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Staphylococcus aureus Fibronectin-Binding Protein A Mediates Cell-
Cell Adhesion through Low-Affinity Homophilic Bonds

Philippe Herman-Bausier,? Sofiane El-Kirat-Chatel,@ Timothy J. Foster,® Joan A. Geoghegan,® Yves F. Dufréne?
Université catholique de Louvain, Institute of Life Sciences, Louvain-la-Neuve, Belgium?; Department of Microbiology, Trinity College Dublin, Dublin, Ireland®

P.H.-B. and S.E.-K-C. contributed equally to this article.

ABSTRACT  Staphylococcus aureus is an important opportunistic pathogen which is a leading cause of biofilm-associated infec-
tions on indwelling medical devices. The cell surface-located fibronectin-binding protein A (FnBPA) plays an important role in
the accumulation phase of biofilm formation by methicillin-resistant S. aureus (MRSA), but the underlying molecular interac-
tions are not yet established. Here, we use single-cell and single-molecule atomic force microscopy to unravel the mechanism by
which FnBPA mediates intercellular adhesion. We show that FnBPA is responsible for specific cell-cell interactions that involve

the FnBPA A domain and cause microscale cell aggregation. We demonstrate that the strength of FnBPA-mediated adhesion
originates from multiple low-affinity homophilic interactions between FnBPA A domains on neighboring cells. Low-affinity
binding by means of FnBPA may be important for biofilm dynamics. These results provide a molecular basis for the ability of
FnBPA to promote cell accumulation during S. aureus biofilm formation. We speculate that homophilic interactions may repre-
sent a generic strategy among staphylococcal cell surface proteins for guiding intercellular adhesion. As biofilm formation by
MRSA strains depends on proteins rather than polysaccharides, our approach offers exciting prospects for the design of drugs or
vaccines to inhibit protein-dependent intercellular interactions in MRSA biofilms.

IMPORTANCE  Staphylococcus aureus is a human pathogen that forms biofilms on indwelling medical devices, such as central
venous catheters and prosthetic joints. This leads to biofilm infections that are difficult to treat with antibiotics because many
cells within the biofilm matrix are dormant. The fibronectin-binding proteins (FnBPs) FnBPA and FnBPB promote biofilm for-
mation by clinically relevant methicillin-resistant S. aureus (MRSA) strains, but the molecular mechanisms involved remain
poorly understood. We used atomic force microscopy techniques to demonstrate that FnBPA mediates cell-cell adhesion via
multiple, low-affinity homophilic bonds between FnBPA A domains on adjacent cells. Therefore, FnBP-mediated homophilic
interactions represent an interesting target to prevent MRSA biofilms. We propose that such homophilic mechanisms may be
widespread among staphylococcal cell surface proteins, providing a means to guide intercellular adhesion and biofilm accumula-

tion.
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taphylococcus aureus is a human commensal and opportunistic

pathogen that causes both superficial and invasive infections
(1, 2). This species is a major cause of infections associated with
indwelling medical devices such as central venous catheters and
prosthetic joints (1, 2). The ability to form biofilms on implanted
devices results in infections that are difficult to treat with antibi-
otics because many cells within the biofilm matrix are dormant.
This is compounded by the prevalence of strains that are resistant
to multiple antibiotics (methicillin-resistant S. aureus [MRSA])
(3, 4). Consequently, understanding the molecular mechanisms
leading to the formation of staphylococcal biofilms may contrib-
ute to the development of novel therapeutic approaches for com-
bating biofilm-related infections.

Until recently, the accumulation phase of S. aureus biofilms
was attributed solely to the elaboration of polysaccharide intercel-
lular adhesin (PIA), also known as poly-N-acetylglucosamine
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(PNAG) (1, 2, 5). However, it is now clear that proteins that are
covalently anchored to the cell wall by sortase (cell wall-anchored
proteins) can also promote biofilm accumulation. In the cases of
SraP, SdrC, and SasG, cell-cell interactions have been shown to be
due to specific homophilic binding between protein molecules
located on adjacent cells (2, 5).

The fibronectin (Fn)-binding proteins (FnBPs) FnBPA and
FnBPB promote biofilm formation by clinically relevant MRSA
strains, both community associated and hospital associated (6-8).
Both FnBPA and FnBPB have N-terminal A domains that are
structurally and functionally related to clumping factor A (CIfA)
and the Staphylococcus epidermidis SdrG protein and bind to fi-
brinogen by a variation of the dock, lock, and latch (DLL) mech-
anism whereby conformational changes in subdomains N2 and
N3 within the A region result in highly stabilized complexes (9—
11). The C-terminal fibronectin-binding domain comprises tan-
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FIG1 FnBPA-dependent biofilm formation. (A) Schematic representation of
the S. aureus FnBPA protein: S, secretory signal sequence; the A region com-
prising N1, N2, and N3 subdomains involved in fibrinogen and elastin binding
and cell-cell aggregation during biofilm formation; R, tandem repeats of
fibronectin-binding domains; W, proline-rich cell wall-spanning region; SS,
sorting signal comprising the LPXTG motif, membrane-spanning domain,
and positively charged tail. (B) Role of FnBPA in biofilm formation. In a first
stage, FnBPA proteins promote attachment to host plasma proteins on biom-
aterial surfaces (left part of the left cartoon). Then, FnBPA mediates cell ag-
gregation and biofilm accumulation (right part of the left cartoon). Whether
this is achieved by homophilic protein-protein interactions or by binding to
other ligands on adjacent cells is not yet established (right cartoons).

