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Abstract Host invasion by a number of pathogenic bacteria
such as staphylococci and streptococci involves binding to
fibronectin, a ubiquitous extracellular matrix protein. On the
bacterial side, host extracellular matrix adherence is mediated by
MSCRAMMs (microbial surface components recognizing ad-
hesive matrix molecules) which, in some cases, have been
identified to be important virulence factors. In this study we
used nuclear magnetic resonance spectroscopy to characterize
the interaction of B3, a synthetic peptide derived from an adhesin
of Streptococcus dysgalactiae, with the N-terminal module pair
1F12F1 of human fibronectin. 1F12F1 chemical shift changes
occurring on formation of the 1F12F1/B3 complex indicate
that both modules bind to the peptide and that a similar region
of each module is involved. A similar surface of the 4F15F1
module pair had previously been identified as the binding
site for a fibronectin-binding peptide from Staphylococcus
aureus. ß 2001 Federation of European Biochemical Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Bacterial adherence to host tissue is an important step in
the initiation of infection and many pathogenic bacteria bind
to proteins of the human extracellular matrix (ECM). Fibro-
nectin was the ¢rst ECM protein reported to bind speci¢cally
to Staphylococcus aureus [1]. The staphylococcal ¢bronectin-
binding proteins (FnBPA and FnBPB) [2] were the ¢rst rep-
resentatives of a family of bacterial cell surface adhesins called
MSCRAMMs (microbial surface components recognizing ad-

hesive matrix molecules) to be described [3]. So far at least a
dozen ¢bronectin-binding MSCRAMMs have been discov-
ered, particularly originating from streptococci.
MSCRAMMs can be important virulence factors in bacterial
infection as shown for a collagen-binding protein of S. aureus
in experimental endocarditis [4]. Moreover, adhesion of S.
aureus to human endothelial cells with subsequent internal-
ization of the bacteria depends on FnBPA and FnBPB [5].
Thus the detailed study of the interactions of MSCRAMMs
with their target host proteins may contribute to the develop-
ment of new antimicrobial agents.

Fibronectin is a ubiquitous ECM protein. Like many pro-
teins of the ECM it has a mosaic structure and is composed of
¢bronectin type 1, 2 and 3 (F1, F2 and F3) modules [6].
Fibronectin-binding MSCRAMMs from several pathogenic
bacteria have a similar structural organization with the ¢bro-
nectin-binding domain containing a series of three to ¢ve re-
peats of 40^50 residues in length. The main binding site for
D1^D4 in ¢bronectin is the 4F15F1 module pair and ¢bronec-
tin residues involved in the interaction have recently been
identi¢ed [7]. The FnBPB from Streptococcus dysgalactiae
has also been shown to bind to the N-terminal region of
¢bronectin, but primarily to the 1F12F1 module pair. In con-
trast to the S. aureus protein, rather than each of the repeats
(B1^B3) containing ¢bronectin-binding activity, only B3 is
able to bind [8].

In this study the interaction of B3 from FnBPB from S.
dysgalactiae with 1F12F1 from ¢bronectin is investigated us-
ing nuclear magnetic resonance (NMR) and isothermal titra-
tion calorimetry (ITC). Residues of the 1F12F1 module pair
that are involved in the interaction are identi¢ed.

2. Materials and methods

2.1. Sample preparation
B3 (residues 837^857 of FnBPB from S. dysgalactiae) was synthe-

sized as described elsewhere [9] and puri¢ed by reverse-phase high
performance liquid chromatography (HPLC). The puri¢ed peptide
was checked for purity and correct molecular mass by electrospray
mass spectrometry (ESMS). Both unlabeled 1F12F1 (residues 17^109
of mature human ¢bronectin) and uniformly 15N-labeled 1F12F1 ([u-
15N]1F12F1) were expressed in Pichia pastoris as described previously
[10,11]. 1F12F1 was puri¢ed by cation exchange chromatography and
reverse-phase HPLC [10]. The purity and identity of 1F12F1 (labeled
and unlabeled) was con¢rmed by ESMS.
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2.2. ITC
The experiments were carried out with a VP-ITC microcalorimeter

