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Integrin mechanosensing relies on a pivot-clip
mechanism to reinforce cell adhesion

Andre R. Montes,' Anahi Barroso,' Wei Wang,”* Grace D. O’Connell,® Adrian B. Tepole,*”
and Mohammad R. K. Mofrad'*""

"Molecular Cell Biomechanics Laboratory, Departments of Bioengineering and Mechanical Engineering, University of California, Berkeley,
Berkeley, California; 2Berkeley City College, Berkeley, California; *Berkeley Biomechanics Laboratory, Department of Mechanical
Engineering, University of California, Berkeley, Berkeley, California; “Tepole Mechanics and Mechanobiology Laboratory, School of
Mechanical Engineering, Purdue University, West Lafayette, Indiana; and ®Molecular Biophysics and Integrative Bioimaging Division,
Lawrence Berkeley National Lab, Berkeley, California

ABSTRACT Cells intricately sense mechanical forces from their surroundings, driving biophysical and biochemical activities.
This mechanosensing phenomenon occurs at the cell-matrix interface, where mechanical forces resulting from cellular motion,
such as migration or matrix stretching, are exchanged through surface receptors, primarily integrins, and their corresponding
matrix ligands. A pivotal player in this interaction is the as3; integrin and fibronectin (FN) bond, known for its role in establishing
cell adhesion sites for migration. However, upregulation of the as8,-FN bond is associated with uncontrolled cell metastasis. This
bond operates through catch bond dynamics, wherein the bond lifetime paradoxically increases with greater force. The
mechanism sustaining the characteristic catch bond dynamics of «s3,-FN remains unclear. Leveraging molecular dynamics
simulations, our approach unveils a pivot-clip mechanism. Two key binding sites on FN, namely the synergy site and the
RGD (Arg-Gly-Asp) motif, act as active points for structural changes in «s8; integrin. Conformational adaptations at these sites
are induced by a series of hydrogen bond formations and breaks at the synergy site. We disrupt these adaptations through a
double mutation on FN, known to reduce cell adhesion. A whole-cell finite-element model is employed to elucidate how the syn-
ergy site may promote dynamic «s(3,-FN binding, resisting cell contraction. In summary, our study integrates molecular- and
cellular-level modeling to propose that FN’s synergy site reinforces cell adhesion through enhanced binding dynamics and a
mechanosensitive pivot-clip mechanism. This work sheds light on the interplay between mechanical forces and cell-matrix in-
teractions, contributing to our understanding of cellular behaviors in physiological and pathological contexts.

SIGNIFICANCE «sp, integrin serves as a mediator of cell-matrix adhesion and has garnered attention as a target for
impeding cancer metastasis. Despite its importance, the mechanism underlying the formation of a catch bond between
asf; integrin and its primary ligand, fibronectin, has remained elusive. Our study aims to address this gap by proposing a
pivot-clip mechanism. This mechanism elucidates how «as8; integrin and fibronectin collaboratively reinforce cell adhesion
through conformational changes induced by the dynamic interaction of a key binding motif known as the synergy site.

INTRODUCTION as@ integrin is one of 24 integrin heterodimers present in
mammals (4) and mediates cell-tissue homeostasis by bind-
ing to its primary ligand, fibronectin (FN) (7,8). as6; and
FN are linked together at the RGD (Arg-Gly-Asp) motif
and stabilized by the eight-amino-acid-long DRVPHSRN
synergy site on FN (9), allowing extracellular and cyto-
plasmic forces to be transmitted across the cell membrane.
The accumulation of «as@B;-FN bonds form the basis for
nascent cell adhesion and cell motion. Beyond a53,-FN’s
role in maintaining cell-tissue homeostasis, it has been
Submitted December 13, 2023, and accepted for publication June 7, 2024. implicated as a potential therapeutic target for cancer (10—
12). For example, dysfunctional and overexpressed integrin
bonds are markers of uninhibited cancer cell migration

Adhesion bonds enable cells to interact dynamically with
their surrounding environment, orchestrating the regulation
of essential cellular processes such as proliferation, differ-
entiation, and apoptosis (1-5). Integrins are transmembrane,
heterodimeric proteins that play an important role in cell
adhesion by tethering the inside and outside of the cell via
binding partners in the extracellular matrix (ECM) (6).
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(13,14). As such, numerous antagonists have been devel-
oped to attenuate integrin bonds, aiming to impede the inva-
sion of multiple cancer cell types. Despite considerable
efforts, these antagonists have faced challenges, demon-
strating limited success in effectively preventing cancer
cell invasion (15,16). Therefore, a better understanding
of the biophysical nature of the as3;-FN bond is needed
to reveal mechanisms that can be exploited to target
metastasis.

asfB; integrin creates a catch bond with FN (9,17,18),
which is a type of bond that increases in lifetime with
greater applied force. The as(;-FN catch bond allows for
strong adhesion at the leading edge of a migrating cell
and a steady release of the bond at the cell’s trailing end.
Catch bonds have inspired development of synthetic catch
bonds for manufacturing resilient materials (19-21). How-
ever, the mechanisms involved in the as8;-FN catch bond’s
ability to maintain its characteristic strength is unknown.
Understanding the underlying mechanism of as(;-FN catch
bond resilience could identify structural protein chara-
cteristics that can be targeted to arrest cancer cells through
substrate or protein modifications. Moreover, structural dy-
namics that enable catch bond behavior may inspire devel-
opment of resistant nanomaterials with self-strengthening
properties.

