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The Chlamydia-specific hypothetical protein CT795 was dominantly recognized by human antisera produced
during C. trachomatis infection but not by animal antisera raised against dead chlamydia organisms. The
immundominant region recognized by the human antibodies was mapped to the N-terminal fragment T22-S69.
The endogenous CT795 was detected in the cytoplasm of host cells during C. frachomatis infection and was
highly enriched in the host cytosolic fraction but absent in the purified chlamydia organisms, suggesting that
CT795 is synthesized and secreted into host cell cytoplasm without incorporation into the organisms. All C.
trachomatis serovars tested secreted CT795. A predicted signal peptide of CT795 directed the mature PhoA to
cross Escherichia coli inner membranes. The secretion of CT795 in Chlamydia-infected cells was inhibited by a
C,¢ compound targeting signal peptidase I, but not by a C;, compound known to block the type III secretion
pathway. These results suggest that CT795, like CPAF (a Chlamydia-secreted virulence factor), is secreted into
the host cell cytoplasm via a sec-dependent mechanism and not by a type III secretion pathway. The above
characterizations of CT795 have provided important information for further understanding the potential roles

of CT795 in C. trachomatis pathogenesis.

The Chlamydia trachomatis species consists of three human
biovars that manifest different tissue tropisms, with the tra-
choma biovar (serovars A to C) infecting ocular epithelial cells,
potentially resulting in trachoma (45), genital biovar (serovars
D to K) targeting urogenital epithelial cells, leading to sexually
transmitted diseases (29, 37), and the lymphogranuloma vene-
rum (LGV) biovar, infecting colorectal tissues and causing
disseminated infection (1, 38). Despite the differences in tissue
tropisms, all C. frachomatis organism-induced diseases are
characterized by inflammatory pathologies. However, the pre-
cise molecular mechanisms of chlamydial pathogenesis remain
unknown, despite the tremendous amount of research efforts
in the past half a century. It is proposed that the intracellular
invasion and survival of the C. trachomatis organisms may
mainly contribute to the pathogenesis. All C. trachomatis or-
ganisms undergo an intracellular growth cycle with distinct
biphasic stages (15). The infection starts with invasion of an
epithelial cell by an infectious elementary body (EB). The
internalized EB rapidly develops into a noninfectious but met-
abolically active reticulate body (RB) for multiplication. The
progeny RBs then differentiate back into EBs for exiting the
infected host cells and spreading to nearby cells. All chlamydial
biosynthesis and metabolism activities are restricted within a
cytoplasmic vacuole known as the inclusion (15).

C. trachomatis organisms have evolved with the ability to
secrete proteins into host cells for modifying host cellular pro-

* Corresponding author. Mailing address: Department of Microbi-
ology and Immunology, University of Texas Health Science Center at
San Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229. Phone:
(210) 567-1169. Fax: (210) 567-0293. E-mail: Zhongg@uthscsa.edu.

¥ Published ahead of print on 25 March 2011.

2498

cesses and facilitating their own invasion, intracellular survival/
replication, and spreading to new cells. For example, the EB-
containing organisms can inject preexisting proteins into
epithelial cells to induce endocytosis (7, 12), so that the EBs
can rapidly enter host cells that are normally inefficient in
taking up particles. Some of the injected proteins may further
modulate host cell cytoskeletal structures and endocytic path-
ways (19) so that the chlamydia organism-laden vacuoles are
not fused with host lysosomes (34). Once RBs are formed and
initiate biosynthesis, some of the newly synthesized proteins
are destined for the inclusion membrane (23, 32) and host cell
cytoplasm (14, 41, 46). These newly secreted proteins may help
the intracellular chlamydia organisms take up nutrients and
energy from host cells (8, 16, 27, 39) and prevent the infected
host cells from undergoing apoptosis or host immune detection
and attack (46). For example, CPAF, a chlamydial protease/
proteasome-like activity factor, is secreted into host cell cytosol
(47). CPAF is a serine protease (4, 20) that can degrade a wide
array of host proteins, including cytokeratins for chlamydial
inclusion expansion (11, 22, 33), transcriptional factors re-
quired for major histocompatibility complex antigen expres-
sion for evading immune responses (48, 49), and BH3-only
domain proteins for inhibiting apoptosis (13, 30).
Interestingly, some of the secretion proteins that are synthe-
sized during live infection may not be (or may only minimally
be) retained within the chlamydia organisms. For example,
many proteins that are secreted into the inclusion membrane
(called inclusion membrane proteins, or Incs) are highly en-
riched in the inclusion membrane with minimal association
with the chlamydia organisms. The first Inc protein was iden-
tified by determining antigens preferentially recognized by an-
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tisera from animals infected with live chlamydia organisms and
not sera from animals immunized with dead organisms (31).
CPAF, which is actively secreted into the host cell cytosol
during live chlamydia infection, is hardly detectable in the
purified chlamydia organisms (47). As a result, humans or
animals that are infected with live chlamydia organisms pro-
duce large amounts of anti-CPAF antibodies, while animals
immunized with purified dead chlamydia organisms produce
no anti-CPAF antibodies (35, 43). The proteins that are only
synthesized during live infection without any significant reten-
tion in the organisms are designated infection-dependent an-
tigens (43). Obviously, not all infection-dependent antigens are
secretion proteins. Nevertheless, a comparison of antigen pro-
files recognized by antibodies produced during live infection
versus those recognized by antisera induced by dead organisms
may facilitate the identification of putative chlamydial secre-
tion proteins.

