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Force-enhanced biophysical
connectivity of platelet 33 integrin
signaling through Talin is predicted
by steered molecular dynamics
simulations

Shuixiu Su, Yingchen Ling, Ying Fang™ & Jianhua Wu™*

Platelet B3-integrin signaling through Talin is crucial in platelet transmembrane signaling, activation,
adhesion, spreading and aggregation, and remains unclear in mechano-microenvironments. In order
to examine Talin-B3 integrin biophysical connectivity, a series of “ramp-clamp” steered molecular
dynamics (SMD) simulations were performed on complex of F3 domain of Talin and cytoplasmic tail

of B3 integrin to imitate different force-loads in platelet. Pull-induced allostery of the hydrophobic
pocket in F3 domain might markedly enhance complex rupture-force (>150pN) and slow down
breakage of the complex; the complex should mechano-stable for its conformational conservation
under loads (< 80pN); increasing force below 60pN would decrease the complex dissociation
probability, and force-induced extension of B5 strand on Talin and binding site residues, ASP74°

and ALA”“2 as well as Asn’*%, on B3-integrin were responsible for the force-enhanced linkage of the
Talin-B3 integrin. Force might enhance biophysical connectivity of B3-integrin signaling through

Talin by a catch bond mechanism, which be mediated by the force-induced allostery of complex at
clamped stage. This work provides a novel insight into the force-regulated transmembrane B3-integrin
signaling and its molecular basis for platelet activation, and exhibited a potential power of the present
computer strategy in predicting mechanical regulation on ligand-receptor interaction under loads.

Integrins, a family of transmembrane glycoprotein receptor, are comprised of two noncovalently associated subu-
nits, a and B, and play essential role in tissue organization, immune responses, leukocyte traffic and cell develop-
ment by linking the extracellular matrix to intracellular signaling pathway'. As a predominant type of integrin
only expressed on platelet surface, oy, ps, is necessary for platelet functions, hemostasis and thrombosis®. Under
physiological condition, f3 integrin on circulating platelet is at an inactive bend headpiece-closed conformation
usually and cannot bind their ligands®. At vascular injury site, a;,f; integrin can be induced to an active state
through subendothelial von Willebrand factor (vWF) and virous platelet agonists, such as adenosine diphosphate
(ADP), platelet-activating factor (PAF) and thrombin*~’. Interaction of activated ay;,8; with its major ligand such
as fibrinogen mediates platelet adhesion, spreading and aggregation as well as thrombus growth"*%. Defect in
integrin expression or function causes various diseases of immune and bleeding disorder, such as Glanzmann
thrombasthenia and leukocyte adhesion deficiencies>*°.

The short cytoplasmic tail (CT) of B3 integrin provides multiple binding sites for adaptors and signaling
proteins, which are critical in bidirectional integrin signaling'>'2. In initial activation of p3 integrin via a variety
of “inside-out” signaling, the final step is Talin binding to integrin CT with or without kindlin assistance!*-1°.
Talin, a cytoplasmic protein, consists of an atypical FERM domain (FO-F1-F2-F3) that contains a high affinity
binding site for § integrin CT, a large unstructured link region and a flexible rod domain that contains multiple
binding sites for actin, vinculin, Ras-related protein 1 (Rapl) and Rap1-GTP-interacting adaptor molecule
(RIAM)". Talin ligated to the first NPxY motif on integrin B3 tail triggers an unclasping of intracellular and
transmembrane domains between alIIb and 3 subunits, inducing extracellular aIIbp3 conformation change
and ligand-binding affinity promotion>®!>13, After ligand binding, alIbp3 undergoes a further ligand-induced
conformational change and initiates a cascade of intracellular signaling events'®. In this “outside-in” signaling,
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Figure 1. The complex of Talin F3 domain and cytoplasmic distal (CD)-membrane region of 3 integrin in
signaling. (a) Schematic diagram of transmembrane B3 integrin signaling through Talin under mechanical
micro-environment. (b) The crystal structure of Talin head F3 domain bound with 3 integrin CD domain.
Talin F3 domain consists of two antiparallel  sheets composed of four and three strands, packed into a 3
sandwich enclosing a hydrophobic core, with a single a helix at the C terminus packing between 5 and p1,
partly enclosing one edge of the sandwich. The integrin 3 tail includes a small sheet in the middle and two
flexible loops at both terminals.

Talin, as a key player, couples 3 integrin CT to cytoskeletal actin, and this dynamic molecular clutch formation
is critical for platelets to sense and respond to microenvironmental signals'®!%-2!,

Both mechanosensitive integrin and Talin are capable of altering their ligand-binding affinities through force-
induced conformational changes?*~?*. An axial traction and a lateral resistance from extracellular matrix can be
sensed and transmitted highly by bonds between integrins and their ligand>*. Increasing force within a certain
range makes bond lifetime prolonged, suggesting a catch bond'#?%, which mediates stable platelet adhesion on
injury vessel site and arterial thrombus formation at high pathological shear stress>*3. It is from the quantitative
evaluation results of several existing integrin activation models that tensile force of 1-3 pN from cytoskeleton
is a more potent regulator than physiological Talin concentration in maintaining rare active conformation of
integrin®*. And, unfolding of Talin rod domain and switching from RIAM to vinculin-ligated Talin are tightly
regulated by mechanical force, which is crucial during adhesion assembly and maturation®**°. Therefore, it is
inferred that, as a bridge between the extracellular ligand and the intracellular actin, the Talin-integrin linkage
must withstand forces from both of extracellular blood shear stress and cytoskeletal rearrangement in platelet
spreading and aggregation (Fig. 1a).

