa 488-conjugated phalloidin (Invitro-
gen).

TEM. HeLa cells infected with C. trachomatis were fixed at the indicated times
postinfection (p.i.) and processed for transmission electron microscopy (TEM)
as previously described (1).

Anti-phosphotyrosine immunoaffinity purification and two-dimensional (2D)
gel electrophoresis. Cells were infected at 4°C with C. trachomatis D (MOI of
�1,000) in T150 flasks. One hour after a temperature shift to 37°C, the cells were
washed with ice-cold HBSS and scraped into cold radioimmunoprecipitation
assay (RIPA) lysis buffer (1:10 dilution of 10� RIPA stock; Upstate) containing
1 mM sodium fluoride, 1 mM sodium orthovanadate (Sigma-Aldrich, St. Louis,
MO), and protease inhibitor cocktail (Roche Diagnostics Corp., Indianapolis,
IN). Proteins were purified by using a 4G10 immunoaffinity purification kit
(Upstate) according to the manufacturer’s protocol. Purified proteins were fil-
tered through a CENTRI-SEP column and prepared for 2D analysis using a 2D
Clean-Up kit according to the manufacturer’s protocol (Amersham Biosciences,
Piscataway, NJ). Prepared samples were separated by 2D gel electrophoresis on
pI4-7 IPGphor strips (Amersham). The second dimension was separated on a
10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
Criterion gel (Bio-Rad Laboratories, Hercules, CA). The gel was stained with
Biosafe Coomassie blue G-250 (Pierce, Rockford, IL), and visualized proteins
were excised. Proteins were analyzed by the Scripps Center for Mass Spectrom-
etry (La Jolla, CA). The tandem mass spectrometry (MS/MS) analysis was
performed on an LTQ mass spectrometer (Thermo Scientific, Waltham, MA).
More than 15,000 MS/MS spectra were obtained during the run. These were
searched by using MASCOT (v.2.1.04; Matrix Science, London, United King-
dom). Only peptides producing good quality fragmentation spectra and scoring
higher than the threshold required for 95% confidence level for MASCOT were
used for protein identification.

Western blotting and ezrin immunoprecipitation (IP). For kinetics of overall
Tyr-P HeLa cells infected with C. trachomatis D (MOI of �50) were harvested
at the indicated times p.i. in cold RIPA buffer, and immunoblotting was per-
formed as previously described (44) with the 4G10 Ab. The data shown are
representative of more than four experiments. A similar procedure was used for
assessing ezrin Thr-P with the anti-phosphoERM Ab except that cells were
infected with C. trachomatis (D or L2) or GPIC (MOI of �0.5) and harvested in
Laemmli sample buffer. The phosphoERM blots were stripped and reprobed
with a rabbit anti-ezrin Ab.

For ezrin IP studies, HeLa cells were infected (MOI of �5) at 4°C in six-well
tissue culture plates with either C. trachomatis (D or L2), GPIC, or uninfected.
At the indicated times p.i., plates were placed on ice, the monolayers were

washed, and cells were scraped into ice-cold HBSS. Cells were pelleted and
stored at �80°C. Frozen pellets were resuspended in ice-cold RIPA buffer. Equal
volumes of cleared lysates were incubated overnight at 4°C with the rabbit
anti-ezrin Ab or normal rabbit serum for a negative control. The immunocom-
plexes were then incubated with protein A-agarose beads (Upstate), the Ab-
bound beads were washed three times with cold RIPA buffer, and purified
proteins were eluted by addition of 2� Laemmli buffer and a 5-min incubation
at 100°C. Samples were immunoblotted with the 4G10 Ab, followed by stripping
and reprobing for ezrin to show similar ezrin protein levels among samples or the
absence of ezrin in the negative control IPs. The negative control IPs resulted in
no purified ezrin or Tyr-P (data not shown). The data shown are representative
of three or more experiments.

Confocal microscopy. To examine the cellular localization of ezrin after in-
fection, HeLa cells were infected with C. trachomatis D or GPIC (MOI of �10).
At 5 and 30 min p.i., the cells were washed three times with HBSS containing
heparin to remove bound nonviable bacteria. Infections lasting 4 h received the
heparin wash 15 min p.i., after which the cells were cultured in MDMEM-10 for
the remaining culture period. The cells were fixed by the addition of 2.5%
paraformaldehyde, and coverslips were stained by indirect immunofluorescence
with ezrin and chlamydial LPS-specific Abs, followed by the addition of Alexa
568- or Alexa 647-conjugated secondary Abs or Alexa 488-conjugated phalloidin
to visualize F-actin. The images are representative of at least two independent
experiments. All images were processed by using ImageJ (National Institutes of
Health, Bethesda, MD) and Canvas software (ACD Systems, Miami, FL).

