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Hydrophobicity-Driven Disruption Mechanism in Kindlin-3 Induced
by Leukocyte Adhesion Deficiency Mutation
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ABSTRACT: Leukocyte adhesion deficiency type III (LAD-III) is caused by amino
acid mutations in Kindlin-3, which result in integrin activation defects. The QW motif o
in the Kindlin family is particularly important for integrin activation, and the QS9SP movement |, 47N
mutation in the QW motif of Kindlin-3 leads to LAD-III. However, the molecular & }
mechanisms underlying this disruption remain unclear. In this study, we employed PR § o dmge
molecular dynamics (MD) and steered MD simulations to investigate how the Jonsing ||
pathogenic Q595P mutation in Kindlin-3 alters its interaction with $1-integrin under
physiological conditions. Our results show that the QS9SP mutation induces
conformational changes in neighboring residues, leading to a reduction in binding
affinity, specificity, and mechanical strength, primarily driven by hydrophobic
changes. Specifically, the QS95P mutation disrupts the torsional dynamics of residues
at the Kindlin-3 binding interface by disturbing the hydrophobic environment,
weakening the hydrogen bonds that are essential for stabilizing the Kindlin-3//1-
integrin interaction under both forceful and nonforceful conditions. Additionally, it enhances nonspecific hydrophobic interactions
on nonbinding surfaces, further destabilizing the overall binding. These findings provide important insights into the molecular
mechanisms by which pathogenic mutations in conserved regions of Kindlin-3 lead to integrin activation defects and contribute to
the pathogenesis of LAD-IIL
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Bl INTRODUCTION

Leukocyte trafficking to the sites of injury or infection involves
several processes, including rolling, adhesion, stable adhesion,
crawling, and migration.l Among these processes, the
interaction between adhesion molecules on endothelial cells
and integrins on leukocytes mediates both the stable adhesion

Studies have shown that mutations in individual residues at the
binding interface, which impart hydrophobic properties,
prevent Kindlins from localizing to focal adhesions, leading
to abnormal integrin activation and even resulting in associated
diseases."”'® Mutations in Kindlin-1 cause Kindler syndrome
(KS), which is characterized by skin abnormalities including

and transendothelial migration of leukocytes.” Integrin
activation is a crucial event in leukocyte inflammatory
responses during inflammation.” Kindlins are key positive
regulators of integrin activation. Specifically, they interact with
the cytoplasmic tail of integrins to facilitate leukocyte adhesion
and migration.”

Kindlins are a family of evolutionarily conserved focal
adhesion proteins that play crucial roles in integrin activation
and cell-extracellular matrix adhesion.””® The structural
hallmark of Kindlins is the FERM (protein 4.1, ezrin, radixin,
moesin) domain, which includes the F0, F1, F2, and F3
subdomains.”® The F3 subdomain contains a phosphotyr-
osine-binding (PTB) domain to which Kindlins bind the
membrane-distal tail NxxY motif of 3 integrin®™ "' to coactivate
integrins in conjunction with talins.”'” The Kindlin family of
vertebrates comprises three members: Kindlin-1, -2, and -3
(also known as FERMTI1, FERMT2, and FERMT3)."?
Kindlin-1 and -2 are widely expressed in both mouse and
human tissues, whereas Kindlin-3 expression is restricted to
hematopoietic tissues.”'* The normal interaction between
Kindlins and integrins is essential for integrin activation.'”"®
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blistering and atrophy, and an increased risk of developing
squamous cell carcinomas.'”"®

Mutations in Kindlin-3 result in leukocyte adhesion
deficiency type III (LAD-III),"”~*' which is characterized by
Glanzmann thrombasthenia-like bleeding and life-threatening
infections similar to LAD-1.>> However, unlike those with
Glanzmann thrombasthenia and LAD-], patients with LAD-III
have normal integrin expression but have activation defects in
the A1, 2, and B3 integrins in platelets, neutrophils, and
ly'mphocy’ces.23’24 These mutations in Kindlins that cause
diseases involve single amino acid changes, some of which
result from alterations in the hydrophobicity or hydrophilicity

. . 12526 . )
of the amino acids.”>*® However, it remains unclear how these
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Figure 1. Structural stability of the Kindlin-3/f1-integrin complex. (A) Crystal structure of the Kindlin-3//1-integrin complex. The Kindlin-3 F3
domain consists of two a-helices and seven f-sheets, and f integrin binds to the af-groove formed by the al-helix and S-sheet. The fS-sheet
constitutes the primary binding interface. (B) The diagram illustrates the exerted force in SMD simulation. The yellow ball represents the fixed Ca
atom of Val787, and the red ball represents the pulled Car atom of GlyS50, with the red arrow indicating the stretching direction. (C) Time profile
of the Ca RMSD of the Kindlin-3/f1-integrin complex. (D) Time profile of the Ca-RMSD of Kindlin-3. (E) Time profile of the Ca-RMSD of 1-
integrin. Each of the time profiles presents an average of results based on three independent runs. (F,G) Distribution of NHB values of the WT (F)
and the Q59SP mutant systems (G). Gaussian fits exhibit high R* values (>0.98), signifying that the conformational space of the complex sampled

in equilibrium is quasi-complete across three independent runs.

single amino acid changes affect Kindlin-mediated integrin
activation. Therefore, investigating the effects of individual
amino acid changes on the binding of Kindlins to integrins at
the atomic level may provide valuable insights into this process.