However, regulation of force on physical connectivity of the Talin-integrin linkage remains unclear. Less
knowledge is about both Talin affinity to 3 integrin and its mechano-regulation mechanism also. Previous
studies focused on force-dependent stochastic unfolding and refolding of Talin rod domains®!*? but not the
interaction of B3 integrin to Talin head domain, despite that crystal structure of Talin bound with the p3-integrin
CT domain had been solved® (Fig. 1b). To reveal the mechanical regulation on biophysical connectivity of
B3-integrin signaling through Talin and its molecular basis, we herein investigated interaction of p3-integrin
CT domain to Talin F3 domain under various mechanical loads through a series of molecular dynamics (MD)
simulations, which were performed for modelling molecular interactions successfully in various extracellular and
intracellular molecular systems®-%%. The present results revealed a force-enhanced biophysical connectivity of f3
integrin signaling through Talin, its mechano-kinetics regulation mechanism and structural basis, provide not
only a novel insight into 3 integrin signaling in platelet activation, hemostasis and thrombosis under mechano-
microenvironments but also a new clue for drug design and treatment of thrombotic diseases.

Results
The dominant interactions of binding site residues in equilibrated complex of Talin F3 domain
with CT domain of B3 integrin. To uncover the dominant binding site residues in binding of f3 integrin
CT domain to Talin F3 domain at physiological conditions, three equilibrated structures of the complex were
obtained herein by performing 40 ns system equilibrium thrice (Materials and Methods), along a same protocol
of energy minimization and hypothesis that the complex was equilibrated if the time courses of the RMSD of
heavy atoms, temperature and total energy were fluctuated on their respective stable levels with small relative
derivations (Fig. 2a). In the three equilibrated structures, one from Run2 should be the most stable, because
the mean number (Ny;) of interfacial H-bonds was about 4.3 for the structure (with mean interaction energy
of =135 kcal-mol™) from Run2 but 3.7 for others (with mean interaction energies larger than —120 kcal-mol™)
from Runl and Run3 (Fig. 2b-d). Numbered one by one as time passed through, the interface H-bonds obeyed
a Gaussian distribution with R*>0.98 if the conformations were sampled within simulation times over 40 ns
(Fig. 2¢, d), suggesting that the conformation space of the complex sampled herein in 40 ns equilibrium should
be quasi-complete.

The detected interface H-bonds in top six of occupancies were contributed by ASP”#’ with TRP**°, TYR™
with ASN?*®, ASN”# with ILE** and THR*%, and LYS*” with ALA”** and GLU* (Fig. 2e; Table 1). It could be
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Figure 2. The dominant interactions of binding site residues in equilibrated complex of Talin F3 domain with
CT domain of B3 integrin. (a) The time courses of Ca-RMSD, (b) the mean interaction energy over 40 ns for the
equilibrated complexes, (c) the time course of interface H-bond number (Ny;) and (d) the Ny distribution with
40 ns for three Runs. The Ca-RMSD was limited in region from 1 to 4 A, showing the system at equilibrium.
The best fitting results of Ny frequency data showed a Gaussian distribution, and the maximum Ny and

the minimum E were obtained in Run2, meaning that the equilibrated complex from Run2 was the best for
subsequent simulations. Interaction between binding site residues of complex and RMSF pattern of residues

on the ligated Talin F3 domain. (e) The key interface H-bonds (red dotted line) and their respective involved
binding site residue pairs in complex of 3 integrin tail (yellow) with Talin F3 domain (cyan) in F3 domain. (f)
The Ca-RMSF patterns of residues on equilibrated Talin F3 domains respectively for Runl (blue), Run2 (red)
and Run3 (green).

Occupancy (%)

No B3 integrin F3 domain Run1 Run 2 Run 3 Average (%)
1 ASp7#0 TRP* 97.1 97.1 91.8 95.3+£3.10
2 ALA#2 LYS*? 46.3 719 54 41.2+33.5
3 ASN7# ILE*® 39.3 72.2 27.0 46.2+23.4

4 ASN7# THR** 20.1 53.9 0.0 24.7+23.9

5 TYR™ ASN® 28.1 13.1 18.5 19.9+7.60

6 GLU™® LYS*? 6.0 17.9 0.0 8.00+8.40

Table 1. Interface H-bonds between binding site residue pairs of three equilibrated complexes. The H-bond
occupancies in column 4-6 showed a mean over 40 ns simulation time of a run. Data from three runs were
averaged and shown in means +S.D. (column 7).

seen that the binding sites of Talin is located on the 3/10 helix-loop-B5 strand behind 4 strand (Fig. 2e, f). Talin
mutation on TRP** would impair Talin binding with integrin in platelets through decelerating alIbp3 activa-
tion, and the critical roles of ASN7** and TYR”¥ on B3 integrin first ““NPxY”*” motif had been demonstrated by
mutation-induced disruption of Talin binding to p1 and 3 integrin®”*%. It meant that the binding site residues,
such as THR**, ASN**® and THR** on Talin as well as ASP7* on 3 integrin, together with their respective part-
ners, were dominant for binding of Talin F3 domain to the CT of 3 integrin. In addition to 7“NPxY”*” motif, the
residue ALA7 contributed a H-bond with a substantial occupancy, but did not the residue GLU”*, suggesting
ALA"* rather than GLU”* was another key binding site residue on B3 integrin (Table 1). And, the better stabil-
ity of the complex conformation from Run2 might come from the stronger interface H-bonding events, which
turned complex flexibility down, especially in the link between p1 and 2 stands, the loop and front part of H5
helix behind p7, by comparing with other two conformation from Runl and Run3 (Fig. 2e, f; Table 1). Thus,
the equilibrated conformation from Run2 was regarded as the more wild-like and rational one among the three
equilibrated structures, and was chosen as the initial conformation for the subsequent SMD simulations herein.
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Figure 3. Time-courses of loading force, survival pattern of interfacial H-bonds, and rupture forces for the
complex pulled with velocity of 3 A/ns. (a) and (b) The time-curves of loading force on the complex in type 1
and 2. The force-time curves in type 1 and 2 exhibited two different representative dissociation pathways at pull
velocity of 3 A/ns. (c) The rupture forces during three runs in the two type dissociation pathways. (d) and (e)
The survival patterns of interfacial H-bonds for the pull-induced complex dissociations in type 1(d) and 2(e).
In each pattern, the unbroken and broken state of the bond were expressed by the colored and uncolored line,
respectively. The pathway diversity of the pull-induce dissociation was shown in the different survival pattens
of the seven involve H-bonding events. (f) the rupture time during three runs in the two type dissociation
pathways, and another two runs of each type were presented in the Supplementary materials (Fig. S1).

