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Chlamydia pneumoniae, a human pathogen causing respiratory infections and probably contributing to the
development of atherosclerosis and heart disease, is an obligate intracellular parasite which for replication
needs to productively interact with and enter human cells. Because of the intrinsic difficulty in working with
C. pneumoniae and in the absence of reliable tools for its genetic manipulation, the molecular definition of the
chlamydial cell surface is still limited, thus leaving the mechanisms of chlamydial entry largely unknown. In
an effort to define the surface protein organization of C. pneumoniae, we have adopted a combined genomic-
proteomic approach based on (i) in silico prediction from the available genome sequences of peripherally
located proteins, (ii) heterologous expression and purification of selected proteins, (iii) production of mouse
immune sera against the recombinant proteins to be used in Western blotting and fluorescence-activated cell
sorter (FACS) analyses for the identification of surface antigens, and (iv) mass spectrometry analysis of
two-dimensional electrophoresis (2DE) maps of chlamydial protein extracts to confirm the presence of the
FACS-positive antigens in the chlamydial cell. Of the 53 FACS-positive sera, 41 recognized a protein species
with the expected size on Western blots, and 28 of the 53 antigens shown to be surface-exposed by FACS were
identified on 2DE maps of elementary-body extracts. This work represents the first systematic attempt to define
surface protein organization in C. pneumoniae.

Chlamydia pneumoniae is an obligate intracellular bacterium
and a common human pathogen (48). It is a significant cause of
pneumonia in both hospital and outpatient settings, accounting
for approximately 7 to 10% of cases of community-acquired
pneumonia among adults. C. pneumoniae has also been asso-
ciated with atherosclerotic and cardiovascular disease, as sug-
gested by results of seroepidemiologic studies, detection of the
organism in atherosclerotic plaque specimens, experimental in
vitro cell culture studies, animal model studies, and two small
secondary prevention antibiotic treatment trials (12, 13, 15, 19,
20, 28, 45).

Like all obligate intracellular parasites, for its survival and
propagation C. pneumoniae must accomplish several essential
tasks which include adhering to and entering host cells, creat-
ing an intracellular niche for replication, exiting host cells for
subsequent invasion of neighboring cells, and also avoiding
host defense mechanisms. To carry out all these functions, C.
pneumoniae has developed a unique biphasic life cycle involv-
ing two developmental forms, a spore-like infectious form (el-
ementary bodies [EBs]) and an intracelluar replicative form
(reticulate bodies [RBs]). Adhesion, host cell colonization ca-
pabilities, and the ability to cope with host defense mechanisms
when outside the cell presumably rely in large part on EB
surface organization.

Because of the intrinsic difficulty in working with C. pneu-
moniae and the lack of adequate methods for its genetic ma-

nipulation, there is still a paucity of information regarding
protein components of the EB cell surface. Apart from surface
localization of a number of proteins inferred by computer
analysis (50), at present only a few proteins have been charac-
terized and shown to be surface associated. These include
OmpA, the homolog of the major outer membrane protein
(MOMP) of Chlamydia trachomatis (41, 57), PorB (an OmpA
analog shown to be surface-exposed in C. trachomatis by Kubo
and Stephens [29]), OmcB (a protein thought to anchor hep-
arin-like molecules to the chlamydial surface) (49), and a 76-
kDa protein shown to induce neutralizing antibodies in vitro
(39). Furthermore, evidence of expression and possible surface
localization of 11 out of the 21 members of the Pmp family of
polymorphic outer membrane proteins has been reported (6,
16, 27). Surface localization of all these proteins has been
assessed by using a variety of immunological assays including
Western blot analysis, dot blot on whole chlamydial cells, mi-
croimmunofluorescence (MIF), and immunoelectron micros-
copy. In general, to reduce the risk of false positive results due
to antibody cross-reactivity with antigens sharing similar
epitopes, antigens were annotated as surface-exposed when
converging evidence from more than one immunological assay
was collected. More recently, transcriptional activities of sur-
face candidate genes have also been investigated and taken as
a relevant piece of information to further support immunolog-
ical data (16).

Here we describe a new genomic-proteomic approach to
identify EB surface proteins based on high-throughput expres-
sion and purification of C. pneumoniae antigens, Western blot-
ting, flow cytometry (fluorescence-activated cell sorter
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[FACS]) analysis, two-dimensional electrophoresis (2DE), and
mass spectrometry analysis.

This work represents the first systematic analysis of chlamyd-
ial surface proteins and is intended to open the way to further
studies on the mechanisms underlying C. pneumoniae entry
into and infection of eukaryotic host cells. Furthermore, the
data presented will help to identify new candidates for the
development of diagnostics and vaccines against this important
human pathogen.

MATERIALS AND METHODS

Preparation of C. pneumoniae EBs and chromosomal DNA. C. pneumoniae
FB/96, a clinical isolate from a patient with pneumonia at the Sant’Orsola
Polyclinic, Bologna, Italy, was grown in LLC-MK2 cells. EBs were harvested 72 h
after cell culture infection and purified by gradient centrifugation as described
previously (47). Purified chlamydiae were resuspended in sucrose-phosphate
transport buffer and stored at �80°C until use. When required, prior to storage
EB infectivity was heat inactivated by 2 h of incubation at 56°C. Chromosomal
DNA was prepared from gradient-purified EBs by lysing the cells overnight at
37°C with 10 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 0.6% sodium dodecyl
sulfate (SDS), 100 �g of proteinase K/ml, and sequential extraction with phenol,
phenol-chloroform, and chloroform.

In silico analyses. C. pneumoniae genomic sequences were obtained from the
following web sites: the Berkeley Genome Project (http://chlamydia-www.berke-
ley.edu:4231/), The Institute for Genomic Research (http://www.tigr.org), the
STD sequence database of Los Alamos National Laboratory Bioscience Division
(http://www.stdgen.lanl.gov/), and the National Center for Biotechnology Infor-
mation (http://www.ncbi.nlm.nih.gov/PMGifs/Genomes/micr.html). In silico
analyses of genomes and open reading frame (ORF) selection were carried out
essentially as already described (42) using several computer programs, including
the Genetics Computer Group package of the University of Wisconsin, FASTA,
ClustalW, BLAST, ProDom, and PROTEAN (DNAstar, Inc. Madison, Wis.).
Theoretical molecular weights and isoelectric points were calculated using the
Compute pI/Mw tool (3) available at http://www.expasy.ch/tools/pi_tool.html.