(MicroCal Inc., Northampton, MA, USA) at 25³C. In a typical ex-
periment the cell contained 0.12 mM 1F12F1 (1.4 ml) and the syringe
contained 1.3 mM B3 (290 Wl). Both solutions were in 10 mM sodium
acetate bu¡er (pH 5.0) and were degassed at 15³C for 20 min. The
titration was performed as follows: one preliminary injection of 2 Wl
and 44 injections of 5 Wl with an injection speed of 0.5 Wl/min. The
stirring speed was 310 rpm and the delay time between the injections
was 3 min. To take into account heats of dilution, two blank titrations
were performed; one injecting B3 solution into bu¡er and another
injecting bu¡er into the 1F12F1 solution. The averaged heats of dilu-
tion were subtracted from the main experiment. Data were analyzed
using MicroCal Origin software (version 5.0) ¢tting them to a single
binding site model.

2.3. NMR spectroscopy
All NMR experiments were performed on spectrometers belonging

to the Oxford Centre for Molecular Sciences with 1H operating fre-
quencies of 500, 600 and 750 MHz. The spectrometers are all
equipped with Oxford Instruments superconducting magnets, OME-
GA software and digital control equipment (Bruker Instruments),
home-built triple-resonance pulsed-¢eld-gradient probe heads [12]
and home-built linear ampli¢ers for 1H, 15N and 13C nuclei. Spectra
were recorded at 10, 25, or 37³C. Nuclear Overhauser e¡ect spectros-
copy (NOESY) and total correlation spectroscopy (TOCSY) spectra
were acquired with 100 ms and 42 ms mixing time, respectively, unless
stated otherwise. A gradient-echo technique [13] was used for sup-
pressing the water resonance without the need for presaturation.
Where required, 15N decoupling during acquisition was carried out
using a WALTZ16 decoupling sequence [14].

2.4. Assignment of 1F12F1
1H and 15N chemical shift assignments for 1F12F1 at pH 5.0 were

obtained using assignments at pH 4.0 [10] and from 15N-1H hetero-
nuclear single quantum coherence (HSQC) spectra of 15N 1F12F1
acquired at pH 4.5 and 5.0. These assignments were con¢rmed using
3D 15N-edited NOESY-HSQC and TOCSY-HSQC [15^17] spectra.

2.5. Assignment of 1F12F1 complexed with B3
Samples containing 1 mM B3 and 0.5 mM [u-15N]1F12F1 were

prepared in either 95%/5% H2O/D2O or D2O and the pH adjusted
to 5.0 (uncorrected) with 1 M NaOH or HCl and NaOD and DCl,
respectively. 2D 15N-1H HSQC [18], 2D 1H-1H NOESY [19^21], 2D
1H-1H TOCSY [22,23], 3D 15N-edited NOESY-HSQC and TOCSY-
HSQC [15^17] spectra were recorded.

3. Results and discussion

3.1. 1F12F1 and B3 form a 1:1 complex in solution
ITC is now a widely applied method for characterization of

the thermodynamic parameters of molecular interactions in
solutions [24]. Experimental data were ¢tted with a non-linear
function describing an interaction with one binding site. The
stoichiometry of the 1F12F1/B3 complex was 1:1 within the
margins of error in protein concentration measurement and
the dissociation constant was 1.5 WM. This is in good agree-
ment with data acquired previously using £uorescence polar-
ization (2.9 WM) [8]. Fig. 1 shows data of a typical ITC experi-
ment. The interaction appears to be exothermic with an
unfavorable entropy.

