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The Yersinia adhesin YadA binds to a collagenous
triple-helical conformation but without sequence

specificity
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The Yersinia adhesin A (YadA) is a collagen-binding
trimeric autotransporter of Yersinia enterocolitica, an
enteropathogen that causes a range of gastroenteric
and systemic diseases, and YadA is essential for Y. entero-
colitica virulence. Although previous studies suggest a
specific binding site in collagen for YadA, we found that
recombinant YadA binds to both major cyanogen
bromide fragments of collagen type II and the collagen-
like model peptide (Pro-Hyp-Gly);o [([POG)0]. To further
characterise the YadA-collagen interaction, we investi-
gated the binding of YadA to (POG);, and three other
model peptides, (Pro-Pro-Gly),y which lacks the hydroxyl
groups of (POG);o, T3-785 which contains a stretch of the
collagen type III sequence and Gly~ which is similar to
(POG)q¢ but lacks the central glycine. All the peptides
except Gly~ adopt a collagen-like triple-helical confor-
mation at room temperature. All three triple-helical pep-
tides bound to YadA, with (POG),, being the tightest,
whereas binding of Gly~ was hardly detectable. The affi-
nity of (POG),y for YadA was 0.28 pM by isothermal
titration calorimetry and 0.17 pM by surface plasmon
resonance (SPR), similar to that of collagen type I. Our
results show that a collagen-like triple-helical confor-
mation, strengthened by the presence of hydroxyproline
residues, is both necessary and sufficient for YadA
binding.
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Introduction

Collagens are the major component of the extracellular matrix
(ECM); they provide strength and rigidity to tissues and are
also involved in cell attachment and bacterial adhesion (for a
review, see Gelse er al., 2003). Diverse collagen types have a
common, collagenous triple-helical conformation. A require-
ment for the triple helical structure is the motif X-Y-glycine
(G), where 20% of the residues X and Y are occupied by the

imino acids proline (P) and four-hydroxyproline (O). The
amino acids in these positions contribute to the stability of
triple helix. The sequence POG is the most stable, constituting
10% of native collagen (Ramshaw et al., 1998), and the most
stable triple-helical model peptides consist only of POG
repeats (Persikov et al., 2000).

Adhering to collagen is important for virulence in several
human pathogenic bacteria, including Yersinia enterocolitica
(Emody et al., 1989), which causes a range of gastroenteric
symptoms. In some individuals, the primary infection is fol-
lowed by sequelae such as reactive arthritis, iritis and
erythema nodosum (Cover and Aber, 1989). The major
collagen-binding protein of Y. enterocolitica is the Yersinia
adhesin YadA. In addition, YadA mediates adherence to epi-
thelial cells and binding to other ECM proteins, such as
laminin and fibronectin, and is also implicated in other
virulence-related functions, such as autoagglutination, serum
resistance and phagocytosis resistance (reviewed by El Tahir
and Skurnik, 2001). Yersinia enterocolitica requires YadA
for full virulence and the collagen-binding ability of YadA
has been specifically shown to be an essential virulence
factor because loss of it leads to avirulence in mice
(Roggenkamp et al., 1995; Tamm et al., 1993).

YadA is a homotrimeric protein composed of a C-terminal
B-barrel membrane anchor and associated linker followed by
a coiled-coil stalk, a neck region and a globular head domain
in the N-terminal portion of the protein (Roggenkamp et al.,
2003). Deletion mutation studies have assigned the collagen-
binding ability of Y. enterocolitica YadA to the neck and
globular head domain (Roggenkamp et al., 2003). We
have shown that the neck and head region together form a
single binding domain, the core of which is formed of three
left-handed parallel B-rolls (Nummelin et al., 2004). The
YadA-collagen interaction is known to be extremely stable
and tolerate high temperatures and pH changes (Emody
et al., 1989; Flugel et al., 1994), but the apparent affinity for
collagen type I is only 0.28 uM (Nummelin et al., 2004).
Collagen-binding experiments on site-directed mutants of
YadA have identified several critical residues on the protein
surface, but the actual mechanism of collagen binding is still
unclear (Nummelin et al., 2004). YadA-binding determinants
in collagen type I, a heterotrimeric molecule formed from
two al(I) chains and one a2(I) chain, and collagen type II, a
homotrimer of al(I) chains, have been suggested to reside
in a conserved region found in the al(I) and al(Il) chains,
and not in the triple-helical shape of collagen trimers
(Schulze-Koops et al., 1992; Schulze-Koops et al., 1995).

Synthetic collagen-like peptides can adopt a triple-helical
structure and have proven to be excellent tools in biochemi-
cal and biophysical experiments (reviewed in Koide, 2005).
The (POG), triple helix is stable at room temperature (RT)
and its structure has been solved (Berisio et al., 2000;
Sakakibara et al., 1973). While the (POG);, peptide serves
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as a model for triple-helical conformation and shape, it does
not contain sequence information. It is more compact than
collagen, being more tightly supercoiled with a 75 (or
left-handed 7,) symmetry (Berisio et al., 2000; Okuyama
et al., 2004), rather than the 105 (or left-handed 103) screw
symmetry suggested for native collagen based on fibre dif-
fraction experiments (Fraser et al., 1979). The same is true
for the non-modified (PPG);q peptide (Kramer et al., 1998;
Okuyama et al., 1981). A naturally occurring sequence can
be inserted into the model peptides and still retain the triple
helical structure, if the natural sequence is surrounded with
POG-triplets and the G at every third position is preserved.
The T3-785 peptide has an imino acid-poor sequence from
next to a collagenase site in human type III collagen in the
middle of the peptide with three POG-triplets at each end:
(POG);3-ITG-ARG-LAG-POG-(POG); (Kramer et al., 1999).
The structure of T3-785 has been solved (Kramer et al.,
1999) and it shows that the triple-helix in the central part of
the peptide is not as tight as at the ends with POG-triplets,
with the symmetry in the middle region close to 10;. Finally,
because the G in the collagen triplet is a requirement for
stable triple helical structure, a modified (POG),o peptide,
(POG)4-PO-(POG)s (Gly ), lacking one of the central gly-
cines, is mostly monomeric even at +2°C and forms negli-
gible amounts of triple helices at +25°C (Long et al., 1993).

