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Article
Kindlin Is Mechanosensitive: Force-Induced
Conformational Switch Mediates Cross-Talk among
Integrins
Zeinab Jahed,1 Zainab Haydari,1 Akshay Rathish,1 and Mohammad R. K. Mofrad1,2,*
1Molecular Cell Biomechanics Laboratory, Departments of Bioengineering and Mechanical Engineering, University of California, Berkeley,
California and 2Molecular Biophysics and Integrative Bioimaging Division, Lawrence Berkeley National Laboratory, Berkeley, California
ABSTRACT Mechanical stresses directly regulate the function of several proteins of the integrin-mediated focal adhesion
complex as they experience intra- and extracellular forces. Kindlin is a largely overlooked member of the focal adhesion
complex whose roles in cellular mechanotransduction are only recently being identified. Recent crystallographic experi-
ments have revealed that kindlins can form dimers that bind simultaneously to two integrins, providing a mechanistic expla-
nation of how kindlins may promote integrin activation and clustering. In this study, using the newly identified molecular
structure, we modeled the response of the kindlin2 dimer in complex with integrin b1 to mechanical cytoskeletal forces
on integrins. Using molecular dynamics simulations, we show that forces on integrins are directly transmitted to the kindlin2
dimerization site, resulting in a shift in an R577-S550/E553 interaction network at this site. Under force, R577 on one pro-
tomer switches from interacting with S550 to forming new hydrogen bonds with E553 on the neighboring protomer, resulting
in the strengthening of the kindlin2 dimer in complex with integrin b1. This force-induced strengthening is similar to the
catch-bond mechanisms that have previously been observed in other adhesion molecules. Based on our results, we pro-
pose that the kindlin2 dimer is mechanosensitive and can strengthen integrin-mediated focal adhesions under force by shift-
ing the interactions at its dimerization sites.
INTRODUCTION
Among adhesion proteins, integrins are of crucial
importance because they serve as the primary receptors
for mechanical signals sensed by the cell. Integrins are a
family of heterodimeric transmembrane proteins that
are composed of a- and b-subunits that bind to extra-
cellular matrix proteins (1,2). Each integrin subunit
consists of a large extracellular domain, a single-pass
transmembrane helix, and a short cytoplasmic tail
(Fig. 1 A). Integrins play critical roles in a variety
of cell functions, including linking focal adhesion
assemblies to the extracellular microenvironment,
facilitating cell migration, transmitting signals bidirec-
tionally, and controlling cell growth, stem cell differenti-
ation, and apoptosis (3–5). Integrin may be activated
by mechanical or biochemical signals within the cell
(‘‘inside-out signaling’’) or by mechanical stresses gener-
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ated in the extracellular domain (‘‘outside-in signaling’’)
(6–8).
Integrin activation

There are two distinct and conserved NxxY (x represents
any amino acid) binding sites on the b-integrin cytoplasmic
tails. It is now widely accepted that talin and kindlin
cooperate to change integrin conformation from the bent
(inactive, low-affinity state) to an extended (active, high-af-
finity state) conformation upon binding to the membrane
proximal and membrane distal NxxY motifs, respectively
(Fig. 1 A). Moreover, talin and kindlin are required for main-
taining the extended conformation of integrins (9–12).
There has been a long-standing hypothesis that kindlin
may also be involved in the clustering of activated integrins
(13,14). The crystal structure of kindlin2 in complex with
integrin was recently solved in 2017 and provided valuable
insights into molecular mechanisms of kindlin’s involve-
ment in integrin activation and clustering (14). It was sug-
gested that kindlin2 could form dimers that can bind to
two integrins simultaneously (Fig. 1 A). This observation
Biophysical Journal 116, 1011–1024, March 19, 2019 1011

mailto:mofrad@berkeley.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2019.01.038&domain=pdf
https://doi.org/10.1016/j.bpj.2019.01.038


FIGURE 1 Kindlin in the integrin-mediated

adhesion complex. (A) A schematic representation

of integrin activation and clustering is shown. Talin

and kindlin are both involved in the activation of in-

tegrin. Talin binds to the actin cytoskeleton and

provides a linkage between the extracellular envi-

ronment and the cytoskeleton. Kindlin dimeriza-

tion is also important for integrin activation and

clustering. (B) The structure of kindlin2 monomer

(PDB: 5XPY) and its cartoon representation

matching (A) is shown. The sequence location of

each domain is shown on the bottom. (C) The struc-

ture of kindlin2 dimer in complex with integrin-b1

(PDB: 5XQ0) and its cartoon representation match-

ing (A) is shown. The important structural domains

are identified with various colors. To see this figure

in color, go online.
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provided a mechanistic explanation for how kindlins may
promote integrin clustering.
Role of mechanical forces

A central requirement for focal adhesion assembly, growth,
and function are forces generated within the cell. The integrin
adhesion complex is linked to the actin cytoskeleton through
several adaptor proteins and hence experiences mechanical
forces generated by the actin retrograde flow and myosin II
(8,15–17). A vast body of evidence indicates that mechanical
stresses directly regulate the function of several focal adhesion
proteins, including integrin, filamin, talin, vinculin, and focal
adhesion kinase (7,18–25). As a result, several studies have
focused on characterizing the response of these proteins to
force (18–21,23,24,26–28). Despite the central role of kindlin
in the integrin-mediated adhesion complex, kindlin has been
largely overlooked when exploring the mechanosensitive
properties of focal adhesions. Hence, little is known about
the molecular mechanisms of kindlin’s involvement in focal
adhesion formation and function and its response to mechan-
ical forces at adhesion sites. Recent works show that kindlin is
in fact involved in cellular mechanotransduction (29,30).
There is also direct evidence that forces from actin are respon-
sible for integrin activation and that tension on integrins is
dependent on interactions with both talin and kindlin (11).
Forces on integrins emerge internally through their connection
with the actin cytoskeleton or externally through phenomena
1012 Biophysical Journal 116, 1011–1024, March 19, 2019
such as shear flow in blood vessels or matrix stretching
(28,31,32). There is also some evidence that kindlin contains
an actin binding site that candirectly bind to the actin cytoskel-
eton (33). The recent discovery that kindlin2 can form dimers
that simultaneously bind two integrins raises the question of
how the kindlin2 dimer complex responds to mechanical
forces on integrins. In this study, we present the first, to the
best of our knowledge, model explaining the mechanisms of
kindlin’s response to force.
Crystal structure of dimeric kindlin2 in complex
with integrin-b1

