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Disease-causing microbes utilize various strategies to modify their environment in order to create a favorable
location for growth and survival. Gram-negative bacterial pathogens often use specialized secretion systems to
translocate effector proteins directly into the cytosol of the eukaryotic cells they infect. These bacterial proteins are
responsible for modulating eukaryotic cell functions. Identification of the bacterial effectors has been a critical step
toward understanding the molecular basis for the pathogenesis of the bacteria that use them. Chlamydiae are
obligate intracellular bacterial pathogens that have a type III secretion system believed to translocate virulence
effector proteins into the cytosol of their host cells. Selective permeabilization of the eukaryotic cell membrane was
used in conjunction with metabolic labeling of bacterial proteins to identify chlamydial proteins that localize within
the cytosol of infected cells. More than 20 Chlamydia trachomatis and C. pneumoniae proteins were detected within
the cytoplasmic compartment of infected cells. While a number of cytosolic proteins were shared, others were unique
to each species, suggesting that variation among cytosolic chlamydial proteins contributes to the differences in the
pathogenesis of the chlamydial species. The spectrum of chlamydial proteins exported differed concomitant with the
progress of the developmental cycle. These data confirm that a dynamic relationship exists between Chlamydia and

its host and that translocation of bacterial proteins into the cytosol is developmentally dependent.

Pathogenic bacteria frequently modify the tissues they col-
onize or the cells they infect. Creating an environment condu-
cive to microbial survival and replication often involves the
directed secretion of specific bacterial products via specialized
secretion systems. A hallmark of many secretion systems is that
bacterial proteins are translocated into the cells the bacteria
parasitize. Although of bacterial origin, these effector proteins
are responsible for modulating signal transduction systems and
cellular functions within the eukaryotic host (1, 27). Crucial to
understanding the pathogenesis of the microbes that have
these secretion systems has been identification of the bacterial
effector proteins being secreted into the cell cytosol and elu-
cidation of their function (27).

Chlamydia spp. are medically important pathogens respon-
sible for causing a number of diseases in humans ranging from
blinding trachoma, pelvic inflammatory disease, and infertility
to community-acquired pneumonia and heart disease (41). Se-
quencing chlamydial genomes revealed the presence of a type
IIT secretion system by identifying the complement of genes
that encode homologues to the structural proteins that com-
prise type III secretion systems in other pathogens (29, 45).
Transcriptome analysis demonstrates that these genes are ex-
pressed throughout the chlamydial developmental cycle, sug-
gesting that the chlamydial type III secretion system is func-
tional (4, 16, 35). Unlike genes encoding the structural
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components of type III secretion systems, the genes encoding
type III secretion effector proteins are generally not conserved
between pathogens, making identification of these virulence
factors problematic (27). In Chlamydia, this issue is exacer-
bated by the inability to genetically modify the bacteria or grow
these pathogens in cell-free culture. Nonetheless, several pu-
tative effector proteins have been identified by expressing chla-
mydial genes in other bacteria possessing type III secretion
systems and probing with antigen-specific antisera. Examples
include a family of chlamydial proteins that localize to the
inclusion membrane called Incs (3, 38), TARP (9), a protein
that localizes at the plasma membrane just beneath attaching
Chlamydia, and CT847 (8), a chlamydial protein that interacts
with human GCIP. Expression of chlamydial proteins in a
heterologous type III secretion system, however, has yielded
little insight into the spectrum of chlamydial proteins that may
reside in the cell cytosol. In contrast, immune detection ap-
proaches have led to the identification of five chlamydial pro-
teins that localize within the cell cytosol (10, 32, 47, 48, 55).
Functional characterization has been assessed for one of these
proteins. Chlamydial proteasome-like activity factor (CPAF) is
a protease that has been shown to degrade a number of cellular
proteins (12, 37, 56, 57). CPAF demonstrates that chlamydiae
have evolved to engage and modify their hosts using at least
one protein that is exported into the cytoplasmic compartment
of the eukaryotic cell. Although immunolocalization ap-
proaches have proven successful, this method requires antigen-
specific antisera and likely lacks the sensitivity needed to detect
effector proteins secreted at low abundance.

Given its obligate intracellular niche and the coevolution of
chlamydiae within the host cell for nearly one billion years (21,
44), we hypothesize that chlamydiae secrete a select number of
proteins into the host cell cytosol that are necessary for the
modulation of cellular functions at different developmental
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stages. Our objective was to characterize the constellation of
chlamydial proteins that localize within the host cell cytosolic
compartment and to determine whether this population of
proteins changes during the developmental cycle of the bac-
teria. The cholesterol-dependent cytolysin perfringolysin O
(PFO) was used to selectively permeabilize the plasma mem-
brane of Chlamydia-infected cells in order to obtain a soluble
cytosolic protein fraction. Chlamydial proteins were distin-
guished from those of the host by metabolic labeling under
conditions that prevented eukaryotic cell protein synthesis.
Resolution of the soluble fraction by two-dimensional gel elec-
trophoresis revealed more than 20 chlamydial proteins residing
in the cytosol of infected cells. Moreover, the population of
cytosolic proteins changed over the course of an infection,
suggesting that they play developmental stage-specific roles for
the growth and development of chlamydiae.

