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The Yersinia adhesin YadA mediates the adhesion of the human enteropathogen Yersinia enterocolitica to
collagens and other components of the extracellular matrix. Though YadA has been proposed to bind to a
specific site in collagens, the exact binding determinants for YadA in native collagen have not previously been
elucidated. We investigated the binding of YadA to collagen Toolkits, which are libraries of triple-helical
peptides spanning the sequences of type II and III human collagens. YadA bound to many of them, in
particular to peptides rich in hydroxyproline but with few charged residues. We were able to block the binding
of YadA to collagen type IV with the triple-helical peptide (Pro-Hyp-Gly),,, suggesting that the same site in
YadA binds to triple-helical regions in network-forming collagens as well. We showed that a single Gly-Pro-Hyp
triplet in a triple-helical peptide was sufficient to support YadA binding, but more than six triplets were
required to form a tight YadA binding site. This is significantly longer than the case for eukaryotic collagen-
binding proteins. YadA-expressing bacteria bound promiscuously to Toolkit peptides. Promiscuous binding
could be advantageous for pathogenicity in Y. enterocolitica and, indeed, for other pathogenic bacteria. Many
of the tightly binding peptides are also targets for eukaryotic collagen-binding proteins, and YadA was able to
inhibit the interaction between selected Toolkit peptides and platelets. This leads to the intriguing possibility

that YadA may interfere in vivo with host processes mediated by endogenous collagen-binding proteins.

Adhesion to host tissues is a common and often essential
step in the infection processes of bacterial pathogens and is
usually among the first stages in colonizing the host. In many
cases, the extracellular matrix (ECM) is the site of bacterial
adhesion, and the ability to adhere to components of ECM is
essential for the virulence of several pathogenic bacteria (re-
viewed in reference 61).

One such bacterium is Yersinia enterocolitica, an entero-
pathogen that causes a range of gastrointestinal symptoms,
from mild diarrhea to enterocolitis and mesenteric lymphade-
nitis (7, 10). On occasion, the primary gastric infection is fol-
lowed by sequelae such as reactive arthritis, glomerulonephri-
tis, and erythema nodosum. After the bacterium crosses the
intestinal epithelium, the major adhesin in Y. enterocolitica
infections is the Yersinia adhesin A (YadA). YadA is an outer
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membrane protein that mediates adhesion to ECM molecules
and is additionally involved in other virulence-related func-
tions, such as binding to epithelial cells, autoagglutination, and
phagocytosis resistance (reviewed in reference 11). YadA also
confers serum resistance to Y. enterocolitica (1, 3, 26). Further-
more, YadA promotes the formation of densely packed micro-
colonies in three-dimensional collagen gels (17). YadA from Y.
enterocolitica binds primarily to diverse types of collagen,
whereas in Y. pseudotuberculosis, an N-terminal extension of 30
amino acids transforms YadA into a chiefly fibronectin-binding
molecule (21). YadA is essential for virulence in Y. enteroco-
litica, as its loss leads to avirulence in mice (46, 57), but it
appears not to be required for virulence in Y. pseudotubercu-
losis (6, 20, 25). In the third human-pathogenic species of
Yersinia, the infamous Y. pestis, YadA is not expressed at all
due to a frameshift in the gene (47, 55). However, two chro-
mosomally encoded YadA-like adhesins were recently discov-
ered in Y. pestis (16).

The structure of YadA resembles a lollipop; the C-terminal
membrane anchor is followed by an extended coiled-coil stalk
capped by the globular head domain at the N terminus (23).
The collagen-binding activity of homotrimeric YadA has been
mapped to the globular head, whose crystal structure has been
solved (39). The head is a left-handed parallel B-roll, and
together with the neck region that connects the a-helical stalk
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to the B-roll domain, it forms a very stable structure (39). The
relatively flat surface of YadA does not contain any obvious
features that could form the binding site, but mutagenesis
studies have pinpointed several critical residues (39, 45). The
affinity of YadA for human collagen type I is approximately 0.3
wM, as measured by surface plasmon resonance (39).

Collagens have a distinctive triple-helical structure (re-
viewed in reference 8). Formation of the collagenous triple
helix requires repeats of the sequence triplet G-X-X', where
the glycine at position 1 is absolutely required. The X and X'
positions are often occupied by imino acids; X is commonly
proline and X' is usually 4-hydroxyproline (O), whose presence
greatly stabilizes the triple helix. Indeed, 10% of native colla-
gen sequences consist of the GPO triplet (42). Peptides con-
taining GPO or GPP repeats also adopt a collagen-like triple
helix (9). Using such model peptides, we showed that YadA
binds as tightly to a hydroxyproline-rich collagenous triple he-
lix as to native collagen (30). However, other studies claim that
YadA binds to a specific region in the a1 chains of type I and
II collagens rather than to the triple-helical collagenous con-
formation (49, 50).

To further investigate the YadA binding determinants in
collagen, we studied the binding of YadA to libraries of triple-
helical peptides spanning the entire sequence of the homotri-
meric type II and type III human collagens (28, 43). These
“Toolkits” are composed of overlapping peptides containing
27 amino acids of the collagen sequence. Each successive pep-
tide advances 18 amino acids along the collagen sequence, so
that there are nine unique residues in the center and nine-
residue overlaps with both the previous and the following pep-
tide. In addition, the collagen-specific sequence is flanked by
the sequence GPC-(GPP); at the N terminus and by (GPP)s-
GPCG at the C terminus to increase the stability of the triple
helix.

