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Chlamydia pneumoniae is an important obligate intracellular pathogen that replicates within an inclusion in
the eukaryotic cell. The initial event of a chlamydial infection is the adherence to and subsequent uptake of the
infectious elementary bodies (EBs) by the human cell. These processes require yet-unidentified bacterial and
eukaryotic surface proteins. The GroEL1 protein, which exhibits a very strong antigenicity and in vitro can
activate various eukaryotic cells, is a potential pathogenicity factor. We localized the protein during the
infection process and found it in the inclusion but outside the chlamydial particles. GroEL1 was also localized
on the surface of EBs, and the protein could be washed off the EBs. Latex beads coated with recombinantly
produced GroEL1 (rGroEL1) bound in a dose-dependent manner to HEp-2 cells. Likewise, GroEL1, when
expressed and displayed on the yeast cell surface, mediated adhesion to HEp-2 cells. Interestingly, the
homologous GroEL2 and GroEL3 proteins showed no adhesive properties. Incubation of primary umbilical
vein endothelial cells with soluble GroEL1 and GroEL1-coated latex beads activated the translocation of the
general transcription factor NF-kB into the nucleus. Finally, preincubation of HEp-2 cells with rGroEL1
significantly reduced subsequent infection with C. pneumoniae, although adhesion of infectious bacteria to
eukaryotic cells was not affected. Taken together, these data support a role for extracellular GroEL1 in the

establishment of the chlamydial infection.

The human pathogen Chlamydia pneumoniae is an obligate
intracellular gram-negative bacterium characterized by a
unique biphasic life cycle. Infectious but metabolically inactive
elementary bodies (EBs) attach to and invade eukaryotic cells,
evade fusion with lysosomes, and differentiate into metaboli-
cally active reticulate bodies within a host-derived vacuole
(termed an inclusion) in which they replicate. After a period of
growth, the reticulate bodies redifferentiate into EBs which are
released from the infected cells (25, 30). Chlamydiae enter
host cells by multiple routes, and this versatility is thought to
account for species differences and tissue tropism (63).

C. pneumoniae causes several severe diseases of the respira-
tory tract (42, 46, 79). In addition, a link between C. pneu-
moniae infection, atherosclerosis, and coronary artery disease
has been reported (64, 86). More recently the pathogen has
also been associated with several other chronic diseases (23,
26, 52, 77, 89).

The molecular mechanisms of chlamydial pathogenesis are
poorly understood, and many of the factors that contribute to
the pathogenicity of this bacterium have not yet been delin-
eated precisely. Infection by EBs requires both attachment to
and uptake by target cells. Several reports have demonstrated
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that glycosaminoglycans (GAGs) on host cells are involved in
attachment and subsequent infection, but controversy remains
concerning the precise mechanisms involved (90; reviewed in
reference 10). However, it has recently been shown that the
bacterial surface-associated OmcB protein is the major GAG-
binding adhesin (19, 55, 76). Other bacterial proteins, includ-
ing the cysteine-rich membrane proteins Hsp70 and MOMP,
have been analyzed for their potential contribution to the at-
tachment of Chlamydia trachomatis and Chlamydia psittaci EBs
to eukaryotic cells (47, 60, 70, 76, 78, 80), but none of these acts
as a high-affinity chlamydial surface ligand. Interestingly, anti-
bodies directed against PmpD from C. trachomatis or Pmp21
from C. pneumoniae significantly reduced subsequent infec-
tion, suggesting that they might represent chlamydial adhesins
(13, 85). Apart from GAGs, the host components that partic-
ipate in EB binding have so far eluded detection, although
protein disulfide isomerase has been implicated in the process
(11, 14). Thus, the molecular mechanisms involved in chlamyd-
ial attachment and entry remain largely unresolved and con-
troversial.

One of the few proteins so far identified as being relevant for
chlamydial pathogenesis is the GroEL1 protein, also referred
to as heat shock protein 60 (Hsp60) (84). This protein belongs
to the group I chaperonins produced by almost all prokaryotic
and eukaryotic cells, which as intracellular proteins assist in the
correct folding of nascent or denatured proteins under both
normal and stress conditions (8, 91). However, molecular
chaperones clearly have additional functions. Several reports
indicate that molecular chaperones produced by pathogenic
bacteria, such as Hsp60, can function as intracellular, cell sur-
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face, or extracellular signals in the course of infection pro-
cesses (for a review, see reference 27). Conversely, human cells
respond to infection or other forms of stress by secreting heat
shock proteins (20, 58, 73).

Genome sequence analysis has revealed that all chlamydial
species possess three groEL-like genes (groEL1, groEL2, and
groEL3) (36, 62, 75). GroEL1 shows the highest homology to
GroEL proteins from other organisms, and the chaperonin
function of chlamydial GroEL1 has been demonstrated by
complementation of a temperature-sensitive Escherichia coli
groEL mutant (3, 37).

Recombinant C. pneumoniae GroEL1 (rGroEL1) can stim-
ulate innate immune cells in vitro via Toll-like receptor 2
(TLR2) and TLR4 and thus may contribute to the proinflam-
matory responses seen during infection (12). Moreover, C.
pneumoniae GroELI can activate the granulocyte-macrophage
colony-stimulating factor in human bronchial epithelial cells
almost as effectively as viable or UV-inactivated whole bacte-
ria, giving rise to a sustained proinflammatory phenotype (43).
Similarly, C. trachomatis GroELI1 induces endothelial cells,
smooth muscle cells, and macrophages to produce adhesion
factors and proinflammatory cytokines. In both cases, GroEL1
operates by activating NF-kB (9, 40, 51, 66, 81).

