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Kindlin Assists Talin to Promote Integrin Activation

Zainab Haydari,' Hengameh Shams, Zeinab Jahed,' and Mohammad R. K. Mofrad’-*"

"Molecular Cell Biomechanics Laboratory, Departments of Bioengineering and Mechanical Engineering, University of California, Berkeley,
California and 2Molecular Biophysics and Integrative Bioimaging Division, Lawrence Berkeley National Lab, Berkeley, California

ABSTRACT Integrin allb33 is a predominant type of integrin abundantly expressed on the surface of platelets and its activation
regulates the process of thrombosis. Talin and kindlin are cytoplasmic proteins that bind to integrin and modulate its affinity for
extracellular ligands. Although the molecular details of talin-mediated integrin activation are known, the mechanism of kindlin
involvement in this process remains elusive. Here, we demonstrate that the interplay between talin and kindlin promotes integrin
activation. Our all-atomic molecular dynamics simulations on complete transmembrane and cytoplasmic domains of integrin
«allbg3, talin1 F2/F3 subdomains, and the kindlin2 FERM domain in an explicit lipid-water environment over a microsecond time-
scale unraveled the role of kindlin as an enhancer of the talin interaction with the membrane proximal region of g—integrin. The
cooperation of kindlin with talin results in a complete disruption of salt bridges between R995 on «llb and D723/E726 on 3.
Furthermore, kindlin modifies the molecular mechanisms of inside-out activation by decreasing the crossing angle between
transmembrane helices of integrin «llbg3, which eventually results in parallelization of integrin dimer. In addition, our control
simulation featuring integrin in complex with kindlin reveals that kindlin binding is not sufficient for unclasping the inner-mem-
brane and outer-membrane interactions of integrin dimer, thus ruling out the possibility of solitary action of kindlin in integrin
activation.

SIGNIFICANCE Using the newly solved crystal structure of kindlin, we investigated, to the best of our knowledge, for the
first time, the molecular mechanism of kindlin-mediated integrin activation through simultaneous binding of talin and
kindlin. We demonstrate molecular details of how kindlin cooperates with talin to promote the activation of integrin «llbg3.

INTRODUCTION Three distinct conformational states of integrin have been
determined: bent closed or resting state, extended closed,
and extended open (Fig. | A; (6)). Integrin activation entails
a conformational transition of integrin from a low-affinity
(bent-closed) to a high-affinity state (extended-open)
(Fig. 1 A; (10,11)). It was previously believed that talin
was both necessary and sufficient for inducing integrin acti-
vation (12,13), whereas recent studies contradict this notion
(14-16) and suggest that kindlin is also needed as a coacti-
vator of integrin (14,17,18). For example, Moser et al. (19)
showed that the knockout of kindlin3 results in inactivated
integrins despite the presence of talin. Moreover, kindlin-
associated diseases like leukocyte adhesion disease III, re-
flecting deficiencies of integrin function, show the necessity
of kindlin in integrin activation (5).

Both talin (talin-1 and 2) and kindlin (kindlin-1, 2, and 3)
isoforms include a 4.1 protein, ezrin, radixin, moesin
(FERM) domain, which is composed of four structural
subdomains FO-F3 (20). Kindlin also features a pleckstrin

Integrin plays a central role in regulating cell-matrix and
cell-cell adhesion and is crucial for various signaling path-
ways involved in cell migration, proliferation, and differen-
tiation (1,2). Integrins are heterodimeric proteins composed
of « and (@ subunits that associate noncovalently. Each
subunit consists of a large extracellular ectodomain, a sin-
gle-pass transmembrane helix (TM), and a short cyto-
plasmic tail (CT) (Fig. 1 A; (3,4)). There are 24 different
combinations of integrin a- and @-subunits. Integrin allb33
is one of the well-known types that is only expressed in
platelets and is necessary for the hemostatic function of
platelets (5,6). Integrins mediate bidirectional, inside-out,
and outside-in signaling across the membrane. Inside-out
signaling involves the interaction of intracellular proteins
with the integrin CT, which modulates integrin’s affinity
for extracellular ligands (7-9).

Submitted June 5, 2019, and accepted for publication February 3, 2020. homology domain inserted into its F2 subdomain, which
*Correspondence: mofrad @berkeley.edu has been shown to directly interact with the lipid membrane
Editor: Guy Genin. (Fig. 1 B; (21)). Talin and kindlin both bind to the CT
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domain of integrin § through their F3 subdomains. Specif-
ically, talin binds to the NxxY motif at the membrane prox-
imal region, whereas kindlin associates with this motif at the
membrane distal part of the CT, suggesting that kindlin and
talin can simultaneously bind to the integrin tail and trigger
activation (22). The molecular mechanisms of the interplay
among talin and kindlin for inducing integrin activation are
not yet well understood.

Recent experimental and computational studies have re-
vealed important molecular details of integrin inside-out
activation. These studies have suggested that the inner mem-
brane clasp (IMC) between the CT domains of integrin sub-
units is critical for maintaining the closed state of integrin.
In addition, these studies have shown that the unclasping
of the IMC induced by talin or other activators triggers in-
tegrin activation (23-25) and ultimately results in an in-
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' FIGURE 1

Integrin-Kindlin (IK)

Cytoplasmic interactions with the in-
tegrin (8 tail mediate inside-out signaling. (A) Sche-
matic representations of the three conformational
states of integrin are shown: i) bent closed (inactive),
ii) extended closed, and iii) extended open (acti-
vated). Talin and kindlin are both involved in integ-
rin activation by binding to the cytoplasmic domain
of . Talin association to the actin cytoskeleton pro-
vides a linkage between the extracellular environ-
ment and the cytoskeleton. (B) The F3 subdomain
of talin and kindlin bind to the membrane proximal
and membrane distal regions of §-integrin, respec-
tively (top). The crystal structure of kindlin2
(FO-F3 subdomains) and talinl (F2-F3 domains)
are shown here (bottom). (C) Schematic representa-
tions of the four molecular models used in our sim-
ulations are shown: integrin in complex with talin
and kindlin (ITK), integrin in complex with talin
(IT), integrin in complex with kindlin (IK), and in-
tegrin only (I). To see this figure in color, go online.

