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The plasmid-encoded outer membrane protein YadA of enteropathogenic yersiniae is associated with
pathogenicity. Recently, collagen binding of YadA-positive yersiniae was reported without detailed character-
ization (L. Emédy, J. Heesemann, H. Wolf-Watz, M. Skurnik, G. Kapperud, P. O’Toole, and T. Wadstrém,
J. Bacteriol. 171:6674-6679, 1989). To elucidate the nature of collagen binding to YadA, we used a
recombinant Yersinia strain expressing the cloned YadA gene. Direct binding of YadA-positive yersiniae to
collagens was demonstrated in affinity blot experiments on nitrocellulose filters. A spectrum of collagen types
in a wide concentration range were tested for their ability to block binding of '**I-labeled collagen type II to
YadA-positive yersiniae. The results indicate a specific binding site(s) for YadA in collagen types L, II, III, IV,
V, and XI. In contrast, collagen type VI did not bind to YadA. To characterize the binding site(s) more
precisely, isolated collagen chains and cyanogen bromide fragments were investigated. These studies revealed
that binding of YadA to collagen type I is confined to the a(I) chain, whereas the binding site within collagen
type XI is localized in the o3(XI) chain. o2(I), ol (XI), and o2(XI) did not bind to YadA. Most interestingly,
in the od(II) chain the specific binding site for YadA resides in the cyanogen bromide fragment CB10. The
latter might indicate a binding site that does not depend on conformation. Based on these findings, further
fragmentation and the synthesis of peptides may allow definition of the peptide sequence(s) relevant for YadA

binding.

Yersinia enterocolitica and Yersinia pseudotuberculosis
are enteropathogenic for humans (4, 7). The disease spec-
trum comprises both intestinal and extraintestinal manifes-
tations involving the connective tissue, such as reactive
arthritis, erythema nodosum, and different types of vasculi-
tis (4, 7, 38). Recently, it was demonstrated that a plasmid of
about 70 kb is necessary for full virulence expression in
yersiniae (for reviews, see references 6, 15, 29, and 41).
Different plasmid-encoded proteins, including outer mem-
brane proteins with pathogenic functions, have been de-
scribed (2, 3, 6, 13, 14). One of the most prominent plasmid-
encoded outer membrane proteins is the Yersinia adhesin
YadA. It forms multimeric fibrillae on the surface of entero-
pathogenic yersiniae (25). There is plenty of evidence that
YadA is involved in resistance to complement lysis, phago-
cytosis, and adherence to mammalian cells (14, 16). Binding
of collagen types I, I1, and IV to YadA-positive yersiniae has
been reported (8). This property might be relevant for the
pathogenesis of diseases induced by enteropathogenic yer-
siniaec. However, the specificity of the collagen-YadA inter-
action still remains obscure, since the reported competition
experiments were performed at a 400- to 1,000-fold molar
excess of the unlabeled inhibitor. This prompted us to
investigate the nature of collagen binding by YadA in more
detail. In a first series of experiments we tested direct
binding of YadA-positive yersiniae to a broad spectrum of
collagens immobilized on nitrocellulose filters. We demon-
strate here that YadA expression mediates binding of yers-
iniae to all collagens investigated except collagen type VI. In
blocking experiments, different collagens in a wide concen-

* Corresponding author.

2153

tration range were tested for their ability to inhibit binding of
the main cartilage collagen, collagen type II, to YadA-
positive yersiniae; blocking occurred at picomolar concen-
trations. The experiments indicate a specific high-affinity
binding site(s) for YadA on many collagen types. Conse-
quently, the analysis was extended to assign the putative
binding site to either isolated collagen chains or cyanogen
bromide fragments.

MATERIALS AND METHODS

Bacterial strains. Three Y. enterocolitica strains of sero-
type O:5 were used in this study. Strain NFO is of environ-
mental origin, plasmid free, and YadA negative. Strain
NF-pCB9::Tn5 harbors the virulence plasmid of Y. entero-
colitica serotype O:9 with an inactivated YadA gene. Strain
NF-pRK290B9-4 harbors a hybrid plasmid consisting of the
mobilizable vector pRK290B (16) and a BamHI fragment of
the virulence plasmid of Y. enterocolitica O:9 encoding
YadA and is otherwise homologous to NFO; it has been
demonstrated that the vector pRK290B does not encode
collagen binding factors (8). All strains were described
previously (8, 14, 16, 17). Bacteria were grown in Luria-
Bertani bouillon at 37°C for 24 h, heat inactivated at 60°C for
45 min, and stored in phosphate-buffered saline (PBS)-
0.01% NaN; (pH 7.3) at 4°C.