The immune responses to chlamydial GroELL1 correlate sig-
nificantly with disease sequelae in humans, and 80 to 90% of
patients infected with C. trachomatis have antibodies directed
against GroEL1 (7, 17, 28, 65). But it is still not clear whether
antibodies specific for chlamydial GroEL1 make a direct con-
tribution to disease pathogenesis. It is assumed that, in the
course of chlamydial infections, bacterial GroEL induces
cross-reactive immune responses to endogenous GroEL, and
this may account for much of the tissue damage observed
during chronic infections (57, 91). However, in guinea pigs it
has been shown that immunization with native GroEL1 actu-
ally reduces the degree of gross ocular pathology induced by
subsequent infection with Chlamydophila caviae (GPIC), indi-
cating that the anti-GroEL1 response confers a certain degree
of protection against ocular disease (59).

The high degree of antigenicity of GroEL1 in patients im-
plies that the protein is easily accessible to the immune system,
perhaps because it is localized on the surface of the chlamydial
particles. Early studies on isolated outer membrane complexes
from C. trachomatis and C. psittaci EBs had indeed pointed to
the possibility that GroEL1 might be associated with chlamyd-
ial membranes (3). In the present study, we show that C.
pneumoniae GroELL1 is present on the surface of infectious
EBs and binds to host cells. In addition, we demonstrate that
preincubation of target cells with chlamydial rGroEL1 substan-
tially inhibits the infection process.

MATERIALS AND METHODS

Eukaryotic cells. HEp-2 cells (ATCC CCL-23) were propagated as described
previously (33). For immunofluorescence assays, cells were seeded on glass
coverslips (1-cm diameter) and incubated for 48 h at 37°C. Cells to be used for
chlamydial infection were seeded onto 25-cm? polystyrene flasks to form conflu-
ent monolayers. Attachment assays were performed using aliquots (1 X 10°) of
HEp-2 cells seeded onto glass coverslips 24 h prior to the experiments.

Primary human umbilical vein endothelial cells (HUVECs) (provided by J.
Schrader, Institut fuer Kreislaufphysiologie, HHU Duesseldorf) were cultivated
at 37°C (second to third passage) in Ham’s F12K medium (Invitrogen) supple-

J. BACTERIOL.

mented with 10% fetal bovine serum, 30 wg/ml endothelial cell growth supple-
ment (Sigma), 10 U/ml heparin (Sigma), and 6% CO,.

Bacterial and yeast strains. Chlamydia pneumoniae respiratory isolate GiD
was cultivated as described previously (32). Escherichia coli XL-1 Blue (Strata-
gene) was grown in LB with or without 50 wg/ml ampicillin.

Saccharomyces cerevisiae CEN.PK2-1C (MATa leu2-3,112 ura3-52 trpI-289
his3-A1 MAL2-8° SUC2) (18) was grown in YP medium supplemented with 4
mg/liter adenine and 20 mg/liter tryptophan plus 2% glucose (YPD) or in syn-
thetic medium plus 2% glucose (SD) (72). The S. cerevisiae strain EBY100
(MATa ura3-52 trpl leu2Al his3A200 pep4::HIS3 prbI1 Al.6R canl GAL), used for
adhesion experiments, was grown in synthetic medium containing 2% raffinose
(SR) or 2% galactose (SG) (72) (Invitrogen) (55). For expression of Aga2p or
Aga?2p fusion proteins in strain EBY100, cells were grown in accordance with the
manual supplied by Invitrogen.

Plasmids. Plasmid pMal-c2 (New England Biolabs) was modified to allow
amplification in yeast by the addition of a 1,921-bp S. cerevisiae CEN6/ARSH4/
URA3 DNA fragment, which was amplified from plasmid pRS316 (74) by PCR
using oligonucleotides C-284 and C-285 (Table 1) and Pfx polymerase (Invitro-
gen). The PCR product was integrated into Swal-cleaved plasmid pMal-c2 by
homologous recombination in yeast using the transformation protocol described
by Schiestl and Gietz (69). Total yeast DNA was then isolated (35) and used to
transform E. coli cells to recover the recombinant plasmid pAC-2. The maltose-
binding protein (MBP)-invasin (Inv) fusion protein was expressed from plasmid
pRI284 (kindly provided by P. Dersch) (16).

Cloning and expression of groEL genes. The C. pneumoniae groEL2 (Cpn0777)
and groEL3 (Cpn0898) genes were amplified by PCR using the primer pairs
C-123/C-124 and C-125/C-126, respectively (Table 1) and C. pneumoniae
genomic DNA as the template. Both amplicons were cloned into the EcoRI-
cleaved yeast-E. coli shuttle plasmid pAC-2 by homologous recombination in S.
cerevisiae. Integration of the groEL2 or groEL3 gene into pAC-2 led to fusion
with the malE gene for MBP. The groEL gene of E. coli K-12 and the gene
fragment encoding the Inv adhesion domain of Yersinia pseudotuberculosis (bp
2235 to 2826) were amplified using oligonucleotides C-154/C-155 and C-578/C-
579, respectively (Table 1). The amplicons were transformed into yeast together
with the BglII/EcoRI-cleaved pAC-2 plasmid to yield a GroEL or Inv expression
plasmid coding for N-terminally Hiss-tagged fusion proteins.

Protein expression was induced in E. coli grown in liquid culture by treatment
with 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) for 5 h. Expression and
purification of the MalE fusion proteins MBP-Inv, MBP-LacZ, MBP-GroEL2,
and MBP-GroEL3 were performed as suggested by the supplier of the progen-
itor plasmid pMal-c2 (New England Biolabs). The His-tagged rGroEL1 from C.
pneumoniae, the GroEL from E. coli, and the Inv protein from Y. pseudotuber-
culosis were expressed and purified as described previously (33). GroEL and
GroELI were isolated in the presence of 20 pg/ml polymyxin B (Sigma) (33).
Purified proteins were dialyzed three times against phosphate-buffered saline
(PBS) and stored at —20°C. Residual lipopolysaccharide (LPS) was removed by
passage over polymyxin B-agarose columns (Detoxi-Gel AffinityPak prepacked
columns; catalog no. 20344, Pierce) according to the manufacturer’s recommen-
dations. The endotoxin concentration of these protein preparations was <0.05
endotoxin units/mg protein, as determined by the Limulus amoebocyte lysate
assay (assays were performed according to FDA standards by ACILA AG,
Morfelden-Walldorf, Germany).