YadA bound promiscuously to the Toolkit peptides, with a
binding pattern very different from that for eukaryotic colla-
gen-binding proteins. However, YadA bound well to several
peptides which contained binding sites for host collagen-bind-
ing proteins. Although there was no clear binding site or motif
in the high-binding-affinity peptides (high-binding peptides),
we did find that YadA binds best to peptides with several
hydroxyproline residues and a low net charge. We concluded
that the YadA binding determinants in fibrillar collagens are
segments with a high hydroxyproline-to-charged-residue ratio.
Since these stretches are relatively common in collagens, we
suggest that binding promiscuously to such sequences may be
advantageous for pathogenic organisms such as Y. enteroco-
litica. It may allow them to adhere opportunistically to host
tissues and thus aid in causing disease.

MATERIALS AND METHODS

Production and purification of YadA. A fragment of YadA from Y. enteroco-
litica serotype O:3 containing the collagen-binding head group and stalk
(YadA,,_37g) was produced and purified as described previously (30, 38). Briefly,
YadA,, 375 was expressed from the expression plasmid pOP-1 in Escherichia coli
M15(pREP4) (Qiagen). We lysed the cells by sonication and applied the clarified
supernatant to a Ni-Tris-carboxymethyl ethylene diamine (Ni-TED) column
(Macherey-Nagel). The column was washed, and YadA,, 375 was eluted with
imidazole. The eluate was concentrated, and the concentration of YadA,, 375
was estimated by measuring the absorbance at 280 nm. The resulting protein was
trimeric (see Fig. S1 in the supplemental material).
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Collagens and collagen-like peptides. Bovine collagen type I was from Devro,
Stirling, United Kingdom. Bovine collagen type II and type III and human
collagen type IV were from Sigma. Fibrous (Ethicon) collagen type I was from
Ethicon Corp., Somerville, NJ. The peptides (POG),, and (POG)s were pur-
chased from Peptides International Inc., Louisville, KY. The peptide Gly~ was
from Innovagen AB, Lund, Sweden. The synthesis of the collagen Toolkit pep-
tides has been described before (28, 43). The sequences of the peptides in the
Toolkits are given in Table S1 in the supplemental material. Collagen-related
peptide (CRP), the peptide VWEF-III, and the control peptides GPP10 and
GFOGER were synthesized as described previously (27, 31, 36, 43). All other
peptides, except for the cyclic peptides, were synthesized as described earlier (36,
56). The synthesis of the cyclic GPO peptides is described in the supplemental
material. To ensure that the peptides formed triple helices, their melting tem-
peratures were measured by polarimetry, using a Jasco P1020 polarimeter as
described previously (56). The melting temperature (7,,,) values for previously
unpublished peptides are summarized in Table S2 in the supplemental material.

Solid-phase binding assay (SPBA) with purified YadA. We coated wells of
Immulon 2HB plates (Thermo Scientific) with 100 pl of collagen or collagen-like
peptides at 10 pg/ml in 0.01 M acetic acid, either overnight at +4°C or for 1 h at
room temperature (RT). The wells were then blocked with 150 pl phosphate-
buffered saline (PBS; 20 mM sodium phosphate, pH 7.4, 150 mM NaCl) con-
taining 50 mg/ml bovine serum albumin (BSA; Sigma) and incubated at RT for
30 min. We then added 100 wl of YadA,, 3,5 diluted to 10 pg/ml in adhesion
buffer (PBS plus 1 mg/ml BSA) and incubated the plates for 1 h. We washed the
wells three times with 150 wl of washing buffer (adhesion buffer plus 0.1% Tween
20) before adding 100 pl of the primary antibody diluted 1:200 in adhesion
buffer. This was the monoclonal YadA antibody 3G12 (54), which recognizes a
nonlinear epitope at the N-terminal end of the stalk and therefore does not
interfere with the YadA-collagen interaction (2). After 1 h of incubation, the
wells were washed three times and 100 wl of the secondary antibody solution
added. As the secondary antibody, we used a horseradish peroxidase (HRP)-
conjugated goat anti-mouse antibody (from either Dako or Santa Cruz Biotech-
nology) diluted 1:5,000 in adhesion buffer. For detection, we added 100 wl of
substrate solution, either Immunopure TMB substrate (Thermo Scientific) or
SigmaFast OPD (Sigma), and allowed the reaction to proceed until color had
developed. The reaction was stopped with an equal amount of 2.5 M sulfuric
acid, and the absorbance was read at 450 nm (TMB) or 490 nm (OPD). For
plotting of data, the mean absorbances and standard errors of the means calcu-
lated for three replicate wells were used. The results are representative of at least
two experiments.

SPBA with YadA-expressing cells. To test the binding of YadA-expressing
cells to Toolkit peptides, we used Y. enterocolitica serotype O:3 strain 6471/76
(YeO3) and, as a control, its virulence plasmid-cured derivative, 6471/76-c
(YeO3-c), which does not express YadA (51). Overnight cultures were grown in
medium E plus 5 mM CaCl, (MedECa [52]) at +37 °C. For the experiments, the
bacteria were diluted to an optical density at 600 nm (ODg) of 0.2 in adhesion
buffer (PBS plus 0.1 mg/ml BSA).

We coated wells of Immunol 2HB plates with peptides or collagen type I and
blocked them as described above. One hundred microliters of bacterial suspen-
sion was added to the wells and incubated for 1 h at RT. The plates were washed
three times with 150 wl adhesion buffer, after which 100 pl of primary antibody
solution (1:10 dilution in adhesion buffer) was added to the wells. The primary
antibody was the monoclonal antibody A6, which reacts with the O antigen of
YeO3 lipopolysaccharide (40). After 1 h of incubation at RT, we washed the
wells three times as described above and added the secondary antibody solution
(goat anti-mouse-HRP [P260; Dako] diluted 1:2,000 in adhesion buffer). We
incubated the plates for 30 min, after which we washed the wells four times as
described above. One hundred microliters of OPD substrate solution (S-2045;
Dako) was added, and color was allowed to develop. The reaction was stopped
by adding 100 pl of 0.5 M sulfuric acid, and the absorbance was measured at 485
nm. For plotting of data, the mean absorbances and standard errors of the means
calculated for three replicate wells were used. The results are representative of
two experiments.

