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SUMMARY

As major adhesion receptors, integrins transmit biochemical and mechanical signals across the plasma
membrane. These functions are regulated by transitions between bent and extended conformations and
modulated by force. To understand how force on integrins mediates cellular mechanosensing, we
compared two highly homologous integrins, o;,B3 and «yBs. These integrins, expressed in circulating
platelets vs. solid tissues, respectively, share the B3 subunit, bind similar ligands and have similar bent
and extended conformations. Here, we report that in cells expressing equivalent levels of each integrin,
anbBs Mmediates spreading on softer substrates than ayBs. These effects correlate with differences in
structural dynamics of the two integrins under force. All-atom simulations show that «,85 is more flex-
ible than aypBs due to correlated residue motions within the « subunit domains. Single molecule measure-
ments confirm that «;,B; extends faster than ayBs. These results reveal a fundamental relationship

between protein function and structural dynamics in cell mechanosensing.

INTRODUCTION

Integrins are heterodimeric transmembrane receptors that
mediate adhesion between cells and the extracellular matrix
(ECM) or other cells and play critical roles in biological processes
such as cell migration, growth, differentiation, and apoptosis,
among others." Each integrin is composed of non-covalently
linked o and B subunits, with a large extracellular domain that
binds external ligands, two transmembrane helices, and two short
cytoplasmic tails that connect to the cytoskeleton via accessory
proteins. When integrins are simultaneously bound to a ligand
and the cytoskeleton, they transmit mechanical force and
biochemical signals, associated with transitions between bent
and extended conformations.

Integrins are composed of several functional domains intercon-
nected by flexible linkers. The o subunit extracellular region con-
sists of a B-propeller, a thigh, and two calf domains (Figure 1A).
The B subunit extracellular region consists of a -1, a hybrid, the
plexin-semaphorin-integrin (PSI) domain, four cysteine-rich
epidermal growth factor (EGF) modules, and the B-tail domain
(B-TD) (Figure 1A). Transitions between bent and extended con-
formations involve changes in the relative positions of these do-

mains. In bent integrins, the ligand binding site between B-propel-
ler and B-I domains faces the plasma membrane. Additionally, the
lowerleg domains (Calf1 and Calf2 for the o subunit; I-EGF1-4 and
B-TD for the B subunit) are in contact with the upper leg domains
(thigh and B-propeller for the o subunit; PSI, hybrid, and B-I do-
mains for the B subunit) (Figure 1A). In the extended-closed
conformation, these contacts are lost and the ligand binding
site between the B-propeller and Bl domains is oriented away
from the membrane (Figure 1B), with the o and B subunits also
laterally separated (Figure 1C)."™ Force straightens bent integ-
rins' and helps maintain the extended states.” In cells, applying
force to extended and ligand-bound integrins promotes the
recruitment of intracellular adaptors, the reinforcement of the
adhesion, and its elongation and growth®'" with a corresponding
increase in cellular traction force, cell spreading and downstream
signaling.'?'® Cell spreading and traction force on soft substrates
are also enhanced by point mutations or manganese ions that
activate integrins.'*

Integrin oy p,B3 is the primary integrin expressed on the
surface of platelets and megakaryocytes.'*'” In normal circu-
lating platelets, o ,B3 integrin is bent and inactive. Platelet
activation leads to extension and activation of a,;,B3, which
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facilitates binding to fibrinogen or fibrin during hemosta-
sis.'®"81° Dysregulation of ay,P3 integrin conformational acti-
vation results in thrombotic or bleeding disorders.?°? a5 is
expressed at ~100% lower levels on platelets but is abundant
in adherent cell types, including endothelial, smooth muscle,
and tumor cells,?*72° where it promotes cell migration, growth,
and survival. Both oy,B3 and ayp3 are promiscuous integrins
that bind a wide range of ECM proteins, especially those pre-
senting an arginine-glycine-aspartic acid (RGD) motif, com-
monly referred to as the RGD motif.?’

Despite their ~75% sequence similarity (Figure S1), similar
bent and extended conformations, and largely overlapping
ligand repertoires,’®>" oy,B5 and ayfs show some functional
differences.'®®? They exhibit differences in their ability to
bind small molecules,>* the gamma chain site in fibrin-
ogen,®*° synthetic or natural peptides, and their regulation
by divalent ions.**® Expressing oypB3 in human melanoma
cells that already express ayBs increases cell adhesion,
spreading, and migration.®® Platelets express about 80,000
doP3 molecules per cell compared to a few hundred for
ayPBs.*9*? However, the structural or conformational bases
for differential functions are poorly understood.

Force on integrin is due to external or internal contractility
and is transmitted between the ligand-binding site and the B
subunit cytoplasmic tail that connects to the actin cytoskel-
eton. Platelets use oy ,B3 to adhere, spread and exert force
on very soft fibrin gels during hemostasis, while nucleated
cells use ayB3 to adhere and migrate on stiffer interstitial tis-
sue ECM. Differential responses of o,Bz and ayp3 to force
could underly these functional differences.*>** We therefore
addressed how o pB3 and ayfBs integrins respond to force.
We started with experimental analysis of cell spreading on
substrates of variable rigidities, then used steered molecular
dynamics simulations to evaluate structural features that un-
derlie differential behavior. Finally, we used a biomembrane
force probe to assess the unbending kinetics of the two integ-
rins under precise control of mechanical forces. Our results,
collectively, demonstrate that differential conformational dy-
namics and kinetics under force for oy,B3 and ay Bz integrins
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Figure 1. Schematics of integrin in bent and
extended conformations

(A) Bent/closed conformation. The a subunit (green)
and the B subunit (red) are shown, with their domains
indicated. The a subunit extracellular domains are:
the N-terminal B-propeller domain followed by the
thigh domain, and two calf domains (Calf1 and
Calf2). The B subunit extracellular domains are: the
N-terminal B-1 domain, followed by the hybrid, the
plexin-semaphorin-integrin  (PSI) domain, four
cysteine-rich epidermal growth factor (EGF) mod-
ules (I-EGF 1-4), and the B-tail domain (B-TD). The
upper legs consist of thigh and B-propeller domains
for the o subunit and PSI, hybrid, and Bl domains for
the B subunit. The lower legs consist of domains
Calf1 and Calf2 for the o subunit and I-EGF1-4 and
BTD for the B subunit.

