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Human antibody recognition of Chlamydia trachomatis plasmid-encoded Pgp3 protein is dependent on the
native conformation of Pgp3. The structural basis for the conformation dependence and the function of Pgp3
remain unknown. Here, we report that Pgp3 trimerization is required for the recognition of Pgp3 by human
antibodies. In a native polyacrylamide gel, Pgp3 purified from a bacterial expression system migrated as stable
trimers that were dissociated into monomers only by treatment with urea or sodium dodecyl sulfate (SDS) but
not nonionic detergents. Human antibodies recognized trimeric but not monomeric Pgp3, suggesting that
Pgp3 is presented to the human immune system as trimers during C. trachomatis infection. The endoge-
nous Pgp3 secreted into the chlamydial outer membrane complex or host cell cytosol is always trimerized.
Intact Pgp3 trimers were eluted from the outer membrane complex by a combination of nonionic deter-
gents with reducing agents but not by the presence of either alone. These observations have provided
important information for further understanding the role of Pgp3 in chlamydial pathogenesis and
potentially optimizing Pgp3 as a subunit vaccine candidate antigen.

Chlamydia trachomatis consists of multiple serovars and
causes various human diseases. Serovars A to C primarily in-
fect ocular epithelial cells, potentially leading to blinding tra-
choma (23, 42). Serovars D to K mainly target urogenital
epithelial cells (39) whereas serovars L1 to L3 can invade
lymphatic tissue, potentially resulting in systematic infection
(40). Despite the differences in tissue tropism, all C. tracho-
matis organisms share a conserved biphasic growth cycle that
has to be completed in a cytoplasmic vacuole called an inclu-
sion (21, 46). Chlamydial infection starts with the entry of an
infectious elementary body (EB) into an epithelial cell via
pathogen-induced endocytosis (8, 19). The endocytosed EB
differentiates to a noninfectious but metabolically active retic-
ulate body (RB). After replication, the progeny RBs differen-
tiate to EBs that exit the infected cells to invade adjacent cells
(25). The C. trachomatis organisms also share a highly con-
served cryptic plasmid that encodes 8 open reading frames
(ORFs) designated pORF 1 to 8 (28, 35, 43).

Urogenital tract infection with C. trachomatis is a leading
cause of sexually transmitted diseases worldwide (11) and, if
left untreated, can lead to severe complications such as pelvic
inflammatory diseases, ectopic pregnancy, and infertility (15).
Due to the lack of symptoms exhibited by individuals infected
with C. trachomatis, it is not possible to effectively control C.
trachomatis infection with antibiotics. Prophylactic vaccines
may be among the most effective approaches for preventing C.
trachomatis-induced pathologies (34). However, the patho-
genic mechanisms of C. trachomatis remain unclear and there
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is no licensed C. trachomatis vaccine, probably due to limited
knowledge of the roles of individual C. trachomatis antigens in
pathogenesis and protective immunity. The cryptic plasmid has
been considered a virulence factor of C. trachomatis, because
plasmid-free variants have been found to be less invasive and
to cause pathologies of lesser severity in mouse upper genital
tract tissues (7, 32). However, the roles of the plasmid-encoded
or regulated proteins in either chlamydial pathogenesis or
protective immunity remain largely unknown. Pgp3, one of
the plasmid-encoded proteins, was found to be recognized
by human antibodies in enzyme-linked immunosorbent as-
says (ELISAs) but not in Western blot assays (9). We further
confirmed that Pgp3 was an immunodominant antigen in
woman urogenitally infected with C. trachomatis and that the
human antibody recognition of Pgp3 was dependent on the
native conformation of Pgp3 (30). We also observed that
among the 8 ORFs encoded by the cryptic plasmid, only Pgp3
was secreted into the cytosol of the infected cells (28). Fur-
thermore, various groups demonstrated that immunization
with pgp3-encoding plasmid DNA induced protective immu-
nity in mice (16, 29). However, the molecular basis for the
conformation dependence of human antibody recognition of
Pgp3 remains uncharacterized and the function of Pgp3 is
unknown. Here, we present evidence that Pgp3 forms stable
trimers that are responsible for the native conformation-de-
pendent recognition of Pgp3 by human antibodies. The current
study has provided important information for further under-
standing the roles of Pgp3 in C. trachomatis pathogenesis and
protective immunity.