In this study, we have investigated the binding of the
collagen-like peptides (POG)y, (PPG)o, T3-785 and Gly to
recombinant collagen-binding domain of Y. enterocolitica
YadA. (POG), is a standard triple-helical collagen-like model
peptide, as is (PPG)( though it lacks the hydroxyl groups of
(POG);g. T3-785 was chosen for this study because the pro-
posed YadA-binding regions in collagens type I and type II
lie near collagenase sites (Schulze-Koops et al., 1995), and the
specific sequence in T3-785 is also adjacent to a collagenase
site in collagen type III (Kramer et al., 1999). T3-785 is thus a
reasonable candidate to test the hypothesis presented in the
previous study that a less stable triple helix close to collagen-
ase sites might promote YadA binding. The effects of a triple-
helical conformation can be controlled for with Gly , which
does not form appreciable amounts triple helices but has a
near-identical sequence to (POG);o. Our results show that
(POG),( binds YadA as tightly as type I collagen does, with a
Kq of 0.28 pM by ITC and 0.17 puM by SPR. The other pep-
tides bind more weakly, and we could only determine a Ky for
(PPG),¢ by ITC, which was 10 wM. In particular, binding was
hardly detectable for the non-triple-helical Gly . Furthermore,
we examined the binding of YadA-expressing Y. enterocolitica
O:3 to these four peptides by enzyme-linked immunosorbent
assay (ELISA). Finally, we used ELISA to compare the
binding of recombinant YadA to collagen type II and
(POG),p. As we expected and in contradiction to earlier
studies (Schulze-Koops ef al., 1992; Schulze-Koops et al.,
1995), there is no evidence for a specific YadA-binding site.
A triple-helical conformation is both necessary and sufficient
for YadA binding.

Materials and methods

Bacteria

Yersinia enterocolitica serotype O:3 strain 6471/76 (YeO3)
(Skurnik, 1984), which expresses wild-type (wt) YadA on
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the surface of the bacteria, was used in the ELISA assay.
The YeO3-c strain, which lacks the virulence plasmid pYV
and consequently does not express YadA, was used as a
negative control (Skurnik, 1984). Recombinant proteins were
produced in Escherichia coli M15(pREP4) (QIAGEN).

Expression vectors

YadA-binding domain (YadAjg_»41) Was expressed using the
pHN-1 plasmid (Nummelin ef al., 2002). Mutant proteins
were expressed using pHN-1-derived plasmids carrying
single or double mutations (Nummelin et al., 2004).
YadA,, 373 was expressed from the plasmid pOP-1
(Nummelin et al., 2002).

Circular dichroism spectra of YadA mutants

YadA,6_»4; and mutant proteins were dialysed overnight
against 5 mM phosphate buffer at pH 7.4 containing 5 mM
NaCl, after which the proteins were diluted to approximately
0.5 mg/ml. Far-UV circular dichroism (CD) spectra between
250 and 195 nm were recorded with a Jasco J-715 instrument
and a 1 mm cuvette at +20°C, with spectra based on the
average of five measurements. The CD signal was converted
into molar ellipticity values using the formula 6= CD/
nxcxIx10, where the CD signal is in millidegrees, n the
number of residues, ¢ the molar concentration of protein and
[ the length of the light path.

Collagen and collagen-like peptides

Collagens type I and type II were from Sigma. (POG);, and
(PPG);y peptides were from Peptides International Inc.,
Louisville, KY, USA. The peptides Gly and T3-785 used in
the SPR measurements were synthesised in the Protein
Microchemistry Laboratory at the Centre for Advanced
Biotechnology and Medicine, Piscataway, NJ, USA (Kramer
et al., 1999; Long et al., 1993). The same peptides used in
ITC, whole cell ELISA and gel shift assays were purchased
from Innovagen, Lund, Sweden.

Cyanogen bromide cleavage of collagen and purification of
fragments

Five milligram of bovine collagen type II was dissolved in
500 pl of 70% formic acid and heated to 70°C for 10 min.
Ten milligram of cyanogen bromide (CNBr) was added to
the solution and incubated overnight at RT. We purified the
resulting fragments by preparative SDS—PAGE, as pre-
viously reported (Retamal et al., 1999). Our protocol was as
follows: we removed the well dividers of a 12% Tris—HCI
gel (Bio-Rad) to create a large single well. After concentrat-
ing the sample and mixing with sample buffer, we applied
the CNBr-cleaved collagen to the gel and ran it. After
running, the gel was stained with BioSafe Coomassie
(Bio-Rad) and the two major bands cut out. These gel strips
were crushed with a spatula and the collagen fragments were
extracted overnight into TBS solution (20 mM Tris pH 7.4,
150 mM NaCl) at RT. The following day, we sonicated the
solution briefly and continued the extraction for another 3 h
at +37°C. After this, the gel fragments were pelleted and the
supernatant concentrated. Due to the insensitivity of collagen
to standard concentration assays, we determined the concen-
trations of the fragments by SDS—PAGE and compared the
staining intensities of the fragments with the intensities



obtained by a dilution series of BSA. The identities of the
purified fragments were verified by mass spectrometry.