(B) Extended-close conformation of integrin with
ligand approaching the ligand binding site between
the B-propeller and Bl domains.

(C) Extended-open conformation with ligand bound
and separated legs.

correlate with and likely account for differential mechanosens-
ing by these integrins in cells.

RESULTS

onpBs allows cell spreading on soft substrates compared
to ayB3

To understand functional differences between highly homolo-
gous integrins, we examined their behaviors in mechanotrans-
duction. Chinese hamster ovary (CHO) cells expressing equal
levels of aypPs or ayPs (Figure S2) were seeded onto fibrin-
ogen-coated polyacrylamide gel substrates of varying stiffness
(Table 1), plus fibrinogen-coated glass as a control.*® After over-
night incubation to achieve full spreading, we observed the ex-
pected increase in cell area as a function of stiffness (Figure 2A);
however, cells expressing .3 showed greater spreading at
~5 kPa (Figures 2A and 2B), while spreading on stiff substrates
(30 kPa) or glass was marginally higher for ayBs (Figures 2A
and 2B). The addition of Mn?*, a well-established positive control
for integrin activation, had little effect on the difference between
apBs and ayPBs (Figure 2B). Mn?* treated oy, cells spread less
on substrates of ~5kPa compared to the cells expressing o83
in the absence of Mn?* (Figure 2B), which was initially unex-
pected; however, o3 with bound Mn?* is in an intermediate
activation state,*® with a slower association rate for ligands.*®
Taken together, these results suggest that either a lower
threshold for force-dependent activation or a higher threshold
for bending of integrin oy, B3 relative to ay 3 mediates this effect.

All-atom simulations of o;,,83 and «y B3 extension-
bending

We evaluated force-dependent extension and bending of oy,B3
and ay B3 integrins using steered molecular dynamics (SMD)
and equilibrium molecular dynamics (MD) simulations. A con-
stant force of 66.4 pN was applied to the center of mass of the
residues at the ligand binding site while holding the center of
mass of the transmembrane helices fixed in the vertical direction
to simulate spatial restraints from the lipid bilayer (Figure 3A). In-
tegrin oypPB3 extended up to ~9 nm in 100 ns, while ayBs
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Table 1. Composition of polyacrylamide gels with varied stiffness for substrate preparation

Elastic modulus (Pa) 40% acrylamide 2% bis-acrylamide  10% APS  Citrate buffer ~ NHS (60 pg/mL) TEMED  Total volume (uL)
490 45 7.5 20 394 33 1 500
1,551 56.3 10 20 372 42 0.8 500
5,083 84 11 20 323 62 0.8 500
9,000 84 18 20 316 63 0.8 500
13,380 84.4 25 20 308 63 0.5 500
30,027 135 37.5 20 208 100 0.5 500

The elastic modulus (Pa), acrylamide, bis-acrylamide, APS, citrate buffer, NHS, TEMED, and total volume (uL) are detailed for each stiffness level, facil-
itating the creation of substrates used in the study. Gels were applied to glass surfaces following a specific protocol, and fibronectin was subsequently

added for surface functionalization.

extended up to ~7.5 nm (Figure 3B). Embedding the two integ-
rins within a lipid bilayer showed a similar greater extension for
dypPs compared to ayPs (Figure S3). The number of hydrogen
bonds decreased more rapidly for o3, especially after 30 ns,
which coincides with the point at which o B3 extension sur-
passed that of ayf3 (Figure 3C). When larger forces of 166 pN
and 322 pN were applied, o;,B3 consistently exhibited greater
extension compared to ay B3 (Figure S4). Releasing the force re-
sulted in bending for both integrins, but o,z bent more slowly
than ayBs (Figure 3B). Specifically, a,Bs bent approximately
1.5 nm from its extended conformation within 100 ns of equilib-
rium MD simulations, while ayBs bent about 4.3 nm in the same
time frame (Figure 3B). Accordingly, the number of hydrogen
bonds for ayB3 remained higher than that of o,,B3 (Figure 3C).
Collectively, analysis of integrin extension and bending from
the SMD and equilibrium MD simulations indicates that oy,B3
exhibits greater flexibility than ayB3 under applied force; addi-
tionally, once extended, o533 maintains its extended conforma-
tion longer than ayf3 (Videos S1 and S2). These results demon-
strate that force has different effects on oypBz and oyfs,
enhancing extension and stabilizing the extended conformation
of aypP to a greater extent.

Analysis of residue fluctuations during o83 and oyf3
extension and bending

To gain insights into the force-dependent conformational path-
ways of integrin o,,B3 and ayf3, root-mean-square displace-
ments (RMSDs) and root-mean-square fluctuations (RMSFs) of
the residues alpha carbons (Ca) were calculated. During exten-
sion, Ca. RMSDs of ay,33 relative to its initial bent conformation
increased more than that of a3, reaching ~4 nm compared to
~3 nm at 100 ns of SMD (Figure 4A). In contrast, during bending,
the Ca. RMSDs of oy, 83 relative to its extended conformation was
less than that of a3, with values of ~1.1 nm against ~1.5 nm at
100 ns, reflecting the reduced propensity for extended o,B3 to
return to the bent state after termination of force (Figure 3B). Dur-
ing extension, a, B3 exhibited per-residue RMSFs that were up
to 66% higher than those of ayB3 (Figure 4C). The Co. RMSFs
for oy pP3 ranged from 0.38 to 2.7 nm during extension, with an
average of 1.2 + 0.4 nm (Figure 4C). In comparison, a3 showed
a narrower range of Ca. RMSFs, between 0.23 and 1.9 nm, aver-
aging 0.86 nm + 0.32 nm (Figure 4C). To identify local differences
in fluctuation patterns between the two integrins, we examined
the residues corresponding to RMSF peaks in o83 and minima
in ayPs, We extracted residues from o3 that corresponded to

RMSF peaks with high prominence and aligned with minima of
ayBs within the +/—10 residues window. We used k-means clus-
tering to group these residues (63 residues) into five distinct clus-
ters (Table 2). Notably, 81% of these residues were located
within the o subunit domains Calf1-2 (34%), B-propeller (28%),
and the B subunit domain B-1 (19%).

