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ABSTRACT: Binding of Staphylococcus aureus surface proteins to
endothelial cell integrins plays essential roles in host cell adhesion
and invasion, eventually leading to life-threatening diseases. The
staphylococcal protein IsdB binds to f3-containing integrins
through a mechanism that has never been thoroughly investigated.
Here, we identify and characterize at the nanoscale a previously
undescribed stress-dependent adhesion between IsdB and integrin
ayf;. The strength of single IsdB—arf3; interactions is moderate
(~100 pN) under low stress, but it increases dramatically under
high stress (~1000—2000 pN) to exceed the forces traditionally
reported for the binding between integrins and Arg-Gly-Asp
(RGD) sequences. We suggest a mechanism where high
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mechanical stress induces conformational changes in the integrin from a low-affinity, weak binding state to a high-affinity, strong
binding state. This single-molecule study highlights that direct adhesin—integrin interactions represent potential targets to fight

staphylococcal infections.
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S taphylococcus aureus is an opportunistic pathogen which
can lead to life-threatening diseases, such as bloodstream
infections.' > Mostly known for its role in nosocomial
infections and for its ability to resist methicillin, S. aureus is
now considered as a worldwide clinical problem.” S. aureus
expresses and uses a range of cell wall-anchored (CWA)
proteins to mediate adhesion to extracellular matrix (ECM)
components of endothelial cells. While it has long been
thought to be an extracellular pathogen, there is now
compelling evidence that this pathogen uses such CWA
proteins to support invasion of epithelial and endothelial
cells.”™®

Integrins are heterodimeric mammalian transmembrane
receptors mediating adhesion to the ECM or to other cells.”
Ligand binding provides mechanical cues and triggers
biochemical signals to regulate a number of physiological
functions such as cell development, cytoskeleton organization,
and surface receptor clustering. Fibronectin-binding proteins
(FnBPs) of S. aureus interact with @y}, integrins indirectly
through fibronectin (Fn) of the ECM, which acts as a
molecular bridge tethering the pathogen to the target cell and
promoting its internalization.”'”"" Similarly, vascular endo-
thelial dysfunction has been attributed to the ability of S.
aureus clumping factor A (CIfA) to adhere to ayf; integrins
expressed on endothelial cells, with a critical role of fibrinogen
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(Fg).12 Though less investigated, some pathogens can also
interact directly with host integrins, as exemplified by
enteropathogenic Yersinia pseudotuberculosis adhering and
invading epithelial cells via B, integrins binding to invasin
YadA.">' As integrins are potential targets to treat S. aureus
bloodstream infections, understanding their interactions with
adhesins is an important topic.

The surface determinant IsdB protein binds to hemoglobin
and provides S. aureus bacteria with a source of iron." It has
also been shown to promote the adhesion to platelets via direct
binding to a,B; and potentially to some other 3-containing
integrins. Among them, ayf; is the major integrin
expressed on endothelial cells.” These integrins promote
bacterial adhesion to the ECM thanks to their multiligand
binding activities (Vitronectin, Fn, Fg).”" Vitronectin is
notably known to form a molecular bridge between surface-
exposed IsdB and ayf; integrins, but invasion of HeLa and
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HUVEC cells by S. aureus also occurs, though with lower
probability, in the absence of vitronectin, suggesting that a
direct adhesin—integrin interaction might occur and contribute
to S. aureus pathogenesis.”' Here, we use single-molecule
experiments to demonstrate direct binding of IsdB to ayf; and
to decipher the molecular forces and dynamics guiding such
interactions. The mechanical stability of the IsdB—ayf,
complex is low under low stress conditions (150 pN at a
loading rate < 10> pN/s) but is strongly increased by
mechanical tension (up to 2000 pN at a loading rate of 10°
pN/s). Reminiscent of a catch bond behavior, this force-
enhanced binding of IsdB to ayf; integrin might help the
pathogen to firmly attach to host cells and resist fluid shear
stress conditions that, in turn, translate into higher tensile loads
on adhesive bonds.