The GIn595 is an amino acid in the highly conserved QW
motif of the Kindlin family and is found in the F3 subdomain
of Kindlin-3."> Mutation of the GInS95 residue to Pro595
contributes to LAD-IIL'"** Mutations at this site in Kindlin
proteins disrupt the interaction between Kindlin and integrin,
impairing focal adhesion formation.'*” This emphasizes the
critical role of this residue in mediating the Kindlin/integrin
interaction. Moreover, Kindlin-3 is a mechanosensitive protein
that binds to F-actin and transmits mechanical signals from the
cytoskeleton to activate integrins.”® However, studies on
mutations at the conserved and pathogenic GInS9S site in
the Kindlin family have not yet clarified the molecular details
of how the mutation in Kindlin-3 affects its interaction with
integrin f. Thus, the molecular mechanism underlying the
Q595P mutation in Kindlin-3 and its interaction with integrin
p remains unclear.

16397

Molecular dynamics (MD) simulations are widely used to
yield detailed insights into the kinetics, structure, and energy
information of both free and ligated proteins.”” This
methodology is preferred for investigating the relationship
between protein structure and function.”® In this study, we
applied MD and steered MD (SMD) simulations to investigate
how the QS59SP mutation in Kindlin-3 affects its interaction
with pl-integrin. By examining the structural and dynamic
changes induced by this mutation, we aim to provide a
molecular framework for understanding how hydrophobicity-
driven mutations broadly influence Kindlin/integrin inter-
actions. Our findings not only elucidate the potential
pathological mechanisms underlying LAD-III but also highlight
the potential of MD simulations as a tool for exploring
mutation-induced changes in integrin-related diseases, offering
insights into the development of targeted therapeutics.

B MATERIALS AND METHODS

System Setup. MD simulations with two simulation
systems, the wild-type (WT) and QS9SP mutant F3 domain

https://doi.org/10.1021/acsomega.4c10930
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(residues Gly550-Phe663) of Kindlin-3 (PDB ID: 6V9G) in
complex with the tail of the fl-integrin (residues Val787—
Gly797), were performed. The structure of the Q59SP mutant
F3 domain was modeled by mutating GIn59S into Pro595 in
the WT F3 domain using the “mutate residue” plugin in the
visual MD (VMD 1.9.3) software.”"*” The WT Kindlin-3/41-
integrin complex was constructed by docking the WT F3
domain of Kindlin-3 with fl-integrin (extracted from the
Kindlin-2/$1 complex, PDB ID: $XQO0) using the HADDOCK
2.4 server.”> The QS595P mutant Kindlin-3/A1-integrin
complex was constructed in the same way. Docking sites
were chosen based on the top 10 interacting residues ranked
by their interaction indices from equilibrium simulations of the
Kindlin-2/f41 complex (Table S1). Both the WT and QS9SP
mutant systems were solvated in TIP3P water by using VMD
1.9.3, with a solvation box extending 15 A beyond the
maximum ¥, y, and z coordinates of the protein. The systems
were neutralized with 150 mM NaCl to mimic the
physiological conditions. The total number of atoms in the
solvated WT and QS9SP mutant systems were 34,469 and
34,139, respectively.

MD Simulations. The flowchart of this study is shown in
Figure S1. All-atom MD simulations were conducted using
NAMD 2.14 software>® with the CHARMM36 force field,*
including CMAP corrections for the protein backbone.
Visualization, mutation, and structural analyses were per-
formed using VMD 1.9.3 and PyMOL 2.6.°° Energy
minimization for the WT system was performed in three
stages: (1) 15,000 steps with the protein backbone fixed; (2)
15,000 steps with the backbone restrained; and (3) 15,000
steps with all atoms free. The QS9SP mutant system was
subjected to a four-step minimization process. In the first step,
all atoms except the mutated residue were fixed to optimize the
structure at the mutation site. The subsequent steps mirrored
those of the WT protocol. The minimized systems were
gradually heated from 0 to 310 K. Each system underwent
three runs of equilibration at 310 K and 1 atm, with each run
lasting 100 ns, the equilibrated structure from the 100 ns
equilibrium phase was selected as the initial conformation, and
a subsequent 100 ns NPT simulation was performed for further
conformational analysis. Periodic boundary conditions were
implemented in all directions, and the particle mesh Ewald
method was employed with a maximum grid spacing of 1 A.

