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In a previous study, we reported that the OmcB protein from Chlamydia pneumoniae mediates adhesion of the infectious ele-
mentary body to human HEp-2 cells by interacting with heparin/heparan sulfate-like glycosaminoglycans (GAGs) via basic
amino acids located in the first of a pair of XBBXBX heparin-binding motifs (K. Moelleken and J. H. Hegemann, Mol. Microbiol.
67:403– 419, 2008). In the present study, we show that the basic amino acid at position 57 (arginine) in the first XBBXBX motif,
the basic amino acid at position 61 (arginine) in the second motif, and another amino acid (lysine 69) C terminal to it play key
roles in the interaction. In addition, we show that discrimination between heparin-dependent and -independent adhesion by C.
trachomatis OmcBs is entirely dependent on three variable amino acids in the so-called variable domain C terminal to the con-
served XBBXBX motif. Here, the predicted conformational change in the secondary structure induced by the proline at position
66 seems to be crucial for heparin recognition. Finally, we performed neutralization experiments using different anti-heparan
sulfate antibodies to gain insight into the nature of the GAGs recognized by OmcB. The results suggest that C. trachomatis sero-
var L2 OmcB interacts with 6-O-sulfated domains of heparan sulfate, while C. pneumoniae OmcB apparently interacts with do-
mains of heparan sulfate harboring a diverse subset of O-sulfations.

Chlamydiae are Gram-negative bacteria that cause widespread
infections in humans, other mammals, and birds. In humans,

Chlamydia pneumoniae infects the respiratory tract, causing phar-
yngitis, sinusitis, bronchitis, and pneumonia (1–3). In addition,
C. pneumoniae has been implicated in a variety of chronic dis-
eases, including asthma, chronic obstructive pulmonary disease
(COPD), atherosclerosis, multiple sclerosis (MS), and Alzhei-
mer=s disease (AD) (2). Infections caused by C. trachomatis, on the
other hand, make it the most common cause of preventable blind-
ness (serovars A to C) and a leading cause of sexually transmitted
diseases worldwide (serovars D to K and LGV serovars) (4, 5).
Chlamydiae are obligate intracellular pathogens that have a
unique biphasic life cycle involving alteration between two devel-
opmental forms (6).

The initial attachment of elementary bodies (EBs) to the target
cell appears to be reversible (7), and numerous studies have
pointed to the involvement of glycosaminoglycans (GAGs) as the
host cell ligands recognized in this step (8–13). Thus, pretreat-
ment of infectious EBs with either heparan sulfate or heparin in-
hibits attachment and reduces the infectivity of C. pneumoniae
and the B and LGV serovars of C. trachomatis (14–22).

Heparan sulfate/heparin is one of the four major classes of
GAGs (together with the chondroitin sulfate/dermatan sulfate,
keratan sulfate, and hyaluronan families). GAGs are linear, acidic
polysaccharides of highly complex structure, largely due to vari-
able modification of their disaccharide subunits, which undergo
N- and O-sulfation, acetylation, and carboxylation (23). With 2.7
sulfate groups per disaccharide on average, heparin is one of the
most negatively charged macromolecules known (24). Heparan
sulfate is similar in structure to heparin but is less highly sulfated
(�1 sulfate group per disaccharide). However, it comprises highly
modified domains very similar to heparin and domains with al-
most no modifications (25, 26). Due to the flexibility of its non-
modified regions, heparan sulfate can interact via its sulfated re-
gions with basic domains in proteins (25, 27). Comparison of
heparin-binding domains has highlighted motifs with the consen-

sus sequences XBBXBX and XBBBXXBX, where B indicates a ba-
sic amino acid (28).

OmcB, a 60-kDa, cysteine-rich protein, was conclusively iden-
tified to interact with GAGs by heparin affinity chromatography
(10). Strikingly, all the OmcB proteins of Chlamydiae possess at
least one XBBXBX sequence in their N-terminal domains, and
synthetic peptides corresponding to N-terminal fragments of C.
trachomatis and C. pneumoniae OmcB, including the XBBXBX
motif, were shown to interact with heparin (10). The OmcB pro-
tein is largely conserved among chlamydial species (70 to 80%
overall identity) but can be divided into a highly conserved C-ter-
minal portion (�80% identity) and a species-specific N-terminal
part showing pairwise identities of 19 to 93% (Fig. 1). Originally,
OmcB was described as a periplasmic protein in the C. psittaci 6BC
strain (29). In the same year, analysis of OmcB from the C. psittaci
GPIC strain suggested that this protein is accessible at the cell
surface of EBs and involved in the adhesion to the host cell (8). In
accordance with the latter findings, subsequent antibody binding
and proteolytic cleavage studies have shown that the N-terminal
portion of OmcB in all other species and strains tested is exposed
on the surface of EBs (9–13).

Adhesion of C. pneumoniae and C. trachomatis LGV serovars
to host cells is dependent on GAGs like heparin and heparan sul-
fate (14, 16, 18–20, 22, 30, 31), and it is mediated by a region in the
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N-terminal portion of the OmcB, which is termed the OmcB
binding domain (OmcB-BD) (13). LGV serovars have a single
XBBXBX motif in this domain, while C. pneumoniae OmcB is
unique among chlamydial species in having two tandemly linked
copies of the heparin-binding motif in this domain (Fig. 2A). All
three of the basic amino acids within the first of these contribute to
the adhesive capacity of C. pneumoniae OmcB (13), but the role of
the second motif has remained unclear.