Kindlin belongs to a family of evolutionarily conserved pro-
teins, including kindlin-1, -2, and -3. Like talin, kindlin is a
FERM (protein4.1, ezrin, radixin, and moesin) domain con-
taining protein. FERM domain is composed of three subdo-
mains: F1, F2, and F3. Compared to typical FERM domain
proteins, kindlin FERM contains an additional F0 domain
(N-terminus) and a pleckstrin homology domain inserted
into the F2 subdomain (Fig. 1 B). Although different kind-
lins exhibit high sequence similarities, they often present
tissue-specific distributions (8,9,34). Recent crystallography
data on kindlin2 demonstrated that it can form homo-
dimers through its F2 domain in a domain-swapped manner
(Fig. 1 C), and that the structures of the kindlin2 monomer
and dimer vary in a single a-helix in the F2 domain, whereas
all other domains are identical (14).
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Using the recently solved crystal structure of the dimeric
kindlin2 (referred to as kindlin2dimer) in complex with in-
tegrin-b1, we develop all-atom molecular dynamics (MD)
models to examine the response of the kindlin2dimer to me-
chanical forces on integrins. Our results show that forces on
integrins are directly transmitted to the kindlin2dimer inter-
face and induce a shift in the interactions at this interface,
which strengthens the kindlin2dimer under force. Based
on our results, we propose kindlin as a new, to our knowl-
edge, member of the load-bearing and mechanosensitive
proteins of integrin-mediated focal adhesions.
MATERIALS AND METHODS

NMA

To predict the large-scale functional motions of the kindlin2dimer/integrin-

b1 modeled structure, we first performed a normal mode analysis (NMA)

and calculated the most prevalent atomic fluctuations averaged among all

modes (Fig. S1). For this study, the Bio3D package in R was utilized to

conduct the NMA analysis and produce visualizations of the data (35). A

variety of functions from the Bio3D package were employed, including

nma.pdbs() function to calculate the normal modes and produce an NMA

object. Subsequently, a cross correlation analysis was conducted using

the dccm.nma() function that required the NMA object as an input to pro-

duce the correlation map. The Bio3D package also allowed for visualization

between correlated residues in PyMol (36) using the pymol() function. This

function created a three-dimensional visualization of the kindlin2dimer/in-

tegrin-b1 model and highlighted key correlated and anticorrelated residues

between the different subdomains (as shown in Fig. 2). A total of 2532

modes were obtained, including the first 6 modes (trivial modes) with 0 fre-

quencies, which correspond to rigid-body rotation and translation. The

average fluctuation of the molecule was calculated using the fluct.nma()

function (35), which calculates the average fluctuations over all modes

weighted by the corresponding eigenvalues (Fig. S1).
Structural model of the kindlin2dimer

The crystal structure of the kindlin2dimer bound to two integrins was ob-

tained from the Protein Data Bank (PDB: 5XQ0). This crystal structure in-
cludes residues 787–797 of integrin-b1, which are bound to the F3

subdomain of the kindlin2dimer (14). The solved crystal structure of the

kindlin2dimer is missing two regions. Specifically, the residues missing

from the structure are residues 168–217 in the F1 subdomain and residues

337–512 in the F2 subdomain. Because these missing regions are linked to

the solved structure via flexible linkers, the motions of these missing re-

gions are supposedly independent from the other parts of the molecule

(14). Therefore, we also excluded these unsolved regions from our models

to reduce the introduction of uncertainties resulting from homology

modeling. Next, to resemble the cellular environment more closely, the

kindlin2dimer/integrin-b1 structure was solvated in explicit water. The

TIP3P model was used for water molecules (37). The solvation was per-

formed using NAMD solvate package, using a 2.4-Å boundary. The size

of the solvation box was determined by subtracting or adding 20 Å to the

minimal and maximal values of x, y, and z coordinates of the protein,

respectively. To simulate the cytoplasmic environment, the system was

neutralized with counterions and ionized with 150 mM of KCl. The final

system with the protein, water, and ions consisted of 276,045 atoms.
MD simulations and analyses

We used all-atomMD simulations to model the response of the kindlin2dimer

to force.All-atomMDsimulations for this studywere performedusingNAMD

scalable MD with the CHARMM force field and visualized using visual MD

(VMD) (38,39). To remove any nonphysical contacts or interactions, the sys-

tem was minimized at 100,000 steps. Before applying forces, we equilibrated

the system for 25 ns with a time step of 2 fs. The hydrogen atom bond length

was constrained using the SHAKE method (40). The SHAKE algorithm is

used toconstrain bond lengthsbetweenheavyatomsandhydrogenatoms. Sim-

ulationswere performed under a constant temperature of 310 K and a constant

pressure of 1 atm using theLangevin pistonmethod (50 fs decay time) andHo-

over’s method during minimization and equilibration (39). Periodic boundary

conditions were applied in all three directions, and particle mesh Ewald was

used with a 1 Å maximal space between grid points (39). The cutoff for

nonbonded interactions was set to 12 Å. A switching function was used for

all calculations with a switching distance of 10 Å.

For the constant-velocity pulling simulations, a dummy atom was attached

to the position of the center residue (V787) at the N-terminal end of the in-

tegrin-b1 tail bound to protomer 1 (I1) via a virtual spring with a spring con-

stant of 7 kcal/mol/Å2; the position of residue V787 on protomer 2 (I2) was

fixed. The constant velocity simulations were performed at a constant pulling

rate of 0.5 Å/ns. We then measured the forces between the dummy atom and
FIGURE 2 Normal mode analysis (NMA) of the

kindlin2dimer. (A) Vector field representation of

first nontrivial normal mode from NMA is shown.