dem repeats that are intrinsically disordered, resulting in an ex-
tended flexible “stalk” that projects the A domain from the cell
surface (Fig. 1A). The biofilm-forming region of FnBPA was lo-
calized to subdomains N2 and N3 of the N-terminal A region, but
accumulation was shown not to involve a DLL mechanism (6, 7).
FnBP-promoted biofilms could involve direct homophilic inter-
actions or binding of the proteins to surface-located receptors on
adjacent cells (Fig. 1B) (2).

Atomic force microscopy (AFM) has provided valuable in-
sights into the molecular basis of staphylococcal adhesion. Force
spectroscopy with biospecific probes has been used to probe the
localization and binding strength of adhesins, including FnBPs,
down to the single-molecule level (12-16). Furthermore, the use
of bacterial cell probes has enabled the quantification of cell-
substrate and cell-cell adhesive forces at the whole-cell level (17—
19). In this study, we explore the molecular mechanism of FnBPA-
dependent cell-cell adhesion using these AFM techniques (20, 21).
Specifically, we address the following questions: how strong are
intercellular bonds, how many FnBPA proteins do they involve,
and is FnBPA-mediated intercellular adhesion achieved by means
of homophilic interactions or ligand binding? We analyze the
binding mechanism of full-length FnBPA expressed from a plas-
midin S. aureus strain SH1000 defective in clumping factors (Clfs)
A and B, and in FnBPA and FnBPB (here S. aureus FnBPA™ cells),
as well as of the recombinant FnBPA A domain immobilized on
model surfaces. The results demonstrate that FnBPA mediates
specific cell-cell adhesion via multiple, low-affinity homophilic
bonds that depend on Zn?* ions and involve the A domain.

RESULTS

FnBPA is involved in fibronectin binding and in cell aggrega-
tion. We first confirmed that FnBPA adhesins were expressed on
FnBPA™ bacteria by analyzing their ability to adhere to Fn-coated
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FIG 2 FnBPA-mediated adhesion to fibronectin. Optical (differential inter-
ference contrast) images showing the microscopic adhesion behavior of
FnBPA™* cells (A) and FnBPA~ cells (B), after a 2-h incubation on Fn-coated
surfaces. Insets are representative images from a duplicate experiment.

substrates at the microscopic scale. Optical microscopy showed
that FnBPA™ cells adhered strongly to Fn-coated surfaces, unlike
FnBPA ™ cells, which hardly adhered at all (Fig. 2). Consistent with
published data, this shows that FnBPA promotes bacterial adhe-
sion to Fn and that the adhesin is expressed appropriately on
FnBPA™ cells described here.

We then studied the involvement of FnBPA in cell-cell adhe-
sion (Fig. 3). Figure 3A to C shows that FnBPA™* cells resuspended
in buffer were isolated, without any evidence for aggregation. Ad-
dition of 1 mM Zn?" induced the formation of large aggregates,
5 um to 5 mm in size (Fig. 3D to F). Cell aggregates were disrupted
in the presence of 1 mM EDTA (Fig. 3G to I) but restored upon
further addition of Zn?* (Fig. 3] to L). Aggregation was much less
pronounced in S. aureus cells expressing no FnBPA (FnBPA~
cells; Fig. 3M to O). These results show that FnBPA mediates cell-
cell adhesion via Zn?"-dependent interactions.

Force spectroscopy of FnBPA interactions. AFM-based force
spectroscopy was applied to living bacteria and to purified pro-
teins to investigate the forces driving FnBPA-mediated cell-cell
adhesion (Fig. 4). We used single-cell force spectroscopy (SCFES)
(22, 23) to quantify the adhesion forces between single S. aureus
cells. Single FnBPA™ cells were attached on colloidal cantilevers
coated with polydopamine, allowing us to record force-distance
curves between the cellular probes and the edges of small cell ag-
gregates adhering on solid substrates (Fig. 4A). Single-molecule
force spectroscopy (SMFS) was employed to probe single FnBPA
bonds on live cells (Fig. 4B). Recent work showed that the region
required for biofilm formation by FnBPA localizes to residues 166
to 498 of the A domain (7). Recombinant full-length FnBPA A
domain was covalently bound to AFM tips in a random orienta-
tion, and the modified tips were used to record force-distance
curves on FnBPA ™ cells immobilized in porous membranes. To
probe single FnBPA-FnBPA bonds in the absence of any other
interactions, forces were also measured between tips and sub-
strates both functionalized with fully oriented recombinant A do-
mains (Fig. 4C).