Ideally, the a56;-FN catch bond could be imaged while
an applied force is applied with a single-molecule testing
setup (e.g., optical trap or magnetic tweezers). However,
current atomic-resolution molecular imaging techniques,
like cryo-EM and x-ray crystallography, require immobiliz-
ing the protein, making visualization of in situ structural
changes of as0;-FN challenging. In light of these experi-
mental limitations, molecular dynamics (MD) simulations
have been used to visualize protein conformational changes
over time (22,23).

Given as(;-FN’s critical role in mechanosensing via its
elusive catch bond dynamics, we used MD simulations to
visualize the motion of asB,-FN when acted on by an
external load. We introduce a “pivot-clip” mechanism to
model the as6,-FN’s catch bond-like behavior, where the
RGD motif acts as a stable pivot for FN about 3; integrin
and the synergy site acts as a reinforcing clip connecting
FN to as. Past experiments demonstrated that mutating the
synergy site diminishes catch bond behavior and weakens
whole-cell and single-molecule adhesion to asG; (18,24).
Even so, a lack of the synergy site does not significantly
limit cell traction on a 2D substrate under minimal contrac-
tility (25). To explain how the synergy site may promote
asB-FN binding while maintaining cell traction, we devel-
oped a 2D finite element (FE) model of the adhesive inter-
face. Based on our MD and FE models, we present a
theory that the synergy site in FN reinforces cell adhesion
via stronger binding affinity and a mechanosensitive pivot-
clip mechanism.
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MATERIALS AND METHODS
Steered MD simulations

Constant velocity, all-atom steered MD simulations of the ectoplasmic
asB;-FN complex were run in GROMACS 2020.4 (26). The PDB:
TNWL crystal structure file of the as3;-FN complex with the TS2/16 Fv-
clasp was downloaded from the protein data bank. The «s@; integrin
head domain and the FN type III fragment 7-10 were isolated using
PyMOL (27). We used MODELLER 10.4 (28) to impose a virtual
R1374/9A double mutation, switching the arginine residues in positions
1374 and 1379 in FN to alanine (Fig. 1 B).

Wild-type and mutated structures were solvated in a TIP3P water box
(18 x 45 x 19 nm) with 0.15 mM NaCl. Energy was minimized for 15k
steps with the steepest gradient descent algorithm, followed by an equilibra-
tion sequence of a 1 ns NVT simulation at 310 K followed by a 10 ns NPT
simulation at 1 bar and 310 K, as per physiological conditions. Equilibra-
tion was verified by ensuring that the RMSD of the fully unrestrained com-
plexes (Fig. S1) were within 0.3 nm resolution of cryo-EM.

The K559 and E36 residues at the proximal ends of the integrin head-
pieces were then restrained. P1142 at the distal end of the FN fragment
was pulled at 10 and 1 nm/ns using a 50 kJ/mol/nm spring with an umbrella
potential for 3 and 20 ns, respectively. The steered MD simulations used a
2 fs time step. We visualized the crystal structures and MD simulation tra-
jectories using Visual Molecular Dynamics (VMD) 1.9.4a (29). All param-
eters for the MD simulations are available in the supporting material
(Table S1). The force and extension at as@3;-FN’s center-of-mass (COM)
were derived directly from the output files from GROMACS. The extension
was measured as the displacement of the a56;-FN’s COM with respect to
the first simulation frame. The radius of gyration of the as and 8; heads
was measured using the built-in GROMACS function, gmx gyrate. Dis-
tances between key bonds at R1374 and R1379 were calculated by aver-
aging the distance between atom pairs that could form hydrogen bonds
using the VMD bond select and graph tool. We used a distance cutoff of
035 nm (3.5 A) and donor-hydrogen-acceptor angle cutoff of 30 in
VMD to detect hydrogen bonds.

Synergy site departure energy

To calculate the energy required for the synergy site to depart from as, we
used in-house Python code to integrate the force and COM extension data
from the beginning of the simulation to the time of the force peak just
before the rapid increase in extension rate. Since the force-extension data
are nonmonotonic, we first fitted a piece-wise linear function over the
force-extension data before integrating with trapezoid rule.

Force distribution analysis

Time-resolved force distribution analysis was used to measure the punctual
stresses based on the Coulombic interactions at all residues across all simu-
lation time steps (30). The punctual stress is the absolute value of scalar
pairwise forces exerted on each residue. Normally, stress would be in units
of energy. However, the developers of punctual stress defined it as “force on
a dimensionless point,” which uses units of force (kJ/mol-nm). We opted to
use this definition of punctual stress to remain consistent with past studies.
Parameters for the time-resolved force distribution analysis are available in
the supplementary material (Table S2).

Long-term NPT equilibration simulations

Longer-term stability of the as8;-FN complex after synergy site muta-
genesis was tested with two 250 ns NPT simulations of as(,-FN9-10:
one wild-type and one R1374/9A mutant. The PDB: 7NWL file was
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(A) Schematics of as(; integrin in its bent-closed, inactive state with FN fragment 7-10 unbounded (left), extended-active state in complex

with FN (middle), and under an applied load (right). (B) The cryo-EM structure of as8,-FN with the individual integrin heads and FN fragments labeled.
The MD simulations applied a velocity to the P1142 residue while restraining K559 and E36. Zoomed-in region shows wild-type synergy site with R1374 and
R1379 (left) and double mutated R1374/9A synergy site (right). D154 binds to R1379 and is shown as a reference. SYN, synergy site; RGD, Arg-Gly-Asp. To

see this figure in color, go online.