MATERIALS AND METHODS

(i) Chlamydial organisms and infection. C. trachomatis serovar D (strain
UW-3/Cx) and L2 (strain 434/Bu) organisms were propagated in HeLa-229 cells
(human cervical carcinoma epithelial cells; ATCC catalog no. CCL2), and the
stocks were prepared as described previously (20). Briefly, HeLa cells grown in
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either 24-well plates with coverslips or tissue flasks containing Dulbecco’s mod-
ified essential medium (DMEM) (Gibco BRL, Rockville, MD) with 10% fetal
calf serum (FCS; Gibco BRL) at 37°C in an incubator supplied with 5% CO,
were inoculated with C. trachomatis stock organisms. The infected cultures were
harvested at different time points postinfection for either organism purification
and outer membrane complex (OMC) preparation or Western blot analyses as
described below.

(ii) Preparation of C. trachomatis outer membrane complex. The EBs were
purified from 48-h cultures as described previously (27), and the chlamydial
outer membrane complex (COMC) was extracted from the purified EB organ-
isms as described elsewhere (6, 31, 41) with minor modifications. Approximately
2 to 3 mg of purified EBs was resuspended in 5 ml of phosphate-buffered saline
(PBS; pH 7.4) containing 2% (wt/vol) N-lauroylsarcosine sodium salt (Sarkosyl
[catalog no. L5777]; Sigma, St. Louis, MO). The suspension was sonicated,
incubated at 37°C for 1 h, and centrifuged at 100,000 X g for 30 min at 4°C. The
insoluble pellet (defined as 1X extraction insoluble fraction/pellet) was resus-
pended in the Sarkosyl buffer, incubated for another 15 min, and centrifuged as
described above. The insoluble fraction (defined as 2X pellet) was similarly
extracted with the Sarkosyl buffer four more times. A portion of each insoluble
fraction was saved for monitoring the quality of COMC in a sodium dodecyl
sulfate (SDS) polyacrylamide gel. After 6 extractions, the final pellet was resus-
pended in PBS (pH 7.4) and labeled as COMC.

(iii) Purification of Pgp3 from an Escherichia coli expression system. The pgp3
gene (also referred to as pORF5) encoded by the pCHLI1 plasmid from C.
trachomatis serovar D organisms was cloned into a pGEX-6P2 vector (Amer-
sham Pharmacia Biotech, Inc., Piscataway, NJ) and expressed as a fusion protein
with glutathione S-transferase (GST) fused to the N terminus as previously
described (28). The GST-Pgp3 fusion protein was bound to glutathione-conju-
gated agarose beads (Pharmacia), and a precision protease in the form of a GST
fusion protein (Pharmacia) was used to cleave the Pgp3 protein from the beads.
The cleaved Pgp3 protein was thus released into the solution while the GST-
precision enzyme fusion protein was absorbed onto the glutathione beads. The
eluent containing cleaved Pgp3 was collected and further purified using a HiTrap
Q high performance ion exchange column (catalog no. 17-1154-01; GE Health-
care, Piscataway, NJ).

(iv) Analytical ultracentrifugation. All sedimentation velocity experiments
were performed at 20°C using a Beckman Optima XL-I centrifuge equipped with
an eight-hole AN-50 rotor (Beckman Coulter Inc., Brea, CA). Pgp3 samples with
initial readings of the optical density at 280 nm (OD,g) of 0.3, 0.5, and 0.8,
corresponding to protein concentrations of ~0.6, 1.0, and 1.5 mg/ml, respec-
tively, were centrifuged at 40,000 rpm. Sedimentation velocity data were ac-
quired using absorbance optics at 280 nm. Hydrodynamic corrections for buffer
density, viscosity, and partial specific volume were applied according to methods
outlined by Laue (26). Sedimentation velocity data were analyzed using the
method of van Holde and Weischet (44), followed by two-dimensional spectrum
analyses (3) (with simultaneous removal of time-invariant noise) and then by
genetic algorithm refinement (4), followed by Monte Carlo analyses (14) as
implemented in the ULTRASCAN software package (12, 13). Analysis of sed-
imentation velocity data by the van Holde and Weischet method effectively
removes the contribution of diffusion to boundary spreading to yield G(s), the
integral distribution of S, , of all species in the sample. Consequently, a G(s)
plot of the boundary fraction versus S, ,, is vertical when the sample is homog-
enous and has a positive slope when the sample is heterogeneous (44). The S
value is directly proportional to molecular mass and inversely proportional to the
frictional ratio (f/fy). The frictional ratio is 1 for a sphere and increases for
elongated molecules (with values usually in the range of 1.25 to 2.5) (5).

(v) Polyacrylamide gel electrophoresis and Western blot. Polyacrylamide gels
used in this study were prepared following the procedure provided by the man-
ufacturer (Bio-Rad, Hercules, CA). The running buffer used for the native gels
also contained 0.01% (wt/vol) SDS, which did not affect the stability of Pgp3
trimers but allowed clear separation of protein bands. Protein samples run on
denaturing gels were subjected to heat denaturing by boiling for 5 min in an SDS
sample buffer (63 mM Tris-HCI [pH 6.8], 10% glycerol, 0.0025% bromophenol
blue, 2% [wt/vol] SDS, 1% [vol/vol] 2-mercaptoethanol [2-ME]). Protein samples
run on native gels were treated with or without various reducing and denaturing
agents in the individual experiments as indicated. The native gel sample buffer
was the same as the denaturing gel sample buffer except without SDS.