Integrin (1)

crease in the crossing angle between « and 8 monomers
(26-28). However, all computational studies on integrin-
mediated inside-out signaling to date have overlooked the
role of kindlin, largely because of the lack of sufficient
structural information (7,29-31). In this study, we use the
recently solved crystal structure of kindlin (32) to investi-
gate the molecular mechanism of integrin activation through
simultaneous binding of talin and kindlin.

Previous studies from our group have also looked at
the molecular interactions between focal adhesion proteins
using molecular dynamics (MD) simulations (33-36). For
example, Golji etal. (34,35) investigated the interaction of ta-
lin with two different states of vinculin, i.e., autoinhibited
and activated. This study showed that talin could completely
bind to activated vinculin. MD is a powerful technique to
shed light into molecular details of interactions between



proteins, especially when the resolved protein structures are
available. To identify these critical interactions, different
simulation scenarios can be designed in which the effect of
different molecules can be exclusively and/or simultaneously
be studied. We use all-atomic microsecond-scale MD simu-
lations of integrin allb83 TM/CT structure in an explicit
lipid-water environment (I) and under the following three
conditions: in complex with talinl F2-F3 subdomains (IT),
with kindlin2 (IK), and with both talinl and kindlin2 (ITK)
to uncover the role of kindlin in integrin activation (Fig. |
C). Specifically, we explore how talin and kindlin binding
affect the allosteric transition of forces across the integrin
molecule, i.e., from the CT to the TM and, eventually, to
the ectodomain. Our results show that kindlin2 cooperates
with talinl to facilitate integrin olIbB3 activation by
enhancing talinl interaction with the membrane proximal
(MP) region of $3-integrin.

MATERIALS AND METHODS
System setups

The crystal structure of TM/CT domains of integrin oIIb33 (Protein Data
Bank, PDB: 2KNC (37)), talinl (PDB: 3IVF (21)), and kindlin2 FERM
domain (PDB: 5XPY (32)) were taken from the PDB. Because the talin
FERM domain is both necessary and sufficient for integrin activation
(38,39), the talin rod domain was excluded from our models to reduce
the system size and minimize the computational overhead. Two regions
of the kindlin2 FERM domain in F1 and F2 subdomains are missing in
the current resolved crystal structure. These regions are connected to the
current crystal structure via flexible linkers, and the motions of these
missing regions are independent of other parts of the molecule (32).
Also, because there are no known interactions between the kindlin missing
residues and talin or integrin molecules, no homology modeling techniques
were used because they would introduce uncertainties.

Four different models were built using VMD: integrin aIIbg3 (I), in-
tegrin allb@3 in complex with either talinl (IT) or kindlin2 (IK), or in-
tegrin wlIb33 in complex with both talinl and kindlin2 (ITK). First, the
TM domains of integrin were embedded in a patch of POPC lipid
bilayer with dimensions of 200 x 250 A? using VMD. Also, the lipid
chains overlapping with the integrin were removed. Then, the structures
of integrin in complex with talin (IT) (PDB: 3GO9W (40)) and kindlin
(IK) (PDB: 5XQ1 (32)) were used as templates for finding the best
orientation of talin and kindlin molecules with respect to integrin and
the membrane. Two different orientations were tested for IT and ITK
scenarios (IT, IT_o, ITK, and ITK o). Additionally, two different trial
runs were conducted for ITK (ITK and ITK_2).

All systems were solvated using the TIP3P explicit water model in nano-
scale MD (41), and water molecules inside the lipid membrane were
removed. Then, all systems were neutralized and ionized with 150 mM
of KCIl. The number of atoms reached 744,946 in ITK and ITK_ 2;
556,876 in IT; 625,742 in 1K; 425,820 in I; 745,559 in ITK o; and
556,511 in IT o.

MD simulations

We performed all-atom MD simulations to investigate the conformational
changes of integrin «lIb33 upon simultaneous interaction with talinl and
kindlin2 (ITK, ITK_2, and ITK o) and compared them to the control sim-
ulations (I, IT, IT_o, and IK). MD simulations were carried out using
NAMD and CHARMM36 force field (42). Molecular visualization and

Kindlin, Talin, and Integrin Activation

analysis were performed using the VMD package (43). Periodic boundary
conditions were used in all three dimensions, and a 2-fs time step was used
in all simulations. The Langevin piston, the Nosé-Hoover pressure control
algorithm, and the Langevin damping thermostat for temperature control
were used (42). Pressure was maintained at 1 bar and temperature at
310 K with a damping coefficient of 5/ps.

Each trial was initially minimized for 100,000 timesteps using the con-
jugate gradient and line search algorithm to relax the structures and remove
all bad contacts. After the minimization process, each configuration was
equilibrated for 25 ns or longer until equilibrium was reached. Fully equil-
ibrated structures were then used in the final production simulations that ran
for 1000 ns for ITK and IT, 760 ns for IK, 625 ns for I, and 400 ns for
ITK o, IT o, and ITK_2.

To provide a side-by-side comparison between different simulation sce-
narios, we presented density plots that show the distribution of combined
data obtained from various orientations and repetitions for each ITK and
IT conditions. The density plots of the talin-integrin analyses for ITK_a
(i.e., ITK, ITK_2, and ITK_o) and IT_a (i.e., IT and IT_o) data are overlaid
to facilitate the comparison.

Hbond calculations

The VMD hbonds plug-in (version 1.2) (43) was used to calculate the num-
ber of hydrogen bonds (hbonds) between regions of interest. The cutoff
distance and angle were set to 4 and 20 A, respectively. The density- and
time-dependent plots were all prepared in R matrixStats and gplot (44,45).

Principal component analysis

Principal component analysis (PCA) was used to examine the time evolu-
tion of the integrin structure along all trajectories and understand the
conformational differences induced by the cytoplasmic interactions. The
principal components were defined as the orthogonal axes of maximal vari-
ance and were identified by superpositioning the structures on the invariant
core and calculating the variance using the tools introduced by the Bio3D
package (46).