FnBPA promotes specific cell-cell adhesion forces. We mea-
sured the adhesion forces between two individual S. aureus cells.
Adhesion forces, rupture lengths, and typical force signatures ob-
tained for three representative pairs of FnBPA™ cells are shown in
Fig. 5A and B (see also Fig. SI in the supplemental material for
data obtained on more cells). Many curves featured large adhesion
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FIG 3 Role of FnBPA in cell aggregation. (A to L) Stereomicrographs (A, D,
G, and J) and low- (B, E, H, and K) and high-resolution (C, F, I, and L) optical
microscopy images of S. aureus cells expressing FnBPA (FnBPA™ cells) after
resuspension in TBS buffer (A to C), resuspension in TBS buffer containing
1 mM Zn2+ (D to F), addition of 1 mM EDTA (G to I), and further addition of
1 mM Zn?* (J to L). (M to O) Control experiment using an S. aureus strain
expressing no FnBPA (FnBPA™ cells), in TBS with 1 mM Zn?*.

force peaks of 250- to 3,000-pN magnitude and 150- to 500-nm
rupture length (cell 1, 1,966 * 470 pN, 351 * 83 nm, mean *
standard deviation [SD] on n = 98 adhesive curves; cell 2, 834 *
424 pN, 294 = 68 nm, n = 470; cell 3, 1,640 * 514 pN, 327 =
73 nm, n = 223). There were some variations from one cell pair to
another (see also Fig. S1), which may reflect cellular heterogeneity
as well as small variations in cell-cell contact area. Discrete rupture
steps were often seen before rupture of the main adhesion peak,
suggesting that multiple bonds were involved. However, adhesion
peaks generally showed sharp ruptures, implying that, upon
stretching, the different bonds detached simultaneously.

Do cell adhesion forces involve FnBPA proteins? We found
that EDTA dramatically decreased the adhesion probability
(Fig. 5C and D; also see Fig. S2 in the supplemental material),
consistent with the notion that FnBPA interactions require Zn?*
ions (7). As can be seen in Fig. 5E and F (see also Fig. S2), we also
measured the forces between S. aureus FnBPA™ cells that lack
FnBPA. Most adhesion events were abolished, indicating that the
large adhesion forces on FnBPA™ cells involve FnBPA proteins.
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Intriguingly, the same effect was observed for the interaction be-
tween FnBPA™ and FnBPA ™~ cells (Fig. 5G and H; see also Fig. S2).
This suggests that interaction between two FnBPA ™ cells involves
FnBPA proteins located on the two cell surfaces. So, our single-cell
experiments show that FnBPA proteins on the S. aureus cell sur-
face mediate specific, zinc-dependent, cell-cell interactions.

Binding strength of single FnBPA proteins on living bacteria.
How strong is a single FnBPA bond? To address this question, we
analyzed the forces between recombinant FnBPA A domains at-
tached to AFM tips and full-length FnBPA proteins on FnBPA™
cells (Fig. 6; see also Fig. S3 in the supplemental material). Fig-
ure 6A to C (see Fig. S3 for more cells) shows that a large fraction
(~50%) of the force curves recorded across three different cells
featured single adhesion peaks with a moderate force of 125 =
65 pN (mean * SD from a total of 3,072 curves obtained on three
cells). We believe that these forces originate from single FnBPA
bonds as (i) adhesion was strongly decreased upon addition of
EDTA (Fig. 6D to F; see also Fig. S3), when using S. aureus Fn-
BPA ™ cells (Fig. 6G to I; see also Fig. S3), or when using bare tips
(see Fig. $3); (ii) the A domains were attached at low density on the
tip; and (iii) the measured forces are in the range of the binding
force typically reported for single-cell adhesion proteins (24, 25).
Presumably, the larger adhesion forces sometimes detected (200
to 300 pN) are due to multiple FnBPA bonds. How does the mea-
sured bond strength compare with that reported for Fn-FnBP
bonds? Our ~125-pN force is stronger than the ~60-pN force
measured for single Fn-FnBP bonds at a similar loading rate (12,
15), suggesting that different mechanisms are involved. Strikingly,
several groups have reported much larger adhesion forces for Fn-
FnBP interactions, up to 6 nN depending on the strain investi-
gated (13, 14, 16). However, the authors attached Fn at high den-
sity on the tip, meaning that many Fn-FnBP bonds were probed in
parallel (up to 80). This is an important difference from the pres-
ent work, in which FnBPA A domains were covalently attached at
low density on the tip to favor single-bond detection.