In addition to the purified Pgp3 protein sample, the following samples were
also subjected to polyacrylamide gel electrophoresis analyses: whole-cell lysates
from either normal HeLa cells or C. trachomatis-infected HeLa cells, cytosolic
fractions of the infected-HeLa cells, purified EBs, or outer membrane com-
plexes. The whole-cell lysates were prepared by resuspending the cell samples at
1 X 107 cells per ml of 1X MLB buffer (1% [wt/vol] Igepal, 10 mM MgCl, 1 mM
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EDTA, 150 mM NacCl, 10% [vol/vol] glycerol, 1 mM Na;VO,, 25 mM HEPES,
pH 7.4) with a protease inhibitor cocktail (1 mM phenylmethylsulfonyl fluoride
[PMSF; catalog no. P7626], 20 uM leupeptin [catalog no. L2884], 1.6 uM
pepstatin A [catalog no. P5318], 1.7 pg of aprotinin/ml [catalog no. A6279],
all from Sigma) and incubated on ice for 30 min. The mixtures were centri-
fuged at 21,000 X g for 15 min at 4°C, and the remaining supernatant was
collected for loading into gels. The cytosolic fractions of the chlamydia-infected
HeLa cells (defined as S100) were prepared as previously described (20). Briefly,
the infected cells were harvested via low-speed centrifugation and the cell pellets
were resuspended in a Dounce homogenization buffer (10 mM KCI, 1.5 mM
MgCl,, 1 mM EDTA, 1 mM dithiothreitol [DTT], 250 mM sucrose, 20 mM
HEPES-KOH [pH 7.5], all from Sigma) containing a protease inhibitor cocktail
as described above. Limited Dounce homogenization was applied to ensure that
>70% cells are broken without damage to either the nuclei or inclusions. The
supernatants were harvested after a series of centrifugations, including a final
centrifugation at 100,000 X g using an Airfuge Ultracentrifuge (Beckman
Coulter). For some COMC experiments, various Sarkosyl-insoluble fractions
(after serial Sarkosyl extractions) were loaded to denaturing gels, while for other
COMC experiments, the COMC samples obtained after 6 consecutive Sarkosyl
extractions were treated with either 2% (wt/vol) Sarkosyl or 2% (wt/vol) SDS in
the presence or the absence of 20 mM DTT and the treatments were carried out
at 37°C for 30 min. The soluble fractions collected after high-speed centrifuga-
tion (21,000 X g) at 4°C for 30 min were used for gel loading.

After electrophoresis, proteins resolved in the polyacrylamide gels were either
visualized by staining with a Coomassie blue dye (Sigma) or transferred onto
nitrocellulose membranes for antibody detection of antigens in Western blot
assays. The following primary antibodies were used in the Western blot assays:
human antisera were collected from women diagnosed with C. trachomatis uro-
genital tract infection by ligase chain reaction detection of C. trachomatis DNA
in vaginal swabs (36-38). An IRB (Institutional Review Board)-exempt protocol
is in place for the current study. A pooled serum sample collected from 8 healthy
individuals was used as a negative control. A mouse polyclonal antibody (pAb)
raised with a GST-Pgp3 fusion protein was used to detect both native and
denatured Pgp3 (30), and 2H4, a mouse monoclonal antibody (MAb), was used
to detect native Pgp3 (30). Mouse 100a mAb against the C terminus of CPAF
secreted serine protease (47), BC7.1 against chlamydial HSP60 (47), MC22, and
a rabbit antiserum against the chlamydial major outer membrane protein
(MOMP) (47) were also used. Since CPAF is secreted into the host cell cytosol
and is not associated with chlamydial organisms, the anti-CPAF antibody was
used to indicate cytosolic fractions of the chlamydia-infected cells. Since MOMP
is a structural protein of C. trachomatis organisms, the anti-MOMP antibody was
used to detect fractions containing chlamydial organisms.

The primary antibody binding was probed with a horseradish peroxidase
(HRP)-conjugated goat anti-human, anti-mouse, or anti-rabbit IgG secondary
antibody (Jackson ImmunoResearch Laboratories, Inc., Westgrove, PA) and
visualized using an enhanced chemiluminescence (ECL) kit (Santa Cruz Bio-
tech).