Because searching for Chlamydia-secreted proteins has been
a most productive approach for understanding the molecular
mechanisms of chlamydial pathogenesis (2, 7, 9, 18, 19, 24, 28,
40-42, 47), we have developed various means for identifying
chlamydial secretion proteins. When antigen profiles recog-
nized by antisera from women urogenitally infected with C.
trachomatis and those recognized by antibodies from rabbits
immunized with dead chlamydia organisms were carefully
compared, we found that the hypothetical protein CT795 was
dominantly recognized by human but not rabbit antisera, sug-
gesting that CT795 may be an infection-dependent antigen.
When an antibody raised against a CT795 fusion protein was
used to localize the endogenous protein, CT795 was detected
in the cytoplasm of the C. trachomatis-infected cells, with a
distribution pattern similar to CPAF, suggesting that CT795 is
secreted into the host cell cytosol during chlamydial infection.
The fact that CT795 was highly enriched in the cytosolic frac-
tion but absent in the purified chlamydia organisms may ex-
plain why the dead chlamydia organisms failed to induce an-
tibodies against CT795. Further characterization of the CT795
secretion showed that CT795 was secreted into the host cell
cytosol 24 h after infection, and CT795 secretion seemed to be
a common property of all C. trachomatis serovars. Since a
predicted signal peptide of CT795 directed the mature PhoA
to cross the Escherichia coli inner membrane and the secretion
of CT795 in chlamydia-infected cells was inhibited by a C,q
compound that targets signal peptidase I, but not by a C,
compound known to block the type III secretion pathway, we
propose that CT795, like CPAF, is secreted via a sec-depen-
dent but not type III secretion pathway. Since CPAF is a
known bona fide virulence factor of C. trachomatis, the findings
described in the current manuscript demonstrate that the sec-
dependent secretion pathway may play important roles in C.
trachomatis pathogenesis.

MATERIALS AND METHODS

Chlamydia infection. The following C. trachomatis organisms were used: se-
rovars A/HAR-13, B/HAR-36, Ba/Ap-2, C/UW-1, D/UW-3/Cx, E/lUW-5/CX,
F/IC-Cal-3, G/UW-57/Cx, H'UW-43/Cx, I/UW-12/Ur, K/UW-31/Cx, L1/LGV-
440, L2/LGV-434/Bu, and L3/LGV-404. All chlamydia organisms were either
purchased from ATCC (Manassas, VA) or acquired from Harlan Caldwell at the
Rocky Mountain Laboratory, NIAID, NIH (Hamilton, MT) or from Ted Kou at
the University of Washington (Seattle, WA). The chlamydia organisms were
propagated, purified, aliquoted, and stored as described previously (47). All
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chlamydia organisms were routinely checked for mycoplasma contamination. For
infection, HeLa cells (human cervical carcinoma epithelial cells; ATCC catalog
number CCL2) grown in either 24-well plates with coverslips or tissue flasks were
inoculated with chlamydia organisms. The infected cultures were processed at
various time points after infection for either immunofluorescence assays or
Western blot analyses as described below. For some experiments, the cultures
were treated with a C; compound [N’-(3,5-dibromo-2-hydroxybenzylidene)-4-
nitrobenzohydrazide; catalog number 5113023; ChemBridge, San Diego, CA], a
small molecule known to inhibit the Yersinia type 111 secretion system (T3SS) and
block chlamydial growth (44), or arylomycin C,,, an inhibitor that targets signal
peptidase I (5). The treated cultures were processed for immunofluorescence
microscopy at 30 to 40 h after infection.

Chlamydia gene cloning, fusion protein expression, and antibody production.
The open reading frame (ORF) CT795 and its fragments from C. trachomatis
serovar D were cloned into pGEX vectors (Amersham Pharmacia Biotech, Inc.,
Piscataway, NJ). The following primers were used for cloning the ct795 gene and
its fragments: for ct795 full length (FL; without the first 21 codons, covering
codons 22 to 163), forward primer 5’-CGC-GGATCC-(BamHI)-ACAGAGGA
TAAGCAGTGTCAA-3" and ct795FL back primer 5'-TTTTCCTTTT-GCGGC
CGC-(Notl)-CTACTCAACAAATTCAGGATTTA-3'; for ct795 fragment 1
(F1; codons 22 to 69), forward primer 5'-CGC-GGATCC-(BamHI)-ACAGAG
GATAAGCAGTGTCAA-3" and back primer 5'-TTTTCCTTTT-GCGGCCG
C-(Notl)-TTAAGAAGTATCTAACAATACTACTAA-3'; for ct795F2 (codons
70 to 116), forward primer 5'-CGC-GGATCC-(BamHI)-GGGTATTCCTTCG
AGACTCT-3" and back primer 5'-TTTTCCTTTT-GCGGCCGC-(NotI)-TTAG
CCAACCATAGGATCTGGAA-3'; for ct795F3 (codons 70 to 163), forward
primer 5'-CGC-GGATCC-(BamHI)-GGGTATTCCTTCGAGACTCT-3' and
back primer 5'-TTTTCCTTTT-GCGGCCGC-(NotI)-CTACTCAACAAATTC
AGGATTTA-3'; for ct795F4 (codons 117 to 163), forward primer 5'-CGC-GG
ATCC-(BamHI)-GAGATAGCGTTGTTCTTAGAAG-3' and back primer 5'-T
TTTCCTTTT-GCGGCCGC-(Notl)-CTACTCAACAAATTCAGGATTTA-3'.
The gene ct795 and its fragments were expressed as fusion proteins with gluta-
thione-S-transferase (GST) fused to the N terminus, as described previously (36).
Expression of the fusion proteins was induced with isopropyl-beta-p-thiogalac-
toside (IPTG; Invitrogen, Carlsbad, CA), and the fusion proteins were extracted
by lysing the bacteria via sonication in a Triton X-100 lysis buffer. The fusion
protein-containing supernatants were directly used for enzyme-linked immu-
nosorbent assays (ELISA), or fusion proteins were further purified using gluta-
thione-conjugated agarose beads (Pharmacia) for raising antibodies in mice, as
previously described (35, 36, 50). The fusion protein-specific antibodies after
absorption with a bacterial lysate containing GST alone were used to localize
endogenous CT795 in C. trachomatis-infected cells via an indirect immunofluo-
rescence assay and to detect endogenous CT795 in a Western blot assay. In some
experiments, the GST-fusion proteins bound to the glutathione-agarose beads
were used to absorb the antibodies for confirming the antibody specificities.
Production of various control GST-fusion proteins, including GST-CPAF (a
chlamydia-secreted serine protease [10]), GST-Pgp3 (a chlamydial plasmid-en-
coded outer membrane and secretion protein [6, 24]), GST-cHSP60 (chlamydial
HSP60), and GST-MOMP (the chlamydial major outer membrane protein from
serovar D) have been described elsewhere (36).