truncated from as@,-FN7-10 to as6;-FN9-10. An R1374/9A double mu-
tation was again induced in silico via MODELLER 10.4 (28). The sys-
tem contained = 1.3M atoms in a 15 x 30 x 30 nm box after solvation.
NaCl concentration was kept at 0.15 mM. The 250 ns NPT simulation
was preceded by a 15k step energy minimization and 1 ns NVT as
described previously. Restraints (100 kJ/mol-nm?) were placed on resi-
dues D603, E445, and D1328 (Fig. 4 A) in the x and y directions, rep-
resenting the remaining structures of integrin and FN while limiting
periodic box crossing. No other restraints were placed. We used
GROMACS 2020.4 (26) to measure backbone RMSDs, nonbonded en-
ergies, axes of inertia, distances, and hydrogen bonds. Axes of inertia
were used to calculate angles by taking the inverse cosine of the dot
product of a unit vector pair. Measurements were tested for normality
with the Kolmogorov-Smirnov test. Since all data were nonnormal, the
wild-type and mutant trajectories were compared using the Wilcoxon
signed rank test (a = 0.05).

Extensional stiffness of «s and ¢, headpieces

Extensional stiffnesses of as and 8, headpieces were determined indepen-
dently using 100 ns NPT simulations. The PDB: 7NWL file was isolated to
either the as head (=438 K atoms in a 16.5 x 16.5 x 16.5 nm box post
solvation) or 3, head (=463 K atoms in a 16.8 x 16.8 x 16.8 nm box
post solvation). Again, energy minimization for 15k steps and a 1 ns
NVT as previously described were run in GROMACS before the 100 ns
NPT simulation. Extensional stiffness, &, for each molecule was calculated
using:

k= ks —, (Equation 1)
<(L(t) — <L(t)>a) >

where kgT is Boltzmann’s constant, T = 310K, L(¢) is the length of the
reaction coordinate at time, ¢, and <> denotes the time average (31). For
as, the COM distance between D154 (synergy site binding residue) and
D603 (connects to lower integrin legs) in «s was chosen as the length
of the reaction coordinate. Similarly for 8, the Metal-Ion Dependent
Adhesion Site (MIDAS) (binds to RGD) and E445 (connects to lower in-
tegrin legs) were chosen. After the system had equilibrated, we used the
latter 50 ns for the extensional stiffness calculation. For each molecule,
the distance data were divided into five 10 ns blocks. Distances were
saved every 10 ps during the simulation, resulting in 1000 data points
per block to calculate five k values per head. A Wilcoxon signed-rank
test compared the means of the extensional stiffnesses of as and ;.
The angle between the propeller and thigh in a5 was measured as
described previously.

Whole-cell FE model

We used a whole-cell FE model to calculate the as3;-FN concentration and
force in a wild-type and mutant cell. We have previously modeled the cell-
substrate interface using a whole-cell FE model; we refer the reader to that
publication for the full set of model Equation 23. In this work, we introduced
key changes to the catch bond model. We modeled the cell as a 2D elastic disk
with neo-Hookean constitutive material properties on a rigid substrate,

ot = pube — pl,

where oP* is the passive cell stress. The cell shear modulus is, u. = 1 kPa
(32,33). The deformation was characterized by the left Cauchy-Green
tensor b.. The pressure p. was computed from plane stress boundary
conditions.

An isotropic active stress field was applied inside the cell to model cell
contractility,

(Equation 2)

ot = tmyoL

c

(Equation 3)

where ¢ is the active cell stress due to an actomyosin traction, z,,, in Pa
(33,34):

| 100 [Pa/s] t [s]
o = { 200 [Pa]

0<r<2]s]

2<1<30[s] (Equation 4)

where ¢ is the simulation time.

We used an existing catch bond model of adhesion to calculate the force-
dependent concentration of as@;-FN bonds per node in the FE mesh
(35-38). The catch model assumed that the as6,-FN complexes behave
as parallel springs that connect and disconnect to the substrate based on
an association constant, K,,, and on a force-dependent dissociation con-
stant, Kz, respectively.

fint _ it

Ky = K.ete +- Kye v, (Equation 5)

where K, F,, Kj, and F}, are fitted parameters (Table S3) adapted from Bi-
done et al. (38) and Takagi et al. (39). f;, is the magnitude of the force per
asB;-FN bond. The force vector per bond, (fin¢), is computed via the
asB,-FN spring constant k;,, = 0.5 pN/nm (17) and the spring extension
Vector Wip:

fine = KinWine- (Equation 6)

The force per node, f; ;.04 is related to the dimensionless concentration of
asB;-FN bonds C with respect to the maximum bond density p; ... =
100 um? (40), and the local adhesion area A at that node,

Biophysical Journal 123, 2443-2454, August 20, 2024 2445



Montes et al.

finoae = Cp;,, Afin - (Equation 7)

At any node, i, given the previous value of the bond concentration, C, the
updated bond concentration C,;a, at each progressive time step is

Cuar = C(1 — KpAt) +K,,A1(1 — C) . (Equation 8)

Note that the updated Eq. 8 is based on treating the bond kinetics in the
limit of an ordinary differential equation discretized in time with an explicit
Euler scheme.