As the entire OmcB GAG binding domain is enriched for basic
amino acids, residues outside the XBBXBX motifs could also play
a role in ligand recognition. Interestingly, attachment of C. tracho-
matis serovar E still occurs at wild-type (wt) levels after heparan
sulfate treatment or in the absence of heparan sulfate-like GAGs
on the human cell (18, 19, 31). Indeed, while the OmcB proteins of
C. trachomatis serovars E and LGV differ from each other in just 11
out of 548 positions, none of the variable sites is located within the
conserved heparin-binding motif (Fig. 3A). However, three of
them lie immediately C terminal to the single heparin-binding
motif (amino acid [aa] 66 to 71; here referred to as the variable
domain), and the residues at these positions very likely determine
the serovar-specific difference in the heparin dependence of adhe-
sion seen between OmcB proteins from the LGV (OmcB-L) and E
(OmcB-E) serovars (12, 13, 32). Indeed, it has previously been
shown that exchange of the variable amino acid at position 66
abrogates the heparin dependency of adhesion by serovar L1
OmcB and, conversely, induces partial heparin dependency of cell
binding by serovar E OmcB (13). The contribution of the other

two variable amino acids within the variable region to GAG bind-
ing was not tested.

In this study we show that, in C. pneumoniae, three basic amino
acids within OmcB-BD are the key players in GAG binding. Inter-
estingly, one of these is located C terminal to the two heparin-
binding motifs. Second, we ruled out the possibility that all of the
variant positions within the variable domain of C. trachomatis
OmcB contribute to the heparin-dependent/-independent nature
of the adhesion process. Finally, using various antibodies that rec-
ognize heparan sulfates with different modifications, we con-
firmed that the presence of heparan sulfate on the host cell surface
is a prerequisite for infection by C. pneumoniae and C. trachomatis
serovar L2.

MATERIALS AND METHODS
Bacterial strains, yeast strains, and cell culture. The Escherichia coli
strain XL1-Blue (Stratagene) was used for plasmid amplification, while
the Rosetta strain (Novagen) was employed for protein expression. C.
pneumoniae GiD and the C. trachomatis serovars L2 (L2/434/Bu) and E
(DK-20) were propagated in HEp-2 cells in the presence of 1.2 �g/ml
cycloheximide. Chlamydial EBs were purified using 30% gastrographin
(Schering).

The Saccharomyces cerevisiae strain YKM2 [MATa ura3-52 trp1 leu2�1::
pCM149 (LEU2) his3�200 pep4::HIS3::loxP-kanMX-loxP met25p-GFP
prb1�1.6R can1 tetO7 AGA1::pIU211 (URA3)], a green fluorescent protein
(GFP)-expressing version of EBY100 (Invitrogen), was grown in synthetic
medium containing 2% raffinose (SR) and then in synthetic medium plus 2%
galactose (SG) to induce protein expression as described before (13).

FIG 1 Variability within the N-terminal heparin-binding domain (BD) of OmcB. (A) Amino acid sequence alignment of the binding domains (positions 41 to
100) of OmcB proteins from C. pneumoniae (Cpn) strain GiD and the C. trachomatis (Ctr) serovar E and the LGV serovars. Basic amino acids are highlighted in
boldface, and heparin-binding motifs (XBBXBX) are boxed. The three amino acid differences between the binding domains of OmcB proteins from C.
trachomatis E and LGV are underlined. SS, signal sequence. (B) Comparison of the levels of sequence identity (upper values) and homology (lower values) within
the binding domains of OmcB proteins from the chlamydial species C. pneumoniae (Cpn) strain GiD; C. trachomatis (Ctr) serovars B (NCBI accession no.
YP_002888946), E (P23603), and L2 (P0DJI2); C. psittaci (Cps) strain 6BC (AAB61619); C. abortus (Cab) strain S26/3 (YP_219610); and C. caviae (Ccav) strain
GPIC (NP_829058). Alignments were performed with EMBOSS Needle.
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HEp-2 cells (epithelial larynx carcinoma cell line) were cultured in
Dulbecco’s modified Eagle medium (DMEM) GlutaMax (Invitrogen)
supplemented with 10% fetal calf serum (FCS), vitamins, nonessential
amino acids, amphotericin B (2.5 �g/ml), and gentamicin (50 �g/ml).

DNA manipulation and plasmid construction. Site-specific mu-
tagenesis was performed by homologous recombination in S. cerevisiae
using PCR products generated with oligonucleotides containing the spe-
cific substitutions and either the yeast adhesion plasmid expressing C.
trachomatis serovar E OmcB (13) cleaved with Bpu1102I and SpeI or the

E. coli expression vector glutathione S-transferase (GST)-OmcB-BD6�His

(aa 41 to 100) cleaved with Bpu1102I or SmaI. The GST-OmcB-BD6�His

plasmid was generated by cloning OmcB-BD into the E. coli expression
vector pFT8. pFT8 is a derivative of the expression plasmid pGEX-3X
(Pharmacia), which was modified by integration of a C-terminal 6�His
tag and a precision cleavage site C terminal to the GST tag. All constructs
were verified by sequencing.