Two pull-induced dissociation pathways of Talin away from B3 integrin with different intrin-
sic mechanical strengths. To prevent from mechanical damage of p3-integrin signaling through Talin, a
high mechanical strength of Talin-B3 integrin complex might be necessary. We examined the rupture force of
the complex by performing 16 ns force-ramp SMD simulation thrice with time step of 2 fs and a pulling veloc-
ity of 3 A/ns (Materials and Methods). Here, the N-terminal C, atom of B3-integrin CT domain was chosen as
the fixed point because of the restriction of cell membrane, while the N-terminal C, atom of Talin F3 domain
was selected as the stretching point to simulate the tension from the connecting skeleton actin. From total six
simulations (Fig. 3a, b; Fig. S1), two representative force-time curves (Fig. 3a, b) with their respective rupture
forces of 170 and 240 pN about showed a diversity of pull-induced 3-integrin dissociation from Talin (Fig. 3c).
These six pull-induced dissociation pathways (Fig. 3a, b; Fig. S1) were clustered two types according to whether
the rupture force was greater than 200 pN or not. In the 1st type pull-induced dissociation pathway (Fig. 3a),
stretching force on the complex raised in vibration to its minor peak of about 150 pN at pull time of about 7 ns,
then dropped to 80 pN about, and further increased to the main peak of 240 pN at pull time of 13 ns; and along
the 2nd type pull-induced dissociation pathway (Fig. 3b), the tensile force on the complex climbed to a plateau
of 150pN about at pull time of 7 ns, then fluctuated around this plateau for 3 ns, and climbed again to the main
peak of 170 pN. The significant difference in the two respective rupture forces of 170 and 240pN and rupture
time of 10 and 13 ns suggested a pathway-dependent pull-induced breakage of the complex (Fig. 3c-f), and
demonstrated that there existed at least two pull-induced dissociation pathways.

Under pulling, the H-bonds among the six residue pairs mentioned above (Table 1) had remained stable until
tensile on the complex increased to 150pN (Fig. 3d, ). The anticipatory breakage of H-bond between ASP7’ and
TRP*?* in the 2nd type pull-induced dissociation pathway resulted in the subsequent hydrogen bonds broken
like zippers, which might reduce the rupture force of the complex significantly, in comparison with the 1st type
pathway (Fig. 3). It meant that the most resistance to stretching were shared by the six H-bonds mentioned
above, but the newly formed but weak H-bond between GLU”* and ARG*® should play very slight role in the
pull-induced B3 dissociation from Talin (Fig. 3d, e).

Pull-induced allostery enhanced mechanical strength of Talin-B3 integrin complex. Once the
H-bond between ASP7# and TRP**’ broke, the binding interface area of Talin-B3 integrin complex decreased
suddenly at about 13 ns in 1st type pathway, but gradually at about 10 ns in 2nd type one (Fig. S2), as shown
by their time courses of force, respectively (Fig. 3a, b; Video. S1). In order to further explore the difference
between these two pull-induced dissociation pathways, the conformational evolution of the complex, especially
for Talin-F3 domain rather than small f3 integrin tail, was observed carefully. In both of 1st and 2nd type dis-
sociated pathways, we found that, the conformation of ligated F3-domain remained mechano-stable for the first
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Figure 4. Pull-induced allostery of the complex. (a—c) The snapshots of the pulled complex of f3 integrin
(yellow) with Talin F3 domain (cyan) along the dissociation pathway in type 1 at different pull time. The purple
sphere was the fixed atom, and the blue sphere denoted the steered atom. (a) Schematic diagrams for the angle 8
between H5 helix and 5 strand of F3 domain (blue dotted line), the distance Ly (cyan) between two Ca-atoms
of LEU** on B2-strand and TRP** on p5-strand of F3 (orange line) and the newly formed H-bond between
TYR** on H5 helix and THR** on B2-strand of F3 domain. (b) The B1 strand of the ligated F3 domain (cyan)
became unfolded or spread at pull time of 7.6 ns or pull force of 150pN in comparison with its static state (blue)
(pull time =0 ns), and (c) the hydrophobic pocket of the ligated F3 domain became open at pull time of 12 ns.
The time course of the angle 8 (d) and the distance L (e) and their differences between start point and rupture
point A and ALy in type 1 and 2 run modes, respectively. (f) The mean survival rate for the newly formed
H-bond between TYR*®® on H5 helix and THR** on $2-strand of F3 domain in type 1 and 2 run modes, all data
from three runs.

7.6 ns with tensile force <120pN, then the C-terminal p1 strand began unfolding from the body as tensile force
increased to 150pN about (Figs. 3, 4a, b; Video. S1). Furthermore, along the force-loading ramp, pull-induced
complex allostery occurred just in the 1st type but not the 2nd type dissociation pathway (Fig. 4). This pull-
induced allostery of the ligated Talin was an early event of f3-integrin dissociation from Talin (Figs. 3 and 4),
and could be illustrated by that the angle 6 between H5 helix and p5-strand increased from 22° to 30° at pull time
of 12 ns, so did (from 14 to 17 A) the distance from TRP** on B5 strand to LEU*** on B2 strand (Fig. 4a, ¢, d, e),
while the complex dissociation occurred at pull time of about 15 ns (Fig. 3d, e).

Through the analysis of the internal interaction network of Talin-F3 domain, it was found that pull-induced
formation of new H-bond between TYR** on H5 helix and THR**® on $2-strand might facilitate deformation
and extension of the hydrophobic core (Fig. 4a, f), which partly enclosed by H5 helix packing between p5 and p1
(Fig. 1b). Due to TYR*® - THR** H-bond emersion, the enhanced interaction between H5 helix and p2-strand
would promote H5 helix swing outward with f2-strand along the pull direction, and further made exposure
of hydrophobic pocket in F3-domain easy. The allostery-induced increasing in rupture-time and rupture-force
might be required in preventing the complex from mechanical damage especially under pathological high shear
stresses.