Data analysis. To analyze the data obtained from the binding experiments, the
number of each amino acid type in the specific part of each Toolkit peptide was
counted. In addition, the numbers of imino acid residues (P and O), charged
residues (D, E, K, and R), and GPO repeats and the net charge of each peptide
were calculated. To analyze the effect of peptide hydrophobicity on YadA bind-
ing, the mean hydrophobicity of the peptide was calculated, using a predeter-
mined value for each amino acid residue (4), for all of the amino acids in the
specific peptide sequence [i.e., not including the flanking GPC-(GPP)s se-
quences]. Pearson product moment correlation coefficients were estimated using
SAS, version 9.1 (SAS Institute Inc., Cary, NC). A P value of =0.05 was taken as



3228 LEO ET AL.

statistically significant. The binding data for Toolkits II and III were analyzed
separately and in combination. We used a similar approach for G-X, X-X', and
X'-G dipeptides. The frequency of each dipeptide in the Toolkit peptides was
calculated, after which the Pearson correlation coefficient was estimated between
binding efficiencies and the number of each dipeptide in the Toolkit peptides,
again with a P value of 0.05 considered significant.

Whole-blood perfusion experiments and image analysis. Glass coverslips
(thickness 1; Menzel-Glaser, Braunschweig, Germany) were coated with type I
collagen or combinations of synthetic collagen-like peptides. The peptides used
were CRP [cross-linked GCO-(GPO),,-GCOG peptides], GFOGER, VWF-III
[GPC-(GPP)s-GPRGQOGVMGFO-(GPP)sGPC], 111-4, I1-22, and III-30. Each
peptide, dissolved in 0.01 M acetic acid, was used at 0.1 mg/ml in a mixture
containing a total of 0.3 mg/ml of peptide. Fibrous Ethicon collagen was used at
0.1 mg/ml. Coverslips were covered with peptide solution and held in a humid
chamber overnight at 4°C. After removal of excess fluid, they were blocked for 30
min with 1% BSA in HEPES buffer (36 mM NaCl, 2.7 mM KCl, 5 mM HEPES,
10 mM glucose, 2 mM MgCl,, 2 mM CaCl,, pH 7.4). The blocking buffer was
then removed and the coverslip incubated for 1 h with 100 pwg/ml of YadA,, 35
in binding buffer (20 mM sodium phosphate, pH 8.0, 300 mM NaCl, 25 mM
imidazole) or with binding buffer alone. The coverslip, in a 125-pm-deep flow
chamber, was mounted on an FV300 laser scanning confocal microscope (Olym-
pus, Southend-on-Sea, United Kingdom) and washed for 1 min with HEPES
buffer. Blood from healthy volunteers free from medication for 2 weeks was
collected into 40 pM Phe-Pro-Arg-chloromethylketone (PPACK; for anticoag-
ulation) and supplemented hourly with 10 uM PPACK. Before use, the blood
was incubated for 15 min with 1 uM 3,3’-dihexyloxacarbocyanine iodide
(DIOC®), a lipophilic dye, to stain platelets. For the experiments, the blood was
drawn through the chamber for 5 min by use of a syringe pump at a shear rate
of 1,000 s~ '. Residual blood was then flushed using HEPES buffer before image
acquisition.

For imaging, z stacks (vertical sequences of images of a given field of view with
step changes [Az] of 0.69 wm and encompassing the entire thrombus height) were
collected using an Olympus UplanFLN 40X (numerical aperture [NA], 1.30)
oil-immersion objective, a field size of 360 wm by 360 wm, a confocal aperture of
60 wm, and a 488-nm laser. z stacks were exported to ImageJ 1.35 (NIH) for
analysis. Thrombus surface coverage, mean thrombus height, and ZVs, were
calculated from the z stacks. Mean thrombus height is a volume measurement
derived by taking the total amount of thrombus present on the coverslip and
expressing it in relation to the field area (the units are pm®/um?, giving pm, a
height measurement). ZVj, is the height of the center of mass of the thrombus.
This gives a measure of the thrombus height and, thus, the degree to which the
platelets are activated.

RESULTS

Binding of YadA to Toolkit II and Toolkit III. We used
SPBA to investigate the binding of YadA to the two Toolkits.
As controls, we included the peptides GPP10 [GPC-(GPP),,-
GPC] (43) and GFOGER. The latter contains the high-affinity
binding site for a,B; integrin flanked by five GPP repeats (27).
We also included appropriate native collagens for comparison,
with BSA as a negative control. YadA bound to most peptides
in both Toolkits, but with widely varying relative affinities (Fig.
1). This indicates that the GPC-(GPP)5 sequences flanking the
Toolkit peptides are not enough alone to promote tight YadA
binding, because otherwise YadA would bind to all Toolkit
peptides. Presumably, (GPP); is not long enough to promote
binding, though YadA did bind the control peptide GPP10, but
at a significantly lower level than those for the collagens and
many Toolkit peptides.

The binding behaviors of YadA with Toolkits IT and III were
similar. In Toolkit II, five peptides (II-1, II-9, II-26, I1I-35, and
I1-56) bound at least as well as native collagen type II (Fig.
1A), while other peptides showed very little or no binding, i.e.,
giving a signal of 0.1 or below (Fig. 1A). The rest showed
intermediate binding levels. Similarly, for Toolkit III, YadA
bound strongly to five peptides (III-1, III-9, III-12, ITI-26, and
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I1I-40), and again, several peptides did not bind YadA (Fig.
1B), with most peptides giving an intermediate response.
YadA is thus a fairly promiscuous binder; there is clearly no
single, unique, high-affinity binding site(s) for it in either col-
lagen type II or collagen type III.