B RESULTS AND DISCUSSION

IsdB Supports Bacterial Adhesion to Immobilized
ayfB; Integrins. We first determined the adhesion forces
between single S. aureus WT bacteria (exposing IsdB adhesins)
and ayf;-coated substrates. Figure 1A shows the maximum
adhesion forces and rupture lengths histograms obtained for
three representative cells. High binding probability was
frequently observed between WT cells and ayf3; surfaces (40
+ 5% from those three representative cells) with adhesion
forces exhibiting a widely spread distribution, from 50 pN to
1500 pN (Figure 1A). Only specific adhesive events, showing
defined single peaks, well fitted by the worm-like chain model,
were considered in the analysis; this means that non-specific
adhesion arising, e.g., from other proteins or biomolecules
unspecifically interacting with integrins were discarded. All
cells showed major adhesion forces below 500 pN, with a mean
force of 153 = 106 pN (mean # s.d. on n = 291 adhesive
curves from 3 cells; frequency of 74%). Larger forces up to
1500 pN were also observed in 26% of the cases. It is
noteworthy that we observed rupture lengths of 112 & 55 nm
(n = 392 events from 3 cells). Given that the IsdB adhesin is
made of ~600 residues and that each amino acid contributes to
0.36 nm of the contour length, the fully unfolded protein
should be ~215 nm, larger than the reported rupture lengths.
Consequently, the observed bonds break before the complete
unfolding of IsdB, highlighting the mechanical stability of those
S. aureus adhesins.

The specificity of interaction was tested by measuring the
forces between IsdB™ cells lacking IsdB and oayf;-coated
substrates (Figure 1B). There was a significant drop in
adhesion probability, from 35 + 7% (14 WT cells, Figure 3A)
to 22 + 9% (12 IsdB™ cells, Figure 3A), and only low forces of
142 + 87 pN (n = 155 adhesive events from 3 independent
cells) were observed, suggesting that IsdB plays a critical role
in the measured interaction forces. The residual adhesion still
observed for IsdB™ cells might arise from other surface
receptors. Nonetheless, as reported below, the single molecule
configuration leads to almost no adhesion for mutant cells,
confirming our hypothesis on the critical and specific role of
IsdB in driving binding to ayf; integrin. Moreover, there was a
strong reduction of adhesion when blocking the integrin with
either anti-ayf; antibodies or cilengitide, with low and high
forces still being observed (Figure 1C and D, Figure 3A). The
binding probability dropped from 35 + 7% for WT cells to 15
+ 6% (16 cells) and 23 + 9% (13 cells) for WT cells treated
with antibodies and cilengitide, respectively. The substantial
drop in adhesion confirms the overall blocking of the
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Figure 1. Single-cell force spectroscopy identifies IsdB as a mediator
for S. aureus adhesion to ayf; surfaces. (A) Adhesion force (left) and
rupture length (right) histograms obtained between three representa-
tive WT cells and ayf};—substrates interacting in PBS (color-coded).
(B) Data obtained between IsdB~ cells (3 merged cells), lacking the
IsdB adhesins, and ayf;—substrates. (C, D) Data obtained between
WT cells (3 merged cells) and ayff;—substrates blocked with anti-
ayp; antibodies LM 609 and cilengitide, respectively. For each panel,
the left inset represents a scheme of the setup and the right inset
shows representative retraction profiles. A contact time of 500 ms, a
maximum applied force of 250 pN, and approach and retraction
speeds of 1000 nm/s were used to record force—distance curves from
which adhesion forces and rupture lengths were extracted.

interaction between IsdB and aVf3, though residual specific
binding can still occur.