Collagen preparation. Human type I and V collagens from
placental tissue were prepared as described by Bentz et al.
(1) and kindly provided by K. Kiihn, Martinsried, Germany.
Type II, IX, and XI collagens were prepared from the
chicken xyphoid process by extraction with guanidinium
hydrochloride for removal of proteoglycans, digestion with
pepsin, and fractional salt precipitation as described by von
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der Mark et al. (40). The four-step procedure of collagen
type IV preparation from human placenta was performed as
described by Glanville and Rauter (12) and included pepsin
solubilization of tissue, fractional salt precipitation of solu-
bilized collagens, native reduction and carboxymethylation,
a second pepsin treatment, and precipitation of high-molec-
ular-weight materials out of the denatured sample with 3 M
NaCl. Type III collagen was prepared from fetal bovine skin.
Extraction of collagen from the skin, precipitation by am-
monium sulfate and NaCl, dialysis against 2 M urea contain-
ing NaCl-Tris buffer, and separation of collagen type III with
DEAE-cellulose columns were performed as described by
Timpl et al. (37). Pepsin-solubilized collagen type VI from
human placenta was purified as described by von der Mark
et al. (39).

Proteoglycans. Proteoglycans were prepared by extraction
with 1 M NaCl of human fetal cartilage followed by DEAE
chromatography (23). They were kindly provided by T.
Kirsch, MPG-Arbeitsgruppen, Erlangen, Germany.

CNBr cleavage and CB fragment purification. Samples of
50 mg of collagen type II were cleaved with CNBr, and the
cyanogen bromide fragments (CB fragments) were purified
as recently described by Burkhardt et al. (5). Briefly, colla-
gen type Il was dissolved in 70% HCOOH (10 ml), warmed
to 50°C to ensure denaturation, and flushed with nitrogen.
Then CNBr was added in a 100-fold molar excess over
methionine residues (1.5 mg/mg of collagen) and allowed to
react for 4 h at 37°C. For further purification the CB
fragments were subjected to fast protein liquid chromatog-
raphy in 0.1 M ammonium acetate (pH 5) on a Superose 12
column. Homogeneity of the peptides was controlled by
sodium dodecyl sulfate (SDS)-gel electrophoresis in 18%
acrylamide minigels with the buffer system of Laemmli (26).

Isolation of a1 (I) and o2(I). a1(I) and a2(I) collagen chains
were separated by chromatography on carboxymethyl cellu-
lose at 42°C in 0.04 M sodium acetate (pH 4.8) containing 4
M urea as described previously (40). The purity of the chains
was controlled by SDS-polyacrylamide gel electrophoresis
(PAGE) in 7% acrylamide minigels with the buffer system of
Laemmli (26).

Radiolabeling of collagen type II. Collagen type II was
radiolabeled by the iodogen method (10), and a specific
activity of 2 x 10° to 3 X 10° cpm/pg was determined.

Binding of radiolabeled collagen type II to yersiniae and
blocking experiments. Increasing amounts of '*’I-labeled
collagen type II (2.7 x 10° cpm/p.g) were incubated with 100
ul of particulate bacterial suspension (2 x 10° bacteria) for
75 min at room temperature under gentle agitation. Then 1
ml of PBS-0.01% Tween 20 was added, and the suspension
was centrifuged (30 min, 10°C, 7,500 X g). The supernatant
was aspirated, and the radioactivity associated with the
pellet was determined in a gamma counter (COBRA 5005;
Canberra and Packard Instruments). YadA-negative yersin-
iae were used as a control for unspecific binding of collagen
type II to yersiniae. In the blocking assays, 100 ng of
radiolabeled collagen type II was used; without blocking
proteins, this gave signals of about 2.2 x 10* cpm with
YadA-positive yersiniae and about 3.5 x 10° cpm with
YadA-negative yersiniae after the washing procedure. For
blocking experiments, the desired amount of protein in 10 p.l
of PBS was incubated with 100 ul of the particulate bacterial
suspension for 75 min at room temperature unless otherwise
stated. Samples of 100 ng of >*I-collagen type II in 10 ul of
PBS were added and allowed to react for 75 min at room
temperature unless otherwise stated. Washing and determi-
nation of radioactivity were performed as described above.

INFECT. IMMUN.

All samples were analyzed in at least two independent
experiments in duplicate assays. The plastic tubes used for
the assays were precoated with bovine serum albumin (BSA)
to minimize nonspecific binding of collagen and bacteria to
the walls of the tubes.