To assess the mechanical strength under an applied force
and the conformational changes in the complexes, we
conducted a force-ramp SMD simulation®’ ™" on the
equilibrated system. The force-ramp simulation allowed us to
stretch the complex and observe the dissociation process,
thereby evaluating the mechanical stability and binding
affinity.”” In the force-ramp MD simulation, in order to
simulate the mechanical forces experienced by Kindlin-3 under
physiological conditions and prevent nonspecific deformations
during the force application process, the C, atom of residue
Val787 at the N-terminus of f1-integrin was fixed, and the C,
atom of residue GlyS50 at the N-terminus of the Kindlin-3 F3
domain was pulled along the axis connecting the steered and
fixed atoms (Figure 1B). The virtual spring connecting the
steered atom to the dummy atom had a spring constant of
13.90 pN/A. Based on previous studies’' and our exploration
of the stretching velocity in this research (Figure S2), the
complex was pulled for 50 ns with a time increment of 2 fs and
a pulling velocity of 1 A/ns. Each system was subjected to

three independent pulling simulations to ensure reproduci-
bility.

Data Analysis. Molecular visualization and data analysis
were conducted by using the VMD software and TCL scripts.
To assess conformational changes and hydrophobic core
exposure, the C, root-mean-square deviation (RMSD) and
solvent-accessible surface area (SASA; using a 1.4 A probe
radius) of the Kindlin-3/f1-integrin complex were measured
for each simulation, and the hydrogen bonds (H-bonds) at the
binding interface were calculated using a donor—acceptor
distance cutoff of 3.5 A and a donor-hydrogen-acceptor angle
cutoff of 30°. The binding free energy of the Kindlin-3/41-
integrin complex was evaluated using the molecular mechanics
Poisson—Boltzmann surface area (MMPBSA) method.”*~**
The binding free energy of the complex was calculated using
the equation: AGbind = AGcomplex - (AGreceptor + AGligand) (1)!
each term on the right-hand side of eq 1 is computed using the
following formula: AGy,q = AEyw + (AGSOIVE,POIar +
AGqenonpolar) — TAS(2), where AEyn, is the gas-phase
interaction energy between the complex in a vacuum,
AGgpvepolar 18 the polar solvation energy, and AGqgpyenonpolar 1S
the nonpolar solvation energy, which is proportional to the
SASA and reflects the influence of hydrophobic effects.
AG was calculated using the following equation:
AGqopepoly = ¥ X SASA + f (3), where y = 0.00542 kcal/
mol per A? and f§ = 0.92 keal/mol.***° Additionally, TAS is the
change in the configurational entropy. Additionally, the
dissociation probability (Pp), a parameter indicating the
likelihood of ligand dissociation from the receptor, was used
to evaluate receptor—ligand binding affinity.

A hydrogen-bonding event occurred once the donor—
acceptor distance and the donor-hydrogen-acceptor angle
were less than 3.5 A and 30°, respectively. An occupancy (or
survival ratio) of a hydrogen bond was measured by the
fraction of bond survival time in the simulation period.
Similarly, we quantified the hydrophobic interactions at the
binding interface using hydrophobic occupancy, defined as the
fraction of hydrophobic contacts during the simulation period.
The H-bond network at the protein-binding interface was
analyzed using the residue interaction index (Pij), and detailed
descriptions of the Pp and P; calculations were described in
our previous work.”**!

To investigate major conformational changes within the
Kindlin-3/f1-integrin complex, we utilized the GeoStas
function from the Bio3D 2.4 package.””** The simulated
trajectory was analyzed to obtain the allosteric motion
similarity matrix (AMSM) and first principal component
(PDB file). These results were visualized by using PyMOL
software. Furthermore, the differences in torsional angle
between the WT and QS595P mutant systems were calculated
using the torsionxyz function from the same package to
highlight residues with significant conformational changes
during the simulation.”” In the SMD, the mechanical strength
of the receptor—ligand was evaluated by measuring the
maximum rupture force, rupture time, and accumulated stress.

Statistical Analysis. Statistical differences between the
groups were assessed using an unpaired two-tailed Student’s ¢
test. P-values < 0.05 were considered statistically significant.

solve,polar

B RESULTS

Conformational Stability of the Kindlin-3/41-Integrin
Complex at Equilibrium. Three independent 100 ns
equilibrium simulations were performed for the Kindlin-3/

https://doi.org/10.1021/acsomega.4c10930
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Figure 2. QS9SP mutation reduces binding affinity and specificity. (A,B) Time courses (A), Gaussian distribution curves, and averages of the
number of H-bonds (B) at the binding interface are shown. Three runs were conducted for the WT and QS9SP mutant systems. The mean number
of H-bonds is 8.85 + 0.14 for the WT system and 6.26 + 0.31 for the QS9SP mutant system. (C) Plot of dissociation probabilities. The dissociation
probability for the QS9SP mutant system was (1.46 + 0.75) X 107 which is higher than that of the WT system [(1.21 + 1.19) x 1077]. (D)
Gaussian distribution curves and average buried-SASA values. The buried-SASA reached 1505.74 + 46.90 A? for the Q395P system, which is higher
than that of the WT system (1461.62 + 30.68 A%). Statistical significance was indicated by p < 0.05 (*) and p < 0.0001 (***) based on unpaired
two-tailed Student’s ¢ test. All data shown are means + SD, n = 3.