Strength of Single IsdB—a,f; Interactions. To further
quantify the strength of single IsdB—ayf; interactions, we
measured the forces between ayf; integrins grafted on the
AFM tip and S. aureus WT bacteria (Figure 2A). Similar to
single-cell measurements, we observed the most probable
adhesion forces below 500 pN, centered at 175 + 121 pN
(mean + s.d., from n 193 adhesive events from 3
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Figure 2. Single-molecule force spectroscopy captures the binding
strength of ayf; interacting with single IsdB adhesin expressed on S.
aureus. (A) Adhesion force (left) and rupture length (right)
histograms obtained on three representative WT cells probed with
ayPs-functionalized AFM tips (color-coded). (B) The same data on
IsdB~ cells (3 cells merged). (C) The same data obtained between
AFM tips labeled with oyf; integrins and IsdB-coated N1—N2
substrates. For each panel, the left inset represents a scheme of the
setup and the right inset shows representative retraction profiles. A
contact time of S00 ms, a maximum applied force of 250 pN, and
approach and retraction speeds of 1000 nm/s were used to record
force—distance curves from which adhesion forces and rupture lengths
were extracted.

representative independent cells), in agreement with the
strength of single integrins.

Again, we also observed higher forces up to 1500 pN at a
frequency of 29%. Similar features, though with lower adhesion
probability, were obtained when decreasing the density of
integrins grafted on the tip (1% vs 10% carboxyl-terminated
thiols) (Supplementary Figure SIA and S1B), suggesting that
such differences in strength cannot be accounted for multiple
bonds breaking in parallel but rather by intrinsic properties of
the formed IsdB—ayf; complex. Both weak and strong
interactions were abolished when probing IsdB™ cells (5% vs
23% for WT cells, Figure 3B; Figure 2B), confirming that IsdB
interacts specifically with ayf; integrins.

Also, recombinant IsdB N1—-N2 region proteins showed the
same binding features as WT cells when probed against ayf3;
tips (Figure 2C, Figure 3B), supporting the idea that IsdB was
the only surface molecule involved in the interaction.

IsdB—af; Interaction Is Strengthened by Mechanical
Force. It has been recently shown that staphylococcal adhesive
interactions can be reinforced by mechanical stress.”>~>* When
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Figure 3. Single-cell and single-molecule force spectroscopy experi-
ments reveal the specific binding between IsdB and ayf;. (A) Box
plots of the adhesion probability obtained between bacteria, either
WT or mutant cells (n cells), and ayf; immobilized on solid
substrates, in single-cell experiments. Cil. stands for the blocking
experiments performed with cilengitide and Ab for antibodies. (B)
Adhesion probability for both strains and model surfaces obtained in
single-molecule experiments over n independent samples. Stars
account for the mean values, boxes the 25—75% quartiles, and
whiskers the standard deviation. Student’s t-tests: ****p < 0.0001 and
*#¥p < 0.001.