Residue cross correlation

To examine how atomic fluctuations and displacements within the integrin
heterodimer are correlated throughout our simulations, we performed pair-
wise residue cross correlation analysis using the cross correlation function
(“decm.xyz”) in the Bio3D package (46). The matrix of all pairwise cross
correlations between residues was visualized using a dynamical cross cor-
relation heatmap.

Cross corelation function

The cross correlation function (CCF) in R was used to understand the rela-
tionship between two time series representing different features along the
trajectories. The first argument was treated as the predictor (cause) of the
second argument. The lag period indicates when the effect of a change in
one feature is reflected in the other feature (46).

Solvent-accessible surface area

The solvent-accessible surface area (SASA) of each molecule was calcu-
lated using the “measure SASA” command in VMD (43).

Force distribution analysis

To monitor changes in the internal forces of the integrin heterodimer upon
cytoplasmic interactions, we performed time-resolved force distribution
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analysis (TRFDA) implemented in the GROMACS software package (47).
Atomic pairwise forces were calculated for all residues of both integrin sub-
units and included only the nonbonded electrostatic interactions acting on
each residue. The comparison between force propagation along the trans-
membrane domains of integrins indicated the allosteric signal propagation
across the membrane. The punctual stress measured for a- and §-subunits is
the sum of absolute values of scalar pairwise forces exerted on each atom.

Structural alignment

To determine the changes in the conformation of kindlin and talin upon in-
teractions with integrin, we compared the initial structures of these mole-
cules with the final structures after ~1000 ns of simulation. The final
structures of talin in the ITK or IT simulations were aligned to the initial
structure of talin using the “struct.aln” function in the Bio3D package in
R (46). Similarly, the final structures of kindlin in the ITK or IK simulations
were aligned to the initial kindlin structure. To quantify the distances be-
tween residues in the two aligned structures, a difference vector was calcu-
lated between the two structures using the “dist.xyz” function in R (46).

RESULTS

To explore the role of kindlin in the activation of integrin as
part of the integrin-mediated inside-out signaling, we devel-
oped all-atomic microsecond-scale MD simulations of
allbB3 using an explicit lipid-water environment under
four distinct scenarios: integrin alone (I) and in complex
with talinl F2-F3 subdomains (IT), with kindlin2 (IK),
and with both talinl and kindlin2 (ITK).

The interactions of talin1 and kindlin2 with the CT
of integrin 33 regulate its conformation

The mechanism of interactions of talinl and kindlin2 with
integrin $3 can be characterized based on the conforma-
tional transitions of the integrin heterodimer. These confor-
mational changes were determined by comparing the first
and last frames of our microsecond MD simulations,
featuring an identical starting conformation of integrin for
all scenarios (Fig. 2 A). The crossing angle between the
transmembrane regions of integrin monomers was notably
increased in IT simulation, changing the shape to open scis-
sors (see below for further details). Unexpectedly, the final
shape of integrin in the ITK simulation was changed to
closed scissors (Fig. 2 A). No significant change was
observed in the crossing angle in the IK simulation, and
only a small decrease in this angle was seen in the I
simulation.

Conformational transitions of the integrin dimer in
response to cytoplasmic interactions with talinl and/or
kindlin2 were quantified via PCA. For PCA calculations,
the invariant core of the structure in each simulation was
identified. The distribution of structures was extracted
from each trajectory and conformational differences were
quantified for equivalent residues. The first two principal
components accounted for over 45% of the variance in all
simulations. Because the contribution of all other principal
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components was relatively minimal, the structural distribu-
tion was projected in PC1-PC2 space as shown in Figs. 2 B
and S1 A. The color gradient from red to black represents the
time evolution of simulation trajectories in the PCA plots.
For IT, ITK, IT o, ITK o, and ITK_2, the final state of
the system falls far from the initial state in the principlal
component (PC) space, indicating a remarkable conforma-
tional transition; however, this is not notable in either
IKor L.

Residue cross correlation analyses between all residue
pairs of the integrin allb and $3 in ITK, ITK_2, ITK o
IT, IT_o, IK, and I were performed to examine how the fluc-
tuations within the integrin dimer are correlated (Figs. 2 C
and S1 B). Interestingly, we observed a correlation and
hence a coupling between the transmembrane regions of in-
tegrin olIb and 83 (black boxes in Figs. 2 C and S1 B). This
coupling was dominantly observed in ITK and IT scenarios.
The level of residue correlations was notably lower in IK
and I simulations (Fig. 2 C).

In addition, we calculated the crossing angle between
allb and B3 helices (#) as a function of time (Fig. 2 D) to
quantify the conformational changes of integrins. Specif-
ically, we calculated the angle between the line crossing res-
idues 967-979 in «llb and the line crossing residues 697—
709 in 3. As expected, an increase in crossing angle of
B3 in IT simulations was observed. Interestingly, in ITK,
the @ angle starts from 40° and then approaches zero after
250 ns of simulation and «IIb and 83 helices become almost
parallel to each other. In the case of binding of kindlin2
without talinl (IK), our results showed a small angle change
(10°) in @, which is clearly in contrast with the cases of bind-
ing of talinl that resulted in a noticeable change of @ (i.e.,
30° change in IT and 40° change in ITK). Also, the crossing
angle immediately drops in the first 150 ns of the simulation,
in which we only considered integrin (I), and stabilizes to
~20° after 150 ns.

Moreover, we added an overlaid density plot that shows
the distribution of the combined data obtained from various
orientations and repetitions for ITK and IT scenarios. Basi-
cally, the density plots of the angle between integrin mono-
mers for all the ITK (i.e., ITK, ITK o, and ITK_2) and IT
(i.e., IT and IT_o) data are overlaid (Fig. 2 E). The distinc-
tion between the peak of the combined ITK density plots
(i.e., ITK_a) and the peak of the combined IT density plots
(i.e., IT_a) clearly shows higher angle values for IT
compared to ITK in each orientation and each repetition.