Fusion protein microplate ELISA. The fusion protein microplate ELISA was
carried out as described previously (36). Briefly, the GST-fusion proteins in the
form of bacterial lysates were applied to glutathione-coated 96-well microplates
(catalog number 15140B; Pierce, Rockford, IL) and used to assay antibody
reactivities. All primary antibodies were preabsorbed with a bacterial lysate
containing GST alone before they were assayed on the ELISA plates. The human
and rabbit antisera were obtained and produced as described previously (36, 43)
and assayed at 1:500 dilutions of the original serum samples. The goat anti-
human IgA-IgG-IgM or donkey anti-rabbit IgG secondary antibodies conjugated
with horseradish peroxidase (HRP) (catalog numbers 109-035-064 and 711-035-
152, respectively; Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) were used to probe the primary antibody binding. The soluble substrate
2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS;
catalog number A1888-5G; Sigma) was used to visualize the reactions, and the
reactivity was recorded as the absorbance (optical density [OD]) at 405 nm. A
GST-alone bacterial lysate-coated well in each plate was used as a negative
control, and the OD of the GST well was controlled at 0.05 or lower. Any wells
with an OD equal to or greater than 4 times the OD value from the GST well
were considered positive. The reactivity of a given antigen recognized by differ-
ent antiserum samples was analyzed by comparing the raw OD values based on
an analysis of variance (ANOVA) followed by Student’s ¢ test.

Immunofluorescence assay. An immunofluorescence assay was carried out as
described previously (50). Briefly, HeLa cells grown on coverslips were fixed with
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FIG. 1. Recognition of the hypothetical protein CT795 by human and animal antibodies. (A) Reactivities were measured in an ELISA of
various GST-fusion proteins, including CT795, CPAF (a Chlamydia-secreted serine protease), Pgp3 (a chlamydial outer membrane protein that
is also secreted into host cell cytosol), chlamydial HSP60 (cHSP60), and MOMP, as well as GST alone, as indicated along the x axis, with antisera
from 10 women who were urogenitally infected with live C. trachomatis organisms and 13 rabbits immunized with dead chlamydia organisms. The
GST-fusion proteins were immobilized onto glutathione-coated microplates, and all antisera were used at a 1:500 dilution. The goat anti-human
and rabbit IgG conjugates were used to detect primary binding, and the reactivities of the fusion proteins with the antisera were recorded as the
absorbance at 405 nm (OD values displayed along the y axis). Note that GST-CT795 and GST-CPAF were preferentially recognized by human but
not rabbit antisera, while the rest of the antigens were recognized by both human and rabbit antisera. (B) Pooled positive antisera (pooled +Ve;
the 10 human antisera described for panel A pooled at an equal ratio) or pooled negative sera (pooled -Ve) from 8 women without C. trachomatis
infection were used at various dilutions (as indicated at the bottom of the images) and reacted with GST-CT795, GST-CPAF, GST-Pgp3, or GST

alone in a Western blot assay. Although the amounts of full-length fusion

proteins loaded into the corresponding lanes were similar (lanes 2 to

5 in gel a), the human antibodies recognized both the denatured GST-CT795 (lanes 6 and 10) and GST-CPAF (lanes 7 and 11) better than the
denatured GST-Pgp3 (lanes 8 and 12). Lane 1 was loaded with a prestained molecular weight marker (MW). **, P < 0.01 (ANOVA followed by

Student’s ¢ test).

2% paraformaldehyde (Sigma) dissolved in phosphate-buffered saline for 30 min
at room temperature, followed by permeabilization with 2% saponin (Sigma) for
an additional 30 min. After washing and blocking, the cell samples were sub-
jected to antibody and chemical staining. Hoechst stain (blue; Sigma) was used
to visualize DNA. A rabbit antichlamydia antibody (R1L2; raised with C. tra-
chomatis L2 organisms [unpublished data]) or anti-IncA antibody (kindly pro-
vided by Ted Hackstadt, Laboratory of Intracellular Parasites, Rocky Mountain
Laboratories, NIAID, NIH, Hamilton, MT [17]) plus a goat anti-rabbit IgG
secondary antibody conjugated with Cy2 (green; Jackson ImmunoResearch Lab-
oratories, Inc.) was used to visualize chlamydia organisms or the inclusion mem-
brane. The various mouse antibodies plus a goat anti-mouse IgG conjugated with
Cy3 (red; Jackson ImmunoResearch) were used to visualize the corresponding

antigens. The mouse antibodies included polyclonal antibodies (pAbs) against
GST-CT795 and GST-CT621 (both from the current study) and monoclonal
antibody (MAb) 100a against CPAF (47). All primary antibodies were preab-
sorbed with a bacterial lysate containing GST alone before use. In addition, for
some experiments, the primary antibodies were further absorbed with either the
corresponding or heterologous fusion proteins immobilized onto glutathione-
conjugated agarose beads (Pharmacia) prior to immunostaining in order to
confirm the antibody-binding specificities. The immunofluorescence images were
acquired using an Olympus AX-70 fluorescence microscope equipped with mul-
tiple filter sets and the Simple PCI imaging software (Olympus, Melville, NY) as
described previously (13). A FluoView laser confocal microscope (Olympus,
Center Valley, PA) was used to further analyze some of the immunofluorescence



Vor. 193, 2011

samples at the University of Texas Health Science Center at San Antonio insti-
tutional core facility as described previously (24). The images were processed
using Adobe Photoshop (Adobe Systems, San Jose, CA).