Cloning and expression of recombinant proteins. Selected ORFs from the C.
pneumoniae CWL029 genome (26) were cloned into plasmid expression vectors
so as to obtain three kinds of recombinant proteins: (i) proteins with a six-
histidine tag at the C terminus (cpn-His); (ii) proteins fused with glutathione
S-transferase (GST) at their N terminus (Gst-cpn); and (iii) proteins having a
C-terminal six-histidine tag and an N-terminal GST domain (Gst-cpn-His). Cpn-
His proteins were obtained by cloning in the pET21b� vector (Novagen), and
Gst-cpn proteins were obtained by using pGEX-KG vectors (18). Escherichia coli
BL21(DE3) (Novagen) was the recipient of pET21b�-derived recombinant plas-
mids, whereas E. coli BL21 (Novagen) was used for pGEX-NN- and pGEX-
NNH-derived plasmids. PCR primers were designed so as to amplify genes
without the signal peptide coding sequence. When a signal peptide or processing
site was not clearly predictable, the ORF sequence was cloned as annotated by
Kalman and coworkers (26), starting from the first predicted codon. PCRs were
performed on 50 ng of genomic DNA, using 2 U of Taq DNA polymerase
(Platinum Taq; Gibco-BRL) in a final volume of 100 �l and the Gene Amp PCR
System 9600 (Perkin Elmer). PCR products were purified from agarose gels and
ligated to the appropriate vector. Recombinant clones were grown in Luria-
Bertani medium (500 ml) containing 100 �g of ampicillin/ml and grown at 37°C
until an optical density at 600 nm (OD600) of 0.5 was reached. Expression of
recombinant proteins was then induced by adding 1 mM isopropyl-�-D-thioga-
lactopyranoside (IPTG). Three hours after IPTG induction, cells were collected
by centrifugation. Before protein purification, aliquots of the cell pellets (corre-
sponding to an OD600 of 0.1) were resuspended in sample loading buffer (60 mM
Tris-HCl [pH 6.8], 5% [wt/vol] SDS, 10% [vol/vol] glycerol, 0.1% [wt/vol] bro-
mophenol blue, 100 mM dithiothreitol [DTT]), boiled for 5 min, and analyzed by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE).

Purification of recombinant proteins. Recombinant E. coli cells were resus-
pended in 50 mM Tris-HCl (pH 8.0) and broken in a French press apparatus
(SLM Aminco, Rochester, N.Y.). After centrifugation at 30,000 � g, the super-
natants of the pET-transformed E. coli extracts were loaded onto nickel-acti-
vated chelating Sepharose columns (Amersham Pharmacia Biotech), and after
column washing with 20 mM imidazole recombinant proteins were eluted with
250 mM imidazole. The supernatants carrying pGEX derivatives were loaded
onto glutathione-Sepharose 4B columns (Amersham Pharmacia Biotech), and
proteins were eluted with 50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0.

After purification, the recombinant proteins were stored at �20°C after addition
of glycerol (30% vol/vol). Water-insoluble His-tagged proteins were purified
from the inclusion bodies. After bacterial cell disruption (using a French press)
and centrifugation, the pellets were solubilized with 50 mM Tris-HCl, 1 mM
tris(2-carboxyethyl)phosphine (TCEP) (Pierce), 6 M guanidine-HCl, pH 8.5.
After centrifugation at 30,000 � g for 15 min the supernatants were loaded on
nickel-activated chelating Sepharose (Pharmacia) affinity columns. The columns
were washed with 50 mM Tris-HCl, 6 M urea, 1 mM TCEP (pH 8.5) containing
20 mM imidazole and eluted with the same buffer containing 250 mM imidazole
(pH 8.5). Finally, 400 �l of each protein (1 mg/ml) was diluted with 800 �l of 50
mM Tris-HCl, 1.5 M arginine, 10 mM DTT, pH 8.5, and stored at �20°C after
addition of 800 �l of glycerol. Protein concentrations were determined using the
Bradford method.

Immunological assays. Groups of four 6- to 7-week-old CD1 female mice
(Charles River, Como, Italy) were immunized intraperitoneally at days 1, 15, and
29 with 20 �g of purified recombinant protein in Freund’s adjuvant. Immune sera
were prepared from blood samples collected on day 43 and pooled before use. In
order to reduce the amount of antibodies possibly elicited by contaminating E.
coli antigens, the immune sera were incubated overnight at 4°C with nitrocellu-
lose strips adsorbed with an E. coli BL21 total protein extract.

For Western blot analysis (53), total proteins from purified C. pneumoniae
FB/96 EBs (2 �g per lane) were separated by SDS-PAGE (30) and electroblotted
onto nitrocellulose membranes. The membranes were incubated with preim-
mune sera or with sera from immunized mice (diluted 1:100) and then with a
peroxidase-conjugated anti-mouse antibody (Sigma; diluted 1:3,000). After
washing with phosphate-buffered saline (PBS), 0.1% Tween 20, blots were de-
veloped using an Opti-4CN Substrate Kit (Bio-Rad).

