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ABSTRACT: Binding of the Staphylococcus aureus surface
protein clumping factor A (ClfA) to endothelial cell integrin
αVβ3 plays a crucial role during sepsis, by causing endothelial
cell apoptosis and loss of barrier integrity. ClfA uses the blood
plasma protein fibrinogen (Fg) to bind to αVβ3 but how this is
achieved at the molecular level is not known. Here we
investigate the mechanical strength of the three-component
ClfA-Fg-αVβ3 interaction on living bacteria, by means of
single-molecule experiments. We find that the ClfA-Fg-αVβ3
ternary complex is extremely stable, being able to sustain forces (∼800 pN) that are much stronger than those of classical bonds
between integrins and the Arg-Gly-Asp (RGD) tripeptide sequence (∼100 pN). Adhesion forces between single bacteria and
αVβ3 are strongly inhibited by an anti-αVβ3 antibody, the RGD peptide, and the cyclic RGD peptide cilengitide, showing that
formation of the complex involves RGD-dependent binding sites and can be efficiently inhibited by αVβ3 blockers. Collectively,
our experiments favor a binding mechanism involving the extraordinary elasticity of Fg. In the absence of mechanical stress,
RGD572−574 sequences in the Aα chains mediate weak binding to αVβ3, whereas under high mechanical stress exposure of cryptic
Aα chain RGD95−97 sequences leads to extremely strong binding to the integrin. Our results identify an unexpected and
previously undescribed force-dependent binding mechanism between ClfA and αVβ3 on endothelial cells, which could represent
a potential target to fight staphylococcal bloodstream infections.
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S taphylococcus aureus is a Gram-positive bacterial pathogen
that causes a variety of infections, ranging from mild skin

diseases, such as impetigo and cellulitis1,2 to serious invasive
diseases like bloodstream infection.3 Sepsis is the body’s
overwhelming and life-threatening response to infection that
can lead to tissue damage and organ dysfunction culminating
in death.4 The endothelium is a major target of sepsis
condition and endothelial damage accounts for much of the
pathology. S. aureus has developed sophisticated mechanisms
to attach to endothelial cells lining the heart and vessel wall
and to the exposed subendothelial matrix. Among the
multitude of S. aureus virulence factors, cell wall-anchored
(CWA) proteins such as fibronectin-binding proteins FnBPA/
B and clumping factor A (ClfA) mediate adhesion to host cells
and to extracellular matrix components.5 ClfA is a fibrinogen
(Fg)-binding protein that plays a dual role in S. aureus-
endothelium adhesion, that is, via von Willebrand factor
binding protein (vWFbp)-dependent attachment to endothe-
lial VWF under shear stress,6 and binding to endothelial cell
αVβ3 integrin in the presence of Fg. Attachment of S. aureus to
vascular endothelial cells results in Ca2+ mobilization,
exocytosis of granules and deposition of vWF on the surface

of endothelial cells (Figure 1A). In turn, a significant
disturbance in barrier integrity occurs due to the reduction
in VE-cadherin expression in the cell membrane. The
macroscopic consequences of these biological events include
cell−cell detachment, increased vascular permeability, and
ultimately cell death by apoptosis. ClfA binding to αVβ3 is
significantly inhibited by cilengitide (Figure 1A) and prevents
endothelial dysfunction, suggesting that the integrin is a
potential target to treat S. aureus bloodstream infections.7

S. aureus adhesion to vascular endothelial cells involves the
formation of the ClfA-Fg-αVβ3 ternary complex and thus of
ClfA-Fg and Fg-αVβ3 bonds. ClfA binds the carboxy-terminus
of the γ-chain of Fg through a variation of the multistep “dock,
lock, and latch” (DLL) mechanism8

first described for the
binding of the S. epidermidis protein SdrG to Fg.9 The N-
terminus of ClfA contains a signal sequence followed by the
ligand-binding region A composed of three separately folded
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domains N1, N2, and N3. The carboxy-terminus of the γ-chain
docks in a ligand-binding trench located between domains N2
and N3. The DLL mechanism involves dynamic conforma-
tional changes of the adhesin that result in a greatly stabilized
adhesin-ligand complex with a strength equivalent to that of a
covalent bond.10,11 The overall affinity of Fg binding is
increased through interaction with a recently described second
site that lies at the top of subdomain N3 outside of the DLL
ligand-binding trench.12