Western blot assay. The Western blot assay was carried out as described
elsewhere (49, 50). Briefly, HeLa cells with or without C. trachomatis infection
and with or without fractionation, purified chlamydial RB and EB organisms,
and various GST-fusion proteins were resolved on SDS-polyacrylamide gels, and
the protein bands were transferred to nitrocellulose membranes for antibody
detection. The primary antibodies were mouse pAb against CT795 (current
study) and CT813 (an inclusion membrane protein [3]), MAb 100a against CPAF
(47), MAb MC22 against the chlamydial MOMP (47), and MAb W27 against
host cell HSP70 (catalog number sc-24; Santa Cruz Biotechnology, Santa Cruz,
CA). All primary antibodies used in the current study were preabsorbed with an
excess amount of bacterial lysates containing GST alone. The primary antibody
binding was probed with an HRP-conjugated goat anti-mouse IgG secondary
antibody (Jackson ImmunoResearch) and visualized by using an enhanced
chemiluminescence (ECL) kit (Santa Cruz Biotechnology). Some of the C.
trachomatis-infected HeLa cell (Ct-HeLa) samples were fractionated into a pel-
let fraction (containing host cell nuclei and chlamydial inclusions) and a cytosolic
fraction (S100, containing chlamydia-secreted proteins) as described previously
(24, 47). The chlamydia organisms were purified as described previously (6). The
RB organisms were purified from 24-h cultures, while the EB organisms were
from 40- to 50-h cultures.

BCIP assay. To construct the plasmid pFLAG-CTC-CT795ss-"PhoA, a 63-bp
DNA sequence coding for the CT795 signal peptide (M1-S21, designated
CT795ss, with Xhol/BamHI restriction enzyme sites) was amplified from the
Chlamydia trachomatis serovar D genome, and a 1,400-bp DNA sequence coding
for 'PhoA (BamHI/KpnI) was amplified from the pFLAG-CTC-CPAFss-'PhoA
plasmid; both 69-bp CT795 and 1,400-bp 'PhoA were inserted into the Xhol/
Kpnl sites of the plasmid pFLAG-CTC (catalog number E8408; Sigma) ('PhoA
stands for mature PhoA without the signal peptide). The DHS« bacterial strain
(Invitrogen, Carlsbad, CA) was used to express the three recombinant plasmids
(PFLAG-PhoA, pFLAG-'PhoA, and pFLAG-CT795ss-'PhoA). For the 5-bromo-4-
chloro-3-indolylphosphate (BCIP) assay, bacterial cells were grown in LB sup-
plemented with the appropriate selection antibiotics at 37°C overnight. The
overnight cultures were streaked onto LB agar containing the same selection
antibiotics and 50 wg/ml BCIP (catalog number B6149; Sigma), and the plates
were incubated at 30°C for 2 days. The bacterial colonies that were capable of
exporting mature PhoA into the periplasm turned blue while the colonies inca-
pable of doing so remained white.

Statistic analyses. An ANOVA was used to compare OD values from multiple
groups. Then, a two-tailed Student # test (for quantitative data) or chi-square test
(for qualitative data) was used to compare the groups in the current study.

RESULTS

The hypothetical protein CT795 is dominantly recognized by
antisera from women infected with live C. trachomatis but not
from rabbits immunized with dead C. frachomatis organisms.
Since our previous studies demonstrated that CT795 is one of
the immunodominant antigens recognized by antibodies from
women urogenitally infected with C. trachomatis (36, 43), we
further characterized the antigenicity of this hypothetical pro-
tein. When the reactivities of CT795 with antisera from 10
women infected with live chlamydia organisms versus antisera
from 13 rabbits immunized with dead chlamydia organisms
were carefully compared (Fig. 1A), we found that CT795 was
recognized by all 10 human antiserum samples but not by any
of the 13 rabbit serum samples. This recognition pattern is
similar to that of CPAF but not those of Pgp3, cHSP60, or
MOMP. Pgp3 was well recognized by both human and rabbit
antisera, while cHSP60 and MOMP were preferentially rec-
ognized by the rabbit antisera. The antibody reactivities of
these antigens correlated with the antigen localization in
Chlamydia-infected cells, which is consistent with previous
reports (31, 35, 43). CPAF is secreted into host cell cytosol
but is absent in chlamydia organisms (47); thus, it is avail-
able for induction of antibody production during live chla-
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FIG. 2. Map of the immunodominant regions of CT795. The full-
length (FL) CT795 (covering amino acid residues 22 to 163 [the pu-
tative signal peptide M1-S21 was left out]) and its fragments, including
F1 (residues 22 to 69), F2 (residues 70 to 116), F3 (residues 70 to 163),
and F4 (residues 117 163) expressed as GST-fusion proteins (displayed
along the x axis), were reacted with each of the 10 positive human
antisera in an ELISA as described for Fig. 1. A positive reactivity
between a given antigen and a given antiserum was defined as an OD
value equal to or greater than 4 times the OD value obtained from the
GST-alone-coated well in the same microplate. (a) Each positive re-
activity is represented by a horizontal bar. For example, serum 3
positively recognized antigens FL, F1, F3, and F4, and antigen FL was
positively recognized by all 10 antisera. (b) Average OD values for
each antigen based on its reactivity with the 10 antisera. (c to e) OD
values for each antigen recognized by the pooled positive antisera
without (c) or with absorption with the normal HeLa cell lysates (d) or
Chlamydia-infected HeLa cell (Ct-HeLa) lysates (e). (f) Reactivity of
each antigen with the pooled negative antisera, as described for Fig. 1.
Note that the human antisera recognized F1 as dominantly as the
full-length CT795, without much reactivity with any other fragments.