Interactions between integrin «allb and 33 upon
binding of talin1 and kindlin2

To determine the conformational transition in integrin 83
upon binding of talinl and kindlin2, we next analyzed the
interaction energy between the allb and 83 helices. Two
interaction interfaces on the integrin «llb33 TM/CT do-
mains are known to stabilize the resting conformation of
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FIGURE 2 Conformational changes of integrin
oIlbB3. (A) The schematics of talin and kindlin are
overlaid with the cartoon representations of the in-
tegrin allb (mauve) B3 (ice blue) heterodimer in
two different views (90°). Snapshots of the trajec-
tories of the integrin «IIbG3 dimer for the last simu-
lation frame of the ITK (¢+ = 1000 ns), IT (t =
1000 ns), IK (t = 760 ns), and I (t = 625 ns) simu-
lations are shown. (B) The PCA of all trajectories is
shown. Each point is a structural state in the PC1-
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the dimer: the inner membrane clasp (IMC) and the outer
membrane clasp (OMC). The IMC is characterized by the
interactions between the highly conserved °°'GFFKR®®®
motif of «Ilb and W715, K716, and 1719 residues of (33
and a salt bridge between residue R995 on «allb and D723
on (3 (Fig. 3 A). The R995-E726 salt bridge is also known
to be involved in maintaining integrin in an inactive confor-
mation. OMC is defined as an interaction network between
92GXXXG’"® on allb and V700, M701, and 1704 residues
on 33, as well as associations between aIIb *7°LL%® and 83
7051 XXG"*® residues (Fig. 3 A). Mutations in the residues
involved in IMC or OMC result in disruption of interactions
between allb and 3 helices, leading to integrin activation
(6,20,29,48,49).

To examine whether the binding of kindlin2 or talinl
could disrupt the IMC and OMC interactions in our simula-

0 20 40 60
0 (degrees)

tions, we calculated the nonbonded interaction energies
between IMC and OMC regions over the course of simula-
tion time (Fig. 3 B). Our results showed that the interaction
energies of IMC and OMC decrease upon simultaneous
binding of talin1 and kindlin2 (ITK simulation) and stabilize
after 250 ns to approximately zero in IMC and —4 kcal/mol
in OMC. In IT simulation, the nonbonded interaction energy
in OMC approaches zero and remains zero after 500 ns. On
the other hand, IMC interactions in IT simulations switch
between zero and —100 kcal/mol. In IK and I simulations,
there is no change in the OMC interactions, and a stable
nonbonded interaction energy of ~—7 kcal/mol is main-
tained throughout the simulation. The IMC level is also
stable but slightly higher in I (~—150 kcal/mol) compared
to IK (~—120 kcal/mol) because of an initial increase in
the IMC level in 1. This initial IMC increase in I simulation
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can possibly result in the initial decrease in the 6§ angle as
shown in Fig. 2 D.

These results indicate that the cooperation of kindlin2 and
talinl can destabilize integrin aIIbG3 dimer at the IMC re-
gion and weaken their association in the OMC region. Our
results also suggest that kindlin2 alone is not sufficient to
disrupt the IMC or OMC interactions. Also, the stable inter-
actions (IMC and OMC) in the I simulation confirm that the
disruption of these interactions in IT and ITK are not
random and are a result of the binding of kindlin2 and talinl
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to the cytoplasmic regions of integrin. Moreover, significant
conformational changes in the TM of integrin in ITK and IT
compared to IK and I (Fig. 2) show a correlation between
OMC disruption and the open/close structure of integrin.
Basically, the disruption of interactions in OMC region
causes separation of allb and (3 helices, leading to the
conformational changes in the TM region of integrin, as dis-
cussed in more detail in the following section.

Mechanical signal transmission entails dynamic force
redistribution across the integrin «llb83 molecule. To



investigate how cytoplasmic interaction(s) with talinl
and/or kindlin2 allosterically impact the stress distribution
within the TM, especially near the IMC and OMC, we per-
formed TRFDA for the binding simulations as shown in
Fig. 3 C. For this purpose, we calculated punctual stresses
for residues of integrin allb and 3 helices (see Materials
and Methods) and showed the results over time or time aver-
aged of the last 300 ns of the simulations. The time average
of punctual stress of all integrin residues was used as a mea-
sure to compare force distribution patterns between simula-
tions as shown in Fig. 3 C on the right side, the bars
indicating standard deviation. Moreover, to see the differ-
ences between the punctual stresses of the simulations, the
time average of the punctual stresses was calculated for
the differences between any pair of two out of the three
states of ITK, IT, and IK simulations for each residue
(ITK-IT, ITK-IK, and IT-IK) (Fig. S2).

Significant differences in the punctual stresses of integ-
rin 3 were almost exclusively observed in IK compared
to ITK and IT simulations. Basically, more similarities in
the time-averaged punctual stresses can be seen between
ITK and IT simulations (Figs. 3, C and D and S2). Spe-
cifically, time-averaged punctual stresses experienced in
residues 704 and 705 (part of IMC); 706, 711, and 715
(part of OMC); and 717, 722, 723, and 724 were remark-
ably different in IK, although they were almost the same
in IT and ITK simulations. Notably, residue 711 showed
a most significantly different punctual stress within the
IK simulation.

Force distribution analysis (FDA) results show the punc-
tual stress changes within the TM and cytoplasmic regions
of integrin «IIb@3 are imposed by talinl and/or kindlin2
binding to the integrin cytoplasmic region, resulting in
IMC and OMC disruption and separation of aIIb and 33 he-
lices in ITK and IT.

Kindlin, Talin, and Integrin Activation

allb-33 angle change (0) is correlated with OMC

To understand whether changes in the angle () between
olIb and 83 (Fig. 2, D and E) were correlated with the inter-
action energies of IMC and OMC (Fig. 3 B), we performed a
cross correlation analysis using the CCF for time series in R,
as described in Materials and Methods (Figs. 4 and S3). This
function computes the covariance between two time series
up to a defined lag. Based on the results shown in Figs. 4
and S3 (fop), the ¢ angle was not a significant predictor of
IMC, most likely because the IMC was either abruptly dis-
rupted or remained stable throughout the simulation. This
suggests that IMC dissociation is directly regulated by cyto-
plasmic interactions and not through angle change. In other
words, interaction at the cytoplasmic region exerts tension
that is transmitted by both bonded and nonbonded interac-
tions across integrin residues toward the membrane, which
eventually breaks the IMC and allows angle change.
Conversely, dynamics of OMC interactions were highly
correlated with ¢ in ITK and IT simulations (Fig. 4, bottom).
The reverse correlations of ITK and IT reflects opposite
directions of angle change. OMC interactions were also
correlated with 6 in ITK 2, ITK o, and IT_o simulations
(Fig. S3, bottom). Because there is no significant change
in angle (0) in the IK and only a small rapid decrease in
# in I simulations, we see a minimal §-OMC correlation
in IK and I compared to ITK and IT simulations (Fig. 4,
bottom).