MATERIALS AND METHODS

Tissue culture and bacterial culture conditions. Chlamydia trachomatis sero-
var L2 (L2/434/Bu) was cultured in HeLa or L.929 cells as previously described
(31). C. pneumoniae (CWL029) was grown on Hep2 cells by centrifuging inoc-
ulum onto monolayers at 900 X g for 1 h at 24°C. After a 1-h incubation at 37°C,
RPMI (Invitrogen, Carlsbad, CA) containing 5% fetal bovine serum (FBS;
HyClone, Logan, UT) was added to each flask. Infections were allowed to
progress to the designated time at 37° with 5% CO,.

Wild-type Listeria monocytogenes 10403S (5) and Hly™ mutant L. monocyto-
genes strain DP-L.2161 (28) were grown in 2 ml of Luria-Bertani broth (Fisher
Scientific, Fair Lawn, NJ) overnight at 30°C without agitation. J774 mouse
macrophage-like cells were grown in DME (Invitrogen) containing 7.5% FBS
and 2 mM r-glutamine (Invitrogen). Tissue cultures were grown at 37°C with
5% CO,.

Mycoplasma testing of bacterial strains and tissue culture. PCR was used to
test all cell culture and bacterial stocks for the presence of mycoplasma. Sample
DNA was eluted from miniprep spin columns (Qiagen, Valencia, CA) using 50
wl of distilled H,O. A 2-ul sample DNA was added to the following buffer
mixture to yield a 30-pl reaction: 3 mM MgCl,, 0.2 mM deoxynucleoside triphos-
phate, 1 wM concentrations of both the forward and reverse primers, and 1.5 U
of Tacl polymerase (Fermentas, Inc., Hanover, MD). Reactions were carried out
under the following conditions: 2 min at 90°C, followed by 30 cycles of denatur-
ation at 94°C, annealing at 55°C, and extension at 72°C. The primer pairs used for
Mycoplasma spp. were 5'-TGCACCATCTGTCACTCTGTTAACCTC-3" and
5'-GGGAGCAAACAGGATTAGATACCCT-3’ (49, 50). Analysis of amplified
products was determined by electrophoresis on 1% agarose gels.

Expression and purification of His-tagged PFO from Escherichia coli. Full-
length, recombinant PFO was overexpressed and purified from strain DP-4167 as
previously described (20).

PFO-mediated permeabilization of plasma membrane. Selective permeabili-
zation of the plasma membrane of Chlamydia-infected or Listeria-infected cells
was achieved by using PFO. Monolayers were chilled on ice for 10 min, followed
by a single wash with cold Hanks balanced salt solution (HBSS; Invitrogen).
Purified recombinant PFO was diluted in cold HBSS and added to the appro-
priate flask. After a 10-min incubation on ice, monolayers were washed three
times with cold HBSS. Fresh HBSS (room temperature) was added, and mono-
layers were incubated at 37°C for 30 min. Supernatants were transferred to
conical tubes and centrifuged at 900 X g for 10 min at 4°C. Supernatants were
collected and subsequently microfuged at maximum speed for 3 min. Cleared
supernatants were stored at —80°C prior to subsequent analysis.

PFO-mediated delivery of fluorophores to infected cells. Cell monolayers
grown on coverslips in the bottom of 24-well plates were infected with C. tra-
chomatis serovar L2 as previously described (30). At the appropriate time after
infection was initiated, monolayers were permeabilized with PFO as described
above. Lysine-fixable 10-kDa fluorescein-conjugated dextran (Invitrogen) was
diluted in HBSS to 50 uM and added to the monolayers, followed by a 1-h
incubation at room temperature. Monolayers were washed three times with
HBSS and fixed for 20 min with 4% formaldehyde. Cells were permeabilized by
a brief incubation with methanol. Where indicated, cellular nuclei were visual-
ized by staining with DAPI (Invitrogen). The presence of Chlamydia was deter-
mined by probing with a monoclonal antibody to major outer membrane protein
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(MOMP) (46) and detected with an anti-mouse secondary antibody conjugated
to fluorescein (Invitrogen) or Alexa Fluor 594 (Invitrogen).

Determination of CFU in L. monocytogenes-infected cells. 774 macrophage-
like cells were grown on coverslips in the bottom of 24 wells plates. Wild-type or
Hly~ L. monocytogenes grown overnight at 30°C (see above) were washed with
HBSS, suspended in DME to yield a final multiplicity of infection of 4, and
inoculated onto cells. Bacteria were allowed to infect cells for 30 min at 37°C,
after which monolayers were washed three times in HBSS. DME containing 50
ng of gentamicin (Invitrogen)/ml was added to the cultures to kill any extracel-
lular bacteria. Plates were incubated 30 min at 37°C and then washed three times
with HBSS. Plates were chilled on ice in preparation for PFO treatment as
described above. After permeabilization, DME containing 50 wg of gentami-
cin/ml was added to the cultures, and the plates were incubated for 30 min at
37°C. After the final incubation, monolayers were washed three times with
HBSS. The number of viable bacteria remaining after treatment was quantified
by plating the bacteria harvested from each coverslip. Coverslips were trans-
ferred to 15-ml conical tubes containing 1 ml of sterile water and vortex mixed to
lyse the cells. Dilutions of each culture were plated on Luria-Bertani plates and
incubated overnight at 37°C. The next day the colonies were counted. This
number was multiplied by the appropriate dilution factor to yield the CFU. All
treatment groups were performed in duplicate for each experiment, and all
experiments were performed a minimum of three times.