When sorted by absorbance at 450 nm, the peptides did not
form a bimodal distribution (binders and nonbinders) but
rather revealed a continuum of relative affinities (Fig. 2). We
decided that a response that was less than or equal to three
times the signal of BSA, i.e., 0.15 absorbance unit (AU), rep-
resented background-level binding, so these peptides were
classed as nonbinders. Binding between 0.15 and 0.4 AU we
considered low binding, whereas binding at or above the level
of collagen (0.9 AU for Toolkit IT and 0.8 AU for Toolkit IIT)
we considered high binding. The rest of the peptides were
classed as intermediate binders. For both Toolkits, the control
peptide GFOGER fell into the intermediate category, whereas
GPP10 was classed as a low binder in Toolkit III but just fell
into the intermediate category in Toolkit II. However, in both
Toolkits, the response given by GPP10 lay very close to the
boundary between low and intermediate binding (Fig. 2). This
was expected, as YadA binds to (PPG),, 300-fold more weakly
than to (POG),, (30), and GPP10 and (PPG),, have virtually
identical sequences.

YadA-expressing bacteria bind to Toolkit peptides. To test
whether bacteria expressing YadA on the cell surface behave
in a similar manner to the recombinant protein, we performed
an adhesion assay with Y. enterocolitica and a subset of the
Toolkit peptides. We randomly chose three peptides from each
binding category (high, intermediate, low, and nonbinders) so
that overall there was an equal representation from both Tool-
kits. The YadA-expressing strain YeO3 bound well to high-
and intermediate-binding Toolkit peptides, giving an almost
collagen-level response (Fig. 3). In this setup, low-binding pep-
tides exhibited appreciable binding, and even the nonbinders
showed a response above background levels (Fig. 3). The tight
binding exhibited by the cells to the peptides with intermediate
and low relative affinities can be explained through the avidity
imparted by the high density of YadA on the cell surface (23).
Intermediate relative affinities of the peptides for recombinant
YadA molecules translate into strong binding when numerous
adhesins bind cooperatively. Even when the affinity of recom-
binant YadA for the peptide was at background levels, YadA-
expressing cells bound well, showing that residual affinity for
the collagen triple helix is enough to promote appreciable
binding. The negative-control strain YeO3-c failed to bind any
of the Toolkit peptides, demonstrating that the adhesion is
YadA mediated.

Analysis of binding data. All 10 peptides binding YadA with
high relative affinities (Table 1) are rich in imino acids, partic-
ularly hydroxyprolines, and most have few charged residues, or
the charged residues are clustered so as to provide substantial
stretches (at least three G-X-X' repeats) without charges. The
paucity of lysine residues is notable; there is just a single lysine
in the high-binding peptides. No consensus sequence or clear
binding motif can be discerned from the sequences, though
some of the peptides (II-26, 11-35, and III-12) contain a short
charged motif with the consensus sequence ERGET. Peptide
I1I-56 contains a similar sequence (RSGET), and III-26 con-
tains a motif with similar charge properties to ERGET
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FIG. 1. Binding of YadA to collagen Toolkits in SPBA. Wells of microtiter plates were coated with Toolkit peptides and probed with YadA.
Panel A shows the binding of YadA to Toolkit II, and panel B shows the binding of YadA to Toolkit III. Collagens of the appropriate type, GPP10,
and GFOGER were included as controls. A triple-helical conformation is known to be necessary for YadA binding (30). Binding to BSA shows
background levels. Toolkit III contains an internal control for the triple-helical conformation, as peptides I1I-6 and III-52 do not form a collagenous
triple helix, unlike the other Toolkit peptides (28, 43). As expected, YadA bound to neither of these peptides. The columns show the mean
absorbances at 450 nm for three replicate wells; error bars denote standard errors of the means.

(DKGDT). However, we do not believe that this is a binding
motif, as similar sequences can be found in nonbinding pep-
tides (see Table S3 in the supplemental material), such as
11-24, 1I-55, III-35, and I11-48. In the high-binding peptides,
imino acids or other hydrophobic residues flank the ERGET
motifs, but this is also the case in nonbinders such as II-8 and
I11-36. ERGET is thus not a binding determinant for YadA.
Since we were unable to determine any clear binding deter-
minants directly from the sequences, we performed correlation
analyses between YadA binding and the number of each amino
acid present in each peptide. We examined the data from
Toolkits separately and in combination (see Table S4 in the
supplemental material). Binding correlated well with hy-
droxyproline content; the Pearson correlation coefficient was
between 0.3 and 0.5, which was at a significant level (P < 0.02)
for all three data sets (see Table S4 in the supplemental ma-
terial). The correlation with proline was not as strong, but
though it did not reach significance in the Toolkit II data, the
correlation was significant (P < 0.03) for Toolkit IIT and the

combined Toolkit data. Phenylalanine too showed a significant
positive correlation in Toolkit IT and the combined ToolKkits.

We also noted several statistically significant negative cor-
relations for charged residues. Lysine showed a strong negative
correlation with binding (P < 0.0001) (see Table S2 in the
supplemental material) in all the data sets, and glutamic and
aspartic acid had significant negative correlations in the com-
bined Toolkit data (see Table S4 in the supplemental mate-
rial). Of the charged residues, only arginine failed to show a
clear correlation in this analysis. None of the other amino acids
had any noticeable effect on binding.