Talin1 binds more effectively and strongly to
integrin «llbg3 in the presence of kindlin2

Integrin (3 tail contains 47 residues and two NxxY motifs.
The first NPLY motif (membrane proximal) is the binding
site for talinl, and the second NITY motif (membrane
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FIGURE 4 6 angle correlation with IMC and OMC. Cross correlation of the IMC and angle changes of alIb and 83 (fop) and the cross correlation of the
OMC and angle changes of allb and 33 (bottom) are shown. The horizontal blue lines are ~95% confidence interval. A cross correlation plot is shown for
each of the four ITK, IT, IK, and I simulations. High correlations exist between ¢ and OMC in ITK and IT, whereas the other correlations are negligible. To

see this figure in color, go online.
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distal) is the kindlin2 binding site. Talinl and kindlin2 can
simultaneously bind to $3 through their F3 domains and
initiate inside-out signaling (3). To understand how this in-
side-out signaling may be initiated by the cooperation be-
tween kindlin2 and talinl, we investigated the molecular
mechanisms of the simultaneous binding of talinl and kind-
lin2 to the short CT of 33 and compared them with the indi-
vidual binding of integrin with talinl and kindlin2 in our
simulations. Specifically, we calculated nonbonded interac-
tion energies between integrin 33 and kindlin2 or talinl, as
well as SASAs of integrin 33 CT, talinl, and kindlin2.

We first calculated the nonbonded interaction energies
between the CT of integrin 83 and talinl or kindlin2 F3
domains (Fig. 5, A and B). Specifically, we calculated the
interaction between residues 720-762 of (3 and residues
569-680 of talinl or residues 560—680 of kindlin2.

In the IT simulation, talinl and 83 maintain an average
interaction energy of 105 kcal/mol (Fig. 5 A, top). However,
talinl is able to bind much more strongly to integrin 3 over
time in the ITK simulation. In this simulation, the
nonbonded interaction energy between talinl and $3 in-
creases from 100 to 400 kcal/mol with an average energy
of 222 =+ 94 kcal/mol. Similarly, the overlaid density plots
of the talin-integrin interaction for the combined ITK
(ITK_a) and combined IT (IT_a) data show higher energies
in ITK_a compared to IT_a (Fig. 5 B, fop), confirming the
stronger talin-integrin interaction in the presence of kindlin.
Kindlin2, on the other hand (Fig. 5 A, bottom), binds more
strongly to integrin 33 in the IK simulation with an interac-
tion energy of 258 * 61 kcal/mol, compared with 124 =+
57 kcal/mol in the ITK simulation. The overlaid density
plots of kindlin-integrin interactions for ITK_a and IK
data show lower peak value in ITK_a compared with IK
(Fig. 5 B, bottom).

The crystal structures of the kindlin2-integrin33 and
talinl-integrin83 complexes revealed the hbond network
between the molecules (32). To determine the stability of
kindlin2 or talinl-integrin complex, we calculated the num-
ber of hbonds between integrin CT-kindlin F3 and integrin
CT-talin F3 (Fig. 5 C). Our results show that talinl forms
a slightly higher number of hbonds with the integrin 3
tail in the presence of kindlin2. However, kindlin2 can
form a larger number of hbonds with the integrin 3 tail
in the absence of talinl.

Next, we calculated the SASA of the integrin-binding F3
subdomains of talinl and kindlin2 and the integrin 83 CT
(see Materials and Methods; Fig. 5 D). Our results show
that the SASA of talinl is lower in ITK simulations
(5929 = 210 Az) compared with the IT simulation
(6034 + 163 A%) (Fig. 5 A, top). The SASA of kindlin2
immediately drops in the first 250 ns of simulation in IK
simulations. However, when talinl is present, the SASA
of kindlin2 fluctuates much more slowly and is much
higher in value, as shown in the density plots (Fig. 5 D,
middle). The SASA of integrin CT is the lowest in ITK sim-
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ulations compared to IT or IK simulations. The average
values of 2575 =+ 189 for ITK, 2698 = 221 for IT, and
2805 =+ 158 for IK suggest that both can bind to various re-
gions on integrin and reduce its SASA (Fig. 5 D, bottom).
Also, in the IT simulation, the SASA of integrin CT peaks
at a slightly lower value than in the IK simulation, indi-
cating a closer contact between integrin and talinl,
compared with integrin and kindlin2 in conditions in which
only one of them is present. Based on the interaction en-
ergies and SASA results, it is evident that talinl binds
more effectively in the presence of kindlin2, and kindlin2
can bind to integrin much more strongly in the absence
of talinl.

Finally, to determine whether the interaction energies be-
tween integrin alIbB3 CT and talinl or kindlin2 were directly
correlated with the changes observed in the crossing
angle between ollb-33 (), we also calculated the cross
correlation between these parameters (Fig. 5, E and F).
The interaction between talinl and integrin 33 was promptly
formed in both IT and ITK, whereas kindlin2 binding
was relatively gradual. In both IT and ITK, talinl binding
did not show a major correlation with the angle change
(Fig. 5 E), mainly because talinl interaction was stable
throughout the simulations. This suggests that a stable bind-
ing with talinl is necessary for the subsequent changes in the
integrin conformation. However, kindlin2 binding lagged the
angle change in both IK and ITK (Fig. 5 F). This shows that
the role of kindlin2 is more complex because it may both
directly and indirectly modulate integrin activation.

FDA of integrin 363 CT

We performed TRFDA to monitor the dynamics of stress
redistribution within the 33 cytoplasmic region upon simul-
taneous binding to talinl and kindlin2. We have calculated
the punctual stresses, scalar pairwise forces exerted on
each atom, for residues 728-762 of the integrin $3 cyto-
plasmic domain over time for both IT and ITK simulations
(Fig. 6 A). It can be seen from the heatmap that the punctual
stress fluctuates in most of the residues, except in residues
729 and 736, in which the punctual stress remains high all
the time both in IT and ITK.