(vi) Immunofluorescence assay. HeLa cells grown on coverslips with or with-
out chlamydial infection were processed for chemical and antibody staining. The
Hoechst dye (blue; Sigma) was used to visualize DNA. A rabbit anti-chlamydial
organism antibody plus a goat anti-rabbit IgG secondary antibody conjugated
with Cy2 (green; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA)
was used to visualize chlamydial organisms. Mouse anti-CPAF MAb 100a (47) or
anti-Pgp3 MADb 2H4 (28) plus a goat anti-mouse IgG conjugated with Cy3 (red;
Jackson ImmunoResearch) were used to visualize the corresponding antigens.
The immunofluorescence images were acquired using an Olympus AX-70 fluo-
rescence microscope equipped with multiple filter sets and Simple PCI imaging
software (Olympus, Melville, NY) as described previously (20). The images were
processed using Adobe Photoshop software (Adobe Systems, San Jose, CA).

RESULTS

(i) Pgp3 purified from a bacterial expression system is a
stable trimer. It was previously reported that human antibody
recognition of GST-Pgp3 fusion proteins was abolished by SDS
plus heat treatment in denaturing gels (9, 30). In the current
study, we compared the mobility of purified Pgp3 with or
without SDS plus heat treatment in a native gel (Fig. 1A). The
purified Pgp3 was free of the GST fusion tag. We found that
the SDS-denatured Pgp3 protein migrated with an apparent
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FIG. 1. Pgp3 purified from an E. coli expression system is trimeric. (A) Pgp3 was purified from E. coli expressing a GST-Pgp3 fusion protein
via affinity binding to glutathione agarose beads and cleaving of the fusion tag GST. The purified Pgp3 was either left untreated (lane 1) or treated
with 2% SDS plus 5 min of boiling (lane 2), and the samples were subjected to electrophoresis in a 12% polyacrylamide native gel. The resolved
protein bands were visualized by staining with Coomassie blue dye. Note that the untreated Pgp3 migrated at the ~84 kDa position (corresponding
to the molecular mass of trimeric Pgp3) whereas the SDS-denatured Pgp3 migrated at the ~28 kDa position (corresponding to the monomeric
form of Pgp3), as indicated on the right of the gel image. (B) Sedimentation velocity analyses of Pgp3 at concentrations of 0.6 (panel a), 1 (panel
b), and 1.5 (panel ¢) mg/ml. The G(s) plot was obtained using the van Holde and Weischet method (44). Note that, regardless of the protein
concentration, most readings (open circles) formed a vertical line with an S,,,w value of ~4.2 (x axis). Assuming that Pgp3 maintains a similar
overall shape, the theoretic S,,,w values for the trimeric, dimeric, and monomeric forms of Pgp3 are expected to be 4.2 (triple arrows on the top
of the figure), 3.7 (double arrows), and 2.3 (single arrow), respectively. (C) Monte Carlo analysis of the sedimentation velocity of Pgp3 revealed
a molecular mass of 84 kDa, corresponding to the molecular mass of a trimeric Pgp3, and a frictional ratio of 1.6, suggesting that the Pgp3 trimers
were in an elongated form. (D) The stability of Pgp3 trimers was analyzed by treating Pgp3 with various combinations of denaturing agents under
various conditions as indicated on top of the figure. The mobility of the treated Pgp3 molecules was monitored using a 12% native gel plus a
Western blot assay with an anti-Pgp3 mouse polyclonal antibody known to recognize both native and denatured Pgp3. Note that neither of the
reducing agents (2% 2-ME or 20 mM DTT, for 30 min of exposure) altered the ratio of the trimeric versus monomeric Pgp3 molecules (lanes 2
and 3). Treatment with 8 M urea and 2% SDS for 30 min converted ~50% of the Pgp3 into monomers (lanes 4 and 5). Inclusion of DTT in the
SDS treatment did not further increase the monomer/trimer ratio (lane 6). Boiling for 1 min caused aggregation of Pgp3, and most Pgp3 molecules
stayed in the stacking gel (lane 7). Heating for 5 min in the presence of SDS completely converted all Pgp3 trimers into monomers (lane 9).

mass of ~28 kDa, corresponding to the expected molecular  velocity data revealed a molecular mass of 84 kDa and a fric-
mass of a Pgp3 monomer. In contrast, Pgp3 without the dena- tional ratio of 1.6 (Fig. 1C), strongly suggesting that Pgp3 is a
turation treatment migrated at ~84 kDa, suggesting that the trimer with an elongated shape. The sedimentation velocity
purified Pgp3 was a trimer. The purified Pgp3 was further data confirmed the native gel results. Thus, the native gel
investigated using analytical ultracentrifugation sedimentation electrophoresis can be used as a convenient method for mon-
velocity analysis (Fig. 1B), which provides information about itoring the oligomeric status of Pgp3.