To express GroEL1 on the yeast cell surface, the full-length groELI coding
sequence was amplified by PCR using oligonucleotides C-236 and C-237 (Table
1) with C. pneumoniae GiD genomic DNA and cloned into the EcoRI/NotI-
digested vector pYD1 (Invitrogen) by homologous recombination in S. cerevisiae.
Plasmids expressing Aga2-Inv and Aga2-OmcB have been described by Molleken
and Hegemann (55). All constructs used were verified by sequencing.

Immunolocalization of C. pneumoniae proteins. HEp-2 cells grown on glass
coverslips in 24-well plates for 48 h (1 X 10° per well) were infected with C.
pneumoniae GiD at a multiplicity of infection (MOI) of 0.5. At 60 hours postin-
fection the cells were washed once with PBS, fixed with 3.7% formaldehyde for
1 h., and permeabilized with PBS containing 0.5% Triton X-100 or fixed with
96% methanol for 10 min. The monolayer was then washed three times with PBS
(39). Polyclonal antibodies directed against OmpA (1:20) or C. trachomatis S1
protein (1:4), or monoclonal antibodies against DnaK (1:50) were kindly pro-
vided by S. Birkelund and F. Wuppermann (F. Wuppermann and J. Hegemann,
unpublished) (39, 50). Polyclonal antibodies directed against C. pneumoniae
OmcB were preabsorbed against rOmcB protein (1:25) (55). The monoclonal
antibody against GroEL1 (A57B9) (1:200) is directed against a N-terminal
epitope of GroELI and was kindly provided by R. Morrison (88). The fluorescein
isothiocyanate-labeled secondary antibodies were used at a dilution of 1:20
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(Dako). The Cy3-labeled secondary antibodies were used at a dilution of 1:200
(Sigma). Cells were viewed using a Zeiss Axioskop.

For immunolocalization of GroEL1 on chlamydial EBs, the chlamydiae were
purified using a Percoll gradient (2). Viable or methanol-fixed EBs were pro-
cessed for immunofluorescence as described above.

Fractionation of chlamydial GroEL1 protein from infectious EBs. Chlamydial
particles (EBs) were purified on Percoll gradients by centrifugation at 30,000 X
g as described previously (2). The bacterial pellet (approximately 1 X 10% par-
ticles) was resuspended in 250 .l of PBS, incubated for 2 h at 4°C, pelleted again
at 30,000 X g for 30 min, incubated for an additional 2 h at 4°C in 250 pl PBS,
and recovered by centrifugation at 30,000 X g. The chlamydial EB pellet was
then prepared for sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The two supernatants were lyophilized separately and dissolved in
SDS-PAGE buffer. The pellet and the two supernatant fractions were then
subjected to SDS-PAGE and Western blot analysis using OmpA, DnaK, and
GroELLI antibodies. The wash fractions loaded contained three times as much
protein as the pellet samples.

SDS-PAGE and Western blot analysis. Proteins were fractionated by SDS-
PAGE and subjected to Western blot analysis. An antibody specific for the His
tag (Qiagen) was used to detect His-tagged rGroEL1. As secondary antibodies,
anti-mouse or anti-rabbit antibodies, each linked to alkaline phosphatase (Pro-
mega), were used.

Adhesion assays with protein-coated latex beads. Latex beads (Sigma) (diam-
eter, 1 wm) were coated with protein (16). The coating efficiency was analyzed by
immunofluorescence microscopy and immunoblotting and found to be between
90 and 95%. Adhesion assays with protein-coated latex beads and HEp-2 cells
were performed as reported earlier (16), and the average numbers of beads
bound to cells were determined.

Yeast adhesion assays. Yeast adhesion assays were performed with HEp-2
cells cultivated on glass coverslips as described previously (55). Briefly, yeast cells
(1 X 10°in 1 ml of PBS) expressing Aga2p alone or a specific fusion protein on
the cell surface were added to 1 X 105 HEp-2 cells. Coverslips were incubated for
1 h. at 4°C with gentle shaking, washed three times with 0.5 ml PBS, and fixed
with 3.7% formaldehyde. The numbers of yeast cells attached to 1,000 HEp-2
cells were counted microscopically. Each experiment was repeated four times.

NF-kB activation assays. HUVECs were seeded onto gelatin-coated 24-well
plates at a density of 2 X 10° cells/well and allowed to adhere for 24 h at 37°C
in the presence of 6% CO,. The cells were incubated either with protein or with
protein-coated beads. As a control, HUVECs were infected with C. pneumoniae
(MOI, ~10) and analyzed 2 h later. The subcellular localization of NF-kB was
analyzed in fixed cells using a polyclonal rabbit anti-human NF-«kB p65 antibody
(Santa Cruz Biotechnology) and a fluorescein isothiocyanate-labeled secondary
antibody (Sigma), and the percentage of HUVECs exhibiting a strong nuclear
signal was determined.