FACS analysis was performed by a newly developed assay (unpublished data).
Essentially, 2 � 105 gradient-purified FB/96 EBs in PBS, 0.1% bovine serum
albumin (BSA) were incubated for 30 min at 4°C with mouse antisera (standard
dilution, 1:400). After centrifugation and washing with 200 �l of PBS, samples
were incubated for 30 min at 4°C with goat anti-mouse immunoglobulin G,
F(ab�)2-specific, conjugated with R-phycoerythrin (dilution 1:100) (Jackson Im-
munoResearch Laboratories, Inc.). The samples were then washed with PBS-
BSA, resuspended in 150 �l of PBS-BSA, and analyzed by FACS analysis using
a FACScalibur apparatus (Becton Dickinson, Mountain View, Calif.). When the
assay was performed with infectious samples, chlamydiae-antibody complexes
were fixed with 0.1% formaldehyde (55) before processing through the FACS
apparatus. Control samples were similarly prepared. Positive control antibodies
were a commercial anti-MOMP C. pneumoniae-specific monoclonal antibody
(catalogue no. 11-215; Argene Biosoft, Varilhes, France) and an anti-chlamydial
lipopolysaccharide (LPS) antibody (monoclonal anti-Chlamydia, fluorescein iso-
thiocyanate conjugated; catalogue no. 5000111 from Meridian Diagnostics, Inc.,
Cincinnati, Ohio). An immune mouse serum prepared against purified C. pneu-
moniae whole cells was also used. Background control sera were obtained from
mice immunized with either GST (GST fusion control) or with the protein
fraction eluted from Ni columns loaded with a BL21(pET21b�) protein extract
(His-tag fusion controls). FACS data were analyzed using the Cell Quest Soft-
ware (Becton Dickinson). The shift between the histograms was taken as a
measure of antibody binding to the EB cell surface. The Kolmorov-Smirnov
(K-S) two-sample test (58) was performed on the two overlaid histograms. The
D/s(n) values (an index of dissimilarity between the two curves) are reported as
K-S score in Table 1.

Mass spectrometry analysis of 2DE protein maps. Gradient-purified FB/96
EBs were solubilized at a final concentration of 5.5 mg/ml with Immobiline
rehydration buffer {7 M urea, 2 M thiourea, 2% (wt/vol) 3-[3-cholamidopropyl)-
demethylammonio]-1-propanesulfonate, 2% (wt/vol) ASB 14 (5), 2% (vol/vol)
C.A 3-10NL (Amersham Pharmacia Biotech, Piscataway, N.J.), 2 mM tributyl
phosphine, 65 mM DTT}. Samples (250 �g of protein) were adsorbed overnight
on Immobiline DryStrips (7 cm; pH 3 to 10; nonlinear). Electrofocusing was
performed in an IPGphor Isoelectric Focusing Unit (Amersham Pharmacia
Biotech). Before PAGE separation, the focused strips were incubated in 4 M
urea, 2 M thiourea, 30% (vol/vol) glycerol, 2% (wt/vol) SDS, 5 mM tributyl
phosphine, 2.5% (wt/vol) acrylamide, 50 mM Tris-HCl (pH 8.8), as described
previously (21, 22). SDS-PAGE was performed on linear 9-to-16% acrylamide
gradients. Gels were stained with colloidal Coomassie (Novex, San Diego, Calif.)
(8). Stained gels were scanned with the Personal Densitometer SI (Molecular
Dynamics) at 8 bits and 50 �m per pixel. Map images were annotated with the
software Image Master 2D Elite (version 3.10; Amersham Pharmacia Biotech).
Protein spots were excised from the gel using an Ettan Spot Picker (Amersham
Pharmacia Biotech) and dried in a vacuum centrifuge. In-gel digestion of sam-
ples for mass spectrometry and extraction of peptides were performed as de-
scribed by Wilms and coworkers (56). Samples were desalted with a Zip Tip
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FIG. 1. FACS analysis of antibody binding to whole C. pneumoniae EBs. Blue histograms (event counts versus fluorescence channels) are the
FACS output for EBs stained with background control antibodies. Green histograms are the FACS output of EBs stained with antigen-specific
antibodies. Positive controls (panels 1 to 3) were as follows: panel 1, anti-C. pneumoniae LPS monoclonal antibody, with an irrelevant monoclonal
antibody (SEAM-3) specific for the type B meningococcal capsule as background control; panel 2, C. pneumoniae-specific anti-MOMP monoclonal
antibody (Argene Biosoft), with an irrelevant fluorescein isothiocyanate-conjugated anti-immunoglobulin G2a monoclonal antibody as background
control; panel 3, mouse hyperimmune serum against whole EBs, with the corresponding preimmune mouse serum as background control. Negative
controls (panels 4 to 6), with mouse anti-GST serum as background control, were as follows: panel 4, mouse serum against 6482-GST fusion protein
(PID accession no. 4376582; predicted as a cytoplasmic 36.8-kDa protein); panel 5, mouse serum against 6732-GST fusion protein (PID accession
no. 4376732; predicted as a cytoplasmic 43.5-kDa protein); panel 6, mouse serum against 6881-GST fusion protein (PID accession no. 4376881;
predicted as a cytoplasmic 26.0-kDa protein). Examples of FACS-positive sera (panels 7 to 9), with mouse anti-GST serum as background control,
were as follows: panel 7, antiserum to 7287-GST antigen (Pmp-21); panel 8, antiserum to 6602-GST antigen (LrcE); panel 9, antiserum to
6577-GST antigen (annotated as an OmpH-like OMP). Western blotting data obtained from total EB proteins stained with the same antiserum
used for the FACS assays are also shown.
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(Millipore), eluted with a saturated solution of �-cyano-4-hydroxycinnamic acid
in 50% acetonitrile, 0.1% trifluoroacetic acid and directly loaded onto a SCOUT
381 multiprobe plate (Bruker, Bremen, Germany). Spectra were acquired on a
Bruker Biflex II matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) apparatus. Spectra were calibrated using a combination of
known standard peptides, located in spots adjacent to the samples. Resulting
values for monoisotopic peaks were used for database searches using the com-
puter program Mascot (40), which is available at the website http://www.matrix-
science.com/. All searches were performed using an error of 200 to 500 ppm as
a constraint.