Chlamydial entry assays were performed with LLC-PK1 cells by infecting both
control and DN cells on glass coverslips with either C. trachomatis D or GPIC
(MOI of �0.01). At 2 h p.i., cells were washed and fixed with 2.5% paraformal-
dehyde. Extracellular bacteria were labeled with an anti-MOMP Ab, followed by
an Alexa 594-conjugated secondary Ab. Cells were then permeabilized by incu-
bation with 0.1% saponin, followed by the addition of fluorescein isothiocyanate-
conjugated anti-LPS Ab to label total bacteria. DN cells were also labeled with
the anti-VSVG Ab, followed by a Cy5-conjugated secondary Ab in order to
identify cells expressing the DN ezrin construct. Coverslips were mounted by
using mowiol and viewed with a modified Perkin-Elmer UltraView spinning disk
confocal system connected to a Nikon Eclipse TE2000-S microscope with a 60�
Plan-Apo (Nikon NA 1.4) oil immersion objective lens. Images were acquired by
using Metamorph software (Molecular Devices, Sunnyvale, CA). Intracellular
bacteria (green only) were counted on duplicate coverslips, and the number of
intracellular bacteria per cell reported in three categories: 1 to 5, 6 to 10, and 11
to 20. The results are an average of two separate experiments wherein a mini-
mum of 20 cells per coverslip were analyzed.

Chlamydial infections of DN LLC-PK1 cells or small interfering RNA
(siRNA)-treated HeLa cells. In DN experiments LLC-PK1 cells (control or DN)
were infected with C. trachomatis (D or L2) or GPIC (MOI of �0.01). Cells were
methanol fixed 24 h p.i. and stained with anti-LPS, followed by an Alexa 488-
conjugated secondary Ab. Inclusions per field were counted in triplicate, and
data were normalized to infected control cells. The results are a combined
average of four independent experiments. The Student t test was used for sta-
tistical analyses.

For siRNA knockdown studies, HeLa cells were plated at 7 � 104 cells per well
in 24-well plates. The ezrin and negative control scrambled ezrin siRNA duplexes
used were described by Pust et al. (31) and made by Dharmacon, Inc. (Lafayette,
CO). HeLa cells were transfected with a 10 nM concentration of the individual
siRNA duplexes in serum-free MDMEM using siLentFect lipid transfection
reagent (Bio-Rad) according to the manufacturer’s protocol (mock-transfected
cells received serum-free MDMEM with transfection reagent alone). At 48 h
posttransfection, the time of optimal ezrin knockdown (�40% as quantified by
using densitometry of ezrin Western blots normalized to actin levels), HeLa cells
were infected with C. trachomatis (D or L2) or GPIC (MOI of �0.01). Cells were
methanol fixed at 24 h p.i. and stained with the anti-LPS antibody, followed by
an Alexa 488-conjugated secondary Ab. Inclusions per field were counted, and
the results are shown as the percentage of mock-transfected cells. The data
shown are representative of three independent experiments.

RESULTS

Purification and identification of tyrosine phosphorylated
(Tyr-P) proteins after C. trachomatis infection of HeLa 229
cells. Our previous report describing Tyr-P of a 70-kDa com-
plex of proteins showed that phosphorylation occurs rapidly
upon infection and is sustained up to at least 8 h p.i (44). We

5670 SWANSON ET AL. INFECT. IMMUN.



wanted to extend these findings and determine the full kinetics
of Tyr-P and how it may correlate with the chlamydial devel-
opmental cycle. Immunoblots were performed using the 4G10
anti-phosphotyrosine Ab on C. trachomatis serovar D-infected
cell lysates obtained over the course of infection. We show that
Tyr-P is most intense during the early stages of infection and is
sustained up to 12 h p.i., after which it is essentially absent (Fig.
1A). As shown by the recoverable infectious organisms and
electron micrographs (Fig. 1B and C), Tyr-P was present dur-
ing the initial entry step of infection and maintained during the
process of inclusion trafficking to the perinuclear region, at
which point RBs begin to rapidly divide (21). The loss of Tyr-P
occurs upon initiation of the redifferentiation process, where
the noninfectious RBs transition into their infectious EB form,
a point at which essential growth functions have ceased. These
data suggest that Tyr-P most likely plays a role in the early
phases of the chlamydial developmental cycle. The significance
of this is unknown.