Recombinant protein production

The collagen-binding fragment of YadA, YadA,s_»4; and
YadA,,_373 and mutant proteins were produced and purified
as described earlier (Nummelin efr al., 2002). Furthermore,
the protein was produced in the same way as for crystallisa-
tion. Briefly, His-tagged protein was expressed in E.coli and
purified from the cell lysate supernatant using Ni-NTA
(QIAGEN) affinity chromatography as the only purification
step. Additionally, for the protein used in the gel shift assays,
we performed a size exclusion chromatography step on a
Superdex200 26/60 column (GE Healthcare). The produced
wt protein was trimeric, as evidenced by the elution profile
in size exclusion chromatography, the wt CD spectrum and
the fact the trimeric form of the protein was visible in SDS—
PAGE analysis of puriﬁed YadA26,241 and YadA24,378.

Enzyme-linked immunosorbent assay (ELISA) with
YadA-expressing bacteria

Binding of YadA-expressing bacteria to immobilised
collagen-like peptides and type I collagen was measured
using ELISA. We grew YadA-expressing Y. enterocolitica
YeO3 and YadA-negative YeO3-c overnight in MedECa
medium to ensure strong expression of YadA (Skurnik, 1985)
and then diluted in PBS to approximately 2 x 10° cfu/ml,
which corresponds to an optical density at 600 nm of 0.2
(El Tahir et al., 1997). We dissolved the peptides in
phosphate-buffered saline (PBS; 10 mM sodium phosphate,
150 mM NaCl, pH 7.4) at a concentration of 200 wg/ml,
applied 100 pl of these solutions to microtitre plate wells and
incubated for 30 min at RT. Collagen type I and bovine serum
albumin (BSA; both from Sigma), at the same concentration,
were used as controls.

After incubation with the peptide solutions, we washed the
wells three times with 150 wl of PBS and then blocked with
150 pl of PBS+3% BSA for half an hour at RT. Hundred
microlitre of bacterial suspension was added to the wells and
incubated for 30 min. The wells were washed as above, then
100 pl of primary antibody dilution (1:10) in PBS+3% BSA
was added and incubated for 30 min at RT. The primary anti-
body was the Y. enterocolitica O:3 -specific monoclonal anti-
body A6 (Pekkola-Heino et al., 1987). After washes as
above, we added 100 pl of secondary antibody (anti-mouse-
HRP; DAKO P260) at a dilution of 1:2000 in PBS+3%
BSA and incubated for 30 min at RT. The wells were washed
three times with PBS, after which 100 wl of prepared HRP
substrate solution (OPD; DAKO S-2045) was added. The
reaction was allowed to progress for about 5 min and then
stopped with the addition of 100 wl 0.5 M sulphuric acid,
after which absorbances were read at 492 nm.

Elisa of recombinant YadA binding to collagens and CNBr
fragments

Wells of a microtitre plate (Wallac HB Isoplate) were coated
with 100 pl of solutions containing human collagens type I
and type IV, bovine collagen type II, (POG);,, Gly and
BSA, each at 50 pg/ml and incubated for 45 min at RT. The
wells were then blocked with 150 pl of 3% BSA in PBS for
30 min at RT. We added 100 pl of YadA,4_37g at 50 pg/ml,
diluted into PBS+3% BSA to the wells and incubated for
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45 min. We included control wells where YadA was omitted.
After washing twice with 150 pl PBS-T (PBS+0.1%
Tween20) for 10 min, we added 100 pl of primary antibody
3G12 (Skurnik et al., 1994) at a dilution of 1:50 in
PBS+3% BSA and incubated 30 min. We then washed the
wells again as above before adding secondary antibody (anti-
mouse [gG-HRP from sheep, GE Healthcare) at a dilution of
1:2000 in PBS+3% BSA. The wells were washed twice for
10 min with PBS-T, after which 100 pl of HRP substrate sol-
ution (SigmaFast OPD) was added. The reaction was stopped
after 10 min by adding 50 pl of 2.5 M sulphuric acid and
absorbances were read at 490 nm.

To investigate the binding of YadA to CNBr fragments of
collagen type II, wells of a microtitre plate were coated as
above with collagen type II, CNBr fragments of collagen
type 1I, (POG);o and BSA, each at 20 pg/ml. To assess the
background levels, we included control wells with collagen
type II and (POG);, where YadA was omitted. Washes, anti-
body incubations and detection were performed as described
above.