RESULTS

In silico selection. Antigens likely to be exposed on the
surface of the chlamydial EBs were selected by a multistep
computational analysis of the entire genome of C. pneumoniae
strain CWL029. The general strategy was to maximize the
chance of identifying bacterial surface components by selecting
not only proteins predicted by protein localization algorithms
to be outer membrane components in gram-negative bacteria
but also those predicted as periplasmic or inner membrane
proteins. In addition, we selected proteins on the basis of their
homology to proteins described as surface exposed in other
bacteria, independently from the in silico prediction. In prac-
tice, we started by following the published annotation of Kal-
man et al. (26), which is available at http://chlamydia-www.ber-
keley.edu:4231/. In this database, out of a total of 1,073 genes,
636 currently have an assigned biological function. From this
group, we selected for subsequent cloning and expression 72
ORFs encoding proteins predicted to be peripherally located
in the chlamydial cell. Due to the lack of striking sequence
homologies to other well-characterized bacterial proteins, the
other 437 ORFs are generically annotated as hypothetical in
public databases. We submitted this group of sequences to
primary sequence analysis, searching for the presence of po-
tential signal peptides and/or transmembrane regions. How-
ever, proteins with more than two predicted transmembrane
segments were excluded, since previous experience (42)
showed that these proteins are not successfully obtainable in
high-throughput heterologous expression programs. In this
way, 61 additional hypothetical proteins were selected as hav-
ing potentially surface-exposed domains.

Furthermore, after sequence homology searches in the non-
redundant databases available at the website of the National
Center for Biotechnology Information (http://www.ncbi.nlm-
.nih.gov/PMGifs/Genomes/micr.html), we selected a group of
C. pneumoniae proteins with remote similarities to surface
proteins of other bacteria. This group included a small number
of proteins which, lacking an identifiable N-terminal signal
peptide for secretion, are predicted as cytoplasmic by algo-
rithms like PSORT. A further selection added a number of
proteins which have been described as immunogenic in pa-
tients with C. trachomatis infection (46). In total, 141 ORFs
were selected in silico for further experimental screening and
subjected to high-throughput cloning and expression in E. coli.

Antigen cloning and expression. The 141 ORFs were ampli-
fied by PCRs and cloned in two different E. coli expression
vectors so as to obtain each antigen as both GST and His-tag
fusion proteins. When the presence of an N-terminal signal
peptide for secretion could be clearly predicted, the corre-
sponding nucleotide sequence was excluded from the expres-
sion construct in order to avoid possible targeting of the re-

combinant protein toward the E. coli cytoplasmic membrane.
When ORF expression was analyzed, we found that 86.5 and
71.6% of the genes could be expressed as GST and His-tag
fusions, respectively. Eight genes for which expression as a
His-tag fusion was not successful and GST-fusion products
appeared to undergo marked degradation were cloned in a
third vector designed to express a recombinant protein flanked
by two affinity handles, the GST moiety at the N terminus and
the six-His tail at the C terminus. Seven out of these eight
genes could be expressed using this vector.

The recombinant fusion proteins were obtained either in a
water-soluble form or precipitated as inclusion bodies. Since
correct folding is known to be important for eliciting antibod-
ies able to recognize native antigens, the water-soluble form
was used when available. When no soluble protein could be
obtained, antigen solubilization from the inclusion bodies of
the His-tag fusions and subsequent purification was under-
taken. In total, 173 recombinant C. pneumoniae fusion proteins
deriving from 124 different genes were selected for preparing
immune sera in mice.

Identification of surface proteins by flow cytometry. We first
verified whether FACS analysis could be used to detect the
binding to the chlamydial cell surface of specific antibodies
against well-known surface antigens. In fact, while flow cytom-
etry has been used in studies with C. trachomatis (52), its
application on C. pneumoniae has not been reported so far. As
shown in Fig. 1 (panel 2), a commercial anti-MOMP C. pneu-
moniae-specific monoclonal antibody could significantly shift
the distribution curve of a control chlamydial cell population
(blue peaks in Fig. 1). Anti-MOMP antibodies were used as a
positive control since a surface location of this antigen has
recently been shown in C. pneumoniae (41, 57). Similar results
were obtained with a second commercial anti-chlamydial LPS
antibody (Meridian Diagnostics) and also with a hyperimmune
mouse serum which we prepared against purified whole cells of
C. pneumoniae (Fig. 1, panels 1 and 3).

Having demonstrated that flow cytometry can indeed be
used to follow antibody binding to the surface of C. pneu-
moniae EBs, we set up a series of negative controls to exclude
the possibility that FACS analysis could reveal proteins not
exposed on the bacterial surface. To this aim we produced
mouse sera against three C. pneumoniae antigens, all predicted
to be cytoplasmic proteins by the PSORT algorithm. When
used in the FACS assay, none of the three polyclonal antibod-
ies could bind to C. pneumoniae EBs (Fig. 1, panels 4, 5, and 6).
On the contrary, the same sera specifically recognized protein
species with the expected molecular weight when C. pneu-
moniae EB total extracts were used in Western blotting exper-
iments (Fig. 1, panels 4, 5, and 6). Altogether, these data
indicate that FACS analysis can be used to follow antibody
interaction to C. pneumoniae EBs and that only interactions
with surface-exposed proteins are revealed.

We then analyzed all sera against each recombinant C. pneu-
moniae antigen for the ability to bind to the surface of chla-
mydial cells. Of 157 sera tested, 59 yielded positive results in
the FACS binding assay, leading to the identification of 53
putative surface-exposed proteins. In general, sera derived
from the same antigen expressed as GST and His fusions gave
similar results in terms of EB recognition (data not shown).
The list of the 53 surface protein candidates is given in Table
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TABLE 1. The FACS-positive set of proteinsa

a Gene identification (ID) in the CWL029 genome (26) and the last four digits of PID protein database accession numbers (427-NNNN) are reported.Two ORF
products not included in the PID database are identified by arbitrary codes (shown in parentheses and italics). Theoretical molecular masses (in kilodaltons) were
calculated for putative mature forms. The WB analysis column summarizes the results obtained by probing total EB proteins with antisera against the recombinant
proteins; numbers in parentheses refer to the blot images shown in Fig. 2. WB results are classified as follows: C, consistent (the predominant band is consistent
with the expected molecular weight; additional minor bands may also be present); PC, partially consistent (a band of the expected molecular weight is present
together with additional bands of higher molecular weight or greater intensity); NC, nonconsistent (the detected bands do not correspond to predictable molecular
weight values); N, negative (no band pattern obtained). FACS results are reported as K-S scores. The 28 proteins which have been detected in C. pneumoniae
extracts by 2DE mapping and MALDI-TOF analysis are color highlighted as follows: red, proteins detected both in this work and by Vandahl et al. (54); yellow,
a protein reported only in reference 54; green, proteins detected only in this work.
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1, in which the FACS assay data (extent of peak shift and
dissimilarity of curve shape) are elaborated by calculating the
K-S statistics score (see Materials and Methods). Typical
FACS data are shown in Fig. 1, panels 7, 8 and 9, where
examples of high (K-S score � 40.44), intermediate (K-S
score � 21.12), and low (K-S score � 10.05) positivity are
presented. It has to be pointed out that the K-S score cannot be
used to correlate the amount of antigen on the EB surface. In
fact, many factors contribute to the K-S value, including the
concentration of the antigen on the cell surface, its accessibil-
ity, the quality (purity and folding) of the recombinant antigen
used in immunization, and the concentrations and affinities of
the antibodies elicited by each recombinant antigen.