We also examined the distributions of common X-X’ dipep-
tides in the high- and low-binding peptides (see Table S5 in the
supplemental material). PO was highly enriched in the high-
binding set, as were certain other hydroxyproline-containing
dipeptides, but charged dipeptides occurred less frequently
than expected if the distribution were random. Conversely, the
low-binding peptides had more charged dipeptides than ex-
pected (see Table S5 in the supplemental material). To quan-
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FIG. 2. Distributions of Toolkit peptides sorted according to YadA binding response. Toolkit peptides were classed as nonbinders (response
of <0.15 AU at 450 nm; white columns), low binders (response between 0.15 and 0.4 AU; striped columns), intermediate binders (response of
>0.4, but below that of the corresponding collagen; gray columns), and high binders (response above that of the corresponding collagen; black
columns). The peptides were sorted according to mean absorbances at 450 nm for three replicate wells, as shown in Fig. 1. Panel A shows the sorted
peptides from Toolkit II and panel B the sorted peptides from Toolkit III.

titate these results, we calculated the correlations between
dipeptides and binding. When all of the Toolkit data were
considered, there were significant positive correlations for the
dipeptides PO and FQ in the X-X' dipeptides but significant
negative correlations for the dipeptides PK and EK (see Table
S6 in the supplemental material). Among the G-X dipeptides,
GF and GP had significant positive correlations, and GE ex-
hibited the only significant negative correlation. Among the
X'-G dipeptides, the only two with a significant correlation
were OG (positive) and KG (negative). Phenylalanine and
proline are thus favored at position X, whereas glutamate is
disfavored. Lysine is disfavored in the X' position, and as
expected, hydroxyproline is preferred.

To gain further insight into binding determinants, we
tested the correlations between binding, imino acid content,
the number of GPO repeats in the peptide, peptide hydro-
phobicity, positively charged residue content, negatively

charged residue content, and charged residue content (Ta-
ble 2). To calculate hydrophobicities, we used the scale of
Black and Mould (4) because it includes a hydrophobicity
value for hydroxyproline. All of these correlations were
strong and statistically significant (P < 0.0005). However,
the net charge of the peptide (number of positively charged
residues minus number of negatively charged residues) did
not correlate with binding. Interestingly, peptides with a
large number of charges that were neutralized, i.e., where
the net charge was 0 = 1, bound YadA better than did
peptides with an equal number of charged residues but a
larger net charge (see Fig. S2 in the supplemental material).
Neutralizing charges can partially compensate for the neg-
ative effect of charged residues on YadA binding, explaining
why ERGET can occur in high binders. Consistent with this,
the correlation between the modulus of the net charge and
YadA binding showed a negative trend (Table 2).
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FIG. 3. Binding of YadA-expressing bacteria to Toolkit peptides in
SPBA. Bacteria were incubated in wells of a microtiter plate coated
with a subset of Toolkit peptides. The results show the mean absor-
bances at 493 nm for three replicate wells; error bars denote standard
errors of the means. YeO3 is a YadA-positive strain, whereas YeO3-c
does not express YadA. Collagen type I, GPP10, and BSA were in-
cluded as controls.

The number and relative positions of GPO repeats do not
affect YadA binding. YadA binds strongly to (POG),, and
more weakly to (PPG),,, and our analyses showed that the
presence of a large number of GPO repeats in Toolkit peptides
promotes binding. To determine how the number of GPO
repeats affects the binding of YadA and whether the relative
positions of these repeats have an impact on binding, we in-
vestigated the binding of YadA to a series of peptides with
various numbers of GPO repeats in a GPP background (Table
3). GPO1, GPO2, GPO4, and GPO6 form a series with in-
creasing amounts of GPO repeats (56). GPOG6a to -j have equal
numbers of GPO repeats, but the spacing between the GPO
triplets is different. YadA bound strongly to all peptides con-
taining GPO repeats (Fig. 4). YadA did not bind the non-
triple-helical Gly ™ peptide (32) and also failed to bind (POG)s,
which is too short to form a stable triple helix at room tem-
perature (48). Furthermore, YadA did not bind to the cyclic
peptides cycloGPO4 and cycloGPOS. However, comparing
GPP10 and GPOI, even a single GPO repeat was enough to
promote strong YadA binding (Fig. 4), and the GPO6a-to-

TABLE 1. Sequences of high-binding peptides

Peptide Auso Sequence”

1I-1 1.136 GPMGPMGPRGPOGPAGAOGPQGFQGNO
11-9 1.122 GNDGQOGPAGPOGPVGPAGGOGFOGAO
1I-26 0.983 GERGEQGAOGPSGFQGLOGPOGPOGEG
11-35 0.946 GSAGARGAOGERGETGPOGPAGFAGPO
1I-56 0.968 GPRGRSGETGPAGPOGNOGPOGPOGPO
II1-1 1.119 GLAGYOGPAGPOGPOGPOGTSGHOGSO
111-9 1.102 GLOGAAGARGNDGARGSDGQOGPOGPO
III-12 0.875 GORGEOGPQGHAGAQGPOGPOGINGSO
1I1-26 0.840 GPOGPTGPGGDKGDTGPOGPQGLQGLO
I11-40 0.886 GAAGFOGARGLOGPOGSNGNOGPOGPS

¢ Charged residues (D, E, K, and R) are shown in bold. Stretches of at least
three continuous G-X-X' repeats containing no charged residues are underlined.
The flanking GPC-(GPP)s sequences are not shown.
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TABLE 2. Correlation of binding with different Toolkit
peptide properties®

Property Correlation P value
No. of positively charged residues (K and R)* —0.47 <0.0001
No. of negatively charged residues (D and E) —0.33 0.0004
No. of charged residues —0.48 <0.0001
Net charge of peptide —0.08 0.41
Modulus of net charge of peptide —0.12 0.19
No. of imino acids 0.48 <0.0001
No. of GPO repeats 0.48 <0.0001
Mean hydrophobicity” 0.42 <0.0001

“ We did not consider histidine to be charged, as 90% of histidine residues are
deprotonated at the assay pH (7.4).

b Calculated using values from reference 4.