The internal force balance for the cell includes the elastic cell deforma-
tion (¢P*) and the active cell contractile stress (a2°):

V-o.+B = p.a,, (Equation 9)

in which 6, = 62 + ¢%“ is the total cell stress, B is the total body force on
thecell, p. = 1000 kg/m? is the cell density (41) and a. is the cell acceleration.
The strong form of the elastodynamic Eq. 9 has boundary conditions of
the form ¢-n = t on boundary I',, which includes the external forces on
the circumference. Assuming 2D plane stress, the body forces on the cell
arise from as3,-FN bond forces and viscous drag forces. The internal forces
were computed through the weak form. In brief, we multiplied Eq. 9 by test
function, v, integrated over a domain Q. of thickness 1 um, and applied
divergence theorem to get the following weak form for the cell.

f/a'c:6dch(.+/tc'vdA(.+/v~B
O r Q

c ¢

= —Re +fee + fbody = /pac-v dQ.,
Qe
(Equation 10)

The 6d, is the variation of the symmetric velocity gradient, i.e., virtual
work by moving each node by an independent variation v. R, is the residual
(internal forces) and the external force acting at a node of the cell mesh is
composed of the forces on the circumference, fgr. and the forces on the
bOdy, fbody:

fcirc = fK + fa(r + an (Equation 1 l)

fbody - fi,node + fd, (Equation 12)

where f; .4, is the force due to a5 8,-FN at each node, f; is viscous drag, f; is
curvature regularization, f,,. is arandom fluctuation at the cell boundary from
actin polymerization, and f4 is an area penalty to counteract cell contractility.

The mesh was updated by a dynamic explicit mesh generator, El Topo
(42), during the simulation run. The explicit midpoint rule was used for
time integration of the second-order system of equations to update nodal ve-
locities and positions. The whole-cell FE simulation ran with a time step of
50 us over the course of an assigned time of #;;,, = 30 s. There were a total
of three simulation runs per R1374/9A mutant and wild-type catch bond
condition, respectively. The three simulation bond concentration and force
outputs were time-averaged per condition.

RESULTS AND DISCUSSION

FN9-o5 disengagement coincides with synergy
site deactivation

We analyzed force-extension in conjunction with punctual
stress to determine the role of the synergy site in FN9-as
disengagement. The initial force-extension curve of the

2446 Biophysical Journal 123, 2443-2454, August 20, 2024

wild-type asB,-FN structure followed a linear response for
both 10 and 1 nm/ns pull rates until peaking at 729 and
462 pN, respectively (Fig. 2, A and B). The peak forces coin-
cided with sharp decreases in the punctual stress at the syn-
ergy site, namely at sites R1374 and R1379 in FN9. R1379
has been shown to be connected to D154 in the a5 head via a
salt bridge (13). However, R1374 has not been previously
observed to be actively linked to as. At both pull rates,
R1374 retained higher punctual stresses than R1379, but
the sequence of disengagement was dependent on the pull
rate. Under the faster pull rate condition, the salt bridge
was disrupted before a reduction in force on «as56;-FN and
punctual stress at R1374. This indicated that, while the
load on FN was sufficient to overcome the energetic barrier
to break the salt bridge connecting FN to «s, persistent elec-
trostatic interaction at R1374 enabled FNO to remain near
the as head. This was not observed under the slower pull
rate simulation, where we noted simultaneous punctual
stress reduction in R1374 and R1379 at the peak force
time point. While the punctual stresses at both residues
were elevated during load ramping, synergy site engage-
ment reduced after the force peak.

R1374 and R1379 were contributors to punctual stress at
the synergy site before the drop in force on as@3;-FN
(Fig. S2). In both pull rate conditions, the combined punc-
tual stress at R1374/9 before the force peak was on average
two times higher than other synergy site residues. Due to the
high electrostatic activity of both sites before FN9 and a5
separation, we mutated both residues (R1374/9A) to eval-
uate their roles in maintaining a5 8;-FN’s structural response
to force. At 10 nm/ns, the force response of the wild-type
and mutant as03,-FN were similar, peaking at 729 and 704
pN, respectively (Fig. 2 C). However, the punctual stresses
at A1374 and A1379 were 45 and 40% lower in the mutant
case than the wild-type (Fig. 2, C and D), indicating that the
mutation disrupted synergy site engagement, but did not
necessarily reduce force transmission. Similar trends were
observed in the 1 nm/ns force rate condition, where the
punctual stresses at A1374 and A1349 were small relative
to R1374 and R1379, and the first peak force was lower in
the mutant case (wild-type = 46 2pN, mutant = 291 pN;
Fig. 2 D).

Although our results appeared to conflict with the under-
standing that synergy site mutagenesis decreases cell adhe-
sion strength, the relative energetic barrier required to
separate the synergy site from integrin revealed closer
agreement with the literature (17,18,24,39,43). While we
noticed a 171 pN difference (37% less than the wild-type)
in the first peak force in the 1 nm/ns mutant model, we
only noted a 25 pN drop (3% less than the wild-type) in
the 10 nm/ns model. This is likely a consequence of the
high pull rates used in these models that may hide molecular
mechanisms. Therefore, long-term simulations at slower
pull rates and smaller forces are needed to overcome this
limiting factor. We worked toward this goal in a later
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section. For now, to overcome this potential conflict with the
literature, we opted to use the area under the force-extension
curve (Fig. S4) as a proxy for measuring synergy site depar-
ture energy, which would be related to the energy barrier
required to pull FN9 away from 5. We defined the synergy
site departure force as point (i) in all simulations (Fig. 2).
Forces recorded after the synergy site departure force would
work to unfold FN and unbind RGD. We found that the syn-
ergy site departure energies were greater in the wild-type, in
line with past in vitro experiments that show greater binding
affinity of a5 integrin to FN in the presence of the synergy
site (24,39). At 10 nm/ns, the wild-type and mutant energies
were 4012 and 2715 pN-nm, respectively. At 1 nm/ns, the
wild-ype and mutant had energies of 1529 and 883 pN-
nm, respectively. These values do not have any physical
meaning, but enabled a comparison between the wild-type
and mutant. From our current steered MD data, we cannot
make claims about the effect of the synergy site on RGD
binding specifically. Free energy methods such as free
energy perturbation and molecular mechanics Poisson-
Boltzmann surface area would be more appropriate to
study these effects computationally and are the subject of
ongoing work.