macromolecule purity, mass, and oligomeric status (44). The We evaluated the stability of trimeric Pgp3 under various
vertical G(s) plots reveal that the purified Pgp3 was homoge- reducing and denaturing conditions using the native gel plus
nous, with an §,,,w value of ~4.2, for all the Pgp3 concentra- Western blot assay (Fig. 1D). A mouse anti-Pgp3 antibody
tions tested. The theoretical S,,,w values for monomeric, di- known to detect both native and denatured Pgp3 (30) was used
meric, and trimeric Pgp3 proteins with molecular masses of 28, to monitor the oligomeric status of Pgp3. The untreated con-

56, and 84 kDa are predicted to be 2.3, 3.7, and 4.2, respec- trol Pgp3 sample was detected as a trimer. Treatment with the
tively. The Monte Carlo fit analysis of the Pgp3 sedimentation reducing agents (2% [vol/vol] 2-ME or 20 mM DTT for 30
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FIG. 2. Human antibody recognition of trimeric Pgp3. (A) Purified Pgp3, left untreated (lane 1) or treated with 2% SDS plus boiling for 1 min
(lane 2) or 5 min (lane 3), was loaded onto a 12% native gel. After electrophoresis, the gel was either stained with Coomassie blue (CB) dye (panel
a) or transferred onto nitrocellulose membrane for Western blot (WB) detection with a mouse anti-Pgp3 polyclonal antibody (pAb) (panel b) that
is known to recognize both native and denatured Pgp3 or with a monoclonal antibody (mAb), clone 2H4 (panel c), that is known to recognize only
native Pgp3. (B) The antigen sets described in Fig. 2A were also reacted with 10 human antibodies (as indicated on top of the figure) on a Western
blot. Each serum was tested at three different dilutions as indicated on the left of the figure. A serum sample pooled from 8 different healthy
individuals was used as a negative control (panels k, v, and ag). Note that all serum samples from C. trachomatis-infected individuals recognized
trimeric or oligomeric but not monomeric Pgp3 even at the lowest dilution.

min) alone did not affect the Pgp3 trimers, while treatment
with 8 M urea or 2% (wt/vol) SDS for 30 min converted more
than 50% of the trimers into monomers. Interestingly, the com-
bination of SDS with the reducing agent DTT did not further
increase the monomer/trimer ratio, suggesting that subunits in
the Pgp3 trimer are not cross-linked via disulfide bonds. Boil-
ing the samples in the absence of detergents caused protein
aggregation. However, boiling in the presence of SDS signifi-
cantly increased the monomer/trimer ratio. The observations
above, considered together, suggest that ionic and/or hydro-
phobic interactions might be the major forces responsible for
stabilizing the trimers.

(ii) The Pgp3 trimer is preferentially recognized by human
antibodies. To test whether Pgp3 trimerization contributes to
the conformation dependence of human antibody recognition
of Pgp3, we compared the characteristics of human antibody
binding to Pgp3 monomers and trimers by the use of the native
gel-Western blot assay (Fig. 2). The mouse anti-Pgp3 poly-

clonal antibody detected all forms of Pgp3, while the confor-
mation-dependent MADb recognized only the oligomerized
Pgp3, which is consistent with what was previously reported
(30). Importantly, all human antibodies at various dilutions
recognized the oligomerized but not monomeric Pgp3 (Fig.
2B). This was also true even when the antiserum dilution was
reduced to 1:400 (data not shown). These observations suggest
that Pgp3 trimerization is likely responsible for the previously
described conformation dependence of human antibody rec-
ognition of Pgp3 (30). The preferential recognition of trimeric
Pgp3 by human antibodies suggests that Pgp3 is presented to
the human immune system in the form of trimers during chla-
mydial infection in humans.