(B) A dynamic cross correlation heat map of the

kindlin2dimer averaged over all modes is shown.

F0, F1, F2, and F3 subdomain regions are indicated

on the heat map; black labels represent the F0–F3

subdomains of protomer 1 (magenta), and the

gray labels represent the F0–F3 subdomains of pro-

tomer 2 (cyan). A black box is drawn to indicate

that the F3 subdomains of two protomers in the

kindlin2dimer that bind to integrin are negatively

correlated. (C) A visualization of negatively cross

correlated residues on the kindlin2dimer is shown.

Each negatively correlated residue is connected

with a blue line. Residues on F3 subdomains of

the kindlin2dimer are negatively correlated with

each other. To see this figure in color, go online.
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V787 using NAMD (39). The kindlin2dimer was subjected to both tensile and

compressive strains, and residue distances and angles were calculated and

visualized using VMD and R (35). To calculate average forces, we first

reduced the noise from the measurements obtained from our MD simulations.

To do this, we used the filter function in R to calculate a moving average of

forces. The filter function was also used to reduce the noise in the distance

and angle plots (a window of 10 frames was used for averaging). Tensile

and compressive strains were applied to the kindlin2dimer/integrin-b1 com-

plex for 50 ns, and the protein was relaxed for another 100 ns. Each condition

was repeated three times (see summary of simulations in Table 1).

In the constant-force simulations, a specific, constant force (namely 87,

70, 35, and 17 pN) was applied on residue V787 of one integrin in the

kindlin2dimer/integrin-b1 complex (I1), while theV787 of the other integrin

(I2)was fixed. Tensile forceswere applied in these simulations (see summary

of simulations in Table 1). The distances were calculated as stated above.
Comparison between MD simulations and NMA

Squared overlap analysis was carried out to determine which normal modes

contribute to the conformational changes observed in our MD simulations.

We calculated the squared overlap of the first 20 normal modes, with the

conformational difference vector between the first and last frames of our

MD trajectories where tensile or compressive forces were applied (0 and

50 ns). These calculations were performed using the Bio3D package in R

(35,41). To compare the normal modes of the protein to the protein confor-

mations during MD simulations where forces were applied (0–50 ns), we

calculated the root mean-square inner product (RMSIP) of the normal

modes obtained from NMA and the principal components obtained from

MD simulations, using the Bio3D package in R (35,41).
H-bond calculations

The number of hydrogen bonds (H-bonds) between regions of interest were

also calculated in VMD using the H-bonds plug-in (version 1.2) (21,39) in

which the cutoff distance and angle were set to 3 Å and 20�, respectively.
The density- and time-dependent plots were all prepared in R matrixStats

and gplots (42,43).

In all reported data, a Welch’s two-sample t-test was conducted using

R Stats Package (version 3.5.0) to test for statistical significance.
RMSD and RMSF analyses

The root mean-square deviation (RMSD) values of the kindlin2dimer were

quantified for each simulation using the RMSD visualizer tool in VMD

(21). The movements of the molecule due to rotation and translations

were suppressed by aligning the kindlin2dimer of all frames of the trajec-

tory to a reference frame (frame 0).
TABLE 1 Summary of Models Presented in This Manuscript

Modeled System Number of Runs T

Tension: constant velocity (0.5 Å/ns) run 1

run 2

run 3

Compression: constant velocity (0.5 Å/ns) run 1

run 2

run 3

Tension: constant force (87 pN) run 1

run 2

Tension: constant force (70 pN) run 1

Tension: constant force (35 pN) run 1

Tension: constant force (17 pN) run 1

No force run 1
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The root mean-square fluctuation (RMSF) values were calculated using

the rmsf() function in R Bio3D package (35). Before RMSF calculations,

the movements of the molecule due to rotation and translations were sup-

pressed by using the fit.xyz(). In MD simulations, RMSF is a good measure

of conformational variance, which compares the fluctuations of each resi-

due from a mean position of the residue averaged over MD simulation

time. Free-hanging end regions of the molecule that are not connected to

other regions usually exhibit very high RMSF values and were therefore

ignored in our analyses.
Force distribution analysis

Time-resolved force distribution analysis was performed using the TRFDA

GROMACS tool (44). Using this tool, atomic pairwise forces were calcu-

lated for Coulomb interactions and monitored over simulation time. The

methods for pairwise force calculations are described in detail in (45).

Briefly, the interaction between residues ri and rj (where i and j are atoms

of each residue) is represented by a pairwise force acting on the center of

mass of the two residues, which is calculated using the following equation:

~Fri; rj ¼
X

iεri; iεrj

~Fij:

Punctual stresses for each residue were then calculated using the GRO-

MACS’s fda_get_stress function. This function calculated the punctual
stress by summing the absolute values of the pairwise forces acting on

each atom (44).
Cumulative distance change calculation

To determine how the R557-E553/S550 conformational switch affects the

distance change between integrins under force, we calculated the cumula-

tive distance changes between two integrins before and after the conforma-

tional switch event for all of our simulations in which a constant force was

applied. Specifically, we calculate iterated differences between the dis-

tances of V787 of I1 and I2 using the diff() function in R with a lag value

of 1. We then summed up these values to obtain cumulative distances. For

each force magnitude, the cumulative distance was evaluated before and af-

ter the a-carbon (Ca) atoms of R557 and E553 reach a value of 13.75 Å.
RESULTS

Dynamic cross correlation of domains of kindlin
protomers in the kindlin2dimer

To explore the structural dynamics of the kindlin2dimer, we
first calculated the normal modes of the kindlin2dimer/
otal Time of Force Application (ns) Total Time of Relaxation (ns)

50 �90

50 �90

50 �90

50 100

50 100

50 100

55 –

82 –

68 –

48 –

234 –

– �120
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integrin-b1 complex (Fig. S1; Video S1). The lowest fre-
quency nonrigid body motions of the kindlin2dimer consists
of lateral contraction and expansion of the kindlin2dimer
(Fig. 2 A). These motions resulted in an increase or decrease
in the lateral distance between the two bound integrins
(Video S1). Additionally, we performed dynamic cross
correlation analysis between all residue pairs on the
kindlin2dimer as obtained from the average of all modes
in the NMA. Of particular interest was a coupling (i.e., anti-
correlated motions) between the F3 domains of the two
kindlin2 protomers in the kindlin2dimer (Fig. 2, B and C).
Note that the two integrins are also bound to the F3 domains
(Fig. 1), implying their motions are negatively correlated
through the kindlin2dimer.
Kindlin2dimer responds to forces on integrin