The protein list in Table 1 is divided into three sections: (i)
proteins belonging to the well-described family of chlamydial
polymorphic OMPs (top section); (ii) 14 proteins so far de-
scribed only as hypothetical proteins, 7 of which are encoded
by genes with orthologs in C. trachomatis and 7 of which are
encoded by C. pneumoniae-specific genes (bottom section);
and (iii) a mixed group of 25 proteins which include proteins
previously shown to be outer membrane components in Chla-
mydia spp. or predicted as outer membrane components in
gram-negative bacteria, and proteins which in silico predictions
assign to the periplasmic, inner membrane, or cytoplasmic
compartments (middle section). In some cases, this apparent
discrepancy can be simply explained by the inadequacy of the
in silico predictions (see Discussion below), whereas other
cases are open to further investigation.

Analysis of FACS-positive antigens by Western blotting and
mass spectrometry. The 53 FACS-positive sera were also
screened by Western blot analysis on whole-protein extracts of
EB chlamydial preparations. The results of this analysis are
given in Table 1 and Fig. 2. In total, 33 sera were specific, in
that they recognized a protein species having the expected
molecular mass (Fig. 2, panels 1 to 33). Eight additional sera
did react with proteins having a molecular mass consistent with
the theoretical calculation, but they also recognized a few pro-
tein bands having different molecular masses (panels 34 to 41).
Finally, 12 sera were scored negative, in that they were either
Western blot negative (5 sera) or they reacted with EB anti-
gens of unexpected size (not shown). FACS positivity of the 5
sera which failed to recognize any protein species in chlamydial
total extracts was unexpected. These apparently contradictory
results can be reconciled assuming either a different sensitivity
between the two assays or that sufficient conformation needs to
be preserved for these proteins to be recognized. These pos-
sible explanations are supported by our 2DE map analysis of
total EB proteins (see below), which allowed the identification
of two out of five Western blot-negative, FACS-positive pro-
teins.

The control experiments showing that antibodies against
three cytoplasmic proteins were FACS negative strongly sup-
port the conclusion that the 53 FACS-positive sera indeed
recognize proteins exposed on the EB surface. Furthermore,
the Western blotting data show that at least 41 of the same 53
sera recognize protein species with the expected molecular
mass from EB total protein extracts. However, the possibility
that antibody cross-reactivity could generate some false posi-
tive results cannot be ruled out, especially in the case of West-
ern blot-negative sera. In an attempt to further support our

FACS data, we carried out a proteomic analysis of EB total
proteins by using 2DE combined with spot identification by
mass spectrometry. The rationale behind this approach is
based on the assumption that identification of FACS-positive
antigens on 2DE maps of C. pneumoniae would reduce the risk
of improper annotation in that it would indicate that a given
antigen not only is recognized by a specific antiserum but also
that it is unequivocally present in the cell extract.

A typical 2DE protein map of C. pneumoniae EB proteins in
the 3 to 10 pI range is shown in Fig. 3. Most of the spots visible
in the figure were identified by MALDI-TOF analysis (only
relevant data are shown in the figure). Out of a total of 130
identified gene products, 27 belonged to the group of 53
FACS-positive antigens shown in Table 1. Details of protein
identification by mass spectrometry are reported in Table 2.
While the writing of this paper was in progress, Vandahl et al.
(54) published a valuable and extensive annotation of the 2DE
protein map of C. pneumoniae. Among the annotated proteins,
they found 21 of our FACS-positive antigens (highlighted in
red in Table 1), one of which (CPn0525, highlighted in yellow
in Table 1) was not detectable in our 2DE maps. Combining
their results with our data, overall 28 out of 53 FACS-positive
antigens can be identified on C. pneumoniae 2DE maps.

DISCUSSION

The recent availability of extensively annotated genomic se-
quences has opened the way to new experimental approaches
in both basic and applied research. DNA microarrays, pro-
teomic technologies, and whole-genome expression cloning
programs allow us to address scientific issues from a com-
pletely different perspective which is expected to accelerate the
path to new discoveries (14). For example, by using in silico
genome analysis coupled to high-throughput cloning and ex-
pression, we have recently identified vaccine candidates against
meningococcus type B (MenB) (42). The fact that no satisfac-
tory vaccines have been discovered against this human patho-
gen, in spite of an intensive research activity in the last three
decades, pinpoints a potentiality of the new genomic technol-
ogies.

In this work we adopted an approach similar to the one
designed for MenB vaccine identification to address a more
basic issue, namely, the elucidation of surface protein organi-
zation in C. pneumoniae. Until now this bacterial compart-
ment, which includes components crucial for initiating the
chlamydial replicative cycle and possibly also for survival
against host immune responses, had been poorly characterized,
in large part because of the technical difficulty of working with
this pathogen. In fact, C. pneumoniae requires eukaryotic cells
for growth and proliferation; also, procedures for C. pneu-
moniae transformation and genetic manipulation are still un-
available. Our approach overcomes these limitations, thus rep-
resenting an effective way to rapidly and systematically tackle
this important issue. The approach is based on six main exper-
imental steps: (i) in silico analysis of the C. pneumoniae ge-
nome sequence to identify genes potentially encoding proteins
destined for the periphery of the bacterial cell (including outer
and inner membrane and periplasmic proteins); (ii) cloning,
expression, and purification of selected candidates; (iii) use of
purified antigens to generate mouse immune sera; (iv) analysis
of sera specificity by Western blotting of total EB extracts; (v)
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assessment of antigen localization by FACS analysis on whole
EBs; and (vi) identification of FACS-positive antigens on 2DE
maps of C. pneumoniae EB proteins.