Biphasic regulation of force on interaction of 3 integrin with Talin. We performed a series of
40 ns “ramp-clamp” SMD simulations thrice on the complex under various constant tensile forces of 0.0, 20,
40, 60 and 80 pN (Materials and Methods) to examine regulation of force on interaction of Talin to 33 integrin.
The interaction energies, the buried SASA and the interfacial H-bonds for the complex under constant tensile
forces were sampled from the simulations. The results showed that the complex had a high mechano-stability
and structural conservation, because of a bit force-induced conformation change of the complex (Fig. 5). The
mechanical stability and structural conservation of the complex were reflected also by slight tension-induced
increasing of the Ca-RMSD of the complex and distance from pulled- to fixed-atom (Fig. 6a, b). Ny, the num-
ber of interface H-bonds, obeyed Gaussian distribution, meaning that the conformational space sampled from
MD simulation of 40 ns thrice could be regarded as a quasi-perfect one for each given tensile force (Fig. 6¢).
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Figure 5. The structure snapshots of the clamped complex under constant tensile forces of 0.0 (a), 20 (b), 40
(b), 60 (d) and 80 pN (e). At each tensile force <80pN, unfolding did not occur in simulation, showing a fine

mechanical stability and structural conservation of the complex. Each structural snapshot was taken from the
samples at simulation time of 40 ns.
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Figure 6. Variation of structural characters and interfacial interaction of complex versus tensile force. All data
were from “force-clamp” SMD simulations of 40 ns thrice under tensile forces of zero, 20, 40, 60 and 80 pN. (a)
The typical time courses of the Ca-RMSD of the ligated Talin F3 domain at various tensile forces. The Ca-RMSD
increased slightly (from 1.0 to 3.0 about) with time, possibly coming from structural relaxation of the clamped
complex. (b) The typical time courses of the distances from the fixed atom to the pulled one loaded with various
tensile forces. The mechanical stability of the complex was demonstrated by the distances at a plateau with a
slight roughness of 3-5 A about for each tensile force. () Gaussian fitting of the Ny frequencies from thrice
runs of 40 ns at various tensile forces. The high R* values (>0.98) for each tensile force implied that the sampled
conformational spaces were quasi-perfect. Plots of the mean interaction energy E (d), the mean H-bond number
Ny (e) and the mechano-regulation factor f;, (f) against tensile force F, suggested a biphasic force-dependent
interaction between Talin and 3 integrin. Pearson correlation coefficients for E, Nyy, and f;, were -0.36
(p>0.05), 0.42 (p<0.05), and -0.51 (p<0.05) if 0<F<60 pN but took 0.27 (p>0.05),—0.77 (p<0.05) and 0.86
(p<0.01) if 60 pN <F<80 pN, respectively, statistically demonstrating the force-dependences of E, Ny, and f,.

Variation of the mean interaction energy (E) and the mean number of the interface H-bonds (Nyj) over
40 ns for three runs versus tensile force (F) illustrated that E decreased first and then increased with F increasing
(Fig. 6d), indicating a biphasic force-dependent energy preference for the stretched p3-integrin/Talin complex;
Nyp increased first and then decreased with F increasing (Fig. 6e), meaning a transition from force-enhanced to
force-weakened linkage between Talin and 3 integrin; as a result, f;, the mechano-regulation factor, decreased
first and then increased (Fig. 6f), suggesting a catch-slip bond transition in dissociation of 3 integrin from Talin.
A force threshold of 60pN was shared by E, Ny and f;, as it should be. The catch-slip bond phenomenon had
been observed by AFM and BFP as well as flow chamber experiments for various adhesive molecule systems,
such as LFA-1 with ICAM-1%, yWF with ADMAMTS13%, a5 with fibrinogen® or, and predicted through MD
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Figure 7. Force regulation mechanism of the interaction between B3 integrin and Talin F3. (a) Schematic
diagram for 5 strand in Talin F3 domain. The turn angle y of $5 strand were estimated herein by the cross
angle of two lines, which linked two Ca-atoms either in both ALA** and SER*? (yellow) or in both TRP**® and
THR** (cyan). (b) Variation of the mean buried SASA versus tensile force. (c) Plots of the turn angle y against
tensile force. (d) ASP74® with TRP**, (e) ALA7*? with LYS®”, (f) ASN7# with THR>*, (g) ASN”* with ILE***, (h)
TYR’ with ASN3>, and (i) GLU”# with LYS>”. All data from 40 ns runs thrice were shown in mean +SD.

simulations for the molecular systems, such as von Willebrand factor (vWF) with GPIba** and PSGL-1 with
ERM? as well as 3 integrin with Kindin3%.

Force regulation mechanism of the interaction between B3 integrin and Talin F3. External
loads would regulate adhesive molecular interactions via mechanical deformations of the ligated molecules,
and this mechano-chemical regulation exists widely in various mechanosensitive molecules, including integrins
and cytoskeleton-associated proteins®>**-2%. To uncover the relation of force-induced allostery and unligation of
the Talin/B3-integrin complex, we herein analyzed the structural poses sampled from a series of “ramp-clamp”
SMD simulation of 40 ns thrice under tensile forces of 0.0, 20, 40, 60 and 80 pN, and examined the force-induced
change of the turn angle y (between the sheet and the loop of 5 strand in the ligated Talin F3 domain), which
was calculated by cross angle of two lines, linking two Ca-atoms either in both ALA*® and SER*? or in both
TRP** and THR** (Fig. 7a).