Infection competition assay. Confluent HEp-2 cell monolayers grown on glass
coverslips were washed with PBS and incubated with 20 or 200 wg/ml rGroEL1
or bovine serum albumin (BSA) for 2 h at 37°C under gentle agitation. Percoll
gradient-purified C. pneumoniae EBs were added and incubated for an addi-
tional 2 h at 37°C under light agitation. The HEp-2 cells were washed three
times, covered with chlamydial growth medium, and incubated for 3 days at 37°C.
Cells were fixed, and chlamydial inclusions were labeled using a chlamydia-
specific antibody directed against LPS (Pathfinder; Bio-Rad). The number of
inclusions in 80 microscope fields (20/coverslip) was determined and expressed as
a percentage of the number found in PBS-treated samples.

Flow cytometric assay for adhesion of CFSE-labeled C. pneumoniae EBs to
human cells. Purified C. pneumoniae EBs (2 X 10%) were labeled for 1 h at 37°C
with 25 pmol carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes)
and washed twice with PBS containing 1% BSA as previously described (71).
Confluent monolayers of HEp-2 cells or HUVECs in 24-well plates were incu-
bated for 2 h at 37°C with 20 pg/ml or 200 wg/ml recombinant protein or 500
pg/ml heparin, and CFSE-labeled C. pneumoniae EBs (MOI, 10) were then
added and left for 1 h. Cells were washed with PBS, trypsinized, and fixed with
formaldehyde, and the degree of bacterial adhesion was measured by flow cy-
tometry using a FACSAria (BD Biosciences).

RESULTS

C. pneumoniae GroELI1 protein is localized within the chla-
mydial inclusion but outside the bacterial cell. To determine
the localization of GroEL1 protein during chlamydial infec-
tion, human epithelial HEp-2 cells were infected with C. pneu-
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moniae. At 60 h postinfection, the infected cells were fixed with
either methanol (rendering all chlamydial antigens accessible
to antibodies) or formaldehyde plus Triton X-100 (intra-
chlamydial antigens remain inaccessible) and processed for
indirect immunofluorescence (39). In methanol-fixed cells,
both chlamydial outer membrane proteins (OmcB and OmpA)
and the intracellular chlamydial proteins DnaK and S1 could
readily be detected in the chlamydial inclusion (Fig. 1A to D;
see Fig. S1B and S1J in the supplemental material). Staining of
inclusions with a monoclonal antibody directed against the
GroEL1 protein likewise revealed that the antigen was local-
ized in the chlamydial inclusion (Fig. 1A and B; see Fig. S1F in
the supplemental material). In formaldehyde-fixed cells the
extrachlamydial OmcB and OmpA proteins could still be de-
tected within the inclusion (Fig. 1C and D; see Fig. S1L in the
supplemental material), while the intracellular chlamydial
DnaK and S1 proteins were not accessible to the antibody
under these fixation conditions (Fig. 1A and B; see Fig. S1D in
the supplemental material). Note that formaldehyde does not
damage the S1 and DnaK epitopes, as revealed by the fact that
subsequent fixation with methanol allows antibodies to recog-
nize both proteins (data not shown). Interestingly, staining of
the chlamydial inclusions with the monoclonal antibody di-
rected against GroELI1 revealed that GroELI1 could be de-
tected within the inclusion but outside the bacterial cells (Fig.
1A and B; see Fig. S1H in the supplemental material). The fact
that the intrachlamydial DnaK and S1 proteins are not detect-
able in formaldehyde-fixed cells indicates that bacterial lysis
within the inclusion is negligible. The same localization pattern
was observed with a polyclonal antibody directed against
GroEL1 (data not shown). Collectively, these data indicate
that some of the chlamydial GroELL1 protein is secreted from
the chlamydial particles present in the inclusion.

C. pneumoniae GroELI1 protein is associated with the sur-
face of infectious EBs. The GroELI localization pattern de-
scribed above was detectable throughout the entire infection
process (24 to 72 h postinfection) (data not shown). Because
most of the reticulate bodies within the inclusions have redif-
ferentiated into EBs by 72 h postinfection, this result suggested
that infectious EBs released from the infected eukaryotic cells
might also carry extracellularly exposed GroELI1 protein. To
address this issue directly, infectious EBs were purified on
Percoll gradients and either stained without fixation or first
fixed with methanol and then stained with the GroEL1-specific
monoclonal antibody. In both cases a strong fluorescence sig-
nal was detected on the EBs, indicating that GroEL1 protein is
indeed present on the surface of infectious EBs (Fig. 2A). In
contrast, staining of unfixed EBs using an antibody directed
against the chlamydial DnaK protein produced no signals,
while the DnaK protein was readily detectable after fixation
with methanol (Fig. 2A).

We next asked what fraction of the C. pneumoniae GroEL1
protein is associated with the EB surface. In fractionation
experiments, Percoll gradient-purified EBs were washed with
PBS and the amounts of GroEL1 present in the pellet and
supernatant were determined by Western blot analysis (Fig.
2B). Less than 10% of the input DnaK protein and less than
5% of the OmpA control protein were detected in the wash
solutions, while approximately 50% of the total GroEL1 pro-
tein detected in the input was found in the wash solutions (Fig.
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FIG. 1. Localization of chlamydial GroEL1 within the chlamydial inclusion. HEp-2 cells infected with C. pneumoniae at an MOI of 0.5 for 60 h were
fixed either with methanol to visualize both intra- and extrachlamydial proteins or with formaldehyde plus 0.5% Triton X-100 to visualize extrachlamydial
proteins (5). Indirect immunofluorescence microscopy was performed using antibodies against intrachlamydial DnaK (A and C) or C. trachomatis
ribosomal S1 protein (B and D) and surface-localized chlamydial OmcB (C and D) and chlamydial GroEL1 (A and B). Bar, 10 pm.
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FIG. 2. Surface localization of C. pneumoniae GroELI. (A) Chlamydial GroEL1 protein could be detected on Percoll gradient-purified EBs without (w/0)
fixation as well as after methanol fixation using indirect immunofluorescence microscopy. Antibodies directed against the intrachlamydial DnaK protein could
detect the antigen only after methanol fixation. Bar, 1 wm. (B) Percoll gradient-purified EBs were washed twice with PBS; the input, wash fractions 1 and 2, and
pellet were separated by SDS-PAGE and analyzed by Western blot analysis using antibodies against chlamydial OmpA, DnakK, and GroEL1. The wash fractions
loaded contained three times as much protein as the pellet samples. Data are representative of several separate experiments.