the bacteria adhere to a surface through the specific interaction
between an adhesin and its ligand, this interaction is under
tensile load due to the diverse flow conditions encountered in
the environment. Increasing shear stress thus translates into
increasing tensile load on the bond. Therefore, we used
dynamic force spectroscopy (DFS) to measure the rupture
force (F) between ayf; tips and WT cells, when the complex is
pulled at different speeds, i.e., at different loading rates (LRs)
assessed from the force versus time curves (Figure 4).
Increasing the retraction speed from 0.5 ym/s to 10 um/s
led to a shift toward higher forces, with a progressive depletion
of the main force population at ~100 pN and an increase in
the amount of higher forces both below and above 500 pN
(Figure 4A), suggesting a force-enhanced interaction. Figure
4B shows the resulting dynamic force spectroscopy plot pooled
from four independent cells. Clearly, a nonlinear behavior was
observed with forces rising up to 2000 pN at LRs higher than
10* pN/s. Overall, the whole set of forces could not be fitted
by the Bell-Evans or the Friddle—Noy—de Yoreo (FNdeY)
models.>*?” Nonetheless, the low force regime at ~100 pN
could be described by a FNdeY model, but the sudden increase
in force and the increasing proportion of forces higher than
500 pN at higher loading rates were beyond the expectation of
this model. This led us to believe that such strong bonds arised
from a force-induced deformation and conformational change
in the complex. We analyzed the distribution of binding forces
over discrete ranges of LRs (Figure 4C, n = 7774 adhesion
events over four cells; see also Supplementary Figure S2). The
lowest LRs (10° < LR < 3 X 10° pN/s) showed only weak
forces of 100—200 pN while the highest LRs (10° < LR < 3 X
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Figure 4. Mechanical load enhances the IsdB-ayf; interaction
strength. (A) Adhesion force histograms, obtained at different
retraction speeds, by recording force curves on one representative
WT cell using AFM tips labeled with ayf; integrins. (B) Dynamic
force spectroscopy plot (force, F, vs loading rate, LR) for the
IsdB—ayf; interaction on four independent cells (pooled from n =
7774 adhesive events). The red zone indicates the threshold between
the low force regime (F < S00 pN) and the high regime (F > 500
pN). Shown in red is a Friddle—Noy—de Yoreo fit, with an
equilibrium force F.; = 44 + 15 pN, a transition energetic barrier
at x; = 0.100 + 0.002, and an off-rate constant of dissociation kg =
30.6 + 18.4 s7". (C) Adhesion force histograms obtained by sorting
the DFS data in discrete LR ranges.

10° pN/s) featured stronger forces in the 500 pN range and up
to 2000 pN. At intermediate LRs, both populations of forces
were observed in different proportions depending on the LR
(Supplementary Figure S2). The DFS plot obtained while
lowering the integrin density on the tip exhibited similar
features with forces up to 2000 pN at LRs higher than 10* pN/
s and had both increasing proportion of higher forces and
stronger forces with increasing LRs (Supplementary Figure
S1C). Consequently, it is rather unlikely that multiple
cumulative bonds could explain such high forces never
reported before for a direct adhesin—integrin binding.

Staphylococci have evolved dedicated mechanisms to
mediate strong attachment to host cells under shear stress,
chiefly mediated by surface-exposed proteins specifically
binding to host receptors or ECM proteins.”**’ We have
shown here that the direct interaction between IsdB and ayf;
integrin is stress sensitive, becoming extraordinarily strong
(1000—2000 pN) under high stress conditions. Such
interaction strength is equivalent to that of a covalent bond
and is thus much higher than that of classical li§and—integrin
bonds studied so far, in the range of ~100 pN.”"~*

Earlier studies have revealed the capacity of integrins to form
such force-enhanced complexes with, e.g, Fn, inducing a
strengthening of cellular adhesion. Notably, based on single-
molecule experiments, Kong et al. observed an increase in
bond lifetimes with forces ranging from 10 to 30 pN for a Fn
fragment in complex with an integrin fusion protein.”” Also,
Strohmeyer et al. found that fibroblasts initiate binding to Fn
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through adhesive complexes with a@sf, integrins that are
strengthened, in terms of force and lifetime, to resist shear
conditions.”* While these studies provide compelling evidence
that integrin-mediated adhesion of mammalian cells is
modulated by mechanical force, whether this occurs directly
between integrins and bacterial adhesins was not known.
Solving this question is yet critical to the development of new
integrin inhibitors to treat S. aureus infections. Unique to our
study is that IsdB directly binds to a5, in the absence of any
ligands of the ECM, and that the interaction is extraordinarily
strong under high stress conditions (loading rate of 10° pN/s).
This strong adhesion could not be described by the Friddle—
Noy—de Yoreo model, pointing to an unusal force-activated
binding mechanism. Our force-strengthened adhesion is
comparable with that reported for dock, lock, and latch
(DLL) complexes®>*° such as staphylococci SdrG, CIfA, and
CIfB adhesins’ " that can resist extreme forces ~2 nN
because of an intricate hydrogen-bonding network formed by
the locked peptide and the adhesin binding pocket.”” Though
involving a different binding mechanism, such a force-
dependent hydrogen-bonding network might contribute to
the ultastrong IsdB—ary3; interaction observed here.