The b1 tail of integrin is bound to talin at its membrane
proximal region, and to kindlin at its membrane distal region
(Fig. 1 A). To model the effect of mechanical forces on the
integrin adhesion complex on the conformation of the
kindlin2dimer, we used MD simulations to apply steering
forces at a constant velocity of 0.5 Å/ns on residue V787
at the N-terminal end of the integrin tail bound to P1
(denoted as I1 in Fig. 3 A) and fixed the position of the
same residue of the integrin tail bound to P2 (denoted in
Fig. 3 A). These forces were applied in two tensile and
compressive directions, which would result in an increase
or decrease in the distance between I1 and I2, respectively.

After the application of forces for 50 ns (equivalent to a
25-Å change in the distance between I1 and I2), forces
were removed, and the molecule was relaxed for 100 ns
(Fig. 3, B and C). A control simulation was also performed
with no force on the kindlin2dimer. As expected, the MD
trajectories show a 25-Å change in the distance between
I1 and I2 during force application in all simulation runs
(Fig. 3, B and C). The initial distance between I1 and I2
was measured as �75 Å, and upon force application, this
distance increased to 100 Å under tensile forces or
decreased to 50 Å under compressive forces (Fig. 3 C).
Interestingly, even in our control simulation, where no
forces were applied, the distance between I1 and I2 fluctu-
ated between 58 and 78 Å during the simulation time.
Upon the removal of tensile forces, the distance between
I1 and I2 abruptly drops and stabilizes at a value of
73.5 5 4.2 Å in the last 75 ns. On the other hand, after
the removal of compressive forces, the distance between
I1 and I2 increases slightly but continues to fluctuate
significantly and reaches an average value of 65.5 5
5.5 Å in the last 75 ns. These values are statistically indis-
tinguishable from the distance between I1 and I2 in the no-
force control simulation (66.6 5 3.5 Å). Our results show
that after tensile forces are applied and removed, the dis-
tance between I1 and I2 increases by a value of �6 Å as
compared with the no-force control simulation. In the
case of compressive forces, there is no significant change
in the distance between I1 and I2 compared with no-force
conditions (Fig. 3 C).

Next, to investigate how the application of tensile
and compressive forces alters the overall structure of
the kindlin2dimer, we calculated the RMSD of the
kindlin2dimer over the simulations time with respect
to its initial structure before application of force
(Fig. 3 C). The kindlin2dimer exhibited a tensile-force-
dependent increase in RMSD, which reduced to its orig-
inal value upon force removal. On the other hand, the
kindlin2dimer RMSD appeared independent of force in
compressive force simulations. Based on the RMSD
values, our results suggest that forces resulting in the sep-
aration of integrins by �25 Å (tensile forces) can induce
significant structural changes in the kindlin2dimer, but
these changes are mostly reversible after forces are
removed (Fig. 3 C). Alternatively, the distance between
two integrins can be decreased by �25 Å (compressive
forces) without a significant change in kindlin2dimer
structure after force removal (Fig. 3 C).

To compare the amount of the force required to increase
or decrease the distance between two kindlin-bound integ-
rins in our MD simulations, we calculated the range of
forces required to change the distance between I1 and I2
at a constant velocity (Fig. 3 D). Our results show that
decreasing the distance between I1 and I2 by �25 Å re-
quires a lower range of forces (36 5 41 pN) than pulling
them apart by �25 Å (90 5 68 pN) (Fig. 3 D).

Next, we asked whether any of the normal modes could
contribute to the conformational changes observed in ten-
sion and compression MD simulations (i.e., increase or
decrease the distance between two kindlin-bound integ-
rins). We calculated the squared overlap between the
nontrivial normal modes of the kindlin2dimer and the
conformational difference vector between the initial and
final frames of the MD simulations of the kindlin2dimer
under force (i.e., frames 0 and 50 ns) (Fig. 3 E). The first
nontrivial mode (Video S1) exhibited high-squared overlap
with the conformational difference vector in both tension
and compression (Fig. 3 E). The third nontrivial mode
(Video S2) contributed exclusively to tension and not
compression simulations (Fig. 3 E). No other mode from
the first 20 nontrivial normal modes showed any overlap
with MD simulations. Finally, to compare the MD results
with our NMA results, we compared the normal modes
of the kindlin2dimer with the projection of MD conformers
onto principal components (Fig. 3 F). The RMSIP of the 10
first modes of NMA and the 10 first principal components
of MD principal component analysis (PCA) yielded a value
of 0.82 and 0.83 for tension and compression, respectively
(Fig. 3 F). These results suggest a very similar direction-
ality between NMA modes and conformations obtained
from MD simulations (a value of 1 would indicate identical
directionality).
Biophysical Journal 116, 1011–1024, March 19, 2019 1015



FIGURE 3 The response of the kindlin2dimer to

forces on integrins. (A) A schematic representation

of the forces applied on the integrin-kindlin2 dimer

complex (PDB: 5XQ0) consisting of two protomers

(P1 and P2) is shown. Terminal integrin residues

(outlined with black circles) were either fixed (I2)

or pulled at a constant velocity (I1). (B) Snapshots

of the trajectory of the integrin-kindlin dimer com-

plex under force are shown. (C) The top shows the

distance between the two end residues of integrins

bound to the kindlin2dimer during tension or

compression. Three independent tension and three

independent compression runs are shown with

various shades of blue and red, respectively. The

dashed black line shows the distance between termi-

nal integrin residues in the absence of force. The

average distances and SDs are shown for the last

75 ns; these values are higher in tension (73.5 5

4.2 Å) than in compression (65.5 5 5.5 Å) or no-

force (66.6 5 3.5 Å) conditions; **p-value <

1e�15. Bottom-average root mean-square devia-

tion (RMSD) of the kindlin2dimer/integrinß1 com-

plex from its original structure (tension: blue;

compression: red) is shown. (D) Magnitude of

forces applied to I1, averaged over time of constant

velocity application (i.e., 0–50 ns) and all simula-

tions runs (yieldingNz 23,000), is shown.Average

values and SDs are shown; forces for tension are

higher than forces for compression; **p-value <

1e�15. (E) Overlap analysis between the normal

modes of the kindlin2dimer and the conformational

difference vector between the structure of the kind-

lin2dimer at 0 and 50 ns in the compression and ten-

sion molecular dynamics (MD) simulations are

shown. Squared overlap values identify which

modes contribute to the conformational changes

observed under compression and tension. Black

lines and circles show the values of squared overlap,

and green circles show the cumulative values of

squared overlap. Only nontrivial modes are shown.