2B; compare lane 1 with lanes 2 and 3). Approximately 50% of
the GroEL1 protein remained associated with the pelleted EBs
(Fig. 2B, lane 4). This result suggests that at least half of the
chlamydial GroEL1 protein is associated with the bacterial
surface.

GroEL1l-coated latex beads bind HEp-2 cells. The localiza-
tion of C. pneumoniae GroEL1 at the surface of infectious EBs
suggested that the protein might interact with eukaryotic cells
during the infection process. To test this possibility directly,
HEp-2 cells were exposed to latex beads coated with purified
His-tagged chlamydial rGroELL1 protein (Fig. 3A and B).

Light microscopy revealed that control BSA-coated latex
beads rarely associated with HEp-2 cells (Fig. 3B and C). As a
positive control, beads were coated with a known bacterial
adhesin, invasin (InV) from Yersinia pseudotuberculosis (16).
Beads coated with His-tagged rInv bound in large numbers to
the eukaryotic cells (Fig. 3C). Interestingly, His-tagged
rGroEL1-coated beads also showed a significant association
with HEp-2 cells (Fig. 3C). In contrast His-tagged E. coli
rGroEL protein did not mediate adhesion of beads to HEp-2
cells (Fig. 3C). The binding of C. pneumoniae rGroELI1-coated
beads was dose dependent; when beads were coated with
rGroEL1 at a concentration of 200 pwg/ml, an average of 1 to 2
beads per cell was observed (Fig. 3C). These experiments in-
dicate that the rGroEL1 protein from C. pneumoniae is able to
adhere to eukaryotic cells.

GroEL1 mediates attachment of yeast cells to HEp-2 cells.
In order to confirm the results obtained with the latex bead
assay, we employed the yeast display system, which allows one
to study the interaction of bacterial proteins with human cells
(55). To this end, full-length GroELL1 protein was expressed as
a fusion with the yeast a-agglutinin receptor subunit Aga2p,
which is anchored in the yeast cell wall via the Agalp subunit.
The plasmid-borne gene for the Aga2-GroELL1 fusion protein
is expressed via the galactose-inducible GALI promoter. Aga2-
GroELI could be detected on the yeast cell surface with anti-
GroELL1 antibodies (data not shown). Yeast cells expressing
Aga2-GroEL1 were incubated with HEp-2 cells seeded on
glass coverslips. In contrast to yeast cells expressing Aga2p
alone, yeast cells presenting the Aga2-GroELI1 fusion protein
on the cell surface showed a significant affinity for HEp-2 cells,
similar to that of yeast cells expressing either of two positive

control proteins, the Inv protein and the C. pneumoniae OmcB
protein (Fig. 4). Thus, the yeast display experiments verify that
C. pneumoniae GroEL1 can confer the ability to adhere to
human epithelial cells.

GroELL1, but not GroEL2 or GroEL3, can mediate adhesion
to human cells. We tested whether the ability of C. pneumoniae
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FIG. 3. Adhesion of rGroELl-coated latex beads to HEp-2 cells.
(A) Coomassie blue-stained SDS-PAGE of the affinity-purified rGroEL1
protein after expression in E. coli (lane C) and analysis of purified rGroEL1
by Western blot analysis using an antibody against the N-terminal His tag
(lane WB; the arrow marks the rGroELL1 protein band). Lane M, molecular
mass markers. (B) Latex beads were coated with BSA or His-tagged recom-
binant proteins as indicated (protein concentration during coating, 200 pg/
ml). Coated beads were incubated with HEp-2 cells. Adhesion of
protein-coated latex beads was visualized by phase-contrast microscopy
(magnification, X63). Arrows indicate latex beads attached to HEp-2 cells.
Bar, 10 pm. (C) Dose-dependent adhesion of rGroELI1-coated beads to
HEp-2 cells. Beads were coated with different rGroEL1 protein concentra-
tions. The control beads (BSA, Inv, and E. coli GroEL) were always coated
with a protein concentration of 200 wg/ml. Results of the adhesion experi-
ments are given as bound beads per HEp-2 cell (n = 1,000 HEp-2 cells;
number of experiments = 4). Data shown are means = standard deviations.
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FIG. 4. Yeast cells expressing Aga2-GroELI on the yeast cell sur-
face adhere to human cells. (A) Untransformed yeast cells or yeast
cells expressing Aga2, Aga2-Inv, Aga2-OmcB, or Aga2-GroELI from
a plasmid were incubated with 1 X 10° HEp-2 cells, and the number of
yeast cells associated with HEp-2 cells was determined microscopically.
Shown are typical photomicrographs. Bar, 10 um. (B) Diagrammatic
representation of the number of yeast cells expressing Aga2, Aga2-Inv,
Aga2-OmcB, and Aga2-GroEL-1 adhering to 1,000 HEp-2 cells (num-
ber of experiments = 4). Data shown are means * standard deviations.