Punctual stress measurements provided insight into per-
residue interactions at the synergy site and are substantiated
by atomic-level interactions. Specifically, the formation and
breakage of hydrogen bonds between a5 and FNO9 are essen-
tial for relaying force between the two. Since high punctual
stresses were observed on R1374 and R1379, we tracked
bonds between R1379-D154 and R1374-E124 (Fig. S5 A).
At both pull rates, the R1379-D154 salt bridge was broken
before the maximum force was reached, while residue
R1374 remained bounded to either E124 or E81 depending
on the pull rate (Fig. S5, B and C). The measured distance

between R1374-E124 was within the range of a hydrogen
bond (0.35 nm) after the departure of the R1379-D154
bond (10 nm/ns case; Fig. S5 D). At the slower pull rate,
R1374 transitioned from E124 to E81, maintaining con-
tact between FN9 and os0; together with R1379-D154
(Fig. S5 E). Both bonds then released and the force on
asB-FN consequently dropped. The R1374/9A double mu-
tation severed the main points of contact between FN9
and as50;, pushing the distance between the residues to
0.65 nm, beyond the 0.35 nm hydrogen bond length cutoff
(Fig. S5 F).

For all test cases, the peak forces were followed by sharp
increases in extension rate, suggesting a rapid conforma-
tional change of «as6;-FN (Fig. 2). In the case of the wild-
type 10 nm/ns pull rate, the measured extension rate
increased from 5.10 to 14.4 nm/ns. Similarly, the wild-
type 1 nm/ns pull rate increased in rate from 0.547 to
1.82 nm/ns (Table S4). Notably, there was a mismatch be-
tween the input rate and measured rate. Steered MD simula-
tions attempt to control the pull rate via a virtual spring
connecting a dummy atom to the pulled site. While the
atom moves at a constant rate, the molecule’s response de-
pends on the virtual spring deflection and local conforma-
tional changes associated with the molecule. Therefore, it
is unlikely that the input pull rate matches the measured
pull rate experienced by the molecule. Furthermore, the
output extension was measured as the distance traveled by
asB,-FN’s COM, which depends on the structural behavior.

Our reported forces and pull rates are many orders of
magnitude higher than what has been tested using atomic
force microscopy (AFM) (1-15 um/s) (43). Given our large
1.5M atom system, we compromised on the simulation
timescale by applying extension rates within the bounds of
past steered MD simulations of integrin (0.1-10 nm/ns)
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Montes et al.

(22,44). The fast extension rates contributed to simulated
forces beyond what has previously been measured experi-
mentally (single-molecule rupture forces of 80-120 pN)
(43). Nevertheless, the difference between the forces gener-
ated at 1 and 10 nm/ns hinted at force-dependent behavior
arising from synergy site engagement. Larger conforma-
tional changes were visually noted in the as head during
10 nm/ns pulling compared with 1 nm/ns pulling. Further-
more, the mutants showed little to no changes in the move-
ment of the a5 head, suggesting that the interactions at the
synergy site could work to deform «s. Therefore, we quan-
tified the conformational changes associated with synergy
site engagement when subjected to high pull rates.

Conformational response of o5 and 3, was
hampered by lack of synergy site engagement

We informed the differences in force and extension rates
across conditions by visualizing the structural changes of
as81-FN under both pull rates for the wild-type and mutant
cases. We used the radius of gyration to quantify conforma-
tional changes within «s and §; heads, with smaller radii
indicating more compact proteins. In both wild-type runs,
the as head, which is connected to the synergy site on FN9,
stretched further than the (§; head, which is connected to
the RGD motif on FN10. However, pull rate affected the de-
gree of a5 stretching. The lower 1 nm/ns pull rate resulted in
0.165 nm increase in as’s radius of gyration (Fig. 3 A)
compared with a 0.407 nm increase in the 10 nm/ns rate simu-
lation (Fig. S3 A). Most of the a5 head deformation resulted
before the peak force and synergy site disengagement. For
the respective 10 and 1 nm/ns rates, 97.7 and 99.0% of the
max «s head deformation occurred before the peak force,
when the synergy site loosened. From the observations of
asfB,-FN’s quaternary structure, we noticed the as head
straightening while FN9 remained connected at the synergy
site (Fig. 3 C). Furthermore, at higher forces, a5 underwent
a greater degree of stretching while FN9 unfolded (Fig. S3
C). In contrast, lower forces seemed to encourage synergy
site disengagement before FN unfolding. Our observation
suggests that as8;-FN’s catch bond dynamics may be pro-
moted by greater synergy site interaction in combination
with a5 extension to resist larger forces. The greater interac-
tion may stem from the hydrogen bond electrostatics at
R1374 and R1379 that bridge a5 to FN9 (Fig. S5).