Table 1. Binding Free Energies of the Kindlin-3/f1-Integrin Complex Calculated Using the MMPBSA Method (Unit: kcal/
mol)”

system AEyy AGpojar AGonpolar AGying
WT —215.61 + 22.82 41.76 + 9.39 —8.66 + 0.25 —182.51 + 24.14
Q595P —150.83 + 32.45 31.94 + 4.37 —8.73 £ 0.25 —127.61 + 19.55

“Note: all data shown are means + SD, n = 3.

Pl-integrin complex (Figure 1A,B). To assess conformational subsequent analysis and suggested that the QS9SP mutation
stability, RMSD values were calculated for both the WT and may alter the overall structure of the complex.

QS59SP mutant systems as well as for the individual Kindlin-3 Q595P Mutation Reduces Binding Affinity and
and ﬁl-integrin proteins‘ The radii of gyration (ngr) and SpeciﬁCIty of the Complex. To assess the impact of the
solvent-inaccessible surface areas (buried-SASA) of the QS59SP mutation of the complex on the binding affinity, we
complexes were measured. The RMSD values of the Kindlin- analyzed the number of H-bonds at the binding interface,
3/pl-integrin complex (Figures 1C and S4A,B), Kindlin-3 dissociation probability, and buried SASA of both systems
(Figure 1D), and Pl-integrin (Figure 1E) in the QS9SP during the simulation. These results demonstrated that the

QS95P mutation reduced the number of H-bonds at the
binding interface (Figure 2A,B) and increased the probability
of dissociation (Figure 2C), indicating a reduction in binding
affinity. Unexpectedly, the buried-SASA values increased
slightly after inducing the mutation (Figure 2D), suggesting
expansion of the binding interface. To further evaluate changes
in binding affinity due to the mutation, the MMPBSA method
was applied to calculate binding free energy.*” This approach
integrates molecular mechanical energy terms with hydro-
phobic effects and offers a comprehensive assessment of the

mutant system were higher than those of the WT system,
indicating that the QS95P mutation increased conformational
instability. The Ry, (Figure S3A) and buried-SASA (Figures
S3B and $4C,D) values indicated that the complex reached a
stable state quickly. Fluctuations in the RMSD and Ry, values
stabilized to within 1 A after 20 ns, confirming the reliability of
the docking results. The hydrogen bonds (H-bonds) at the
binding sites followed a Gaussian distribution (Figures 1F,G,
S4E,F, and S5). Based on the fact that hydrogen bond

interactions are the main interactions mediating the binding of binding affinity. The calculations indicated that molecular
the complexes in our system, the high R* values (>0.98) of the mechanical energy (Eyy) increased significantly after inducing
fitting results for the WT and QS9SP mutant systems the QS9SP mutation (from —215.61 kcal/mol to —150.83
suggested that the conformational space of the complex kcal/mol); polar solvation energy (Gpey,) decreased (from
samples in the equilibrium was quasi-complete. This confirmed 41.76 to 31.94 kcal/mol); and nonpolar solvation energy
the stability of the simulation system, which enabled detailed (Gnonpola,) showed almost no change, indicating that the effect

16399 https://doi.org/10.1021/acsomega.4c10930
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Figure 3. Conformational changes induced by the QS9SP mutation. (A) Rigid structural core schematic for the WT system. The WT system
displays high overlap, indicating greater conformational stability during the simulation. (B) Rigid structural core schematic for the QS9SP mutant
system. The al-a2 loop of Kindlin-3 shows poor overlap, indicating reduced conformational stability. (C) Diagram of centroid distance (DMC)
between the f1-integrin loop and the al—a2 loop of Kindlin-3, including angles @ between the S1-integrin sheet and a2 helix and y between the
Pl-integrin sheet and the S sheet of Kindlin-3. (D) Changes in the DMC values for the WT and QS9SP mutant systems. The DMC values are
16.29 + 0.46 A for WT and 14.81 + 0.33 A for QS9SP. (E) Changes in the 6 angle for the WT and QS9SP mutant systems. The 6 angle is 66.77 +
5.46 for WT and 51.68 + 2.55 for QS9SP. (F) Changes in the ¥ angle for the WT and QS9SP mutant systems. The y angle is 21.87 = 1.61 for WT
and 29.44 + 1.64 for QS9SP. (G) Changes in the average buried-SASA values between the f1-integrin loop and the al1—a2 loop of Kindlin-3. The
QS595P mutant system buried-SASA reached 400.29 + 35.16 A% which was higher than that of the WT system (324.00 + 10.22 A%). Statistical
significance was indicated by p < 0.05 (*), p < 0.01 (**), and p < 0.0001 (***) based on unpaired two-tailed Student’s ¢ test. All data shown are
means + SD, n = 3.