Gel shift assays

For the single concentration assay, 5 pg of YadAsg_o4; Was
mixed with 5 pg of each collagen-like peptide in a total
volume of 10 wl of PBS. For the concentration series, we
used 5 pg of YadAjs_»41, equal to a concentration of
3.5 uM in a total volume of 20 wl. We mixed peptide with
YadAss_o4; in a total of 10 pl of PBS. For the (POG)q
series, the concentrations were between 0.01 and 100 uM
per trimer of peptide, calculated for a total volume of 20 pl.
For T3-785 and (PPG),,, the concentration was between 0.1
and 150 puM. For all assays, 5 g of YadA,s_»4; alone was
run as a control. We added 10 pl of 2x native electrophoresis
loading buffer (0.5 M Tris pH 8.5; 25% glycerol; 0.01% bro-
mophenol blue) to each sample and applied the whole
sample to a well in a 12% polyacrylamide gel buffered with
Tris—HCI (Bio-Rad Ready Gel). The samples were run in
native electrophoresis buffer (0.025 M Tris; 0.2 M glycine;
pH 8.3) till the buffer front reached the lower edge of the gel
at RT (approximately +21°C). For the single concentration
assay, we also ran a gel at +5°C. After running, the gels
were rinsed with water and stained with BioSafe Coomassie
solution (Bio-Rad). After destaining with water, the gels
were imaged with Gel Doc 2000 (Bio-Rad).

Surface plasmon resonance

SPR measurements were performed using a BIAcore 200
instrument (Biacore AB). A CMS5 sensor chip and Amine
Coupling Kit for the immobilization of YadA were also from
Biacore AB. We coupled YadA,4_54; to the chip according
to the manufacturer’s instructions. After activation,
0.35 mg ml™' (16 uM) YadAss o4 in 10 mM Na-acetate
buffer, pH 5.1 was passed over the surface, resulting in 7000
resonance units (RU) coupled YadA.

The binding of collagen mimicking peptides to immobi-
lised YadA,s_»4; Was assayed qualitatively by running 4 pM
of peptide in 10 mM HEPES pH 7.4, 150 mM NaCl, 3 mM
EDTA and 0.005% P-20 (running buffer) at a flow rate of
20 wl min~ ' at +-25°C over the surfaces. The binding of the
peptide was monitored versus time. The background caused
by peptide run over an uncoupled reference surface was
subtracted from the data.

OTM
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To measure the apparent binding constant of
YadA-binding domain to (POG),(, the peptide was immobi-
lised on the sensor chip surface. The coupling was performed
using 0.1 mgml~' (POG),, dissolved in 10 mM acetate
buffer, pH 5.5. and a surface of 60 RUs of coupled peptide
was used to determine the apparent binding constants to
YadA and the mutants. The experiments were done at a flow
rate of 20 wl min~' in running buffer and analysis of SPR
data was done as described in detail in Nummelin er al.
(2004). Briefly, the binding was assumed to have reached
equilibrium shortly before the end of the injection. The
response at this point was corrected for by subtracting the
response from an uncoupled reference surface. The corrected
responses obtained at different protein concentrations were
non-linearly fitted to a one-binding site model.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) measurements were
done using VP-ITC from MicroCal LLC. To assay the inter-
action of (POG),y with YadA,¢_»41, degassed YadA in PBS
buffer was put into the cell at a concentration of 4.5 wM per
trimer. The (POG),o was placed into the syringe at a concen-
tration of 125 uM of trimer in PBS buffer. A series of 35
injections of 3 wl were performed with 240 s intervals at
+25°C. For (PPG);, and T3-785, the concentration of
YadAjyg_o41 Was 50 pM and the peptide concentration was
350 wM, and the reaction was run at +21°C. The concen-
tration of (monomeric) Gly  was 600 pM, with YadAsq_o4;
at 50 uM. Data were analysed with Origin7 and integrated
enthalpy data were fitted using a one-sites-binding model in
the same programme.

Results

Surface plasmon resonance studies

To test the ability of YadA to bind specifically collagen-like
triple helix, the binding of four different peptides, (POG);,
(PPG);g, Gly  and T3-785, to immobilised YadA,s_241, Was
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assayed with SPR, as shown by the sensorgrams of the
binding of the peptides to 7000 RU YadA coupled surface
(Fig. 1). The results show that only the triple-helical peptides
(POG),p, (PPG);p and T3-785 bound to YadA. The binding
of YadA to Gly was close to background levels. The levels
of binding to YadA showed interesting differences: (POG)q
peptide bound with higher affinity than (PPG),, and its dis-
sociation from the surface was slower, as shown by the shape
of the curve in the sensorgram (Fig. 1). The T3-785 peptide
showed significantly decreased binding.

To try to identify a potential binding site for (POG);,, we
investigated the binding of wt YadA and a set of surface
mutants of YadA to (POG);qo. These double mutations were
targeted to charged and polar residues on the surface of
YadA, and we had previously used the same set to study in
the binding of collagen type I (Nummelin et al., 2004). The
determination of binding constants to peptides using immobi-
lised YadA proved difficult, because the SPR curves could
not be fitted using the available models due to the slow dis-
sociation of the peptides, particularly of (POG);q. Therefore,
(POG)¢ peptide was immobilised on a sensor chip, and the
binding of YadA and the mutants to the peptide were
measured (Table I). The peptide coupling gave a low
response. As a result, we saw no signal for mutants
VI8D-N99A, HI159A-H162A and E80A-K83A and the
binding constants for those could not be determined. We
believe that these mutants bind very weakly to (POG)y, i.e.
with a dissociation constant (Ky) larger than 27 puM. Binding
of wt YadA and other mutants, even with the low response,
followed a one-to-one binding model. The apparent dis-
sociation constant of wt YadA-binding domain to (POG)q
was 0.17 + 0.02 pM.