Also, we have calculated the time-averaged punctual
stresses over the last 300 ns of the simulations (Fig. 6 B).
Different distinct regions can be identified on Fig. 6, B
and C based on whether the punctual stress of IT or ITK
dominates. Time-averaged punctual stress is higher in resi-
dues 746750, which overlaps with the talinl binding site
(NPLY), in IT compared to ITK. Conversely, the kindlin2
binding site (NITY) consisting of residues 756759 shows
higher time-averaged punctual stress values in ITK
compared to IT. This most likely indicates that direct bind-
ing of integrin with kindlin can locally increase stress levels.
However, the region consisting of residues 738 to 744
exhibits higher average stress values in ITK compared to
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FIGURE 5 Integrin #3-talinl or -kindlin2 binding. (A) The time and density plots of interaction energies between integrin 33 CT and talinl F3 domain
(top) and integrin 33 CT and kindlin2 F3 domain (botfom) are shown in three simulations of ITK, IT, and IK. (B) The density plots of interaction energies are
shown for ITK _a and IT_a in dark red and dark blue, respectively (top); the density plots of interaction energies are shown for ITK _a and IK in dark red and
green, respectively (bottom). (C) Density plot representations of the number of hbonds between the integrin 63 CT and talinl F3 domain (fop) are shown for
each of the ITK and IT simulations. The same plot is shown for kindlin2 (bottom) for each of the ITK and IK simulations. (D) The solvent-accessible surface
area (SASA) of talinl (subdomain that binds integrin) in IT or ITK simulations (fop), the SASA of kindlin2 (subdomain that binds integrin) in IK or ITK
simulations (middle), and the SASA of the CT of integrin in IT, IK, or ITK simulations (bottom) are shown. (E) CCF between binding energy of talinl-integrin
63 and 0 in ITK and IT simulations is shown. (F) Cross correlation between binding energy of kindlin2-integrin 63 and ¢ in ITK and IK is shown (bottom). To
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IT. We should note that in ITK, the stress value suddenly de-
clines in residues 748 and 749 while at the same time
increasing in residues 737 and 739.

Moreover, we see similar high-stress values in the region
consisting of residues 728-736 in both IT and ITK. Our
analysis of binding interactions in this region revealed that
these residues interact strongly with the membrane in both
IT and ITK. On the other hand, the distance between the
talinl F3 subdomain and integrin 83 residues 728-736 de-
creases more significantly when kindlin2 is present (Fig. 6
D). Interestingly, the SASA of the MP (residues 720-736)
region of the integrin CT and the SASA of the talinl F3
S1-S2 loop (residues 320-327) also decrease dramatically
after 400 ns in ITK, although it only slightly fluctuates in
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FIGURE 6 FDA of integrin «llbg3 CT. (A)
TRFDA of integrin oIIb and $3 subunits are shown.
Representative heatmaps of per-residue punctual
stress values over simulation time for the integrin
B3 cytoplasmic regions are shown. A representative
plot is shown for each of the three ITK, IT, and IK
simulations. (B) Time-averaged punctual stress for
the last 300 ns of the IT and ITK simulations for
integrin 63 CT residues is shown. Different distinct
regions can be identified based on whether the punc-
tual stress of IT or ITK dominates. (C) Schematic
representations of the final structure of the integrin
83 CTin ITK and IT simulations are given. Regions
with high punctual stress values are shown in red and
orange on the 83 CT. (D) The time plot of distance
between the center of mass of residues 720-736 in
the integrin $3 and talinl F3 subdomain is shown
for the ITK and IT simulations in red and blue,
respectively. (E) The density plots of the distance
between the center of mass of residues 720-736 in
integrin #3 and talinl F3 subdomain are shown for
the combined ITK simulations (ITK_a) and com-
bined IT simulations (IT_a) in dark red and dark
blue, respectively. (F) Strong interactions between
the talinl F3 subdomain and integrin 33 MP region
in ITK simulation, mainly between residues K321,
K323, and T370 on talinl and residues D723,
E731, and A735 on 33, are shown. hbonds are shown
with dashed black lines. (G) Interactions between
kindlin2 F3 subdomain and integrin 83 NITY motif
in ITK simulation, mainly between residues N616,
N618, and TI621 on kindlin2 and residues 1757
and Y759 on (33, are shown. Hbonds are shown
with dashed black lines. To see this figure in color,
go online.

IT (Fig. S4). Also, the distinct peak of the combined ITK
density plot (i.e., ITK_a) from the peak of the combined
IT density plot (i.e., IT_a) in talin-MP region distance and
the SASA of the MP region clearly show the enhancement
of talin-integrin binding mediated by kindlin in all various
orientations and repetitions of ITK simulations (Figs. 6 E
and S4 B). Therefore, the presence of kindlin2 resulted in
significantly stronger interaction of talinl with the integrin
63 MP region in ITK simulations compared to IT simula-
tions. This is most probably an important factor in integrin
activation because it can disrupt the IMC.

Furthermore, we studied the interactions of talinl and
kindlin2 with high-stress regions of integrin 3 over the
course of the ITK simulation. We observed three important



interactions between the F3 subdomain of talinl and the
MP region of integrin 63 (residues 723-736), namely 1) ta-
lin K323-83 D723, 2) talin K321-83 E731, and 3) talin
T370-83 A735 (Fig. 6 F). In addition, interactions formed
between the F3 subdomain of kindlin2 and the NITY motif
of integrin ($3 (residues 756-759). Specifically, residues
N616/N618 and 1621 of kindlin2 interacted with 1757 and
Y759 of integrin (3, respectively, which remained stable
for the last 50 ns of the ITK simulation (Fig. 6 G).