Metabolic labeling of chlamydial proteins. Infected monolayers grown in
flasks were cultivated as described above until the designated time postinfection.
Monolayers were then pulse-labeled with >S-Translabel (MP Biomedicals, So-
lon, OH) under conditions adapted from Brundage et al. (6). The growth me-
dium was removed and replaced with labeling medium: methionine- and cys-
teine-deficient RPMI (MP Biomedicals) containing 2 mM L-glutamine
(Invitrogen), 5% FBS (HyClone), 225 p.g of cycloheximide (Sigma)/ml, 30 ug of
anisomycin (Sigma)/ml, 50 uM lactacystin (A. G. Scientific, Inc., San Diego, CA),
and 5 M LLnL (Calbiochem, La Jolla, CA). Flasks were incubated for 30 min
at 37°C. The medium was removed from each flask, and new labeling medium
was added that contained 100 wCi of >>S-Translabel/ml. Radioactive amino acids
were allowed to incorporate into bacterial proteins for 2 h at 37°C. After labeling,
monolayers were prepared for PFO-mediated permeabilization as described
above.

Immunodetection. Equal volumes of each sample were resolved on sodium
dodecyl sulfate (SDS)-polyacrylamide gels and transferred to nitrocellulose. Ni-
trocellulose sheets were incubated for 1 h at room temperature in a phosphate-
buffered saline-Tween (PBS-T) solution containing 5% nonfat dried milk. Sam-
ples were probed with mouse anti-GAPDH diluted 1:1,000 (Ambion, Austin,
TX), mouse anti-MOMP diluted 1:6,000 (R. S. Stephens), or mouse anti-CPAF
undiluted (a gift from G. Zhong) in PBS-T containing 5% nonfat dried milk for
1 h and then washed three times in PBS-T. Immune reactions were detected with
goat anti-mouse antibody conjugated to horseradish peroxidase (Sigma) diluted
in PBS-T, incubated for 1 h at room temperature, and washed three times in
PBS-T before detection of immune reactions by chemiluminescence (ECL kit;
GE Healthcare).

Two-dimensional gel analysis and autoradiography. Proteins were precipi-
tated from each sample by using the methanol-chloroform protocol described by
Wessel and Flugge (53). Samples were initially vortex mixed with methanol in
microcentrifuge tubes. Chloroform was then added to each sample and vortex
mixed, followed by the addition of water and a final 10-s vortexing step. Samples
were microfuged for 10 min at maximum speed. After the aqueous phase was
removed, the remaining sample was combined with methanol, vortex mixed, and
microfuged at maximum speed for 10 min. Supernatants were discarded, and the
resulting pellet was air dried before resuspension in sample rehydration buffer (8
M urea, 4% CHAPS {3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesul-
fonate}, 0.5% IPG buffer pH 4-7, 0.002% bromophenol blue, and 40 mM di-
thiothreitol [all from GE Healthcare]). Immobiline drystrips pH 4-7 (133 cm; GE
Healthcare) were rehydrated with sample in rehydration buffer for 12 h at room
temperature. Isoelectric focusing was performed using an Ettan IGPhor isoelec-
tric focusing system (GE Healthcare) under the following conditions: 1 h at 500
V, 1 h at 1,000 V, and 2 h at 8,000 V. After focusing, strips were incubated for
15 min in sodium dodecyl sulfate (SDS) equilibration buffer solution (6 M urea,
75 mM Tris-HCI [pH 8.8; Sigma], 29.3% glycerol 3, 2% SDS %, 0.002% bromo-
phenol blue) containing 10 mg of dithiothreitol (Sigma)/ml and then 25 mg of
iodoacetamide (GE Healthcare)/ml, respectively. Equilibrated strips were placed
on 10% SDS-polyacrylamide gels for resolution of the second dimension under
the following conditions: 30 min at 20 wA (constant) and 6 h at 40 pA (constant).
Proteins were fixed into place by incubation in 40% methanol (Fisher Scientific,
Fairlawn, NJ) and 10% acetic acid (Fisher Scientific). After equilibration in 20%
methanol, 4% glycerol and a subsequent 30 min incubation in Enlightning Au-
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toradiography Enhancer (Perkin-Elmer, Wellesley, MA) gels were dried in a gel
drier (Bio-Rad, Hercules, CA) for 9 h with a maximum temperature of 60°C.
Kodak BioMax MR film (Fisher Scientific) was exposed to dried gels at —80°C.

RESULTS

Selective permeabilization of the eukaryotic cell plasma
membrane. Chlamydiae spend their entire growth cycle within
the mammalian cell. Therefore, it is reasonable to propose that
these bacteria modify cytosolic components of their eukaryotic
host in order to create an environment conducive to survival
and replication. The goal of this research was to describe the
spectrum of chlamydial proteins that reside within the host cell
cytosol. Identification of the range of possible chlamydial pro-
teins that are secreted or localized to the cell cytosol has not
been previously reported because it has not been possible to
separate the cytosolic compartment of Chlamydia-infected
cells from the bulk of chlamydial proteins localized within the
inclusion and embedded within the inclusion membrane. An
important experimental design issue is the apparently high
sensitivity of the chlamydial inclusion to lysis after the manip-
ulation of infected cells (25).