The binding studies with the set of surface mutants to the
(POG)( peptide showed that mutations N166A, Y169A and
K148A, and DI50A did not have as large an effect on
peptide binding as on collagen type I binding (Table I). The
mutant D180A disrupts an intermonomeric contact, thus
unfolding YadA, as seen in the CD spectrum of the mutant

—(POG)yo
—(PPG)yo
—T3-785

—aly

—200 -100 0 100 200 300
time (s)

400 500 600 700 800 900

Fig. I. Binding of different collagen-like peptides to immobilised YadA,s_»4; by SPR. The curves represent resonance units (RUs) as a function of time. The
injections start at O sec and end at 300 sec. The curve for (POG),( binding is in blue, the curve for (PPG);( is coloured green, the curve for T3-785 is magenta

and the curve for Gly  is in light brown.
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Table I. Apparent dissociation constants for the YadA—(POG),, interaction
for YadA surface mutants

Mutant K.pp per uM (SPR) Jowt %wt to Col I (SPR)
wt 0.17 £ 0.02 100 100 (0.28 + 0.06 M)
V98D, N99A Nd - 4

KI108A, L110A 4.6 +0.7 4 11

QI24A, K125A 0.67 +0.16 25 20

HI59A, H162A Nd - 12

K148A, D150A 0.89 + 0.025 19 15

DI8SO0A, E182A 27 +13.3 1 1

E190A, SI191A 0.21 + 0.041 81 50

E80A, K83A Nd - 20

N166A, YI69A 0.098 + 0.038 174 17

R133 1.28 + 0.04 13 10

The first column on the left shows the mutations concerned (wt denotes wild
type). The second column indicates the dissociation constant in micromoles
per litre as measured by surface plasmon resonance (SPR). The third column
shows the percentage of binding to (POG),(, compared to wt YadA. The
fourth column gives the percentage of binding to type I collagen by SPR
(from Nummelin et al., 2004). Nd, not determined.

DI80A-E182A (Supplementary data are available at PEDS
online). The other mutants yielded CD spectra similar to that
of wt YadA. However, mutants ESOA-K83A, K108A-L110A
and E190A-S191A display slightly altered spectra compared
to the wt, but these do not reflect large alterations in the
structure of YadA (Supplementary data are available at
PEDS online for an explanation). As the mutants whose
binding constants could not be determined (V98D-N99A,
HI59A-H162A and ES80A-K83A) have very weak affinity to
(POG), it seems that, unlike for collagen I, that the binding
determinants for the peptide reside mostly in the distal (from
the outer membrane) part of the YadA (-rolls of the
collagen-binding domain (Fig. 2). This result may be due to
the low amount of bound peptide on the sensor chip in the
experiments, or an actual preference of the outermost part of
YadA on the cell surface to bind a collagenous triple-helical
conformation.

Isothermal titration calorimetry

To confirm the binding of YadA to (POG), the interaction
was also tested with ITC (Fig. 3A). We obtained a dis-
sociation constant (Ky) of 0.28 + 0.05 uM (Table II) with
this technique, which is in excellent agreement with the
apparent binding constant determined using SPR. The other
peptides did not yield as good binding isotherms, but we
obtained clear enough data for (PPG);, (Fig. 3B) to calculate
an apparent dissociation constant of 10 uM (Table II). We
were unable to determine a binding constant for T3-785 and
Gly~ even at high concentrations of trimeric YadA
(0.05mM) and peptide (350 pM of trimeric T3-785,
600 M of monomeric Gly ; data not shown). Using higher
concentrations of YadA and peptides would not have been
practicable. For (POG);o, (PPG)o, and T3-785, the binding
is endothermic, indicating that the interaction is driven by
the displacement of structured water from the binding inter-
face. For Gly , only a slight exothermic reaction was seen
that was at the level of the buffer control, i.e. close to the
heat of dilution. This suggests that Gly ~ bound hardly at all.

YadA binds triple-helical peptides

Fig. 2. Effect of YadA surface mutations on (POG)o binding. The surface
mutants are coloured according to their effect on binding to immobilised
(POG);( peptide as measured with SPR. In the order of increasing effect on
binding, the mutants are coloured in blue (Ky 0.098 uM), green (Ky
0.21 pM), purple (K4 0.67-1.28 pM) and red (K4 4.6—27 uM). The mutants
which gave no signal (V98D-N99A; HIS9A-H162A; ES80A-K83A) are
assumed to have a large effect on peptide binding, and are therefore
coloured red. The mutant DISOA-E182A is not highlighted in the figure as it
causes a major conformational change.

Gel shift assays

To see the effects of complex formation between YadA and
the peptides, we analysed the interactions by gel shift assay.
In the assay, YadA,q_»4; was mixed with a molar excess of
each peptide. YadA,s_»4; alone was run as a control. Gels
were run at two different temperatures, RT (Fig. 4A) and
+5°C to ensure the triple-helical conformation of the pep-
tides. The +5°C run yielded similar results to the RT run
(data not shown). In the gel, YadA mixed with Gly ran
similarly to YadA alone, suggesting no binding. There is a
clear shift in the sample containing (POG),, indicative of
complex formation. T3-785 also shows a clear shift in this
assay, and in fact a large proportion of protein appears not
even to enter the gel, which suggests aggregation within the
sample. Some aggregation also occurs within the (POG),
sample. (PPG)( exhibits a slight shift compared to unbound
YadA.