Adhesion force maps indicate that the adhesins were largely
exposed on the cell surface. Assuming that each adhesion event in
the maps represents the detection of a single FnBPA, we find that
the protein is exposed at a surface density of ~2,000 proteins/um?.
In earlier work, the distribution of adhesins was mapped on the
surface of staphylococcal cells. Immunogold electron microscopy
was used to study the distribution of SssF and UafB adhesins on
Staphylococcus saprophyticus (26, 27). While the authors claimed
that there was abundant labeling, the density was lower than that
here, an effect that may reflect actual differences between species
or variations in the sensitivity of the techniques. AFM force map-
ping was also used to map FnBPs on staphylococcal cells (15, 28).
Lower etal. (15) revealed the spatial localization of putative FnuBPs
on S. aureus bacteria deposited on different substrates. Results
suggested that the production and localization of FnBP proteins
may be induced by an external stimulus, such as the presence of Fn
on a surface.

Do the observed rupture lengths, 98 * 44 nm (mean * SD; 3
different cells), compare with the lengths of the probed molecules?
As the full-length FnBPA protein and its His-tagged A domain are
948 and 481 amino acids in length (6, 7), respectively, and assum-
ing that each amino acid contributes 0.36 nm to the contour
length of a fully extended polypeptide chain (29), the lengths of
fully extended proteins and A domains are expected to be 341 nm
and 173 nm, respectively. Full extension of the A domain-FnBPA
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FIG 4 Force spectroscopy of FnBPA interactions. (A) To investigate cell-cell adhesion forces with SCFS, living bacteria were attached on polydopamine-coated
colloidal cantilevers and force curves were obtained between cellular probes and small bacterial aggregates. The right micrograph shows a cell probe cantilever
approaching a cell aggregate. The inset is a fluorescence image of a single bacterium attached to the colloidal probe. (B) To analyze single FnBPA bonds on living
bacteria with SMFS, bacterial cell surfaces were probed using AFM tips labeled with the recombinant A domain. (C) To study single FnBPA homophilic bonds
by SMES, force curves were recorded between AFM tips and substrates functionalized with the recombinant A domain.

complex should therefore lead to a length of about 500 nm, which
is much longer than what we observed. This means that the bond
ruptures before complete unfolding of the proteins and, hence,
that the latter are mechanically stable. This observation agrees well
with earlier single-molecule results showing that SdrG, which
shares strong structural similarities with FnBP, is not completely
unfolded when subjected to large forces (30). We note that longer
extensions were observed for cell-cell bonds (Fig. 5), supporting
the notion that they involve pairs of full-length FnBPA proteins.
How many FnBPA bonds are involved in a cell-cell bond? As a
rough estimate, this number may be inferred by comparing our
single-molecule (Fig. 6) and single-cell (Fig. 5) forces and by con-
sidering the interaction area between two cells. The contact zone
of two deformable spheres pressed on each other may be described
by the Hertz model (31): A = (3FR/4E*)'/3, in which A is the
radius of the contact area, R is the effective radius (1/R = 2/r,
where ris the cell radius), Fis the applied load (here, 250 pN), and
E*is the effective Young modulus [1/E* = (2 — 2v?)/E, in which E
is the elastic moduli and v is the Poisson ratio associated with the
cell]. Assuming that the S. aureus cell radius ris 0.5 wm, the Young
modulus is 1.8 MPa (32), and the Poisson ratio is 0.3, we found an
area radius of ~36 nm, thus yielding a contact area of ~0.004 wm?2.
What is the number of interacting molecules in this area? Consid-
ering a surface density of ~2,000 FnBPA proteins/um?, as deter-
mined above from the force maps, the adhesion forces measured
between two cells would involve about 8 FnBPA proteins in par-
allel on each cell. Given the variability of the data and the assump-
tions made in the model, this is in the range of the value obtained
by comparing the adhesion forces measured for single molecules
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and single cells (~125 versus 800 to 2,000 pN). This leads us to
believe that FnBPA-dependent cell-cell adhesion involves about
10 cumulative bonds, as also indicated by the sharp peak ruptures.

FnBPA mediates low-affinity homophilic bonds. To explain
how FnBPA mediates cell-cell adhesion, two possible mechanisms
were recently postulated, i.e., homophilic interactions or
receptor-ligand binding (7) (Fig. 1B). Although our single-cell
results are in favor of homophilic bonds, a direct demonstration
for these was still lacking. We therefore measured the forces and
dynamics of the interaction between purified FnBPA A domains
in the absence of any other cell wall components (Fig. 4C). Force
measurements between A domains revealed adhesion events with
a mean adhesion force of 182 * 78 pN (Fig. 7A, inset), which we
attribute to single FnBPA-FnBPA bonds as A domains were uni-
formly oriented at low density on the two interacting surfaces. The
measured strength is slightly larger than that between the A do-
main and full-length FnBPA on cells, an effect that could reflect
differences in the orientation and accessibility of the molecules.
The ~180-pN force is much weaker than the 2-nN force measured
for SdrG-Fg bonds (30), indicating that FnBPA-mediated cell-cell
adhesion does not involve a DLL binding mechanism. FnBPA-
FnBPA bonds showed extensions (~50 nm) that were much
shorter than those on live cells, suggesting that the A domains were
hardly unfolded.