An intrinsic limit of this experimental approach is that, like
the other approaches so far utilized to define C. pneumoniae
surface antigens, the assessment of protein localization and
accessibility ultimately relies on the specificity of antigen-anti-
body recognition. Therefore, the occurrence of false positive
results due to antibody cross-reactivity cannot be excluded.
However, the fact that in most cases FACS positivity is accom-
panied by either a specific response in Western blot analysis or
the identification of the corresponding antigen on 2DE maps,
suggests that cross reactions do not represent a dominant fea-
ture in this study. In fact, inspection of the data reported in
Table 1 leads to the conclusion that for 24 antigens, FACS data

are supported by both Western blot analysis and 2DE-mass
spectrometry, whereas for 21 additional sera FACS analysis is
strengthened by either Western blotting (17 antigens) or 2DE-
mass spectrometry (4 antigens). Therefore, for 8 antigens only,
surface localization is inferred only by FACS data.

An important observation that, in our opinion, further val-
idates the experimental approach proposed here is that, as
mentioned before, a few antigens have been reported in the
literature to be surface exposed in C. pneumoniae. All of them
have also been classified as surface exposed by our analysis. A
few comments on the 53 surface antigens identified in this
study are given below.

Known or expected surface components. A few of the 53
proteins in Table 1 have already been identified by others as
surface components in either C. pneumoniae or in other chla-

FIG. 2. Western blot analysis of total protein extracts from C. pneumoniae EBs, performed using mouse immune sera against recombinant
antigens. For antigen identification, refer to Table 1. The panel identification numbers correspond to the numbers reported in the WB analysis
column of Table 1. In each panel, the strip on the right shows the results obtained with the antigen-specific immune serum (I), and the strip on
the left shows the results obtained with the corresponding preimmune serum (P). Panels 1 to 33 are data that were scored as “consistent” in Table
1, and panels 34 to 41 show results that were scored as “partially consistent” in Table 1.
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mydial species. As already pointed out, they include OmpA
(MOMP homolog) (41, 57), PorB (29), the 76-kDa protein
homolog (39), and the 11 members of the Pmp family (sepa-
rately discussed below) which was recently characterized by
Grimwood and coworkers (16). This group also includes the
cysteine-rich 60-kDa protein encoded by omcB, which was
recently shown to be a chlamydial surface component to which
heparin-like molecules can anchor (49), and the smaller asso-
ciated protein OmcA, currently annotated as a 9-kDa cysteine-
rich outer membrane complex lipoprotein generally consid-
ered to be associated with differentiation of the intracellular
RBs into extracellular infectious EBs and necessary for struc-
tural integrity of the EB outer envelope.

Also reported in the literature for C. trachomatis are data on
the surface exposure of DnaK and Mip-like proteins, both

immunogenic antigens in human chlamydial genital infections
(46). DnaK (a member of the hsp70 family predictable in silico
as an inner membrane protein with a PSORT probability score
of 0.151) has been described as being associated with the outer
membrane of C. trachomatis (43) and exposed on the chlamyd-
ial surface, as suggested by the fact that it can elicit neutralizing
antibodies in vitro (7). Also, a recent study (25) has proposed
that the hsp70 ortholog protein of Helicobacter pylori is a stress-
induced surface adhesin. A similar outer membrane associa-
tion of DnaK has been reported for the intracellular pathogen
Coxiella burnetii by Macellaro et al. (34). In this last study, the
dual localization of DnaK was confirmed by immuno-electron-
microscopy. As DnaK is usually described as a chaperonin
normally expected to be located in the cytoplasm or the inner
side of the cytoplasmic membrane, a possible explanation for

FIG. 3. 2DE map of proteins from purified EBs of C. pneumoniae FB/96. The protein spots marked with the gene ID (see Table 2) correspond
to FACS-positive antigens identified by MALDI-TOF analysis.
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the surface localization is that DnaK may artificially bind to the
outer membrane due to its peptide binding properties, an
event which may occur in vivo following release of the protein
from bacteria undergoing autolysis. The fact remains that
DnaK is found on the surface of bacteria and is often a dom-
inant immunogen in human infections.

The chlamydial Mip protein, predicted by PSORT as
periplasmic with a probability score of 0.930, is homologous to
the surface-exposed macrophage infectivity potentiator (Mip)
protein of Legionella pneumophila, has peptidyl-prolyl cis/trans
isomerase activity that is inhibited by FK506 and rapamycin,
and is implicated in initiation of chlamydial infection (33). In
C. trachomatis, it was not possible to demonstrate surface-
exposed Mip epitopes on infectious EB or RB forms either by
immunofluorescence or immuno-gold electron microscopy.
However, when antibodies to the N-terminal segment of Mip
were used, a complement-dependent inhibition of up to 91%
of infectivity for cell cultures was observed, suggesting that
antibody-accessible Mip epitopes are in fact present on infec-
tious EBs (32). Our results therefore support the finding that

at least a portion of Mip emerges on the chlamydial surface
and is immunoaccessible.

By analogy with other bacterial species, one could also ex-
pect to find in the surface candidate list the Omp85-like pro-
tein, shown to be on the surface of Neisseria gonorrhoeae and
Treponema pallidum, and the protein encoded by the ORF
CPn301 and currently annotated by homology with a C. tra-
chomatis gene as the OmpH-like OMP, although the C. pneu-
moniae ORF has in fact lost significant similarity to OmpH.