To further investigate the aggregation seen in the T3-785
and (POG)( runs, a concentration series of peptides was set
up and mixed with a constant amount of YadA,s_54; and run
in native gels (Fig. 4B-D). The aggregation behaviour of
(POG),( disappeared at an approximately 30-fold excess of
the peptide (Fig. 4B), which suggests that the aggregation
was brought about by more than one YadA molecule binding
to the same peptide. At saturating concentrations of (POG)q
this phenomenon is no longer detected. Similarly, the
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Table Il. Calculated thermodynamic parameters for the YadA—(POG);, and YadA—(PPG),, interactions from the ITC experiments

YadAos_241+(POG);o

YadAjs_241+(PPG)j

Model OneSites OneSites

N 1.03 + 0.021 0.126 +0.014

KM 358 x 10°+6.2 x 10° 9.92 x 10* + 8.1 x 10°

K4 (M) 279 x 1077 + 0.499 x 1077 1.01 x 107° +0.083 x 107
AH (kJ/mol) 34.45 + 0.981 14.28 + 1.80

AS (J/mol) 149 71.4

The model used was OneSites (one or more equivalent binding sites). N is the calculated stoichiometry, K, the dissociation constant, AH the enthalpy and AS
the entropy of the interaction. K3 was derived from the association constant (K) reported by the programme using the following formula: Ky=1/K.

aggregation seen with T3-785 lessened at high concentrations
(Fig. 4C), though it did not completely disappear at even a
50-fold excess of peptide, which suggests that saturation had
not yet been reached. Estimating a binding constant for these
two peptides based on this concentration series proved diffi-
cult due to the diffuse nature of the bands in the gel.
However, some binding of (POG)o to YadA is seen already
at 0.1 uM, which is consistent with our other measurements
for a K4 of approximately 0.3 pM. Based on the gel shift
results, it appears that the Ky for T3-785 is at least an order
of magnitude larger. We also ran a native gel with a concen-
tration series of (PPG),q (Fig. 4D). No aggregation was seen
at any concentration, and the small shift of YadA on binding
the peptide made interpretation of the gel difficult, so no affi-
nity could be estimated. However, the staining of the YadA
band intensified with increasing (PPG);y, concentration,
indicative of peptide binding.

Binding of YadA-expressing bacteria to collagen-like peptides
To confirm that full-length, native YadA also binds triple-
helical peptides, we tested the binding of wt YadA on the
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surface Y. enterocolitica to immobilized collagen peptides
using an ELISA assay. As controls, we included collagen
type I (positive control), a YadA-negative strain of Y. entero-
colitica (negative control) and bovine serum albumin (back-
ground control). Additionally, we included a collagen control
with no added bacteria to test background levels. The results
(Fig. 5) indicate that with this technique too, (POG), binds
most strongly of the four tested peptides, giving a signal of
approximately two thirds of native collagen. The other pep-
tides bound YadA-expressing bacteria more weakly, with
(PPG),( exhibiting the highest binding of the three at about
one quarter of the level of collagen. As expected, Gly
bound bacteria barely above background levels, and T3-785
showed only marginally stronger binding. In all cases, the
control strain YeO3-c bound weakly to all peptides, showing
that any binding is YadA-mediated.

Binding of YadA to CNBr fragments of collagen Il

We investigated the binding of YadA to collagens type I, II
and IV by ELISA. In these assays, we used a longer version
of YadA, YadA,;_ 373, which is recognised by the
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Fig. 4. Complex formation of YadA,s ,4; and collagen-like peptides assayed by gel shifts. The results are from gel shift assays run at room temperature. (A)
Binding of different collagen-like peptides to YadA. YadA,s_»4; was mixed with a molar excess of peptide. The arrow marks the position of YadA in the
absence of peptide ligand. (B) Concentration series for (POG);, mixed with YadA at 3.5 uM. (C) Concentration series for T3-785. (D) Concentration series for

(PPG)1o.

monoclonal antibody 3G12. This antibody does not bind to
YadAss_o41, and as the collagen-binding region resides in
this fragment, the use of 3G12 with the longer version of
YadA does not interfere with the YadA—collagen interaction.
Our results (Fig. 6) show that YadA binds to the three types
of collagen and (POG);, at approximately the same level,
whereas Gly  binds hardly at all, as expected. There are
slight differences between the binding of the different col-
lagen types, with type I giving the highest response, followed
by type 1V, and type II binding the weakest. (POG);y binds
at roughly the same level as collagen type II.

We also performed ELISA using CNBr fragments gener-
ated from the al(Il) chain of bovine collagen type II. This
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Fig. 5. The binding of YadA-expressing cells to immobilized peptides
measured by ELISA. Collagen and bovine serum albumin (BSA) are
included as control. The columns show the mean absorbances measured at
492 nm from four replicate wells. The error bars denote standard deviations.
YeO3 (data in black) is a YadA-positive strain and YeO3-c (data in dark
gray) is a YadA-negative strain. The column in light grey shows the
background given by collagen in the absence of cells.

protocol requires denaturation of collagen, as was done in
previous publications reporting a specific binding site for
YadA in collagen (Schulze-Koops et al., 1992,
Schulze-Koops et al., 1995). We investigated the binding of
YadA to the two largest CNBr fragments, CB10 (~30 kDa)
and CB11 (~26 kDa) (Miller and Lunde, 1973), as was done
in Schulze-Koops ef al. (1995). The former contains the
region suggested to contain the binding site for YadA,
whereas the latter was not expected to bind YadA
(Schulze-Koops et al., 1995).