We then explored the dynamics of the FnBPA-FnBPA interac-
tion, with the aim to assess the affinity of the bond. The forces
needed to rupture homophilic bonds have been shown to depend
on the loading rate, i.e., the rate at which the force is applied to the
complex (24, 25, 33, 34). In agreement with this, we found that the
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FIG 5 Cell-cell force spectroscopy of FnBPA bonds. (A and B) Adhesion force histograms (A) and rupture length histograms (B) with representative force
signatures (insets), obtained by recording multiple force-distance curves in TBS supplemented with 1 mM Zn?* between three pairs of interacting FnBPA™* cells.
(Cand D) Force data obtained under the same conditions (cell 3) following addition of 1 mM EDTA. (E to H) Force data obtained under the same conditions
for the interaction between two S. aureus FnBPA ™ cells (E and F) and between FnBPA™ and FnBPA ™ cells (G and H). All curves were obtained using a contact
time of 1 s, a maximum applied force of 250 pN, and approach and retraction speeds of 1,000 nm - s~ 1.

mean adhesion force (F) between two A domains increases lin-
early with the logarithm of the loading rate (), as illustrated in
Fig. 7A. The length scale of the energy barrier, xg, was assessed
from the slope fj of the F versus In(r) plot and found to be 0.2 nm,
i.e., in the range of values (0.2 to 1 nm) typically measured by
single-molecule AFM. Extrapolation to zero forces yielded the ki-
netic off-rate constant of dissociation at zero force: kg = 1p—g
xp/kgT = 0.11 s~'. This high dissociation rate, similar to that of
homophilic bonds in cadherins (33) and in bacterial trimeric au-
totransporter adhesins (24), suggests that FnBPA homophilic
bonds are highly dynamic. This short duration of adhesion may
contribute to biofilm dissemination, by helping the bacteria to
rapidly detach and colonize new sites.

We also studied how the adhesion frequency (i.e., number of
curves with adhesion events) varies with interaction time, while
keeping the loading rate constant (Fig. 7B). The binding frequency
increased to reach a plateau corresponding to almost 100% bind-
ing probability after only 0.5 s, indicating that bond formation is
fast. Similar fast bond formation was also observed with cadherins
(33). Considering the interaction time needed for half-maximal
probability of binding, t, 5 = 168 ms, we assessed the association
rate constant, k., = t, s ' Ny Vg = 7.5 M1 s~ 1, where V gis the
effective volume explored by the tip-tethered protein (approxi-
mated here to a half-sphere of 1-nm radius) (35). We then esti-
mated the equilibrium dissociation constant: K, = k.glk,,, =
15 mM. The obtained K}, value is much higher than that for Fn-
BPA binding to fibrinogen (~1 uM) (11) but in the range of that of
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homophilic interactions by trimeric autotransporter adhesins
(24), thus indicating that homophilic FnBPA bonds have low af-
finity. This finding may have important biological implications.
Low-affinity binding by means of FnBPA may represent the pri-
mary step in biofilm accumulation, enabling dynamic cell behav-
iors to occur, while subsequent higher-affinity binding would lead
to firm cell-cell adhesion. In particular, the positively charged PTIA
polysaccharide, also known as poly-N-acetylglucosamine
(PNAG), may enhance intercellular interactions by high-affinity
multivalent binding with the negatively charged cell surfaces.

DISCUSSION

There is now considerable evidence that FnBPs participate in bio-
film accumulation by S. aureus (6-8, 36), but the underlying mo-
lecular mechanisms are poorly understood. This study demon-
strates that FnBPA mediates strong cell-cell adhesion via multiple,
low-affinity homophilic bonds between A domains on adjacent
cells. We speculate that homophilic interactions may be wide-
spread among staphylococcal cell surface proteins, providing a
means to promote intercellular adhesion and biofilm accumula-
tion. Our methodology offers exciting prospects for the design of
drugs or vaccines to inhibit protein-dependent intercellular inter-
actions in MRSA biofilms.