GroEL1 to adhere to HEp-2 cells was a general property of
GroEL and other GroEL-like proteins. All chlamydial ge-
nomes so far sequenced have three groEL-like genes (groEL1,
groEL2, and groEL3), which encode proteins that are between
20% and 60% identical to the prototype GroEL protein from
E. coli (36, 62, 75). GroEL1 from C. pneumoniae strain GiD
shows 33% and 24% identity to GroEL2 and GroEL3, respec-
tively (see Fig. S2 in the supplemental material). To test
whether these GroEL-like proteins all have the ability to ad-
here to HEp-2 cells, we expressed and purified MBP-tagged C.
pneumoniae tGroEL2 and rGroEL3 and performed bead as-
says. None of these proteins exhibited binding to HEp-2 cells
at levels significantly above those found for the negative con-
trols MBP and BSA (Fig. 5). In contrast, the positive control,
MBP-tagged Y. pseudotuberculosis Inv protein, mediated sig-
nificant adhesion of beads to the human cells (Fig. 5). To-
gether these experiments show that of the GroEL/GroEL-like
proteins tested, GroELL is the only one capable of mediating
binding to eukaryotic cells.

rGroEL1 protein from C. pneumoniae activates NF-kB in
HUVECs. Infection of cultured endothelial cells by C. pneu-
moniae activates the ubiquitous nuclear factor NF-kB, which,
upon translocation from the cytosol to the nucleus, up-regu-
lates the expression of a variety of genes involved in inflam-
matory and proliferative responses (1, 15, 44). Chlamydia-
induced activation of NF-kB leads to the up-regulation of
genes for tissue factor, E-selectin, and the adhesion molecules
ICAM-1 and VCAM-1 (22, 40, 44, 56). We asked whether the
surface-localized GroEL1 from C. pneumoniae was the constit-
uent activating NF-kB in endothelial cells. To test this hypoth-
esis, primary HUVECs were cultivated and incubated with C.
pneumoniae, with buffer alone, or with rGroEL1, and the num-
ber of cells showing translocation of NF-kB from the cytosol
into the nucleus was determined. In all experiments using
recombinant protein, the concentration of LPS endotoxin
(binding of which also results in nuclear uptake of NF-kB) in
the final GroEL1 preparations was <0.05 endotoxin unit/mg
protein, as determined by the Limulus amoebocyte lysate as-
say. Incubation of HUVECs with infectious C. pneumoniae
EBs induced translocation of NF-kB in 87% of the eukaryotic
cells. In contrast, incubation with buffer resulted in transloca-
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FIG. 5. Assay for binding of C. pneumoniae rtGroEL2- or rGroEL3-
coated latex beads to HEp-2 cells. Latex beads were coated with the
proteins indicated (protein concentration during coating, 200 g/ml)
and incubated with HEp-2 cells as described in Materials and Meth-
ods. Results of the binding experiments are given as bound beads per
single HEp-2 cell (n = 1,000 HEp-2 cells; number of experiments = 4).
Data shown are means = standard deviations.

tion in fewer than 2% of the HUVECs (Fig. 6A and D).
Likewise, when HUVECs were treated with BSA, only about
3% of the cells exhibited translocation of NF-«B. Interestingly,
incubation of endothelial cells with soluble rGroEL1 protein
resulted in translocation of NF-«kB in up to 92% of HUVECs
(Fig. 6B and D). Similarly, addition of rGroELI1-coated latex
beads to HUVEC:s resulted in translocation of the transcrip-
tion factor in about 72% of eukaryotic cells; BSA-coated beads
induced translocation in only 5% (Fig. 6C and D). These data
clearly imply that C. pneumoniae rGroELL1 on its own is capa-
ble of activating endothelial cells by stimulating translocation
of NF-«B.

Preincubation of target cells with C. pneumoniae rGroEL1
protein inhibits infection by C. pneumoniae. To characterize
more directly the possible biological role of surface-exposed
GroEL1 during the initial phase of infection, we performed
neutralization experiments with the purified recombinant pro-
tein. Preincubation of HEp-2 cells with 20 wg/ml rGroEL1
prior to exposure to C. pneumoniae EBs was associated with a
significant (24%) reduction in the number of inclusions
formed, relative to the controls pretreated with PBS alone
(Fig. 7A). The negative control BSA had no effect on the
infection rate. The inhibitory effect of rGroEL1 on infection
was dose dependent, and maximum inhibition was observed at
an rGroEL1 concentration of 640 pwg/ml (Fig. 7A). This dose-
dependent reduction in infectivity suggests that GroEL1 pro-
tein plays a role in establishing C. pneumoniae infections.

Preincubation of target cells with rGroEL1 protein does not
interfere with the adhesion of C. pneumoniae EBs. The reduc-
tion of infectivity mediated by rGroEL1 could be brought
about in two ways, which are not mutually exclusive: addition
of soluble rGroEL1 either could directly block receptors on the
HEp-2 cell surface that are required for attachment and/or
internalization of EBs or could induce the premature activa-
tion of pathways that negatively influence the establishment of
infection (e.g., via the NF-«kB activation observed in HUVECs
[Fig. 6]). In order to test whether surface-localized chlamydial
GroELI1 is a prerequisite for adhesion of EBs to host cells, flow
cytometric analyses of binding of viable CFSE-labeled EBs to
HEp-2 cells were performed. The inclusion of heparin led to a
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FIG. 6. C. pneumoniae rGroELL1 activates NF-kB translocation in HUVECs. (A) HUVECs were infected with C. pneumoniae or as control with
PBS for 2 h. NF-«kB localization was determined by indirect immunofluorescence microscopy as described in Materials and Methods. (B) HUVECs
were stimulated with 20 wg/ml rGroEL1 or with BSA for 5 h. NF-kB localization was determined as described above. (C) HUVECs were stimulated
with rGroELI1-coated latex beads or BSA-coated latex beads for 5 h. NF-kB localization was determined as described above. (D) Quantification
of NF-kB activation in the experiments shown in panels A, B, and C. Bars represent the ratio of NF-kB translocation into the nucleus to the total
number of HUVEC: cells. Each value represents the mean from three experiments *+ the standard deviation.