We tested the degree to which the synergy site contributed
to structural changes in «s@3;-FN by mutating the site
(R1374/9A) and again measuring the radius of gyration of
as and (; under an external load on FN. Surprisingly, the
mutant pulled at 10 nm/ns still resulted in conformational
changes of the «s head, with the radius of gyration
increasing by 0.266 nm. However, this was less than the
0.407 nm increase observed in the wild-type (Fig. S3 B).
Furthermore, the mutant pulled at the slower 1 nm/ns
showed virtually no deformation of as or §; (Fig. 3 B).
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Investigating the quaternary structure of the mutant revealed
that FN9 was separated immediately from o5 (Figs. 3 D and
S3 D). As the FN B sheets stacked vertically in alignment
with the pulling direction, the force increased and peaked
as soon as FN10 began to unfold. For all simulations, the
G head kept a more stable conformation, maintaining its
radius of gyration within 0.12 nm. These results are indica-
tive of a new mechanism whereby as and FN deformation
patterns may be altered due to interactions at the synergy
site. However, the fast pull rates are five orders of magnitude
higher than even the slowest AFM pull rates, posing the
question of whether these states may be realized and,
more importantly, have a physical meaning. So, while our
results were promising, we aimed to address the pull rate
limitation by conducting longer-term simulations and
emphasizing our analysis on the synergy site and integrin
interaction.

Synergy site interactions maintained FN9 and «;
close

We used two 250 ns NPT simulations of as@; integrin in
complex with FN9-10 (wild-type and R1374/9A) to under-
stand the role of the synergy site in maintaining integrin
and FN conformational stability. Visual observation showed
separation of mutant FN9 away from integrin as well as mi-
nor deviations to the integrin headpieces (Fig. 4 B). There-
fore, we investigated the connection between FN9 and
integrin. As expected, we found that the nonbonded interac-
tions (van der Waals and Coulombic energies) between the
synergy site and as8; were greater in the wild-type structure
(Fig. 4 C). These results aligned with the shorter distance
between R1379 in FN9 and D154 in a5 (Fig. 4 D) as well
as the greater number of hydrogen bonds between the syn-
ergy site and a5 (Fig. S6 A).

Lower synergy site engagement widened the gap between
FN9 and «s, but only minor structural changes in the integ-
rin heads and FN were realized. We conducted structural an-
alyses using the final 50 ns of the 250 ns simulation. The
nonbonded interactions (Fig. 4 A), the hydrogen bond count
(Fig. S6 A), and backbone RMSD (Fig. S6 B) of «506,-FN9-
10 (wild-type and mutant) leveled off at =200 ns, suggest-
ing system equilibration. Longer simulations would be
necessary to evaluate whether the system fully equilibrated,
but, based on these initial trends, we enforced the latter
50 ns cutoff. Since the synergy site in FN9 and RGD in
FN10 are two anchoring contact points for integrin, we
posited that releasing FN9 from o5 via synergy site inhibi-
tion would increase FN9-10 flexibility. Interestingly, the
means of the FN9-10 angles (6gy) in both cases was not sta-
tistically significant and variance was greater in the wild-
type (Fig. 4 E), which would indicate that the wild-type
FN9-10 was fluctuating to a greater degree even as the syn-
ergy site was interacting more strongly. Furthermore, the
as-0; angle (0;,) in the wild-type was 7.2° larger than the
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mutant, pointing to a modest closing of the integrin heads in
the mutant (Fig. 4 F). This closing was predominantly a
result of FN9-10 rotation rather than a state transition of
as. The propeller-thigh angle (6,5) was 4.7° greater in the
mutant, whereas the §,-FN10 angle (g1 - rn10) wWas 12.1°
lower in the mutant (Fig. S8). FN9-10 retained its shape,
with only a 0.01 nm difference in radius of gyration between
mutant and wild-type (Fig. S7, A and B). In addition, there
was no statistically significant difference in the radius of gy-
ration of a5 between mutant and wild-type (Fig. S7, C and
D). The radius of gyration of §; in the mutant was
0.16 nm smaller (Fig. S7, E and F), indicating a small
amount of compression of §; as it interacted with FN10.
The time series data of gy (Fig. S6 C), 0;,, (Fig. S6 D),
0us (Fig. S8 B), and 0g; _ 10 (Fig. S8 D) showed overlap
between mutant and wild-type throughout the entire simula-
tion, meaning that some states may be similar to each other
but, on average, the conformational measurements suggest
that the synergy site locks FNO to a5 and prevents rotation
of FN9-10.

The unlocking of FN9 due to reduced synergy site ener-
getics did not promote appreciable changes at integrin’s
RGD binding location. We first measured the nonbonded
interaction energies between RGD and «s(;, including the
MIDAS cation, which showed no differences in energies af-
ter, and even before the imposed 200 ns cutoff (Fig. S9 A). In
addition, the number of hydrogen bonds between «s and
RGD (Fig. S9 B) as well as 8; and RGD (Fig. S9 C) were
similar between the wild-type and mutant. From these
data, we assumed that RGD would be a stable location for