The PMP family. The list of candidate surface proteins
shown in Table 1 includes 14 members of the polymorphic
membrane protein (PMP) family, a large superfamily with 9
members in C. trachomatis and 21 members in C. pneumoniae,
all having the common feature of two conserved amino acid
motifs, GGAI and FXXN, repeated in variable copy numbers
in the N-terminal portion (17, 44, 47). The function of this
intriguing group of proteins and the reason for such an expan-
sion of this set of paralogous genes in C. pneumoniae are not
understood. A first issue currently being addressed is whether
they are simultaneously expressed or their expression is regu-

TABLE 2. Proteins identified by MALDI-TOFd

Current annotation Kalman ID PID ID
437-NNNN

No. of
matching
peptides

Coveragea

(%)
Theor.

pI
Theor.
MW

GRAVY
valuec

m/z and deduced sequence
for peptide selected for

PSD analysisc

Pmp_2 CPn0013 6270 20 30 5.84 87.5 �0.220
Conserved outer membrane lipoprotein

protein
CPn0278 6552 20 66 6.49 28.4 �0.162

VaeT omp85 homolog CPn0300 6576 18 29 7.69 86.0 �0.355
OmpH-like OMP CPn0301 6577 10 58 4.75 17.3 �0.778 1607.01

156TTEIIAILNESYFKK169

LcrE (low calcium response E) CPn0324 6602 13 39 4.98 43.4 �0.468
PepA (leucyl aminopeptidase A) CPn0385 6664 14 28 5.95 54.5 �0.012
Pmp_6 CPn0444 6727 8 8b 5.31 142.9 �0.187
Pmp_7 CPn0445 6728 19 22 5.73 100.0 �0.113
Pmp_8 CPn0446 6729 13 21 5.16 94.8 �0.170
Pmp_10 CPn0449 and -50 26 32 5.22 94.5 �0.143
Pmp_11 CPn0451 6733 15 21 5.91 97.1 �0.203
Pmp_13 CPn0453 6736 17 24 6.55 100.1 �0.116
Pmp_14 CPn0454 6737 18 23 6.76 101.2 �0.036
Pmp_16 CPn0467 6752 11 13 6.04 102.1 �0.273
Art J (arginine binding periplasmic protein) CPn0482 6767 9 38 5.45 29.1 �0.050 1471.91

192VVLKDFPNLVATR204

Hypothetical protein CPn0498 6784 15 39 5.55 32.9 �0.244
DnaK (heat shock protein) CPn0503 6790 12 16 4.99 71.3 �0.394
Pmp_20 CPn0540 6830 18 12 5.36 177.4 �0.191
OmcB (60-kDa cysteine-rich OMP) CPn0557 6849 23 47 5.62 57.3 �0.116
FliY (glutamine binding protein) CPn0604 6900 8 24 7.66 28.0 �0.098 1296.78

201IISKPLNADGLR212

5.7 25.3 0.056
Mip (FKBP-type peptidyl-prolyl cis-trans

isomerase)
CPn0661 6960 3 13 5.22 25.6 �0.488 914.78 58TFGHLLAR65

OmpA (MOMP) CPn0695 6998 13 48 6.13 39.3 �0.037
CHLPN 76-kDa protein homolog_1 (CT622) CPn0728 7033 18 36 4.85 68.2 �0.351
Hypothetical protein CPn0797 7108 6 21 5.16 35.9 �0.181 1398.77

128EGYTHAFVFDGR139

Eno (enolase) CPn0800 7111 14 32 4.66 46.1 �0.079
PorB (OMP analog) CPn0854 7170 10 23b 5.10 34.4 �0.048
Pmp_21 CPn0963 7287 13 7b 4.84 167.3 �0.175
HtrA (DO serine protease) CPn0979 7306 12 22 6.39 50.1 �0.063

a Calculated from the whole protein.
b Peptides from the C-terminal part of the protein.
c GRAVY, grand average of hydropathicity (available at http://www.expasy.ch/tools/protparam.html; PSD, postsource decay.
d The results were obtained from protein spots in the 2DE map shown in Fig. 3 and other maps obtained by isoelectrofocusing, at different pH ranges.
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lated during the C. pneumoniae life cycle. Our data show that
at least 15 of the pmp gene set are actually expressed compo-
nents of EB cells, thus confirming and expanding the data
recently published by Grimwood and coworkers (16) for strains
of C. pneumoniae which are different from the one we used in
this study. The expression of 11 Pmps, 10 of which were FACS
positive, was confirmed by mass spectrometry, whereas 4 Pmps
(Pmp1, Pmp4, Pmp9, and Pmp15) not identified on 2DE maps
were positive in both Western blotting and FACS analyses.

Although the role of Pmps remains to be elucidated, involve-
ment in adhesion, molecular transport, signaling, and other
cell wall-associated functions have been proposed (44).

Hypothetical proteins. An interesting finding is represented
by the presence in Table 1 of a group of proteins which so far
have only been annotated as hypothetical. Seven of these pro-
teins are encoded by genes with corresponding orthologs in C.
trachomatis, while the remaining seven are specific protein
components of C. pneumoniae. Considering the high similarity
between the C. trachomatis and C. pneumoniae genomes, it is
reasonable to assume that C. pneumoniae-specific genes play
important roles in C. pneumoniae biology. In particular, these
surface-exposed hypothetical proteins may be implicated in C.
pneumoniae-specific tissue tropism.

On the basis of in silico analysis, four of the hypothetical C.
pneumoniae-specific antigens (the products of the CPn0794,
-0795, -0796, and -0797 genes), together with the CPn0798 and
CPn0799 genes, may be grouped in a new family of related
outer membrane-associated proteins. These proteins have a
repeat structure in common, which is somehow suggestive of
the analogous situation in the Pmp set. Whether these proteins
are also immunogenic in human infections and may represent
possible vaccine candidates remain to be explored in future
studies.

Unexpected findings. A number of entries in Table 1 are
proteins which, according to the current annotation and by in
silico localization prediction algorithms such as PSORT, could
be expected to be periplasmic, inner membrane, or even cyto-
plasmic components. The reason why the antibodies against
some of these proteins bind to the chlamydial surface is some-
what surprising. However, in silico analyses (which are usually
based either on the recognition of known protein sequence
motifs signaling cellular localization or on sequence homolo-
gies of variable reliability) are still far from being infallible.
Examples are the already-discussed OmcB, OmcA, DnaK, and
Mip-like proteins. Similarly, the 76 kDa homolog 1 CPn0728
protein, which gave a strong positive signal in our FACS assay,
is predicted by PSORT to be cytoplasmic (K-S score � 0.272),
but its surface localization is supported by the fact that it was
reported to induce antibodies which neutralize the infectivity
of C. pneumoniae (39). Another example of misleading in silico
predictions is represented by enolase (see below).