Affinity purification of GST-tagged proteins. GST-tagged fusion
proteins were purified under native conditions by following the protocol

FIG 2 Single amino acids within the binding domain (BD) differ in their impact on the binding properties of C. pneumoniae OmcB. (A) Schematic depiction of
C. pneumoniae OmcB, together with the sequence of the binding domain (amino acids 41 to 100). Heparin-binding motifs (XBBXBX) are boxed, basic amino
acids are in boldface. SS, signal sequence. (B) Adhesion of protein-coated latex beads to human HEp-2 cells. A total of 1 � 106 HEp-2 cells were incubated with
1 � 107 beads coated with either recombinant GST (rGST) or rGST-tagged wild-type OmcB-BD (wt) or rGST-tagged OmcB-BD lacking the second heparin-
binding motif (�motif2). The number of beads bound by 1,000 HEp-2 cells was determined microscopically. Binding of wt OmcB-BD was set to 100% adhesion
(n � 4). (C and D) Adhesion of protein-coated, fluorescent latex beads to human HEp-2 cells. A total of 1 � 106 HEp-2 cells were incubated with 1 � 107

fluorescent beads. Adhesion was quantified by measuring the overall fluorescence of attached beads per 1 � 105 HEp-2 cells by flow cytometry. Binding of wt
OmcB-BD was set to 100% adhesion. (C) Beads were coated with either rGST, BSA, rGST-tagged wild-type OmcB-BD (wt), or an rGST-tagged variant of
OmcB-BD in which all three basic amino acids in the second heparin-binding motif were replaced by alanines (m2 RRKA). (n � 3). (D) Beads were coated with
either rGST, BSA, or rGST-tagged wild-type OmcB-BD (wt) or with rGST-tagged OmcB-BD variants in which single amino acids were replaced by an alanine
residue as indicated. Heparin-binding motifs (XBBXBX) are boxed, and basic amino acids are in boldface (n � 3). Statistically significant differences are denoted
by ***, **, and *, which indicate P � 0.001, P � 0.01, and P � 0.05, respectively. n.s., not significant.
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supplied by Sigma-Aldrich. Proteins (1-ml elution fractions) were dia-
lyzed overnight against 1 liter of phosphate-buffered saline (PBS) at 4°C to
remove the reduced glutathione (Sigma) using dialysis tubing with a 3.5-
kDa cutoff (Serva). Proteins were separated by SDS-PAGE and detected
with an anti-His antibody (Roche) after immunoblotting.

Yeast adhesion assay. Yeast adhesion assays were performed on 50%
confluent layers of HEp-2 cells cultured on glass coverslips. Aliquots (1 �
106) of yeast cells with the surface expression of a specific protein were
washed with PBS, suspended in 500 �l PBS with or without 500 �g/ml
soluble heparin (Sigma), and incubated for 30 min at 4°C. The yeast cells
were then washed with PBS and suspended in 500 �l PBS, and the whole
aliquot was added to coverslips bearing 5 � 105 HEp-2 cells (2-fold ex-
cess). Coverslips were incubated for 1 h at 37°C in the presence of 6% CO2,
washed with PBS, and fixed with 3% paraformaldehyde. Adhesion was
quantified by counting the HEp-2 cells and attached yeast cells in 10 visual
fields. The average number of wt OmcB-displaying yeast cells bound to
human cells varied between 15 and 20% of the input.

Bead assay. Latex beads were coated with recombinant protein as
described previously (33). Coating efficiency was analyzed by immuno-
blotting. Assays using fluorescence-labeled beads (diameter, 1 �m; Poly-
sciences) were performed on 100% confluent layers of HEp-2 cells (1 �
106), and binding was quantified by flow cytometry (FACSAria; BD Bio-
sciences). Unlabeled beads (diameter, 1.1 �m; Sigma) were incubated
with HEp-2 cells growing on glass coverslips and quantified by micros-
copy. A 10-fold excess of beads (1 � 107) was added to the cell sample,
which was incubated for 1 h at 37°C in the presence of 6% CO2. Unat-
tached beads were then removed by washing with PBS, cells were fixed
with 3% paraformaldehyde, and the numbers of beads attached to 103

HEp-2 cells were counted under the microscope. For fluorescence-based
assays, the cells were detached with cell dissociation solution (Sigma) and
fixed with 3% paraformaldehyde, and the numbers of beads attached to
aliquots of 104 HEp-2 cells were determined by flow cytometry, measur-
ing the fluorescence intensity of every single cell. The average number of
wt OmcB-coated beads bound to human cells varied between 15 and 20%
of the input.