As all integrins, αVβ3 is a heterodimer of noncovalently
associated α- and β-subunits, expressed at the surface of
mammalian cells.13,14 The α- and β-subunits are composed of
several domains with flexible linkers between them. Each
subunits has a single membrane-spanning helix and, usually, a
short cytoplasmic tail. αVβ3 is the major integrin expressed on
the surface of endothelial cells and is involved in tumor

angiogenesis, metastasis, inflammation, and bone resorption.15

It binds to multiple ligands including vitronectin, fibronectin,
vWF, and Fg and also serves as a receptor for several viruses
such as adenovirus and human immunodeficient virus.16 αVβ3
shares with other integrins the ability to recognize the Arg-Gly-
Asp (RGD) tripeptide sequence found in several extracellular
matrix (ECM) proteins, such as Fg, thereby promoting cell
adhesion to the ECM. RGD binds at the interface between the
α- and β-subunits with variable affinity, possibly reflecting
differences in the fitting of the ligand RGD conformation with
the specific α−β active site pocket.17 Fg-binding by αVβ3
involves a RGD sequence at Aα chain residues 572−57418
(Figure 1B). Another RGD sequence at Aα chain residues 95−
97 fails to bind in standard bioassays.19 In addition, two γ
chain-derived peptides GWTVFQKRLDGSV190−202 and
GVYYQGGTYSKAS346−358 were shown to block αVβ3-

Figure 1. Biological significance of the Fg-dependent bridge between ClfA on the bacterial surface and αVβ3 in the host cell membrane. (A) During
sepsis, attachment of S. aureus surface protein ClfA to endothelial cell integrin αVβ3 induces endothelial cell apoptosis and loss of barrier integrity.
ClfA uses the blood protein Fg to bridge αVβ3 under shear stress conditions. Cilengitide is a cyclic Arg-Gly-Asp (RGD)-derived peptide binding
with high affinity to αVβ3. (B) Schematic structure of Fg, emphasizing ClfA and RGD-dependent αVβ3 binding sites, as well as RGD cryptic
sequences.
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mediated cell adhesion. These sequences are located next to
each other in the γ-chain crystal structure, although they are
separated in the primary structure, suggesting the two
segments are part of the αVβ3 binding site and concur to its
formation.20

Despite the medical relevance of ClfA-mediated adhesion to
vascular endothelial cells, we presently know very little about
the molecular mechanism guiding the formation and stability
of the ClfA-Fg-αVβ3 complex. Here single-molecule atomic
force microscopy (AFM)21 is used to investigate the
mechanostability of this three-component interaction. The
results show that the Fg bridge between ClfA and αVβ3 is
extremely strong and point to a model where this high

mechanostability results from the force-induced exposure of
cryptic RGD binding sites in the Fg molecule.

Results and Discussion. Role of the ClfA-Fg-αVβ3
Interaction in Bacterial Adhesion. To study the ClfA-Fg-
αVβ3 interaction, we used S. aureus SH1000 clfA clf B fnbA
fnbB (here after called S. aureus ClfA(−) cells) and the same
mutant strain transformed with a plasmid expressing the entire
clfA gene (ClfA(+) cells).22 The role of the ternary complex in
bacterial adhesion was first assessed by optical microscopy.
Bacteria expressing full length ClfA (ClfA(+)) were pretreated
with soluble Fg and incubated in static conditions with αVβ3-
conditioned plastic substrates. Unlike bacteria lacking ClfA
(ClfA(−)), ClfA(+) bacteria adhered in large amounts to αVβ3
surfaces. Adhesion was abrogated when αVβ3 surfaces were