The N2 and N3 subdomains of SdrC (37) have also been shown
to promote cell-cell interactions, suggesting that homophilic in-
teractions by these domains could be a general mechanism to pro-
mote the accumulation phase in S. aureus biofilms. Although the
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FIG 6 Single-molecule force spectroscopy of FnBPA bonds on living bacteria. (A to C) Adhesion force maps (500 nm by 500 nm; gray scale, 500 pN) (A),
adhesion force histograms (B), and rupture length histograms (C) together with representative force curves obtained by recording force curves in TBS with 1 mM
Zn?* across the surface of three S. aureus FnBPA™ cells using tips labeled with the FnBPA A domain. Shown in the insets in panel A are deflection images of the
cells. (D to I) Force data obtained for an FnBPA™ cell (cell 3) in the presence of I mM EDTA (D to F) and for an S. aureus FnBPA ™~ cell (G to I). All curves were
obtained using a contact time of 100 ms, a maximum applied force of 250 pN, and approach and retraction speeds of 1,000 nm - s~ .
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FIG 7 Force and dynamics of FnBPA homophilic interactions. (A) Dependence of the adhesion force on the loading rate applied during retraction, measured
in TBS with 1 mM Zn?* between a tip and a substrate both functionalized with FnBPA A domains, using a contact time of 100 ms and an approach speed of 1,000
nm - s~ ! (mean * standard error of the mean). The mean adhesion force (F) increased linearly with the logarithm of the loading rate (r): F = 5.3 X 10~ ! In(r)
+ 2.0 X 10~ '%. The R? value obtained for the linear fit was 0.85. Shown in the lower inset are representative force curves. (B) Dependence of the adhesion
frequency on the interaction time, measured at a constant approach and retraction speed of 1,000 nm - s~ !. Similar loading rate and interaction time plots were

obtained in multiple experiments using different tips and substrates.

structural details of FnBPA homophilic interactions are unclear,
we speculate that they occur between residues on the surface of the
N2 or N3 subdomains. In the case of SdrC, 2 amino acid sequences
located within the N2 subdomain were found to act cooperatively
to promote SArC dimerization and, as a result, intercellular inter-
actions (37). Whether a similar mechanism applies to FnBPA re-
mains to be determined.

The occurrence of FnBPA homophilic bonds correlated with
the cell aggregation behavior, leading us to believe that these in-
teractions represent an important driving force for biofilm forma-
tion. Unlike the very strong and stable DLL bonds, homophilic
bonds show moderate strength and fast dissociation, a trait which
may be important for biofilm dissemination. Several factors can
lead to biofilm detachment, including mechanical stress like fluid
flow, and detachment agents like enzymes or surfactants (1, 38).
Together with these factors, the fast dissociation of the FnBPA
bonds may contribute to cell detachment (isolated cells or cell
clusters), therefore favoring colonization of new sites.

Our finding that zinc is required to form homophilic bonds is
consistent with earlier reports showing that FnBPA (7) but also
other staphylococcal adhesins, like SasG (39) and Aap (40, 41),
promote zinc-dependent biofilm accumulation. It is therefore
tempting to speculate that S. aureus has evolved these subdomains
to promote homophilic cellular interactions, thus providing a
general mechanism to favor biofilm accumulation. The biological
significance of the Zn?*-dependent cell-cell interactions pro-
moted by FnBPA can be called into question if the cation is limit-
ing in vivo. The mammalian host restricts access to cations such as
Zn and Mn that bacteria need for growth and proliferation in vivo,
a phenomenon called nutritional immunity (42). An important
host factor that contributes to this phenomenon is calprotectin, a
Zn?*-binding protein that can reach high levels in infected tissue
(43). However, successful pathogens such as S. aureus produce
dedicated uptake machinery for cations (42). It should be noted
that Zn2" is present in the cytosol of mammalian cells and bacteria
(44). S. aureus lyses host cells by secreting cytolytic toxins which
release cytoplasmic contents. In addition, during biofilm develop-
ment, some of the bacterial cells undergo autolysis to release DNA,
which is an important component of the biofilm matrix (45). This
altruistic action will also release bacterial cytoplasmic contents,
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including Zn?*. More than 3% of Escherichia coli proteins contain
Zn?" (46). The extracellular zinc-dependent metalloprotease au-
reolysin of S. aureus contributes to virulence in mice, indicating
that it is active in vivo and presumably acquires its Zn?* cofactor
following secretion (47). We thus argue that the local concentra-
tion of Zn?* at the early stages of biofilm development will be
sufficient to support FnBP-mediated aggregation. Finally, the ex-
pression of FnBPs has been shown to support biofilm formation
on subcutaneous catheters during experimental infections of
mice, arguing that adequate Zn?* is likely to be present in vivo
(36).

MATERIALS AND METHODS

Bacterial strains and growth conditions. The S. aureus FnBPA™~ strain
(strain SH1000 clfA clfB fnbA fnbB) is defective in clumping factors A and
Band fibronectin-binding proteins A and B (6). FnBPA ~ cells were grown
overnight in tryptic soy broth (TSB), washed once with TSB, subcultured
into TSB at a 1:100 dilution, and allowed to grow to an optical density at
600 nm (ODy,) of 0.4. The S. aureus FnBPA™ strain is a derivative of
strain SH1000 clfA clfB fnbA fnbB carrying plasmid pFNBA4 expressing
fibronectin-binding protein A from strain 8325-4 (7). For expression of
FnBPA, FnBPA ™ cells were grown overnight in TSB with chlorampheni-
col (10 pg/ml), washed once in TSB, subcultured into TSB at a 1:100
dilution, and allowed to grow to an ODy, of 0.4 in TSB plus chloram-
phenicol.