In order to gain access to the host cell cytosol of Chlamydia-
infected cells without disrupting the integrity of the inclusion
membrane, PFO was utilized to create transient pores in the
cell plasma membrane. PFO is an exotoxin produced by Clos-
tridium perfringens with functional characteristics that make it
compatible for the task of selective permeabilization. As a
member of the cholesterol-dependent cytolysins, 40 to 50 PFO
monomers bind to cholesterol-containing membranes and oli-
gomerize to form pores ~300 A in diameter (36). The large
pores enable transfer of molecules up to 100 kDa across the
permeabilized membranes (51). Permeabilization can be con-
trolled by temperature such that monomers bind to cell sur-
faces at low temperature, but insertion into the membrane and
subsequent pore formation do not occur until temperatures
reach 15°C or higher (43). Moreover, the permeabilization
process is reversible in that pores heal, allowing cells to recu-
perate and to continue growing after treatment (51, 52).

Heinzen and Hackstadt (25) previously reported that the
chlamydial inclusion is not passively permeable to molecules
greater than 520 Da, the smallest molecule tested. We rea-
soned that if PFO were able to enter the cell and permeabilize
the inclusion, then the large fluorophores normally excluded
would gain access and be visible in this compartment. In ad-
dition, if PFO treatment resulted in disruption of the integrity
of the vacuole, then the inclusion should collapse and acquire
fluorophores, as has been reported with the use of microinjec-
tion (25). Fibroblasts were infected with C. frachomatis, and
the infection was allowed to progress to the mid-developmen-
tal cycle. By this stage the inclusions are large enough to be
clearly visible within the cell. Monolayers were then permeab-
ilized with PFO and incubated in the presence of a 10-kDa
fluorescein-conjugated dextran to ascertain whether the chla-
mydial inclusion had also been permeabilized during toxin
treatment. The 10-kDa dextran was observed to localize within
the cell cytosol but not within the lumen of the chlamydial
inclusion despite quantitative delivery to the cytoplasm of the
eukaryotic cell (Fig. 1). In addition, inclusions maintained their
typical round and turgid appearance similarly in the presence
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FIG. 1. Selective permeabilization of the eukaryotic cell membrane
by PFO treatment. C. frachomatis-infected L929 cells were treated with
buffer alone (A and B) or with buffer containing PFO (C and D). After
treatment, monolayers were incubated in the presence of 10-kDa flu-
orescein-conjugated dextran (green). Chlamydiae were detected using
mouse anti-MOMP antisera and a secondary anti-mouse antibody
conjugated to Texas Red (A and C). Monolayers were stained with

DAPI (4',6'-diamidino-2-phenylindole) (blue) to locate cellular nuclei
(B and D).

or absence of toxin treatment (Fig. 1). This demonstrates that
inclusion membrane integrity was not compromised in the
presence of toxin.

An alternative test of the specificity of PFO for the plasma
membrane and for probing membrane permeability is to use a
biologically functional probe. The aminoglycoside gentamicin
is often used in microbiological experimental designs to spe-
cifically kill extracellular bacteria while sparing intracellular
bacteria because it is not permeable to eukaryotic cell mem-
branes. Gentamicin is bactericidal; thus, a biologic readout can
be obtained, facilitating quantitation of bacterial survival after
treatment of infected cells. The use of selective permeabiliza-
tion by PFO to deliver membrane-impermeable gentamicin to
the cell cytosol should provide a sensitive measure for deter-
mining whether internal membranes have become permeabil-
ized subsequent to PFO treatment and therefore whether bac-
teria sequestered within vacuoles have access to the cytosolic
compartment.

Listeria monocytogenes was used as a model system to test for
bacterial sensitivity to gentamicin delivered to the cell cytosol
by PFO treatment. L. monocytogenes is a facultative intracel-
lular bacterium that is taken into phagocytic cells where it
resides for a short period of time within a phagosome. Wild-
type bacteria express a number of factors, including a hemo-
lysin called listeriolysin O (LLO) that facilitate their escape
from the phagosome and into the cytosol of the cell. Mutants
of L. monocytogenes that do not express LLO (Hly ) are un-
able to escape the phagosome and remain trapped within the
intracellular vacuole (19).

To demonstrate the specificity of PFO-dependent permeabi-
lization for the eukaryotic cell plasma membrane, and not
internal membranes, J774 macrophage-like cells were infected
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FIG. 2. Listeriae trapped within the phagosome were not sensitive
to cytosolic gentamicin. J774 macrophage-like cells were infected with
wild-type ([J) or hemolysin-deficient (Hly™) (M) L. monocytogenes.
Monolayers were subjected to one of four treatments: no treatment,
PFO permeabilization only, antibiotic treatment only, or PFO perme-
abilization and antibiotic treatment. CFU were quantified after treat-
ment. Each treatment was performed in duplicate, and the entire
experiment was repeated three times. Error bars represent the stan-
dard error of the mean.