(F) Overlap map between the normal modes of the

kindlin2dimer (NMAmodes) and principal compo-

nent analysis of MD simulations (MD PCA) of the

kindlin2dimer under tension or compression are

shown. The root mean-square inner product

(RMSIP) of the two subsets (NMA and PCA MD)

yields a value of 0.82 for compression and a value

of 0.83 for tension. (Note that a value of 1 would

indicate identical directionality.) Representative analyses are shown for one MD simulations of compression and tension. (G) Interaction network between

kindlin2 and integrin where H-bonds are shown with dashed lines (H-bond distance and angle cutoffs are 4 Å and 30�, respectively). (H) Number of H-bonds

between integrins I1 and I2 and kindlin2dimer under tension (5.15 1.1), compression (4.85 1.1), and no-force (5.55 2.1) conditions. To see this figure in

color, go online.
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The integrin-kindlin2dimer interactions is
maintained under force

Kindlin- and talin-bound integrins are constantly exposed to
cytoskeletal forces because of their interaction with actin fil-
aments (20,23,28,32,46–50). It is therefore interesting to
explore whether the kindlin2dimer/integrin-b1 is stable un-
der force and whether interactions at the integrin-kindlin
interface are preserved (Fig. 3, G and H). The crystal struc-
ture of the kindlin2dimer/integrin-b1 complex revealed the
1016 Biophysical Journal 116, 1011–1024, March 19, 2019
interaction interface and the H-bond network between
integrin-b1 and kindlin2dimer as shown in Fig. 3 G (14).
To determine whether the kindlin2dimer is able to maintain
its interactions with integrin-b1 under force, we calculated
the number of H-bonds between integrins (I1 and I2 in
Fig. 3 A) and the kindlin2dimer over the period of
force application (0–50 ns) and relaxation (50–150 ns)
(Fig. 3 H). Our results show that the H-bond interactions be-
tween integrins I1 and I2 and the kindlin2dimer do not
change significantly under force (Fig. 3 H). Hence, we
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next explored force-dependent structural fluctuations in the
kindlin2dimer and how forces on integrin are transmitted to
the dimer interface.
Tensile forces are transmitted to the
kindlin2dimer interface

To determine the changes in dynamics of the kindlin2dimer
under force, we quantified the RMSF of the kindlin2dimer
residues under tension and compression and compared their
values with a no-force condition (Fig. 4 A). We observed no
significant changes in the RMSF of most residues except re-
gions consisting of residues 289–324 and 518–563 on the
kindlin2dimer (Fig. 4 A). We mapped these regions onto
the structure of the kindlin2dimer and found that these re-
gions correspond to the F2 subdomain at the dimer interface
(Fig. 4 B). Specifically, these regions correspond to four
a-helices that were previously identified as important re-
gions in kindlin2 dimerization, namely, a1F2, a2F2, a4NF2,
and a4CF2 (14). These regions directly precede the F3 sub-
domain, which binds to integrin (Fig. 4 B). Next, to deter-
mine specifically which regions were changing in
response to force, we calculated the angles between pairs
of a-helices at the dimer interface. Specifically, we calcu-
lated the angles between a1F2, a2F2, a4NF2, and a4CF2 of
neighboring protomers and as we anticipated, these angles
were tension dependent. The most significant force depen-
dency was observed for the angle between a4CF2 of the
two protomers, which increased linearly from 120 to 135�

under tension (Fig. 4 C). Other force-dependent angles
were also observed between a1F2, a2F2, and a4NF2 of
neighboring protomers and between a4CF2 and a2F2 of
FIGURE 4 Dynamics of the kindlin2dimer un-

der force. (A) Average root mean-square fluctua-

tions (RMSF) of all residues on protomer 1 (P1)

of the kindlin2dimer during force application

(top). Regions where the RMSF is different be-

tween tension, compression, and control simula-

tions are enlarged (bottom). These regions consist

of a-helices that belong to the F2 subdomain of

the kindlin2dimer; namely, a1F2 (residues 287–

305), a2F2 (residues 310–333), a4NF2 (residues

530–545), and a4CF2 (residues 552–564). (B)

a1F2, a2F2, a4NF2, and a4CF2 mapped onto the

structure of the kindlin2dimer (top) are shown;

the network of a-helices on the F2 subdomain

and their linkage to the integrin-bound F3 subdo-

main through a4CF2 (bottom) are shown; the F3

subdomain is not entirely shown. (C) Angles be-

tween helices at the dimer interface over simula-

tions time are shown; the specific angle plotted

is shown to the right of each graph. The

kindlin2dimer is not shown in full for visualization

purposes. The relative location of each a-helix on

the kindlin2dimer is shown in (B). (D) Change in

end-to-end distance of integrin and the angles be-

tween a1F2, a2F2, a4NF2, and a4CF2 of neigh-

boring monomers result in the movement of the

F2 subdomain by �7 Å in the shown direction.