Affinity blots. SDS-PAGE was performed on collagen and
collagen fragments with 18 and 10% acrylamide minigels,
respectively. The proteins were electrophoretically trans-
ferred to nitrocellulose filters. After nonspecific protein
binding sites were blocked with 1% BSA in PBS for 2 h at
room temperature, the filter was incubated with a particulate
Yersinia suspension (3 x 10° bacteria per ml in PBS) for 2 h
at room temperature. A rabbit anti-Y. enterocolitica O:5
antibody was used to detect filter-bound yersiniae, and
peroxidase-conjugated goat anti-rabbit immunoglobulin G
was used as the detection system.

ELISA. For the enzyme-linked immunosorbent assay
(ELISA), samples (10 nl) of a collagen solution (various
concentrations in PBS) were incubated with 100 pl of the
bacterial suspension (2 x 10° bacteria) in V microtiter plates
for 90 min at room temperature. The plates were centrifuged
(20 min, 15°C, 550 X g), and the pellets were washed with
100 pl of PBS-0.1% Tween by resuspension. Centrifugation
and washing were repeated. The bacteria were incubated
with an anti-collagen type II-specific antibody (in 100 pl of
PBS-1% BSA, 4°C, overnight) and then washed as described
above. The pellets were incubated with peroxidase-conju-
gated rabbit anti-mouse immunoglobulin G (Bio-Rad Labo-
ratories) diluted 1:5,000 in PBS-1% BSA for 2 h at room
temperature. Bacteria were washed again, and the substrate
(3,3'-5,5'-tetramethylbenzidine [50 ml], 0.01% in 100 mM
citrate-phosphate (pH 6) plus 5 ul of 30% H,0,) was added.
The A,5, was determined for the supernatant after centrifu-
gation. The monoclonal anti-chicken collagen type II anti-
bodies used in this study (B1, C1, D3) were kindly provided
by R. Holmdahl, Uppsala, Sweden. They were described
previously (5, 19). The epitopes of these antibodies on
chicken collagen type II are located on specific CB frag-
ments: CB8 (B1), CB10 (D3), and CB11 (C1). The curves for
binding of all three antibodies to their corresponding frag-
ments were similar, and the antibody concentrations were
adjusted to similar signal intensities.

RESULTS

Binding of YadA-positive yersiniae to immobilized collagen.
To test for direct binding of yersiniae to a spectrum of
collagens, we performed affinity blot experiments with im-
mobilized collagen. After SDS-PAGE and electroblotting of
the proteins to a nitrocellulose filter, yersiniae were added;
the bacteria bound to the filter were detected by using an
anti-Y. enterocolitica O:5 antibody.

YadA-positive yersiniae bound to collagen types II, V,
and XI, whereas no binding was detectable to type VI
collagen (Fig. 1). Within the heterodimeric collagen type V,
YadA-positive yersiniae bound to both chains, whereas,
within the heterotrimeric collagen type XI, YadA-mediated
binding was confined to the a3(XI) chain. Collagen types III
and IV also bound YadA-positive yersiniae (data not
shown). YadA-negative yersiniae did not bind to any of the
collagens (Fig. 1).

The most abundant collagen is type I collagen, a hetero-
trimeric collagen consisting of two a1(I) chains and one o2(I)
chain. We were interested in determining whether binding of
YadA to collagen type I is restricted to both chains, which
show 65% homology at the protein level. The chains were
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FIG. 1. Binding of YadA-positive and YadA-negative yersiniae
to immobilized collagen. Collagen types II (a, b), XI (c, d), V (e, f),
and VI (g, h) were electroblotted to nitrocellulose filters after
SDS-PAGE. YadA-positive (a, c, e, g) or YadA-negative (strain
NFpCB9::Tn5) (b, d, f, h) yersiniae were added, and filter-bound
bacteria were assessed by using a rabbit anti-Y. enterocolitica O:5
antibody. An anti-rabbit peroxidase conjugate was used as the
detection system. The positions of the proteins not bound by
yersiniae [a1(XI) and o2(XI) in lane c, collagen type VI in lanes g
and h] are indicated according to their localization by Ponceau red
staining. Coomassie-stained SDS-PAGE of collagen type VI is also
shown (i).

isolated by ion-exchange chromatography and further puri-
fied by reverse-phase high-pressure liquid chromatography.
The affinity blot experiment with the isolated chains of
collagen type I showed that binding to YadA was limited to
the a1(I) chain (Fig. 2).