Figure 2. Role of the ClfA-Fg-αVβ3 interaction in S. aureus adhesion. (A) Optical microscopy images of bacteria adhering to αVβ3-coated substrates:
Fg-pretreated ClfA(+) cells, Fg-pretreated ClfA(+) cells incubated with αVβ3 surfaces blocked with LM 609 antibody, and Fg-pretreated ClfA(−) cells.
(B) Quantification of Fg-pretreated ClfA(+) cells adhering to αVβ3-coated substrates in a flow chamber under low and high shear stresses. Boxplots
represent the mean values (squares), 25 and 75% quartiles (box plot limits) and outliers (whiskers) from 10 images from 2 different experiments.
(C) Bacterial attachment to microtiter wells coated with αvβ3. Coated wells were mixed with/without Fg and incubated with S. aureus ClfA(+) or
ClfA(−) cells. After washing, attached bacteria were detected by mouse HRP-conjugated antibody. Where indicated, integrin-coated wells were
incubated with Fg in the presence/absence of the synthetic dodecapeptide mimicking the C-terminal segment of the Fg γ chain (residues 400−
411). The effect of RGD or RGE peptides on the adhesion of ClfA(+) to αVβ3 preincubated with Fg was also tested. Shown here are the means and
standard deviation of results of three independent experiments, each performed in duplicate. (D) Bacterial adhesion to endothelial cell monolayers.
Confluent HUVEC monolayers were pretreated or not with Fg and incubated with S. aureus ClfA(+) or ClfA(−) cells. After washing, attached
bacteria were detected by addition of HRP-conjugated antibody to the wells. Where indicated, the effect of RGD or RGE peptides was tested.
Alternatively (inset), confluent cell monolayers were incubated with S. aureus ClfA(+) in the presence/absence of Fg. Monolayers were extensively
washed, lysed, and CFU (colony forming units) counted by serial dilution of endothelial lysates and plating onto brain heart infusion agar plates.
Shown here are the means and standard deviation of results of two independent experiments, each performed in duplicate.
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incubated with the anti-integrin RGD recognition site antibody
LM60923 (Figure 2A), thus showing that ClfA specifically
couples to αVβ3 integrin in the presence of Fg. As fluid shear

stress favors ClfA-dependent S. aureus adhesion,22 we also
studied bacterial adhesion under flow using a microparallel
flow chamber (Figure 2B). Adhesion of Fg-treated ClfA(+) cells

Figure 3. Fg-dependent adhesion forces between single bacteria and αVβ3 integrins. (A, B) Adhesion force and rupture length histograms with
representative force profiles obtained by recording force−distance curves in PBS between S. aureus ClfA(+) cells pretreated with Fg and αVβ3
immobilized on solid substrates. (C) Force data between untreated S. aureus ClfA(+) cells and αVβ3 substrates. (D) Force data between S. aureus
ClfA(−) cells pretreated with Fg and αVβ3 substrates. (E−G) Force data between Fg pretreated S. aureus ClfA(+) cells and αVβ3 substrates, following
addition of anti-αVβ3 antibody LM609, RGD peptide, or cilengitide, respectively. (H) Force data between S. aureus ClfA(+) cells pretreated with the
short γ-chain peptide of Fg. For each panel, data from three representative bacterial cells are shown (for more cells, see Figure 5).
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to αVβ3 surfaces was substantially enhanced when increasing
the shear rate from 12 to 120 s−1, corresponding to normal
venous shear rates.24 This observation indicates that physical
forces associated with fluid shear favor bacterial adhesion.
Bacterial cells were then tested for their ability to attach to

αVβ3-coated microtiter wells in the absence or presence of
soluble Fg (Figure 2C). ClfA(+) cells, but not ClfA(−) ones,
were found to largely adhere to integrin surfaces when Fg was
present. To further check the specificity of adhesion, we tested
the influence of the tripeptide RGD, found in numerous
proteins including fibronectin and Fg.25 While the control
peptide RGE had no inhibitory effect, the RGD peptide
strongly reduced the level of adherence of ClfA(+) cells in the

presence of Fg. Previously, it has been shown that ClfA binds
the C-terminal segment of the Fg γ-chain.26,27 Consistently,
adherence of Fg-mediated ClfA(+) staphylococci to αVβ3 was
substantially inhibited by a synthetic dodecapeptide mimicking
the C-terminal moiety of the Fg γ-chain (residues 400−411).
We also checked whether Fg-mediated ClfA binding to αVβ3

is critical for the attachment of S. aureus to endothelial cells7

(Figure 2D). Using a standard adhesion assay of human
umbilical vein endothelial cells (HUVEC) cells, ClfA(+) cells,
unlike ClfA(−) ones, were found to massively adhere to
endothelial cell monolayers in the presence of Fg only,
confirming the role of ClfA and Fg in endothelium
colonization. When ClfA(+) bacterial adhesion to HUVEC