¢In all cases, 111 peptides were analyzed.

GPOGj series demonstrates that the relative positions of GPO
repeats have no significant effect on the strength of binding. A
single GPO triplet was also sufficient to promote YadA aggre-
gation, as assessed by native gel electrophoresis (data not
shown).

Effect of GKO repeats and their spacing on YadA binding.
To examine how long a minimal YadA binding sequence might
be, we synthesized peptides with various numbers of GPO
repeats between two GKOs. If the spacing between the GKO
triplets was not long enough, YadA should bind more weakly
than to the corresponding sequence without lysines. We syn-
thesized four such peptides, GKO-GPO1, GKO-GPO3, GKO-
GPO4, and GKO-GPOG6 (Table 3), and performed an SPBA
experiment to determine the binding of YadA. The GKO trip-
lets did indeed inhibit YadA binding (Fig. 5). The binding of
YadA to GKO-GPO1 was only slightly above the background.
Increasing the spacing between the residues also increased the
relative affinity of YadA for the peptides, in a graded fashion,
i.e., YadA bound more tightly to GKO-GPOG6 than to GKO-
GPO4, which in turn gave a stronger response than that of
GKO-GPO3. However, even a spacing of six residues between
the GKO repeats was not enough in this setting to give the
high-level binding seen with the GPO peptides but, rather,
resulted in an intermediate level of binding. YadA thus re-

TABLE 3. Sequences of GPO and GKO-GPO peptides

Peptide
name

Sequence

GPOI ... .GCP-(GPP),-GPO-(GPP)s-GCPG
GPO2... .GCP-(GPP),-(GPO),-(GPP),-GCPG

GPO4 .. .GCP-(GPP),-(GPO),-(GPP),-GCPG

GPO6 ... .GCP-(GPP),-(GPO)¢-(GPP),-GCPG

GPO6a. .GPC-GPO-(GPP-GPO),-GPC

GPOGb . .GPC-GPP-(GPO),-GPP-(GPO),-GPP-(GPO),-(GPP),-GPC
GPOG6c . .GPC-(GPO),-(GPP),-(GPO),-(GPP),-(GPO),-GPP-GPC
GPO6d. .GPC-(GPO),-(GPP),-(GPO),-(GPP);-(GPO),-GPC

GPOG6e . .GPC-(GPP),-(GPO),-(GPP),-GPC

GPOGf.. .GPC-(GPP),-(GPO);-GPP-(GPO),;-(GPP),-GPC

GPOGg. .GPC-GPP-(GPO),-(GPP),-(GPO),-(GPP),-GPC

GPOGh. .GPC-GPP-(GPO),-(GPP),-(GPO),-GPP-GPC

GPOGi . .GPC-(GPO);-(GPP),-(GPO),-GPP-GPC

.GPC-(GPO);-(GPP),-(GPO),-GPC
.GPC-(GPP),-GKO-GPO-GKO-(GPP),-GPC
.GPC-(GPP);-GKO-(GPO),-GKO-(GPP),-GPC
.GPC-(GPP),-GKO-(GPO),-GKO-(GPP),-GPC
.GPC-GPP-GKO-(GPO),-GKO-GPP-GPC
(POG),-PO-(POG)s
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FIG. 4. Binding of YadA to GPO peptides in SPBA. Wells of a
microtiter plate were coated with peptides with different numbers of
GPO repeats (GPO1 to GPO6) or with different spacings between the
same number of GPO triplets (GPO6a to -j) and then were probed
with YadA. As controls, we included (POG),,, (POG)s, GPP10, and
the non-triple-helical peptide Gly ™, which is the same as (POG), but
lacks a central glycine residue (32). Collagen type I was included to
assess binding levels. The BSA column shows background levels. The
columns show the mean absorbances at 490 nm for three replicate
wells; error bars denote standard errors of the means. The difference
between GPP10 and GPO1 shows that a single GPO triplet in a GPP
background is sufficient for tight binding.

quires a stretch of more than six uncharged G-X-X' triplets to
achieve strong binding.

Binding of YadA to fibrous and network-forming collagens.
YadA is known to bind several fiber-forming (fibrillar) colla-
gens, e.g., types I, IL, IIL, and V (12, 49). However, the present
studies were carried out using single-collagen triple helices.
We wished to investigate whether YadA would bind to fibrous
(i.e., a fibrillar assembly of triple-helical monomers) collagen
type I. YadA bound as strongly to fibrous Ethicon collagen as
to monomeric type II and type III collagens (see Fig. S3 in
the supplemental material). In addition, YadA also bound
to CRP, which is composed of cross-linked triple-helical
GCO-(GPO),,-GCOG peptides (see Fig. S3 in the supple-
mental material).

YadA also binds to the network-forming collagen type IV.
The binding site for YadA in collagen type IV is reported to
reside in the tetrameric 7sL fragment, not in the triple-helical
regions (15). However, the head domain of YadA is also re-
sponsible for binding to collagen type IV (57). We therefore
wished to investigate whether there might be separate binding
mechanisms for different classes of collagens. To do this, we
studied the effect of blocking the YadA-collagen interaction
with the peptides (POG),, and (POG)s. (POG),, blocked the
binding of YadA to both type I and type IV collagens, whereas
(POG); failed to do so (see Fig. S4 in the supplemental ma-
terial). This suggests that YadA binds to both fibrillar and
network-forming collagens by the same mechanism, i.e.,
through triple-helical regions.