of the solvent on the hydrophobic residues of these two well-defined and stable core with minimal conformational
systems is essentially the same. Overall, Gy;,q values indicated changes (Figure 3A). In contrast, the QS9SP mutant system
that the QS9SP mutation increased the binding free energy of showed reduced stability (Figure 3B), as evidenced by poor
the Kindlin-3 and f1-integrin complex (Table 1), suggesting a overlap in the al-a2 loop of Kindlin-3 (residues Thr639-

reduction in binding affinity. Our results showed that a slight Asp649). This suggested substantial conformational changes in
increase in hydrophobic interactions did not fully compensate these regions, with Bl-integrin trending toward an “inward”
for the loss of key specific interactions. Thus, the QS95P conformation. The centroid distance (DMC) between the $1-
mutation decreases the binding affinity and specificity of the integrin loop and the al-a2 loop of Kindlin-3 suggested that
complex. the QS9SP mutation caused the fl-integrin loop and the al-

Conformational Changes Induced by the Q595P a2 loop of Kindlin-3 to move closer (Figure 3C,D). We
Mutation in the Kindlin-3/41-Integrin Complex. The observed that the angle (0) between the f1-integrin sheet and
mutation-related reduction in f1-integrin affinity and specific- the a2 helix and the angle (y) related to the fS sheet of
ity for Kindlin-3 is likely due to a conformational change in Kindlin-3 decreased (Figure 3C,E) and increased (Figure
either fl-integrin or Kindlin-3. To identify regions that 3C,F), respectively, following induction of the QS9SP

underwent significant conformational changes during the mutation. This suggests that after the mutation, the pf1-
QS595P mutation simulation, we used the Bio3D package to integrin sheet shifts toward the a1—a2 helix and away from the
locate the rigid structural core of the Kindlin-3/f1-integrin BS sheet, which is a crucial bindinog site for the interaction
complex. The results indicated that the WT complex retained a between Kindlin-3 and f integrin.”'" Overall, these secondary
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structural alterations result in the repositioning of the pI-
integrin away from its conventional binding interface with
Kindlin-3. Since previous findings indicated enhanced hydro-
phobic interactions after the QS9SP mutation, we further
investigated whether the proximity between the Al-integrin
loop and the al—a2 loop of Kindlin-3 was a result of stronger
hydrophobic interactions. We quantified the buried-SASAs
between the f1-integrin loop and the al-a2 loop of Kindlin-3
(Figure 3G). The results showed an increase in buried-SASA
after mutation, indicating enhanced hydrophobic interactions.

Q595P Mutation Decreased the Number of H-Bond
Interactions at the Binding Interface and Enhanced
Hydrophobic Interactions between Nonbinding Surfa-
ces. Interactions between residues at the binding interface are
crucial to complex stability. To identify the key residues
involved in the observed conformational changes, we examined
the H-bond network at the binding interface between the WT
and QS9SP mutant systems (Table 2). To better understand

Table 2. Hydrogen Interactions in the WT and QS95P
Mutant Systems”

H-bond occupancy

no Kindlin-3 Pl-integrin WT QS9sP

1 Trp596 Val790 0.97 + 0.00 0.89 + 0.03
2 Val598 Thr788 0.95 + 0.00 0.91 + 0.06
3 Met593 Asn792 0.89 + 0.01 0.75 + 0.09
4 Arg594 Asn792 0.88 + 0.02 0.00 + 0.00
S Ser591 Glu796 0.79 + 0.04 0.61 + 0.09
6 Asp610 Tyr79S 0.67 + 0.03 0.56 + 0.11
7 AsnS97 Thr789 0.38 + 0.07 0.32 + 0.03
8 Trp600 Val787 0.31 + 0.04 0.18 + 0.15
9 Ser638 Lys794 0.27 = 0.19 0.14 + 0.11
10 Trp600 Thr788 0.19 + 0.12 0.12 + 0.03
11 Ser591 Gly797 0.16 + 0.04 0.00 + 0.00
12 AsnS97 Thr788 0.11 £+ 0.08 0.08 + 0.03
13 Asp610 Gly797 0.10 + 0.01 0.00 + 0.02
14 Glu641 Asn794 0.09 + 0.09 0.00 + 0.06
15 Arg644 Glu796 0.07 = 0.12 0.00 + 0.03
16 Arg644 Asn794 0.00 £+ 0.00 0.15 + 0.26

“Note: all data shown are means + SD, n = 3.