Figure 4. The Fg bridge between ClfA and αVβ3 is extremely strong. (A) Maximum adhesion force histograms and (B) rupture length histograms
with representative retraction force profiles (insets) obtained by recording force−distance curves in PBS between S. aureus ClfA(+) cells pretreated
with Fg and αVβ3-modified AFM tips. (C,D) Force data obtained for untreated S. aureus ClfA(+) cells (C) and for Fg-pretreated S. aureus ClfA(−)

cells (D). Data from three representative bacteria are shown (for more cells, see Figure 5). (E) Distribution of peak-to-peak distances associated
with Fg unfolding, documenting multiple small unfolding events of 88 ± 22 pN separated by 12 ± 2 nm, and larger events of 138 ± 37 pN
separated by 23 ± 2 nm. (F) Plot of unfolding force as a function of the peak-to-peak distance, showing that low forces are associated with short
distances, while high forces are linked to longer distances.
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cells were detected by the CFU method (Figure 2D, inset), a
significant difference between bacterial attachment in the
presence and absence of Fg was observed but some residual
attachment was observed in the absence of Fg, indicating that
other minor adhesion mechanisms were operational. These
results strongly suggest that the recombinant integrin is in its
folded native conformation. Indeed, binding of bacteria to
integrin-coated surfaces (Figure 2C) and attachment of S.
aureus to endothelial cell monolayers (Figure 2D) led to very
similar binding and inhibition behaviors. This shows that the
conformation and activity of immobilized proteins is not
substantially different from that of proteins exposed on the cell
surfaces.

S. aureus Strongly Binds to αVβ3-Coated Surfaces. To
study the strength of the ClfA-Fg-αVβ3 interaction, we first
measured the forces between single S. aureus ClfA(+) bacteria
and αVβ3 integrins immobilized on solid substrates (Figure 3).
Strong adhesion was frequently detected between Fg-treated
ClfA(+) cells and αVβ3 surfaces (adhesion frequency ∼46%;
mean from 3 cells) with a force distribution showing three
maxima at 255 ± 97 pN, 853 ± 170 pN, and 1,534 ± 211
(mean ± s.d.; n = 542 adhesive curves from 3 cells, Figure
3A,B; for data on more cells see Figure 5A). Several lines of
evidence show that these forces are primarily associated with
the ClfA-Fg-αVβ3 complex. First, much weaker adhesion was
measured when using native, untreated ClfA(+) cells (Figure

Figure 5. Strength and specificity of the ClfA-Fg-αVβ3 complex: single-cell versus single-molecule experiments. (A) Adhesion frequency, maximum
adhesion force, and rupture lengths for single-cell force spectroscopy experiments obtained by probing the interaction between multiple bacteria
and αVβ3 immobilized on solid substrates: Fg-pretreated ClfA(+) cells (n = 15 cells; 2077 adhesive curves), anti-integrin LM609 antibody (n = 10;
104 adhesive curves), RGD peptide (n = 9; 140 adhesive curves), cilengitide (n = 10; 127 adhesive curves), and Fg γ-chain peptide (n = 10; 195
adhesive curves). (B) Data from single-molecule force spectroscopy experiments obtained by probing multiple bacteria with αVβ3-modified AFM
tips: Fg-pretreated ClfA(+) cells (n = 10; 2400 adhesive curves), native ClfA(+) cells (n = 10; 155 adhesive curves), and Fg-pretreated ClfA(−) cells
(n = 10; 251 adhesive curves). Boxplots represent the mean values (squares), medians (horizontal line), 25 and 75% quartiles (box plot limits) and
outliers (whiskers).
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3C) or Fg-treated ClfA(−) cells (Figure 3D). Second, the high
specificity of the bond was demonstrated by showing a strong
inhibition of adhesion with the following blocking agents: anti-
αVβ3 antibody (LM609), RGD, and cilengitide (adhesion
frequency of 3%, 5%, and 6%; adhesion force of 98 ± 36 pN,
147 ± 73 pN, and 82 ± 30 pN, respectively; Figure 3E−G; for
data on more cells see Figure 5A). Third, we found that
addition of a short γ-chain peptide strongly blocked the
adhesion of Fg-treated ClfA(+) cells (frequency of 6%, adhesion
force of 103 ± 47 pN, Figure 3H; for data on more cells see
Figure 5A), thus confirming the importance of the Fg-ClfA
DLL bond in the interaction. Note that Fg induces
conformational changes in FnBPs resulting in buried
plasminogen-binding domains to be exposed, thereby promot-
ing strong interactions with plasminogen.28 Our γ-chain
peptide experiment allows us to exclude such a mechanism
in which structural changes in ClfA would favor strong direct
binding to integrins. Collectively, these results lead us to
believe that the ∼800 pN force represents the rupture of a
strong Fg-dependent bridge between ClfA and αVβ3, whereas
the ∼1600 pN force sometime observed would result from the
simultaneous rupture of two ClfA-Fg-αVβ3 complexes. The
∼250 pN force represents another weak specific ClfA-Fg-αVβ3
bond. Both ∼250 and ∼800 pN bonds are highly specific (see
controls above) and involve RGD sequences as they were
inhibited by soluble RGD and cilengitide. This implies that in
our force experiments the two γ-chain-derived non-RGD
peptides20 GWTVFQKRLDGSV190−202 and GVYYQGGT-
YSKAS346−358 only contribute modestly to αVβ3 binding.
These observations suggest a two-site mechanism in which,
besides the rather weak RGD572−574 binding site, there is a
much stronger RGD site located in another domain of Fg.
Although in the folded state this site is buried, it may become
exposed under mechanical force.
As membrane proteins from mammalian cells are easily