Neutralization assay. Fully confluent HEp-2 cell layers (1 � 106)
grown on glass coverslips were preincubated with the indicated antibodies
for 1 h at 37°C in the presence of 6% CO2 and infected with C. pneumoniae
or C. trachomatis serovar E or L2 at a multiplicity of infection (MOI) of 10
for 2 h. Cells were then incubated for 48 h (Cpn) or 24 h (Ctr) in medium
containing cycloheximide before being fixed with methanol and stained
with a fluorescein isothiocyanate (FITC)-conjugated anti-chlamydial li-
popolysaccharide (LPS) antibody (Bio-Rad). The number of inclusions
found in 20 visual fields per coverslip was determined under the micro-
scope. IgG concentration was analyzed by immunoblotting prior to the
experiment. Antibodies were diluted 1:5 before use (34–37). The GAG-
specific single-chain antibodies were obtained from T. van Kuppevelt.

Bioinformatic analysis. EMBOSS Needle (matrix, EBLOSSUM62;
gap penalty, 10.0; extend penalty, 0.5) was used for sequence alignments;
GOR IV (38) was used for secondary structure prediction.

RESULTS
The second heparin-binding motif in C. pneumoniae OmcB is
essential for its adhesive function. The heparin-binding domain
(aa 41 to 100) of OmcB from C. pneumoniae is rich in basic amino
acids and harbors a tandem duplication of the XBBXBX motif
(Fig. 2A). As we had found the first copy to be essential for binding
of OmcB to host cells (13), we wished to probe the role of the
second. Therefore, we constructed a deletion variant of the bind-
ing domain of OmcB (OmcB-BD) lacking the second XBBXBX
motif (GST-OmcB-BD�motif2) and performed a bead adhesion as-
say with the purified recombinant protein. Latex beads coated
with recombinant GST-OmcB-BD�motif2 failed to bind to HEp-2
cells, indicating that motif 2 is essential for adhesion (Fig. 2B).

As basic amino acids within XBBXBX motifs mediate the in-
teraction with heparin (24, 27), we tested a variant of OmcB in
which the basic amino acids at positions 60 (arginine), 61 (argi-
nine), and 63 (lysine) were all replaced by alanines (GST-OmcB-
BDR60R61K63A). This triple mutant was completely unable to bind
to human cells (Fig. 2C). Hence, the basic amino acids within the
second heparin-binding motif are essential for C. pneumoniae
OmcB interaction with GAGs on host cells.

The GAG-binding domain of C. pneumoniae OmcB extends
beyond the two XBBXBX motifs. Since a contribution of addi-
tional basic amino acids surrounding the two XBBXBX motifs to
GAG recognition had not been ruled out, we constructed a series
of recombinant OmcB proteins in which each of the basic amino
acids in the two heparin-binding motifs and the regions flanking
them was replaced in turn (Fig. 2D). In addition, we analyzed the
contribution of the polar amino acids in the second motif (aspar-
agine 62 and glutamine 64), as it is known that the polar residues
in heparin-binding motifs stabilize the interaction of the basic
amino acids with GAGs (24, 27).

Relative to beads bearing wild-type GST-OmcB-BD, beads coated
with recombinant GST-OmcB-BDK54A, GST-OmcB-BDK55A, and
GST-OmcB-BDR57A exhibited significantly reduced attachment
efficiencies to HEp-2 cells of 66, 39, and 30%, respectively (Fig.
2D). Of the corresponding mutations within motif 2, R61A had the
greatest impact on binding, significantly reducing adhesion to
22% of the control value. In contrast, replacement of the arginine
at position 60, or the lysine at position 63, by alanine (GST-
OmcB-BDR60A and GST-OmcB-BDK63A, respectively) resulted in
only a moderate decrease in adhesion to 83 and 84%, respectively.
Interestingly, substitution of the lysine at position 69 (OmcB-
BDK69A), which is the first basic amino acid C terminal to the
heparin-binding motifs, had a much greater effect, significantly
reducing adhesion to 27%. Thus, the contribution to adhesion of
this amino acid, which lies beyond motif 2, is comparable to that
of each of the basic residues at positions 57 and 61. Therefore, we
investigated the contribution of the next two basic amino acids in
the sequence. To our surprise, the alanine substitutions at posi-
tions 71 (arginine) and 77 (lysine) strongly increased binding, to
192 and 270% of the control value, respectively, in the bead assay.
In addition, replacement of the first basic amino acid N terminal
to the heparin-binding motifs, the lysine at position 45 (GST-
OmcB-BDK45A), also increased adhesion, albeit to a lesser and not
statistically significant extent (134%). In contrast, substitution of
the two polar amino acids within the second heparin-binding mo-
tif (GST-OmcB-BDN62A and GST-OmcB-BDQ64A) had a negative
effect on binding, reducing bead adhesion to 59% (P � 0.0346)
and 53% (P � 0.0535), respectively (Fig. 2D).

These results demonstrate that several basic and polar amino
acids within the binding domain of C. pneumoniae OmcB contrib-
ute significantly to the protein’s capacity to adhere to human cells.
Furthermore, basic amino acids located on either side of the hep-
arin-binding motifs are also relevant for adhesion, as their substi-
tution actually results in an increase in adhesion.

Three amino acids within the N-terminal variable domain of
C. trachomatis OmcB determine the glycosaminoglycan depen-
dency of adhesion. Recently, we showed that the amino acid at
position 66 within the variable domain of the C. trachomatis
OmcB is critical for its interaction with heparin-like GAGs on
human cells (13). The sequence differences observed between the
OmcB proteins of serovars E and LGV at these positions are pre-
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dicted to correlate with changes in secondary structure (Fig. 3A).
Thus, we employed the yeast adhesion assay to analyze the contri-
bution of each of the three variable amino acids in this region by
substituting those found in LGV serovars for their counterparts in
the heparin-independent OmcB-E (Fig. 3).