Plot of the turn angle y against tensile force exhibited that, increasing tensile force made the turn angle y
large first and then small, and the turn point occurred at tensile force of 60 pN too (Fig. 7b). In other words,
increasing tensile force could make the p5 strand and its adjacent loop (from TRP** to THR**) of the ligated
Talin F3 domain spread first and then bent. This force-induced rotation of p5 adjacent loop towards 3 integ-
rin facilitated expanding of complex interface (Fig. 7c), and further enhanced interactions of the binding site
residue pairs, such as ALA7 with LYS*7, ASN”# with ILE**® and with THR** (Fig. 7d-1), leading to increasing
of Talin affinity to 3 integrin. So, this force-induced allostery of the clamped Talin should be responsible for
the force-enhanced interaction of Talin to 33 integrin, similar to the Kindlin2/p3 integrin complex. By compar-
ing the character of interaction of 3 integrin with Talin and with Kindlin2, the former has better mechanical
stability (force threshold, 60 pN) than the latter (20 pN)*’, although with a smaller interface area than latter. To
the best of our knowledge, these MD simulation data provide mechanical proof that Talin plays central role in
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“inside-out” integrin signaling, while kindlin cooperates with Talin promote the activation of integrin. Mean-
while, Ju et al. works showed that the compression might be sensed and transmitted by the cytoskeleton to this
integrin mechno-signalling pathway, and promoted the activation of integrin extracellular domain and plate
adhesion to immobilized fibrinogen with the force increasing from 10 to 30 pN, providing the experimental
support for this force regulation stability of Talin-integrin linkage®'.

Discussion

Talin and 3 integrin, the mechano-transduction protagonists for bi-directional signaling and biophysical link-
ing between extracellular matrix and actin cytoskeleton, are crucial for platelet activation, adhesion, spreading,
aggregation and communication with extracellular milieu™'®?2. The B3 integrin signaling through Talin were
regulated by shear stress in hemodynamics environments®. The previous studies showed that the extracellular
region of integrins experienced a large-scale extension (more than 13 nm) upon activation® and could withstand
1 ~100 pN forces, which were measured via AFM*, optical/ magnetic tweezers, biomembrance force probe® and
molecular tension sensors*?. Talin head (FERM domain) and rod belonged to modules of integrin signaling
and force transduction, respectively®’. Exposure of binding sites on Talin rod was force-dependent®’. However,
mechanical stability and biophysical connectivity of Talin ligated with 3 integrin remain unclear. We herein
examined mechanical regulation on interaction of 3 integrin CT-membrane domain to Talin F3 domain by a
series of “ramp-clamp” SMD simulations under various loads, and demonstrated that force-induced allostery
might enhance mechanical strength of the complex and affinity of Talin to f3 integrin, based on the force-
enhanced interactions of binding site residues and the force-induced spread of 35-strand and adjacent loop on
Talin F3 domain.

It is not sure that the present p3 segmental simulation can fully represent the interaction within an intact
complex completely. However, this 3 segmental simulation should be a rational for deeply understanding
interaction of 3 integrin with Talin, because this p3 segment with Talin F3 domain formed a crucial biophysi-
cal knot in the “outside-in” or “inside-out” transmembrane mechano-signaling through the 3 integrin axis,
especially in the absence of the crystal structures of intact transmembrane 3 integrin bound with or without
Talin>*. The MD simulations showed that, resistance to conformation change of the complex was strong for its
high conformational conservation under loads (more than 80 pN), meaning that the complex of Talin with 3
integrin should be a better force transduction module in 3 integrin signaling; and the complex of Talin with
B3 integrin had a high mechanical strength for its rupture forces larger than 150 pN, which might be required
to prevent the complex from mechanical damage especially in pathological high blood flow shear stresses. It
was also from this requirement that, as the early event of breakage of the complex under loads, force-induced
deformation of the hydrophobic pocket in F3 domain made the mechanical strength of the complex increased.
The conformation changes in a manner to protect the integrin-Talin structure from mechanical stimulus would
facilitate mechano-signalling through integrin axis, platelet adhesion and thrombosis*!. The loop tail of 5 strand
in Talin F3 domain would extend through sensing mechanical force (<60 pN; Fig. 7a, c). This force-induced
deformation of B5 strand enhanced binding site residue interactions, enlarged interface of the complex, and let
to decreasing of possibility of B3 integrin dissociation from Talin F3 domain, while the transition for these pro-
cesses would occur at threshold force of 60 pN, showing a force-enhanced biophysical connection of the complex
and a “slip-catch bond transition mechanism in interaction between of Talin and 3 integrin under loads. This
slip-catch bond transition also had been observed in the interaction of the integrin with its extracellular ligand
fibrinogen or fibronectin®*!, suggesting a match between interactions of the transmembrane integrin with its
intra- and extra-cellular ligands (such Talin and fibrinogen) in mechanical signaling.

The high mechanical strength and the force-enhanced biophysical connection of the complex might be
required for not only extension of extracellular region in integrin through breaking the association between a
subunit and P subunit near the transmembrane but also transmitting the external forces from ECM or extracel-
lular flow field to Talin rod'®'. The force threshold of 60 pN for B3 integrin-Talin was threefold higher than
that of B3 integrin-Kindlin2 complex*, meaning that Kindlin assistance might be not necessary for the force-
enhanced 3 integrin signaling through Talin.

In summary, we here demonstrated a force-regulated interaction between B3 integrin and Talin F3 domain
through MD simulations. Our results said that pull-induced dissociation pathway of the complex had two types
with or without allostery of hydrophobic pocket in F3 domain, the one with allostery showed a higher mechanical
strength than other one, meaning that allostery could prevent the complex from mechanical damage or break. The
loop near B5 strand in F3 domain of Talin was force-sensitive, could extend to a conformation in favor to bind-
ing with B3 integrin, and might be responsible for the mechanical stability of the complex, the catch-slip bond
transition in interaction between B3 integrin and Talin F3 domain, and the stable B3 integrin signaling through
Talin. The binding site residue pairs, including ASP7*-TRP**°, ALA72-LYS*, ASN"44-ILE**¢, ASN"#-THR*
and TYR™-ASN*?® as well as GLU7*-LYS*’, were crucial in the force-enhanced B3 integrin signaling through
Talin. These results in this work provided a novel insight into 33 integrin activation and signaling through Talin
in plate activation, adhesion, spreading and aggregation under blood flows and should be useful for novel drug
design and the treatment of related diseases.