Tyr-P of the 70-kDa protein complex was strictly observed

after C. trachomatis infection as shown by immunoblotting with
the 4G10 Ab (Fig. 2A). In contrast, similar to uninfected cells,
infection with C. caviae strain GPIC resulted in no measurable
Tyr-P, a finding consistent with our previous report (44). To
identify the proteins within the 70-kDa complex, we used im-
munoaffinity column chromatography with the 4G10 Ab to
purify these Tyr-P proteins from C. trachomatis D-infected
HeLa cells. Fractions were separated by SDS-PAGE and im-
munoblotted with the 4G10 Ab (Fig. 2B). Efficient binding to
the column is indicated by the significant reduction in the
70-kDa complex after the first passage of the cell lysate over
the column (L, lysate versus flowthrough, lane 1). As seen in
more concentrated samples (Fig. 2B, elution 2), we observed
the �100-kDa and 130-kDa Tyr-P proteins in addition to the
70-kDa protein complex as reported by Birkelund et al. and
Fawaz et al. (3, 16). 2D gel electrophoresis of the purified
proteins, followed by Coomassie blue staining, showed several
proteins with isoelectric points (pI) 4 to 7. Visible proteins
were excised and analyzed by liquid chromatography-MS/MS
(Fig. 2C).

Identified proteins included those functioning as molecular
chaperones and proteins that are upregulated during cell
stress, such as the heat shock proteins HSP60, HSP70, and
HSP90 (Table 1). More interestingly, ezrin, a protein that
associates with host cell membrane receptors and the actin
cytoskeleton, was also identified (Fig. 2C, circled spot). Coo-
massie blue staining indicated that ezrin was not the most
abundant protein, which could contribute to the lower number
of matched peptides from the MS analysis. Ezrin has a theo-
retical molecular mass of 69 kDa and a pI of 5.94 (19). In our
study, ezrin migrated to �85 kDa and showed an empirical pI

FIG. 1. The presence of Tyr-P correlates with the chlamydial de-
velopmental cycle. HeLa cells were infected with C. trachomatis D
(MOI of �50). (A) Western blot analysis was performed on samples at
the indicated times p.i. to examine phosphotyrosine levels using the
4G10 Ab. (B) Duplicate samples were harvested, and infectious chla-
mydiae were quantified by replating them on new HeLa cell monolay-
ers. Infected cells were fixed 24 h p.i. and stained with an anti-LPS Ab,
and inclusions were counted in triplicate wells. Error bars indicate the
standard deviation. (C) HeLa cells were infected (MOI of �1) and
fixed at the indicated times p.i. Coverslips were processed for TEM as
described in Materials and Methods. Arrows in each image indicate
the chlamydial EB at the early entry steps and subsequent trafficking of
the early inclusion to the perinuclear region. Scale bar, 1 �m. N,
nucleus.

FIG. 2. Identification of ezrin as a host Tyr-P protein after C.
trachomatis infection. (A) HeLa cells were infected with C. trachomatis
D or GPIC (MOI of �1) or uninfected. Cells were harvested at 0 and
2 h p.i., and cleared lysates were separated by SDS-PAGE and immu-
noblotted with the 4G10 Ab. M, marker. (B) Tyr-P proteins were
purified from C. trachomatis D-infected HeLa cells (MOI of �100) by
4G10 immunoaffinity chromatography. Purification efficiency is shown
by 4G10 immunoblotting of equal volumes of collected fractions. M,
marker; L, lysate. (C) Purified proteins were separated by 2D gel
electrophoresis, followed by Coomassie blue staining. The circled pro-
tein spot indicates the ezrin protein identified by liquid chromatogra-
phy-MS/MS.
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of �6.5. Our results are in accordance with previous reports
that describe ezrin migration to �80 kDa and a more basic pI
of 6.15 (4).