Exchange of the amino acid at position 66 (OmcB-EL66P; leu-
cine to proline) increased overall adhesion to 113% (P � 0.0559)
and induced a partial dependence on heparin, as preincubation of
yeast cells bearing this OmcB variant with soluble heparin signif-
icantly reduced attachment to 70% of the control value (Fig. 3B).
In contrast, replacements of the amino acids at positions 68 and 71
(OmcB-ED68N, aspartic acid to asparagine; OmcB-EE71K, glutamic
acid to lysine) did not alter overall adhesion and induced a slight
reduction in heparin-dependent adhesion of 9 and 6%, respec-
tively. We then tested double substitutions of amino acids 66 and
68 or 71. Again, adhesion of doubly substituted OmcB-EL66P, D68N

(leucine and aspartic acid to proline and asparagine) and OmcB-
EL66P, E71K (leucine and glutamic acid to proline and lysine) ex-
pressed on yeast cells was increased slightly, to 113 and 111%,
respectively. Moreover, pretreatment with soluble heparin signif-
icantly decreased adhesion to 61 and 62%, respectively, reflecting
the additive effects of the single substitutions at positions 66, 68,
and 71 (Fig. 3B). Since neither of the double substitutions in
OmcB-E conferred the completely heparin-dependent adhesion
described for OmcB-L (13), we constructed a triply substituted
OmcB-E mutant in which all three variant amino acids in the
variable domain were exchanged, making the sequence of the
binding domain identical to that of OmcB-L. Like all other L66P-
harboring variants, the OmcB-EL66P, D68N, E71K (leucine, aspartic
acid, and glutamic acid to proline, asparagine, and lysine, respec-
tively) variant showed a slight increase in overall adhesion to
114%, while preincubation of yeast cells expressing the triple mu-

FIG 3 All three divergent residues in the variable region of the binding domain of C. trachomatis OmcB contribute to serovar-specific differences in heparin
dependency of adhesion. (A) Schematic illustration of the OmcB proteins of C. trachomatis LGV serovars and serovar E showing the sequences and predicted
secondary structures of their binding domains (BD; amino acids 41 to 100). The heparin-binding motif is highlighted (XBBXBX; dotted box), and basic amino
acids are depicted in boldface. The variable region is indicated by a dashed box, and residues that differentiate the sequences are underlined. Secondary structure
was predicted using GOR IV. Loops indicate alpha-helical segments, lines indicate random-coil regions, and arrows represent extended strands. SS, signal
sequence. (B) Adhesion of protein-presenting yeast cells to human HEp-2 cells. A total of 5 � 105 HEp-2 cells were incubated with a 2-fold excess of yeast cells
displaying either Aga2, Aga2-OmcB serovar E wild type (wt), or Aga2-OmcB-E variants in which the native amino acids at positions 66, 68, and 71 were replaced
by the corresponding amino acids found in OmcB from LGV serovars (see panel A). Thus, the OmcB mutant L66P D68N E71K is identical to the OmcB-BD from
LGV serovars. Yeast cells were pretreated either with PBS (without heparin) or with 500 �g/ml soluble heparin (with heparin). Adhesion was quantified by
counting the numbers of yeast cells attached to HEp-2 cells in 10 fields viewed under the microscope. Binding of Aga2-OmcB-E was set to 100% adhesion (n �
2). Statistically significant differences are denoted by ***, **, and *, which indicate P � 0.001, P � 0.01, and P � 0.05, respectively. n.s., not significant.
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tant with soluble heparin significantly reduced adhesion to 38%,
which is comparable to the background level observed for the
negative-control Aga2; thus, it is compatible with a complete de-
pendence of adhesion on heparin (Fig. 3B).

These findings show that heparin dependence of C. trachomatis
OmcB adhesion is entirely determined by the identity of the
amino acids found at only three positions within the variable re-
gion. Furthermore, the proline at position 66 and the resulting
change in the secondary structure is critical for the induction of
heparin dependency (see Fig. S1 in the supplemental material).
Interestingly, the presence of proline at position 66 also enhances
overall adhesion relative to OmcB variants harboring a leucine at
this position.

Infection by C. pneumoniae or C. trachomatis serovar L2 can
be blocked by treating human HEp-2 cells with specific anti-
heparan sulfate antibodies. The exact chemical nature of the hepa-
ran sulfate-like GAGs recognized by Chlamydiae is unknown,
although at least a decasaccharide (dodecasaccharide) with 6-O-sul-
fation is necessary to neutralize infection by C. trachomatis L2, while
2-O-sulfation and N-sulfation do not seem to be required (15, 21). In
order to gain insight into the heparan sulfate structure recognized by
OmcB, we performed antibody neutralization experiments using sin-
gle-chain antibodies produced in E. coli, which were selected by phage
display for the ability to recognize different natural heparan sulfates
and require different specific modifications for binding (Fig. 4A)
(35). All antibodies recognized epitopes on the HEp-2 cells used in
this experiment (Fig. 4A).