mydia infection but not after dead chlamydia organism im-
munization. Pgp3 is both secreted into the host cell cytosol
and associated with chlamydia organisms (6), while cHSP60
and MOMP are always associated with chlamydia organ-
isms. Thus, immunization with dead organisms induced ro-
bust antibody responses to these antigens. The observation
that CT795 was only dominantly recognized by human and
not rabbit antisera suggested that CT795 might also be se-
creted out of the chlamydia organisms. In a Western blot
assay, the human antibodies continued to dominantly rec-
ognize CPAF but not Pgp3 (Fig. 1B), which is consistent
with various previous observations that human antisera can
recognize denatured CPAF but not denatured Pgp3 (6, 25,
43). Interestingly, CT795 behaved similarly to CPAF. We
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FIG. 3. Detection of CT795 in the cytosol of C. trachomatis-infected cells. HeLa cells infected with C. trachomatis organisms were processed
for immunolabeling with mouse antibodies visualized with a goat anti-mouse IgG conjugated with Cy3 (red), rabbit antibodies visualized with a
Cy2-conjugated goat anti-rabbit IgG (green), and the DNA Hoechst stain (blue). (A) A mouse antibody raised against the GST-CT795 fusion
protein was costained at various dilutions with a rabbit anti-chlamydia organism antibody. As the dilution of the anti-GST-CT795 antiserum
increased, a unique cytosolic signal became clear (images b and c; red arrows). (B) The anti-GST-CT795 antibody (at 1:1,000) was costained with
a rabbit anti-IncA antibody, and the CT795 signal (images d to g; red arrows) was detected outside the inclusion with a distribution pattern similar
to that of CPAF (images h to k). (C) The costaining of the anti-CT795 antibody with the anti-chlamydial organism antibody was visualized under
a confocal microscope. The CT795 signal (images 1 and o; red arrows) did not overlap with the organism signal (images m and o; green) at all. As
a positive control, the CPAF-specific signal was also distinct from the organism signal in parallel cultures (images p to s).

further mapped the immunodominant region of CT795 to
the N-terminal 48 amino acids (from residues T22 to S69)
(Fig. 2).

Localization of the hypothetical protein CT795 in host cell
cytosol. Given the similarities in antigenicities between CT795
and CPAF, we carefully characterized the endogenous CT795

protein. When a mouse antiserum raised with a GST-CT795
fusion protein was used to localize the endogenous protein in
C. trachomatis-infected HeLa cells in an immunofluorescence
assay, we found that the vast majority of CT795 was localized
in the host cell cytosol, and the cytosolic signal became clearer
as the dilution of the antiserum increased (Fig. 3A), suggesting
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FIG. 4. The anti-GST-CT795 fusion protein antiserum specifically detected endogenous CT795 protein. (A) The anti-GST-CT795 antibody and
the anti-CPAF MADb 100a with or without preabsorption with the corresponding or heterologous GST-fusion proteins were used to detect the
endogenous proteins in C. trachomatis-infected cells. Note that the cytosolic signals detected by the anti-CT795 and anti-CPAF antibodies were
removed by preabsorption with the corresponding but not heterologous fusion proteins. (B) Antigens, including HeLa lysates (lanes 1, 5, 9, and
13) and chlamydia-infected HeLa (Ct-HeLa) lysates (lanes 2, 6, 10, and 14) or GST-CT795 (lanes 3, 7, 11, and 15) or GST-CPAF (lanes 4, 8, 12,
and 16) fusion proteins, were resolved on SDS-polyacrylamide gels and blotted onto nitrocellulose membranes for detection with antibodies against
CT795 (mouse polyclonal antibody [image a]), CPAF (MAb 100a [image b]), MOMP (MAb MC22 [image c]), and human HSP70 (MAb W27
[image d]). Note that the mouse anti-GST-CT795 antibody only reacted with GST-CT795, without cross-reacting with GST-CPAF fusion proteins,
and specifically detected the endogenous CT795 in the chlamydia-infected cell sample without cross-reacting with any other chlamydial or host
proteins at the concentration used. The three control MADbs only detected the corresponding recombinant and/or endogenous antigens. As stated
in Materials and Methods, all antibodies used in the current study were preabsorbed with bacterial lysates containing GST alone. CPAFc represents
the C-terminal fragment of CPAF, generated as a result of CPAF processing occurring in chlamydia-infected cells. The epitope recognized by MAb
100a is located in the C-terminal fragment.

that most antibodies or the antibodies with highest affinity
detected the antigens in the host cell cytosol. The cytosolic
labeling with the anti-CT795 antiserum was confirmed when
the infected cells were colabeled with a rabbit anti-IncA anti-
body (Fig. 3B). Most anti-CT795 labeling was localized outside
the inclusion membrane, a pattern similar to CPAF (a chla-
mydial serine protease known to be secreted into the host cell
cytosol). Furthermore, under a confocal microscope, there was
little overlap between the anti-CT795 and anti-chlamydia or-
ganism labeling (Fig. 3C), which suggests that most CT795

proteins may not be associated with the chlamydia organisms
at all, again, a pattern similar to CPAF.

We next confirmed the antibody labeling specificity by using
an absorption procedure (Fig. 4A). The labeling in host cell
cytosol by the anti-CT795 antiserum was removed by absorp-
tion with the fusion protein GST-CT795 but not by GST-
CPAF, while anti-CPAF labeling was blocked by GST-CPAF
but not by GST-CT795. These results demonstrated that the
anti-CT795 and anti-CPAF antibodies specifically labeled the
corresponding endogenous proteins without cross-reacting
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with each other. In a Western blot assay (Fig. 4B), these anti-
bodies only recognized the protein bands migrating at the
molecular weights expected for the corresponding endogenous
proteins from the C. frachomatis-infected cell and GST-fusion
protein samples. As loading controls, the anti-MOMP antibody
detected MOMP in the infected cell sample while the anti-
mammalian HSP70 antibody recognized HSP70 in both nor-
mal and infected HeLa samples. These results further con-
firmed that both anti-CT795 and anti-CPAF antibodies only
specifically detected the corresponding endogenous proteins
without cross-reacting with any other chlamydial or host cell
proteins. Thus, we can conclude that the cytosolic signals la-
beled by the anti-CT795 and anti-CPAF antibodies revealed by
immunofluorescence microscopy represent the corresponding
endogenous proteins.