Species-specific ezrin Tyr-P. Ezrin activation involves phos-
phorylation of a conserved C-terminal threonine residue
(Thr567) (17), which disrupts the inhibitory intramolecular
interaction between its N and C termini, permitting the inter-
action of these domains with membrane proteins (e.g., host cell
receptors) and F-actin, respectively (43). Subsequent Tyr-P, in
addition to stabilizing the active form, is also important for the
induction of intracellular signaling cascades initiated after
host-pathogen interactions (36). Upon examination of the
ezrin activation status after infection, we found that threonine
phosphorylation (Thr-P) is ubiquitous among the chlamydial
strains tested, as shown by immunoblotting with a phosphoERM
Ab specific to the conserved C-terminal Thr (Fig. 3A). Quan-
titation of phosphoERM levels by densitometry showed that
the induction of ezrin Thr-P was specific to infected cells (Fig.
3B). A significant induction of ezrin Thr-P after infection was
seen at the early time points p.i. Thereafter (�4 h p.i.), similar
levels of ezrin Thr-P were observed between infected and un-
infected cells.

To assess Tyr-P, ezrin was immunoprecipitated, followed by
immunoblotting with the 4G10 Ab. These experiments showed
that ezrin Tyr-P is specific to C. trachomatis-infected cells and,
consistent with the characterized ezrin activation mechanisms,
Tyr-P appears to be subsequent to Thr-P (Fig. 3C). Further-
more, in contrast to Thr-P of ezrin, Tyr-P is more specific to
infection since Tyr-P was absent from uninfected cells through-
out the culture period. This suggests that a highly specific
pathogen-derived trigger is responsible for the additional ezrin
activation through Tyr-P. Interestingly, the previously reported
subtle molecular mass difference in the Tyr-P proteins within
the 70-kDa complex between trachoma and lymphogranuloma
venereum C. trachomatis strains (44) was further highlighted
upon examination of ezrin Tyr-P (Fig. 3C, arrowheads). To-
gether, these data suggest that species-common and species-
specific entry pathways exist, leading to ezrin Thr567 and/or
Tyr-P, respectively.

Ezrin localization during chlamydial infection. The entry of
multiple pathogens involves the recruitment of host proteins to
the site of attachment to facilitate actin recruitment. Because
of our evidence of ezrin Tyr-P early in infection, we expected
to see ezrin recruitment along with actin filaments to sites of

EB attachment. To examine this, HeLa cells were infected with
C. trachomatis D, fixed, and processed for indirect immunoflu-
orescence at 5 min, 30 min, and 4 h p.i. EBs were observed in
microvillus-like structures wherein ezrin and actin were local-
ized at 5 min p.i. (Fig. 4A). Under steady-state conditions ezrin
is primarily localized in the cytoplasm; however, upon activa-
tion it is recruited to the plasma membrane and binds F-actin
to aid in microvillus formation. Accordingly, ezrin was essen-
tially absent in the host cell cytosol and was primarily observed
in microvillus-like structures. Uninfected cells also displayed
ezrin-rich microvillus structures; however, they were much less
abundant in comparison to infected cells (data not shown).
Consistent with the species-common induction of ezrin Thr-P
during infection, ezrin was also similarly recruited to cells
infected with GPIC (data not shown). This suggests that there
are species-specific signaling pathways induced during C. tra-
chomatis invasion leading to ezrin phosphorylation on tyrosine
residues. Ultrastructural studies have shown that EBs initially
bind the tips of microvilli and then transfer to the crypts, or
base, of these cell projections (11, 24). We observed similar
localization of C. trachomatis D EBs on microvilli, where ezrin
was found concentrated around the EBs and along the mi-
crovillus-like structure (Fig. 4A and B).

Ezrin Tyr-P is sustained up to 12 h p.i. with C. trachomatis D
(Fig. 2). Examination of ezrin localization postentry (4 h p.i.)
showed a predominant cytosolic distribution, with punctate
structures localized near trafficking early inclusions (Fig. 4C).
Similar ezrin localization was observed at 12 h p.i.; however, at
24 h p.i. no significant ezrin association was observed with the
chlamydial inclusion (data not shown). This localization sug-
gests that ezrin may also be involved in postentry events during
C. trachomatis development.