Pretreatment of human cells with anti-heparan sulfate (HS)
antibodies that bind specific epitopes found in human skeletal
muscle GAGs (RB4EA12), bovine kidney HS (HS4C3), or human
lung HS (EV3C3) significantly reduced the incidence of infection
by C. pneumoniae to 35, 52, and 50% of the control, respectively
(Fig. 4B). All three antibodies require N-sulfation of the antigen
for efficient binding. RB4EA12 and HS4C3 also require 6-O- and
6-O-/3-O-sulfation, respectively, whereas EV3C3 requires 2-O-
sulfation and C5-epimerization of D-glucoronic acid (GlcA) to
L-iduronic acid (IdoA) (Fig. 4A). On the other hand, antibodies
recognizing chondroitin sulfate (IO3H10) or heparan sulfate
obtained by selection against mouse skeletal muscle GAGs
(AO4B08) were unable to block infection by C. pneumoniae (Fig.
4B). As the latter antibody requires a specific internal 2-O-sulfated
IdoA residue in the antigen for recognition, this specific modifi-
cation may inhibit heparan sulfate targeting by C. pneumoniae
(Fig. 4A).

Infection by C. trachomatis L2 was reduced significantly (to
78%) only by preincubation of human cells with RB4EA12, which
also inhibited infection by C. pneumoniae (Fig. 4B). None of the
other antibodies had any significant effect on infection by C. tra-
chomatis L2.

None of the antibodies tested neutralized infection by C. tra-
chomatis E when preincubated with human cells prior to infection,
confirming that attachment mediated by OmcB-E is indeed inde-
pendent of the presence of highly modified heparan sulfate on the
host cell (Fig. 4B).

Thus, our findings indicate that C. pneumoniae OmcB medi-
ates attachment by interacting with heparan sulfate GAGs that
display N-sulfation and a specific subset of O-sulfations. In con-
trast, the OmcB on C. trachomatis L2 seems to interact specifically
with simply 6-O-sulfated heparan sulfate domains. Thus, the

OmcB-GAG interaction seems to be highly adapted to the tissues
infected by the different species and serovars.

DISCUSSION

All OmcB proteins possess an XBBXBX heparin-binding motif;
however, uniquely, C. pneumoniae OmcB has tandem copies. In-
terestingly, the heparin-binding motifs of all chlamydial OmcB
proteins are predicted to fold into an �-helix. Recently, using the
yeast display system, we showed that replacement of all three basic
residues present in the first copy eliminates OmcB’s ability to at-
tach to human cells. Of the individual residues, the arginine at
position 57 has the strongest impact on binding ability (13). In this
study, we show that the second motif is equally essential for bind-
ing. As with the first motif, an arginine residue at position 61 in the
second motif makes the largest contribution to adhesion, in agree-
ment with the observation that arginine binds more tightly to
heparin than lysine does (24, 27). As in the case of the first motif
(13), simultaneous replacement of all basic residues in the second
motif causes complete loss of adhesion capacity (Fig. 2C), imply-
ing that both motifs are essential for adhesion. Interestingly, the
lysine at position 69 C terminal to motif 2 has a function similar in
importance to that of the arginines at positions 57 and 61 within
the duplicated motifs. Thus, the domain of C. pneumoniae OmcB
that directly interacts with heparin-like GAGs is not restricted to
the XBBXBX motifs but extends further C terminally. Indeed, it
has been demonstrated that heparin-binding domains need not
consist of an unbroken linear sequence of amino acids (24). On
the contrary, heparin can be efficiently recognized by basic resi-
dues separated by a distance of approximately 20 Å in the native
conformation of the binding protein (39). Furthermore, we iden-
tified the polar amino acids asparagine (at position 62) and glu-
tamine (at position 64) as important for C. pneumoniae OmcB-
mediated attachment. Asparagine and glutamine are capable of
hydrogen bonding; thus, they stabilize the interaction of the basic
amino acids with the negatively charged heparin (27). Surpris-
ingly, replacement of the lysines at positions 71 and 77 by alanines
resulted in a strong increase in the binding capacity of OmcB but
may lead to a loss of specificity. In fact, enhancement of adhesion
may compromise the function of OmcB, as OmcB-mediated ad-
hesion is assumed to be reversible (7), allowing the infectious EB
to surf the host cell surface to find the specific domain for inva-
sion.

Taken together, these findings show that the GAG-binding do-
main of C. pneumoniae OmcB encompasses at least 32 aa, includ-
ing the two XBBXBX motifs; thus, it is one of the largest linearly
contiguous GAG binding sites described so far (27).