(E) Angles between a4CF2 of neighboring proto-

mers (black) or a4NF2 of neighboring protomers

(green) in the first and third nontrivial normal

modes for one cycle of vibration are shown. To

see this figure in color, go online.
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the same protomer (Fig. 4 C). These changes in angles at the
dimer interface also result in a �7-Å upward shift in the po-
sition of the kindlin2dimer upon 24-Å change in the end-to-
end distance of integrins under tension (Fig. 4 D). We also
calculated the angle changes in the a4 helices for the first
and third nontrivial modes, which had shown overlap with
conformational changes observed in our MD simulations
as indicated in Fig. 3 E. Indeed, in mode 1, the angle be-
tween a4CF2 of the two protomers can oscillate between
103 and 116� during one cycle of vibration (Fig. 4 E; Videos
S1 and S2). Similarly, the angle between a4NF2 of the two
protomers oscillates between 130 and 137� during one cycle
of vibration in correlation with a4CF2 helices (Fig. 4 E;
Video S1). Additionally, in mode 3, the angles between
a4CF2 helices of neighboring protomers oscillate between
96 and 122� and are anticorrelated with the changes in the
angle between a4NF2 helices of neighboring protomers,
which oscillate between 95 and 135� (Fig. 4 E; Video S2).

Finally, to determine how forces applied on integrin trans-
fer to the dimer interface, we performed time-resolved force
distribution analysis and evaluated the punctual stresses (see
1018 Biophysical Journal 116, 1011–1024, March 19, 2019
Materials and Methods) for all residues of a4 because this
regions showed the highest change in angle under force
(Fig. 5) (44,45). Our results show that punctual stresses
only changed in specific residues (S550, E553, and R557)
of a4 under tension (Fig. 5, green arrows). Under tension,
residue S550 is relaxed, and the stress is transferred to
E553 (Fig. 5). These results show that tensile forces on in-
tegrin are transmitted to the kindlin2dimer interface where
the a-helical arrangement is adjusted to allow for the flexi-
bility of the molecule. These results suggest that forces on
integrin are transmitted to the F2 subdomain at the dimer
interface.
The interaction network is shifted at the dimer
interface to allow flexibility of the kindlin2dimer
under force

As seen in the previous section, an extreme separation and
�15� increase in the angle between a4CF2 helices of neigh-
boring protomers under tension results in a decrease in punc-
tual stresses of residue S550 and an increase of stresses in
FIGURE 5 Time-resolved force distribution of

dimer interface. Representative heat maps of per-

residue punctual stress values over simulation

time for the a4-helix of one protomer of the kindli-

n2dimer are shown (P1 in Fig. 3 A). The distances

between two integrins are also overlaid on each

heat map. A representative plot is shown for each

of the three conditions of tension, compression,

and no force. Green arrows highlight the location

of residues S550, E553, and R557, which show sig-

nificant changes in punctual stresses under force.

To see this figure in color, go online.
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E553. To understand the consequences of such a shift in
stresses, we lookedmore closely at these residues in our sim-
ulations. As identified in the solved crystal structure of the
kindlin2dimer (PDB: 5XQ0), these residues belong to an
important residue network on the F2 subdomains and were
shown critical for the dimerization of kindlin2 (14). Also,
these residues are conserved between different kindlin pro-
tein families (Fig. S2). This important interaction network
consists of R557 on a4NF2 of P1 or P2, which interacts
with S550 on a4CF2 of the other protomer (Fig. 6 A). Two
such pairs exist at the dimer interface as shown in the top
view of the kindlin2dimer (Fig. 6 A). In our models, under
tensile forces, R557 switches from forming one H-bond
with S550 to forming two H-bonds with E553 on a4NF2

(Fig. 6 B, tension run 1–3). When tensile forces are removed
while R557 is still engaged with E553, R557 does not switch
back to S550 during relaxation (Fig. 6B, tension run 2 and run
3). On the other hand, if the R557-E553 interaction breaks
FIGURE 6 Changes in the interaction network at the kindlin2dimer interface

R557 and S550 are shown, which are located on the F2 subdomains of separate

kindlin2dimer (PDB: 5XQ0)). A neighboring residue E553 is also shown. Two su

side view for simplicity) (left). A top view of the two R557/S550/E553 interactio

of H-bonds formed between residue R557 and residues S550/E553 over each sim

simulation run (magenta) are shown (a total of three independent runs for tension

also shown. (C) The distance between R557 and residues E553 under tension, co

S550/E553 interaction network are shown: 1) R557 interacts exclusively with S5

H-bonds), and 3) R557 is shared between with S550 and E553. For each state, the

total), whereas the top view shows both networks (six residues in total). To see
under force, R557 switches back to S550 during relaxation
(Fig. 6 B, tension run 1). This switching is correlated with
the distance between the Ca of R557 and Ca of residues
S550/E553 (Fig. 6, B and C). In the crystal structure, the dis-
tance between the Ca atoms of R557 and E553 is�11.2 Å; at
this distance, R557 interacts exclusively with S550. As ten-
sile forces are applied, the distance between Ca atoms of
R557 and E553 increases, and when this distance reaches
�11.7 Å (first peak in Fig. 6, B and C), R557 switches
from interacting with S550 to exclusively interacting with
E553. When this switching occurs, the distance reaches a
maximal value of 13.75 Å (second peak in Fig. 6, B and C)
and is maintained even after the force is removed (unless
the E553/R557 bond dissociates before force is removed)
(Fig. 6 B, tension run 2 and run 3). Interestingly, R557 also
exclusively interacts with E553 when the distances of their
Ca atoms fall below �9.5 Å (Fig. 6 B, compression run 1;
Fig. 6 C); however, this distance is not maintained when
in response to force. (A) The location of important interacting residue pairs