extracted from the membrane under high forces, one may
wonder whether our high forces are biologically relevant. First,
it is likely that in vivo clustering of integrins will increase the
strength and avidity of the interaction. Second, other binding
mechanisms via other adhesins and ligands are likely to
contribute to the overall adhesion. Third, the stretching
geometry clearly differs between in vitro and in vivo

conditions, and as the pulling geometry impacts binding forces
this may explain why integrins can sustain high forces in vivo.

Mechanostability of the ClfA-Fg-αVβ3 Complex. To further
dissect the molecular details of the mechanostability of the
ClfA-Fg-αVβ3 bond, we measured the forces between AFM tips
functionalized with αVβ3 and S. aureus ClfA(+) cells pretreated
with soluble Fg (Figure 4). Adhesion forces were frequently
detected (∼37% mean on 3 cells) and showed 2 maxima at 258
± 67 pN and 713 ± 140 pN (Gaussian fits; n = 1110 adhesive
curves from 3 cells, Figure 4A,B; for data on more cells see
Figure 5B). These low and high forces are very similar to those
observed with whole cells (Figure 3) and were abrogated when
using native, untreated ClfA(+) cells (Figure 4C), or Fg-treated
ClfA(−) cells (Figure 4D), implying again that they represent
the signature of the Fg bridging interaction between ClfA and
αVβ3.
Interestingly, sawtooth patterns were observed in a number

of curves (∼15% of all adhesive curves), each peak
corresponding to the force-induced unfolding of an individual
protein domain. We argue that these multipeak signatures
originate from the unusual elasticity and extensibility of the Fg
molecule, particularly the C-terminal γ-chain nodules and, to
some extent, the α-helical coiled-coil connectors.29 As
unfolding of the γ-nodules (2 × 411 residues) largely
contributes to protein unfolding, we expect protein extensions
of ∼300 nm, which is what we observed, 300 ± 86 nm (n =
1110; 3 cells). A few ∼600 nm extensions were observed, likely
to be associated with dimers, as these are known to form at
solid−liquid interfaces.30 Earlier simulation and AFM experi-
ments29 have revealed that under force, 10−15 nm extension
of the α-helical coiled-coil connectors occurs, followed by
sequential unraveling of the compact globular structural
domains in the γ-nodules, leading to protein extensions in
the 25−33 nm range. Consistent with this, ∼15% of adhesive
curves displayed multiple small peaks of 88 ± 22 pN separated
by 12 ± 2 nm, followed by larger peaks of 138 ± 37 pN
separated by 23 ± 2 nm (Figure 4E,F). The number of peaks
(∼5−8 for both low and high forces) is consistent with those
expected for Fg monomers and dimers,29 suggesting that
dimers are also involved in the bridging interaction.
We reasoned that the weakest side of the ClfA-Fg-αVβ3

complex should be the Fg-αVβ3 bond, as the Fg-ClfA bond is
very strong (∼1500 pN).22 Intriguingly, we found that the

Figure 6. The bond between Fg and αVβ3 is weak. (A,B) Maximum adhesion force (A) and rupture length (B) histograms with representative
retraction force profiles (insets) obtained by recording force−distance curves in PBS between Fg-modified AFM tips and αVβ3 immobilized on
solid substrates. Data from 3 different tips (3072 curves).
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strength of the Fg-αVβ3 bond (74 ± 13 pN; Figure 6) is in the
range of that of classical RGD-integrin binding strengths
(∼100 pN range),31−34 thus much lower than the strength of
the three-component complex (∼800 pN). This unexpected
behavior leads us to believe that under mechanical force,
extension of Fg leads to the exposure of a strong cryptic RGD
site. Analysis of the primary structures of the mechanically
sensitive domains, the γ-chain nodules, and the α-helical
coiled-coils29 indeed reveals a buried RGD95−97 site in the
latter whereas the γ-chain nodules lack any RGD sequence.
These observations argue in favor of a two-site mechanism in
which, besides the rather weak RGD572−574 binding site, there
is a much stronger site located in the Aα chain, RGD95−97.
Supporting this mechanical model, single-molecule stretching
experiments have shown that mechanical force leads to the
unfolding of the C-terminal γ-chain nodules and to the
extension of the α-helical coiled-coil connectors.29