The binding specificity of the chlamydial OmcB proteins for
particular subdomains of heparan sulfate proteoglycans was elu-
cidated on the basis of antibody neutralization experiments (Fig.
4). Various anti-HS antibodies recognizing different HS modifi-
cations were able to partially inhibit infection by C. pneumoniae
(Fig. 4B). All of the antibodies tested require N-sulfation for bind-
ing but recognize different (combinations of) O-sulfated posi-
tions: 2-O-sulfation (HS4C3 and EV3C3), 3-O-sulfation
(HS4C3), and 6-O-sulfation (RB4EA12 and HS4C3) (Fig. 4A)
(34–36, 40–42). Therefore, C. pneumoniae OmcB may interact
with a domain of heparan sulfate that harbors N-sulfated subunits
and a specific subset of O-sulfated subunits, which can be masked
by any of several antibodies, thereby inhibiting the infection.
Strikingly, although it also recognizes N-sulfated and 6-O-sulfated
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FIG 4 Antibodies directed against endogenous heparan sulfate neutralize infection by C. pneumoniae and C. trachomatis serovar L2. (A) Human HEp-2 cells
were stained with single-chain anti-GAG antibodies provided by T. van Kuppevelt. The specificity of each antibody is shown in the table below the panel (34–37,
40–43, 50, 51). Cells were fixed with methanol. The asterisk indicates that this antibody requires an internal 2-O-sulfated iduronic acid residue for binding. CS,
chondroitin sulfate; CSC, chondroitin sulfate C; C-6S, chondroitin-6 sulfate; HS, heparan sulfate; GAG, glycosaminoglycan. (B) Neutralization of chlamydial
infection by pretreatment of HEp-2 cells with the indicated antibodies. Cells were pretreated with each antibody prior to chlamydial infection (MOI, 10).
Infectivity was determined by microscopy 24 (Ctr) or 48 (Cpn) h postinfection. Infectivity following pretreatment with PBS was set to 100%. Cpn, C. pneumoniae;
Ctr L2, C. trachomatis serovar L2; Ctr E, C. trachomatis serovar E (n � 4). Statistically significant differences are denoted by ***, **, and *, which indicate P �
0.001, P � 0.01, and P � 0.05, respectively. n.s., not significant. P values state significant changes relative to the corresponding PBS control.
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domains (40, 41, 43), the antibody AO4B08 had no effect on in-
fection by C. pneumoniae (Fig. 4A). This could be due to the fact
that AO4B08 requires an internal 2-O-sulfated iduronic acid res-
idue for binding (43), which may not be needed for adhesion
mediated by C. pneumoniae OmcB.

Although the OmcB proteins of the 19 known C. trachomatis
serovars differ at just 13 out of 548 positions (94 to 100% identity)
(Fig. 1B), they show remarkable differences in their dependence
on heparin/heparan sulfate for adhesion. It was previously dem-
onstrated that C. pneumoniae OmcB adheres to heparin-like
GAGs via the XBBXBX heparin-binding motif, which is also pres-
ent in all C. trachomatis OmcB proteins (this study and 10, 13).
Strikingly, however, in the C. trachomatis OmcB proteins a vari-
able region occurs immediately C terminal to the XBBXBX motif
(amino acids 66 to 71). The residues at three positions (66, 68, and
71) within this segment differ between serovars (Fig. 3A). In this
study, we analyzed the contribution of each of the three variable
amino acids to the heparin dependency of OmcB-mediated adhe-
sion of serovar E. We found the amino acid at position 66 to be the
major determinant of heparin-dependent and heparin-indepen-
dent attachment. Binding of OmcB-E to human host cells is hepa-
rin independent. However, it becomes heparin dependent to a
significant degree when the leucine at position 66 is replaced by
the proline found at the corresponding site in OmcB of the LGV
serovars (Fig. 3B). The converse is also true: substitution of leu-
cine for proline in the normally heparin-dependent OmcB-L
makes adhesion to human cells completely independent of hepa-
rin, as in the case of OmcB-E (13). Interestingly, the exchange at
position 66 in the OmcB-L protein results in a complete mimic of
the OmcB-E phenotype, while the reverse exchange results in only
partial heparin dependency (Fig. 3B) (13).

The exchange of either of the amino acids at the other two
variable positions, 68 and 71, in the variable domain of OmcB-E
had only a slight influence on heparin-independent adhesion (Fig.
3B). The phenotypes observed are in agreement with the predicted
effects of the replacements on secondary structure. In OmcB-E,
the leucine at position 66 is compatible with an alpha-helical
structure, whereas proline disrupts alpha-helices, inducing the
adoption of an extended random-coil structure. Conversely, the
replacement of proline by leucine in OmcB-L allows an alpha-
helical structure to form. Exchanges at positions 68 and 71 are not
expected to disrupt the alpha-helical structure in OmcB-E (see
Fig. S1 in the supplemental material). Therefore, the secondary
structure defined by the amino acid at position 66 is likely to be
crucial for determining whether OmcB-mediated adhesion is de-
pendent on or independent of heparin. Interestingly, the heparin-
dependent OmcB adhesins from C. trachomatis LGV serovars and
C. pneumoniae have a proline at a similar position C terminal to
the heparin-binding motifs and are predicted to have similar sec-
ondary structures in this area of the GAG-binding domain (Fig.
5). However, to mimic the OmcB-L phenotype completely, all
three variable amino acids in OmcB-E had to be changed to those
found at the corresponding positions in LGV serovars. This indi-
cates that both the positively charged lysine at position 71 and the
polar, hydrogen-bonding asparagine at position 68 act to stabilize
the OmcB-heparin interaction (27). Again, the comparison to the
OmcB sequence from C. pneumoniae reveals that a lysine C termi-
nal to the heparin-binding motif(s) also contributes significantly
to heparin-dependent adhesion (Fig. 2D). Thus, we conclude that
while a random-coil structure C terminal to the XBBXBX motifs is

necessary for efficient interaction of OmcB with heparin-like
GAGs, basic residues C terminal to the heparin-binding motif(s)
also contribute appreciably to the binding characteristics of OmcB
(Fig. 5).