the binding interfaces, the key residues involved in the
interaction between Kindlin-3 and f1-integrin were visualized
using a three-dimensional heatmap. A heat map was generated
by mapping the data onto a structural model (Figure 4A). The
heatmap shows that the binding site of Kindlin-3 may consist
of two discontinuous parts. The critical subsite was the 35
sheet of Kindlin-3 (residues GIn595—Asn599) interacting with
the fl-integrin sheet (residues Val787—Val791), and the
minor subsite was the 4—f5 loop of Kindlin-3 with the initial
residues of the S sheet (Phe590—ArgS594) and fl-integrin
loop (Asn792—Gly797). These regions involved in interactions
with f1-integrin are termed the sheet-binding site (Figure 4A
up) and the loop-binding site (Figure 4A down). The residue
pairs Trp596—Val790 (H-bond occupancy of 0.97) and
Val598—Thr788 (H-bond occupancy of 0.95) were crucial
for the stability of the sheet-binding site (Table 2). The loop
regions of proteins typically exhibit high instability. Met593
and Arg594 formed strong hydrogen bonds with Asn792,
stabilizing both the beginning of the loop-binding site and the
terminal end of the sheet-binding site. Asp610 and Ser591
formed relatively strong hydrogen bonds with Tyr795 and
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Glu796, respectively, thereby stabilizing the terminal end of the
loop-binding site of f1-integrin. The results of the hydrogen
bonds demonstrate the importance of the NPXY motif
(residues Asn792—Tyr79S) on the loop of fl-integrin and
the TTV/STF motif (residues Thr788—Val790) on the sheet
of f1-integrin in binding with Kindlin-3."”"" Almost all strong
hydrogen bonding events were weakened in the QS9SP mutant
simulation, particularly the Arg594—Asn792 hydrogen bond,
which disappeared after the mutation simulation (Table 2).
The 3D heatmap showed that the QS9SP mutant had fewer
interactions at both subinterface sites, with a notable decrease
at the loop-binding site (Figure 4B). This corresponds to the
secondary structure analysis, revealing major conformational
changes in this region. To identify the residues responsible for
the increase in hydrophobic interactions, we measured the
hydrophobic interactions between the f1-integrin loop and the
al—a2 loop, as well as the @2 regions of Kindlin-3 (Table S2).
The results indicated that in the WT system, strong
hydrophobic interactions contribute to binding, particularly
from the Leu656 residue of fl-integrin. After the mutation was
introduced, the strong hydrophobic interactions intensified,
whereas some initially weak interactions transformed into
exceedingly strong interactions. For instance, the interactions
between Val791 of Kindlin-3 and two a2 helix residues of j1-
integrin (Leu652 and Leu656) changed from very weak to
extremely strong. Similarly, the hydrophobic interactions
between two residues (Ala643, Leu648) of the Kindlin-3
al—a2 loop and Pro793 in Pl-integrin exhibited marked
enhancement (Figure 4C). These results indicated that the
Q595P mutation disrupted the stabilization of H-bonds at the
interface. As a result, the fl-integrin loop shifted away from
the interface, driven by existing hydrophobic interactions, and
moved closer to the Kindlin-3 al—a2 loop.

Q595P Mutation Induced Torsional Angle Changes in
Kindlin-3 Interface Residues, Reducing H-Bond For-
mation with f1-Integrin. To further investigate the effects
of the QS595P mutation on these interactions, we focused on
the mutated residue GInS9S, which is located at the binding
interface (Figure SA). However, interaction assessments of the
interface residues (Table 2) indicated that Kindlin-3 GInS9S
was not essential for maintaining interface stability. The
occupancy of H-bonds of Kindlin-3 GIn595 was only 0.03 in
the WT system and O in the QS9SP mutant system. This
suggested that the observed effects did not arise from the loss
of key interactions. Given that the QS95P mutation substitutes
hydrophilic glutamine (Gln) (Figure SA) with hydrophobic
proline (Pro; Figure SB), we hypothesized that this mutation
induces conformational changes in nearby residues that are
essential for stabilizing the interface, thereby weakening the
interactions. Using the Bio3D package, we calculated the
differences in the torsional angles of interface residues between
the WT and QS95P mutant systems, which enabled the rapid
identification of residues with significant conformational
changes (Figure SC). The results indicated that residues
within the Kindlin-3 /35 sheet of the loop-binding site (residues
Phe590—Arg594) exhibited substantial torsional shifts, with
Kindlin-3 Arg594 displaying the largest conformational change.
Residues on the Kindlin-3 sheet-binding side of the interface
(GInS95—Asn599) showed smaller torsional shifts. The data
indicated that the mutation induced a twisting motion in the
BS sheet of Kindlin-3, leading to changes in the torsion angles
of Arg594 (Figure SD,E), Met593 (Figure SD,E), and Ser$91
(Figure SF,G) on the loop-binding site compared with those in
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Figure 4. Visualization of H-bonds and hydrophobic interactions. (A) Tridimensional heatmap of H-bond occupancies in the WT system. The
residues were color-coded based on occupancy values to highlight the key residues and subdomains. The Sl-integrin structure is displayed as a
cartoon model with a semitransparent surface, emphasizing the integrin binding sites. (B) Tridimensional heatmap of H-bond occupancies in the
QS59SP mutant system. (C) Visualization of hydrophobic interaction residues. Val791 and its hydrophobic interaction partners are marked in blue,

while Pro793 and its partners are marked in white.