95% decrease in EB attachment, whereas the addition of
rGroEL1 at 20 wg/ml or 200 wg/ml had no inhibitory effect on
EB binding to Hep-2 cells (Fig. 7B). This result suggests that
GroEL1 seems not to play a role in EB attachment.

DISCUSSION

This study demonstrates that C. pneumoniae GroELL1 is as-
sociated with the surface of infectious EBs and can be found in
the inclusion throughout the later course of the infection. Frac-
tionation experiments revealed that approximately half of the
total GroEL1 found in EBs is localized on their surfaces. Latex
beads coated with rGroEL1 adhered to HEp-2 cells in a dose-
dependent way, while beads treated with the other two GroEL
homologues from C. pneumoniae and GroEL from E. coli
failed to do so. The binding properties of GroEL1 were con-
firmed using yeast display assays. Incubation of HUVECs with
soluble rGroEL1 or with rGroELI-coated beads resulted in
translocation of NF-kB into the nucleus. Finally, infection by
C. pneumoniae was inhibited in a dose-dependent manner by
preincubation of HEp-2 cells with soluble rGroEL1 protein.
However, direct adhesion experiments revealed that EB bind-
ing to HEp-2 cells seems not to be mediated by GroELL.

GroELL1 protein is associated with the EB surface and the
chlamydial inclusion during the developmental cycle. Our re-
sults support and extend earlier findings reported on GroEL1
localization. Early biochemical experiments had already sug-
gested that GroEL1 is associated with outer membrane frac-
tions of infectious EBs from C. trachomatis and C. psittaci,

from which it could be released using mild detergents (3).
More recently, electron microscopy studies detected C. tracho-
matis GroEL1 antigens in inclusions not only in the bacterial
cytoplasm but also at the chlamydial envelope and in the lumen
of the inclusion (61). This has recently been described for C.
pneumoniae GroELL1 also. In this case the protein was detected
by electron microscopy in inclusions of replication-permissive
epithelial HEp-2 cells as well as in the extracellular space (12).
Our immunolocalization data also prove that C. pneumoniae
GroEL1 protein is the inclusion but outside the chlamydial
particles as well as on the surface of infectious EBs. Further-
more, our data provide evidence that at least 50% of the
GroEL1 in isolated infectious EBs is surface associated, as it
could be recovered by washing the EBs with PBS. Bacterial cell
lysis was excluded as a possible source for this fraction of the
protein by the finding that an intrachlamydial protein, Dnak,
was not enriched in the soluble phase under these conditions.
Most probably the relative amount of GroEL1 associated with
the EB surface is higher in vivo, since the EBs used in the
fractionation experiments had been purified using Percoll gra-
dients, which might have stripped some of the GroEL1 from
their surfaces. The fraction of GroELI1 that remains associated
with the EBs is presumably located in the bacterial cytoplasm,
where it probably serves as a molecular chaperonin. The fact
that chlamydial GroEL1 (but not GroEL2 and GroEL3) can
functionally substitute for the temperature-sensitive endoge-
nous GroEL in an E. coli mutant strongly suggests that it can
function as a chaperonin (37). Consequently, the differential
compartmentalization of GroEL1 would suggest a dual role for
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FIG. 7. Soluble chlamydial rGroEL1 protein does not interfere
with EB attachment to human cells but reduces subsequent infection
by C. pneumoniae. (A) HEp-2 cells were incubated with increasing
amounts (20 pg/ml to 640 pg/ml) of rGroEL1 for 2 h prior to infection
with purified C. pneumoniae EBs. At 60 h postinfection, cells were
fixed and analyzed by indirect immunofluorescence microscopy as de-
scribed in Materials and Methods. HEp-2 cells pretreated with PBS or
200 pg/ml BSA prior to infection with C. pneumoniae served as con-
trols. The number of chlamydial inclusions was determined, and the
value found for the PBS control was set to 100% (n = 20 microscopic
fields; number of experiments = 4). (B) Binding of purified, viable,
CFSE-stained C. pneumoniae EBs to HEp-2 cells was detected by flow
cytometric analysis. In control experiments, the attachment of C. pneu-
moniae EBs to HEp-2 cells incubated with PBS, 200 png/ml BSA, or 500
pg/ml heparin was monitored and compared with binding rates in
samples to which 20 pg/ml or 200 pg/ml rGroEL1 protein had been
added (number of experiments = 4). Error bars indicate standard
deviations.

this protein, and thus GroEL1 might belong to the growing
group of “moonlighting proteins” (34).

Extracellular localization of and a role for GroELL1 in the
molecular cross talk between a pathogenic microorganism and
its host cell are unusual features for a heat shock protein, but
several precedents for such multifunctionality now exist. Thus,
an extracellular localization for GroEL has been reported in
Bartonella bacilliformis, Helicobacter pylori, Legionella pneumo-
phila, and Francisella tularensis (reviewed in references 21, 27,
29, 48, and 54). H. pylori, Clostridium difficile, Haemophilus
ducreyi, and Salmonella enterica serovar Typhimurium all use
surface GroEL-like proteins to promote attachment to human
cells (reviewed in reference 27). In the lactic acid bacterium
Lactobacillus johnsonii, a natural inhabitant of the gastrointes-
tinal tracts of mammals, GroEL protein was found at the
bacterial surface, where it may promote attachment to mucus
and epithelial cells, stimulate cytokine secretion, and mediate
aggregation of the gastric pathogen H. pylori (4). Likewise, the
GroEL-like protein found on the surface of virulent L. pneu-
mophila strains acts as an adhesin and mediates internalization
and specific trafficking of latex particles into HeLa cells (21). In
the eukaryotic dimorphic fungal pathogen Histoplasma capsu-
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latum, a surface-localized GroEL-like protein mediates attach-
ment of the facultatively intracellular fungus to B, integrin
receptors (CD11/CD18) on macrophages (49). Thus, it is fea-
sible that in various, mainly pathogenic, organisms, GroEL and
GroEL-like proteins have been diversified during evolution
and have evolved new functions associated with different sub-
cellular localization patterns. For example, in the endosymbi-
ont Enterobacter aerogenes, the GroEL-like protein differs at 11
positions from E. coli GroEL and is found both intra- and
extracellularly, acting as a paralyzing toxin on insects (87).