Blocking of platelet adhesion and activation by YadA.
YadA binds well to a number of peptides that contain bind-
ing sites for eukaryotic collagen-binding proteins. For ex-
ample, the leukocyte-associated Ig-like receptors (LAIRs) 1
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FIG. 5. Binding of YadA to GKO-GPO peptides in SPBA. Wells of
a microtiter plate were coated with peptides with different numbers of
GPO repeats flanked on either side by GKO and then were probed
with YadA. The peptides GPO1, GPO4, GPO6, GPP10, and Gly~
were used as controls. The BSA column shows background levels. The
columns show the mean absorbances at 450 nm for three replicate
wells; error bars denote standard errors of the means.

and 2 bind peptides 1I-56, III-1, and III-30 (29), and dis-
coidin domain receptor 2 (DDR2) binds peptides 1I-13,
I1-22, and II-44 (28), which are all strong- or intermediate-
affinity ligands for YadA. Platelet deposition upon collage-
nous substrates depends upon three receptors, namely, in-
tegrin a,B,, the activating receptor glycoprotein VI (GpVI),
and Gplb, which binds to the von Willebrand factor (VWF)
A1 domain, while in turn, the VWF A3 domain binds a single
site in collagens (31). Among the integrin «,@,-binding pep-
tides, III-4, ITI-7, and III-31 (43), as well as the high-affinity
ligand GFOGER (27), all bind YadA at an intermediate or stron-
ger level. The best ligand for GpVI from the Toolkits is I11-30
(24), an intermediate YadA binder, like 1I-22 and II-23, which
each contain the VWF recognition motif GXRGQOGVMGFO.
We recently showed that peptides containing GFOGER,
(GPO),y, and GPRGQOGVMGFO will support full thrombus
deposition from flowing blood (41).

To test whether YadA can interfere with the interaction
between human proteins and collagen, we blocked the binding
of platelets to immobilized collagen with recombinant YadA.
This was performed by drawing blood across coverslips coated
with collagen or collagen-like peptides at arterial shear rates.
We used our proven set of platelet-binding peptides (CRP,
GFOGER, and VWF-III) and a second set, I1I-4, 1I-22, and
II1-30, that were selected as good YadA binders which would
also provide platelet-adhesive and -activating properties for
thrombus deposition. Blocking with YadA reduced the binding
of platelets to both collagen type I and peptides (Fig. 6). In
addition, we measured the mean thrombus height and the ZV5,
value, which is the height of the center of mass of the throm-
bus. These values give an indication of the level of platelet
activation. Blocking with YadA resulted in a slight decrease in
the binding of platelets to collagen type I. However, when each
set of collagen-like peptides was blocked with YadA, the de-
crease was much more pronounced (Fig. 6). YadA was able to
inhibit primary (integrin a,p;- and VWF-mediated) adhesion
of platelets to these peptides and, as a consequence, to reduce
mean thrombus height. Blocking with YadA did not have a
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FIG. 6. Inhibition of platelet adhesion to collagen type I or collagen-like peptides by YadA. Coverslips were coated with collagen type I or a mixture
or three collagen-like peptides. Blood (incubated with DIOCG to stain platelets) was drawn across coated coverslips at an arterial shear rate (1,000 s~ ),
and the adhesion of platelets was determined by confocal microscopy. (A) Surface coverage (%) by platelets. (B) Mean height of thrombi. (C) ZV, value,
i.e., the mean height of the center of mass of the thrombi, a value that measures platelet activation. Results from control experiments without YadA
(—YadA) are shown with black columns. White columns show the results from experiments where the coverslips were previously incubated with YadA
(+YadA). The columns represent the mean values for four replicates, with standard errors of the means. (D) Representative confocal microscopy images
of platelets binding to coverslips coated with collagen type I or a mixture of three collagen-like peptides. The lower row shows the effects of blocking with
YadA (100 pg/ml) before running blood over the coverslips; the upper row shows controls.

large effect on platelet aggregate formation, measured as the
ZVs,, showing that any adherent platelets became activated
and recruited further platelets to the growing thrombus. Plate-
lets express multiple collagen receptors, both directly and in-
directly, which possibly explains why YadA did not have as
large an effect on the binding of platelets to collagen as to the
collagen-like peptides. Collagens contain several binding sites
for platelets, and the binding regions for collagen receptors in
the heterotrimeric collagen type I have not been investigated
directly (see reference 22 for a review). Thus, the overlap in
platelet binding sites with YadA is unknown for this collagen
type. However, when bound to peptides with an intermediate
or high relative affinity for YadA, the bacterial adhesin was
clearly able to inhibit the binding of platelets. These data
demonstrate that YadA can impede the binding of indigenous
proteins to collagen.

DISCUSSION

The YadA-collagen interface. YadA is the first bacterial col-
lagen-binding adhesin to be studied using the collagen Tool-
kits. The binding determinants for YadA in fibrillar collagens

are triple-helical segments rich in imino acids, especially hy-
droxyprolines, and with several GPO repeats and a small num-
ber of charged residues. A triple-helical conformation is re-
quired but, contrary to our previous claim (30), is not sufficient
for tight binding. However, a specific sequence is not required
for YadA binding. The promiscuous nature of YadA binding is
highlighted when it is expressed on the cell surface, as YadA
molecules cover virtually the entire surface of the cell (23). The
binding of Y. enterocolitica cells to collagens is thus multivalent,
so cells can adhere even to collagenous sequences with low
affinity for YadA.