protomers (P1 and P2) (these were identified in the crystal structure of the

ch interacting networks exist at the dimer interface (only one is shown in the

n networks showing both pairs of residues is shown (right). (B) The number

ulation run (gray) and distance between R557 and residues E553 over each

and three for compression are shown). Results for a no-force condition are

mpression, and no-force conditions is shown. (D) Three states of the R557/

50 (forms one H-bond), 2) R557 interacts exclusively with E553 (forms two

side view shows only one of the two interacting networks (three residues in

this figure in color, go online.
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forces are removed. In our simulations with no force, the dis-
tance between Ca atoms of R557 and E553 fluctuates be-
tween 9 and 11.5 Å and, therefore, R557 switches between
E553 (when the distance is below 9.5 Å) and S550 (when
the distance is between 10.5 and 11.5 Å). At 9.5–10.5 Å,
R557 is able to form one H-bond with both S550 and E553.
These results suggest that the changes in the end-to-end dis-
tance of integrins directly translates to a change in the dis-
tance between the Ca of R557 and Ca of residues S550/
E553, resulting in a shift in the R577-S550/E553 interaction
network at the dimer interface. This interaction network can
adopt four distinct states depending on the distance between
the Ca of R557 and Ca of residue E553 (Fig. 6 D): 1) R577
interacts exclusively and forms one H-bond with S550 when
Ca distance of R577 and E553 is between 10.5 and 11.5 Å; 2)
R577 interacts exclusively and forms one H-bond with E553
when tensed or compressed (R577 interacts exclusively and
forms two H-bonds with E553 when Ca distance of R577
and E553 is between 10.5 and 11.5 Å; R577 interacts exclu-
sively and forms two H-bonds with E553 when Ca distance
of R577 and E553 is less than 9.5 Å); and 3) R577 is shared
between S550 and E553whenCa distance of R577 and E553
is between 9.5 and 10.5 Å. The conformational shift in the
twoR557-S550/E553 interaction networks at the dimer inter-
face allows for the flexibility of the kindlin2dimer/integrin-
b1 complex under force.
The R557-S550/E553 conformational switch
occurs under various force magnitudes

TheMD simulations presented so far were all conducted at a
constant velocity in which the change in the end-to-end dis-
tance between integrin tails was controlled. We next exam-
ined whether the observed behavior of the kindlin2dimer
was reproducible under constant force and whether the
R557-S550/E553 interaction network shift would influence
the change in the end-to-end distance between integrin
tails under force. To determine the response of the
kindlin2dimer/integrin-b1 complex to constant force, we
applied constant forces of varying magnitudes (87, 70, 35,
and 17 pN) to the N-terminal end residue V787 of I1, while
fixing V787 on I2. The conformational switch was indeed
observed in all simulations at different time points, and
the simulations were continued for at least 20 ns after the
conformation switch event (Video S3). We then performed
PCA as well as force distribution analysis to compare the
MD trajectories of the kindlin2dimer under various force
magnitudes (Fig. 7, A and B). To examine and visualize re-
lationships between different conformations of the dimer
under force, we projected the MD trajectories onto the sub-
space defined by the largest principal components, PC1 and
PC2. For all simulations, principal components 1 and 2 (PC1
and PC2) captured more than 60% of the variance (i.e., the
total mean-square displacement of atom positional fluctua-
tions) (Fig. 7 A). In all simulations, the kindlin2dimer tran-
1020 Biophysical Journal 116, 1011–1024, March 19, 2019
sitions between at least three distinct conformations over the
simulations time. To see if forces are transmitted to a4 as
they were in our simulations in which a constant velocity
was applied, we performed time-resolved force distribution
analysis for all constant-force simulations. We monitored
the change in punctual stress values of each residue of a4
as the distance between integrins increased in response to
force. In agreement with our constant-velocity simulations,
an increasing distance between integrins results in a change
in the punctual stresses of the R557-S550/E553 residue
network, which ultimately results in a conformation switch
at this interface (Fig. 7 B). As a result, S550 is relaxed and
punctual stresses increase in E553 and R557 (Fig. 7 C).

Similar to our constant-velocity simulations, when pull-
ing under a constant force, the distance between Ca of
R557 and Ca of residues E553 reaches a value of
�13.75 Å for various force magnitudes (second peak in
Fig. 7 D). At this distance, R557 residues on each protomer
interact exclusively with E553 on the neighboring protomer
and form new H-bonds (Fig. 7 E) (two H-bonds between
each R557 and E553 resulting in four new H-bonds). These
new H-bonds form in all force magnitudes, including the
lowest magnitude of 17 pN. To determine whether the for-
mation of these new H-bonds alters the force response of
the kindlin2dimer, we calculated the cumulative change in
the distance between the two integrins before and after the
distance between Ca of R557 and Ca of E553 reached a
value of �13.75 Å on both protomers (see Materials and
Methods for more details) (Fig. 7 F). Interestingly, the integ-
rin distance increases much more rapidly before the confor-
mational switch and remains constant or decreases after the
switch (Fig. 7 F; Video S3). These results suggest that under
tensile force, the kindlin2dimer may control the distance be-
tween integrin tails by shifting its R577-S550/E553 interac-
tion network at the dimer interface. It also implies that the
switching of each R557 from forming one H-bond with
the neighboring S550 to forming two H-bonds with E553
may strengthen the kindlin2dimer under tensile force. The
strengthening of a bond under force has previously been
observed in catch bonds in other adhesion molecules (51).
DISCUSSION

Cross talk between neighboring integrins
through the kindlin2dimer

The unexpected dimerization of kindlin2, as revealed in the
recently solved crystal structures, proposed a mechanism
by which kindlin can initiate clustering of integrins (14).
The initiation of clustering could potentially be mediated
either through the dimerization of kindlin2 after binding to
integrins or via the simultaneous binding of two integrins
to a kindlin2dimer. Either way, through NMA, we showed
that the F3 subdomains of the kindlin2dimer, where the integ-
rins bind, are dynamically cross correlated (Fig. 2). This



FIGURE 7 Kindlin2dimer pulled under a constant force. (A) Shown are a projection of molecular dynamics (MD) trajectories of the kindlin2dimer/integrin

complex under forces of various magnitudes (87, 70, 35, and 17 pN) onto the subspace defined by the largest principal components 1 and 2 (PC1 and PC2).