The GroEL proteins, which are thought to be prototypes of
cytosolic proteins, are probably not the only cytosolic proteins
that can also be diverted to the bacterial cell surface. Recently,
the translation elongation factor EF-Tu was found to be
present on the surface of L. johnsonii cells, mediating their
attachment to human cells (24). Characterization of the cell
wall subproteome of Listeria monocytogenes has revealed the
presence of GroEL, enolase, and EF-Tu, among other typical
“cytoplasmic” proteins (68). Like C. pneumoniae GroELI,
these proteins do not carry any obvious secretion signals or
known surface-binding domains. The mechanism by which they
reach the surface of the bacteria therefore remains unclear. It
has been speculated, however, that these “moonlighting” pro-
teins might be exported by ABC transporters or by passive
release upon osmotic stress (68). Alternatively, these proteins
might be exported by the so-called type VI secretion pathway
described for gram-negative bacteria. Many of them release
vesicles from their outer membrane as secretory vehicles for
components relevant for bacterial adhesion and invasion, cy-
totoxicity, and host responses (45).

rGroELI1 activates primary human endothelial cells. In the
present study we have demonstrated that C. prneumoniae
rGroEL1 mediates the activation of NF-kB in HUVECs and
that soluble GroEL1 and latex beads coated with the protein
are almost equally efficient in doing so. Activation and trans-
location of NF-kB to the nucleus in eukaryotic cells infected by
C. pneumoniae have been demonstrated in different studies (6,
40, 44). Activation of NF-kB is an important step in the patho-
gen-induced eukaryotic signaling observed for a variety of
pathogens, such as H. pylori, enterohemorrhagic E. coli, or
Campylobacter jejuni (38, 53, 67).

Activation of NF-kB during infection by C. pneumoniae has
been described for a variety of different cell types (e.g., epi-
thelial cells, HUVECs, human monocytes, and Mono Mac
cells) (22, 44, 82, 83). The activation of NF-kB in HUVECs: is
very fast, as it could be detected within 15 min of infection with
C. pneumoniae (44). Similarly, in Mono Mac cells NF-kB ac-
tivation peaked within the first 60 min after infection (83, 82).
This strongly suggests that the intracellular signaling events
leading to the translocation of NF-kB are induced upon initial
contact of the chlamydial particles with the eukaryotic cells. In
this respect the activation of NF-kB by GroEL1-coated latex
beads may mimic the contact of C. pneumoniae EBs with eu-
karyotic cells.

Infection with C. pneumoniae triggers additional host cell
responses, such as phosphorylation of the mitogen-activated
kinase p40/42; secretion of interleukin-1 (IL-1), IL-8, IL-10,
and monocyte chemoattractant protein 1; and the expression
of cell surface receptors such as ICAM, VCAM, E-selectin,
and tissue factor (6, 9, 15, 41, 44, 56, 66, 83). Several of these
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host cell responses were also observed when eukaryotic cells
were incubated with C. trachomatis GroEL1 (41, 66). This
suggests that such activation might be a general property of
chlamydial GroEL1 proteins. Indeed C. pneumoniae rGroEL1
initiates secretion of IL-12 and tumor necrosis factor via TLRs
in dendritic cells and activates vascular endothelial cells to
secrete the cytokines IL-1B, IL-6, and IL-8 and to express cell
surface adhesion proteins (12, 51). Therefore, a feasible model
is one in which surface localization of C. pneumoniae GroEL1
contributes to the pathogen-provoked activation of eukaryotic
host cells upon chlamydial attachment and subsequently trig-
gers the intracellular signal transduction pathways within the
eukaryotic cells, as described by others (31, 40, 44, 56, 66, 82,
83). The nature of the GroELL1 receptor on the host cell is still
unclear. However, it has been reported that GroEL1 from C.
pneumoniae binds to CD14, TLR4, and/or TLR2 (9, 12, 41, 51).

The surface localization of C. pneumoniae GroEL1 on EBs
and the activation of HUVECs by rGroELI strongly suggest
that GroEL1 plays an important role in the initial phase of the
pathogen-host interaction, and indeed our data directly sup-
port this idea, as pretreatment of HEp-2 cells with rGroEL1
significantly reduces subsequent infectivity. However, pretreat-
ment of the epithelial cells with rGroEL1 did not inhibit ad-
hesion of infectious EBs, suggesting that bacterial cell surface-
localized GroELL is not required for attachment of EBs to
HEp-2 cells. It can be speculated, however, that GroEL1 bind-
ing to eukaryotic receptors might have an influence on later
steps in the establishment of the infection; e.g., the protein
might be relevant for the internalization of EBs or for the
modification of the early inclusion. Thus, a premature and/or
hyperactive response induced in the HEp-2 cells by rGroELL1
prior to addition of the EBs might well be deleterious for the
host and/or for a successful infection. The fact that rGroEL1
can activate NF-kB translocation in HUVECs with kinetics
similar to those found during a normal C. pneumoniae infec-
tion supports this signaling hypothesis.

In conclusion, our data provide evidence that a fraction of
the C. pneumoniae GroEL1 protein is localized on the bacte-
rial cell surface and plays an important role in the establish-
ment of the chlamydial infection, possibly by inducing early
signaling events that help to convert the eukaryotic cell into a
hospitable environment suitable for the establishment of a
successful infection.
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