In the assay, YadA,,_37¢ clearly binds to collagen type II,
both CNBr fragments and (POG), (Fig. 7). The level of
binding is the same for collagen type II and (POG),,, and

0.8+
0.7+
0.6+ Il +YadA
[ -YadA
0.5+
g
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<
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- 15 i [ sl
v.
2
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& ¢ Go\\'b N

Fig. 6. Binding of recombinant YadA to immobilised different types of
collagens, (POG)10 and Gly- by ELISA. Collagens type I and type IV are
human and collagen type II is from cattle. The columns show the mean
absorbances at 490 nm from four replicate wells. The error bars denote
standard deviations. Columns in black are the results of wells incubated in
the presence of YadA, columns in light grey are controls without YadA.
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Fig. 7. Binding of recombinant YadA to immobilized collagen type II,
collagen CNBr fragments and (POG);, by ELISA. CB10 and CB11 are the
two largest fragments obtained by cyanogen bromide cleavage of bovine
collagen type II. The columns show the mean absorbances at 490 nm from
four replicate wells. The error bars denote standard deviations. Columns in
black are the results of wells incubated in the presence of YadA and
columns in light grey are controls without YadA.

somewhat lower for CB10 and CB11. There is also a differ-
ence between the two fragments, with CB10 binding more
strongly than CB11.

Discussion

In this study, we investigated the binding of the collagen-
binding domain of YadA to four different collagen-like
peptides. Our results show that a collagen-like triple-helical
conformation in conjunction with the presence of hydroxyl-
ated proline residues is both necessary and sufficient for
YadA binding. This is in contrast to previous studies that
have implicated specific collagen sequences to be binding
determinants for YadA (Schulze-Koops et al., 1992;
Schulze-Koops et al., 1995).

The binding studies with collagen-mimicking peptides
show conclusively that YadA binds selectively to a triple-
helical conformation. The apparent binding constant of the
YadA—(POG), interaction, measured by SPR and ITC, was
the same, within experimental error, as for collagen type
I obtained by SPR. In addition, (POG);, bound YadA
strongly in the gel shift assay. These results all support the
conclusion that a triple-helical structure is sufficient for
YadA binding.

Whereas (POG);o binds strongly to YadA, the other two
triple-helical peptides, (PPG);, and T3-785, bind more
weakly. Although the trimeric forms of these two peptides
have much lower melting temperatures, 24°C and 25°C,
respectively, versus 58°C in (POG);, (Kobayashi er al.,
1970; Sakakibara et al., 1973; Li et al., 1993), the weaker
binding does not appear to be the result of unstable trimers.
This conclusion is supported by the gel shift assays, where
the gels run at different temperatures gave the same results
for the peptides. In particular, (PPG);o showed only a small
shift at both temperatures, indicating that triple helix stability
is not an issue. For (POG);¢ and T3-785, the observed shifts
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in Fig. 4A are due to aggregation effects, whereas with
(PPG),(p only a small shift is seen. At saturating concen-
trations of (POG),(, the aggregation disappears and the shift
becomes much smaller, similar to that of (PPG);o. As the
only difference between (POG),, and (PPG), is hydroxypro-
line content, our conclusion is that hydroxyproline residues
promote aggregation, especially since T3-785 also contains
POG repeats. However, in all cases the non-triple helix-
forming Gly , though containing an equal amount of hydro-
xyprolines to (POG);, failed to bind YadA, indicating that a
triple-helical conformation is absolutely required for
complex formation and that the triple-helical structure is the
major binding determinant.

YadA is a homotrimer, and so presents three equivalent
binding sites on its surface. Our gel shift results support the
notion that YadA is capable of binding more than one
peptide (Fig. 4). Similarly, it appears that a single trimeric
peptide can bind at least two molecules of YadA, either on
opposite faces of the triple helix or at either end of the
peptide. The aggregation seen in the gel shift assays disap-
pears at saturation, which is only attained at a large molar
excess of peptide. Also the slow dissociation of (POG)q
from immobilised YadA seen in SPR is supportive of multi-
valent binding. However, our ITC experiments suggest a
single binding site for (POG); (Table II). If the microscopic
binding constants for the three binding sites were the same,
having three equivalent binding sites would result in three
different macroscopic binding constants, with a difference of
a factor of three between the first and second and second and
third binding constants (Fletcher er al., 1970). We explain
this discrepancy through the aggregation-inducing effect of
(POG);o: the measured K is the first macroscopic binding
constant. Aggregation can already be seen at a one-to-one
molar ratio in the gel shift experiments, and so this probably
happens during the ITC run as well. Aggregation has the
effect of limiting accessibility of the peptide to YadA, so the
apparent second and third binding constants would in this
case be smaller than the expected one third and one ninth,
respectively, of the first macroscopic binding constant. In
addition, the criterion that the sites are independent of each
other might not be fulfilled, and binding of (POG);, at one
site may well influence binding to adjacent sites. In this case,
we suggest that the smaller binding constants are not
observed, as the molar ratio range of the ITC experiment is
not large enough to detect them. However, it is clear from
the gel shift and SPR experiments that YadA does bind mul-
tiple peptides.