Ezrin functions in C. trachomatis EB entry. We have shown
ezrin recruitment to microvillus-like structures during chla-
mydial entry. To assess the functional importance of ezrin in
the chlamydial entry step, we quantified the entry efficiency of
C. trachomatis EBs. Specifically, ezrin DN or control LLC-PK1
cells (expressing the empty vector) were infected with C. tra-
chomatis D or GPIC for 2 h, after which the cells were fixed
and stained to differentiate between extracellular and internal-
ized EBs. Compared to control cells, C. trachomatis-infected
DN cells showed a marked reduction in the number of inter-
nalized EBs per cell (Fig. 5). The majority of infected cells
contained between one and five EBs, and only a fraction of the

TABLE 1. Anti-phosphotyrosine immunoaffinity-purified proteins from C. trachomatis-infected HeLa 229 cells

Spot Protein Matched
peptide(s)

Molecular mass
(kDa)a pI

Accession no.b

Predicted Pre-ID Predicted Pre-ID

1 Endoplasmin precursor (GRP 94) 11 92 130 4.76 4.8 P14625
2 HSP90 alpha/HSP90 beta 16/9 85/83 100 4.94/4.97 5 P07900/P08238
3 78-kDa glucose regulated protein precursor (GRP 78) 15 72 72 5.07 5.1 P11021
4 Ezrin 2 69 85 5.94 6.5 CAI95307
5 Heat shock cognate 71-kDa protein 8 71 68 5.37 5.6 P11142
6 HSP60 7 60 60 5.7 5.5 P10809
7 T-complex protein 1 gamma subunit (TCP-1) 2 57 60 6.01 6.3 P49368

a The predicted values are from the Swiss-Prot database accessed through the ProtParam tool on the ExPASy proteomics server. The pre-identification (pre-ID)
values were estimated based on empirical isoelectric focusing and protein mobility using 2D gel electrophoresis.

b Accession numbers are according to the NCBI nomenclature.
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infected cells contained six to ten EBs per cell. Upon infection
with GPIC, no observable difference in internalized EBs oc-
curred between control and DN cells.

Ezrin-dependent C. trachomatis infection. LLC-PK1 cells
were used to further assess the functional significance of ezrin
during C. trachomatis infection. DN and control cells were
infected with either C. trachomatis (D or L2) or GPIC. In-
fected cells were fixed 24 h p.i., and inclusions were quantified
by indirect immunofluorescence using an anti-LPS Ab to de-
termine infection efficiency. Infection of DN cells with C. tra-
chomatis resulted in a significant decrease in chlamydial inclu-
sions (Fig. 6A). In contrast, no reduction in infectivity was
observed with GPIC.

In addition to DN cells, we also used siRNA to knock down
the ezrin message in HeLa cells prior to infection. Transfection
of ezrin-specific siRNA duplexes consistently resulted in ca.
40% reduction in protein levels as determined by densitometry
of ezrin immunoblots (Fig. 6B). Two rounds of siRNA trans-
fection, as well as a pool of ezrin-specific siRNAs, did not
improve ezrin protein knockdown (data not shown). Ezrin is a
constitutively expressed and highly stable protein that could
explain the less efficient reduction in ezrin protein levels. As
shown in Fig. 6C, there was a significant reduction in C. tra-
chomatis infectivity but not of GPIC. Furthermore, cells that
received scrambled ezrin siRNA showed no significant reduc-
tion in infection efficiency with all strains (Fig. 6D).

FIG. 3. C. trachomatis-specific ezrin Tyr-P is sustained to the mid-cycle of infection. (A) Ezrin Thr-P occurs independently of the infecting
chlamydial strain. Cells remained uninfected or were infected with either C. trachomatis (D or L2) or GPIC (MOI of �0.5). Samples were
harvested at the indicated times p.i. in Laemmli sample buffer, and Thr-P was determined by immunoblotting with an anti-phosphoERM Ab
specific to the C-terminal Thr567. The same blots were stripped and reprobed for total ezrin. (B) Densitometry was performed on the blots shown
in panel A. PhosphoERM levels were normalized to total ezrin levels within each sample. The graph shows the fold change in phosphoERM levels
relative to uninfected cells, with values from uninfected cells set to 1. (C) Cells were infected as described above (MOI of �5), and ezrin was
immunoprecipitated with an anti-rabbit ezrin Ab. The Tyr-P status was examined by Western blotting with the 4G10 Ab. The same blot was
stripped and reprobed with the anti-ezrin Ab.
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DISCUSSION