FN to maintain binding to integrin regardless of synergy
site engagement. To confirm the conformational stability
at the RGD binding area, we measured the mean and mini-
mum distances between notable interactions at this site
(Fig. S10 A). These included RGD-MIDAS (Fig. S10, B
and C), D227-RGD (Fig. S10, D and E), and S134-MIDAS
(Fig. S10, F and G). As expected, the distances between
these pairs remained small in both the wild-type and mutant.
Although there were differences in the S134-MIDAS mean
and minimum distances, the observed 0.05-0.75 nm dis-
tance difference was not enough to decrease the absolute
interaction energy at the mutant’s RGD site (Fig. S9 A).
The stability of the RGD binding site enabled it to behave
like a pivot point for mutated FN9-10 when FN9 dislodged
from the synergy site. Since our data suggest that RGD re-
mained stable regardless of synergy site engagement, we
reasoned that the additional synergy site interaction energies
in the wild-type would only bolster as56,-FN binding. From
past in vitro experiments, RGD alone is known to be suffi-
cient to support some «s0; integrin binding and cell adhe-
sion, although it has been shown that the synergy site
promotes longer lasting binding and stronger cell adhesion
when it binds in tandem with RGD to secure FN (6,24).
The synergy site alone does not support cell adhesion as
well as only RGD, or both RGD and the synergy site
(45,46), which may be attributed to the synergy site’s lower
nonbonded interaction energy (Fig. 4 C) compared with
RGD (Fig. S9 A). However, as mentioned, free energy
methods must be considered to include the entropic effects
that we do not account for in this work.
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Collectively, our observations of the 250 ns NPT trajec-
tories support the conjecture that the synergy site reinforces
integrin engagement with the matrix (13,24). Furthermore,
our accelerated steered MD models imply that force be-
tween the synergy site and «s integrin head may induce
conformational changes of «s integrin. Overall, our results
highlight the importance of the synergy site clip in stabiliz-
ing and reinforcing the as@3;-FN bond after initial catch
bond formation, which has also been previously suggested
experimentally (9,25,47,48). While cell adhesion can be
negated altogether by an RGD deletion as demonstrated
by spinning disk assays, the R1374/9A double mutation re-
duces cell adhesion strength by around 90% (24). So, while
adhesion could still occur, the bond strength was compro-
mised due to the synergy site mutation, which has also
been shown previously through single-molecule AFM
(43). In addition, past surface plasmon resonance binding
assays measure an 11-fold decrease in affinity between
asfB; and R1374A FN compared wiith wild-type (39).
Clearly, the role of the synergy site in maintaining a firm
adhesion cannot be understated. Here, we propose how the
synergy site may give rise to specific molecular states of
asB-FN, since it holds FN9 near as. Our steered MD
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models at a 1 nm/ns pull rate showed a decrease in initial
synergy site departure energy after mutagenesis, implying
that there is a greater energetic barrier in breaking the syn-
ergy site than when it is inhibited. Furthermore, the 1 nm/ns
wild-type model predicts that the connection between FN9-
o5 maintained by the synergy site could deform the «s head
when loaded, which was not observed in the 1 nm/ns mutant
run. While our MD study highlighted the reinforcing role of
the synergy site at the molecular scale, we also sought to
explore how this adhesion reinforcement may dynamically
manifest at the whole-cell scale.

Synergy site presence led to adhesion
reinforcement by recruiting «s3, integrin

We employed a whole-cell FE model that analyzed the
adhesion interface that contained «s83,-FN bonds under an
isotropic cell contraction that drove bond extension (Fig. 5
A). Our simple model demonstrated an adaptive reinforce-
ment of collective as3;-FN bonds due to the stronger bind-
ing affinity afforded by the synergy site. We modified the
parameters for the as56;-FN binding kinetics (Table S3) to
produce bond lifetime curves for the wild-type bond and
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R1374/9A mutant (Fig. 5 B). The differences in parameters
between the two bond types resulted in an 11-fold decrease
in as3,-FN bond concentration (Fig. 5 C), but no increase in
equilibrium force (Fig. 5 D). The areas of high concentra-
tions and high forces are present at the periphery of the
cell model during contraction (Fig. 5, E and F), which has
been shown by 2D fluorescence resonance energy transfer
and traction force microscopy assays (25). Notably, mutant
bonds compensate for the lack of number of bonds by sus-
taining more of the cell’s contractile load. The higher
recruitment of wild-type bonds distributes the forces more
evenly across the cell model.

Our whole-cell FE model sheds light on the dynamic
force balance at short timescales that are not as apparent
experimentally. Traction force microscopy of cells plated
on 2D substrates have shown that cell contraction and indi-
vidual bond force were not altered due to an absence of the
synergy site (25,48). Our model used the same 200 Pa cell
contraction across both conditions, but showed a stark dif-
ference in how the adhesion forces are handled by the bonds.
Namely, while forces eventually equalized between mutant
and wild-type conditions, we observed an initial dynamic
adjustment of high forces at the cell model’s boundary for
mutant bonds (Fig. 5 F). Specifically, average forces
measured from mutated bonds peaked at 7 pN, while
wild-type bonds peaked at 3 pN; both average bond forces
were within the previously measured 1-7 pN range (25).
A body of work has shown the reduction in cell adhesion

strength at the single-molecule and whole-cell scale due to
a lack of synergy site engagement (24,25,43,48). Despite
the reduced bond strength, our model showed that, under
minimal tension, the binding affinity gain due to the pres-
ence of the synergy led to a more stable, dynamic force bal-
ance across the «s6;-FN bonds on the cell model’s surface.