In conclusion, sepsis is a life-threatening condition resulting
from the presence of harmful bacteria, especially S. aureus,35 in
the blood that can lead to tissue damage, organ failure, and
death.4 The disease initially occurs when the pathogens access
the bloodstream and bind to the endothelium, thereby
impairing vascular functions with consequent vasodilation,
increased vascular permeability and edema, cardiac depression,
and alteration of the coagulation cascade. The success of S.
aureus as an etiological agent of sepsis is largely due to the
expression of adhesins, particularly clumping factor A (ClfA), a
key virulence factor in bloodstream infections.36,37 ClfA is
involved in binding to αVβ3, the latter being upregulated in
sepsis patients.38 Understanding the mechanism by which ClfA
binds to endothelial cells is thus of both biological and medical
relevance.
We have identified a novel stress-dependent binding

mechanism in which the simultaneous binding of Fg to ClfA
and αVβ3 leads to an extremely strong three-component
interaction. Such a mechanically stable bridge was unexpected
and surprising as the ClfA-Fg-αVβ3 interaction is about ten
times stronger than the Fg-αVβ3 bond. Adhesion force
signatures feature periodic peaks that result from the unfolding
of the Fg γ chain nodules and extension of α-helical coiled-
coils, suggesting that domain folding/unfolding plays an
important role in the mechanostability of the bond. We
propose that the ClfA-Fg complex binds to αVβ3 by means of
two distinct RGD sites, which adhesion strength is activated by
mechanical tension. At low stress, the RGD572−574 sequences in
the Aα chains mediate weak binding to αVβ3. At high stress,
exposure of the RGD95−97 residues favor strong binding to the
integrin. This mechanoregulated adhesion mechanism contrib-
utes to the growing body of evidence showing that mechanical
forces play an essential role in regulating staphylococcal
adhesion.11,39,40

To understand the physics of force activation in bacterial
adhesion, one must appreciate the difference between affinity
values measured at equilibrium versus binding strengths
probed under force, out of equilibrium. Under tensile loading,
conformational changes in a protein−ligand complex may lead
to strong binding forces even if the affinity is low. In previous
studies, the binding sites and affinity of Fg for αVβ3 were
determined in the absence of shear stress with full-length Fg or
isolated chains and in the presence of inhibitory synthetic
peptides.18,20,27 As during bloodstream infection, bacteria,
endothelial cells, and ECM matrix are subjected to
considerable shear, we argue that adhesion parameters should

be probed under physical stress, as in flow chambers
(population) and AFM (single-molecule) experiments, rather
than at equilibrium.
As ligand binding by integrins triggers intracellular signaling

cascades that strengthen cell adhesion, it is possible that the
mechanically strong bridge contributes to signaling. It has been
shown that the signaling-and migration-incapable αVβ3-TMD
mutant TMD-GpA (transmembrane domain of glycophorin A)
features the characteristics of a primed integrin state, which is
of low basal affinity in the absence of force but forms strong
bonds (∼200 pN) in the presence of force.41 Being ideally
suited to function as a force sensor, TMDGpA may thus mimic
a force-activatable signaling intermediate with low basal
affinity. Our findings parallel these results, providing a possible
molecular basis for understanding the high mechanostability of
the ClfA-Fg-αVβ3 ternary complex during S. aureus adhesion to
endothelium.
Our study could have important implications for the design

of new therapeutics against S. aureus. Blocking αVβ3 with
cilengitide resulted in a significant reduction in the endothelial
cell permeability induced by S. aureus and stabilization of the
VE-cadherin contacts, suggesting that preventing the ClfA-
αVβ3 interaction with cilengitide arrests the signal that leads to
apoptosis and the subsequent reduction in VE-cadherin
expression, thus reducing the possibility of an increase in
vascular permeability. This supports recent findings suggesting
that cilengitide could be potentially used as an antiadhesion
drug, together with antibiotics, to fight sepsis.7