Distinct conformational changes of kindlin2 and
talin1 in presence of each other

To determine whether any conformational changes were
induced in kindlin2 or talinl by their mutual interactions
with integrin allbB3, we performed structural alignments
between the final structures of kindlin2 (at + = 760 ns)
and talinl (at + = 1000 ns) in each simulation, and their
initial crystal structures. The structural alignments were
performed using all subdomains that were simulated (i.e.,
F2-F3 for talinl and FO-F3 for kindlin2). However, for
clarity, the alignments are shown separately for each subdo-
main (Fig. 7). To quantify the deviation of each residue from
its original position, the distance between residues of the
initial and final structures were calculated after structural
alignment was performed (Fig. 7). Our results show that
the conformational changes observed in the F2 subdomain
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(residues 196-305) of talin1 are much higher in the IT simu-
lation compared with the ITK simulation (Fig. 7 A). These
conformational changes are mainly observed in two a-heli-
ces (~residues 224-294) in the four-helix bundle of the F2
subdomain in the IT simulation. The conformational
changes observed in the F3 subdomain of talinl were
similar between the IT and ITK conditions and mostly
limited to the loop regions, as expected. The movement lim-
itation imposed by simultaneous binding of the talinl F3
domain with the integrin CT and the membrane (Fig. S5,
A and C, left) can account for lower conformational changes
of F3 compared to F2 in IT and ITK.

The structural alignment of kindlin2 showed significant
conformational changes in the FO subdomain in IK simula-
tions and F3 in ITK simulations, whereas the F1 and F2 sub-
domains showed very small changes in both simulations.
Previous work showed that the FO subdomain of kindlin2
is highly dynamic and moves independently of F1-F3 sub-
domains. Also, the kindlin FO subdomain is interacting with
the membrane during our simulations and has a stronger and
more stable interaction in ITK compared to IT in the last
200 ns of the simulations (Fig. S5 B, bottom and C, right).
This stronger lipid interaction can account for lower confor-
mational changes of FO in ITK compared to IK. On the other
hand, the conformational changes in F3 were seen in integ-
rin-binding regions (i.e., residues 590-656) and are likely
attributable to the distinct interactions of kindlin2 with
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FIGURE 7 Kindlin2 and talinl structural alignment. (A) The final frames of talinl in IT (blue) and ITK (red) were aligned to the initial PDB structure of
talinl (transparent). The distance shows the three-dimensional distance between each residue in the two structures after alignment. (B) The final frames of
kindlin2 in IK (green) and ITK (red) were aligned to the initial PDB structure of kindlin2 (transparent) (by root mean-square deviation minimization
methods). The distance shows the three-dimensional distance between each residue in the two structures after structural alignment. To see this figure in color,
go online.
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integrin 83 in IK versus ITK simulations. These results sug-
gest that conformational changes are induced in talinl and
kindlin2 upon interactions with integrin 33 and that these
changes are distinct when both molecules are present.

DISCUSSION

Integrin activation is central to a variety of cell functions,
including cell-matrix adhesion, cell migration, and
apoptosis. Kindlin and talin are both cytoplasmic proteins
that directly interact with the integrin tail and induce a
high-affinity state of integrin for extracellular ligands (3).
Although talin can induce conformational changes in integ-
rin, it has been shown that talin alone is not sufficient for the
activation of integrin, and kindlin also plays a key role in
this process (15,18). Although molecular mechanisms of
talin-mediated integrin activation have been extensively
studied, it is not yet clear how kindlin interferes with this
process. Kindlin dysfunction has been associated with a
number of human diseases, which are likely linked to
deficiency in integrin activation; thus, knowing the molecu-
lar mechanism of kindlin-mediated integrin activation has
potential impacts in therapeutic purposes. Here, we investi-
gated the interplay between talin and kindlin in integrin
activation using microsecond-long MD simulations (Fig. 1).

Previous studies have shown that kindlin binding to integ-
rin is not sufficient but is required for triggering integrin acti-
vation (6,14,16). Moreover, Ma et al. (15) showed that
simultaneous transfection of kindlin2 with the head domain
of talin enhances integrin activation and identified kindlin2
as a coactivator of talin. However, the mechanisms of kind-
lin’s involvement remain elusive; in particular, it is still not
known whether kindlin can induce conformational changes
to integrin heterodimer. To address these questions and pro-
vide molecular details of the interaction among kindlin and
talin with integrin, we developed all-atom microsecond-scale

A ® OMC @%Kindlin
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MD simulations of alIb33 using an explicit lipid-water envi-
ronment under three distinct scenarios: integrin in complex
with talinl (IT), kindlin2 (IK), and both talinl and kindlin2
(ITK). We also performed a control simulation (I), in which
only integrin was considered. This control simulation helps
with better understanding of the effect of talin and kindlin in-
teractions in integrin conformational changes (Fig. 8 A). Our
IK simulation featuring integrin «IIb33 and kindlin2 showed
that the main interactions that keep integrin in an inactive
state, namely the IMC and OMC, remained stable over the
course of 760 ns of the simulation when only kindlin is pre-
sent (Figs. 3 B and 8 B). This further confirmed that kindlin
binding is insufficient for unclasping the cytoplasm and
transmembrane regions of aIlb@3.

Interestingly, our simulations showed that kindlin2 binds
to the integrin 83 tail more strongly in the absence of talinl,
whereas talinl binding to integrin is reinforced by kindlin2
(Fig. 5). Talinl interaction was particularly enhanced with
the MP region of integrin 83 (residues 720-736), although
its interaction with the membrane proximal NPXY motif
was gradually weakened over time. It should be noted that
talinl can still bind to the integrin CT in IT, and kindlin2
is not necessary for this interaction (Fig. 5, A and B). How-
ever, this interaction is mostly with the NPLY motif of integ-
rin, and the interaction with the integrin MP region is very
minimal (Fig. 6, D and E). Therefore, when kindlin2 is pre-
sent, it indirectly pushes talinl toward the membrane, result-
ing in a strong interaction with the MP region of integrin as
well—thus enhancing the talin-integrin interaction—and a
more effective disruption of the IMC in ITK compared to
IT. This way, kindlin2 modifies the activation pathway by
positioning talinl more upward and closer to the membrane,
resulting in stronger binding and a complete IMC disruption
(Fig. 8 D). Also, kindlin2 decreased the intradomain confor-
mational changes of talinl, especially in the F2 subdomain,
which promoted both talinl-lipid and talinl-integrin 33 CT