To directly visualize the molecular basis of the anti-CT795
antibody-labeled cytosolic signals in C. frachomatis-infected
cells, the infected cells were fractionated into cytosolic and
nuclear/inclusion (pellet) fractions. CT795 and the various
control proteins were detected in each fraction in a Western
blot assay (Fig. 5). CPAF was only detected in either the C.
trachomatis-infected whole-cell lysate (Ct-HeLa) or the cyto-
solic fraction (Ct-HeLa S100) samples and not in other sam-
ples, including the purified C. trachomatis RB and EB organ-
isms (Fig. 5b), which is consistent with what has been described
previously (47). Interestingly, CT795 displayed a distribution
pattern similar to that of CPAF, indicating that CT795 was also
secreted into the host cell cytosol. To monitor the quality of the
fractionation, the anti-CT813 antibody (a known inclusion
membrane protein) and anti-MOMP antibody were used to
indicate the pellet fraction containing the chlamydial inclu-
sions, while an anti-human HSP70 antibody was used to indi-
cate the host cell cytosolic fraction containing the C. tracho-
matis-secreted proteins. Detection with these antibodies
revealed no cross-contamination between the pellet and cyto-
solic fractions. In addition, detection with the anti-MOMP
antibody also showed that the amounts of chlamydia organisms
in the C. trachomatis-infected HeLa whole-cell lysate, the pel-
let fraction, and purified EB and RB samples were equivalent.
These results together have independently confirmed that, like
CPAF, CT795 is secreted into the cytoplasm of C. trachomatis-
infected cells without associating with RBs harvested at 24 h or
EBs at 48 h postinfection.

Characterization of CT795 secretion. We further used the
specific anti-CT795 antibody to monitor the biosynthesis and
secretion of CT795 at the single-cell level (Fig. 6). CT795 was
first detected as early as 4 h postinfection. Clear secretion into
host cell cytosol was only detected 24 h after infection. In
contrast, CPAF was synthesized at 12 h after infection, and
secretion of CPAF took place simultaneously and became ob-
vious at 18 h after infection. Although there was a delay in
CT795 secretion into host cell cytosol, many CT795 molecules
appeared to be secreted by the chlamydia organisms after
biosynthesis, since most of the CT795-postive granules, al-
though still inside the inclusions, did not overlap with the
chlamydia organisms. CT795 may first reach the inclusion lu-
men and then enter the host cell cytosol.

CT795 is a Chlamydia-specific hypothetical protein. It is
highly conserved between the C. trachomatis serovars A, B, D,
and L2, with >99% amino acid sequence identity. However,
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FIG. 5. CT795 is enriched in the cytosolic fraction of chlamydia-
infected HeLa cells. HeLa cells infected with C. trachomatis organisms
(Ct-HeLa) were fractionated into nuclear (Ct-HeLa pellet, containing
chlamydial inclusions; lane 3) and cytosolic (Ct-HeLa S100, containing
chlamydia-secreted proteins; lane 4) portions. The cellular fractions
along with total cell lysates (normal HeLa, lane 1, and Ct-HeLa, lane
2) and purified chlamydial RB (lane 5) and EB (lane 6) organisms, as
listed at the top, were resolved on SDS-polyacrylamide gels. The re-
solved protein bands were blotted onto nitrocellulose membranes for
reacting with antibodies (listed on the left) against CT795 (a), CPAF
(b), CT813 (c; an inclusion membrane protein), MOMP (d), and hu-
man HSP70 (e). All antibodies detected their corresponding proteins
in the HeLa-L2 whole-cell lysate sample (lane 2) and other corre-
sponding samples (as indicated on the right). Note that both CT795
and CPAF were highly enriched in the cytosolic fraction (lane 4 in
panels a and b) without any significant association with the purified
organisms (lanes 5 and 6 in panels a and b).

the amino acid sequence identity of CT795 with its homologs
in other chlamydial species is much lower: 67% for C. muri-
darum organisms (MoPn, Nigg strain) and <40% for the re-
maining Chlamydia species (http://stdgen.northwestern.edu/)
(http://www.ncbi.nlm.nih.gov/blast/Blast.cgi). The anti-CT795
antibody detected cytosolic signals in cells infected with C.
trachomatis serovars from all three biovars, including trachoma
serovars (A, B, B1, and C), genital serovars (D to G, H, I, and
K), and LGV (L1 to L3) (Fig. 7). These results demonstrated
that secretion of CT795 is a common property of all C. tracho-
matis organisms but not a strain- or serovar-specific phenom-
enon.