Moreover, our force-enhanced IsdB—ayf; interaction is
reminiscent of the catch bond behavior exhibited by the blood
proteins selectins’’ and the bacterial adhesin FimH,*~**
which become longer lived with increasing shear stress. This
phenomenon has also been previously reported for some
ligand—integrin complexes that, in turn, strengthen cellular
adhesion under stress.””~* Interestingly, theoretical analyses
have revealed that external load could induce an increase in the
lifetime of hydrogen bonds, formed in the binding pocket
between a receptor and its ligand, leading to a catch bond
behavior,”” a finding that also explains how structurally
unrelated integrin—Fn and/or actomyosin complexes bind.

Although the molecular origin of IsdB—ayf; interaction
remains unclear, we suggest a model in which force-induced
structural changes upshift the integrins to a high affinity state.
This notion is supported by previous works showing that S.
aureus adheres to platelets through the binding of IsdB to the
high affinity form of platelet integrins o5, without the need
of an extra ECM protein.'®"” Inhibition of ay/; adhesion by
cilengitide observed in this work also highlights that the
integrin binding site for cilengitide and IsdB must be close and
that this proximity reduces binding of IsdB, as IsdB does not
contain any RGD sequence. In addition, it is possible that force
acting on integrins is transmitted to the IsdB binding site,
leading to a conformational change of the adhesin and creating
a new hydrogen-bonding network that stabilizes the complex.
Overall, our single-molecule approach on purified integrins
provides a crucial initial understanding of the molecular
mechanism underlying the direct binding of bacterial adhesins
to such targets, without the requirement of ECM proteins.
Further work is needed to confirm whether similar direct
IsdB—ayf3; interaction occurs on endothelial cells. The force-
enhanced adhesion between IsdB and integrins might be one
among many mechanisms staphylococci have developed to
efficiently colonize and/or invade their hosts while resisting
shear forces encountered in various environments upon
infection.”"

B METHODS

Bacterial Strains and Growth Conditions. S. aureus
SH1000 WT (expressing IsdB) and IsdB™ mutant (lacking the
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adhesin) cells were cultured in brain heart infusion (BHI)
broth overnight at 37 °C and under shaking at 200 rpm. When
the stationary phase was reached, bacteria were diluted 100X
and grown in RPMI (Roswell Park Memorial Institute
medium, usually used for mammalian cell culture) overnight
(37 °C, 200 rpm) to create iron-restricted conditions. Cells
were finally harvested three times by centrifugation at 3000g
for 5 min. They were diluted 100X in PBS and used directly for
AFM experiments.

AFM Tips and Gold Surfaces Functionalization with
Integrin ayf3. Gold-coated glass coverslips and gold-coated
OMCL-TR4 AFM cantilevers (Olympus, Ltd., Tokyo, Japan)
were immersed overnight in an ethanolic solution containing
16-mercaptododecahexanoic acid (0.1 mM) and 1-mercapto-1-
undecanol (0.9 mM). They were then washed with ethanol
and dried under a stream of N,. Substrates and AFM
cantilevers were then immersed for 30 min in a solution of
N-hydroxysuccinimide (NHS, 10 mg/mL) and 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC, 25 mg/mL). The
resulting NHS—carboxyl ester-exposing cantilevers and sub-
strates were rinsed with ultrapure water and incubated with
ayP, integrin (0.1 mg/mL; Sigma) for 1 h. Finally, they were
rinsed with PBS buffer and stored in PBS before AFM
experiments.