Materials and methods

System setup. Two software packages, the NAMD 2.13 for molecular dynamics simulation and the Visual
Molecular Dynamics (VMD) 1.9.2 for visualization and modeling, were used herein. The crystal structure of
complex of Talin/B3 integrin tail came from the PDB database (Protein Data Bank code 1MK?7), being composed
of the F3 domain of Talin (residue 309-400) and the membrane proximal region of B3 integrin tail (residue
739-749). The terminal patches ACE and CT3 were added to the N-terminal and C-terminal of both integrin 3
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tail and Talin F3 domain, respectively, to mimic the continuation of the protein chain®*. The complex then was
soaked with TIP3P water molecules in a rectangular box (83.6 A x86.1 Ax98.4 A) with walls at least 25 A away
from any protein atom. The system was neutralized with 150 mM Na* and CI" to mimic the actual physiological
environment, and consisted of 67,003 atoms.

Molecular dynamics simulations. MD simulations were performed with periodical boundary condition
and 2 fs timestep as well as the CHARMM?27 all-atom force field*¢, along with cMAP correction for backbone,
particle mesh Ewald (PME) algorithm for electrostatic interaction, a 12 A cut off for electrostatic and van der
Waals interaction. The system was energy-minimized firstly for 15,000 steps with heavy or non-hydrogen pro-
tein atoms being fixed, and then for another 15,000 steps with all atoms free. The energy-minimized systems
were heated gradually from 0 to 310 K in 0.1 ns first and then equilibrated thrice for 40 ns with pressure and
temperature control. The temperature was held at 310 K using Langevin dynamics, and the pressure was held at
1 atmosphere by the Langevin piston method. The equilibrated structure was used as the initial conformation
for the subsequent SMD simulations.

The so-called “ramp-clamp” SMD simulations, a force-clamp MD simulation followed a force-ramp one,
were run to examine the regulation of tension on interaction of Talin F3 with 3 integrin. The N-terminal Ca
atom (at 736) of p3-tail was fixed, and the N-terminal Ca atom (at 309) of Talin F3 domain was steered along
pulling di-rection from the steered atom to the fixed one. The three residues 736 to 738 of the N terminal of B3
integrin in the crystal structure are His tags for protein purification®. The virtual spring, connecting the dummy
atom and the steered atom, had a spring constant of 13.9 pN/A. The complex was pulled over 40 ns thrice with
the time step of 2 fs and a constant velocity of 3 A/ns, at which the secondary structure conservation of the
complex remained in the pull-induced dissociation of B3 integrin from Talin F3 (Video S1). Once the tensile
force f arrived at a given value, such as 20, 40, 60 or 80 pN, the SMD simulation was transform from the force-
clamp run mode to a force-ramp one, at which the complex was stretched with the given constant tensile force
for the followed 40 ns. Each event of hydrogen bonding under stretching were recorded to examine the involved
residues and their functions.

Data analysis. All analyses were performed with VMD tools. We measured the Ca root mean square devia-
tion (RMSD) and the solvent accessible surface area (SASA) (with a 1.4 A probe radius) to characterize the
conformational change and the hydrophobic core exposure, respectively. We introduced Buried-SASA, the half
of the together two parts of B3 and F3 SASA minus whole complex SASA, to characterize the area of the bind-
ing surface. A hydrogen bonding event occurred once the donor-acceptor distance and the donor-hydrogen-
acceptor angle were less than 3.5 A and 30°, respectively. A salt bridge was defined if the distance between any
of the oxygen atoms of acidic residues (Asp or Glu) and the nitrogen atoms of basic residues (Lys or Arg) must
be within 4 A. An occupancy of a H-bond or a salt bridge was evaluated by the percentage of bond survival time
in simulation period. The interaction energy, consisting of van der Waals energy and electrostatic energy, were
calculated through the Namdenergy plugin in VMD. As a reflection of the receptor-ligand binding affinity, the
rupture force was read from the maximum of the force spectrum in a force-ramp MD simulation with constant
pulling velocity. All visual inspections and molecular images were completed by using VMD 1.9.2.

To estimate the residue-residue interactions across binding site through H-bonding, we herein introduced
pij> the probability of the ith ligand residue binding with the jth receptor residue, which was defined by

M
pi=1-] (U —wp)i=12.. M;j=12.. . ,Ml=01,... M 1)

=1
where, the formation or breakage of each hydrogen bond on binding site was assumed to be an independent
event not related to other bonds, wjj is the survival ratio of the /th H-bond between the ith ligand residue and
the jth receptor residue. My (> 1)and Mgr(> 1) are respectively the total numbers of ligand and receptor residues
involved in binding, and M;;(> 0) expresses the numbers of H-bonds between the ith ligand residue and the

jth receptor residue. And, P; (the probabilities of the jth ligand residue binding to the receptor) and P; (the
probabilities of the jth receptor residue binding to the ligand) were calculated, respectively, approximately by

MR ML

Pj,L =1- H (1 _Pji) and Pj,R =1- H (1 —p,]) (2)

i=1 i=1

Furthermore, Pp, the dissociation of ligand from receptor, could be estimated by

My Mg
Pp=][(1—-Pyu) =[] (1-Pir) 3)
=1 =1

However, there would be a significant gap between the results from MD simulation and the data measured
with single-molecular tools, such as atomic force microscopy (AFM), optical and magnetic tweezers, coming
from effects of timescale on predicting ligand-receptor interaction with a timescale of about 0.01-1.00 s by MD
simulation of about 100 ns. It was a great challenge to overcome the barrier of the effect of timescale difference
of 5-7 order of magnitudes led. We herein introduced fp, the mechano-regulation factor, which was ratio of Pp
at tensile force of fyand of Pp at zero tensile force, that is
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fp = Pplf=,/Pplr=0 (4)

where, f expressed the tensile force on the complex. With the assumption of the geometrical the timescale effect
on complex dissociation Pp, it was expected that fp, the mechano-regulation factor or the normalized complex
dissociation, should be comparable with experiment data.