Dynamic cross correlations among residues of the B-propeller
domain (residues 1-452, regions a in Figure S5A), between
these residues and those in the B-I domain (residue numbers
1118-1360, region b in Figure S5A) or with residues in Calf1-2
(residues 609-964, region c in Figure S5A) presented differences
betweenthe two integrins. During extension, the residues in these
domains were more correlated in o, B3 than ayBs (Figure S5A).
Conversely, during bending, residues of B-propeller with respect
to one another (residues 1-452, regions a in Figure S5B), with
respect to residues in B-I (residue numbers 1118-1360, region b
in Figure S5B) or relative to residues in Calf1-2 (residues 609-
964, region c in Figure S5B) were less correlated in o3 than
ayBs. Hydrogen bonds and contacts between the B3 head (do-
mains hybrid and B-I) and tail (domains B-TD, EGF3, and EGF4)
after 30 ns of extension were higher for a3 compared to o, ,B3
(Figures S6A and S7A). During bending, there were more
hydrogen bonds and contacts between hybrid/p-1 and within
EGF domains in ayB3, possibly responsible for staying longer in
an extended conformation (Figures S8B, S8H, S8l, S9B, and
S9l). Additionally, in a/B3, B-propeller presented more molecular
contacts and hydrogen bonds with both Thigh and B-I domains
with respect to oy B3 (Figures S6-S9). To examine whether oy ,B3
and ayB3 integrins adopt similar conformations after the same
duration following the onset of force-dependent extension and
bending, we compared the Ca RMSDs of the integrins at different
time points (i.e., 0 vs. 200 ns, 25 vs. 175 ns, 50 vs. 150 ns, and 75
vs. 125 ns). The oy,B3 and ay B3 integrins captured after 25 ns of
extension and 25 ns of bending (corresponding to 125 ns of simu-
lation) exhibited structural differences, as illustrated in Figure 4E
(with the integrin structure from force-dependent extension
shown in blue and from bending in yellow). The RMSDs for o533
at the time points of 0 vs. 200 ns, 25 vs. 175 ns, and 50 vs. 150 ns
were 3 nm, 2.4 nm, and 1 nm, respectively (Figure 4F). The same
analysis for a3 revealed RMSDs of 0.65 nm, 0.4 nm, and 0.6 nm
for extension versus bending. These results indicate that o,B3,
when captured at 25, 50, and 75 ns after the onset of either exten-
sion or bending, consistently displayed greater differences in
structure than ayB3. This suggests a higher degree of structural
variability in oy B3.
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Figure 2. Stiffness sensing via o,,Bs and
ayPBs integrins

(A) CHO cells expressing equivalent levels of oy,B3
and avp3 integrins, plated on gels of indicated
stiffness or glass overnight, stained for F-actin and
imaged as described in Methods.

(B) Quantification of spread area per cell. Values
are means + SEM. n = 199-277 cells per group
from three independent experiments; *p < 0.0001,
**p < 0.00001. Scale bar, 100 um.

at 100 ns of SMD related to its initial value
r0 (schematics in Figure 5A). For a3, the
length of the o chain decreased by ~2%
from bent to extended, while the length
of the B chain remained nearly constant
(Figure 5B). In contrast, for ay B3 integrin,
both the o and  chains lengthened, with

the B chain increasing up to ~2% (Fig-
ure 5B). To understand the basis for these
differences, we examined the head and
leg components of the two chains sepa-
rately. The shortening of oy, primarily orig-
inated from the leg (Figure 5C), owing to a
reduction in the distance between the
centers of geometry of Calf1 and Calf2
with a maximum value of ~0.5 nm (Fig-
ure 5D and Video S1). By contrast, the dis-

I tance between the centers of geometry of
H Calf1 and Calf2 in ay remained almost
constant (Figure 5D and Video S1).
Collectively, these results show that the
greater extension of oy,B3 (Figure 3B) is
accompanied by changes in the distance

between the domains of the o, lower leg.

Experimental observation of faster
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In summary, our analysis revealed differences in structural dy-
namics between oy,B3 and ayp3 during force-dependent exten-
sion and bending. During extension, o,,B3 exhibited a higher de-
gree of structural change from its bent conformation compared
to ay B3, with higher per-residue RMSF. The biggest differences
were localized in the lower o subunit, with significant but smaller
contributions from the ligand-binding interface. When force was
terminated, oybB3 Maintained a more extended structure, while
ayPB3 displayed a greater propensity to adopt bent conformations
like those before extension (Figure 4F).

Integrin leg domains responsible for different
extension-bending characteristics

To assess movements between domains of o33 and ay B3, we
next tracked the distances between their centers of geometry
during SMD and equilibrium MD simulations (Figures S10 and
S11). From these distances, we summed the values for each sub-
unit (e and B), which is proportional to the total length of each
subunit. We then calculated the percent change in this value, r,

4 Structure 33, 1-11, February 6, 2025

& extension of integrin o,,33 than
ayB3 under tensile forces
In our previous work, we used a single-molecule force spectros-
copy instrument named biomembrane force probe (BFP) to
experimentally characterize the extension of single integrin
dyPs molecules both as purified molecules and on cell sur-
faces.*”*® However, integrin oy,B3 extension was not examined.
To directly compare the extension kinetics of these integrins, we
again used BFP to assess o3 integrins. A biotinylated human
red blood cell (RBC) was aspirated by a micropipette to act as a
force transducer (Figure 6A, left)."”*® A probe bead bearing
fibronectin type Il module domains 9-10 (FNy9-10) was attached
to the apex of the RBC via streptavidin-biotin interaction.*® A
platelet (which highly expresses integrin oy,B3) was aspirated
by an opposing micropipette (Figure 6A, right; Figure 6B) as
the target, repeatedly touched to the probe bead, and then re-
tracted (Figure 6C). Adhesion events between the probe bead
and the platelet were signified by the elongation of the RBC,
where the force applied on the RBC equals the force on the in-
tegrin oypPs-ligand complex, which was calculated based on
the RBC elongation distance and RBC spring constant. The
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Figure 3. Force-dependent conformational
changes of a,,B3 and ay 3 integrins
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(A) All-atom secondary structure representation of
integrin showing force direction applied to the
center of mass of the pulling group (residues:
E220, S121, S123, D119, and D251 in the metal
ion-dependent adhesion site or MIDAS; D217,
N215, D158, and P219 in the ligand-associated
metal ion binding site or LIMBS; and D126, D127,

Bending and M335 in the adjacent to MIDAS or ADMIDAS),
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with the o chain in green and the B chain in red.The
transparent representation corresponds to the
bent integrin conformation, while the solid repre-
sentation corresponds to the partially extended
integrin conformation at 20 ns of the steered MD
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Distance : ‘\.-&

Hbonds

Extension

simulation. The reference group is formed by res-
idues in the transmembrane helices: W967-W988
in the chain and V696-W715 in the B chain.