the WT system. After the Kindlin-3 QS9SP mutation was
introduced, the interaction indices among these residues
significantly decreased (Table 2), with the interaction between
Arg594 and Asn792 exhibiting the largest torsional shift and
disappearing entirely (with the H-bond occupancy dropping
from 0.88 to 0). These findings revealed a strong correlation
between the torsional shifts and the reduction in the number of
interactions among the residues. By calculating the Gaussian
distribution of the centroid distances of Arg594—Asn792
(Figure SH), Met593—Asn792 (Figure SI), Ser591—Glu796
(Figure SJ), and Ser591—Gly797 (Figure SK), we found that
the QS9SP mutation increased the distance between these
residue pairs. Consequently, this led to a decrease in the level
or complete loss of stabilizing H-bond interactions at the
interface.

Q595P Mutation Decreased the Mechanical Strength
of the Kindlin-3/81-Integrin Complex. Kindlin-3 is a
mechanosensitive protein that is essential for mechanochem-
ical signal transduction under physiological conditions. The
bond between Kindlin-3 and Al-integrin requires a strong
mechanical strength. To examine the conformational changes
and rupture forces in the Kindlin-3/f1-integrin complex under
physiological mechanical conditions, we performed three force-
ramp SMD simulations for 50 ns. The force—time curves from
the three runs showed that in the WT system, the force profile
gradually increased during the first 20 ns (Figure 6A),
corresponding to the first plateau in the buried-SASA values

(Figure 6C). The force then peaked, decreased sharply, and
gradually increased to a second peak at approximately 40 ns,
corresponding to the second buried-SASA plateau. The
complex fully dissociated at 42.33 + 2.38 ns, and the level of
buried-SASA dropped to 0 (Figure 6C). Conversely, in the
QS595P mutant system, the force profile exhibited significant
fluctuations across the three simulation runs, with several
minor and two prominent peaks, the first of which was notably
reduced. The average dissociation time was shorter, at 37.08 +
446 ns (Figure 6B,D). Statistical analysis of the three
simulation runs showed that the Q395P mutant system had
a reduced average dissociation-rupture force (Figure 6E), an
earlier average dissociation-rupture time (Figure 6F), and a
significant decrease in stress accumulation (Figure 6G).

To identify the primary residue interactions that counteract
the mechanical forces, we analyzed the survival rates of H-
bonds at the binding interface of the WT and QS9SP mutant
systems during stretching. In the WT system, the Kindlin-3-/1-
integrin residue pairs Ser591—-Glu796, Asp610—Tyr795,
Ser638—Asn-794, Arg594—Asn792, and Met593—Asn792 at
the loop-binding site remained stable during stretching,
contributing significantly to the stability of the binding
interface under mechanical force. The residue pairs Trp600—
Val787, Asn$97—Thr788, Vals98—Thr788, Trp600—Thr788,
Asn597—Thr789, and Trp596—Val790 dissociated at approx-
imately 20 ns, coinciding with the first peak. These pairs are
critical for maintaining mechanical stability at the sheet-
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Figure S. Structural basis of the mutation-induced reduction in binding affinity. (A,B) Diagrams of the Kindlin-3 residue GIn$95/Pro595 and
adjacent stable interface residues in the WT system (A) and in the QS9SP mutant system (B). The integrin is depicted in purple, and the Kindlin-3
binding interface is shown in lime. (C) Differences in the residue torsion angle of the Kindlin-3 binding interface between the WT and QS9SP
mutant systems. (D,E) Diagrams of the torsion angle of Kindlin-3 Met593 and ArgS94 with their residue binding partners on f1-integrin in the WT
system (D) and QS9SP mutant system (E). (F,G) Diagrams of the torsion angle of Kindlin-3 Ser591 with its paired binding residues on f1-integrin
in the WT system (F) and QS9SP mutant system (G). (H—K) Gaussian distribution of C, distances for Arg594—Asn792(H), Met593—Asn792(1),
Ser591—Glu796(J), and Ser591—Gly797(K) in the WT and QS9SP mutant systems.