with wild-type and Hly ™ L. monocytogenes. After bacteria were
taken into cells, monolayers were incubated in the presence of
gentamicin to kill extracellular bacteria. Antibiotic was re-
moved, and the cells were washed before proceeding with the
PFO permeabilization protocol utilized for Chlamydia-infected
cells. When monolayers were treated with HBSS only, PFO
only, or gentamicin only, the number of CFU obtained from
both wild-type and Hly ™~ bacteria was equivalent between each
treatment group (Fig. 2). In contrast, when gentamicin was
delivered to the cytosol of cells by treatment with PFO, the
number of wild-type bacteria remaining viable after treatment
dropped significantly compared to vacuole-bound Hly ™ bacte-
ria (Fig. 2). Because wild-type bacteria escape the phagosome
within 30 min after entering a cell, these data suggest that
cytosolic L. monocytogenes is sensitive to cytosolically delivered
gentamicin. Moreover, the fact that Hly~ L. monocytogenes,
which remains trapped within the phagosome, was not killed by
the presence of gentamicin in the cytoplasm demonstrates that
these bacteria remain effectively compartmentalized within an
intact phagosome throughout the PFO treatment protocol.

Altogether, these data establish that PFO can be used to
selectively permeabilize the eukaryotic cell plasma membrane
without disrupting internal membranes, including the chlamyd-
ial inclusion.

PFO permeabilization and selective metabolic labeling en-
able identification of chlamydial proteins within the host cell
cytosol. Because the pores formed by PFO facilitated the de-
livery of large molecules to the cell (51), we reasoned that a
similar procedure would reciprocally contribute to the release
of soluble molecules from the cell cytosol. Therefore, PFO-
mediated permeabilization was used in conjunction with a se-
lective metabolic radiolabeling protocol to distinguish bacterial
proteins from host cell proteins that reside within the eukary-
otic cell cytosolic compartment.

Infected and uninfected cells were labeled with [>*S]methi-
onine-cysteine for 2 h in the presence of cycloheximide and
anisomycin to inhibit eukaryotic protein synthesis. After the
short pulse-labeling period, monolayers were permeabilized
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FIG. 3. PFO permeabilization facilitates the release of chlamydial
proteins from the cytosol of infected cells. Supernatants were collected
from mock-infected HeLa cells (Not Inf) treated with SDS (SDS) or C.
trachomatis-infected HeLa cells (Infected) treated with either HBSS
alone (HBSS), PFO-diluted in HBSS (PFO), or SDS (SDS). (A) Au-
toradiogram of samples harvested after infected monolayers were in-
cubated in the presence of [**S]methionine-cysteine and eukaryotic
protein synthesis inhibitors. Samples were loaded into wells as follows:
HBSS treated (100 pl/well), PFO treated (100 pl/well), or SDS treated
(10 wl/well) and resolved by SDS-polyacrylamide gel electrophoresis.
The gel was dried and exposed to film. (B) Western blot of samples
after being probed with mouse anti-GAPDH (GAPDH), mouse anti-
MOMP (MOMP), or mouse anti-CPAF (CPAF). Equal volumes of
supernatants from all treatment groups were loaded in each well.

with PFO. Numerous radiolabeled proteins were detected in
lysates of Chlamydia-infected monolayers, whereas mock-in-
fected monolayers contained no detectable isotope (Fig. 3A).
This analysis showed the specific labeling of only chlamydial
proteins. In addition, cells not treated with PFO produced
supernatants devoid of detectable radioactivity (Fig. 3A).
Thus, infected cells remained intact during the treatment pro-
cedure, and bacterial proteins were not released. Selective
permeabilization of infected host cell membranes with PFO,
however, resulted in supernatants containing a spectrum of
bacterial proteins ranging in size from ~20 to ~100 kDa (Fig.
3A). The predominant bands in the SDS-treated whole-cell
lysates were different from the predominant bands visualized
within the PFO-treated sample supernatants (Fig. 3A). Anal-
ogous to the discovery of inclusion membrane proteins (39),
these results demonstrated that PFO permeabilization resulted
in a soluble fraction enriched for a subset of chlamydial, eu-
karyotic cell-associated proteins that were distinct from the
population of total chlamydial proteins.

The soluble fraction obtained from PFO permeabilization of
Chlamydia-infected cells was evaluated for host cell cytosolic
proteins to test the origin of this fraction. Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) is localized exclusively
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FIG. 4. Numerous Chlamydia proteins localize within the eukaryotic cell cytosol. Autoradiogram of the soluble fraction obtained from C.
trachomatis-infected HeLa cells (A, B, and E) or C. pneumoniae-infected Hep2 cells (C, D, and F) after treatment with PFO (A, C, E, and F) or
SDS (B and D). Monolayers were metabolically labeled with [**S]methionine-cysteine in the presence of eukaryotic protein synthesis inhibitors.
After appropriate treatment, supernatants were precipitated with methanol and chloroform. Protein was precipitated from two times the volume
of the PFO-treated supernatant compared to the SDS-treated supernatant. Three sections (I to III) from each of the two-dimensional autora-
diograms were enlarged to compare the constellation of spots obtained from C. trachomatis-infected (E, top) and C. pneumoniae-infected (F,
bottom) samples. Open arrows indicate proteins shared by both chlamydial species, ovals indicate Pmp-like protein found in C. pneumoniae,
triangles indicate C. pneumoniae-specific proteins, and asterisks indicate C. trachomatis-specific proteins.