(iii) Endogenous Pgp3 produced during chlamydial infec-
tion is trimeric. To determine whether the chlamydial organ-
ism-produced Pgp3 is also a trimer, we monitored the oligo-
meric state of Pgp3 during C. trachomatis infection in cell
cultures (Fig. 3). The conformation-dependent MAD detected
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FIG. 3. Detection of Pgp3 trimers in chlamydia-infected cell sam-
ples. (A) HeLa cells infected with C. trachomatis were processed for
antibody labeling in an immunofluorescence assay. CPAF and Pgp3
were labeled with MAbs 100a and 2H4, respectively (red), and the
chlamydial organisms were labeled with a rabbit antibody (green) and
DNA with Hoechst dye (blue). Note that MAb 2H4, known to recog-
nize only native trimeric Pgp3, detected signals in both inclusions
(white star) and cytoplasms (white arrows) of chlamydia-infected cells,
suggesting that the Pgp3 in the chlamydia-infected cells also repre-
sented trimers. (B) Lysates of HeLa cells alone (lane 1) or HeLa cells
with C. trachomatis serovar D infection (D-HeLa; lane 2), cytosolic
fractions of D-HeLa cells (S100; lane 3), and purified EB extracts (lane
4) were loaded to native gradient (panel a) or denaturing (panels b to
d) gels for Western blot analyses with a mouse anti-Pgp3 polyclonal
antibody (pAb; panels a and b), an anti-CPAF MADb (100a; panel c), or
a rabbit anti-chlamydial major outer membrane protein (MOMP)
polyclonal antibody (pane d) as indicated on the left of the figure. Note
that the Pgp3 that both secreted into the host cytosol and associated
with the purified EBs was in the form of trimers. CPAFc, C-terminal
half of CPAF.

strong signals in both the chlamydial inclusion and the cyto-
plasm of the C. trachomatis-infected cells in an immunofluo-
rescence assay (Fig. 3A), suggesting that chlamydia-produced
Pgp3 is trimeric. We further used the native gel-Western blot
assay to visualize the oligomeric status of Pgp3 produced in C.
trachomatis-infected cells (Fig. 3B). We found that the Pgp3
that was both secreted into the host cell cytosol and associated
with chlamydial EB organisms was in the form of trimers,
suggesting that C. trachomatis-produced Pgp3 is an obligate
trimer regardless of its intracellular location. Pgp3 trimeriza-
tion was also detected in cultures infected with other serovars
of C. trachomatis (data not shown), indicating that trimer for-
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mation is a common feature of Pgp3 produced by all C. fra-
chomatis organisms.

(iv) The association of Pgp3 trimers with the chlamydial
outer membrane complexes requires disulfide bond interac-
tions. Previous studies showed an association of Pgp3 with the
Sarkosyl-insoluble fraction that mainly contains the chlamydial
outer membrane complex (COMC) (9), indicating that the EB
organism-associated Pgp3 is a component of COMC. We fur-
ther evaluated whether the COMC-associated Pgp3 is trimer-
ized and how the Pgp3 trimer is integrated into the COMC
(Fig. 4). The COMC was purified from EB organisms by the
use of sequential extractions with 2% (wt/vol) Sarkosyl, and the
insoluble fractions generated from each extraction were re-
solved in a denaturing gel for Western blot detection of Pgp3,
MOMP, HSP60, and CPAF (Fig. 4A). A single extraction with
Sarkosyl removed most of the chlamydial cytoplasmic HSP60
protein, and additional extractions effectively eliminated all
HSP60 from the insoluble fractions. However, both Pgp3 and
MOMP were found in abundance in the COMC, confirming
that both Pgp3 and MOMP were constitutive components of
the COMC. To determine the oligomeric status of the COMC-
associated Pgp3, the COMC obtained after 6 extractions with
Sarkosyl was reextracted with Sarkosyl, SDS, or PBS alone in
the presence or absence of DTT reducing agent and the solu-
ble fractions were collected from these treatments and de-
tected in the native gel-Western blot assay (Fig. 4B). Although
additional Sarkosyl extractions performed alone solubilized
only minimal amounts of Pgp3 and MOMP oligomers from the
COMC, inclusion of DTT dramatically increased the release of
both Pgp3 and MOMP. The released Pgp3 was predominantly
in the form of trimers, while both monomers and oligomers of
MOMP were detected. These observations suggest that disul-
fide bond-mediated interactions play important roles in main-
taining the Pgp3 trimers and MOMP molecules as parts of the
COMC. However, the use of DTT alone released neither Pgp3
nor MOMP, suggesting that the disulfide bond interactions
are not accessible to DTT in the absence of the nonionic
detergents. SDS treatment of the COMC led to the release
of monomeric Pgp3 regardless of the presence or absence of
DTT, confirming that Pgp3 oligomerization is not dependent
on disulfide bond formation. However, disulfide bond interac-
tions may help MOMP oligomerization, since the addition of
SDS alone washed off large amounts of oligomerized MOMP
whereas the addition of DTT reduced all the oligomers to
monomers. Although more studies are required for further
teasing out of the relationships of the trimeric Pgp3 molecules
with other components of COMC, the experiments described
above have revealed that Pgp3 integrates into the outer mem-
brane complexes as trimers and that the integration is likely
stabilized, either directly or indirectly, via disulfide bond inter-
actions.