In addition to the failure of computer programs in predicting
protein compartmentalization, one should always keep in mind
that chlamydiae are notably very atypical bacteria, and some
proteins may have a different role and/or localization with
respect to other bacteria. If one considers that chlamydiae
could have developed some specific localization or secretion
signals which are not recognized by currently available predic-
tion algorithms, then for chlamydiae the discrepancies between
in silico prediction and experimental results may well be a

frequent occurrence. For instance, one of the unexpected re-
sults is the positivity of MurG. The murG product is similar to
a protein that is involved in other bacteria in the synthesis of
peptidoglycan (PG) and that is active at the inner membrane
level (44). However, in Chlamydia spp., PG synthesis is clearly
anomalous (44). Until recently, the chlamydial cell was thought
to be totally deprived of PG, and after the surprising finding of
the PG synthesis genes in the genome sequence, chlamydial
PG is thought to be synthesized not as a cell wall structure but
for a different and still undefined purpose (1).

A particularly interesting case in which in silico predictions
are contradicted by experimental data is represented by the
product of the eno gene. This protein belongs to the family of
well-known glycolytic enzymes and should not be expected to
be FACS positive, since in silico analysis predicts it to be
associated to the cytoplasmic inner membrane compartment.
However, the localization of an enolase ortholog on the bac-
terial surface has been recently described for gram-positive,
group A streptococci (37, 38). So, in this case, the positive
FACS assay results for C. pneumoniae enolase are in fact
supported by literature data, and to our knowledge this is the
first report of the presence of this enzyme on the surface of a
gram-negative bacterium. It is important to note that in strep-
tococci the surface enolase is a multifunction protein with
plasmin(ogen) binding properties, and Fontan and coworkers
(10) suggested that surface enolase could facilitate host tissue
invasion by preventing the generation of fibrin clots. Further-
more, this report (10) shows that streptococcal enolase can
induce antibodies cross-reacting with the human enolase ex-
pressed on the surface of hematopoietic cells. It is tempting to
speculate that also in chlamydial infections the induction of
antienolase antibodies could be the cause of autoimmune in-
flammatory reactions.

It is worth noting the presence in Table 1 of two putative
surface proteases, PepA and HtrA, which are part of a group
of proteins selected for experimental screening essentially be-
cause their C. trachomatis orthologs were reported to be im-
munogenic in patients with C. trachomatis infection (46). In-
terestingly, the Haemophilus influenzae HtrA homolog has
been shown to be a potential vaccine candidate since it can
induce a protective immunity in animal models (31).

Finally to be noted is the identification on the C. pneumoniae
surface of the products of the lcrE and yscJ genes, both pre-
dicted to be part of a type III secretion (TTS) system on the
basis of homologies with other well-described secretion sys-
tems in other bacteria, like those in Yersinia and Salmonella.
The TTS systems of gram-negative pathogens appear to be
derived from flagellar structures and are involved in contact-
dependent secretion of virulence factors (24). The possible
existence of such a secretion system in Chlamydia was first
described by Hsia and colleagues (23) for Chlamydia psittaci,
then confirmed by the subsequent genome sequencing
projects, and more recently has been described in functional
studies (9, 51). The current hypothesis envisages this system as
being active during the intracellular phase of the chlamydial
replicative cycle for the insertion of chlamydial proteins (like
the Inc set) into the inclusion membrane that separates the
growing chlamydial microcolony from the host cell cytoplasm
(1, 44), and also for secreting into the host cell cytoplasm
proteins which modulate the cell response to ongoing chlamyd-
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ial replication. The protein encoded by lcrE is homologous to
Yersinia YopN, a surface protein (11) thought to be a TTS
response regulator, sensing either a host cell contact in vivo or
Ca2� concentration in vitro and located at the most outward
position in the TTS structure (4, 44). The finding that LcrE is
actually exposed in the spore-like EB form suggests that the
TTS apparatus may also be fully assembled in extracellular
chlamydiae, possibly to be used in early events of cell infection,
e.g., in order to assist the entry of chlamydiae into the host cell
and a successful establishment of the early chlamydial inclu-
sion vacuole. This would be in agreement with the proposed
hypothesis (2) that the needle-like projections first observed by
Matsumoto on the EB surface in the early fundamental elec-
tron microscopic studies on C. trachomatis (35), and later con-
firmed in C. pneumoniae (36), are in fact TTS structures.

Another putative component of a chlamydial TTS that in-
duced FACS-positive antibodies is YscJ (Table 1). According
to the Yersinia model of TTS structure, this protein would be
expected to be located in the periplasmic space. It is, however,
possible that part of this protein protrudes through the outer
membrane or perhaps, in the chlamydial TTS structure, this
protein plays a different role. In fact, it has been noted (44)
that when the set of genes thought to form the chlamydial TTS
structure is compared with its homologous set of genes in other
bacteria, several components appear to be missing in the chla-
mydial genome. The fact that LcrE appears to be present and
accessible to antibodies on the surface of the infectious EB
form makes this protein a possible vaccine candidate, since an
efficient block of the TTS organelle may in turn inhibit the
infection process by “freezing” the LcrE negative regulator.

Concluding remarks. This work represents the first success-
ful attempt of a systematic analysis of proteins located on the
outer surface of C. pneumoniae. The data presented here,
besides providing important clues for further investigation on
the molecular mechanisms of chlamydial pathogenicity, may be
relevant for developing new and more specific diagnostic as-
says for the assessment of C. pneumoniae infections in humans.
We are currently exploiting C. pneumoniae protein chips with
the aim of analyzing antibody response profiles in sera from
infected patients and healthy carriers. Such an analysis might
lead to the identification of specific protein recognition pat-
terns that may eventually be correlated with diverse types of
infection, and they eventually might help elucidate the involve-
ment of C. pneumoniae in the development of atherosclerosis
and heart disease. Furthermore, since a prophylactic immuni-
zation against C. pneumoniae has to rely at least in part on
immune responses against proteins exposed on the surface of
infectious chlamydiae, our data open the way to a rational
selection of new vaccine candidates.
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