(B) Normalized extension vs. time plot of o,,B3 and
ayBs integrins during force-dependent extension
and bending. Extension is calculated as the dis-
tance between the pulling group and the reference
group. Results are presented as averages between
three independent replicas. The equilibrium MD

Bending

50

bead coating was titrated to reach an adhesion frequency of
~20%, which allowed most binding events to be mediated by
single bonds.*® Antibody LM609 was added to block integrin
avPs ligand binding.*® As confirmed in our previous work, the
binding events measured with this experimental setup were pre-
dominantly mediated by integrin oy pBs-ligand specific interac-
tions.*® Once an adhesion event was detected, the platelet
was held at a pre-set position and clamped until integrin-ligand
bond dissociation. In the clamping phase of some measure-
ment cycles, integrin a,,B3 extension was observed, signified
by a concurrent decrease in the mean force and force fluctuation
(Figures 6D and 6E), which are clearly distinguished from addi-
tional bond formation (which increases force and decreases
thermal fluctuations) and dissociation of a bond from a multi-
bond adhesion (which decreases force and increases thermal
fluctuations).*”*4°° As measured from the force drop of the
BFP signals, the extension of platelet surface integrin o3 mol-
ecules was accompanied by a displacement of ~15 nmin the in-
tegrin’s ligand-binding site, in agreement with the distance the
integrin headpiece moves, as estimated from the integrin struc-
ture (Figures 6F and 6G).5*"*¢

The kinetics of integrin extension can be characterized using
two parameters: time-to-extend (fp,), meaning the “pause”
time of an integrin residing in the bent conformation before start-
ing the extension and extending time (ts,.), meaning the duration
of the extending process.*® Integrin o,,Bs showed faster un-
bending as force increased (Figures 6H and 6l). This is consistent
with previous observations on integrins o, 8, and a3, confirm-
ing a facilitating role of tensile force on integrin extension.*’+*%:>
Although it would be ideal to compare the extension kinetics of
both integrin ayfs and a,,Bz on platelet surfaces, assessing
ayPs on platelets is difficult due to interference from vastly

100

Time(ns)

simulations to simulate bending were initiated from
an identical conformation, with three replicas run
from this starting point to ensure consistency be-
tween simulations.

(C) Total number of hydrogen bonds within o33
and ay B3 integrins during extension and bending.

150 200

more abundant oypB3 (~80,000 vs. hundreds), while the low
expression of ay B3 also limits the throughput of data acquisition.
Thus, with a high concentration of 10E5 to block most a3 in-
tegrins, we only measured the unbending kinetics of platelet sur-
face ayP3 (likely together with some residual events from oy, B3)
under a single force, ~25 pN, which already showed much
longer to, and tgy,. than oy,B3 (Figures 6H and 6l). We also
compared the kinetics of platelet surface integrin o, ,Bs with
the published results for endothelial cell surface integrin ayfp3
(data acquired from*’), which again showed that both the to,
and tgy, for integrin o ,B3 are much shorter than integrin oy B3
(Figures 6H and 6l).

We next examined purified integrin oy,B3 using the same
experimental setup, with the only difference being that the
platelet was replaced by an integrin o,,3-coated bead. Compa-
rable to results with platelets, the extension of purified integrin
dpPs also involved the displacement of the integrin’s ligand-
binding site by ~15 nm (Figures 6F and 6G). Interestingly, the
to,. of purified integrin oy,B3 was found to be comparable to pu-
rified integrin ayB3 (published data acquired from a study by
Chen at al.*®) under all forces; however, its tsw. Was still much
shorter than purified integrin ayB3, consistent with the cell sur-
face results (Figures 6J and 6K). Overall, the kinetics of integrin
abPs extension under tensile forces is much faster than a3,
consistent with our SMD simulation.

DISCUSSION

Integrins are central to cells’ sensing the mechanical proper-
ties of their extracellular environment, but our understanding
of force-induced conformational dynamics and functional
consequences is rudimentary. Here, we exploit two highly
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Figure 4. Residue displacements and dy-
namic cross correlation (DCC) of residue
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pairs of o,,B3 and ayPs integrins
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(A and B) Root-mean-square displacements
(RMSDs) of aypBs and ayBs integrin residues
during extension (A) and bending (B).

(C and D) Root-mean-square fluctuations (RMSFs)
of oypBz and ay B3 integrins in the extension (C) and
bending (D) phases.

(E) Structural alignment of o583 and a3 integrins

(=]

Time(ns)

3 3

20 40 60 80 100 0 20 40
Time(ns)

60 80 100 to calculate the RMSDs at different extension

points. Blue: integrin at a specific extension point in
the extension. Yellow: integrin at a specific exten-
sion point in the bending.

N
©n
)
W

B-propeller Calf1,2

RMSF (nm)
s . 19

RMSF (nm)
= 1

e

49,

S
n

(F) RMSDs of integrin at the same extension point
compared between the extension and bending
phases.

0
0 500 1000 1500 0

Residue #

500

Residue #
F Structural changes

Cell experiments indicated that oy,B3
exhibits a greater propensity for activa-
tion under force in comparison to ayfs
(Figure 2). MD simulations and single-
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related integrins to address the relationship between mecha-
nosensing functions and structural dynamics. Both integrins
transition between bent and extended conformations to regu-
late cell adhesion and signaling. The dynamic equilibrium be-
tween these states is determined by biochemical and me-
chanical signals from the external environment and internal
processes.*”*?7°* |nitial and final states of integrin oy,B3 and
ayPz conformational activation are extraordinarily similar, as
are their ligand repertoires and properties,?® ! suggesting
that force-regulated dynamics should also be similar. Howev-
er, our results demonstrate that substrate stiffness sensing
through these integrins is quantitatively different, and that sin-
gle integrin conformational dynamics, assessed both compu-
tationally and experimentally, show corresponding differ-
ences. These differences correlate well with their distinct
functional activities, where o83 mediates platelet interac-
tions with very soft fibrin gels, whereas a3 mediates nucle-
ated cell adhesion and movement on tissue ECM. %2

molecule experiments demonstrated
that integrin oy pB3 extends more rapidly
than ayBs under force (Figures 3 and 6).
This phenomenon is attributed to the
enhanced propagation of force through
integrin oypPs and the lower number of
hydrogen bonds between several do-
mains (Figure S6). Additionally, oy ,Bs ext-
ended more easily under force because
correlated fluctuations of its residues
propagate motion while maintaining functional domains as
cohesive, rigid units (Figure S5). By contrast, ayBs was less
flexible and presented reduced residue fluctuations under force
(Figure 4). In the bending phase, however, o33 had less ten-
dency to bend and stayed longer in the open conformation
(Figure 3B). These findings thus explain how oy ,B3 and ay B3 in-
tegrins, despite their similar sequences, structures and ligand
binding repertoires, respond differently to force so that platelets
vs. nucleated cells can function in mechanically distinct
environments.