3.2. Mapping the B3 binding site on 1F12F1
Fig. 2A shows an overlay of HSQC spectra of uniformly

labeled 15N-labeled 1F12F1 with and without B3. The addi-
tion of B3 causes signi¢cant backbone amide chemical shift
changes for many 1F12F1 residues. The HSQC spectrum of
the complex was assigned using 3D NOESY and TOCSY
experiments. These experiments were also used to measure
changes in HK chemical shifts. It appears that the overall sec-

ondary structure of the modules is similar in the complex to
that determined for 1F12F1, with a similar pattern of inter-
strand nuclear Overhauser e¡ects observed (data not shown).
The changes in backbone chemical shift on binding to B3 are
summarized in Fig. 3.

Chemical shift changes of similar magnitude are observed in
both modules, suggesting that both modules are involved in
binding to B3. The solution structure of the N-terminal mod-
ule pair 1F12F1 of human ¢bronectin has been resolved re-
cently [10]. In marked contrast to 4F15F1, the two modules
are separated by a relatively long intermodule sequence and
do not form any interface. Hence, the relative orientation of
the modules with respect to each other is not well de¢ned. In
Fig. 2B, the changes in 1F12F1 HK chemical shift on binding
to B3 are mapped onto the lowest energy structure of un-
bound 1F12F1 [10].

In both 1F1 and 2F1, residues that undergo the largest
changes in chemical shifts are in strand E and the D^E
loop. In addition, large chemical shift changes were observed
in strand A. Although the residues in strand A and E are well
separated in the F1 sequence, they are in relatively close prox-
imity in the F1 fold. In binding of D3 to 4F15F1, the largest

Fig. 1. ITC pro¢le of 1F12F1 with B3. A: Heat di¡erences obtained
from 45 injections. B: Integrated curve with experimental points (F)
and the best ¢t (8). Data were ¢tted using a one-site model result-
ing in: stoichiometry N = 1.081 þ 0.002; KD = 1.53 þ 0.05 WM;
vH =320 070 þ 60 cal mol31 ; vS =340.68 cal mol31 K31.
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chemical shift changes were also observed for residues in the
D^E loop and E strand of 4F1 [7]. Thus, although they bind
to di¡erent F1 module pairs, the S. aureus and S. dysgalactiae
FnBPs appear to utilize a similar surface of the F1 module.

4. Concluding remarks

Using a di¡erential labeling approach to distinguish signals

of two protein species, we were able to detect the residues in
1F12F1 which are involved in binding to B3, a peptide derived
from a surface FnBP of the pathogen S. dysgalactiae. Accord-
ing to chemical shift changes, both modules of 1F12F1 are
involved in the interaction. The bacterial peptide appears to
utilize a similar surface of the F1 module as an S. aureus
FnBP in its interaction with the 4F15F1 module pair.

Fig. 2. A: Overlay of a region of 1H, 15N HSQC spectra of 0.25 mM [15N]1F12F1 without (black) and in presence of 0.5 mM B3 (red), re-
corded at 600 MHz, 25³C, pH 5.0. The arrows indicate the direction of the chemical shift changes on addition of B3. B: Ribbon diagram of
uncomplexed 1F12F1 with B3-induced HK chemical shift changes (see Fig. 3C). The modules are drawn separately as the relative orientation of
the two modules is poorly de¢ned in calculated structures of the module pair [10]. Residues with chemical shift changes v 0.4 ppm, v 0.3 ppm,
v 0.2 ppm and v 0.1 ppm are shown in red, orange, yellow and turquoise, respectively. All other residues are shown in blue. The diagram was
prepared using MOLMOL [25]. L-Strands of 1F12F1 are labeled.
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Fig. 3. Backbone chemical shift changes of 1F12F1 on binding of
B3 at 25³C, pH 5.0 (vN= Nbound3Nfree). A: Change in backbone
amide 1H shift. B: Change in backbone amide 15N shift. C: Change
in HK shift. P stands for prolines; open circles indicate residues for
which data were not obtained. The 1F12F1 secondary structure is
shown at the top of the ¢gure where the linker region is indicated
by VV. The amino acid sequence of 1F12F1 (residues 17^109 of hu-
man ¢bronectin) is shown at the bottom.
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