Methods. Bacterial Strains and Growth Conditions. S.
aureus ClfA(−) is a S. aureus SH1000 clfA clf B fnbA fnbB strain
defective in both clumping factors A and B and fibronectin-
binding proteins A and B42 whereas S. aureus ClfA(+) is
SH1000 clfA clf B fnbA fnbB transformed with the plasmid
pCU1::clfA.43 All strains were grown in trypticase soy agar or
trypticase soy broth with shaking at 200 rpm at 37 °C to
stationary phase. S.aureus ClfA(+) was grown with 10 μg·mL−1

chloramphenicol. For AFM experiments, cells were harvested
by centrifugation at 3000×g for 5 min and washed twice with
PBS. For some experiments, bacteria were preincubated for 60
min with 0.1 mg.mL−1 of soluble fibrinogen (sigma) or the C-
terminal segment of the Fg γ-chain (0.2 mg.mL−1).

Endothelial Cell Culture. Endothelial cells (HUVEC) were
cultured in endothelial basal medium (EBM) supplemented
with 2% fetal bovine serum (FBS), 0.4% bovine brain extract,
0.1% human epidermal grow factor, 0.1% hydrocortisone, 0.1%
ascorbic acid, and 0.1% gentamicin/amphotericin at 37 °C in
5% CO2 according to manufacturer’s instructions (Lonza).
Cultured cells were dissociated from plastic flasks using
trypsin-EDTA solution (Lonza) and approximatively 5 × 105

cells (in 1 mL EBM medium without antibiotics) were seeded
into 24-well plates (Nunc) and allowed to attach for 48 h at
37° in 5% CO2. Cell confluency was verified by inverted light
microscopy.

Bacterial Adherence to αVβ3-Coated Microtiter Wells.
Microtiter wells were coated overnight at 4 °C with 250 ng/
well αvβ3 in 0.1 M sodium carbonate, pH 9.5. The plates were
washed with PBS containing 0.5% (v/v) Tween 20 (PBST).
To block additional protein binding sites, the wells were
treated for 1 h at 22 °C with 2% (v/v) bovine serum albumin
(BSA) in PBS. Wells were then preincubated for 1 h with 1 μg
of Fg in the presence/absence of 10 μg Fg γ chain (residues
400−411) in PBS containing 1 mM MgCl2 and incubated in
the same buffer for 1 h with 5 × 107 cells of S. aureus ClfA(+) or
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ClfA(−). To evaluate the effect of RGD or RGE peptides
(Sigma-Aldrich, St. Louis, Missouri, U.S.A.) on adhesion, the
peptides were added 15 min prior to addition of the bacterial
cells. After being washed with PBS containing 1 mM MgCl2,
plates were incubated for 1 h with horseradish peroxidase
(HRP)-conjugated mouse IgG diluted 1:1000. After further
washing, o-phenylendiamine dihydochloride was added to the
wells, and the absorbance at 490 nm was determined using an
ELISA plate reader.
Bacterial Attachment to Endothelial Cell Monolayers.

Confluent monolayers of HUVEC cells in microtiter plates
were washed with PBS and incubated with 1 × 107 of S. aureus
ClfA(+) or ClfA(−) bacteria in EMB medium containing 10%
FBS and without antibiotics for 90 min at 37 °C in 5% CO2.
The effect of Fg on bacterial adhesion to monolayers was
tested by pretreating the cells with 10 μg·mL−1 of the protein 1
h prior to addition of the bacteria. To evaluate the effect of
synthetic peptides on adhesion, monolayers pretreated with Fg
were incubated with ClfA(+) in the presence of RGD or RGE
peptides. After being washed with PBS, plates were incubated
with horseradish peroxidase-conjugated mouse IgG diluted
1:1000. After further washing, o-phenylendiamine dihydo-
chloride was added to the wells, and the absorbance at 490 nm
measured as reported above. Alternatively, bacterial attach-
ment was determined by counting colony forming units
(CFU) associated with the monolayers. To this end, HUVEC
monolayers in 24-well plates were incubated with 5 × 107

ClfA(+) in the presence/absence of 10 μg/mL Fg, washed with
PBS and finally added with 500 μL 0.5% Triton X-100 in PBS
for 10 min at 37 °C in 5% CO2. To ensure the cells fully lysed
and released all internalized bacteria, suspensions were agitated
by pipetting. CFU were determined by serial dilution of
endothelial cell lysates and plating onto BHI agar plates
overnight at 37 °C.
Functionalization of Substrates and Cantilevers with