We initially compared the responses to force of o,B3 and
ayPB3 integrins using the classic stiffness sensing assay as a
readout, which prior studies indicated involves force-depen-
dent changes in integrin affinity.’">> Examination in one
cell type (CHO cells) was crucial for a consistent and well-
controlled comparison. Stiffness sensing curves revealed
a leftward shift for a,,B3, with greater spreading at intermedi-
ate stiffness levels compared to ayBs. This difference

Table 2. K-means clustering performed on RMSFs of integrins

Cluster1 Cluster 2 Cluster 3 Cluster 4 Cluster 5
108, 200, 546, 764, 1005, 1317, 337, 791, 847, 81, 118, 37, 148, 595, 839, 885, 887, 1001, 1313, 690, 856, 1197, 127, 166, 348, 858,
686, 1310 157, 767, 1189, 339, 605, 849, 48, 794, 887, 929, 1126 842, 932, 76, 551, 906, 1018, 1144, 1199, 1269,

1010, 161, 771, 796, 1140, 53, 125, 345, 486

599, 844 1296, 1330, 1356, 1394

Residues from the Calf1-2, B-propeller, and Bl domains are represented in italics, bold, and bold italics, respectively.
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A B Figure 5. Deformation of integrin chains
during force-dependent extension-bending
cycle

2 (A) Cartoon representation of integrin in the bent
. _. and extended conformations with head and leg
e 0 ._ parts indicated. The calculation of sum of dis-
ka: 2 tances between the center of geometry of
consecutive domains is shown in the bent

4 ; — conformation.
(B) Change in the length of each chain compared to

B3 a,Bs their initial value.

(C) Change in head and leg part length (calculated

c D by adding the distances between the center of

fg geometry of consecutive domains in the head and
£ 1 leg part of each chain) compared to their initial
2 = value.
S cnfs (D) Change in the distance between Calf1-
0 _. _‘f aps — Calf2 domains compared to the initial values in
S ahead S extension.
sl 2 aleg o W
Bhead m— |
-4 Bleg ~
?_1 rins, the greater fluctuations of o ,B3 res-
alle3 GVB;:, E‘\ 0 - 50 100 idues (RMSFs) compared to ayBs (Figure
;\E Time(ns) 4) in extension promoted a more dynamic

persisted in Mn2* conditions. These results suggest that o ,B3
is more prone to activation under force compared to ayfs
(Figure 2).

Understanding these observations requires analyzing the
effects of force on the conformation of o,B3 and ayfs integ-
rins. However, experimentally monitoring dynamic changes
in integrin conformation in cells during adhesion assembly
on substrates with different rigidities is not feasible. Therefore,
we employed atomistic MD simulations to evaluate integrin
extension under force. SMD simulations enabled us to directly
apply a constant force on the residues interacting with a
ligand between the o and B subunits of integrin. Furthermore,
by releasing the force after extension and conducting unbi-
ased MD, we assessed the relaxation of the extended confor-
mations. Notably, a;,B3 and ayfB3 integrins exhibited different
conformational dynamics, with o,,B3 demonstrating greater
extension under force (Figure 3B) and slower bending after
releasing the force (Figure 3B). These differences emerged
from different fluctuations (Figure 3) and motional correlations
between residues (Figure S5) and domain movements (Fig-
ures 5, S10, and S11). ay,B3 showed higher residue fluctua-
tions in extension compared to ay B3 (Figures 4A-4D), along
with a greater effect of force on inter-domain distances in
the lower legs (Figure 5). In contrast, ayBs, with less flexibility
in extension, displayed smaller variations in inter-domain dis-
tances (Figure 5). This differential rigidity may explain the vary-
ing cell spread areas and their different functions in mechan-
ically distinct environments.

Previous studies evaluated the relationship between residue
motions and protein flexibility using molecular modeling and
simulations, forming the basis for techniques like elastic network
modeling and normal mode analysis.® Increasing the magnitude
of residue fluctuations can decrease protein flexibility because
these motions can restrict the protein’s ability to adopt alterna-
tive conformations. However, in the case of o33 and a3 integ-

and adaptable protein structure. This is

because the residues’ highly positive
and negatively correlated motions maintain domains as rigid
blocks that propagate structural changes over long distances
(Figure S5).

Using the BFP, we verified that integrin a3 exhibits slower ki-
netics of extension under tension compared to o,B3, both in
purified forms and on cell surfaces, as reflected by its longer ex-
tending time (tsn.) (Figure 6). BFP allows the evaluation of
bending and unbending conformational changes of a single
integrin and directly assesses how its physiological function
and molecular structure are coupled at the single-molecule
level.*”>">" The BFP results for oy,B3 and ayfs are consistent
with the extension-time plot provided by our MD simulations
(Figure 3) and with the higher root-mean-square displacements
(RMSDs) and greater fluctuations of oy, residues (RMSFs)
compared to ayfs (Figures 4C and 4D). The molecular differ-
ences between a,,B3 and ay B3 integrins under force also corre-
late with differences in cell mechanosensing mediated by the
two integrins (Figure 1).