The partially heparin-dependent adhesion of the L66P variant
of C. trachomatis OmcB-E has previously been observed for the
attachment of EBs of serovars B and C to host cells (14, 16, 30).
Indeed, the binding domain of the OmcB proteins of serovars B
and C show sequence identity to the OmcB-EL66P mutant. In fact,
among all serovars, only three amino acid combinations are found
in the short stretch C terminal to the heparin binding motif. The
sequence of this variable domain in the three LGV serovars is
PVNRKK, in serovars E and F it is LVDRKE, and all other serovars
have the sequence PVDRKE (underlined letters represent the vari-
able amino acids). This naturally occurring smooth transition
from heparin-dependent to heparin-independent OmcB-medi-
ated adhesion of EBs makes it very likely that all chlamydial OmcB
adhesins recognize and bind to GAGs. However, the precise na-
ture of the GAG recognized, including the modifications it bears,
seems to be serovar specific. Indeed, none of the antibodies se-
lected for binding to heparan sulfate bearing specific modifica-
tions was able to reduce the C. trachomatis serovar E infection (Fig.
4B), indicating that OmcB-E interacts with less or nonsulfated
regions of heparan sulfate. That would also explain why prior
exposure to soluble heparin, which is highly sulfated, does not
reduce adhesion of C. trachomatis serovar E EBs (13, 14, 18, 19, 30,
31). Moreover, even heparan sulfate with its heterogeneous and
reduced sulfate pattern is unable to block adhesion of C. tracho-
matis OmcB-E-presenting E. coli cells (32). In contrast, infection
by C. trachomatis serovar L2 was inhibited only by the antibody
RB4EA12, which recognizes N-sulfated, N-acetylated, and 6-O-
sulfated regions (Fig. 4A) (40, 41). In contrast, the antibodies
HS4C3 and EV3C3, which require N-sulfation and 6-O-/3-O-/2-O-
sulfation (HS4C3) or 2-O-sulfation (EV3C3) of the antigen for
binding, did not block C. trachomatis LGV infection significantly
(34–36, 41, 42). Thus, it is likely that the OmcB-L protein interacts
with N-acetylated, N-sulfated, and 6-O-sulfated domains of hepa-
ran sulfate, while 2-O-sulfation and/or 3-O-sulfation might be
inhibitory (Fig. 4B) (42). The observation that AO4B08, which
also recognizes 6-O-sulfated domains (Fig. 4A) (40, 41, 43), has no
effect on infection by C. trachomatis serovar L2 could be explained
by the fact that AO4B08 requires an internal 2-O-sulfated idu-
ronic acid residue for binding (43) which may not be needed for
OmcB-L-mediated adhesion. This is in agreement with previous
work on the impact of differentially modified heparan sulfate oli-
gosaccharides and CHO cells deficient in special GAG modifica-
tions on infection by C. trachomatis serovar L2. In summary, these
studies showed that 6-O-sulfation, but not 2-O-sulfation or N-
sulfation, is necessary for adhesion and infection by L2 (15, 21).

Our data indicate that OmcB accounts for the tissue specificity
and contributes to the success of infection. Most C. trachomatis
infections of the urogenital tract are attributable to serovars E and
F (44–47), whose OmcB adhesins share the same variable region.
In contrast, all LGV serovars harbor the OmcB-L variable region
and are capable of penetrating deeper into tissues and entering the
lymphatic system, and all of this may be related. Interestingly, a
recent study showed that 6-O-sulfation is required for adhesion of
and, as a result, infection by C. muridarum (48). While the
XBBXBX heparin binding motif of C. muridarum OmcB is very
similar to that of C. trachomatis OmcB, the variable regions of the
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two proteins differ completely. Interestingly, however, like all
heparin-dependent C. trachomatis OmcB proteins, C. muridarum
OmcB is not predicted to exhibit an alpha-helical secondary struc-
ture in the variable region. Thus, in conclusion, the OmcB pro-
teins from C. pneumoniae, C. trachomatis LGV serovars, and C.
muridarum all seem to recognize 6-O-sulfated heparan sulfate do-
mains, suggesting that this modification is a key player in their
interactions with GAGs. Tissue and host specificity mediated by
different versions of a single adhesin has previously been reported
for the PapG adhesin of uropathogenic E. coli (UPEC) strains that
recognize different but related �-D-galactopyranosyl-(1-4)-�-D-
galactopyranoside moieties of glycolipids (49).

To elucidate how OmcB interacts with heparin sulfate-like
GAGs and identify the kinds of modification required, it will be
necessary to determine the three-dimensional structure of the
OmcB binding domain. The identification of the precise chemical
nature of the GAG structures it recognizes will be an important

step toward an understanding of the host and tissue specificity of
OmcB-mediated attachment by different chlamydial species and
serovars.
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