The proportion of variance (%) of PC1 and PC2 is shown to the right of each plot. Each data point represents a single frame (i.e., time point) in the MD

trajectory. Data points are colored from blue (initial frame) to red (final frame) on the left. The right plots show points that are clustered in principal com-

ponents space (cluster 1 (black) is centered around �50, cluster 2 (red) is centered around 0, and cluster 3 (green) is centered around 100). These clusters

represent distinct groupings of structural conformations. (B) Time-resolved force distribution of dimer interface under forces of various magnitudes (87, 70,

35, and 17 pN) are shown. Representative heat maps show the per-residue punctual stress values over simulation time for the a4-helix of one protomer (P1 in

Fig. 3 A) in the kindlin2dimer. The distances between two integrins are also overlaid on each heat map. Green arrows highlight the location of residues S550,

E553, and R557, which show a significant change in punctual stress under force. (C) Average per-residue punctual stresses in a4 of both protomers (P1 and P2

in Fig. 3 A) before and after the conformational switch are shown (i.e., when R557 switched from interacting with S550 to E553). Green arrows highlight the

location of residues S550, E553, and R557. (D) The distance between Ca of R557 and Ca of E553 of the neighboring protomer for both protomers (P1 and P2

in Fig. 3 A) under various forces is shown. The no-force condition is also shown with a dotted gray line. (E) The number of hydrogen bonds between R557 and

E553 (top) or S550 (bottom) for both protomers (P1 and P2) under various forces is shown. The no-force condition is also shown with a dotted gray line. (F)

Cumulative changes in the distance between integrins under force before and after the R557-S550/E553 conformational switch are shown. To see this figure

in color, go online.
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means that motions in one integrin can directly be translated
to the other integrin through the kindlin2dimer, resulting in
an intracellular cross talk between integrins. To determine
which specific regions of the kindlin2dimer mediate the dy-
namic cross correlation observed in our NMA results, we
conducted MD simulations and performed force distribution
analysis along the kindlin2dimer. Our results show that
forces on integrin are directly transmitted to the F2 subdo-
mains of kindlin2 at the kindlin2dimer interface (see
Figs. 4, 5, 6, and 7). These results suggest that the dynamical
cross correlation between integrins is mediated by the F2
subdomains of kindlin2, which consist of four a-helices
(a1F2, a2F2, a4NF2, and a4CF2; see Fig. 4) that pack together
to form the dimer interface. The arrangement of these helices
Biophysical Journal 116, 1011–1024, March 19, 2019 1021
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is such that the lateral distance between integrins is directly
correlated with the angle between these helices (Fig. 4).
Mechanosensitivity of the kindlin2dimer

In agreement with these correlations (Fig. 2), our results
further show that kindlin2 can extend (elongate) and
compress (shorten) in response to forces on integrin by re-
arranging the four a-helices at its F2 subdomains (Fig. 4).
This flexibility of the kindlin2dimer is such that the
lateral distance between two bound integrins can change
by more than 45 Å without significant changes in the
structure of the kindlin2dimer (Fig. 3 C) or the H-bond in-
teractions between integrin and the kindlin2dimer (Fig. 3,
G and H).

How does the dimer withstand such high strains without
compromising its structure? Based on our results, we pro-
pose that a network formed by residues R577-S550/E553
at the dimer interface allows for this flexibility. Specifically,
when under tension, R557 adjusts its position and switches
from interacting with S550 to E553 (Figs. 5, 6, and 7). This
‘‘conformational switch’’ occurs for R557 on both proto-
mers of the kindlin2dimer.When this switching occurs for
the R557 residues of both protomers, the number of
H-bonds between the two protomers doubles (Figs. 6 and
7 E), and, therefore, the dimer interface is reinforced. This
reinforcement results in a resistance to further separation
of the two bound integrins (Fig. 7 F).
1022 Biophysical Journal 116, 1011–1024, March 19, 2019
The strengthening of protein interactions under tensile
forces has been observed previously in several adhesion-
related molecules (51). This phenomenon of force-enhanced
interactions is mediated by noncovalent catch bonds whose
dissociation lifetime increases with application of tensile
forces (51). Although we have not determined dissociation
constants in this study, we observed a similar phenomenon
in the kindlin2dimer in which the number of H-bonds at
the dimer interface was doubled in response to tensile force.
The doubling of H-bonds was caused by a shift in the inter-
action network at this interface at which R557 switches
from forming a single H-bond with S550 to forming two sta-
ble H-bonds with E553 (Figs. 6, 7, and 8).

Based on our results, we propose a simple model for
which the motion of the kindlin2dimer is similar to a folding
and self-locking shelf bracket (Fig. 8 C). The two brackets
(i.e., a4NF2) are highly flexible under tensile or compressive
force until they are pulled apart by a fixed distance; at this
point, the brackets lock into place and resist further separa-
tion. Consequently, integrins that are directly bound to the
two ends of these brackets are also locked in this position.
The kindlin2dimer also resembles a shelf bracket in terms
of purpose. Brackets usually serve as intermediate compo-
nents that fix one part to another and reinforce the two
entities they connect. Similarly, we propose that the
kindlin2dimer strengthens integrin clusters under cytoskel-
etal forces. This could be tested in vivo by mutating the
conserved R577-S550/E553 residue network that is
FIGURE 8 Model of cross talk among integrins

through the kindlin2dimer. (A) Forces on integrins

are directly transmitted to the kindlin dimer inter-

face. (B) Consequently, a shift in the R557-E553/

S550 networks at this interface allows for the flex-

ibility of the dimer under tensile and compressive

forces. Only one of the two R557-E553/S550 inter-

acting networks is shown for simplicity. (C) The

behavior of the kindlin2dimer under force resem-

bles the mechanisms of a folding and self-locking

shelf bracket, which is flexible in response to ten-

sion and compression, but the hinge is locked in

place after the bracket reaches a desired angle. To

see this figure in color, go online.
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involved in the conformational switch proposed in this
manuscript and testing its effect on the size of integrin clus-
ters and forces generated within the cell.

Several studies have shown that the size of focal adhe-
sions is proportional to adhesion strength, especially during
the initial stages of myosin-mediated adhesion maturation
(52–56). Based on our results, we propose that the
kindlin2dimer can be involved in this by strengthening in-
tegrin clusters in response to force. Finally, we propose
the kindlin2dimer as a new member of mechanosensitive
adaptor proteins of the focal adhesion complex, which is
involved in force bearing, force transmission, and the
strengthening of integrin clusters under force.
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