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A series of overlapping recombinant antigens, 61 to 74 residues in length, representing polymorphic outer
membrane protein 90 (POMP90) of Chlamydophila abortus and two recombinant peptides spanning gene
fragment p91Bf99 of POMP91B were assessed by immunoblotting to determine the antigen-binding sites of 20
monoclonal antibodies to POMP90, -91A, and -91B. The epitopes were further restricted by scanning 52 over-
lapping synthetic 12-mer peptides representing the N-terminal part of POMP90, and the 12-mer epitopes were
then analyzed by using hexapeptides to the resolution of a single amino acid. Ten epitopes were defined: 1, TS
EEFQVKETSSGT; 2, SGAIYTCEGNVCISYAGKDSPL; 3, SLVFHKNCSTAE; 4, AIYADKLTIVSGGPTLFS; 5,
SPKGGAISIKDS; 6, ITFDGNKIIKTS; 7, LRAKDGFGIFFY; 7a, DGFGIF; 7b, GIFFYD; 8, IFFYDPITGGGS;
8a, FFYDPIT; 9, GKIVFSGE; and 10, DLGTTL. The 20-mer peptide LRAKDGFGIFFYDPITGGGS was a ma-
jor epitope that was recognized by seven antibodies. Epitopes 7 to 10 were conserved in reference strains of the
former species C. psittaci, whereas the strong antigenic peptides FYDPIT and IVFSGE were conserved among
members of the genus Chlamydophila. Epitopes 3 to 8 were located within the best-scoring beta-helical wrap
(residues 148 to 293) predicted for POMP91B by the program BETAWRAP. Other studies have suggested an
association of the POMPs with type V secretory autotransporter proteins. The results presented in this study
provide some evidence for a passenger domain that is folded as a beta-helix pyramid with compact antigenic
organization.

Chlamydiae are obligate intracellular gram-negative bacte-
rial pathogens that are responsible for a wide variety of im-
portant human and animal infections. They have a unique
developmental cycle that takes place within a vacuole, named
the inclusion, and alternates between the rigid, infectious ele-
mentary body (EB) and the metabolically active, noninfectious
reticulate body (RB) (24). After a recent reclassification of the
order Chlamydiales, the family Chlamydiaceae contains two
genera, Chlamydia and Chlamydophila (5). The genus Chla-
mydia comprises three species, Chlamydia trachomatis, C. mu-
ridarum, and C. suis. The new genus Chlamydophila contains
the species Chlamydophila psittaci, C. abortus, C. caviae,
C. felis, C. pecorum, and C. pneumoniae. The most economi-
cally important animal pathogen of small ruminants is C. abor-
tus (formerly C. psittaci serotype 1), which causes abortion late
in gestation because of placental infection (ovine enzootic
abortion). Small ruminants are also commonly infected with
C. pecorum, which is responsible for a variety of conditions,
including conjunctivitis, polyarthritis, pneumonia, and clini-
cally inapparent intestinal infections (25). The diagnosis of
animals infected with C. abortus must therefore differentiate
between the two Chlamydophila species. In this context, our
interest has been drawn to a particular 90-kDa antigen family
that was originally identified in animal sera as highly immuno-
reactive and specific for C. abortus (3, 4, 21). A multigene

family of four genes coding for three proteins, named at first
putative outer membrane proteins (POMPs), was identified
and isolated (12, 13). With the completion of the sequencing of
the genomes of C. trachomatis and C. pneumoniae, it became
apparent that these genes were the first identified members of
a larger protein superfamily, referred to as the polymorphic
membrane protein (Pmp) family. The features common to all
members of the family are the conserved motifs FXXN and
GGAI, which are repeated in the N-terminal half of the pro-
teins. Nine genes, termed pmpA to pmpI, are present in C.
trachomatis, and 21 genes (pmp-1 to pmp-21) are found in the
larger genome of C. pneumoniae (11, 23). This relatively high
number of genes in the small genomes of both Chlamydia and
Chlamydophila has suggested a critical role in bacterial growth
and development (8). Henderson and Lam (10) highlighted the
similarities of the POMP and Pmp proteins with autotrans-
porter proteins of the type V secretion system. In autotrans-
porters, the presumed integral membrane beta-barrel domain
located at the C terminus mediates the translocation of the
N-terminal variable passenger domain, which may be cleaved
once it is exported. Further supportive evidence of the simi-
larity of the Pmp proteins to autotransporters follows from the
proteomic analysis of C. trachomatis and C. pneumoniae Pmp
proteins showing that some of the proteins migrate at molec-
ular weights significantly lower than those predicted by their
gene sequences, which is consistent with the proteins being
cleaved (8, 17, 20, 27).

Current knowledge concerning the number and sizes of the
POMPs in the animal pathogens of the genus Chlamydophila is
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incomplete, since most of their genomes have yet to be se-
quenced. To date, 20 orthologous genes have been identified in
C. caviae (T. Read, P. Bavoil, et al., unpublished data), while
preliminary analysis of the completed C. abortus genome has
identified at least 18 genes (J. Parkhill, D. Longbottom, et al.,
unpublished data). At least six POMPs were identified in C.
psittaci strain 6BC by labeling with an outer membrane-specific
probe, 3-(trifluoromethyl)-3-m-[125I]iodophenyl)diazirine (26).

Three of the originally identified POMPs, POMP90, -91A,
and -91B (13), share �80% homology and migrate very closely
in conventional sodium dodecyl sulfate (SDS) gels but can be
separated by two-dimensional (2D) electrophoresis (7). Prob-
ing of 2D immunoblots with specific monoclonal antibodies
(MAbs) has identified a fourth protein, with a molecular mass
of 105 kDa, that was characterized by antigenic cross-reactivity
as being POMP related (7). This protein was readily frag-
mented by trypsin, in contrast to the other POMPs, following
protease treatment of whole EBs (30). Specific binding of the
lectin concanavalin A suggested that the four proteins bear
carbohydrate (30). Discrepant results have been reported con-
cerning the localization of the POMPs on the outer membrane
surface of C. abortus by immunoelectron microscopy. MAbs
were reported to be able to highly decorate RBs but not EBs
(2), contrary to a second study that showed similar immuno-
labeling on both RBs and EBs (14). Since these studies used
different MAbs, it was suggested that the antigenic sites rec-
ognized by the respective MAbs may differ in their location in
the primary amino acid sequence. This prompted us to identify
the antigenic sites of the MAbs in question by use of recom-
binant fragments and synthetic peptides. In this paper, we
present a detailed antigenic map of the amino-terminal part of
the POMPs.

MATERIALS AND METHODS

Cell culture. McCoy cells (American Type Culture Collection [ATCC], Man-
assas, Va.) were grown in Eagle’s minimal essential medium supplemented with
5% (vol/vol) fetal calf serum, 2 mM glutamine, 2 mM nonessential amino acids,
0.01% gentamicin (Garamycin), and 0.02% vancomycin. HeLa cells (ATCC)
were grown in Dulbecco’s modified Eagle’s medium supplemented with 10%
(vol/vol) fetal calf serum, 2 mM glutamine, 2 mM nonessential amino acids, and
2 �g of gentamicin ml�1. Both cell lines were monitored regularly for myco-
plasma contamination with 4�,6�-diamidino-2-phenylindole dihydrochloride
(DAPI; Boehringer Mannheim).

Chlamydial strains. C. abortus B577T (VR656), C. psittaci 6BCT (VR125) and
MNT (VR122), C. caviae GPICT (VR813), C. felis FePnT (VR120), C. pneu-
moniae TW-183T (VR2282), and C. trachomatis L2/434 (VR920B) and D/UW-3
(VR885) were all purchased from ATCC. C. pecorum strain T13 was a kind gift
from M. J. Clarkson (University of Liverpool, Liverpool, United Kingdom). All
chlamydial strains were grown in McCoy cell monolayers, except C. pneumoniae,
which was propagated in HeLa cells. Cells were infected with chlamydiae by
centrifugation at 1,000 � g for 1 h in phosphate buffer supplemented with sucrose
and glutamate (0.2 M sucrose, 5 mM glutamate, 0.02 M phosphate, pH 7.2). The
cultures were incubated for 48 h in the presence of cycloheximide (1 �g ml�1)
and for 24 h without cycloheximide. C. trachomatis and C. caviae GPICT were
grown for 48 h. Crude stocks of EBs were prepared as described previously (29).

MAbs. Table 1 lists the 20 anti-POMP MAbs under study and their isotypes
and details their origins and previous characterizations. Seventeen of the MAbs
have been described previously (7, 21, 29). MAb LB4B4 was kindly provided by
A. Rodolakis (Institut National de la Recherche Agronomique, Nouzilly,
France). MAbs G11 and H11 were generated in BALB/c mice by intrasplenic
deposition of nitrocellulose-bound antigen after 2D electrophoretic separation
and immunoblotting. Mice received an intraperitoneal boost of dissolved excised
nitrocellulose pieces emulsified in incomplete Freund’s adjuvant and a final
intraperitoneal boost of 40 �g of purified EBs 4 days before fusion. Spleen cells
were fused with NS-O cells in polyethylene glycol, and hybridomas were grown

by using standard protocols in a Mini-perm apparatus (Heraeus, Osterode,
Germany). The isotypes were determined with an ELISA kit (Pierce).

Animal sera. Sera were pooled from six sheep flocks that were diagnosed with
chlamydial abortion. Anti-C. pecorum sera were raised in specific-pathogen-free
(SPF) lambs, two of which were experimentally infected with arthritogenic C.
pecorum strain P787, two were experimentally infected with conjunctivitis-caus-
ing strain 84/796, and one was experimentally infected with enteric strain 84/604
(19). Affinity-purified antibodies against the 105-kDa POMP were prepared as
previously described (7).

Immunoperoxidase assay. McCoy or HeLa cells grown in 96-well tissue cul-
ture plates were infected by centrifugation with each one of the chlamydial
strains. The cell monolayers, 30 to 50% infected, were fixed with methanol and
incubated for 1 h at 37°C with serial dilutions of the MAbs in phosphate-buffered
saline (0.14 M NaCl, 26 mM KCl, 1.4 mM KH2PO4, 8 mM Na2HPO4) containing
0.05% Tween 20. Incubation with a peroxidase-conjugated second antibody and
visualization with 3,3�-diaminobenzidine (DAB) followed, as described previ-
ously (29).

Production of recombinant fragments and immunoblotting. Amplification of
the truncated p91Bf99 gene fragment (p91Bf99s), cloning, expression, and
purification of the glutathione S-transferase (GST) fusion protein have been
described previously in detail (15). Primers and plasmid construction of the
12 200- to 300-bp overlapping fragments representing the entire gene for
POMP90, as well as cloning into pGEX-4T-1 and expression as GST fusion
proteins, have been published recently (16). GST was also expressed from the
empty vector (i.e., no insert) as a control. Protein concentrations were de-
termined with the bicinchoninic acid protein assay reagent (Perbio Science
United Kingdom Ltd.) with bovine serum albumin as the standard. Little
expression could be achieved for fragment POMP90-12, and fragment
POMP90-8 was expressed in insufficient amounts for screening of all of the
MAbs. They were therefore not tested. Analysis by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and subsequent electrophoretic transfer and
immunoblotting were performed in accordance with previously published
procedures (29). Captured antibodies were detected either with DAB or by
chemiluminescence (Super Signal; Pierce).

Peptide synthesis. Noncleavable peptides were synthesized on polyethylene
rods with 9-flouorenylmethyloxy carbonyl chemistry as described by Geysen et al.
(6) and in accordance with the instructions of the supplier (PEPSCAN, Chiron
Technologies Pty. Ltd., Clayton, Victoria, Australia). The following syntheses
were performed: (i) a set of 52 dodecamer peptides overlapping each other by 4
amino acids (aa) and covering the N-terminal part (aa 1 to 420) of the deduced
amino acid sequence of POMP90 (13); (ii) 10 18-mer peptides overlapping by 14
residues and spanning aa 40 to 93 of POMP91B; (iii) 7 dodecamer peptides

TABLE 1. List of anti-POMP MAbs under study

Immunogen
and MAb Isotypea Origin or

reference

C. abortus
JA6C7 IgG2a 2, 21, 30
EB3G2 IgG2a 2, 21, 30
IC4C7 IgG2a 2, 21
181 IgG2b 13, 14, 29, 30
191 IgG3 13, 29
192 IgG2a 13, 29
G11 IgG2a This study
H11 IgG1 This study
FC1A2 IgG2a 2, 21
DA4E8 IgG2a 2, 21
LB4B4 IgG2a This study

C. psittaci
73/04 IgG1 13, 29
84/019 IgG2b 13, 29
73/0200 IgG2b 13, 29
73/0040 IgG1 13, 14, 29
73/0248 IgG2a 13, 29
73/053 NC 13, 29
76/073 IgG2b 7, 13, 29, 30
76/049 IgG2b 13, 29
76/030 NC 13, 29

a IgG, immunoglobulin G; NC, nonconclusive results.
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overlapping by 4 residues and spanning aa 39 to 98 of POMP91B; (iv) 1 18-mer,
2 16-mers, and 4 12-mers offset by 2 residues and spanning aa 197 to 216 of
POMP90; (v) a set of 3 dodecapeptides offset by 2 residues and covering aa 41
to 56 each of POMP90, -91A, and -91B; (vi) a set of 7 hexapeptides offset by 1
residue and spanning each one of the 5 dodecamers YAKDLTIVSGGP, SPKG
GAISIKDS, ITFDGNKIIKTS, YTGKIVFSGEKL, and STVVMDLGTTLQ;
and (vii) 15 hexapeptides overlapping by 5 residues and spanning the 20-mer
LRAKDGFGIFFYDPITGGGS. Antibodies bound to the pins were detected as
described previously (19). The mean of the lowest 25% of the A405 readings was
defined as the background. The results for the MAbs were expressed as the net
A405 after subtraction of the background. For each serum, the background was
determined first and the results were expressed as the ratio of the A405 readings
to the background (A405/Abackground).

Sequence analysis. The genomic sequences of C. pneumoniae Pmp proteins
were obtained from the National Center for Biotechnology Information at http:
//ncbi.nlm.nih.gov, and the whole genome of C. caviae was accessed from The
Institute for Genomic Research at http://tigr.org. The ProDom database, for
alignment of the epitopes, was accessed at http://prodes.toulouse.inra.fr, and the
program BETAWRAP, for the prediction of parallel beta-helices, is available at
http://betawrap.lcs.mit.edu.

RESULTS

Identification of epitopes on recombinant protein fragments
and synthetic peptides. For epitope mapping, each MAb was
screened by immunoblotting against a series of overlapping
recombinant protein fragments representing POMP90, which

were expressed as GST fusion proteins as described recently
(16). Specifically, seven fusion proteins spanning the N-termi-
nal amino acid sequence of POMP90 (rOMP90 1-7) and three
fragments of the C-terminal part (rOMP90 9-11) were assessed
for antibody binding. The lengths of the expressed peptides
varied from 61 to 74 aa. Their immunoreactivity was tested (i)
with a pool of postabortion ewe sera and (ii) with ewe sera that
were affinity purified against the 105-kDa POMP-related pro-
tein (Fig. 1). The strongest reaction of the postabortion sera
was with fragments 3, 4, 5, and 6, in agreement with previous
results (16). The affinity-purified antibodies to the 105-kDa
POMP-related protein bound in particular to rOMP90-1, -9,
and -10, providing additional support for an antigenic relation-
ship between this protein and the POMP family, as suggested
previously (7, 30). Nineteen of the 20 MAbs were found to
bind to the N-terminal rOMP90 fragments, the exception being
MAb JA6C7. Some MAbs, for example, FC1A2 and 73/04,
reacted with one fragment only, whereas others, like MAbs
G11 and 84/019, bound to two fragments with the same inten-
sity (Fig. 1). MAb 73/0040 reacted with fragments 3 to 6,
although its strongest reaction was with fragment 5 (Fig. 1).
Fragment rOMP90-5 (244Ala-317Ile), recognized by 10 MAbs
(73/04, 192, FC1A2, 73/0200, DA4E8, H11, 73/0040, 73/0248,

FIG. 1. Binding patterns of MAbs against recombinant protein fragments representing POMP90, expressed as GST fusion proteins (see Table
2). Purified fragments rOMP90-1 to -7 and rOMP90-9 to -11 were subjected to SDS–12% PAGE and immunoblotted with MAbs FC1A2, 73/04,
G11, 84/019, and 73/0040, with affinity-purified antibodies to POMP105kDa, and with a pool of postabortion ewe sera.
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73/053, and LB4B4), was the most antigenic, in contrast to
rOMP90-2, which did not react with any of the MAbs tested.
The reactivity of each MAb with the fusion peptides is pre-
sented in Table 2, column 3. Antibodies EB3G2 and IC4C7
reacted with rOMP90-1. Previous work had suggested that
MAb JA6C7 binds only to POMP91B (30). Two smaller frag-
ments of clone p91Bf99, a 450-bp fragment of pomp91B, were
tested: the 310-bp fragment p91Bf99s (15) and a similarly
expressed 140-bp fragment named p91Bf99a, which is equiv-
alent to POMP90-1. MAb JA6C7 bound to the smaller frag-
ment, p91Bf99a, but not to p91Bf99s (results not shown).
When both corresponding fragments, rOMP90-1 (aa 17 to 87)
and p91Bf99a (aa 44 to 89), were tested, MAb JA6C7 reacted
with fragment p91Bf99a (Fig. 2 lane 3) but not with rOMP90-1
(lane 2) or with rOMP90-2 (lane 1) or the GST control (lane
4). In order to further restrict the epitope of MAb JA6C7, we
synthesized seven dodecapeptides overlapping by four residues
and representing the amino acid sequence of p91Bf99a (aa 39
to 98 of POMP91B). MAb JA6C7 did not react with any of
these dodecapeptides. Therefore, we synthesized 10 18-mer
peptides overlapping by 14 residues and spanning the sequence
of aa 40 to 93. Two of these 18-mer peptides, 52-SGAIYT
CEGNVCISYAGK-69 and 56-YTCEGNVCISYAGKDSPL
73, reacted strongly with MAb JA6C7.

To identify the exact binding sites of the other MAbs, 52
dodecapeptides overlapping by 4 residues and covering the
N-terminal amino acid sequence of POMP90 (aa 1 to 420)
were synthesized and screened against the 20 MAbs. Each
reacting dodecapeptide was further analyzed at the single-
amino-acid level with hexapeptides overlapping by five resi-
dues. Seventeen of the MAbs reacting with rOMP90 fragments
also recognized 12-mer synthetic peptides (Table 2). Antibod-
ies EB3G2 and IC4C7 reacted with the dodecapeptide 41-
TSEEFQVKETSS-52 of POMP90. To ascertain the reactivity
of these MAbs to POMP90 and -91B but not to POMP91A, as
indicated by 2D immunoblotting (30), we tested them against
three dodecapeptides overlapping by 10 residues and corre-
sponding to the sequences of the three POMPs. Both MAbs
reacted strongly with two out of the three peptides belonging
to POMP90 and -91B but not with the corresponding peptides
of POMP91A (data not shown). The epitopes of MAbs EB3G2
and IC4C7 were thus determined to be 41-TSEEFQVKETS
SGT-54 and 41-TSDEFEVKETTSGA-54 for POMP90 and
-91B, respectively.

Antibodies 84/019 and 73/04 failed to react with any 12-mer
synthetic peptide, although both were positive on recombinant
fragments, as mentioned above. It is more likely that this result
was due to the downsizing of the antigen (73 to 74 aa to 12 aa)
rather than to an insufficient overlap between successive pep-
tides. A new synthesis with larger peptides, however, was not
attempted in the case of these MAbs. Twelve-mer peptide
epitopes were identified for three out of four MAbs binding to
rOMP90 fragments 3 and 4. Peptide 152-SLVFHKNCSTAE-
163 (within fragment 3 of POMP90) reacted with MAb G11,
and MAb 181 bound to peptide 201-YADKLTIVSGGP-212
(within fragments 3 and 4 of POMP90). Since it has been
shown that the epitope of MAb 181 was accessible by EM on
the surface of the EB (14), it was studied in more detail. One
18-mer, two 16-mer, and four 12-mer peptides, offset by two
residues and spanning residues 197 to 216 between fragments

3 and 4, were synthesized and tested. The 18-mer 199-AIYA
DKLTIVSGGPTLFS-216 and the 12-mer 205-LTIVSGGPT
LFS-216 were the strongest reactors. MAb 191 bound peptide
225-SPKGGAISIKDS-236 (within fragment 4 of POMP90), and
MAb 192 reacted with the dodecapeptide 249-ITFDGNKII
KTS-260 in the overlapping region between fragments 4 and 5.
None of the epitopes of MAbs 181, 191, and 192 could be
further restricted on hexapeptides (Table 2, column 5). The
epitopes of 9 of the 10 MAbs binding to the major antigenic
fragment rOMP90-5 were delineated. Seven MAbs reacted
with the 20-mer 281-LRAKDGFGIFFYDPITGGGS-300,
namely, anti-ovine MAbs FC1A2, DA4E8, and H11 and anti-
psittacine MAbs 73/0200, 73/0040, 73/0248, and 73/053. When
these MAbs were tested further on hexapeptides spanning the
20-mer, each MAb showed a specific reactivity pattern, with
the exception of MAbs FC1A2 and 73/0040, which did not
react with any hexapeptide (Table 2, column 5). MAb DA4E8
spanned the sequence DGFGIFFYDP and reacted with the
hexapeptides DGFGIF, GIFFYD, and IFFYDP but not with
the intervening peptides (Fig. 3). MAb H11 had a low affinity
for peptide GIFFYD, while MAb 73/0200 reacted with two
hexapeptides (Fig. 3), DGFGIF and GFGIFF. Four peptides,
GIFFYD, IFFYDP, FFYDPI, and FYDPIT, were recognized
by MAb 73/0248 (Fig. 3). The latter three peptides also reacted
with MAb 73/053 (Fig. 3). MAb LB4B4 bound to dodecapep-
tide 313-YTGKIVFSGEKL-324 in the overlapping domain
between fragments 5 and 6 and reacted strongly with the hexa-
peptides GKIVFS, KIVFSG, and IVFSGE. Finally, the hexa-
peptide DLGTTL, within the epitope 369-STVVMDLGTT
LQ-380 in rOMP90-7, was the only ligand of MAbs 76/030, 76/
073, and 76/049. In summary, 10 epitopes were determined in
the N-terminal part of POMP90, as shown in Table 2, column
6.

Serological reactivity. To find suitable peptides for serolog-
ical diagnosis, differentiating between infections with C. abor-
tus and infections with C. pecorum, we scanned the 52 do-
decapeptides with sera from six different flocks known to be
infected with C. abortus. Six out of the 52 peptides, SNSLSF
ANDAQT, SLVFHKNCSTAE, YADKLTIVSGGP, IFFYDP
ITGGGS, YTGKIVFSGEKL, and NLDINIASLGGG, were
selected on the basis of their absorbance values, which were
50% above the background (Fig. 4). When tested with serum
samples from five SPF lambs infected with arthritogenic and
conjunctivitis-causing strains of C. pecorum, peptides SLVFH
KNCSTAE and NLDINIASLGGG reacted significantly less
strongly (P � 0.05, two-tailed t test). The differentiation by
peptide YADKLTIVSGGP was of marginal significance (P �
0.1). These data suggest that these peptides may be of potential
diagnostic value. The overall seroreactivity of peptide IFFY
DPITGGGS was relatively higher than that of the other pep-
tides. It reacted more strongly with postabortion sera than did
peptides SNSLSFANDAQT, YTGKIVFSGEKL, and NLDIN
IASLGGG and more strongly than four other peptides with
anti-C. pecorum sera (P � 0.05; analysis of variance, Bonfer-
roni).

Surface exposure and BETAWRAP. In this study, the anti-
genic sites of the anti-POMP MAbs were mapped to address
the discrepant results of the two reports dealing with the ex-
posure of epitopes on the surface of the EB (2, 14). The
mapping data of the present study have placed the inaccessible
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epitopes of MAbs EB3G2, IC4C7, and JA6C7 within residues
41 to 73 and the epitopes of MAbs FC1A2 and DA4E8 at aa
281 to 294. The surface-accessible binding sites of MAbs 181
and 73/0040 were localized at aa 199 to 216 and 289 to 300,
respectively (Table 2). The disagreement in the EM experi-
ments was, thus, due to the different locations of the epitopes
within the primary amino acid sequence. This, in turn, indi-
cates that the choice of the MAb under assay was important for
determining the accessibility of the POMPs. However, inacces-
sible epitopes 7 (LRADGFGIFFY, MAb FC1A2) and 7a-7b
(DGFGIFFYD, MAb DA4E8) were in close proximity to ac-
cessible epitope 8 of MAb 73/0040 (IFFYDPITGGGS), sug-
gesting a turn within the 20-mer peptide. A program named

BETAWRAP has been recently developed that can predict
parallel beta-helices from the amino acid sequence (1). Many
chlamydial Pmp proteins, including POMP98B of C. abortus,
were among the 200 best-scoring predictions (1). Therefore,
the program was used to assess the potential for POMP90,
-91A, and -91B to fold into a beta-helical structure. BETA-
WRAP predicts a packet of five rungs (one wrap) and gener-
ates 10 possible overlapping wraps, which are statistically eval-
uated in sum. A single rung has three strands (B) separated by
three turns (T). The lengths of turns T1 and T3 vary, whereas
turn T2 is almost always 2 residues long. Two positions in the
sequence, the starts of B1 and B2, can thus describe the posi-
tion of the rung. Aliphatic residues or “an asparagine ladder”
in T2 facilitate the stacking of the rungs. The results of our
search are presented in Fig. 5. The best wraps were predicted
within residues 114 to 249, 118 to 253, and 148 to 293 for
POMP90, -91A, and -91B, respectively. Each line represents
one rung. Six epitopes were located within the wrap of 91B and
are shown in bold and underlined. Epitopes 3, 6, and 8 were
located in the region B2/T2/B3. Interestingly, the epitope of
MAb 181 (epitope 4) spanned three-quarters of a rung, from
T3 to B2, consistent with its surface exposure. Epitopes 5 and
7 were in turns T3/B1/T1 and B1/T1/B2, respectively.

Figure 6 illustrates the 10 epitopes in a schematic drawing of
the N-terminal part of POMP91B. The six epitopes within the
beta-helix fold were placed in accordance with their predicted
positions in the rungs in Fig. 5. The positions of the epitopes
right and left of the beta wrap are not to scale. All three sites
of the beta-helix pyramid bear multiple epitopes in a compact
antigenic structure.

Cross-reactivity range of the MAbs. Seven strains represent-
ing the genus Chlamydophila and two strains of C. trachomatis
were screened against the 11 anti-C. abortus and 9 anti-

FIG. 2. Specificity of MAb JA6C7 for POMP91B. Recombinant
fragments expressed as GST fusion proteins covering residues 17 to 87
(rOMP90-1, lane 2) and 72 to 137 (rOMP90-2, lane 1) of POMP90 and
residues 44 to 89 of POMP91B (p91Bf99a, lane 3) and the empty-
control vector (GST, lane 4) were subjected to SDS–12% PAGE and
immunoblotted with MAb JA6C7.

FIG. 3. Binding of MAbs DA4E8, 73/0200 73/0248, and 73/053 to synthetic hexapeptides offset by one amino acid and spanning residues 281
to 300 of POMP90. Reactivity of the MAbs with the peptides is expressed as the net A405.
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psittacine MAbs by immunoperoxidase staining on methanol-
fixed inclusions grown in McCoy cell monolayers. The results
are summarized in Table 3. The MAbs are listed in the order
of their epitopes in the N-terminal part of POMP90 (columns
1 and 2). MAb JA6C7 was the only antibody specific for C.
abortus. The other 19 MAbs also recognized psittacine strain
6BC, including MAbs such as EB3G2, IC4C7, 181, 191, and
192, which had been reported to be specific for C. abortus
(former serotype 1; 21, 29). Six anti-C. abortus MAbs, namely,
G11, 192, DA4E8, FC1A2, H11, and LB4B4, and all of the
anti-psittacine MAbs recognized strain MN. Antibodies G11,
FC1A2, and DA4E8 and anti-psittacine MAbs 73/04, 73/0200,
and 73/0040 bound to inclusions of C. abortus, C. psittaci, C.
caviae, and C. felis, all of which belong to the former C. psittaci
group. This reconfirmed previous data concerning MAbs
FC1A2 and DA4E8 (21) that suggested the existence of an
epitope(s) common to all of the members of the former C.
psittaci group. The epitopes of these two MAbs were identified
in the present study as the dodecapeptide LRAKDGFGIF
FYD (epitopes 7 and 7a-7b). Anti-psittacine MAbs 73/0248
and 73/053, binding FFYDPIT (epitope 8a), and MAbs 76/073,
76/049, and 76/030, reacting with DLGTTL (epitope 10), also
recognized inclusions from strain T13, an enteric strain of C.
pecorum. These MAbs and anti-C. abortus MAb LB4B4, with
the core antigenic site GKIVFSGE (epitope 9), also bound to
inclusions of C. pneumoniae strain Twar 183. MAbs 73/0248
and 73/053 reacted equally well with the inclusions of all spe-
cies of the genus Chlamydophila that were tested. None of the
20 MAbs under study stained inclusions of C. trachomatis
strain D or L2.

Summarized, the data showed that epitopes 7 to 10 were
conserved among members of the former C. psittaci group,
whereas epitopes 8a to 10 were common among the species of

the new genus Chlamydophila. To substantiate this finding, the
genomes of C. caviae and C. pneumoniae were searched for
identical or similar peptides. Table 4 shows alignments of the
10 epitopes in POMP90 with the corresponding sites of
POMP91A, -91B, and -98B, with the related sites of Pmp2 as
a representative of the C. pneumonia Pmp proteins, and with
the most-homologous peptides resulting from a genomic
search of C. caviae. The hexapeptide FYDPIT (epitope 8a) was

FIG. 4. Seroreactivity of synthetic peptides. Fifty-two dodecapeptides spanning the N-terminal part of POMP90 were tested with six serum
pools from flocks with ovine enzootic abortion and five individual serum samples from SPF lambs infected with C. pecorum. The data for the six
most strongly reacting peptides with A405/Abackground values of �1.50 are shown as the mean values plus the standard deviation for the six serum
pools (dark bars) and the five C. pecorum serum samples (open bars).

FIG. 5. Predicted best beta-helix fold (wrap) in POMP90, -91A,
and -91B with the program BETAWRAP. The positions of the epi-
topes, as determined by epitope mapping, are shown in bold and
underlined. Each line represents one rung. A single rung has three
strands (B1 to -3) and three turns (T1 to -3). The start positions of
strands B1 and B2 are shown.
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found in the deduced amino acid sequences of Pmp1, -2, -3, -4,
-5, -6, -7, -8, -9, -10, -11, -13, and -14 but not in Pmp20 and -21
of C. pneumoniae. Pmp12, -15, -16, -17, -18, and -19 contained
the pentapeptide FYDPI. The octapeptide IFFYDPIT was
found in Pmp10 and -11. Similarly, the hexapeptide IVFSGE
(epitope 9) was observed in Pmp2, -4, -7, -8, -9, -10, and -13.
Pmp2 was the only Pmp containing a peptide similar to the
hexapeptide DLGTTL. The dodecapeptide LRAKDGFGIF
FY (epitope 7) was conserved in C. caviae as LRARDGFG
VFFY. Only two similarities were scored in POMP98B,

namely, the peptides FYDPIT (epitope 8a) and IIFSGE (epi-
tope 9), suggesting that interspecies orthologues are more con-
served than intraspecies paralogues. Besides the differences
within epitopes 1 and 2, described in detail at the beginning of
this section, the few amino acid substitutions within the other
epitopes among C. abortus POMP90, -91A, and -91B were
tolerated by the MAbs, as judged by 1D and 2D immunoblot
assays (not shown).

DISCUSSION

In this study, we have used 20 MAbs that react with the
three POMPs of C. abortus to produce a detailed antigenic
map of the N-terminal domain of the molecules. In addition,
we have used the program BETAWRAP to predict the fold-
ing of this domain, thereby creating a 3D antigenic map. The
results have antigenic, structural, phylogenetic, and serological
implications.

All 20 of the MAbs used in this study bound in Western
blot assays after denaturing SDS-PAGE of either solubilized
whole EBs or recombinant fusion peptides. They were
therefore expected to recognize sequential epitopes. How-
ever, the epitopes defined by MAbs JA6C7, 84/019, and
73/04 were shown to be conformational since they were lost
when fragmented from approximately 70-residue-long fu-
sion peptides to 12-mer peptides (Table 2). Linear (or se-
quential or continuous) epitopes contain four to six adjacent
residues of the primary sequence (18), indicating that iden-
tified epitopes 7a, 8a, 9, and 10 are true sequential epitopes.
The majority of the antigenic sites, epitopes 1, 3, 4, 5, 6, 7,
8, and 7a-7b, although continuous in their primary se-
quences, must retain a considerable conformational element
since these epitopes were lost when downsized from 12-mers
to hexapeptides (Table 2). The program BETAWRAP pre-

FIG. 6. Schematic 3D drawing of the epitope map of the N-termi-
nal part of POMP91B containing a beta-helical domain with six rungs.
Five rungs have been placed in accordance with the predicted positions
of strands B1 and B2 in each rung calculated by BETAWRAP (shown
in Fig. 5). The positions of the epitopes were determined by peptide
mapping (Table 2). The parts left and right of the beta-helical domain
are not to scale. B1, B2, and B3, beta strands; L, leader peptide.

TABLE 3. Cross-reactivity range of the MAbs

MAb Epitope

Reciprocal dilution of ascites or hybridoma supernatanta

C. abortus
B577T VR656

C. psittaci
C. caviae

GPICT VR813
C. felis

FePnT VR120
C. pneumoniae

TW-183T VR2282
C. pecorum

T13

C. trachomatis

6BCT

VR125
MNT

VR122
L2/434

VR920B
D/UW-3
VR885

JA6C7 2 20,000
EB3G2 1 20,000 20,000
IC4C7 1 40,000 40,000
G11 3 800 800 800 800 800 ND ND
181 4 400 400
191 5 6 6
84/019 rOMP3/4 120 120 120 120
192 6 6 6 6
73/04 rOMP5 400 400 400 400 400
FC1A2 7 5,000 1,000 5,000 1,000 1,000
73/0200 7a 400 400 400 400 400
DA4E8 7a-7b 20,000 20,000 20,000 1,000 20,000
H11 8 400 400 400 ND ND
73/0040 8 400 400 400 400 400
73/0248 8a 400 400 400 400 400 400 400
73/053 8a 120 120 120 120 120 200 120
LB4B4 9 20,000 20,000 20,000 1,000 20,000 5,000 ND ND
76/073 10 400 400 400 400 400 100 200
76/049 10 400 400 400 400 400 100 200
76/030 10 400 400 400 400 400 100 200

a ND, not determined.
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dicted most of these epitopes (the binding sites of 13 MAbs)
to be located within a compact beta-helix fold (Fig. 5).
Experimental data support the beta-helix folding in this
domain. In the beta-helix structure, segments widely sepa-
rated in their primary sequences are brought together in
adjacent positions. Some MAbs, such as G11, 84/019, 191,
and 73/0040, bound more than one fragment (Table 2).
Furthermore, most of the epitopes within the putative beta
wrap (epitopes 3, 4, 5, 6, 7, 8, and 7a-7b) had a strong
conformational element whereas the linear epitopes, espe-
cially epitope 8a, were at the end of the beta-helix. More-
over, epitope 4, which has been shown in EM studies to be
accessible to antibodies on the EB surface, was within an
external active site in the beta-helix fold. In a previous
study, we had speculated that a possible role for the N-
linked oligosaccharides identified in the POMPs may be
promotion of the proper folding of these proteins (30).
According to the beta-helix model, the three GGAI motifs
that are preceded by the three potentially glycosylated
FXXN motifs are located within a fold (Fig. 5). The struc-
tural elements in the POMPs right and left of the beta-helix
are unknown. The conformation of the N-terminal part to
the left may be of high segmental mobility since epitope 1 is
highly accessible in RBs and inaccessible in EBs (2). The
more C-terminal part to the right that contains two sequen-
tial epitopes (9 and 10) could be a random coil. The overall
antigenic organization of the N-terminal part of the POMPs
is very compact, since epitopes are not only adjacent in their
primary sequence (epitopes 1 and 2 and epitopes 7 and 8)
but are brought into close proximity by folding.

The common elements in the primary sequence of the
POMP/Pmp family are the repeated FXXN-GGAI motifs. Sur-
prisingly, these motifs were not detected as antigenically re-
lated in the phylogenetic studies. MAb 191 binds within a
GGAI motif (epitope 5). Alignment of this epitope with the
C. pneumoniae Pmp proteins (Table 4; only Pmp2 is shown)
showed considerable variation in the amino acid residues be-
fore and after GGAI, although the lysine before and the iso-
leucine after the motif were conserved in some of the Pmp
proteins. This suggested that, although orthologous Pmp pro-
teins may have the same structure, the parallel beta-helices,
they generally do not have the same antigenic sites within this
domain. However, antibodies with a strong conformational
character, such as G11 and 84/019, may recognize structural
homologies among the species C. abortus, C. psittaci, C. caviae,
and C. felis (Table 3). One of the important findings of this
study is the identification of the binding sites of seven MAbs
within a 20-aa stretch, defining the sequence LRAKDGFGIFF
YDPITGGGS as a major epitope of the POMPs. Most inter-
estingly, this major epitope is conserved in the members of the

former C. psittaci group, together with epitopes 9 and 10. Such
a large antigenic homology has not been recognized previously.
Moreover, linear epitopes 8a, 9, and 10 were found in all of the
species of the genus Chlamydophila that were tested but were
absent in C. trachomatis. Therefore, these are the first known
linear epitopes to be identified in the C. pneumoniae and C.
pecorum Pmp proteins. Further studies with more strains will
prove whether these epitopes represent Chlamydophila genus-
specific epitopes. Epitopes FYDPIT and IVFSGE were not
only conserved among the different Chlamydophila nonhuman
animal species but were also present in the majority of the
C. pneumoniae Pmp proteins. The hexapeptide FYDPIT was
present in 13 Pmp proteins, while the pentapeptide FYDPI
was present in 6 of them. Following a preliminary analysis of
the C. abortus genome, peptide FYDPIT or FYDPI has been
identified in 10 POMPs: 5 of the 6 originally identified POMPs
contained FYDPIT, while the other contained the pentapep-
tide FYDPI (Longbottom, unpublished). It is worth mention-
ing that, in addition to MAb 76/073 (7), POMP105kDa also
bound MAbs 73/053 and 73/0040, which react with FFYDPIT
and IFFYDPITGGGS, respectively (E. Vretou and P. Gian-
nikopoulou, unpublished results). The large conservation be-
tween the proteins and throughout the species of the genus
Chlamydophila indicates that these sites may have an as yet
unknown important function. FYDPIT may signify the end of
the putative beta-helix folding, or the signal for the subsequent
fragmentation, according to the similarity of the POMPs with
type V autotransporters. FYDPIT preceded a cleavage site in
Pmp6, as identified recently (28). It is interesting that a 20-mer
peptide following FYDPIT was selected for the generation of
specific polyclonal antibodies on the basis of its variation be-
tween the Pmp proteins (9). In C. abortus, the peptide IFFY
DPITGGGS was more reactive with postabortion ewe sera
than most of the other peptides, although its serological im-
portance was diminished by its cross-reaction with the anti-C.
pecorum sera.

Autotransporters consist of a C-terminal domain that is
incorporated in the outer membrane as a beta-barrel, and an
N-terminal domain, named the passenger, that is translo-
cated through the C-terminal domain (10). Once the pas-
senger domain is exported, it may be cleaved or remain
attached. The function of the passenger domain in the chla-
mydial POMPs is unknown, and we have no indication of its
possible secretion. In the present study, we have provided
some evidence that supports the folding of the passenger
domain into a beta-helix fold. Beta-helices are found in a
series of human and animal pathogens that are involved in
surface recognition (1). The active site of the passenger
domain in the POMPs may be located along the axis of the
beta-helix, as shown for the phage P22 tailspike protein (22).

TABLE 4. Alignment of the 10 epitopes among Chlamydophila spp.

Protein or strain Epitope 1 Epitope 2 Epitope 3 Epitope 4

POMP91B GNTNSEPFNPLSTSN-SNGTIYTCTGNICIAYAGLDGSGLSSSCF DNSSLVFHKNCSTAEGGAI KGGAIYADKLTIVSGGPTLFSNN
POMP91B GNVTSDEFEVKETTS---GAIYTCEGNVCISYAGKD–SPLNKSCF DNSSLVFHKNCSTGEGGAI SGGAIYADKLTIVSGGPTLFSNN
POMP90 GNVTSEEFQVKETSS---GTTYTCEGNVCISFAGKD–SGLKKSCF DNSSLVFHKNCSTAEGGAI KGGAIYADKLTIVSGGPTLFSNN
GPIC GNTTTTPFVPKETST---GAEYTCNGNVCITYAGKT–TPLTKSCF NDFSVLFKKNCSTAAGGAI EGGAIYAKKLSIISGGPTLFSNN
Pmp2 GTTSTTSFSSKTSSA-TDGTNYVFKDSVVIENVPKTGETQSTSCF DNDKVLIQDNFSTGDGGAI RGGAIHTKNLTLSSGGETLFQGN
POMP98B LDANG-AFSPQS-TSTAGGTIYNVESDISIVDV–GQTAALASSAF VAFSNNAVSGSSDGCGGAI KGGAIYTDKLILTSGGPTAFINN
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The predicted beta-helix model opens the way for possible
speculation. The cysteine residues in the two first rungs of
POMP90 and -91A, brought together by stacking, may, un-
der appropriate conditions, oxidize to form intramolecular
disulfide bridges. Possible intramolecular disulfide bridges
have been presumed previously, on the basis of the unfold-
ing of the polypeptides at 90 kDa in the presence of iodo-
acetamide (E. Vretou, P. Yannikopoulou, E. Psarrou, P.
Papavassiliou, V. Pallini, and L. Bini, Proc. 3rd Meet. Eur.
Soc. Chlamydia Res., p. 52, 1996). Further, when the
POMPs are cleaved, the proteolytic fragments could be held
together by these intramolecular disulfide bridges and only
released or transferred to other molecules within a reducing
environment. 2D immunoblotting with MAb 76/073 has pre-
viously indicated fragmentation of the POMPs. This MAb,
which binds at the end of the N-terminal domain (epitope
10), recognized the three POMPs and reacted repeatedly
with several spots at 75.8, 72, 67, 60.5, and 58.7 kDa,
whereas other MAbs did not (7, 30). These results were
difficult to interpret, since the spots may have originated
from different POMPs that have not been identified yet. After
the C. abortus genome has been completely mapped, MAbs with
precisely located epitopes may prove to be useful molecular
tools, together with mass spectrometry techniques, with which
to trace the processing of the POMPs and to help elucidate
their role in chlamydial pathogenesis.
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