Binding of '*I-labeled collagen type II to YadA. The main
cartilage collagen, collagen type II, was radiolabeled to
further characterize binding of YadA. Increasing amounts of
125]_labeled collagen type II (2.7 x 10° cpm/pg) were added
to 2 X 10° YadA-positive and YadA-negative yersiniae.
Binding of collagen type II to YadA-negative yersiniae was
used to detect nonspecific binding. The result indicates
saturation of specific binding of collagen type II to YadA at
higher concentrations (Fig. 3). Based on these findings, 100
ng of *I-labeled collagen type II was chosen as reference
for further binding and blocking experiments. In the assay,
after incubation and washing, 100 ng of radiolabeled collagen
type II (2 x 10° to 3 x 10° cpm) gave signals of about 22,000
cpm with YadA-positive yersiniae and about 3,500 cpm with
YadA-negative yersiniae.

Blocking of collagen type II binding to YadA by various
collagens. Various collagens and collagen preparations were

FIG. 2. Binding of YadA-positive yersiniae to immobilized col-
lagen type I chains. Isolated chains al(I) and o2(I) were subjected to
SDS-PAGE (a and b, respectively) and then electroblotted to
nitrocellulose filters (d and c, respectively). The arrowhead marks
the position of the a2(I) chain, according to its localization by
Ponceau red staining. The experiments were performed as described
in the legend to Fig. 1.
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used to inhibit binding of radiolabeled collagen type II to
YadA-positive yersiniae. Heat-denatured and native type II
collagens were equally effective in preventing binding of
subsequently added native radioactive collagen type II (Fig.
4). For this experiment collagen type II was heat denatured
(42°C, 60 min) and the blocking assay was performed at 37°C
to prevent spontaneous renaturation. Collagen types II, III,
IV, V, and XI showed very similar inhibition curves (Fig. 4
and 5). The data suggest high-affinity binding of all five
collagens to YadA. About 60% inhibition was observed
already with a fivefold molar excess (500 ng) of the inhibitor.
The control proteins BSA and cartilage proteoglycans did
not show any inhibition of collagen type II binding to YadA
(Fig. 5A).

However, the ability to block collagen type II-YadA
binding is not simply a feature of all triple-helical collagens.
Collagen type VI at up to a 20-fold molar excess over
radiolabeled collagen type II did not block collagen type
II-YadA binding. Only at a higher concentration (50-fold
molar excess) was inhibition observed. The collagen type IX
inhibition curve showed greater inhibition compared with
that of collagen type VI and did not show the typical high
efficient blocking of collagen types 11, III, IV, V, and XI in
the low concentration range.

Blocking of collagen type II-YadA binding by collagen type
I and isolated collagen type I chains. Type I collagen did not
block collagen type II-YadA binding as efficiently as the
other fibril-forming collagens, e.g., types II, III, V, and XI,
did (Fig. 5 and 6). Since the affinity blot experiments with the
isolated collagen type I chains revealed that the binding site
for YadA was confined to the al(I) chain only (Fig. 2) and
binding of collagen type II to YadA was independent of the
triple-helical conformation (Fig. 4), we performed blocking
experiments with the isolated chains of collagen type I. The
blocking capacity of collagen type I at low molar concentra-
tions resided completely in the a1(I) chain (58% inhibition at
500 ng) (Fig. 6). The blocking potential of a1(I) was compa-
rable to that of collagen type II in native and denatured
forms (Fig. 4). The o2(I) chain failed to exhibit significant
blocking capacity (9% inhibition at 500 ng).

Blocking of collagen type II-YadA binding by cyanogen
bromide fragments of collagen type II. To further character-
ize the binding site for YadA on collagen type II, CNBr
cleavage at methionine sites of collagen type II was per-
formed, and then the fragments were purified by fast protein
liquid chromatography. The modified solid-phase ELISA
with the purified fragments and fragment-specific monoclo-
nal antibodies demonstrated YadA-mediated binding for
CB10 only (data not shown). Therefore, CB10 (346 amino
acids) and the approximately equal sized CB11 (279 amino
acids) were used in the blocking experiments shown in Fig.
7. The amounts of the three inhibitor proteins shown in Fig.
7 are indicated in molarities for better comparison [a1(II),
~95 kDa; al(II)CB10, ~31 kDa; ol(I)CB11, ~25 kDa].
Only CB10 was efficient in blocking collagen type II-YadA
binding. Up to a concentration of 3 pM, the blocking
capacities of CB10 and the whole collagen type II molecule
were similar. At this concentration the maximum inhibition
(55%) was reached for the inhibitor CB10. Further rise of
inhibitor concentration up to a 150-fold molar excess (corre-
sponding to 5 p.g) did not increase the blocking potential for
the collagen type II-YadA interaction. CB11 did not block
collagen type II binding to YadA. Interactions at high
inhibitor concentrations such as those observed with the
complete polypeptide chains could not be detected with the
CB fragments used for the binding studies.
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FIG. 3. Specific binding of radiolabeled collagen type II to YadA-positive yersiniae. Increasing amounts of **I-labeled collagen type II (2.7
x 10° cpm/ug) were incubated with 2 X 10° bacteria. Unspecific binding to YadA-negative yersiniae was determined for each concentration
and subtracted. The insert demonstrates total counts obtained with YadA-positive () and YadA-negative (O) yersiniae as well as the
resulting specific binding (A). Each value represents the average of duplicate assays. The variation of each individual value from the mean