The differences in the extension and bending of the two integ-
rins might be responsible for controlling integrin function in the
context of distinct requirements for platelets vs. adherent tissue
cells. The more sensitive response of o,B3 to softer substrates
may underlie the requirement for platelets to interact with and
apply force to very soft fibrin clots. Additionally, the faster
response of o,B3 conformational dynamics to force could be
crucial for rapid hemostasis in vascular injury.°®®" In contrast,
the slower response of a3 to mechanical stimuli may be asso-
ciated with the slower spreading and migration processes by
adherent cells expressing ayf3 interacting with stiffer tissue
extracellular matrices. Overall, this integrated experimental and
computational study lays the groundwork for understanding
more generally how mechanosensitive proteins with structural
and conformational similarities can exhibit diverse functional
roles across a spectrum of cell types, relevant for many cellular
and tissue biophysics fields in physiology and diseases.
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Figure 6. Experimentally assessing kinetics of
integrin oypB3 and ayBsz unbending conforma-
tional changes

(A) Experimental setup of biomembrane force probe.
(B) lllustration of the experimental design. A ligand on
the probe bead engages an integrin molecule on the
target bead or cell surface, and the ensuing retraction of
the probe bead applies pulling force on the molecular
complex and facilitates the integrin to unbend.

(C) Representative BFP force vs. time trace showing
different phases of a test cycle and an unbending event
of purified integrin oy ,B3 in the position-clamp phase.
(D) Zoom-in of the position-clamp phase in (C), with
definitions of time-to-unbend, unbending time and
force drop annotated. Dashed lines in (C) and (D):
average clamping force when the integrin is in the bent
(upper) and extended (lower) conformation, respec-
tively.

(E) Variance of pre- and post-unbending BFP signal in
the purified system (left) and cell surface system (right).
***p < 0.0001, assessed by paired sample t test.

(F) Scatterplot of purified and cell surface integrin oy,B3
unbending extension change. Solid and dashed lines:
mean = SD.

(G) Box and whisker plots of purified and cell surface
integrin oyB3 unbending extension change. N.S., not
significant, assessed by t test.

(H-K) Time-to-extend (t,,) (H and J) and extension time
(tsw+) (I and K) of platelet surface (H and I) and purified (J
and K) integrin a,pB3 (Mean + SEM) and platelet surface
(mean + SEM) and endothelial cell surface (mean; from
previous publication) ayBs (H and 1) unbending events
vs. force.
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STARXxMETHODS

KEY RESOURCES TABLE

Structure

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

7H2 anti-B3 integrin antibody

Alexa 488 conjugated secondary antibody

Developmental Studies
Hybridoma Bank

Thermo Fisher

RRID: AB_2617394

Cat#A12379; RRID: AB_2759222

Biological samples

Human red blood cells (RBCs) collected from This study N/A

human subjects (IRB Protocol #22- 0015)

Platelets collected from human subjects This study N/A

(IRB Protocol #22- 0015)

Chemicals, peptides, and recombinant proteins

Fibrinogen Sigma Aldrich Cat#F4883

Biotin-PEG3500-NHS JenKem USA A5026-1

fibronectin type Il module domains 9-10 A gift from Prof. Cheng Zhu N/A
(Georgia Tech) Chen et al.*®

Streptavidin-maleimide Sigma-Aldrich S9415

Integrin oy,B3 purified from human platelets This study N/A

(IRB Protocol #22- 0015)

Critical commercial assays

BD FACSAria™ Fusion Cell Sorter BD Bioscience N/A

Deposited data

Integrin ay B3 headpiece Xiong et al.®” PDB: 3IJE

Integrin oypBs Xu et al.®® N/A

Full-length structures of integrin «,f3 and This study https://github.com/tamarabidone/

abBa, MD simulation trajectories and
analysis scripts

alphaV_vs_alphallB

Experimental models: Cell lines

CHO cells expressing oy ,B3 or oypa

Joel Bennett & Karen Fong
(Univ. of Pennsylvania)

N/A

Software and algorithms

GROMACS (v2020) Van Der Spoel et al.® https://www.gromacs.org

ImageJ Schneider et al.®® https://imagej.nih.gov/ij/

GraphPad Prism Swift et al.®® https://www.graphpad.com

VMD Humphrey et al.®” https://www.ks.uiuc.edu/Research/vmd/
Other

BD FACSAria™ Fusion gating strategy

Polyacrylamide gels of varying stiffness

BD FACSAria™ Fusion
Flow Cytometer

Aratyn-Schaus et al.*®

N/A

N/A

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

CHO cells transfected with a3 or ayB3 were generously provided by Joel Bennett and Karen Fong (University of Pennsylvania).®®

Cells were cultured in Ham’s F-12 medium containing 10% fetal bovine serum, 2 mM L-Glutamine, 100 units/ml Penicillin/
Streptomycin, 300 ug/mL Zeocin, and 500 pg/mL G418 (Geneticin).
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METHOD DETAILS

Cell culture and transfection

To obtain equal expression of B3 integrins, cells were FACS sorted (Figure S2) using antibody 7H2 (Developmental Studies Hybrid-
oma Bank) to isolate cells with equivalent mid-level expressions of o,z and ayB3. Flow cytometry was used to assess the cell sur-
face expression levels of integrins avp3 and o,B3 on CHO cells. Live cells were sequentially stained with the 7H2 primary antibody,
which recognizes the B3 subunit of integrins and Alexa 488 conjugated secondary antibody for detection using the BD FACSAria
Fusion Cell Sorter (BD Biosciences). Comparable expression levels of B3 subunit were observed across the populations. Gating stra-
tegies were applied to isolate distinct viable, single-cell populations. Representative plots show the gated populations (P1-P5 in Fig-
ure S2) with clear separation and high expression levels of B3 integrins. The histogram overlay further confirms uniform expression
levels, as indicated by the similar intensity overlapping peaks (Figure S2E, J). The P4 and P5 populations exhibiting equivalent levels
of B3 integrin expression were selected for further expansion. These populations were cultured under identical conditions, and
ultimately, the P5 population (with mid-level expression) was chosen for downstream experiments due to its robust growth charac-
teristics and stable expression profile. Cells were used at 5 or fewer passages after sorting.

Substrate preparation

Polyacrylamide gels of varying stiffness were prepared as previously described. Briefly, a solution of 0.0714% glacial acetic acid,
0.0714% 3-(Trimethoxysilyl) propylmethyacrylate, and 96% ethanol was applied to glass surfaces for 10 min. Polyacrylamide gels
were prepared by combining 40% acrylamide, 2% bis-acrylamide, and citrate buffer supplemented with NHS, TEMED, and 10%
APS, as specified by Table 1 for each stiffness. 20 puL of the gel mix was swiftly added to each dish, and an 18 mm coverslip was
gently placed on top to achieve uniform spreading. Polymerization occurred within 10 min, as indicated by a visible ring under the
cover glass. After dislodging the coverslip, the gel was washed with citrate buffer and 1x PBS. Fibrinogen (20 pL at 1 mg/mL) was
added on top of the gel, incubated overnight at 4°C, and washed with PBS. Gels could be stored in 1x PBS for up to 2 weeks before
use.