Pivot-clip mechanism of «s3,-FN as a model for
cell adhesion reinforcement

The mechanosensitive pivot-clip mechanism provides a
model to consider how the asB3,-FN catch bond reinforces
cell adhesion across molecular and cell scales under cell-
matrix forces (Fig. 6). Long-term NPT simulations indi-
cated that role of the synergy site was to clip FNO close to
as as demonstrated by the increased separation between
FN9 and «s in the mutant. The dislodging of FN9 did not
modify the stability of the RGD site. In our steered MD sim-
ulations, for both pull rates tested in the wild-type a;s6;-FN,
the unbinding of FN9-«a5 coincided with a plateauing of as
extension (Figs. 3 A and S3 A). With the link between FNO-
«s broken, FN10 was free to rotate about the RGD motif on
By (Figs. 3 D and S3 D). The FN10 rotation about the RGD
site was maintained in the mutant steered MD runs while di-
minishing the increase in radius of gyration of a5 (Fig. S3, B
and D). Based on the structural changes observed on «s in
the steered MD simulations, the synergy site clipped the
as head to FN9 while the RGD motif on (; acted as a pivot
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for FN10 (Fig. 6). Since as preferentially stretched instead
of 8;, we conducted 100 ns NPT simulations of each integ-
rin head to measure each of their relative extensional stift-
ness. Upon confirming a stable RMSD after 50 ns
(Fig. S11 A), we averaged the measured a5 and 3, head dis-
tances over five 10 ns blocks (Fig. S11 B) to quantify exten-
sional stiffness. We measured extensional stiffnesses of
2587 and 174,548 pN/um for the a5 and §; heads, respec-
tively (Fig. S11 C). Based on the distance fluctuations, (;
remained more static, while «s seemed to oscillate. We
also found that the propeller-thigh angle of «s decreased
(Fig. S11 D), giving as a more bent shape (Fig. SI1 E).
We reasoned that the link between the propeller and thigh
grants «s its flexibility to stretch when force is applied,
while (s rigidity could provide a route for forces to trans-
mit toward cytoskeletal proteins. While it has been known
that the synergy site plays a role in catch bond dynamics
(17,24), the clip engagement under force could be one
mechanism by which the synergy site enables catch bond
dynamics at the molecular scale. Using our pivot-clip model
(Fig. 6), forces generated at the cell-matrix interface would
need to first overcome the synergy site clip energy barrier. In
parallel, o5 would resist forces by stretching before FN9 un-
clipping, also leading to a higher barrier than if the synergy
site were not present. In addition, the rigidity of §; could
facilitate downstream mechanosignaling via talin. Namely,
talin binds to the @, tail and has been shown to be a mecha-
nosensitive protein that interacts with vinculin and focal
adhesion kinase to promote focal adhesion maturation and
nuclear localization of transcriptional coregulator, yes-asso-
ciated protein (49,50,36). However, larger forces could also
increase the probability of FN unbinding from asf8;, espe-
cially when the additional energetic barrier from the synergy
site is not present. Past assays have demonstrated that
asfB;-FN unbinding occurs with greater likelihood when
the synergy site is inhibited; moreover, as(;-FN loses its
catch bond characteristics (18,24). To determine the exact
pathway of the force transmission across the «s56;-FN catch
bond with and without the synergy site, much longer and
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slower MD simulations are needed. Along those lines,
more investigation is warranted to elucidate how the full
structure of as8; dynamically couples with mechanosensi-
tive cytoskeletal proteins at the atomistic scale.

In the context of outside-in signaling, the as6,-FN pivot-
clip mechanism demonstrates how the synergy site could
route force via (; toward mechanosignaling proteins in
the cytoplasm, like talin, leading to integrin clustering. Ac-
cording to the outside-in activation model, integrins main-
tain a bent-closed, low-affinity state before undergoing a
conformational change to an extended, active conformation
upon encountering an ECM ligand (Fig. 1 A) (51-53). In
contrast, the inside-out model proposes that the adaptor pro-
tein talin would bind to the cytoplasmic tail of integrin,
allowing it to activate and subsequently bind to its ligand
(51-53). While the current hypothesis states that binding be-
tween FN and a5, triggers an opening of integrin’s cyto-
plasmic tails leading to an accumulation of adaptor
proteins that resist cell-matrix forces (Fig. 6), further studies
are needed to elucidate the mechanism behind integrin acti-
vation. Multiple steered MD models have been employed to
interrogate (5 integrin activation (22,44,54-57), with few
investigating the cytoplasmic end of § integrin (58-60).
However, to our knowledge, our approach is unique in
that we model the interface between FN and the as5(; integ-
rin heads, where forces are transmitted bidrectionally be-
tween the cell and its matrix.

Our study acknowledges several limitations. Firstly, we
made the assumption that the proximal ends of the integrin
heads were anchored by fully extended integrin legs tightly
held by tails in the cell membrane. While this assumption
contributed to model stability, it is worth noting that the
head-leg junction has been suggested to possess greater flex-
ibility (13). Relaxing the constraints on the proximal ends to
allow lateral movement may introduce flexibility without
the added complexity of integrating the legs. Secondly,
our steered MD models applied a large, vertical pulling
rate. While this approach is advantageous for directly stress-
ing the points of contact between FN and «s(, it could



introduce biased pulling and rotational forces that are unre-
alistic, which would decrease model confidence. Multiple
runs and a parametric study of boundary conditions must
be considered when confirming our MD simulations in
future works investigating tension or other loading modal-
ities, such as shear or torsion. Finally, our focus was on a
specific integrin subtype. The intricate nature of cell-matrix
interactions involves multiple integrin subtypes and their
respective ligands. Due to the prohibitive cost of MD simu-
lations, alternative approaches such as coarse-grained or
agent-based models, capable of examining cell-matrix inter-
actions at a broader systems level and over extended time-
scales, may be necessary.

CONCLUSION

This work advances our understanding of cell mechanobiol-
ogy by introducing a mechanosensitive mechanism, termed
pivot-clip, by which «s8; integrin reinforces cell adhesion.
Using FE and MD simulations, we shed light on a biophys-
ical connection between the cell and ECM that underpins
many cellular behaviors that drive physiology and pathol-
ogy. Critically, we also demonstrated binding domains that
promote catch bond dynamics in the context of cell-matrix
mechanosensing. Looking forward, we envision elucidating
how the force-dependent, pivot-clip mechanism interacts
with its surrounding machinery and how it may be trans-
formed via novel therapeutics. As our understanding of
cell adhesion progresses, we aim to develop informed ap-
proaches to target diseases that rely on transmitting forces
via cell-matrix bonds.
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