never exceeded 10%.
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FIG. 4. Inhibition of the binding of radiolabeled collagen type II
to YadA by native (light stippling) and heat-denatured (42°C, 60 minz
(dark stippling) collagen type II. YadA-positive yersiniae (2 X 10
bacteria) were incubated with different concentrations of the colla-
gen preparations, and then radiolabeled native collagen type II (2 x
10° to 3 x 10° cpm) was added. The assays were performed at 37°C
to prevent spontaneous renaturation. Radioactivity associated with
the pellet was measured in a gamma counter. Radioactivity obtained
with radiolabeled collagen type II and YadA-positive yersiniae
without preincubation with other proteins was defined as 100%
125I.1abeled collagen type II binding. Each value represents the
mean and standard deviation of at least two independent duplicate
assays.

DISCUSSION

Attachment of bacteria or bacterial products to host cells
and host tissue is crucial for infectious diseases caused by
enteropathogens like Y. enterocolitica. Previous studies
have reported on binding of different bacteria to extracellular
matrix proteins like laminin (9, 27, 32, 34, 35), fibronectin
(24; for a review, see reference 20), and collagen (8, 9, 18, 33)
and have moreover shown the importance of these interac-
tions for tissue adhesion (21, 22). The interaction of proteins
expressed by Y. enterocolitica with components of the
extracellular matrix, like collagen, may contribute to dis-
eases affecting the connective tissue. Therefore, we investi-
gated the binding to collagen of the virulence-associated
outer membrane protein YadA, which is common to all
enteropathogenic yersiniae. We identified a broad spectrum
of collagen types that bind YadA-positive yersiniae in affin-
ity blot experiments (collagen types I, II, III, IV, V, and XI).
Interestingly, YadA-positive yersiniae did not bind to all
collagens tested (e.g., did not bind type VI collagen), and in
some collagens the binding property for YadA was restricted
to a single chain only [al(I), a3(XI)]. Collagen binding has
been reported for rat hapatocytes (31) and Staphylococcus
aureus (33), both of which bound to all collagens tested
(collagen types 1, II, III, IV, and V for rat hepatocytes and
collagen types I, II, III, IV, V, and VI for S. aureus).
Different CNBr-generated peptides of the al(I) chain and
synthetic peptides with collagenlike structures [e.g., (Pro-
Gly-Pro),] were also bound indiscriminately. In contrast to
these findings, our results argue in favor of a YadA collagen
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FIG. 5. Inhibition of the binding of radiolabeled collagen type 1I to YadA by different collagens and other peptides. Collagen types IV (A),
V (W), and XI (®) (A) and types I1I (®), VI (A), and IX (W) (B) were investigated. The experiments were performed as described in the legend
to Fig. 4, except that the temperature was room temperature. Cartilage proteoglycans () and bovine serum albumin (O) were used as controls
(A). Each value represents the mean and standard deviation of at least two independent duplicate assays.

binding site that is not determined by the simple repetitive
sequence of collagen (Gly-X-Y) but rather by a specific
amino acid motif. Studies with YadA-positive and YadA-
negative yersiniae demonstrated that binding of collagen
type II to YadA is saturable, which is further evidence for a
specific interaction.

Preincubation of YadA-positive yersiniae with unlabeled
collagen type II prevented binding of subsequently added
125T_collagen type II in a concentration-dependent manner.
Moreover, native and heat-denatured type II collagens in-
hibited the collagen type II-YadA interaction to similar
degrees. Furthermore, our experiments revealed that, in
contrast to the a2(I) chain, the al(I) chain and a 346-amino-

acid CB fragment (CB10) of collagen type II harbor a specific
binding site for YadA. Therefore, YadA seems to interact
with a locally restricted peptide sequence, whereas binding
to a conformationally dependent epitope formed by scat-
tered amino acids and dependent on the triple helical struc-
ture of collagen seems rather unlikely.