Here we show for the first time that C. trachomatis infection
induces Tyr-P of the host protein ezrin in a species-specific
manner. Ezrin was not Tyr-P after infection with C. caviae
GPIC, a pathogen of guinea pigs with no known human zoo-
nosis. We also demonstrate a functional role for ezrin in C.
trachomatis entry by using ezrin DN and siRNA-treated cells.
The absence of complete inhibition of C. trachomatis EB entry
suggests that chlamydiae are able to use additional ezrin-inde-
pendent mechanisms for entry into host cells. Consistent with
this, recent reports have described multiple entry mechanisms

used by C. trachomatis (14, 25). Interestingly, ezrin Thr-P oc-
curred in a species-independent manner, suggesting that initial
ezrin activation is ubiquitous among chlamydiae; however,
pathways leading to ezrin Tyr-P are species dependent. A sim-
ilar distinction with ezrin activation was previously described
with the comparison of enterpathogenic (EPEC) and entero-
hemorrhagic (EHEC) Escherichia coli. Both EPEC and EHEC
show similar pedestal formation and recruitment of ezrin (20);
however, only EPEC has been shown to induce ezrin Tyr-P
(36). Ezrin phosphorylation on Tyr residues is linked to signal-
specific intracellular signaling cascades via its interaction with
the cytoplasmic tail of a number of host cell receptors. For
example, Tyr145 and Tyr353 are phosphorylated through stim-
ulation of the epidermal growth factor receptor (26). Cross-
linking of intercellular adhesion molecule 1 activates Src ty-
rosine kinases (45), and molecular studies have shown that Src
kinase induces ezrin Tyr-P at residue 477 (23). Therefore, the
Tyr residues phosphorylated upon C. trachomatis infection are
likely linked to the activation or modification of specific host
cell receptors that function in binding to EB adhesins impor-
tant to chlamydial entry. This would intuitively argue that C.
trachomatis and C. caviae utilize different host cell receptors
for entry.

This hypothesis is supported by studies with chemically mu-
tagenized CHO cells that exhibit different susceptibilities to
infection by C. trachomatis and C. pneumoniae (18). Although
we did not study C. pneumoniae here, we previously reported
that infection with C. pneumoniae, like that with C. caviae,
failed to induce Tyr-P of the 70-kDa protein that we have now
identified as ezrin. In a related study, Carabeo and Hackstadt
showed that C. trachomatis D and L2 entered cells by noncom-
peting independent mechanisms (7). The subtle molecular
mass differences we observed in Tyr-P ezrin after infection with
these biovars (Fig. 3B) implies that the mechanism of Tyr-P
ezrin differs within the C. trachomatis species. Together, these
data suggest distinct differences in the cognate receptor en-
gaged, and likely tyrosine kinases recruited, after infection by
these biovars.

What are the potential host cell receptor candidates for C.
trachomatis infection? Ezrin is known to interact with the cy-
toplasmic domain of several receptors, including CD44, mem-
bers of the integrin super family, and intercellular adhesion
molecules; all of which have been shown to play a role in the
entry process of both bacterial and viral pathogens (13, 27, 35).
For example, Shigella flexneri has been shown to enter host
cells through interaction of the type III-secreted Ipa invasins
with �5�1 integrin and CD44, which is followed by ezrin acti-
vation and recruitment (37, 38, 46). Recent studies in attach-
ment of C. trachomatis suggest a role for protein disulfide
isomerase (PDI), a member of the estrogen receptor complex
(10, 15); however, it is unclear whether PDI serves as an actual
receptor or coreceptor or perhaps simply functions enzymati-
cally to prepare the chlamydial ligand or host cell receptor for
interaction. Furthermore, there is currently no evidence show-
ing that PDI ligation leads to ezrin Tyr-P.

We observed that ezrin closely associates with the early
chlamydial inclusion (4 to 12 h p.i.), although no evidence for
actin recruitment to the inclusion periphery was observed (Fig.
4C). Interestingly, this association closely paralleled the tem-
poral kinetics of ezrin Tyr-P (Fig. 3B). Collectively, these find-