Integrins. Gold-coated glass coverslips and cantilevers
(OMCL-TR4, Olympus Ltd., Tokyo, Japan; nominal spring
constant ∼0.02 N.m−1) were immersed overnight in an ethanol
solution containing 1 mM of 10% 16-mercaptododecahexanoic
acid/90% 1-mercapto-1-undecanol (Sigma), rinsed with
ethanol and dried with N2. Substrates and cantilevers were
then immersed for 30 min into a solution containing 10 mg·
mL−1 N-hydroxysuccinimide (NHS) and 25 mg·mL−1 1-ethyl-
3-(3- dimethylaminopropyl)-carbodiimide (EDC) (Sigma),
rinsed with ultrapure water (ELGA LabWater), incubated
with 0.1 mg·mL−1 of integrin αVβ3 (Merck) for 1 h, rinsed
further with PBS buffer, and then immediately used without
dewetting.
Bacterial Adhesion to Integrin-Coated Surfaces. Adhesion

of S.aureus bacteria was assessed on integrin αVβ3-function-
alized surfaces in static and dynamic conditions. For static
experiments, bacterial suspensions in PBS were incubated with
αVβ3 surfaces for 2 h at 37 °C, gently rinsed with PBS, and
imaged using an optical microscope Zeiss Axio Observer Z1
and a Hamamatsu camera C10600. For flow experiments,
bacterial suspensions were flowed over integrin αVβ3 surfaces
for 2 min using a fluidic chamber,44 using a peristaltic pump
(Miniplus, Gilson). Two different flow rates were tested, 2 and
20 mL·min−1, corresponding to shear rates of 12 and 120 s−1,
respectively. Loosely attached bacteria were removed by
flowing PBS during 2 min using the corresponding flow rate.
Adhering bacteria were imaged using an inverted microscope

(Leica DM16000) and counted using the ImageJ image
analysis software (NIH Image).

Single-Cell Force Spectroscopy. Colloidal probes were
obtained by attaching single silica microsphere (6.1 μm
diameter, Bangs laboratories) with a thin layer of UV-curable
glue (NOA 63, Norland Edmund Optics) on triangular shaped
tip-less cantilevers (NP-O10, Bruker) using a Nanowizard IV
AFM (JPK Instrument, Berlin, Germany). Cantilevers were
then immersed for 1 h in Tris-buffered saline (TBS; Tris, 50
mM; NaCl, 150 mM; pH 8.5) containing 4 mg·mL−1

dopamine hydrochloride (Sigma-Aldrich), rinsed in TBS, and
used directly for cell probe preparation. The nominal spring
constant of the colloidal probe was determined by the thermal
noise method. Fifty microliters of a suspension of about 1 ×
106 cells were transferred into a glass Petri dish containing
αvβ3-coated substrates in PBS. The colloidal probe was
brought into contact with a single bacterium and the cell
probe was then positioned over the integrin αvβ3-substrate
without dewetting. Cell probes were used to measure
interaction forces on integrin αvβ3-surfaces at room temper-
ature by recording multiple forces curves (16 × 16) on
different spots with a maximum applied force of 250 pN, and
approach and retraction speeds of 1000 nm·s−1. Histograms
were generated by considering for every curve the force and
the distance of the last rupture event. For some blocking
experiments, we used commercially available RGDFV peptide
(Sigma-Aldrich), cilengitide (Sigma), or antiαvβ3 antibody
LM 609 (Abcam). Histograms were generated by considering
for every curve the force and the distance of the last rupture
event.

Single-Molecule Force Spectroscopy. For SMFS experi-
ments on bacteria, cantilevers were prepared as described
above and the cells were immobilized on polystyrene
substrates. Measurements were performed at room temper-
ature in PBS with a NanoWizard IV AFM (JPK Instruments).
Multiple (32 × 32) force−distance curves were recorded on
areas of 500 × 500 nm2 with an applied force of 250 pN, a
constant approach, and retraction speed of 1000 nm·s−1. For
SMFS experiments on model surfaces, substrates and canti-
levers were prepared as described above and multiple (32 ×
32) force−distance curves were recorded on areas of 5 by 5
μm.2 Histograms were generated by considering, for every
curve, the force and the distance of the last rupture event. The
spring constants of the cantilevers were measured by the
thermal noise method. Data were analyzed with the data
processing software from JPK Instruments (Berlin, Germany).
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