It remains to be shown whether the blocking capacities of
collagen type VI and of the o2(I) chain at vast molar
excesses (Fig. 5B and 6) were due to (i) minute contamina-
tions (5%) of the preparations with other collagens not
visible in Coomassie-stained SDS-PAGE, (ii) a specific bind-
ing site with lower affinity, or (iii) simply a stickiness
because of weak noncovalent forces along the whole mole-
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FIG. 6. Inhibition of the binding of radiolabeled collagen type II

to YadA by collagen type I (W) and isolated collagen type I chains

ol(I) (O) and a2(I) (O). The experiments were performed as

described in the legend to Fig. 4, except that the temperature was

room temperature. Each value represents the mean and standard
deviation of at least two independent duplicate assays.

cule. Considering one of the last two options, the failure of
the CB fragments investigated in this study to further block
collagen type II-YadA binding at high inhibitor concentra-
tions might be due to (i) an additional binding site for YadA
on collagen type II, localized on a CB fragment not tested in
the blocking assays, or (ii) destruction of low-affinity binding
to YadA by the CNBr cleavage.

The capacities of the collagens tested in this study to bind
YadA are different. However, some collagens had similar
reaction patterns. Collagen types II, III, IV, V, and XI but
not types VI and IX bound to YadA with high affinity and
were able to inhibit collagen type II-YadA binding in block-
ing experiments at low inhibitor concentrations. All fibril-
forming collagens (28) except type I collagen (i.e., collagen
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FIG. 7. Inhibition of the binding of radiolabeled collagen type 11
to YadA by collagen type II (B) and the collagen type II fragments
CB10 (O) and CB11 (O). The amounts of the inhibitor proteins are
indicated in molarities [al(II), ~95 kDa; «l(II)CB10, ~31 kDa;
al(ICBI11, ~25 kDa). The experiments were performed as de-
scribed in the legend to Fig. 4, except that the temperature was room
temperature. Each value represents the mean and standard devia-
tion of at least two independent duplicate assays.
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types II, III, V, XI) exhibited high relative affinities for
YadA. Within collagen type I, the a1(I) chain also bound to
YadA to a degree comparable to other fibril-forming colla-
gens. Moreover, collagen type II is a homotrimer of three
«1(II) chains, whereas the type XI molecule consists of three
different chains (al, a2, a3), of which only the a3(XI) chain
was shown to bind YadA in the affinity blot experiments.
There is some evidence that the a3(XI) chain and the a1(II)
chain are encoded by the same gene, with minor differences
due to posttranslational modifications (11, 36). Therefore, it
could well be that collagen types II and XI interact with
YadA via the same binding site, which is conserved in both
evolutionarily closely related molecules. It might be specu-
lated that the interaction site remained conserved during the
evolution of the collagen family from an ancestral 54-bp unit
(30) in collagens exhibiting YadA binding. Whether the
binding site for YadA on collagen type IV is homologous to
the YadA binding site on collagen type II is currently under
investigation. Collagen types VI and IX, which bound con-
siderably less well to YadA, belong to distinct classes of the
collagen supergene family (28).

Further experiments are required to localize precisely the
interaction sites on collagens and on YadA to answer the
question of whether collagen binding by YadA contributes to
the pathogenicity of yersiniae. Binding of YadA immuno-
complexes to collagen type I, a major component of the
extracellular matrix of the skin, could be implicated in the
induction of erythema nodosum, a skin affliction that is
frequently caused by Y. enterocolitica. In this study we have
demonstrated that the cartilage collagen types II and XI
specifically bind YadA. Whether binding to cartilage-re-
stricted collagens may be linked to the arthritogenic poten-
tial of enteropathogenic yersiniae remains to be investigated.

We have provided structural data on collagen-YadA inter-
actions that may stimulate further studies, including in vivo
studies with collagen peptides for modulation of Yersinia-
induced experimental animal diseases.

ACKNOWLEDGMENTS

We thank Eva Bauer for expert technical assistance.

This work was partly supported by the Deutsche Forschungsge-
meinschaft, SFB 263, project C3. The Max-Planck-Arbeitsgruppen
in Erlangen are funded by the German Ministry for Research and
Technology (grant 01VM8702/0).

REFERENCES

1. Bentz, H., H. P. Bichinger, R. W. Glanville, and K. Kiihn. 1978.
Physical evidence for the assembly of a and b chains of human
placental collagen in a single triple helix. Eur. J. Biochem.
92:563-567.