FIGURE 8 Schematic representation of the
proposed kindlin-mediated integrin activation
mechanism. (A) Integrin remains in a closed confor-
mation when it is not interacting with talin or kindlin
(with stable and strong interactions in the IMC and
OMC regions). (B) Kindlin alone is unable to disrupt
the IMC or OMC interactions and, therefore, unable
to induce conformational changes (i.e., angle
changes between integrin a- and -helices) in the
transmembrane domain of integrin. (C) Talin bind-
ing to the integrin CT causes the complete disruption
of OMC and destabilizes IMC interactions. Also, the
angle between integrin « and 8 helices increases
significantly upon talin binding. (D) Kindlin interac-
tion with the membrane distal NPXY motif of integ-
rin indirectly pushes talin toward the integrin MP
region, resulting in a stronger interaction between
talin and the MP motif and a complete disruption
of IMC, OMC, and the parallelization of the trans-
membrane «- and g-helices. To see this figure in
color, go online.



interactions (Fig. 7 A). Therefore, we suggest that the
strength of kindlin2 binding to integrin does not necessarily
correlate with activation, whereas stronger talinl associa-
tion can expedite the activation process. This further con-
firms the indirect role of kindlin2 as a cooperative partner
for talinl rather than a direct activator of integrin «IIbG3.
Although we did not observe a strong interaction between
talinl and the MP region of 43 in IT simulations, it is quite
conceivable that even without kindlin2’s assistance, talinl
can eventually bind to the proximal region of integrin tail
in a longer timescale.

On the other hand, the stronger binding of kindlin2 to
integrin in the absence of talinl observed in our simula-
tions may have implications in talin-independent roles of
kindlin in the formation and maturation of focal adhe-
sions. Theodosiou et al. (16) showed that subsequent to
the cooperative activation of integrin by talin and kindlin,
kindlin initiates a talin-independent signaling pathway at
new adhesion sites by binding to other molecules such as
paxillin to induce cell spreading. Based on previous
studies and our results, we propose that kindlin2 cooper-
ates with talinl to activate integrin by enhancing talinl’s
interactions with the CT of integrin. On the other hand,
kindlin2 can bind more strongly to integrin in the
absence of talinl to perform talinl-independent signaling
subsequent to integrin activation (16).

It is now widely accepted that the IMC and OMC between
integrin subunits maintain the resting state of integrin, and
unclasping them triggers the inside-out signaling (6). In
the IMC, R995 of (-integrin forms two salt bridges with
D723 and E726 on a-integrin; however, it has been shown
that disrupting the R995-D723 interaction is most critical
for integrin activation (6). Our simulations indicated
that talinl disrupts R995-D723 interaction in both the
presence and absence of kindlin2; however, kindlin2 is
also required for dissociating R995-E726 interaction within
1 us of simulation (Fig. 3 B).

Conversely, the OMC was destabilized in both cases (IT
and ITK), causing significant conformational changes in
the transmembrane region of integrin ollb@3 (Figs. 2, 3,
and 8, C and D). The destabilization of OMC is highly
correlated with the dramatic angle change between «llb
and 83 () in both IT and ITK (Figs. 4 and S3). We noticed
that the angle change in ITK was in reverse direction rela-
tive to that in IT, i.e., decreasing the angle in ITK and
increasing the angle in IT (Fig. 2). Previous studies sug-
gested that talin-mediated integrin activation involved an
increase in the allb-33 crossing angle and subsequent sepa-
ration of the transmembrane domains (7,28). However,
recent studies showed that transmembrane domains of integ-
rin subunits were close to each other in all conformational
snapshots, including active, inactive, and intermediate
states, contradicting the notion of chain separation as an
indicator of integrin activation (29,50). Because the angle
change in ITK led to disruption of the IMC and OMC inter-
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actions, we propose that the degree of angle change is more
pivotal in integrin activation than the direction of such
change. This is most likely because talinl and kindlin2
eliminate the inhibitory effects of the IMC and OMC, which
allows for mechanical signals to be transmitted across the
membrane without complete separation of the transmem-
brane regions. This is also demonstrated by changes in the
force distribution patterns of the transmembrane domains
of integrin in both IT and ITK simulations (Figs. 3 C and
S2). Furthermore, we showed previously that residue
A711 in the 83 helix is key for signal transmission across
the transmembrane domain of integrin, and an A711P muta-
tion can disrupt integrin activation (33). Our FDA analysis
also indicated that A711 bears high forces in both IT and
ITK, but not in IK (Fig. 3 C), implying that signal transmis-
sion is activated upon IMC disruption. Overall, our study
suggests that not only are both talinl and kindlin2 essential
for efficiently initiating the activation process, but kindlin2
may also modify the molecular mechanism of inside-out
signaling at the integrin (3 tail, which eventually leads to
the opening of the integrin ectodomain.

Although not studied in this work, it is important to
note that kindlin may have several other roles in integrin
activation and the formation of focal adhesions. For
example, one possible role of kindlin in integrin activa-
tion may be preventing the association of cytoplasmic in-
hibitors of integrin activation such as filamin or «-actinin
to the integrin tail. Also, kindlin may be involved in in-
tegrin clustering through dimerization (32). Moreover,
kindlin binding to actin can enhance cytoskeletal
coupling to the membrane. Therefore, simultaneous bind-
ing of kindlin and talin to the integrin 8 increases the
overall force applied to the integrin tail, which may facil-
itate focal adhesion formation and maturation.

Although our results focus on the integrin §3, the CTs
of integrins are more than 60% similar to each other
(Fig. S6). This high level of similarities with the
conserved active sites between integrins shows the poten-
tial of having the same activation mechanisms and sug-
gests that activation of different integrin receptors may
at least be initiated in a similar manner. However, further
computational studies are needed to uncover the mecha-
nism of kindlin-mediated integrin activation in other
members of integrin subfamilies.

Taken together, our results shed light on the molecular
mechanisms by which kindlin2 cooperates with talinl in
integrin oIIbB3 activation. This is the first computational
study, to the best of our knowledge, that models the inter-
play between kindlin2 with talinl in promoting inside-out
signaling through integrin binding.
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