The peptide binding results from the biophysical methods
was confirmed with the experiment with Y. enterocolitica
cells expressing native YadA. The cells bound most strongly
to (POG);o and with lesser affinity to (PPG);(. The binding
to T7-385 was weak, and that of Gly was barely above
background levels, which is consistent with our SPR data. In
this assay, native collagen type I bound more strongly to the
cells than (POG), despite the biophysical methods showing
an affinity of the same magnitude as (POG)(. This is prob-
ably due to cooperative binding: collagen provides a much
larger binding area than the peptide and can probably recruit
numerous YadA molecules, and the high density of YadA on
the surface of the cell makes it possible for several neigh-
bouring molecules to bind the same strand of collagen. Such
cooperative effects would explain why collagen appears to



bind more strongly than (POG)q to YadA expressed on the
cell surface. The small size of the peptide allows at most
only a couple of YadA molecules to bind, thus reducing
cooperativity. This finding is supported by the ELISA exper-
iment using recombinant YadA, where the protein bound
equally well to collagen type II and (POG);o, as expected
based on the affinities.

In the ELISA experiments with recombinant YadA, we
also reproduced the results showing that the largest CNBr
fragment of bovine collagen, CB10, binds more strongly to
YadA than the other large fragment, CB11. CB10 contains
the conserved region postulated to contain the binding site for
YadA (Schulze-Koops et al., 1995). Indeed, YadA does bind
to this fragment with about twice the apparent affinity as
CBI11. However, YadA also clearly binds to CB11 well above
background levels. The fact that the CNBr fragments both
bind YadA at a lower level than intact collagen and (POG)q
might be explained if the preparation of the fragments dis-
rupts the triple-helical collagenous structure. Presumably
renaturation of the triple helix is not global, and as a triple-
helical conformation is required for YadA binding, this would
account for the lower signals seen for the CNBr fragments.
However, as the previous studies postulating a specific
binding site for YadA in collagen also contained denaturing
steps in the preparation of CNBr fragments, our results are
comparable to those obtained in these studies (Schulze-Koops
et al., 1992; Schulze-Koops et al., 1995).

Based on our results, it is evident that YadA does not
require a specific sequence to bind collagen, and that a triple-
helical conformation is sufficient for binding. Although
YadA does bind more strongly to the CB10 fragment, it also
binds to the CB11 fragment with appreciable affinity. This
demonstrates that YadA can adhere to collagenous sequences
in an unspecific manner, recognising the triple-helical struc-
ture and possibly hydroxyproline-rich segments.

Of course, there may be sequences in collagen that bind to
YadA slightly tighter than (POG),,, just as there are
sequences—e.g. (PPG);y and T3-785—that bind more
weakly. However, given that the concentration of POG
repeats is much higher in collagen than that of any specific
sequence, our results clearly demonstrate that YadA does not
bind a specific sequence. On the contrary, our results suggest
that other factors, such as compactness of the triple helix,
imino acid content and prevalence of hydroxyproline resi-
dues, are more important binding determinants than the
actual amino acid sequence. We, therefore, conclude that
YadA is able to bind different regions of collagen in a non-
specific manner and no binding determinants, other than a
triple-helical structure rich in hydroxyprolines, are required.
This type of non-specific binding may also be true of other
collagen-binding trimeric autotransporters, such as EmaA
from Aggregatibacter actinomycetemcomitans and BadA
from Bartonella henselae, which both contain YadA-like
globular domains (Mintz, 2004; Riess et al., 2004).

This view that YadA can bind rather unspecifically to a
collagen-like triple helix is supported by work on other bac-
terial collagen-binding proteins, especially MSCRAMMs
such as the staphylococcal protein CNA and ACE from
Enterococcus faecalis, the structures of which have been
solved (Symersky et al., 1997; Liu et al., 2007). In particular,
CNA has been solved as a complex with a collagen like
peptide (Zong et al., 2005). The Collagen Hug model

YadA binds triple-helical peptides

proposed for CNA collagen binding suggests that the
collagen triple helix is first recognised by a shallow trench in
the N, domain, after which the N; domain closes the triple
helix wrapping it between these two domains. The preferred
ligand of CNA consist of POG repeats, and although the
actual high-affinity peptide used in the study contained a
central GPRGRT sequence, these do not directly participate
in binding, and the authors postulate that a triple-helical
shape is the major binding determinant for CNA (Zong
et al., 2005). The residues involved in POG repeat binding in
CNA are also largely conserved in ACE, and have indeed
been shown to be important in collagen binding for that
protein as well (Liu et al., 2007). Also the collagen-binding
domain of type I collagenase from Clostridium histolyticum
binds to both (POG), and (PPG), peptides, where n is large
enough to allow triple helix formation at RT (Matsushita
et al., 2001). It is therefore reasonable to suppose that the
same could be true of YadA. Not having a single, high-
specificity binding site makes sense in view of pathogenicity:
bacteria are unlikely to come into contact with extended col-
lagenous surfaces, and thus the likelihood of encountering a
specific binding site is rather small. If bacterial proteins can
bind collagen in a more general fashion, bacteria expressing
these proteins can then adhere opportunistically to any
exposed collagen surfaces. A major difference between CNA
and YadA is of course the mechanism of collagen binding.
The CNA Hug mechanism requires triple helical collagen
monomers brought about by tissue injury, whereas the open
binding surface of YadA makes it possible for Y. enterocoli-
tica to adhere to fibrillar collagen. This mechanistic differ-
ence may reflect the nature of the two bacteria;
Staphylococcus aureus causes infection through damaged
tissues, whereas Y. enterocolitica invades through the enteric
mucosa and is thus confronted with intact collagen fibrils.
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