The next question was how CT795 is secreted into host cell
cytosol. When the CT795 sequence was analyzed using the
program SignalP version 3.0 with the NN (neural network) and
HMM (hidden Markov model) algorithms (www.expasy.ch), a
putative bacterial signal peptide covering residues M1 to S21
was identified (Fig. 8A). We then evaluated the functionality of
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FIG. 6. Time course expression of CT795 protein during C. trachomatis infection. The C. tracomatis-infected culture samples were processed at
various times after infection (as indicated on the top) for immunofluorescence staining as described for Fig. 1. The mouse anti-CT795 (images a to e and
k to n) and anti-CPAF (MADb 100a; panels f to j and o to r) antibodies were visualized with a goat anti-mouse IgG conjugated with Cy3 (red), while the
chlamydia organisms were visualized with a rabbit antichlamydia antibody plus a goat anti-rabbit IgG-Cy2 conjugate (green). Areas amplified in separate
images are marked with white squares, and the corresponding amplified images are labeled with the same letters followed by the number 1. Note that
CT795 was first detected associated with the chlamydial inclusions at 4 h after infection (panels ¢ and cl; red arrowheads), and CPAF was first detected
at 12 h after infection (panels j and j1; the red arrow indicates CPAF dissociated from the inclusion, while the arrowhead indicates CPAF still associated
with the inclusion). Significant cytosolic signal was first detected at 24 h postinfection for CT795 (I; red arrows) and at 18 h postinfection for CPAF (o;
red arrow). Red arrowheads were used to mark signals still associated with the inclusions.

the signal sequence in a bacterium-based phoA gene fusion
system. This assay system exploits two characteristics of PhoA:
the enzyme is only active after translocation into the bacterial
periplasm, and the phosphatase activity can be conveniently

monitored with the chromogenic substrate BCIP (26). The
predicted CT795 signal sequence (CT795ss), when fused to the
N terminus of the mature PhoA ("PhoA), directed transloca-
tion of 'PhoA to cross the bacterial inner membrane into the
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FIG. 7. Secretion of CT795 into host cell cytosol is a common
feature of all C. trachomatis serovars tested. HeLa cells infected with
C. trachomatis trachoma biovar (serovars A, B, Ba, and C), genital
biovar (D, E, F, G, H, I, and K), and LGV biovar (L1 to L3) as
indicated on the top of each image were processed 40 h after infection
for immunofluorescence labeling as described for Fig. 1. The CT795
antibody detected significant signals in the cytosol of host cells infected
with all serovars from the Q3 biovars. Red arrows mark the CT795-
sepcific signals in the cytosol of the chlamydia-infected cells.

periplasmic space, as evidenced by the observation that the
periplasmic PhoA changed the BCIP medium to blue (Fig.
8B). As controls, the medium for bacteria that expressed
'"PhoA alone stayed white, while the bacteria expressing the
full-length PhoA turned the medium blue. These results show
that the putative CT795 signal sequence is functional and may
be able to direct CT795 across the chlamydial inner membrane
to enter the periplasmic region. Most importantly, the secre-
tion of both CT795 and CPAF into the host cell cytosol was
inhibited by a C,4 compound that is known to target signal
peptidase I, but not by a C; compound known to block the type
IIT secretion pathway, while under the same conditions, the
secretion levels of IncA and CT621 (both known chlamydia
type III secretion substrates) were inhibited by the C; but not
the C,, compound (Fig. 9). The above results together dem-
onstrate that secretion of CT795 into the host cell cytosol is
likely dependent on a sec-dependent but not type III secretion
pathway, although the precise mechanism as to how the
periplasmic CT795 reaches the host cell cytosol remains to be
addressed.

DISCUSSION

C. trachomatis organisms have adapted an obligate intracel-
lular lifestyle, which allows the organisms to hide from extra-
cellular host defense mechanisms and also requires that the
organisms evolve strategies to deal with the hostile intracellu-
lar environments. One of the chlamydial strategies is to secrete
chlamydial proteins into host cell cytosol. Thus, searching for
C. trachomatis-secreted proteins has been a hot subject within
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FIG. 8. Prediction and evaluation of secretion signal sequences in
CT795. (A) SignalP software was used to identify type II secretion
signal peptides. Both the NN and HMM algorithms predicted the
N-terminal region covering the first 21 amino acids as a signal se-
quence. The DNA coding for the CT795 signal sequence, CT795ss, was
then used to replace the native signal peptide-coding region of the
PhoA gene. The chimeric CT795ss-"PhoA construct was transformed
into E. coli in order to detect the translocation of PhoA into the
periplasmic space, where PhoA enzymatic activity can be measured by
using BCIP-containing plates. Blue indicates that PhoA has crossed the
inner membrane and reached the periplasm. Note that the bacteria trans-
formed with the full-length PhoA (plate slot 1) but not "PhoA missing the
secretion sequence (slot 2) turned blue. The CT795ss-"PhoA chimeric
construct-transformed bacteria also turned blue (slot 3).

this field. We have used various approaches to identify C.
trachomatis-secreted proteins, and in the current study we have
presented convincing evidence that the hypothetical protein
CT795 is secreted into the host cell cytosol. First, CT795 was
dominantly recognized by antisera from C. trachomatis-in-
fected humans but not from dead organism-immunized rab-
bits, suggesting that CT795 may be synthesized during live
infection but not packaged back into the mature organisms.
Second, fractionation of C. trachomatis-infected cells revealed
that CT795 was highly enriched in the host cell cytosol and not
present in the purified EB or RB organisms, confirming that
CT795 is secreted into the host cell cytosol. Although direct
detection of chlamydial protein expression in humans has been
difficult, the above observations together have demonstrated
that CT795 is expressed and may even be secreted during
chlamydial infection in humans. Third, a significant amount of
CT795 was visualized in the cytosol of C. trachomatis-infected
cells, starting at 24 h after infection, and all C. trachomatis
serovars tested were found to secrete CT795, indicating that
CT795 secretion is a common property of all C. trachomatis
organisms. Fourth, the putative signal sequence of CT795 was
functional in directing a heterologous protein to cross the
bacterial inner membrane and secretion of CT795 into host
cell cytosol was inhibited by a C,, compound but not by a C,
compound, suggesting that CT795 may reach the host cell
cytosol via specific mechanisms involving a sec-dependent se-
cretion pathway. Finally, we have extensively demonstrated
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FIG. 9. Secretion of CT795 is inhibited by a C,, compound that targets signal peptidase 1. (A) HeLa cells infected with C. trachomatis were
treated with dimethyl sulfoxide (DMSO) (panels a, d, and g), 50 uM C, compound (b, e, and h), or 10 pM C,, compound (c, f, and i) at 6 h
postinfection and processed for immunofluorescence microscopy analysis 30 h after treatment. The mouse antibodies (red) against CT795 (mouse
pADb; panels a, b, and c), CT621 (MAb 4F4; panels d, e, and f), or CPAF (MAb 100a; panels g, h, and i) were costained with a rabbit anti-IncA
antibody (green) and the DNA dye Hoechst stain (blue). The IncA protein, whether localized in the inclusion membrane (a, ¢, d, f, g, and i) or
sequestered in the inclusion lumen (b, e, and h) is indicated with green arrows, while secreted CT795 (a and b), CT621 (d and f), and CPAF (g
and h) are indicated with red arrows. (B) The secretion-positive cells (red arrows) were quantitated by counting 100 infected cells randomly from
each coverslip, and results are expressed as the percentage of the total infected cells. The data presented came from three independent
experiments. Note that the number of CT621 secretion-positive cells was significantly lower in C,-treated samples than in DMSO- or C,-treated
samples (**, P < 0.01), while the number of CT795 secretion-positive cells was significantly lower in C4-treated samples than in DMSO- or
C,-treated samples (P < 0.01), as was also true for the cells positive for secretion of the control CPAF protein.