2. Bélin, 1., L. Norlander, and H. Wolf-Watz. 1982. Temperature-
inducible outer-membrane protein of Yersinia pseudotuberculo-
sis and Yersinia enterocolitica is associated with the virulence
plasmid. Infect. Immun. 37:506-512.

3. Bélin, L., D. A. Portnoy, and H. Wolf-Watz. 1985. Expression of
the temperature-inducible outer membrane proteins of yersin-
iae. Infect. Immun. 48:234-240.

4. Bottone, E. J. 1977. Yersinia enterocolitica: a panoramic view of
a charismatic microorganism. Crit. Rev. Microbiol. 5:211-241.

5. Burkhardt, H., R. Holmdahl, R. Deutzmann, H. Wiedemann,
H. von der Mark, S. Goodmann, and K. von der Mark. 1991.
Identification of a major antigenic epitope on CNBr-fragment 11
of type II collagen recognized by murine autoreactive B cells.
Eur. J. Immunol. 21:49-54.

6. Cornelis, G. R., T. Biot, C. Lambert de Rouvroit, T. Michiels, B.
Mulder, C. Sluiters, M. P. Sory, M. van Bouchaute, and J. C.
Vanooteghem. 1989. The Yersinia yop regulon. Mol. Microbiol.
3:1455-1459.



VoL. 60, 1992

7.

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Cover, T. L., and R. C. Aber. 1989. Yersinia enterocolitica. N.
Engl. J. Med. 321:16-24.

Emédy, L., J. Heesemann, H. Wolf-Watz, M. Skurnik, G.
Kapperud, P. O’Toole, and T. Wadstréom. 1989. Binding to
collagen by Yersinia enterocolitica and Yersinia pseudotuber-
culosis: evidence for YopA-mediated and chromosomally en-
coded mechanisms. J. Bacteriol. 171:6674-6679.

. Fitzgerald, T. J., L. A. Repesh, D. R. Blanco, and J. N. Miller.

1984. Attachment of Treponema pallidum to fibronectin, lami-
nin, collagen IV and collagen I, and blockage of attachment by
immune rabbit IgG. Br. J. Vener. Dis. 60:357-363.

Fraker, P. J., and J. C. Speck, Jr. 1978. Protein and cell
membrane iodination with a sparingly soluble chloroamide
1,3,4,6-tetrachloro-3a,6a-diphenylglycoluril. Biochem. Bio-
phys. Res. Commun. 80:849-857.

Furuto, D. K., and E. J. Miller. 1983. Different levels of
glycolisation contribute to the heterogeneity of al(II) collagen
chains derived from a transplantable rat chondrosarcoma. Arch.
Biochem. Biophys. 226:604-611.

Glanville, R. W., and A. Rauter. 1981. Pepsin fragments of
human placental basement-membrane collagens showing inter-
rupted triple-helical amino acid sequences. Hoppe-Seyler’s Z.
Physiol. Chem. 362:943-951.

Guan, K., and J. E. Dixon. 1990. Protein tyrosine phosphatase
activity of an essential virulence determinant in Yersinia. Sci-
ence 249:553-556.

Heesemann, J., B. Algermissen, and R. Laufs. 1984. Genetically
manipulated virulence of Yersinia enterocolitica. Infect. Im-
mun. 46:105-110.

Heesemann, J., and K. Gaede. 1989. Mechanisms involved in the
pathogenesis of Yersinia infections. Rheumatol. Int. 9:213-217.
Heesemann, J., and L. Griiter. 1987. Genetic evidence that outer
membrane protein YOP1 of Yersinia enterocolitica mediates
adherence and phagocytosis resistance to human epithelial
cells. FEMS Microbiol. Lett. 40:37-41.

Heesemann, J., and R. Laufs. 1983. Construction of a mobiliz-
able Yersinia enterocolitica virulence plasmid. J. Bacteriol.
155:761-767.

Holderbaum, D., R. A. Spech, and L. A. Erhart. 1985. Specific
binding of collagen to Staphylococcus aureus. Collagen Relat.
Res. 5:261-271.

Holmdahl, R., K. Rubin, L. Klareskog, E. Larssen, and H.
Wigzell. 1986. Characterization of the antibody response in mice
with type II collagen-induced arthritis, using monoclonal anti-
type II collagen antibodies. Arthritis Rheum. 29:400-412.
Hook, M., L. M. Switalski, T. Wadstrém, and M. Lindberg.
1989. Interactions of pathogenic microorganisms with fibronec-
tin, p. 295-308. In D. F. Mosher (ed.), Fibronectin. Academic
Press, Inc., San Diego, Calif.