Recombinant proteins. Plasmid pQE30::FnBPA,, ., (10) was used
as the template for inverse PCR with the phosphorylated primers 5'-TCA
GAACAAAAGACAACTACAG-3" and 5'-GGATCCCGATCCTCTCATA
GTTAATTTCTC-3' to eliminate DNA encoding the N-terminal His tag.
The PCR product was treated with Dpnl to eliminate template DNA, and
following blunt-end ligation, the plasmid was transformed into E. coli
XL1-Blue. The plasmid was extracted from E. coli and used as template for
inverse PCR with phosphorylated primers 5'-CATCACCATCACCATCA
CTAAGTCGACCTGCAGCCAAG-3’ and 5-TTAATTTTTCTCATTTC
CGTTCG-3 to introduce an in-frame fusion with DNA encoding a
C-terminal 6xHis tag. This PCR product was treated with Dpnl, blunt-
end ligation was carried out, and the plasmid was transformed into E. coli
XL1-Blue. The C-terminally hexahistidine-tagged FnBPA A domain pro-
tein (residues 37 to 511) was expressed and purified by Ni?* affinity chro-
matography as previously described (39).

Adhesion assay. To assess the adhesion phenotype of the bacterial
strains, bacteria were incubated with Fn-coated substrates prepared as
follows. Glass coverslips coated with a thin layer of gold were immersed
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overnight in an ethanol solution containing 1 mM 10% 16-
mercaptododecahexanoic acid—90% 1-mercapto-1-undecanol (Sigma),
rinsed with ethanol, and dried with N,. Substrates were then immersed for
30 min in a solution containing 10 mg - ml~! N-hydroxysuccinimide
(NHS) and 25 mg ml~!  I-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) (Sigma), rinsed 5 times with Ultrapure water (ELGA
LabWater), incubated with 0.1 mg - ml~! of Fn from bovine plasma
(Sigma) for 1 h, and rinsed further with phosphate-buffered saline (PBS)
buffer. Fn substrates were incubated at 37°C in 200-ul bacterial suspen-
sions adjusted in Tris-buffered saline (TBS) buffer supplemented with
1 mM ZnCl, to an ODg, 0f 0.3 to 0.4. After 2 h, the substrates were gently
rinsed by 3 consecutive washes in TBS buffer supplemented with 1 mM
ZnCl, and directly imaged using an inverted optical microscope (Zeiss
Axio Observer Z1) equipped with a Hamamatsu C10600 camera.
Aggregation assays. Aggregation phenotypes were directly observed
after cell resuspension in TBS buffer (pH 7.4) or TBS buffer supplemented
with 1 mM ZnCl,, addition of 1 mM EDTA, and further addition of 1 mM
ZnCl,. Aggregation levels were observed in test tubes, by optical micros-
copy at low magnification (Zeiss Stemi DV4 stereomicroscope;
Oberkochen, Germany) and at high magnification (Zeiss Axio Observer
Z1 equipped with a Hamamatsu C10600 camera; Oberkochen, Germany).
Cell-cell force spectroscopy. To probe bacterial aggregates with
single-cell probes, hydrophobic substrates were prepared by coating glass
coverslips with a thin layer of gold, immersing them overnight in a solu-
tion of 1 mM 1-dodecanethiol (Sigma-Aldrich), rinsing them with etha-
nol, and drying them under N,. Cells resuspended in TBS buffer plus
1 mM ZnCl, were deposited and allowed to adhere on hydrophobic sub-
strates for 2 h. Nonadhering cells were removed by gentle rinsing, and the
cell-coated substrates were attached, while avoiding dewetting, to the bot-
tom of a glass petri dish. Bacterial cell probes were obtained as previously
described (22, 23). Briefly, colloidal probes were prepared by attaching a
single silica microsphere (6.1-um diameter; Bangs Laboratories) with a
thin layer of UV-curable glue (NOA 63; Norland Edmund Optics) on
triangular tipless cantilevers (NP-O10; Microlevers, Veeco Metrology
Group) and using a Nanoscope VIII Multimode AFM (Bruker Corpora-
tion, Santa Barbara, CA). Cantilevers were then immersed for 1 h in
10 mM Tris buffer plus 150 mM NaCl solution (pH 8.5) containing
4 mg/ml dopamine hydrochloride (99%; Sigma), rinsed in Tris buffer plus
150 mM NaCl solution (pH 8.5), and used directly for cell probe prepa-
ration. The nominal spring constant of the colloidal probe cantilever was
~0.06 N/m as determined by the thermal noise method (Picoforce;
Bruker). For cell probe preparation, 50 ul of a concentrated cell suspen-
sion was transferred into the glass petri dish containing the cell-coated
hydrophobic substrates, after which 4 ml of TBS plus 1 mM ZnCl, was
added to the system. The colloidal probe was brought into contact with an
isolated bacterium, using a Bioscope Catalyst AFM (Bruker Corporation,
Santa Barbara, CA) equipped with a Zeiss Axio Observer Z1 and a
Hamamatsu C10600 camera. Optical microscopy was used to check for
proper attachment of the cell, and the cell probe was positioned over the
edge of a cell aggregate lying on the hydrophobic substrates. Cell probes
were used to measure cell-cell interaction forces at room temperature
(20°C), by recording multiple force curves, using a maximum applied
force of 250 pN, a 1-s contact time, and constant approach and retraction
speeds of 1,000 nm - s~ 1. Adhesion force and rupture length histograms
were obtained by calculating the maximum adhesion force and the last
rupture distance for each curve. In total, 24 different cell probes were used
to measure cell adhesion forces under standard and control conditions.
Single-molecule force spectroscopy on live cells. For SMFS on live
cells, gold-coated AFM cantilevers with a nominal spring constant of
~0.02 N m~! (OMCL-TR4; Olympus Ltd., Tokyo, Japan) were function-
alized with FnBPA A domains at low density and with a random orienta-
tion (48). Cleaned gold cantilevers were immersed overnight in a 1 mM
solution of 10% HS(CH,),(COOH (Sigma-Aldrich) and 90%
HS(CH,),;OH (Sigma-Aldrich), rinsed with ethanol, immersed for
30 min in a solution containing 10 mg - ml~!' N-hydroxysuccinimide
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(NHS) (Sigma-Aldrich) and 25 mg - ml™! I-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC) (Sigma-Aldrich), and
rinsed with water. The activated cantilevers were then incubated with
0.2 mg - ml~! of recombinant FnBPA A domains in PBS for 2 h, followed
by rinsing and storage in PBS. All probes were freshly prepared and used
the same day. The spring constants of the cantilevers were measured using
the thermal noise method (Picoforce; Bruker).