binding site. The residue pairs Glu641—Asn794 and Thr639—
Asn794 only appeared during the later stages of stretching,
suggesting that these H-bonds may be involved in the force-
regulating mechanisms of the Kindlin-3/f1-integrin complex
(Figure 7A). In the QS9SP mutant system, H-bond analysis
revealed a reduction in both the number and survival rates of
H-bonds during stretching compared to those of the WT
system (Figure 7B). Arg594—Asn792 disappeared under stress,
and the interaction strength of Met593—Asn792 decreased
significantly. These interactions are crucial for maintaining the
contact interface under mechanical forces in WT systems. The
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dissociation pathways showed distinct conformational differ-
ences between the WT and Q595P mutant systems. In the WT
system, the f1 sheet separated at 19 ns but both binding sites
remained stable (Figure 7C). In contrast, in the QS9SP mutant
system, the 1 sheet remained stable until the later phase of
stretching at 24.64 ns when separation occurred (Figure 7D).
The results of the analysis of H-bonds and conformational
changes during stretching highlighted the reduction in the

mechanical strength after mutation.
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Figure 6. Mechanical stability of the WT and QS9SP mutant systems. (A,B) Force spectrum curves from three simulations of the WT system (A)
and the QS9SP mutant system (B). In the WT system, the rupture of the Trp596—Val790 hydrogen bond was associated with the separation of the
sheet interface, while the Asp610—Tyr79S hydrogen bond rupture corresponded to loop interface separation, as indicated by black arrows. (C,D)
Changes in buried-SASA values over time during stretching in the WT system (C) and the QS9SP mutant system (D) based on three runs. (E)
Rupture forces, (F) rupture times, and (G) accumulated stress in the WT and QS9SP mutant systems from three runs. For the WT system, the
rupture force, rupture time, and accumulated stress reached 209.91 + 11.83 pN, 42.33 =+ 2.61 ns, and 3892.24 + 337.15 pN-ns, respectively, which
were higher than those of the QS9SP mutant system (174.995 =+ 2.56 pN, 37.41 & 4.97 ns, 2787.33 + 311.09 pN-ns). Statistical significance was
indicated by p < 0.05 (*) based on unpaired two-tailed Student’s ¢ test. All data shown are means + SD, n = 3.

B DISCUSSION

Kindlins are critical mediators of integrin activation, playing
essential roles in diverse physiological and pathological
processes including immune responses, cell adhesion, and
signal transduction. Mutations in Kindlin-3 cause LAD-III,
with the QS595P mutation being particularly notable. Located
within the conserved QW motif, this mutation is critical for
integrin binding.""”” Loss of this site prevents Kindlins from
localizing to focal adhesions and impairs integrin activation.”’
ITC analysis demonstrates that this mutation disrupts the
binding affinity between Kindlins and integrins.'’ GIn595
situated on the F3 domain binding surface does not form
stable interactions with f-integrins yet still leads to severe
consequences. While macro-level studies have extensively
explored these interactions, the atomic-level mechanisms by
which single-residue mutations disrupt them remain unclear,
motivating our investigation into the underlying molecular
mechanisms. This study utilized MD and SMD simulations to
elucidate the molecular mechanism underlying the QS95P
mutation of Kindlin-3, a mutation known to cause LAD-IIIL
Our findings not only provide detailed insights into this
specific mutation but also establish a molecular framework for
understanding how hydrophobicity-driven mutations in Kind-
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lin proteins affect integrin-related functions across a broad
spectrum of diseases.

Complex formation stability is maintained through various
interactions, including hydrogen bonds (H-bonds), van der
Waals forces, and hydrophobic interactions.””*" Hydrogen
bonds play a dominant role in short-range binding and the
formation of a stable interface, which are crucial for protein—
ligand recognition and binding. In contrast, hydrophobic
effects, although less specific, are the key driving forces of
binding.52 Our findings indicate that the Kindlin-3 QS95P
mutation reduces the hydrogen bonds at the interface in the
Kindlin-3/f1-integrin complex, while slightly increasing hydro-
phobic interactions, suggesting a decrease in interaction
specificity. The MMPBSA results demonstrated an increase
in the binding free energy after the mutation. Therefore,
although hydrophobic interactions at the binding interface
increase, they do not compensate for the loss of other critical
specific interactions, leading to decreased binding affinity and
specificity of the Kindlin-3/f1-integrin complex due to the
QS9SP mutation.

The increase in the RMSD values for monomers and the
Kindlin-3/f1-integrin complex after the QS9SP mutation
suggests that changes in binding affinity and specificity are
likely related to conformational changes induced by the
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Figure 7. H-bond occupancy and force-induced allostery with changes in pulling time. (A,B) Occupancy patterns of H-bonds across the complex
interface from three simulations of the WT system (A) and the QS9SP mutant system (B). Key residue pairs affected by the mutation are
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Figure 7. continued

QS9SP mutant system (D). Results of the first run of the WT system and the second run of the QS9SP mutant system. Distinct conformational
changes during stretching are indicated by the time when the 1 sheet detaches.
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Figure 8. