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We isolated and sequenced the gene for the chlamydial heat shock protein 60 (HSP-60) from a Chlamydia
trachomatis genomic library by molecular genetic methods. The DNA sequence derived revealed an operon-like
gene structure with two open reading frames encoding an 11,122- and a 57,956-Da protein. The translated
amino acid sequence of the larger open reading frame showed a high degree of homology with known sequences
for HSP-60 from several bacterial species as well as with plant and human sequences. By using the determined
nucleotide sequence, fragments of the gene were cloned into the plasmid vector pGEX for expression as fusion
proteins consisting of glutathione S-transferase and peptide portions of the chlamydial HSP-60. HSP-60
antigenic identity was confirmed by an immunoblot with anti-HSP-60 rabbit serum. Sera from patients that
exhibited both high antichlamydial titers and reactivity to chiamydial HSP-60 showed reactivity on immuno-
blots to two fusion proteins that represented portions of the carboxyl-terminal half of the molecule, whereas
fusion proteins defining the amino-terminal half were nonreactive. No reactivity with the fusion proteins was
seen with sera from patients that had been previously screened as nonreactive to native chlamydial HSP-60 but
which had high antichlamydial titers. Sera from noninfected control subjects also exhibited no reactivity.
Definition of recognized HSP-60 epitopes may provide a predictive screen for those patients with C. trachomatis
infections who may develop damaging sequelae, as well as providing tools for the study of immunopathogenic
mechanisms of Chlamydia-induced disease.

Chlamydia trachomatis is an obligate intracellular bacte-
rium that parasitizes eucaryotic cells and has a unique
growth cycle involving the conversion between two distinct
developmental forms. The intracellular reticulate body (RB)
is metabolically active, has a fragile outer membrane, and
replicates by binary fission. The elementary body (EB) is a
metabolically inert developmental form that has a rigid,
osmotically resistant outer membrane. The outer membrane
organization is unique to chlamydiae and is composed of
three quantitatively predominant cysteine-rich proteins.
These cysteine-rich proteins form extensive disulfide cross-
links within the outer membrane, providing structural ri-
gidity for the EB outer membrane in the absence of a
peptidoglycan layer (39). Conversion between the two de-
velopmental forms during the life cycle requires the assem-
bly, disassembly, and rearrangement of these outer mem-
brane proteins. The molecular processes by which this
unique 'reorganization occurs are not understood.

C. trachomatis is an important etiologic agent of ocular
and urogenital tract infections, resulting in both significant
monetary cost and high reproductive and ophthalmological
morbidity (32). Human genital tract infection with C. tracho-
matis may result in urethritis, epididymitis, salpingitis, and
endometritis, with negative long-term outcomes including
infertility and ectopic pregnancy. Ocular infections with C.
trachomatis are the leading cause of preventable blindness in
developing nations with endemic trachoma. Disease results
from an aggressive inflammatory response that causes tissue
injury followed by scarring (15). The severity of the inflam-
matory response increases with persistent infection or fre-
quent reinfection (15). In addition to the immunopathology
induced at the site of infection, there can be systemic
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sequelae at distant sites. Several studies on the incidence of
sexually acquired reactive arthritis have reported acute C.
trachomatis infections in 42 to 69% of individuals immedi-
ately preceding the onset of arthritis (22, 25, 58). In one
study, Ghinsberg et al. (13) found that -60% of patients
characterized as having rheumatoid factor and autoimmune
disease were infected with C. trachomatis.
A chlamydial component present in the Triton X-100-

soluble fraction of chlamydia EBs has been reported to
induce ocular inflammatory responses in previously infected
animals (54, 62). The predominant antigenic component
present in the Triton X-100-soluble fraction was shown to be
a protein of approximately 57,000 molecular weight (36), and
when partially purified it is capable of eliciting ocular hyper-
sensitivity reactions in guinea pigs previously infected with
Chlamydia psittaci (36). The Triton X-100-solubilized pro-
tein is serologically related to proteins of approximately
60,000 molecular weight found in many gram-negative bac-
teria, referred to as common antigen (51, 52). Wagar et al.
(60) demonstrated that the -60,000-molecular-weight pro-
tein obtained following Triton X-100 treatment of C. tracho-
matis EBs is serologically related to the heat shock protein
60 (HSP-60) family. Bavoil et al. (4) found that the Triton
X-100-soluble -60,000-molecular-weight protein of C. tra-
chomatis was antigenically identical to the HSP-60 family
and contains reactive sulfhydryl residues. Although most of
this protein is recoverable from detergent treatments of EBs,
some of the protein is found associated with the outer
membrane complex. Recently, Morrison et al. (35) cloned
and sequenced the HSP-60 gene for C. psittaci guinea pig
inclusion conjunctivitis. Heat shock proteins of -60,000
molecular weight, or HSP-60s, are one class of phylogenet-
ically highly conserved proteins that are induced to high
levels of expression in stressed cells but are also expressed
at lower levels in nonstressed cells (29). They appear to
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function in aiding nascent protein chains to assume proper
conformational folding during synthesis (6), protein refolding
following translocation through membranes (9), and the
assembly of multimeric protein complexes (14, 44).

Analysis of both the role that the C. trachomatis HSP-60
may play in the induction of either immunopathological or
protective immune responses and its role as a potential
component of the cellular outer membrane reorganization
mechanisms that are part of the unique chlamydial develop-
ment cycle would be facilitated if the sequence of the
HSP-60 were known and if recombinant antigens were
available. To study these issues, we have cloned and se-
quenced the gene encoding the C. trachomatis HSP-60
homolog (Chl-GroEL), as well as that encoding the homolog
of a second, smaller heat shock protein, GroES. Further-
more, we have defined several antigenic regions of the
chlamydial HSP-60 molecule which are recognized by anti-
body present in the sera of patients with urogenital tract
infections of C. trachomatis who have developed or are at
risk of developing postinfection sequelae.

MATERIALS AND METHODS

Bacterial strains. C. trachomatis L2/434/Bu has been pre-
viously described (26). Bacteriophage X1059 and its host
bacterial strain Escherichia coli Q359 (19) and the pUC
plasmids and M13 phage systems and their respective E. coli
host cell strains, TBI and XL-1 Blue, have been described
previously (34). The expression plasmid pGEX (50) was the
generous gift of G. B. Smith and G. Mitchell (Walter and
Eliza Hall Institute).
Gene amplification. Template DNA for the polymerase

chain reaction (PCR) was prepared from purified C. tracho-
matis EBs or from purified recombinant plasmid clones. EBs
were lysed in 1% sodium dodecyl sulfate (SDS)-65 ,ug of
proteinase K per ml, and the DNA was isolated following
three phenol extractions, two chloroform extractions, and
precipitation with ethanol. Oligonucleotides used as primers
in the PCR were designed with 5' BamHI and 3' EcoRI
restriction endonuclease sites to allow directional cloning
and were synthesized on an ABI 380B oligonucleotide
synthesizer. PCR was performed following the manufactur-
er's instructions (Gene-Amp kit; Perkin-Elmer Cetus, Nor-
walk, Conn.). PCR products were purified prior to use by
Centricon-30 filtration (Amicon Corp., Danvers, Mass.).

Selection and analysis of recombinant X1059 phage. Con-
struction of the C. trachomatis genomic library in X1059 has
been described previously (1). Recombinant phage was
plated on E. coli Q359 by standard methods (31) at densities
of approximately 103 PFU/150-mm (diameter) plate. Follow-
ing overnight incubation to allow development of the
plaques, the plates were sequentially overlaid twice with
nitrocellulose disks (BA-85; Schleicher & Schuell, Keene,
N.H.) and the disks were processed for DNA hybridization
by standard methods (31). The nitrocellulose disks contain-
ing adsorbed phage DNA were probed with a chlamydial
HSP-60-specific 32P-end-labeled oligonucleotide, RS15. Der-
ivation of this probe is described below (Results). Hybrid-
ization was conducted for 16 h at 42°C with a hybridization
solution containing 1% SDS, 10% dextran sulfate, 50%
formamide, 100 ,ug of denatured salmon sperm DNA per ml,
and 1 M sodium chloride. Following hybridization, the
membranes were washed twice in 2x SSC (1 x SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) at room temperature for a
total of 30 min, twice in 2x SSC wVith 0.1% SDS at 49°C for
a total of 60 min, and once in 0.1% SSC at room temperature

for 30 min. Plaques positive on both replicate disks were
picked and reassayed at a density of -100 PFU per plate,
and isolated positive plaques were chosen and amplified.
Four recombinant X1059 clones were selected, and their
DNA was isolated by standard procedures (31). The purified
DNA was digested with BamHI restriction endonuclease,
and the specificity and size of the insert fragment in each
clone were determined by Southern hybridization with the
oligonucleotide probe RS15. The BamHI-digested insert
fragments were then cloned into pUC18.
DNA sequencing. Each of three X1059 recombinant DNA

inserts were cloned into pUC18, designated 2.1p12, 4.1pl,
and 6.2p4, and mapped with restriction endonucleases and
Southern hybridization by standard procedures (31). The
enzymes used were BamHI, EcoRI, HincII, HindIII, PstI,
and SacI (Bethesda Research Laboratories, Gaithersburg,
Md.; New England BioLabs, Inc., Beverly, Mass.). DNA
restriction endonuclease fragments from the pUC clones or
from PCR products were gel purified and cloned into
M13mpl8 or M13mpl9. Sequencing of the M13 templates
was by the dideoxy-chain termination method with Taq
polymerase and fluorescence-labeled M13 primers (370DNA
sequencing system; Applied Biosystems Inc., Foster City,
Calif.) and 370A automated DNA sequencer (Applied Bio-
systems).

Serological specificity. PCR-amplified regions of clone
2.1p12 were cloned into pGEX-2T with the BamHI and
EcoRI sites. Production and purification of glutathione
S-transferase fusion proteins have been described previously
(50). Protein concentrations were determined by the method
of Lowry et al. (30), and purity was assessed by polyacryl-
amide gel electrophoresis and Coomassie blue staining.
Polyacrylamide (12%)-N,N-methylenebisacrylamide (29:1)
gel electrophoresis was performed by the method of Laem-
mli (27). Gels were transferred electrophoretically to nitro-
cellulose sheets (Schleicher & Schuell) as described by
Towbin et al. (55). The fusion proteins were probed with
rabbit serum specific to chlamydial Triton X-100-soluble
HSP-60 (4; a generous gift of P. Bavoil, University of
Rochester, Rochester, N.Y.) and with sera from patients
with pelvic inflammatory disease and/or ectopic pregnancy.
These patient sera have been described previously (60).
Human sera were used at a dilution of 1:100, and immune
reactions were identified with alkaline phosphatase-conju-
gated goat anti-human immunoglobulin G (IgG), IgA, IgM
(heavy plus light chains), 1:1,000 (Zymed Laboratories Inc.,
South San Francisco, Calif.). Prestained molecular weight
standards were used: phosphorylase b, 110,000 Da; bovine
serum albumin, 84,000 Da; ovalbumin, 47,000 Da; carbonic
anhydrase, 33,000 Da; soybean trypsin inhibitor, 24,000 Da;
and lysozyme, 16,000 Da (Bio-Rad).

Nucleotide sequence accession number. The nucleotide
sequence reported in this paper has been submitted to the
GenBank/EMBL data bank with accession number M58027.

RESULTS

Selection and analysis of A1059 recombinant clones. Our
interest in analyzing both the composition of chlamydial
outer membrane protein antigens and their role in eliciting
host immune responses prompted us to examine the compo-
sition of protein antigens of -60,000 molecular weight. In
addition to a 57,000- to 60,000-molecular-weight cysteine-
rich outer membrane protein antigen (1), Bavoil et al. (5)
characterized a different -60,000-molecular-weight protein
antigen that is soluble in solutions containing either Triton
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X-100 or sarcosyl. Bavoil et al. (4) and Wagar et al. (60) have
recently shown that the soluble protein is immunologically
related to HSP-60. The highly conserved amino acid se-
quence characteristic of members of the HSP-60 family and
the associated immunological cross-reactivity precluded the
use of the antibody as a screening tool. Thus, we exploited
the conservation of amino acid sequences in HSP-60s to
design oligonucleotide primers for amplification of regions of
the C. trachomatis groEL homolog by PCR (53). The amino
acid sequences of HSP-60 analogs from E. coli (16), Myco-
bacterium tuberculosis (48), and Coxiella burnetti (59) were
analyzed for regions of high homology that flanked noncon-
served regions. The following four degenerate oligonucleo-
tide primers, based on the reverse translation of these
homologous regions and reflecting the codon bias of C.
trachomatis (1), were synthesized: RS11 (5'-CTCGGAT
CCGCNGTNAARGCNCCNGGNTTYGGNGAY-3'), RS12
(5 '-CTCGGATCCGTNAARGTNACNYTNGGNCCNAA
RGGN-3'), RS13 (5'-GTGGAATTCRTCNCCRAANCCN
GGNGCYTTNACNGC-3'), and RS14 (5'-GTGGAATTC
YTCYTGNARYTTYTCNCNRTCRTARTC-3'), where N =
A, G, C, or T, R = A or G, and Y = C or T. The location and
orientation of these primers relative to the amino acid
residue comparison of the bacterial HSP-60 homologs is
shown in Fig. 1A. These primers were used to amplify the
nonconserved intervening regions from C. trachomatis ge-
nomic DNA. Two PCR products, 800 and 300 bp, were
obtained and partially sequenced (53). The nucleic acid
sequence from the 300-bp fragment revealed a DNA se-
quence that was unique to C. trachomatis. On the basis of
the DNA sequence of this region, the following oligonucle-
otide, RS15, was synthesized: 5'-AAGCTTTAGAAGCT
CGTTGCGAA-3'. Southern hybridization of BamHI- and
EcoRI-digested E. coli and C. trachomatis genomic DNAs
probed with RS15 showed no binding of the oligonucleotide
to the E. coli genomic DNA, whereas a band of -450 bp was
observed with C. trachomatis DNA (data not shown).
A genomic library of C. trachomatis in X1059 was

screened with the RS15 probe. Four positive recombinant
X1059 clones were selected, and the DNA was isolated and
purified. Southern hybridization of purified DNA from the
recombinant clones by using the RS15 probe showed that a
common BamHI restriction endonuclease fragment of -4 kb
was present in each X clone (data not shown). This fragment
from each X1059 clone was purified and cloned into BamHI-
digested pUC18 plasmid. DNA was purified from pUC18
clones and mapped with restriction endonucleases. Figure
1B shows the restriction map for one clone, 2.1pl2. All the
recombinant pUC clones mapped identically, except for one
clone, 4.3pl, that contained an additional 600-bp BamHI
fragment at the 3' end. Southern hybridization of restriction
endonuclease digests of the pUC clones with RS15 localized
the chlamydial HSP-60 gene to the 5' end of the insert DNA.
DNA sequence. Restriction endonuclease fragments de-

rived from the pUC recombinants were cloned into
M13mpl8 and M13mpl9 and sequenced as shown in Fig. 1C.
The sequence determined confirmed that the clones con-
tained the C. trachomatis homolog of the groEL gene family
but were missing approximately 145 bp of the 5' end of the
gene. We chose to isolate the portion of the HSP-60 gene
missing from our recombinant clones by PCR extension from
the known portion of the sequence. We reasoned that if C.
trachomatis shared an HSP-60 gene organization similar to
that seen in some other bacteria, such as E. coli, then the
HSP-60 gene would exist 3' to a gene for a smaller protein
(groES) in an operon, analogous to the groE operon of E.

coli. To extend the sequence, we constructed a degenerate
oligonucleotide (5'-CCNGGATCCGANACNGTNGTNGC
NGGNCCNGGNCGNTGG-3'; N = A, G, C, or T) on the
basis of reverse translation of a consensus amino acid
sequence derived from bacterial GroES sequences for use as
the 5' primer in the PCR reaction. The 3' PCR primers were
synthesized corresponding to two separate sequences com-
plementary to the 5' end of the nucleotide sequence deter-
mined for the chlamydial groEL gene. We derived two
separate PCR products by using the two different 3' primers
(5'-CTCGAATTCTTTCTCAACGGTAACACCATCTTTA
GTTAC-3' and 5'-AGCGAATTCTTTATGATGCTGAA
CAGGCTTGCTGAT-3') for amplification. The two PCR
products were cloned into the BamHI and EcoRI sites of
M13mpl8 and M13mpl9 and sequenced. Figure 1C shows
the orientation of the two PCR products sequenced in
relation to the recombinant plasmid clones and the groE
operon of E. coli, which we used as a model of gene
organization. Surprisingly, both PCR products were -160
nucleotides longer than the expected products. However,
the sequence of both products showed that the 3' end of the
products agreed with the previous overlapping sequence
determined from the recombinant clones. The degenerate 5'
primer, reverse translated from the consensus sequences of
GroES, fortuitously bound upstream of the initiation codon
for an open reading frame encoding the GroES homolog.

Figure 2 shows the sequence compiled from both the PCR
products and the restriction endonuclease fragments of the
recombinant clones. There were two open reading frames.
The first reading frame started with a methionine initiation
codon and consisted of 306 nucleotides. Eight bases up-
stream of the initiation codon there was a sequence, GAG
GAG, consistent with a Shine-Dalgarno complementarity
(47). Downstream of this gene was a second, longer open
reading frame consisting of 1,632 nucleotides, which also
was preceded with a Shine-Dalgarno sequence, AAGGAG, 8
bp upstream of the open reading frame. Between the two
open reading frames there was an intervening sequence of 39
nucleotides. Downstream of the larger open reading frame,
there was an 11-nucleotide dyad followed by seven thy-
midines consistent with a rho-independent termination site
(41). In those situations where the degeneracy of the code
allows multiple codon choices for a given amino acid, codon
usage reflected the bias of C. trachomatis for codons having
A or T in the third nucleotide position (1).
During the preparation of the manuscript, Morrison et al.

(35) published the sequence for the groES and groEL ho-
mologs of another Chlamydia species, C. psittaci. The gene
organization of the groES and groEL homologs in both
chlamydial species was similar. Comparison of the groEL
and groES DNA sequences for each chlamydial species
showed homologies of -77 and -81%, respectively. This
compares to DNA homologies for the C. trachomatis se-
quences with E. coli groES and groEL of <50 and 60%,
respectively. Although comparison of the aligned codons
between the two Chlamydia species showed that approxi-
mately half of the codons from each gene contained at least
one or more nucleotide substitutions, only 30 and 16% of
these nonidentical codons resulted in an amino acid se-
quence difference between the two species for the groES and
groEL homologs, respectively. The noncoding regions con-
sisting of the 5'- and 3'-flanking sequences and the intergenic
sequence showed extensive nucleotide sequence divergence
between the C. trachomatis and C. psittaci operons. For
example, the intergenic region of C. trachomatis contained
39 nucleotides, compared with 50 nucleotides comprising the
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FIG. 1. (A) Isolation strategy for a C. trachomatis-specific DNA probe for the groEL homolog gene by using PCR. Vertical lines indicate
amino acid differences between the GroEL homologs ofM. tuberculosis, C. burnetti, and E. coli. Reverse transcription of regions with amino
acid homology was used as a basis for the synthesis of degenerate oligonucleotide primers (RS11, RS12, RS13, and RS14). PCR amplication
of the intervening regions produced two products for which a portion of each was sequenced (53). The location of a chlamydia-specific
sequence used to define the synthetic nucleotide probe, RS15, is shown by the asterisk. (B) Restriction endonuclease map of the 4-kb
BamHI-BamHI genomic fragment in pUC18 clone 2.1pl2. The shaded area indicates the portion of the 4-kb fragment containing part of the
C. trachomatis groEL (HSP-60) gene. (C) Sequencing strategy. The sequenced portion of the pUC18 clones and the sequenced PCR
amplification products (arrowheads represent primers used for DNA amplification) are shown relative to the organization of the E. coli groE
operon. Arrows show the fragments sequenced and the direction of sequencing.

C. psittaci intergenic region (35), with little homologous
sequence alignment evident except for the Shine-Dalgarno
sequences. These sequence differences reflect the lack of
genomic DNA homology (<10%) between these species (12,
23) except in the coding regions of highly conserved genes,
such as the groES and groEL genes.

Amino acid sequences. Figure 2 shows the translated amino
acid sequences of both open reading frames. The smaller
open reading frame, beginning with an initial methionine,
encoded a protein consisting of 102 amino acids with a mass
of 11,122 Da. The amino acid composition and characteris-
tics of this C. trachomatis protein were similar to GroES of

30
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GGCCTCATAGAATATAAAAATAC #o:a CTTAAAC

ATG TCA GAT CAA GCA ACG ACC CTC AAG ATU AAA CCT TTG GGA GAT AGA ATr TrA GTT AAA AGA GAA GAA GAA GCT
M S D 0 A T T L K I K P L G D R I L V K R E E E A

SO
TCC ACT GCA AGA GGC GGA ATC ATU CTT CCT GAC ACT GCC AAG AAA AAG CAA GAT AGA GCT GAA GTr GTA GCT CTA
S T A R G G I I L P D T A K K K 0 D R A E V V A L

GGA ACA GGC AAA AAA GAT GAT AAA GGG CAG CAA CT CCT m GTA GTr CAG GTT GGT GAC ATC GTT TrA ATr GAT
G T G K K D D K G 0 0 L P F V V 0 V G D I V L I D

100
AAA TAT TCT GGC CAA GAA CTC ACT GTC GAA GGT GAA GAG TAC GTC ATC GTT CAA ATG AGC GAA GTr ATC GCA GTT
K Y S G O E L T V E G E E Y V I V O M S E V I A V

102 1
CTG CAA TAA A A C T A A G A G A G T G A A G T A A G A T T T_ C G C A T C A ATG GTC GCT
L O STOP U V A

AAA AAC AU AA AAC GAA GAA GCC AGA AAG AAA ATT CAA AAA GGA GTr AAG ACT TTA GCT GAA GCT GTA AAA
K N I K Y N E E A R K K I 0 K G V K T L A E A V K

SO
GTC ACT CTA GGG CCT AAA GGA CGA CAT GTT GTC ATA GAT AAA AGC TUC GGA TCC CCT CAA GTA ACT AAA GAT GGT
V T L G P K G R H V V I D K S F G S P 0 V T K D G

GTU ACC GT GOCG AAA GAA GTU GAG CTT GCC GAC AAA CAT GAA AAT ATG GGC GCT CAA ATG GTC AAA GAA GTC GCC
V T V A K E V E L A D K H E NH G A 0 M V K E V A

100
AGC AAA ACT GCT GAC AAA GCT GGA GAC GGA ACT ACA ACA OCT ACT GUr CUr GCT GAA GCT ATC TAT ACA GAA GGA
S K T A D K A G D G T T T A T V L A E A I Y T E G

TTA CGC AAT GTA ACA GCT GGA GCA AAT CCA ATG GAC CTC AAA CGA GGT ATT GAT AAA GCT GCT AAG GTU GTT GTT
L R N V T A G A N P M D L K R G I D K A A K V V V

150
GAT CAA GTC AAA AAA ATC AGC AAG CCT GU CAG CAT CAT AAA GAA AUr GCT CAA GTT GCA ACA ATT TCT GCT AAT
DO V K K I S K P V O H H K E I A O V A T I S A N

AAT GAT GCA GMA ATC GOG AAT CTG ATT GCT GAA GCA ATG GAG AAA GTU GGT AAA AAC GGC TCT ATC ACT GTU GAA
N D A E I G N L I A E A M E K V G K N G S I T V E

200
GAA GCA AAA GGA rT GMA ACC GTT TTG GAT GTU GTT GAC GGA ATG AAT UTC AAT AGA GGT TAC CTC TCT AGC TAC
E A K G F E T V L D V V D G M N F N R G Y L S S Y

TTC GCA ACA AAT CCA GAA ACT CAA GMA TGT GTA UrA GM GAA GCT TUG GUr CTA ATC TAC GAT AAG AAA ATA TCT
F A T N P E T 0 E C V L E E A L V L I Y D K K I S

250
GGG ATC AAA GAT TTC CTT CCT GTU TTA CM CAA GTU GCT GAA TCC GGC COGT CCT CUr CUr ATU ATA GCA GMA GAC
G I K D F L P V L 0 0 V A E S G R P L L I I A E D

ATT GTA GGC GMA GCG TTA GCT ACT TTG GTC GTG AAC AGA ATU CGT GGA GGA UC CGG GUr TGC GCA GTU AAA GCT
I V G E A L A T L V G N R I R G G F R V C A V K A

300
CCA GOC TmT GGA GAT AGA AGA AMA GCT ATG TET GAA GAC ATC GCT ATC TTA ACT GGC GGT CAA CTC ATU AGC GMA
P G F G D R R K A M F E D I A I L T G G O L I S E

GAG TTG GGC ATG AAA UrA GAA AAC GCT AAC CTA GCT ATM TA GGT AAA GCT AAA AAA GTT ATC GUT TCT AAA GMA
E L G M K L E N A N L A M L G K A K K V I V S K E

350
GAC ACG ACC ATC GTC GAA GGA ATG GGT GAA AAA GAA GCT TUA GMA GCT CGT TGC GMA AGC ATC AAA AAA CAA ATT
D T T I V E G M G E K E A L E A R C E S I K K 0

GAA GAC AGC TCT TCT GAT TAC GAT AAA GAA AAA CTC CAA GAG COT CUr GCT AAG CTC TCT GGT GGA GTA GCA GTC
E D S S S D Y D K E K L 0 E R L A K L S G G V A V

400
ATU CGC GTT GGA GCT GCA ACA GAG ATU GAG ATG AAA GAG AM AAA GAT CGT GTA GAC GAT GCT CAA CAT GCT ACA

I R V G A A T E I E M K E K K D R V D D A 0 H A T

ATC GCT GCT GTT GMA GMA GGA ATU CTU CCT GGT GGA GGA ACA GCA TUA ATC CGT TGT ATC CCT ACT CUT GMA GCC
I A A V E E G I L P G G G T A L I R C I P T L E A

450
UrC TTG CCA ATG TTG ACT AAT GMA GAT GAG CAA ATU GGA GCT CGC ATT GTU TTG AM GCT CU TCC OCT CCT TUG
F L P M L T N E D E 0 I G A R I V L K A L S A P L

AM CAA ATU GCT GCA AAC GCA GGA AM GMA GGT GCT ATC ATC TTC CAA CAA GTU ATG TCC CGT TCT GCG AAC GMA
K G I A A N A G K E G A I I F 0 0 V M S R S A N E

SO
GGA TAT GAT GCA TTG CGT GAT GCA TAC ACA GAT ATG CUr GAA GCT GGT ATT TTA GAT CCT GCT AAA GTA ACC CGT
G Y D A L R D A Y T D M L E A G I L D P A K V T R

TCT GCT TTA GMA AGC GCG GCT TCC GTA GCT GGA TUA CTU TUG ACA ACA GMA GCT CTC ATU GCA GAG AUT CCA GM
S A L E S A A S V A G L L L T T E A L I A E I P E

544
GA AAA CCT GCT GCA GCT CCA GCA ATG CCT GGC GCA GGA ATG GAC TAT TM T TC CT CT AA T GGAGA C
E K P A A A P A M P G A G M D Y STOP

A AA T A GA T T C T TC GAGC C T CG T T TC CC AA AAGG A A C0 AG GC T T T T T T T T A
GAT TCCT AATATT TCTCTATT CCTCTATCGTAAACATCT AGTGCT TACGA
CCATCCTTT TCTATGTT TAAACTAATCAAGAGCGATT TCTCATAGCCTGT

FIG. 2. Nucleotide sequence of the C. trachomatis groE operon. The amino acid sequences translated from the groES and groEL genes
are indicated below the nucleotide sequence. The ribosome-binding sites present in the 5'-flanking and intergenic sequences are shown by
shaded boxes, and the 11-bp dyad symmetery of the proposed transcription termination site present in the 3'-flanking sequence is shown with
arrows. Numbers above each of the translated amino acid sequences refer to amino acid positions in each protein.

E. coli (16), C. burnetti (59), M. tuberculosis (3), and C. ble difference between the two chlamydial amino acid se-
psittaci (35). The amino acid sequences of each of the GroES quences and the other bacterial analogs was the insertion of
analogs were aligned with each other and the C. trachomatis up to seven additional amino acid residues at the amino
sequence (Fig. 3). Amino acid sequence homology was terminus of the chlamydial homologs compared with the
highest between the GroES homologs of the two chlamydial other bacterial sequences.
species (Table 1), while homology of the C. trachomatis The larger open reading frame encoded, beginning with a
sequence with the other bacterial GroES analogs was less methionine, a 57,956-Da protein consisting of 544 amino
than 50%. Areas of amino acid conservation and diversity acids. This sequence was homologous to the composition of
were dispersed throughout the protein. However, one nota- other bacterial GroEL sequences, as well as to the plant
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TABLE 1. Percent amino acid homology of C. trachomatis
proteins with GroES and GroEL analogs

Percent homology with
Species or protein C. trachomatis

(reference)
GroES GroEL

Chlamidia psittaci (35) 85 93
Mycobacterium tuberculosis (3, 48) 44 57
Eschenchia coli (16) 31 60
Coxiella burnetti (59) 33 61
Rub BP (16) 48
HuCha6O (18, 61) 48

Rubisco-binding protein (16) and the human mitochondrial
chaperonin 60 proteins (18, 61) (Fig. 3). The C trachomatis
sequence shared extensive amino acid homology with the C.
psittaci HSP-60 sequence (-93%); however, 37 of 544 amino
acids differed (Table 1). Homology to the HSP-60s of the
other bacterial strains was -60%, and with the plant and
human homologs it was 48%. There were extensive areas of
amino acid sequence which were conserved throughout all
seven analogs. However, there were several regions where
the Chlamydia HSP-60 showed divergence from the other
HSP-60s, most notably the amino terminus (Asn-5 -- Gln-
18), the carboxyl terminus (Glu-520 -- Thr-544), and interior
regions (Ala-124 - Glu-143, Ala-205 -- Arg-245, Ala-320 -
Ser-356, Ile-420 - Ile-440, and Gly-464 -* Ala-493). Given
the cysteine-rich nature of chlamydial outer membrane com-
plexes, it is significant that examination of both the number
and position of cysteine residues in the various GroEL
sequences revealed that C. trachomatis and C psittaci share
four conserved cysteine residues in regions of the molecule
where they have not been highly conserved in the other
analogs (Fig. 4).
Following submission of the manuscript, Morrison et al.

published the nucleic acid sequence for the groE operon and
the translated amino acid sequences for the HSP-60 (GroEL)
and GroES homologs of the trachoma biovar A of C.
trachomatis (37). Comparison of the HSP-60 amino acid
sequences from the trachoma biovar A with the translated
amino acid described herein for the lymphogranuloma ve-
nereum (LGV) biovar L2 revealed six amino acid residues
which differed between the HSP-60s of the two biovars.

L. trachometms

C. psuttact

M. tuberculosis

E. colt

L. burnettW

Rub BP

Hu Cha 60

These were as follows: Ala-124 (L2) versus Val-124 (A),
Val-131 (L2) versus Ile-131 (A), Asp-l91 (L2) versus Glu-191
(A), Glu-217 (L2) versus Asp-217 (A), Val-236 (L2) versus
Ile-236 (A), and Val-255 (L2) versus Glu-255 (A). Compari-
son of the translated amino acid sequences for the GroES
homologs from the trachoma biovar A (37) and the LGV
biovar L2 showed that two amino acid residues differed:
Val-48 (L2) versus Leu-48 (A) and Val-65 (L2) versus Glu-65
(A).

Antigenic regions of C. trachomatis HSP-60. Wagar et al.
(60) demonstrated the presence of antibodies against C.
trachomatis HSP-60 in 81% of ectopic pregnancy patients
with evidence of chlamydial infection. To unequivocally
demonstrate that the Triton X-100-soluble antigen detected
by Wagar et al. (60) and Bavoil et al. (4) was HSP-60 and to
define the antigenic regions of this molecule, we produced a
series of five glutathione S-transferase fusion peptides for
analysis by immunoblotting. The immunoblots were probed
with representative patient sera derived from the same
patient pool as used in the study by Wagar et al. (60). These
sera were selected from pelvic inflammatory disease and
ectopic pregnancy patients possessing C. trachomatis micro-
immunofluorescence titers 21:512 and were defined as reac-
tive (patient sera 1 to 5) or nonreactive (patient sera 6 to 8)
to HSP-60. Figure 5A demonstrates that all of the patient
sera were reactive against either or both of the major C.
trachomatis surface antigens, the major outer membrane
protein and the 60-kDa cysteine-rich protein. Figure SB
shows the delineation of the patient sera as HSP-60 reactive
or nonreactive to the Triton X-100-soluble chlamydial HSP-
60. Rabbit monospecific sera against major outer membrane
protein, 60-kDa cysteine-rich protein, and chlamydial
HSP-60 served as control sera delineating the migration
position of their respective antigens on the immunoblots, as
well as confirming the differential separation of the two
60,000-Da antigens from the outer membrane complex and
Triton X-100-soluble fractions of EBs (60).
The glutathione S-transferase fusion proteins contained

portions of the C. trachomatis HSP-60, delineating the
following regions of the molecule: Met-1 -- Lys-51, Thr-50
-- Glu-143, Thr-50 -) Arg-266, Ala-274 -- Ala-402, and
Ala-405 -- Tyr-544. Because all of the fusion proteins
contained glutathione S-transferase as a portion of the ex-
pressed proteins, the patient sera were tested for reactivity

S S

11
FIG. 4. Comparison of the linear distribution of cysteine residues in the amino acid sequences of Gro.LL homologs. Each vertical line

indicates the location of a single cysteine residue in the GroEL homologs of C. trachomatis, C. psittaci (35), M. tuberculosis (48), E. coli (16),
C. bumetti (59), plant Rubisco binding protein (16), and human mitochondrial chaperonin 60 protein (18, 61).
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FIG. 5. Immunoblot analysis of the antigenic regions of C. trachomatis HSP-60. The outer membrane complex (OMC) antigen fraction and
the Triton X-100-soluble antigen fraction of C. trachomatis EBs, the glutathione S-transferase (GST) control protein, and the glutathione
S-transferase fusion proteins containing regions of the C. trachomatis HSP-60 were subjected to 10% polyacrylamide gel electrophoresis
under denaturing and reducing conditions and were electrotransferred to nitrocellulose. Immunoblots were probed with rabbit antisera
specific for major outer membrane protein (lanes a MOMP), the 60-kDa cysteine-rich outer membrane protein (a OMP2), and chlamydial
HSP-60 (a chl-groEL), or with patient sera from individuals with chlamydial microimmunofluorescence titers .512 (lanes 1 to 8) against OMC
(A), Triton X-100-soluble fraction (B), GST (molecular weight [MW], -26,000) (C), fusion peptide Met-1-* Lys-51 (MW, -32,000) (D), fusion
peptide Thr-50 -* Glu-143 (MW, -36,000) (E), fusion peptide Thr-50 -. Arg-266 (MW, -50,000) (F), fusion peptide Ala-274 -+ Ala-402 (MW,
-40,000) (G), and fusion peptide Ala-405 -* Tyr-544 (MW, -40,000) (H). Arrowheads indicate electrophoretic migration positions for fusion
proteins based on estimated MWs. Numbers to the left of each panel refer to MWs (thousands).

to glutathione S-transferase. None of the patient sera reacted
with glutathione S-transferase (Fig. SC). Figures 5D to H
show the reactivity of the patient sera with the fusion
proteins defining different regions of the HSP-60. Sera from
infected patients not exhibiting reactivity to chlamydial
HSP-60 in the Triton X-100-soluble EB fraction (sera 6 to 8)
did not detectably react with any of the fusion proteins. Sera
from uninfected pelvic inflammatory disease or ectopic
pregnancy patients were uniformly nonreactive on the im-
munoblots (data not shown). Sera from C. trachomatis-
infected patients which were reactive to HSP-60 (sera 1 to 5)
recognized fusion proteins containing Ala-274 -+ Ala-402
(Fig. 5G) and Ala-405 -+ Tyr-544 (Fig. SH), representing the
carboxyl-terminal half of the HSP-60 molecule. Sera from all
five of the HSP-60-reactive patients recognized the Ala-405
-- Tyr-544 sequence that encompasses the carboxyl termi-
nus, whereas only four of the five recognized the region
Ala-274 -- Ala-402. Reactivity against the other three fusion
proteins (Fig. SD to F) was negligible. These data provided

molecular confirmation of the conclusions of Wagar et al.
(60) and Bavoil et al. (4) and furthermore showed that the
antibody reactivity present in human sera against HSP-60 is
directed toward the carboxyl-terminal end of the C. tracho-
matis HSP-60 molecule.

DISCUSSION

Heat shock proteins or stress proteins are a class of highly
conserved proteins that have important functions in cellular
metabolism and aid cells in dealing with adverse environ-
mental stimuli. There are several families of heat shock
proteins classified by the approximate molecular weight of
their constituents (for a review, see reference 29). Members
of the HSP-60 family are found in both procaryotes and
eucaryotes, but in eucaryotes their presence appears re-
stricted to the mitochondria and chloroplast organelles.
HSP-60 homologs that are antigenically cross-reactive are
serologically detectable in such a wide range of different
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gram-negative bacteria that they have been referred to as
common antigen (51, 52). Triton X-100-solubilized proteins
of -57,000 molecular weight from C. trachomatis (4) and C.
psittaci (35) EBs have been demonstrated to be antigenically
related to similar molecular weight proteins found in numer-
ous gram-negative bacteria. This protein can be differentially
purified and separated from another similar molecular weight
immunodominant C. trachomatis protein (5). The gene en-
coding a C. psittaci 57,000-molecular-weight protein cross-
reactive with bacterial common antigen has recently been
isolated and cloned (33, 35).
We used the high degree of structural conservation char-

acteristic of other sequenced HSP-60 proteins and the tech-
nique of PCR amplification to product a DNA probe specific
for the C. trachomatis HSP-60 homolog (53). This probe
allowed us to isolate recombinant clones from a genomic
library of C. trachomatis and to sequence the gene for the
chlamydial HSP-60 (chl-groEL) as well as a second smaller
gene encoding the chlamydial GroES. These genes were
homologs of groEL and groES by the following criteria: (i)
the high degree of amino acid sequence homology with other
GroES and GroEL analogs, (ii) the overall similarity of
amino acid composition and protein characteristics among
HSP-60s, (iii) the identical organization of the C. trachoma-
tis groES and groEL genes with those of the E. coli groE
operon, and (iv) antigenic cross-reactivity.
The organization of the C. trachomatis genes was identical

to the organization of the groES and groEL genes of a
second chlamydial species, C. psittaci (35). The groE operon
structure is not, however, a universal organization in which
the genes for both proteins are controlled by a single set of
heat shock promoters. The homologs of Mycobacterium
species do not show the linkage of the groES and groEL
genes in a single operon (49). Furthermore, although groEL
homologs have been found and sequenced in eucaryotes, no
groES homologs have been found (46). Pulse-label experi-
ments with chlamydia demonstrated both the increased
expression of some proteins and the new expression of 10 to
20 other proteins following a shift to elevated culture tem-
peratures (42). One of the increased expression products was
identified as the chlamydial groEL homolog. The induction
of the heat shock response was at the level of transcription,
and thus as in other systems the chlamydial groEL operon is
transcriptionally active in response to heat shock. In addi-
tion, in C. trachomatis, large amounts of the protein from
this operon are produced constitutively (42).
The high degree of structural and amino acid sequence

conservation among HSP-60s is reflective of their critical
role in cellular metabolism under both stressful and normal
growth conditions. Although all the functions and the mech-
anism of action for GroEL and GroES proteins are not
completely understood, it appears that the GroEL protein
forms a homooligomer composed of two stacked rings of 7
subunits each that associate with a ring structure of 6 to 8
GroES subunits to form an operational complex (46). These
complexes are important for the assembly and disassembly
of multimeric subunit protein complexes (14, 44). Evidence
also suggests that the GroEL-GroES complex functions in
aiding proteins to fold correctly and assume the proper
structural conformation during synthesis (6) and in the
maintenance of protein conformations necessary for intra-
cellular transport (9).
Chlamydiae have a unique developmental cycle involving

the conversion between two distinct developmental forms.
The extracellular EB form possesses an outer membrane
composed of three cysteine-rich proteins that form complex,

disulfide cross-linked oligomers and provide a rigid and
impermeable surface structure. Conversion to the intracel-
lular replicative reticulate body form, possessing a flexible
and permeable outer membrane, requires the structural
rearrangement of the membrane, including the dissociation
of the disulfide linkages (39). It is attractive to speculate that
the chlamydial GroEL and GroES analogs participate in
mediating the unique oligomeric outer membrane rearrange-
ment process. The apparent cellular location of the chlamyd-
ial HSP-60 is consistent with this hypothesis. In other
bacteria, HSP-60 is normally located in the cytoplasm (46);
however, in chlamydiae large amounts of HSP-60 can be
obtained merely by washing the organisms with isotonic
solutions (4). This observation suggests that much of the
chlamydial HSP-60 is associated in the interstices of the
outer membrane. Bavoil et al. (4) demonstrated with thio-
propyl affinity chromatography that the C. trachomatis
HSP-60 has reactive sulfhydryls. It was further found that
two different forms of the HSP-60 protein exist in C.
trachomatis EBs. The predominant form is reduced and
peripherally membrane associated, and a lesser amount is
oxidized and bound by disulfide linkages to the outer mem-
brane. Examination of both the number and positions of
cysteine residues in the various GroEL sequences revealed
that C. trachomnatis and C. psittaci shared four conserved
cysteine residues in a region of the molecule in which they
have not been highly conserved in the other analogs. These
results suggest that the chlamydial GroES-GroEL complex
is involved in the assembly and disassembly of the EB outer
membrane complex and/or the maintenance of major outer
membrane protein in its monomeric dissociated state in the
reticulate body.
The immunodominance of heat shock proteins from the

HSP-60 and HSP-70 families as antigens eliciting antibody
responses in a wide range of infections by helminths, proto-
zoa, and bacteria is well documented (20). Immune re-
sponses specific for the HSP-60 family have been best
studied for the Mycobacterium tuberculosis HSP-60 (for a
review, see reference 64). These studies demonstrate that
HSP-60 is the immunodominant antigen for both cellular and
antibody immune responses. Of 24 monoclonal antibodies
generated in mice against Mycobacterium leprae, 7 were
directed against M. leprae HSP-60 (63). In mice immunized
with M. tuberculosis, limiting dilution analysis estimated
that 20% of the T cells that responded to M. tuberculosis
were specific for HSP-60 (21). By using synthetic peptides to
define immunoreactive epitopes, Lamb et al. (28) and Munk
et al. (38) demonstrated T-cell responses against epitopes
shared by mycobacterial and human HSP-60 homologs.
Murine cytolytic T cells generated against Mycobacterium
HSP-60 lysed target cells consisting of not only macrophages
pulsed with HSP-60 peptides but also macrophages stressed
by a variety of stimuli (24). The shared homology between
bacterial and human HSP-60 cognates provides a basis for
the generation of autoimmune responses. Additionally, the
demonstration of cross-reactivity between a T-cell-recog-
nized epitope of M. leprae and a similar peptide sequence
present on HLA-DR2 major histocompatibility antigens may
also provide a basis for development of autoreactive re-
sponses (2).
Genitourinary infection with C. trachomatis results in an

increased incidence of tubal infertility and ectopic pregnancy
in women. Brunham et al. (7, 8) studied the serological
immune response following sexually transmitted chlamydial
infections in patients with tubal infertility and in patients
developing postabortal salpingitis. The tubal infertility study
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found that the majority of infertile patients in the study had
antibody recognizing a 57,000-molecular-weight antigen,
whereas only 1 of 11 chlamydial seropositive fertile women
had serum antibody against this protein. Reactivity against
this antigen, therefore, correlated with a negative outcome
following infection. The study of postabortal salpingitis
patients, however, suggested a protective role for antibody
against this antigen. Unfortunately, the identity of the anti-
gen in both studies was unknown and could have been the
immunodominant 57,000- to 60,000-molecular-weight cys-
teine-rich protein (40). Wagar et al. (60) demonstrated that
31% of pelvic inflammatory disease patients and 81% of
ectopic pregnancy patients with high antichlamydial anti-
body titers had antibody against the Triton X-100-extract-
able -60,000-molecular-weight protein, and this protein was
serologically cross-reactive with mycobacterial and E. coli
HSP-60s. Thus, unlike mycobacterially and schistosomally
elicited serological responses to HSP-60, serological re-
sponses to chlamydial HSP-60 are often not observed. Our
current study extends these observations, demonstrates
reactivity in these same patients to sequence-defined chla-
mydial HSP-60 peptides, and suggests that the reactive
epitopes are contained within the carboxyl-terminal half of
the molecule. The last observation is reminiscent of the
serological responses to M. tuberculosis and M. leprae
HSP-60 in which species-specific and the majority of immu-
nodominant epitopes are located within the carboxyl-termi-
nal region of the molecule (63).

Genitourinary infections of males with C. trachomatis are
associated with the development of a postinfection sequela,
Reiter's syndrome, a form of sexually acquired, reactive
arthritis. Epidemiologic studies have estimated the incidence
of acute C. trachomatis infection immediately preceding the
onset of sexually acquired arthritis as 42 to 69% of cases (13,
22, 25, 58), and chlamydial antigens have been demonstrated
in a patient with rheumatoid arthritis (10). Although the
identity of the chlamydial constituents associated with the
development of reactive arthritis in these cases is not
known, reactivity against the mycobacterial HSP-60 ho-
molog has been demonstrated in patients with rheumatoid
arthritis (11, 45, 56). Adjuvant-induced arthritis in rats has
been used as an experimental model of rheumatoid arthritis.
In this model, arthritogenic T cells from the rats recognize a
nonapeptide epitope on M. tuberculosis HSP-60 which is
cross-reactive with a self antigen of joint cartilage (57).
Recent evidence indicates that a subset ofT cells, ybT cells,
react with antigens on autologous cells in which heat shock
responses and heat shock antigens are induced (43), and yb
T cells isolated from the synovial fluid of a patient with
rheumatoid arthritis recognized mycobacterial HSP-60 (17).
The association of yb-phenotype T cells with mucosal epi-
thelial tissues (20) and the mucosal site of C. trachomatis
infection raises provocative questions on the role of both this
T-cell subset and other T-cell subsets with specificity di-
rected toward HSP-60 in mediating either protective or
immunopathology-inducing responses during infection.
The role that HSP-60 plays in the immune response to

bacterial infections is incompletely understood. The above
studies demonstrate a correlation of immunoreactivity
against HSP-60s and immunopathology. However, anti-
HSP-60 reactivity is demonstrable in normal individuals with
no evidence of clinical disease (38) and in some cases may be
interpreted as protective against bacterial infection (64).
Definition of the recognized epitopes on HSP-60s for a
variety of pathogenic bacteria and examination of recog-
nized epitopes within the variety of immunopathogenic

conditions caused by a single bacterium such as C. tracho-
matis may facilitate interpretation of the complex immuno-
regulatory process separating protective and pathology-in-
ducing immune responses.
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