FIG. 4. Ezrin recruitment to the EB entry site and early chlamydial
inclusion. HeLa cells were infected with C. trachomatis D (MOI of
�1). At 5 min (A) and 30 min (B) the cells were fixed and triple
labeled by indirect immunofluorescence with anti-ezrin (red), anti-LPS
(blue), and Alexa 488-conjugated phalloidin (green) for labeling of
F-actin. (A) Confocal microscopy image showing ezrin and actin re-
cruited to the tips of microvillus-like structures where three EBs are
attached. The arrow indicates the ezrin-EB localization. Scale bar, 10
�m. (B) At 30 min p.i., ezrin is still seen associated with EBs during the
entry process. The arrow indicates ezrin localization with EB in the
crypt of the microvillus-like structure. Scale bar, 10 �m. (C) Ezrin
localizes with early trafficking inclusions. HeLa cells were treated as in
panels A and B except that the cells were fixed at 4 h p.i. Two
trafficking early inclusions containing individual EBs are shown where
ezrin is closely localized. Arrows indicate the punctate ezrin localiza-
tion with the early inclusion. Scale bar, 2 �m.
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ings implicate a secondary downstream function for ezrin
Tyr-P. We hypothesize that ezrin Tyr-P may play a role in
inclusion trafficking, specifically aiding in early inclusion traf-
ficking for the purpose of singular inclusion formation. Con-
sistent with this hypothesis is our finding that both strains that
induce ezrin Tyr-P (L2 and D) are fusogenic after coinfection
of epithelial cells, whereas coinfection with D and GPIC
(which failed to induce ezrin Tyr-P) showed no heterotypic
inclusion fusion (data not shown). These species-specific inclu-
sion properties have been illustrated in the association of GTP-
bound Rab6 with C. trachomatis inclusions (34). Bicaudal D1
(BICD1), a Rab6 effector, was shown to be specifically re-
cruited to the inclusion in a chlamydial biovar-specific manner
(28). There are interesting parallels between BICD1 and ezrin
as both display small GTPase-dependent intermolecular inter-

actions that confer the active state. Thus, it is tempting to
speculate as to whether Rab6 may be involved in ezrin Tyr-P
and the subsequent association with trafficking inclusions.
Rab11 also associates with C. trachomatis inclusions, and the
Rab11-FIP3 and Rab11-FIP4 interacting proteins contain a C-
terminal ERM domain (22), further supporting a possible ezrin-
RabGTPase interaction that might function in inclusion traf-
ficking and biogenesis.

We outline here a direct role for Tyr-P ezrin in C. tracho-
matis entry and indirectly for a downstream secondary function
that might affect inclusion biogenesis. This information will be
an invaluable tool in our future work aimed at identifying the
chlamydial EB ligand or secreted effector that mediates inter-
action with its cognate host cell receptor(s) utilized for patho-
gen entry. Defining these important virulence factors and their

FIG. 5. Ezrin functions during C. trachomatis entry. Control or DN LLC-PK1 cells were infected with C. trachomatis D or GPIC (MOI of
�0.01). Cells were fixed at 2 h p.i., and extracellular bacteria were stained with a MOMP-specific Ab. The cells were permeabilized, and the total
bacteria were stained with an LPS-specific Ab. The number of internalized EBs was quantified and categorized according to number of intracellular
EBs per cell. Only with C. trachomatis D infection was there a significant reduction in the number of EBs per infected cell. �, P � 0.002.

FIG. 6. Ezrin-dependent C. trachomatis infection. (A) LLC-PK1 cells stably expressing the DN ezrin (DN, white bars) or control vector
(Control, black bars) were infected with C. trachomatis (D or L2) or GPIC (MOI of �0.1). At 24 h p.i., the cells were fixed and stained with the
anti-LPS Ab. Inclusions were quantified and normalized to infected control cells. In all experiments, control cells contained between approximately
200 to 300 inclusions across individual wells. Error bars indicate standard deviation. �, P � 0.005. (B) HeLa cells were transfected with
ezrin-specific or scrambled ezrin siRNA. Ezrin protein levels were examined by Western blotting at 48 h posttransfection, the time of chlamydial
infection. There was an �40% reduction in ezrin protein levels. (C and D) HeLa cells transfected with ezrin-specific (C) or scrambled (D) siRNA
were infected 48 h posttransfection with C. trachomatis (D or L2) or GPIC (MOI of �0.01). Cells were fixed and stained 24 h p.i. as described
above, and the inclusions were quantified. The values shown represent inclusion-forming units (IFUs) as a percentage of mock-transfected cells.
�, P � 0.001.
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host cell targets will be pivotal in the pursuit of novel strategies
for the prevention and control of infection by this medically
important global pathogen.
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