A minimal high-relative-affinity YadA binding site contains
at least six G-X-X' triplets, as shown by the experiments with
the GKO-GPO peptides. However, this is in contrast to the
tight binding we observed for certain peptides, such as II-35
and III-19, which have, at most, three uncharged G-X-X' re-
peats (Table 1). The uncharged, GPO-rich segments in II-35
and III-19 are, however, located at the edges of the specific
sequence. Our explanation is that in these cases, the flanking
(GPP)s sequences participate in forming a binding site. This
presumably happens in other peptides as well.
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A binding site length of more than six G-X-X' repeats is
consistent with our proposed model of YadA binding to a
collagen-mimicking peptide (39). In the model, the peptide lies
diagonally across the face of YadA, with 7 of the 10 G-X-X'
triplets contacting the surface of YadA (see Fig. S5 in the
supplemental material). The (GPP)s sequences flanking the
Toolkit peptides are also not sufficient for YadA binding, sup-
porting the conclusion that a longer sequence is required. A
binding site of more than six G-X-X' triplets is significantly
longer than the target sequences of human collagen-binding
proteins. For example, in the crystal structure of integrin o,
complexed with GFOGER, the contact region spans only ap-
proximately 2.5 triplets (13). Similarly, GpVI appears to inter-
act with only two GPO repeats (56).

The Toolkit peptides represent sequences from fibrillar col-
lagens. We propose that YadA binds to triple-helical regions in
the network-forming collagen type IV as well. The binding site
for YadA has been reported to reside outside the triple-helical
domain of collagen type IV, but we were able to inhibit the
binding of YadA to collagen type IV with (POG),. The block-
ing effect exhibited by (POG),, might be due to steric hin-
drance, if indeed there are distinct mechanisms for binding to
fibrillar and network-forming collagens. However, our results
suggest that this is not so: the mechanism of binding to differ-
ent types of collagens is the same, i.e., recognition of and
binding to triple-helical segments. But the mechanism by which
YadA recognizes a wide variety of triple-helical ligands still
remains to be elucidated: how is a single GPO sufficient to
elicit tight binding?

Promiscuous binding may be advantageous for pathogens
such as Y. enterocolitica. Promiscuous binding of the kind ex-
hibited by Y. enterocolitica and mediated by YadA may be a
commonly used strategy among bacterial pathogens to adhere
to host tissues. Indeed, some previous work supports this hy-
pothesis. One example is the collagen-binding domain of Clos-
tridium histolyticum collagenase (ColG). ColG binds (POG),,
and (PPG),, when n is large enough to allow triple helix for-
mation (33). Another example is the Staphylococcus aureus
collagen adhesin CNA, which binds to multiple sites in colla-
gen and to triple-helical GPO and GPP peptides (63). In the
crystal structure of the CNA collagen-binding region com-
plexed with a (GPO),-GPRGRT-(GPO), peptide, the contacts
are through the GPO triplets rather than through the more
specific sequence in the middle of the peptide (63). Several
other bacteria, including Aggregatibacter actinomycetemcomi-
tans, Bartonella henselae, Enterococcus faecalis, and Streptococ-
cus pyogenes, express proteins that bind diverse collagen types,
which argues against a specific binding sequence in collagens
for these proteins (35, 37, 44, 58, 59). As in the case of YadA,
other factors, such as the imino acid content or distribution of
charged residues, may be the binding determinants for these
proteins as well. Having the ability to bind promiscuously to
several sites rather than to a single, high-affinity binding site
could be advantageous for pathogenic bacteria, allowing
pathogens to gain a foothold in tissues even when presented
with only limited collagenous surfaces.

Interaction of YadA and host collagen-binding proteins. The
binding of a number of eukaryotic proteins to the Toolkits has
been studied previously, including that of integrin «,3;, von
Willebrand factor, DDR2, SPARC, and GpVI (reviewed in
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reference 14). Recently, the binding of LAIR-1 and -2 to the
Toolkits was investigated (29). In all of these cases, the pro-
teins clearly bound to a single or just a few peptides, and the
Toolkit peptides could be grouped unambiguously into two
populations, binders and nonbinders. This is in marked con-
trast to the case for YadA, which bound the Toolkit peptides
with a continuum of affinities. Similarly, the eukaryotic pro-
teins have a clear binding motif, whereas YadA binds to hy-
droxyproline-rich stretches with a low net charge, but without
a particular sequence preference.

Nevertheless, some of the peptides that bind YadA also bind
human proteins. As a test case, we investigated the effect of
blocking with YadA on the interaction of platelets with colla-
gen or collagen-like peptides. Our blocking experiments
showed that YadA can inhibit the binding of platelets to col-
lagen in vitro. It is tempting to speculate that this may contrib-
ute to the bleeding found in severe infection with Y. enteroco-
litica (62). YadA may also competitively interfere with
collagen-mediated regulatory processes in vivo, as hypothe-
sized earlier by Skurnik (53). The spectrum of symptoms
caused by Y. enterocolitica includes a number of inflammatory
disorders, such as reactive arthritis, erythema nodosum, and
Reiter’s syndrome (7), all mediated by host immune responses.
In a rat model of reactive arthritis, YadA played a major role
in eliciting synovial inflammation (18, 19), even though no
proliferative bacteria were found in the synovial tissue at the
height of arthritis. Our data can explain this: YadA-containing
outer membrane fragments or even YadA itself could effec-
tively compete with host proteins for binding sites, thus dis-
turbing host immune responses.

LAIR-1 is a particularly interesting protein in this regard. It
is an inhibitory receptor of immune cells that modulates im-
munological responses, and it is activated upon binding to
collagen (34). Inhibition of LAIR-1 signaling through compe-
tition with YadA could be partly responsible, in theory, for the
inflammation seen in the reactive arthritis or erythema nodo-
sum due to Yersinia infections. Both DDRs and GpVI are also
implicated in inflammatory arthritis (5, 60). The possible link
between YadA, host proteins, and the sequelae of yersiniosis
merits investigation. This and efforts to obtain a crystal struc-
ture of YadA in complex with a collagen-like peptide are our
future research directions. A crystal of the complex would
provide the missing mechanistic information and is clearly the
next step in understanding the YadA-collagen interaction.
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