within the cell cytoplasm and serves as a specific marker for
this cellular compartment. GAPDH was detected in abun-
dance in samples obtained from cells treated with PFO or
solubilized by SDS, while very little was found in the buffer-
treated control cell supernatants (Fig. 3B). In contrast, the
quantitatively predominant bacterial protein of Chlamydia
(MOMP) was found in the infected monolayers solubilized
with SDS, but it was not detected in the samples treated with
buffer alone or in monolayers permeabilized with PFO (Fig.
3B). This suggests that inclusions remained intact during toxin
treatment, preventing bacteria and other contents of the lumen
of the inclusion from contaminating the cytosolic fraction.
CPAF, a Chlamydia protein shown to localize in the cell cy-

tosol (14), was released upon PFO permeabilization, confirm-
ing the ability of the assay to enrich for cytosolic proteins of
low abundance (Fig. 3B). Consistent with the known function
of PFO to permeabilize cell plasma membranes, this analysis
showed that PFO treatment resulted in the quantitative and
selective release of the soluble contents of the cell cytosol.
Chlamydial proteins released from cell cytosol upon PFO
permeabilization. The population of chlamydial proteins local-
ized within the host cell cytosolic fraction was characterized by
proteomic analyses. More than 20 protein spots were repro-
ducibly detected in the fraction obtained from PFO permeabi-
lization of C. trachomatis-infected cells (Fig. 4A). There was an
acidic bias in the isoelectric point of this population of proteins
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since all spots focused between a pH of 4 and a pH of 7. The
estimated molecular mass of these proteins ranged in size from
~25 to ~115 kDa corresponding to the migration of bands
visualized by one-dimensional gel electrophoresis (Fig. 3A and
4A). Comparison of the constellation of proteins obtained
from the cytosol of infected cells (Fig. 4A) to that of whole-cell
lysates (Fig. 4B) suggested that there was a profound enrich-
ment for cytosolic proteins of low abundance upon permeabi-
lization of infected cells with PFO since many of the most
predominant spots from the toxin-treated samples were not
seen in the samples obtained by solubilization with SDS de-
spite loading twice as much PFO-treated sample on the gel
(Fig. 4A and B).

C. pneumoniae proteins within the host cell cytosol. Com-
parative analysis of the C. pneumoniae and C. trachomatis
genomes revealed that 80% of the annotated genes within C.
pneumoniae have orthologous genes encoded in the C. tracho-
matis genome, demonstrating functional conservation of a
large number of proteins. Nevertheless, the genome from each
species also encodes numerous proteins not found in the other
(29). Given the essential and specific roles cytosolic microbial
proteins play in the virulence of intracellular pathogenic bac-
teria (1, 27), the spectrum of C. pneumoniae proteins that
localize within the cellular cytosol was compared to those for
C. trachomatis (Fig. 4A). Proteomic analysis of the soluble
fraction obtained after PFO-mediated cell permeabilization
revealed more than 20 C. pneumoniae proteins within the cell
cytosol (Fig. 4C), many of which shared gel coordinates with
the proteins from C. trachomatis. Similar to C. trachomatis
proteins in the host cell cytosol, the cytosolic C. pneumoniae
proteins have acidic isoelectric points and have estimated mo-
lecular masses ranging from <25 kDa to nearly 115 kDa (Fig.
4A and C).

Cytosolic proteins from both species tend to cluster within 3
groups. Group I and group III proteins represent the high-
molecular-weight and low-molecular-weight protein clusters,
respectively, while group II proteins are of intermediate mass
(Fig. 4). Group I contains a cluster of at least five proteins that
have identical migration patterns, suggesting that these pro-
teins are likely encoded by genes shared by the two bacterial
species (Fig. 4E and F, arrows). Others display unique gel
coordinates (Fig. 4E and F, arrowhead). One group of proteins
(Fig. 4E and F, oval) is characteristic of the gel profile of a
member of the C. pneumoniae polymorphic membrane pro-
teins (Pmp) (22). The group II cluster contains two proteins
that were shared (Fig. 4E and F, arrows) and two that were
only detected in the sample from C. trachomatis (Fig. 4E and
F, asterisks). Group III is characterized by species-specific
proteins since those found in the C. trachomatis sample were
not seen in the C. pneumoniae sample (Fig. 4E and F, aster-
isks), and an additional protein found in the C. pneumoniae
sample was not seen in the C. trachomatis sample (Fig. 4E and
F, triangle).

Developmental stage-specific changes in chlamydial pro-
teins localized to the cell cytosolic compartment. Chlamydiae
are obligate intracellular bacterial pathogens characterized by
a unique developmental cycle. The developmental cycle in-
cludes entry of the infectious elementary body (EB) into the
cell, reorganization of the EB to the metabolically active re-
ticulate body form (RB), and RB differentiation into EB with
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subsequent cell lysis. These processes take ca. 48 to 72 h to
complete, and all take place within the chlamydial inclusion. It
is during this time that Chlamydia requires and obtains many
nutrients from the cell (33, 34) and avoids immune surveillance
long enough to survive and replicate (7). This biological frame-
work suggests that chlamydiae exert some level of control over
cellular functions despite physical sequestration within the in-
clusion. Given the length of time the bacteria reside within a
single cell, it is possible that manipulating cellular functions
occurs in a stepwise fashion corresponding to the specific
needs of the bacterial population at progressive times in the
developmental cycle. This hypothesis is supported by charac-
terization of CPAF that is secreted to the cell cytoplasm only
late during infection (26).