Single-Cell Force Spectroscopy Experiments. The
preparation of colloidal probes for single-cell experiments
was described previously, and the cell viability, after attach-
ment to the probe, was validated.* Thanks to an optical
microscope coupled to the AFM instrument (Nanowizard III
and IV atomic force microscopes, JPK Instruments), a
triangular tipless cantilever (NP-O10, Bruker) was gently
immersed in a thin layer of UV-curable glue (NOA 63,
Norland Edmund Optics) and was then brought in contact
with a single silica bead (6.1 ym diameter, Bangs Laboratories)
for it to attach. The resulting colloidal probes were exposed to
UV light for 15 min to cure the glue. They were then coated
with dopamine for 1 h by immersion in Tris-buffered saline
(TBS; Tris, SO0 mM; NaCl, 150 mM; pH 8.5) containing 4 mg/
mL dopamine hydrochloride (Sigma-Aldrich) and further
rinsed in three baths of TBS. The spring constant of the
probe cantilever was determined, before attachment of the
bacteria, by the thermal noise method and gave an average
value of 0.085 N/m. For single-cell experiments, 50 uL of a
diluted suspension of bacteria was dropped on a polystyrene
Petri dish for 20 min before being rinsed with PBS. An integrin
ayfs-coated substrate was placed right next to the bacteria
spot, and the Petri dish was finally covered with 3 mL of PBS.
One bacterium was caught electrostatically by gently
approaching the colloidal probe toward an isolated cell, and
verifying, on the optical cliché, its absence when the cantilever
was retracted from its position. The cell probe was then
brought into contact with the ayf;-coated substrate to record
multiple force curves (maps of 16 X 16 pixels) on different
spots (S ym X S um), with an applied force of 250 pN,
approach and retraction speeds of 1 m/s, and a contact time
of 500 ms. For blocking experiments, we used commercially
available cilengitide (Sigma), and anti @,f; antibody LM 609
(Abcam), 150 uL of which were incubated on the ayf;—
surface for 1 h at a concentration of 0.1 mg/mL. All
experiments were performed at room temperature.

Single-Molecule Force Spectroscopy Experiments.
For single-molecule experiments, bacteria were first immobi-
lized on a polystyrene Petri dish; a S0 pL drop of diluted
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bacterial suspension was deposited on the center of the dish
and let sit for 20 min before being rinsed with PBS and
immersed in 3 mL of PBS. Gold-coated OMCL-TR4 AFM
cantilevers were initially calibrated on the bare polystyrene
with the thermal noise method and gave an average value of k
~ 0.05 N/m. Finally, the AFM-functionalized tip was brought
in contact with an isolated bacterium, and adhesion maps were
recorded on top of the cell (500 nm X 500 nm, 32 X 32 pixels)
with an applied force of 250 pN, a constant approach and
retraction speed of 1 ym/s, and a contact time of 500 ms. In
some experiments, gold surfaces coated with recombinant IsdB
were probed. To this end, recombinant IsdB N2—N3 (residues
48—480) was expressed from pQE30 (Qiagen, Hilden,
Germany) in E. coli XL1-Blue (Agilent Technologies, CA,
USA) and purified by Ni**-affinity chromatography on a
HiTrap chelating column (GE Healthcare, Buckinghamshire,
UK) as reported in ref 21. The retraction speed was varied
from 0.5 to 10 pm/s for loading rate experiments. All
experiments were performed at room temperature.

Single-Cell and Single-Molecule Data Analysis. We
used the JPK data processing software to analyze the data. The
adhesion force and rupture distance of the last specific
adhesion peak for each curve were determined and then
plotted as histograms in Origin. A specific adhesive event is
defined as an event, occurring far from the contact point, and
where the retraction segment of the force curve shows a
variation in the slope (representing the stretching of the
molecular complex) before the rupture point. The frequency of
those specific adhesion events, recorded in a map on a 500 nm
X 500 nm area, is defined as the adhesion probability. Those
specific adhesive events, mainly showing a single defined peak,
were well fitted with the worm-like chain model during the
analysis process. Loading rate was calculated from the linear
slope immediately preceding the rupture event on the force
versus time curves. Student’s t-test was used to estimate the
statistical differences among the obtained results; p values are
provided in figure captions when appropriate.
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