Cell immunostaining and quantification

Cells were plated on polyacrylamide (PAA) substrates overnight then fixed with 4% paraformaldehyde (Electron Microscopy Sci-
ences) in PBS. Fixed cells were permeabilized with 0.05% Triton X-100 in PBS supplemented with 320 mM sucrose and 6 mM
MgCl,. Coverslips were washed with PBS 3X, blocked for 30 min with 1% BSA in PBS and incubated at room temperature for
1-2 h with phalloidin. After three PBS washes, cells were mounted with 4,6-diamidino-2-phenylindole (DAPI) in Fluoromount-G
(SouthernBiotech) and images at 60x on a Nikon Eclipse Ti spinning disk confocal microscope. ImageJ was used for background
subtraction, thresholding to generate cell masks, and analysis of particles function to determine cell area.®®

Reconstruction of missing residues

The bent oy,B5 integrin, sourced from human platelets, was used.®® For aypBs, the full-length bent conformation was obtained by
combining the headpiece (PDB: 3IJE) with the transmembrane helices and cytoplasmic domains (PDB: 2KNC) after structural fitting
of their residues onto the corresponding regions of bent a5 integrin.®>*° Missing residues, in both integrins, were reconstructed by
considering residues within a 30 A radius of the two terminal residues preceding the gap, using the loop modeling function in Mod-
eller.”® During the loop refinement process, all residues within this 30 A radius were frozen, except for the terminal residues at either
end of the gap. The reconstruction of the missing loops was optimized using the "refine.very_slow" option. For each integrin type,
10,000 loop models were generated for each missing region, and the model with the lowest Modeller objective function was selected
as the optimal structure. This refined model was then integrated into the original conformation. To ensure structural stability, the final
conformation of each integrin underwent energy minimization using GROMACS.®*

All-atom molecular dynamics simulations of o,z and oy 3 extension and bending

To evaluate the degrees of extension (i.e., unbending) under force and bending (i.e., relaxation) of a,,B3 and B3, 100 ns of steered
molecular dynamics (SMD) simulations were first performed, followed by 100 ns of equilibrium molecular dynamics (MD) simulations.
All simulations were carried out in GROMACS,®* using CHARMMS36 force field,”' and each simulation was repeated three times, re-
sulting in three independent replicas for each integrin type. Structural analysis of integrin extension and bending was based on the
degree of headpiece extension, changes in hydrogen bond numbers, and relative displacements of the extracellular functional
domains.

Energy minimization and equilibration steps

Bent integrin oy,B3 (ovB3) was initially placed in a simulation box with dimensions of 16.1 nm x 13.1 nm X 22.9 nm (for o;,f3) and
15.1 nm x 15.1 nm X 20.6 nm (for aVB3). The box size was then expanded in the direction of the applied force to more than double
its original size, allowing sufficient space for the integrin’s extension. Each integrin was solvated using the CHARMM-modified TIP3P
water model and 150 mM NaCl.”? The total number of atoms in o5 and oy B3 systems were 680,864 and 693,580, respectively. The
solvated integrins were first subjected to energy minimization using the steepest descent algorithm for 5000 steps, with a timestep of
2 fs.”® Covalent bonds involving hydrogen atoms were constrained using the LINCS algorithm.”* Then, equilibration simulations were
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performed using restraining potentials of backbone atoms (from 4000 kJ/mol/nm? to no restraints). First, two consecutive equilibra-
tion simulations were carried out in the constant temperature, constant volume (NVT) ensemble. Then, four successive equilibration
simulations were run in the constant temperature and constant pressure (NPT) ensemble with a time step of 1 fs. The restraining po-
tentials of the backbone atoms were gradually lowered during the consecutive equilibration runs. Using a switching function ranging
from 1.0 to 1.2 nm, the Lennard-Jones interactions were cut off at 1.2 nm, and the short-range electrostatic cutoff was set at 1.2 nm.
For the long-range electrostatic interactions, the particle-mesh Ewald approach was used’® with a grid spacing of 0.16 nm.

Steered molecular dynamics simulations and equilibrium molecular dynamics of o33 and ayB3 integrins

In production SMD (for extension) and equilibrium MD (for bending) simulations of both integrins, the control on pressure was turned
off. A constant pulling force of 66.4 pN was applied on the center of geometry of the Ca. atoms forming the ligand binding site at the
interface between B-propeller and I domains (i.e., residues: E220, S121, S123, D119, D251 in the metal ion-dependent adhesion site,
or MIDAS; D217,N215, D158, P219in the ligand-associated metal ion binding site or LIMBS; and, D126, D127, M335 in the adjacent to
MIDAS or ADMIDAS). The movement of the transmembrane helices was allowed laterally and constrained in the vertical direction to
mimic restraints from the plasma membrane. A V-rescale thermostat was used to control the temperature’®, and the LINCS algorithm
was used to maintain the bond lengths.”* Constant force pulling of the upper headpiece gradually unbent the integrin during SMD sim-
ulations without causing distortions of the domains (Videos S1). At 100 ns of SMD, the last frame of the SMD simulation was extracted
and used as the first frame of equilibrium MD simulations to simulate the bending from the extended conformation. During the bending
equilibrium MD simulations, the temperature was maintained at 310 K, and the pressure control was turned off, allowing the system to
evolve naturally from the extended conformation. Visualization of the simulation trajectory was performed using VMD and Pymol.®”
GROMACS analysis tools and homemade scripts in Python were used to analyze the MD trajectories quantitatively.

Membrane-embedded o33 and ay B3 simulations

The full-length all-atom structures of oy, B3 and a3 integrins were also embedded in a lipid bilayer composed of DOPC and DOPS at
amolar ratio of 4:1, using the CHARMM-GUI membrane builder (Figure S3A).”” Both integrins were oriented so that their transmem-
brane a-helices were perpendicular to the lipid bilayer.”*’® The integrin-membrane systems were then solvated with the CHARMM-
modified TIP3P water model.”® The ayuuBs (owBs) System included 504 molecules of DOPC, 126 molecules of DOPS, 1077 (1017)
sodium ions, 897 (841) chloride ions, and 323,037 (302555) water molecules (TIP3). The oy,B3 (oyBa) system box size was 16.2
(16.2) nm, 16.2 (17) nm, and (50) 52 nm with a total number of 1084057 (1022865) atoms in each system. Energy minimization, equil-
ibration (NVT and NPT ensembles), and production runs were performed as in the non-membrane simulations, using the same tem-
perature conditions. Covalent bonds involving hydrogen atoms, and both short- and long-range interactions were handled in the
same manner as in the non-membrane simulations.