All computational simulations were performed in triplicate and results are presented as mean + standard

deviation. Pearson correlation analysis was performed to test the correlation between two different variables.
Differences between groups was assayed by a two-tailed student t test; * means p <0.05, ** means p <0.01, ***
means p <0.005.

Received: 5 July 2021; Accepted: 28 February 2022
Published online: 17 March 2022

References

1. Hynes, R. O. Integrins: bidirectional, allosteric signaling machines. Cell 110, 673-687 (2002).

2. Bennett, J. S., Berger, B. W. & Billings, P. C. The structure and function of platelet integrins. J. Thromb. Haemost. 7, 200-205 (2010).

3. Huang, J. & Xia, L. Platelet integrin aIIbp3: signal transduction, regulation, and its therapeutic targeting. J. Hematol. Oncol. https://
doi.org/10.1186/513045-019-0709-6 (2019).

4. Mazzucato, M., Pradella, P,, Cozzi, M. R., Marco, L. D. & Ruggeri, Z. M. Sequential cytoplasmic calcium signals in a 2-stage platelet
activation process induced by the glycoprotein Iba mechanoreceptor. Blood 100, 2793-2800 (2002).

5. Chen, Y. et al. An integrin oIIbp3 intermediate affinity state mediates biomechanical platelet aggregation. Nat. Mater. 18, 760-769
(2019).

6. Puri, R. N., Colman, R. W. & Liberman, M. A. ADP-induced platelet activation. Crit. Rev. Biochem. Mol. 32, 437-502 (2008).

7. Kahn, M. L., Nakanishi-Matsui, M., Shapiro, M. J., Ishihara, H. & Coughlin, S. R. Protease-activated receptors 1 and 4 mediate
activation of human platelets by thrombin. J. Clin. Invest. 103, 879-887 (1999).

8. Shattil, S. J., Kashiwagi, H. & Pampori, N. Integrin signaling: the platelet paradigm. Blood 91, 2645-2657 (1998).

9. Salles, I. I. et al. Inherited traits affecting platelet function. Blood Rev. 22, 155-172 (2008).

10. George, J. N., Caen, J. P. & Nurden, A. T. Glanzmann’s thrombasthenia: the spectrum of clinical disease. Blood 75, 1383-1395
(1990).

11. Morse, E. M., Brahme, N. N. & Calderwood, D. A. Integrin cytoplasmic tail interactions. Biochemistry 53, 810-820 (2014).

12. Vinogradova, O., Velyvis, A., Velyviene, A., Hu, B. & Qin, J. A Structural mechanism of integrin aIIbp3 “inside-out” activation as
regulated by its cytoplasmic face. Cell 110, 587-597 (2002).

13. Tadokoro, S. et al. Talin binding to integrin { tails: a final common step in integrin activation. Science 302, 103-106 (2003).

14. Calderwood, D. A., Campbell, I. D. & Critchley, D. R. Talins and kindlins: partners in integrin-mediated adhesion. Nat. Rev. Mol.
Cell Biol. 14, 503-517 (2013).

15. Feng, Y. A. K. S. & Mark, H. Ginsberg Talin and kindlin: the one-two punch in integrin activation. Front. Med. 8, 6-16 (2014).

16. Sun, Z., Costell, M. & Fssler, R. Integrin activation by talin, kindlin and mechanical forces. Nat. Cell Biol. 21, 25-31 (2019).

17. Critchley, D. R. Biochemical and structural properties of the integrin-associated cytoskeletal protein Talin. Annu. Rev. Biophys.
38, 235-254 (2009).

18. Durrant, T. N,, Bosch, M. T. V. D. & Hers, I. Integrin allbp3 outside-in signaling. Blood https://doi.org/10.1182/blood-2017-03-
773614 (2017).

19. Case, L. B. & Waterman, C. M. Integration of actin dynamics and cell adhesion by a three-dimensional, mechanosensitive molecular
clutch. Nat. Cell Biol. https://doi.org/10.1038/ncb3191 (2015).

20. Schoen, L, Pruitt, B. L. & Vogel, V. The Yin-Yang of rigidity sensing: how forces and mechanical properties regulate the cellular
response to materials. Annu. Rev. Mater. Res. 43, 589-618 (2013).

21. Qiu, Y., Brown, A. C,, Myers, D. R,, Sakurai, Y. & Lam, W. A. Platelet mechanosensing of substrate stiffness during clot formation
mediates adhesion, spreading, and activation. Proc. Natl. Acad. Sci. USA 111, 14430-14435 (2014).

22. Goult, B. T, Yan, J. & Schwartz, M. A. Talin as a mechanosensitive signaling hub. J. Cell Biol. 217, 3776-3784 (2018).

23. Li, J. & Springer, T. A. Integrin extension enables ultrasensitive regulation by cytoskeletal force. Proc. Natl. Acad. Sci. USA 114,
4685-4690 (2017).

24. Chen, W, Lou, J. & Zhu, C. Forcing switch from short- to intermediate- and long-lived states of the aA domain generates LFA-1/
ICAM-1 catch bonds. J. Biol. Chem. 285, 35967-35978 (2010).

25. Zhang, Y. et al. Platelet integrins exhibit anisotropic mechanosensing and harness piconewton forces to mediate platelet aggrega-
tion. Proc. Natl. Acad. Sci. USA 115, 325 (2018).

26. Kong, E, Garcia, A. J., Mould, A. P, Humphries, M. J. & Zhu, C. Demonstration of catch bonds between an integrin and its ligand.
J. Cell Biol. 185, 1275-1284 (2009).

27. Shuju, E, Xin, L., Reséndiz, J. C. & Kroll, M. H. Pathological shear stress directly regulates platelet alIbB3 signaling. Am. J. Physiol.
Cell Ph. https://doi.org/10.1152/ajpcell.00559 (2006).