SMFS measurements were performed at room temperature (20°C) in
TBS buffer plus 1 mM ZnCl, using a Nanoscope VIII Multimode AFM
(Bruker Corporation, Santa Barbara, CA). Bacterial cells were immobi-
lized by mechanical trapping into porous polycarbonate membranes
(Millipore, Billerica, MA) with a pore size similar to the cell size. After
filtering a cell suspension, the filter was gently rinsed with TBS plus 1 mM
ZnCl,, carefully cut (1 cm by 1 cm), and attached to a steel sample puck
using a small piece of double-face adhesive tape, and the mounted sample
was transferred into the AFM liquid cell while avoiding dewetting. First,
bare probes were used to localize and image individual cells and then were
replaced by A domain probes. Adhesion force maps were obtained by
recording 32-by-32 force-distance curves on areas of 500 by 500 nm,
calculating the adhesion force for each force curve, and displaying the
adhesive events as gray pixels. All force curves were recorded at 100-ms
contact time, with a maximum applied force of 250 pN, and using a
constant approach and retraction speed of 1,000 nm/s.

Single-molecule force spectroscopy on model surfaces. SMFS mea-
surements using tips and substrates functionalized with FnBPA A do-
mains were performed at room temperature (20°C) in TBS buffer plus
1 mM ZnCl, using a Nanoscope VIII Multimode AFM (Bruker Corpora-
tion, Santa Barbara, CA). Recombinant FnBPA A domain with a
C-terminal His tag was immobilized onto cantilevers and substrates as
follows. Silicon substrates were coated by thermal evaporation with a thin
layer of Cr (5 nm) followed by a thin layer of gold (30 nm). Gold substrates
and gold cantilevers (see above) were rinsed in ethanol, cleaned for 10 min
by UV-ozone treatment, rinsed in ethanol, and dried with N,. They were
immersed overnight in a 0.1 mM solution of 99% HS-C,,-(EG);-OH
thiols (ProChimia) and 1% HS-C,,-(EG);-NTA thiols (ProChimia),
rinsed with ethanol, dried with N,, and immersed in a 40 mM aqueous
solution of NiSO, (pH 7.2) for 30 min. Cantilevers and substrates were
then incubated in a 200-ul droplet of a 200-ug/ml solution of FnBPA A
domains for 1 h and rinsed and stored in PBS. Unless stated otherwise,
multiple force curves were recorded at 100-ms contact time, with a max-
imum applied force of 250 pN, and using a constant approach and retrac-
tion speed of 1,000 nm/s.
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