Given the relatively large number of chlamydial proteins
discovered in the host cell cytosol, it was tested whether there
are changes in the temporal distribution of the spectrum of
chlamydial proteins localizing within this compartment. The
cytosolic fraction was isolated from Chlamydia-infected cells at
20, 30, and 40 h postinfection (hpi). Fractions obtained at 10
hpi did not yield labeled proteins (data not shown). Although
it is possible that Chlamydia do not release proteins into the
cytosol or that secreted proteins were not synthesized at this
time, it is more likely that there was not sufficient metabolic
activity to produce detectable protein labeling within 2 h be-
cause there are fewer metabolically active organisms present at
this early time point. Because of the selective and differential
metabolic labeling requirement of the experimental system, 20
hpi was the earliest time point tested for which labeled proteins
were obtained. At this time chlamydial RBs have initiated
replication and are ramping up their metabolic demands on
the host cell. The 30 hpi represents a midpoint in which there
remains great demand for metabolism but many RBs have
begun their reorganization to the EB. By 40 hpi much of the
developmental program is focused on RB transformation back
to EB; however, this is early enough to avoid cellular lysis, a
result that could complicate the detection of cytosolically lo-
calized proteins.

The C. trachomatis proteins found within the cell cytosol
changed both quantitatively and qualitatively over the course
of the developmental cycle (Fig. 5). A number of chlamydial
proteins were found in the cytosol at equivalent intensities at
all three time points, suggesting that these bacterial proteins
are responsible for maintaining interaction with cellular com-
ponents that must be modulated for the growth phase of the
developmental cycle (Fig. 5D, E, and F, open arrows). In
contrast, many cytosolic chlamydial proteins appear to be tem-
porally regulated as the concentration of protein present
changed over the course of the infection. Several proteins
increased or appeared de novo during the time course (Fig. 5D
E, and F, arrows and asterisks), whereas others decreased (Fig.
5D E, and F, arrowheads). Together, these data demonstrate
that the Chlamydia-cell interaction is dynamic and that chla-
mydial modulation of the cytosolic space is regulated in a
temporal fashion.

DISCUSSION

Obligate intracellular bacteria have evolved numerous strat-
egies to exploit the cells they inhabit. One approach is to
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translocate bacterial proteins into the host cell to modulate
signal transduction cascades involved in various cellular activ-
ities. This is commonly exemplified by the type III and type IV
secretion systems of gram-negative pathogens, wherein bacte-
rial effector proteins interact with and modify eukaryotic pro-
teins (1, 27). In most cases, disruption of the secretion system
or single secreted effector protein results in an avirulent phe-
notype (27). This phenomenon underscores the important role
that the secretion systems and their effector proteins play in
microbial virulence.

There are many aspects of Chlamydia biology that indicate
that these intracellular bacteria are usurping cellular processes.
In addition to exploiting host cell functions for chlamydial
attachment and uptake, the inclusion is nonfusogenic with en-
dosomal and lysosomal compartments (42, 54) and yet inter-
cepts cholesterol- and sphingomyelin-containing vesicles orig-
inating from the Golgi body (23, 24). Chlamydia-infected cells
are resistant to apoptotic stimuli (11, 15, 37), demonstrating
bacterial control of cell death induction pathways. The cellular
immune response is also modulated as major histocompatibil-
ity complex expression is markedly downregulated in Chlamy-
dia-infected cells (14, 55, 57). Altogether, this indicates that
the Chlamydia occupy a unique niche within the cell. Although
many of the molecules responsible for mediating the host-
microbe interaction have yet to be identified, six chlamydial
proteins have been shown to localize to the cytosol of infected
cells: CPAF (14, 55), Cpn0797 (10), CCA00037 (47), Cpn0796
(50), Cpn0809, and Cpn1020 (32). A definitive role for these
proteins in the biology of a Chlamydia infection has yet to be
established.

Considering the intimate relationship with its host, we hy-
pothesized that Chlamydia translocate many bacterial proteins
beyond the inclusion and into the cytosol of the cell. A com-
prehensive examination of the chlamydial proteins that reside
in the cell cytosol has not previously been documented, most
likely due to the technical difficulties associated with working
with the chlamydial system. Therefore, an important contribu-
tion of the present study is the development of a protocol that
allows for the recovery of a soluble cytosolic fraction from
Chlamydia-infected cells in conjunction with the ability to dis-
tinguish the presence of bacterial proteins in a complex mix-
ture, including proteins from the eukaryotic host.