DISCUSSION

The cryptic plasmid is shared by all C. trachomatis serovars,
and plasmid-free C. trachomatis variants are attenuated in in-
ducing pathologies in mouse urogenital tract (7, 32), suggesting
that plasmid-encoded or regulated proteins may play impor-
tant roles in C. trachomatis pathogenesis. Among all the plas-
mid-encoded and regulated proteins, Pgp3 is the only plasmid-
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FIG. 4. Detection of trimeric Pgp3 in chlamydial outer membrane complexes. (A) Lysates of C. trachomatis serovar D-infected HeLa cells (lane
1), purified EBs (lane 2), or insoluble fractions from extraction of purified EBs with Sarkosyl for the number of times indicated on top of the figure
(lanes 3 to 6) were subjected to electrophoresis in a 12% denaturing gel. The resolved proteins were detected by Western blot (WB) analysis of
Pgp3 (panel a), MOMP (panel b), HSP60 (panel ¢), and CPAF (panel d) with the corresponding antibodies as listed along the left side of the figure.
Note that although the chlamydial cytosolic protein HSP60 was efficiently removed from the insoluble fraction by Sarkosyl extraction, both MOMP
and Pgp3 were still associated with the pellet even after six cycles of extraction with Sarkosyl, indicating that Pgp3 is a stable component of the
chlamydial outer membrane complex. CPAFc, C-terminal half of CPAF. (B) An insoluble fraction generated by six cycles of Sarkosyl extraction
was further extracted with no additives (lanes 1 and 2) or with Sarkosyl (lanes 3 and 4) or 2% SDS (lanes 5 and 6) in the presence (lanes 2, 4, and
6) or absence (lanes 1, 3, and 5) of DTT. The corresponding supernatants were loaded to a 12% native gel for monitoring levels of both Pgp3 and
MOMP by Western blot analysis. Note that Sarkosyl treatment in the presence of DTT released significant amounts of both Pgp3 trimers (lane
3 versus lane 4 in panel a) and MOMP (b). Extraction with SDS denatured Pgp3 into monomers with DTT (panel a, lane 6) or without DTT (lane
5). The presence of DTT plus SDS resulted in the conversion of MOMP oligomers into monomers (lane 5 versus lane 6 in panel b).

encoded protein that is secreted into the host cell cytosol
during chlamydial infection in cell cultures (28 and data not
shown). Immunization with expression plasmids encoding Pgp3
induced protective immunity in mouse models (16, 29). Pgp3 is
also the most immunodominant antigen during chlamydial in-
fection in humans, and human antibody recognition of Pgp3 is
highly dependent on the conformation (9, 30, 45). In the
current study, we partially characterized Pgp3 and provided
evidence that Pgp3 is produced as a trimer by C. trachomatis
during human infection and that Pgp3 trimerization under-
lies the conformation-dependent recognition by human an-
tibodies. First, Pgp3 purified from a bacterial expression
system was identified as a trimer by the use of both native
polyacrylamide gel electrophoresis and analytical ultracentrif-
ugation sedimentation velocity analyses. The Pgp3 trimer was
resistant to reducing agents and nonionic detergents. Second,
both a conformation-dependent MAb and human antibodies
detected trimers or higher order of oligomers but not mono-
mers of Pgp3, suggesting that Pgp3 is presented to the human
immune system as oligomerized forms during C. trachomatis
infection in humans. Third, the endogenous Pgp3 produced in
C. trachomatis-infected cells was detected as a trimer regard-
less of its intracellular locations. Fourth, Pgp3 trimers were
detected in cell cultures infected with all C. trachomatis sero-
vars (data not shown), suggesting that Pgp3 trimerization is a
common feature of C. frachomatis organisms. Finally, the or-

ganism-associated Pgp3 molecules were localized in the outer
membrane complex as trimers and disulfide bond formation
may not be required for Pgp3 trimerization but can facilitate
the integration of Pgp3 trimers into the outer membrane com-
plexes.

Chlamydial proteins such as the secreted serine protease
CPAF (24) can oligomerize. CPAF is synthesized as a proen-
zyme, and homodimerization of CPAF is necessary for acquir-
ing proteolytic activity (17, 18, 24). However, it is not clear why
Pgp3 trimerizes. An obvious advantage of trimerization is to
increase protein stability. Indeed, trimerized Pgp3 was more
than 10-fold more resistant to trypsin digestion (data not shown).
Pgp3 trimers were completely resistant to reducing agents such as
2-ME and DTT and to nonionic detergents such as Sarkosyl
and Triton. Although the Pgp3 trimers were efficiently stripped
from the chlamydial outer membrane complexes by a combi-
nation of reducing agents and nonionic detergents, the trimers
remained intact. The Pgp3 trimers were also partially resistant
to the strongly ionic detergent SDS. The stable Pgp3 trimers
were found in both the chlamydial outer membrane complex
and host cell cytosol. Thus, whatever functions Pgp3 may have,
trimerization appears to be essential for maintaining and pro-
moting its functionality.