28. Judith, M. E. M. et al. The effects of arterial flow on platelet activation, thrombus growth, and stabilization. Cardiovasc. Res. 99,
342-352 (2013).

29. Chakraborty, S., Banerjee, S., Raina, M. & Haldar, S. Force directed “mechanointeractome” of Talin-integrin. Biochemistry 58,
4677-4695 (2019).

30. Goult, B. T. et al. RIAM and vinculin binding to Talin are mutually exclusive and regulate adhesion assembly and turnover. J. Biol.
Chem. 288, 8238-8249 (2013).

31. Lieberthal, A. W. M. et al. Talin: a mechanosensitive molecule in health and disease. Faseb J. https://doi.org/10.1096/1).201500080R
(2016).

32. Yao, M, Goult, B. T,, Klapholz, B., Hu, X. & Yan, J. The mechanical response of talin. Nat. Commun. https://doi.org/10.1038/ncomm
$11966 (2016).

33. GarcA-Alvarez, B. A. et al. Structural determinants of integrin recognition by Talin. Mol. Cell 11, 49-58 (2003).

34. Liu, G, Fang, Y. & Wu, J. A mechanism for localized dynamics-driven affinity regulation of the binding of von Willebrand factor
to platelet glycoprotein Iba. J. Biol. Chem. 288, 26658-26667 (2013).

35. Naqvi, A. A. T,, Alajmi, M. E, Rehman, T., Hussain, A. & Hassan, I. Effects of Pro1266Leu mutation on structure and function of
glycoprotein Ib binding domain of von Willebrand factor. J. Cell. Biochem. 120, 17847-17857 (2019).

36. Feng,]., Zhang, Y., Li, Q., Fang, Y. & Wu, J. Biphasic force-regulated phosphorylation site exposure and unligation of ERM bound
with PSGL-1: a novel insight into PSGL-1 signaling via steered molecular dynamics simulations. Int. J. Mol. Sci. https://doi.org/
10.3390/ijms21197064 (2020).

Scientific Reports | (2022) 12:4605 | https://doi.org/10.1038/s41598-022-08554-w nature portfolio


https://doi.org/10.1186/s13045-019-0709-6
https://doi.org/10.1186/s13045-019-0709-6
https://doi.org/10.1182/blood-2017-03-773614
https://doi.org/10.1182/blood-2017-03-773614
https://doi.org/10.1038/ncb3191
https://doi.org/10.1152/ajpcell.00559
https://doi.org/10.1096/fj.201500080R
https://doi.org/10.1038/ncomms11966
https://doi.org/10.1038/ncomms11966
https://doi.org/10.3390/ijms21197064
https://doi.org/10.3390/ijms21197064

www.nature.com/scientificreports/

37. Calderwood, D. A. et al. The Talin head domain binds to integrin § subunit cytoplasmic tails and regulates integrin activation. J.
Biol. Chem. 274, 28071-28074 (1999).

38. Stefanini, L. et al. A talin mutant that impairs talin-integrin binding in platelets decelerates aIIbp3 activation without pathological
bleeding. Blood 123, 2722-2731 (2014).

39. Wu, T, Lin, J., Cruz, M. A,, Dong, J. E. & Zhu, C. Force-induced cleavage of single VWFA1A2A3 tridomains by ADAMTS-13.
Blood 115, 370-478 (2010).

40. Zhang, Y., Lin, Z., Fang, Y. & Wu, J. Prediction of catch-slip bond transition of kindlin2/B3 integrin via steered molecular dynamics
simulation. J. Chem. Inf. Model. https://doi.org/10.1021/acs.jcim.0c00837 (2020).

41. Ju, L. et al. Compression force sensing regulates integrin alIbp3 adhesive function on diabetic platelets. Nat. Commun. 9, 1087
(2018).

42. Chang, A. C. et al. Single molecule force measurements in living cells reveal a minimally tensioned integrin state. ACS Nano https://
doi.org/10.1021/acsnano.6b03314 (2016).

43. Sun, Z., Guo, S. S. & Fissler, R. Integrin-mediated mechanotransduction. J. Cell Biol. 215, 445-456 (2016).

44. Elosegui-Artola, A. et al. Mechanical regulation of a molecular clutch defines force transmission and transduction in response to
matrix rigidity. Nat. Cell Biol. 18, 540-548 (2016).

Acknowledgements

This work was supported by National Science Foundation of China (NSFC) Grant 12172137 (Y.E.), 12072117
(J-W.), 11672109(Y.E), and 11702100 (Y.L.). The authors thank Xubin Xie and Yan Zhang for their help in data
treatment of this work.

Author contributions
Y.F and J.W. designed this research; S.S. overall and Y.L. partly performed research and analyzed data; S.S., Y.E.
and J.W. wrote this paper of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-08554-w.

Correspondence and requests for materials should be addressed to Y.E or J.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:4605 | https://doi.org/10.1038/s41598-022-08554-w nature portfolio


https://doi.org/10.1021/acs.jcim.0c00837
https://doi.org/10.1021/acsnano.6b03314
https://doi.org/10.1021/acsnano.6b03314
https://doi.org/10.1038/s41598-022-08554-w
https://doi.org/10.1038/s41598-022-08554-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Force-enhanced biophysical connectivity of platelet β3 integrin signaling through Talin is predicted by steered molecular dynamics simulations
	Results
	The dominant interactions of binding site residues in equilibrated complex of Talin F3 domain with CT domain of β3 integrin. 
	Two pull-induced dissociation pathways of Talin away from β3 integrin with different intrinsic mechanical strengths. 
	Pull-induced allostery enhanced mechanical strength of Talin-β3 integrin complex. 
	Biphasic regulation of force on interaction of β3 integrin with Talin. 
	Force regulation mechanism of the interaction between β3 integrin and Talin F3. 

	Discussion
	Materials and methods
	System setup. 
	Molecular dynamics simulations. 
	Data analysis. 

	References
	Acknowledgements