Although we were able to demonstrate that more than 20
chlamydial proteins localize within the cytosolic compartment

FIG. 5. Developmental stage-specific localization of chlamydial
proteins in the host cell cytosol. Autoradiogram of the soluble fraction
obtained from C. tfrachomatis-infected HeLa cells after treatment with
PFO at 20 hpi (A), 30 hpi (B), or 40 hpi (C). Monolayers were
metabolically labeled with [**S]methionine-cysteine in the presence of
eukaryotic protein synthesis inhibitors. After PFO permeabilization,
supernatants were precipitated with methanol and chloroform. Three
sections (I to III) from each of the two-dimensional autoradiograms
were enlarged to compare constellations of spots obtained at each time
point: panel D, 20 hpi; panel E, 30 hpi; and panel F, 40 hpi. Open
arrows indicate proteins whose abundance remains unchanged
throughout the developmental cycle, and arrowheads indicate proteins
that decrease throughout the course of the developmental cycle. Pro-
teins that appear de novo (thin arrows) or increase over time (aster-
isks) are also indicated.
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of infected cells, the experimental design has a few limitations
that must be taken into consideration. The proteins elucidated
in the present study are limited to soluble cytosolic bacterial
proteins and thus do not represent the total population of
bacterial proteins that may be translocated beyond the inclu-
sion membrane. It is possible that chlamydial proteins may
remain trapped within the cell after PFO treatment because
they interact with cytoskeletal or nuclear components or other
membrane-bound or integral membrane proteins. In addition,
the proteins detected here are only the bacterial proteins that
contain the amino acids methionine and/or cysteine since met-
abolic labeling was performed with [**S]methionine-cysteine.
Consequently, it is possible that other soluble chlamydial pro-
teins localize within the cytoplasmic fraction of infected cells
but were not detected because they did not incorporate the
labeled amino acids. Finally, the fact that the bacterial proteins
were present in small quantities does not render them directly
amenable to identification by mass spectrometry. This, how-
ever, underscores the exquisite sensitivity of this assay and
demonstrates its utility as a strong analytical tool allowing the
detection of cytosolic chlamydial proteins, including those
of relatively low abundance.

Independent of the overall similarity in the constellation of
proteins identified from both chlamydial species, a number of
differences were detected. Because we were unable to determine
the specific proteins that comprise each spot we cannot rule out
the possibility that differences in protein migration are due merely
to differences in protein processing. Although it is possible that
proteins with similar function are encoded differently in the two
genomes, the dissimilarity in migration patterns of these proteins
between species suggests that each Chlamydia species interacts
with its host in a species-specific manner. As a result, chlamydial
proteins translocated to the host cytosolic compartment may de-
fine a molecular basis for the differences in pathogenesis between
C. trachomatis and C. pneumoniae. In fact, two of the chlamydial
proteins previously shown to localize within the host cell cytosol
are specific to C. pneumoniae (10, 48).

Many of the cytosolic chlamydial proteins identified in the
mid-developmental cycle stage were found in samples obtained
from both C. trachomatis- and C. pneumoniae-infected cells. This
suggests that these proteins are encoded by genes found within
both genomes. Because all members of the genus Chlamydia
share a eukaryotic host and thus the same fundamental host
biology, it seems reasonable that many of the effector proteins
would be highly conserved between chlamydial species. There-
fore, there are components of the host-microbe interaction that
are shared across the chlamydiae on a molecular level and likely
affect basic needs for chlamydial growth.

A unique characteristic of the chlamydiae is their biphasic
developmental cycle. Given the amount of time Chlamydia re-
quire to complete their developmental cycle and the changes in
metabolic demands of the bacteria, it seems reasonable to hy-
pothesize that the molecular mediators of the host-Chlamydia
interaction change over time as well. Analysis of the cytosolic
fraction obtained from Chlamydia-infected cells bears this out
since there were both qualitative and quantitative differences in
the proteins present at each stage. The proteins detected at each
time point represent proteins synthesized during the short pulse-
labeling period rather than an accumulation of the protein prod-
uct during that stage of the developmental cycle. The asynchro-
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nous nature of the developmental cycle, however, precludes
normalization of the cytosolic fraction obtained from Chlamydia-
infected cells between time points, making it difficult to speculate
how much protein is being produced by each individual bacterium
at any given time.

Both C. trachomatis- and C. pneumoniae-infected cells secreted
numerous bacterial proteins into the cytosol of their host cells.
Considering the small size of the chlamydial genomes, and adding
the large number of Inc family proteins (2), this suggests that a
significant fraction of the genome is devoted to genes encoding
proteins which function to modulate the eukaryotic cell. Perhaps
it is not surprising that the biology of Chlamydia is inextricably
linked to that of the cell given the long evolutionary relationship
that exists between Chlamydia and its host. The number of cyto-
solic chlamydial proteins detected in the present study is compa-
rable to the number of type III secretion effector proteins iden-
tified from pathogenicity island I in Salmonella enterica serovar
Typhimurium (18). Although it is attractive to speculate that the
secreted chlamydial proteins are type III secretion effectors, it is
important to note that of the six cytosolic chlamydial proteins
previously identified, three are apparently not substrates of type
IIT secretion since they contain sec-dependent secretion signals
(10, 50, 55). While the sec-dependent secretion pathway is in-
volved in the translocation of proteins out of the bacterial cell and
into the surrounding environment (13, 17, 40), in the chlamydial
system these bacterial proteins would be expected to be localized
within the lumen of the inclusion. Simple diffusion cannot be used
to explain the location of these bacterial proteins since the inclu-
sion does not contain large enough pores to allow the passive
diffusion of molecules of this size (25). How chlamydial proteins
are translocated across the inclusion membrane is unknown at
this time.
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