Pgp3 contains 4 cysteine residues. Although Pgp3 trimeriza-
tion may not require disulfide bond formation, disulfide bond
interactions may play an important role in stabilizing the Pgp3
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trimers in the outer membrane complexes. Consistent with this
hypothesis is the observation that brief treatment of Pgp3 tri-
mers with SDS alone led to a band migrating slightly faster
than bands representing intact trimers and also to several
bands representing Pgp3 with higher orders of oligomerization
(Fig. 1D, lane 5). These SDS-accessible cysteine residues may
participate in noncovalent interactions that are susceptible to
SDS interruption. Once these cysteines are freed by SDS,
they may form disulfide bonds within a trimer, leading to the
fast-migrating trimer band, or between trimers, causing
high-molecular-mass bands in the absence of reducing
agents. However, it is not known whether these SDS-accessible
cysteines can form disulfide bonds with other outer membrane
components, although DTT was required for efficient release
of Pgp3 trimers from the outer membrane complexes (Fig. 4B,
lane 4), and there are various cysteine-rich proteins (CRP) in
the chlamydial outer membrane complex, including CRP10
(also called OmcA), CRP60 (OmcB), and MOMP (OmpA).
Disulfide bond interactions between outer membrane compo-
nents that are independent of Pgp3 can also affect the associ-
ation of Pgp3 trimers with the outer membrane complexes
(OMCs). Regardless of how Pgp3 trimers are anchored in the
outer membrane complex, the most important issue is what
roles the outer membrane Pgp3 trimers may play in chlamydial
biology and pathogenesis. It has been proposed that cysteine-
mediated intra- or intermolecular cross-linking in the outer
membrane may represent participation in multiple chlamydial
processes, including EB attachment and early uptake (1, 10),
ATPase activity (33), and EB-RB differentiation (2, 22). Since
Pgp3 trimer association with chlamydial OMCs is affected by
cysteine cross-linking, it will be interesting to investigate how
the Pgp3 trimers may also participate in these diverse pro-
cesses.

The preferential recognition of Pgp3 trimers by human an-
tibodies and the presence of Pgp3 trimers in the chlamydial
outer membrane complexes suggest that human antibodies
may be able to neutralize C. trachomatis infectivity. This is
because the outer membrane Pgp3 trimers would be an ideal
neutralization target for the human anti-Pgp3 trimer antibod-
ies. However, we found that human antibodies that were sub-
jected to affinity purification with Pgp3 trimers were unable to
block C. trachomatis infection (data not shown), which is con-
sistent with the observation that the various mouse anti-Pgp3
trimer antibodies also failed to neutralize C. tra chomatis in-
fectivity (data not shown). Thus, despite the robust antibody
responses to Pgp3 trimers in humans infected with C. tracho-
matis (45), the human anti-Pgp3 trimer antibodies may not
offer protection against chlamydial infection. This conclusion is
supported by the observation that, although the vast majority
of the C. trachomatis-infected individuals can develop high
titers of anti-Pgp3 trimer antibodies (45), many individuals can
be reinfected with C. trachomatis organisms despite the high
conservation of Pgp3 among all C. trachomatis serovars. The
issue is to determine why human hosts are induced to mount
such a robust yet nonprotective antibody response to Pgp3
trimers. We hypothesize that such as a robust anti-Pgp3 trimer
antibody response may represent a chlamydial immune evasion
mechanism. C. trachomatis may present the highly immuno-
genic Pgp3 trimers to the host immune system to exhaust the
host responsiveness to antigens vital for inducing protective
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responses. However, immunization with expression plasmid
DNA coding for Pgp3 induced protective immunity in mice
(29). It would be interesting to investigate the mechanisms of
protective immunity in these mice and to test whether the Pgp3
protein produced by the mammalian expression plasmids is
trimerized and whether the anti-Pgp3 antibodies in these mice
recognize trimeric or monomeric Pgp3.

There are many unanswered questions about Pgp3 despite
its potential importance in chlamydial pathogenesis. For ex-
ample, how is the Pgp3 trimer secreted to the chlamydial outer
membrane and further into the host cell cytosol? What is the
role of Pgp3 trimers in the outer membrane complexes? Can
the Pgp3 trimer function as a molecular switch to regulate
outer membrane complex integrity during chlamydial invasion
of host cells or RB-EB differentiation? Most importantly, what
is the function of the secreted Pgp3 trimers? Since C. tracho-
matis deficient in plasmid is less virulent and Pgp3 is the only
plasmid-encoded protein that is known to secrete into the host
cell cytosol, Pgp3 may play an important role in chlamydial
pathogenesis.
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