Isberg, R. R. 1991. Discrimination between intracellular uptake
and surface adhesion of bacterial pathogenes. Science 252:934—
938.

Isberg, R. R., and J. M. Leong. 1988. Cultured mammalian cells
attach to the invasin protein of Yersinia pseudotuberculosis.
Proc. Natl. Acad. Sci. USA 85:6682-6686.

Kirsch, T., and K. von der Mark. 1990. Isolation of bovine type
X collagen and immunolocalization in growth-plate cartilage.
Biochem. J. 265:453-459.

COLLAGEN BINDING OF YERSINIA ENTEROCOLITICA

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

2159

Kuusela, P. 1978. Fibronectin binds to Staphylococcus aureus.
Nature (London) 276:718-720.

Lachica, R. V., D. L. Zink, and W. R. Ferries. 1984. Association
of fibril structure formation with cell surface properties of
Yersinia enterocolitica. Infect. Inmun. 46:272-275.

Laemmli, U. K. 1970. Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London)
227:680-685.

Lopes, J. D., M. Dos Reis, and R. R. Brentani. 1985. Presence of
laminin receptors in Staphylococcus aureus. Science 229:275-
2717.

Miller, E. J., and S. Gay. 1987. The collagens: an overview and
update. Methods Enzymol. 144:3-41.

Portnoy, D. A., and R. J. Martinez. 1985. Role of a plasmid in
the pathogenicity of Yersinia species, p. 29-51. In W. Goebel
(ed.), Genetic approaches to microbial pathogenicity. Springer-
Verlag, New York.

Ramirez, F. 1989. Organization and evolution of the fibrillar
collagen genes, p. 21-30. In B. R. Olsen, and M. E. Nimni (ed.),
Collagen, vol. 4. Molecular biology. CRC Press, Inc., Boca
Raton, Fla.

Rubin, K., M. Héik, B. Obrink, and R. Timpl. 1981. Substrate
adhesion of rat hepatocyte: mechanism of attachment to colla-
gen substrates. Cell 24:463-470.

Speziale, P., M. Hook, T. Wadstrom, and R. Timpl. 1982.
Binding of the basement membrane protein laminin to Esche-
richia coli. FEBS Lett. 146:55-58.

Speziale, P., G. Raucci, L. Visai, L. M. Switalski, R. Timpl, and
M. Hook. 1986. Binding of collagen to Staphylococcus aureus
Cowan 1. J. Bacteriol. 167:77-81.

Switalski, L. M., H. Murchison, R. Timpl, R. Curtiss III, and M.
Hook. 1987. Binding of laminin to oral and endocarditis strains
of viridans streptococci. J. Bacteriol. 169:1095-1101.
Switalski, L. M., P. Speziale, M. Hook, T. Wadstrom, and R.
Timpl. 1984. Binding of Streptococcus pyogenes to laminin. J.
Biol. Chem. 259:3734-3738.

Swoboda, B., R. Holmdahl, H. Stég, and K. von der Mark. 1989.
Cellular heterogeneity in cultured human chondrocytes identi-
fied by antib dies specific for a2(XI) collagen chains. J. Cell
Biol. 109:1305-1369.

Timpl, R., R. W. Glanville, H. Nowack, H. Wiedemann, P. P.
Fietzek, and K. Kiihn. 1975. Isolation, chemical and electron
microscopical characterization of neutral-salt-soluble type III
collagen and procollagen from fetal bovine skin. Hoppe-Seyler’s
Z. Physiol. Chem. 356.. 2792,

Toivanen, A., K. Granfors, R. Lahesmaa-Rantala, R. Leino, T.
Stahlberg, and R. Vuento. 1985. Pathogenesis of Yersinia-
triggered reactive arthritis: immunological, microbiological and
clinical aspects. Immunol. Rev. 86:47-70.

von der Mark, H., M. Aumailley, G. Wick, R. Fleischmajer, and
R. Timpl. 1984. Immunochemistry, genuine size and tissue
localisation of collagen VI. Eur. J. Biochem. 142:493-502.

. von der Mark, K., M. van Menxel, and H. Wiedemann. 1982.

Isolation and characterisation of new collagen from chick car-
tilage. Eur. J. Biochem. 124:57-620.

. Wolf-Watz, H. 1987. Plasmid mediated virulence of Yersiniae.

Prog. Vet. Microbiol. Immunol. 3:159-178.