that the detection of CT795 in the host cell cytosol is specific.
The antibody specificity was confirmed in multiple indepen-
dent assays. Thus, CT795, like CPAF, is another bona fide
secretion protein of C. trachomatis.

Despite the overwhelming evidence that CT795 is secreted
into the host cell cytosol during chlamydia infection in cell

culture and possibly during human infection, the complete
molecular pathways that chlamydia organisms use to export
CT795 are still unclear. The findings that the CT795 N-termi-
nal leader sequence directed the translocation of mature PhoA
into E. coli periplasm and the secretion was inhibited by a
signal peptidase I inhibitor but not a type III secretion pathway
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inhibitor suggest that a sec-dependent export mechanism may
play an important role in the secretion of CT795 into the host
cell cytosol. Indeed, the chlamydial genome encodes many
homologs of the key components required for a functional
sec-dependent pathway (http://stdgen.northwestern.edu/). The
chlamydial homolog of the essential translocase subunit SecY
is encoded by the C. trachomatis ORF CT510, while the ho-
molog of SecF is CT448. Although there is no SecB homolog,
the Chlamydia genome does encode many general chaperones,
including three GroELs (CT110, CT604, and CT755 [21]).
Some of these chaperones may help secretion by interacting
with two chlamydial homologs of SecA (CT141 and CT701) to
bring the substrate proteins to the chlamydial SecYEG translo-
con. In addition, the chlamydial FtsY (an SRP receptor-like
protein) may act as a GTP-dependent chaperone that pro-
motes interaction between the substrate protein and the
SecYEG translocon. The chlamydial homologs of signal pep-
tidases LepB and LspA are CT020 and CT408, respectively.
Thus, it is possible that the CT795 molecules secreted into the
chlamydial inclusion lumen and host cell cytosol are from the
periplasmic pool. However, at this moment, it remains un-
known how the periplasmic CT795 molecules pass through the
outer membrane to enter the chlamydial inclusion lumen and
further into the host cell cytosol. The C. trachomatis organisms
do encode homologs of the general secretion proteins (Gsps)
in the outer membrane, including CT570 to -572 for GspF, -E,
and -D, respectively. Although these outer membrane secre-
tion proteins can export periplasmic proteins out of the organ-
isms, it is hard to imagine how soluble proteins secreted into
the inclusion lumen cross the inclusion membrane to enter
host cell cytosol. Previous studies have shown that secretion of
CPAF is also dependent on a sec-dependent secretion pathway
(5). However, it remains unclear how the periplasmic CPAF
molecules cross the outer membrane and enter the host cell
cytoplasm. An outer membrane vesicular budding model has
been proposed for CPAF secretion (5), and this model may
also be suitable for the secretion of CT795. This is because
CT795-containing granules/vesicles that are free of the organ-
isms were detected in the chlamydial inclusions, which was
especially true at the time points before CT795 was detected in
the host cell cytosol (Fig. 6). Although we still don’t know
exactly how CT795 or CPAF is secreted into the host cell
cytosol, as more effector molecules are identified, more tools
will be available for figuring out the precise secretion pathways
in chlamydia organisms that have evolved for exporting viru-
lence factors.

The next question is what roles secreted CT795 may play in
chlamydial pathogenesis. Since CT795 is not retained in the
chlamydia organisms in any appreciable amount, it is reason-
able to hypothesize that CT795 may mainly target host cell
components. Previous studies showed that CPAF, a Chlamydia-
secreted serine protease, can target various host proteins for
degradation to benefit chlamydial intracellular replication and
survival (20, 30, 47). However, CT795 has neither significant
sequence homology with any proteases nor any detectable pro-
teolytic activities (data not shown). Thus, CT795 may fulfill a
distinct function from CPAF, which is consistent with the ob-
servation that the time course of CT795 expression and secre-
tion significantly differed from that of CPAF (Fig. 6). Amino
acid sequence analysis revealed no known protein function

J. BACTERIOL.

domains in CT795. The immunoreactivity of CT795 with hu-
man antibodies was highly concentrated in the N-terminal frag-
ment covering residues T22 to S69, suggesting that the T22-S69
region may be surface exposed and involved in interactions
with other molecules. Experimental approaches are under way
to identify the CT795 interaction partners and to unravel the
functionality of the secreted CT795. Regardless of which cel-
lular components may be targeted by CT795 and what roles the
secreted CT795 may play in chlamydial pathogenesis, the find-
ing that CT795 is secreted into the host cell cytosol has laid a
solid foundation for further understanding the chlamydia
pathogenic mechanisms contributed by the hypothetical
CT79s.
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