Structural and residue-based fluctuations analysis using RMSD and RMSF

Root-mean-square displacement (RMSD) analysis was used to assess the structural differences of each integrin during the simula-
tions with respect to a reference (the first frame of the simulation, as shown in Figure 4A-B, or a conformation at a specific time in the
simulations, as depicted in Figure 4F). RMSD was calculated as follows:

(Equation 1)

where N is the number of Ca atoms, and §; is the distance between the it pair of corresponding atoms in the reference frame and the
frame of interest from the MD trajectory.

Root-mean-square fluctuations (RMSF) analysis was used to assess the flexibility and fluctuations of individual residues within the
integrin. Unlike RMSD, which provides a measure of the overall structural difference, RMSF offers a per-residue assessment by plot-
ting the fluctuation values of each residue around its own average. RMSF is calculated as follows:

1N ) .
RMSF = \jﬁ Z (xigy — <x>) (Equation 2)

where X;; denotes the position of the " Co at thej”’ frame, and (x;) is the averaged position of the i Co. atom over the full trajectory. N
is the total number of frames.

Integrin residues motions analysis using Dynamic cross correlation
Dynamic cross correlation (DCC) maps were generated to analyze pairwise correlations between residues from the MD trajectories,
using the CorrelationPlus package.®’ The DCC between residue pairs was calculated as:
Ari-Ar
Cj = _ (anan) (Equation 3)
(v - /a7 )
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where 4r; represents the displacement of residue i from its average position during the simulation. Positive Cj; values indicate corre-
lated motion between residues i and j, meaning they move in the same direction or coordinate their movements. Negative Cj; values
suggest anti-correlated motion, where residues j and j move in opposite directions or exhibit inversely related movements. A Cj; value
of zero indicates no correlation between the motions of residues i and j.

Biomembrane force probe setup, preparation, and experiment
All procedures involving human subjects were approved by the Institutional Review Board of The University of Texas Medical Branch
(protocol number 22-0015).

Red blood cell and glass bead preparation
Blood (8-10 pL) from a human subject was obtained from finger prick. RBCs were isolated by centrifugation, biotinylated by incu-
bating with Biotin-PEG3500-NHS solution and incubated with nystatin to reach the appropriate elasticity.*”

For bead functionalization,®' thiolated glass beads were incubated first with streptavidin-maleimide overnight and then with bio-
tinylated fibronectin type Ill module domains 9-10 (FNy;g_10) for another 3 h. All beads were finally washed with and resuspended in
phosphate buffer (27.6 g/L NaH,PO4-H,0, 28.4 g/L NayHPOy,, pH 7.4).

Platelet isolation

Blood was collected from healthy human adults into a syringe pre-loaded with ACD buffer (71 mM citric acid, 97 mM sodium citrate,
111 mM dextrose, pH 4.5) at a 5:1 ratio, added with 10 uM Prostaglandin E4 and centrifuged at 200 g for 15 min to isolate platelet rich
plasma, which was centrifuged at 900 g for another 10 min to isolate the platelet pellet. The platelet pellet was resuspended in Modi-
fied Tyrode buffer (MTB) pH 6.5 (135 mM NaCl, 11.9 mM NaHCO3;, 2.9 mM KCI, 0.42 mM NaH,PO,4, 10 mM HEPES, 5.5 mM
dextrose), added with 1.2 U/mL apyrase and 10 uM Prostaglandin E4, and centrifuged again. Finally, the platelet pellet was resus-
pended into MTB pH 7.4 added with 1.2 U/mL apyrase.

Biomembrane force probe setup, preparation and experiment

Our BFP setup has been described previously.2 A chamber mounted on an inverted microscope (Olympus I1X83) was filled with
experimental buffer supplemented with 1% BSA and 1 mM Ca®*/Mg?*. An RBC was aspirated by a micropipette to act as a
force transducer (Figure 6A, left), the spring constant of which was set to 0.3 pN/nm when assessing using >10-pN forces, and
0.2 pN/nm when using <10-pN forces.*”*® A probe bead bearing FNy9_10 was attached to the apex of the RBC via streptavidin-
biotin interaction. A bead functionalized by integrin a,B3 (purified from human plasma®?) or a platelet was aspirated by an opposing
micropipette (Figure 6A, right) as the target, and driven by a piezoelectric translator (Physical Instrument) to repeatedly touch with the
probe bead and retract. The probe bead’s position was tracked by a high-speed camera.

For observing integrin extension, the target bead/cell was first driven to approach and contact the probe bead and then retracted. A
tensile force on the RBC, signified by the elongation of the RBC, would indicate an adhesion event. Coating of FN;9_1o was titrated to
maintain infrequent adhesion (<20%), which ensured that most (89%) of the adhesion events were mediated by a single integrin
molecule.®® Once an adhesion event was detected, the target bead/cell would be held at a pre-set position and clamped, until
the adhesion event dissociated. The above procedure was repeated thousands of times on multiple target/probe pairs to acquire
sufficient data. Data analyses were then performed on the BFP “force vs. time” signals of the repeated cycles, in which integrin exten-
sion events in the clamping phase were distinguished by a simultaneous drop of tensile force and thermal fluctuation level of the
signal, which has been rigorously validated on integrins ay B3 and o, B by multiple works.*”**®°% Control experiments were performed
previously.*® In this study, we employed the same instrumental setup and biological system. This approach ensured that the
measured binding events were primarily driven by specific interactions between integrin a,B5 and its ligands,*® with non-specific
binding events and contributions from other integrins being negligible.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical details are provided in the figure legends and results section. Data are presented as means + SEM or s.d., with n indicating
the number of cells or replicates. Statistical comparisons (e.g., t-tests) were used to evaluate differences between groups, with
significance defined at p < 0.05. Figures 2B and 6 include statistical tests to assess differences in cell spread area and integrin
unbending kinetics. Analyses were performed using standard software (e.g., GraphPad Prism), with sample sizes determined to
ensure sufficient power.%®
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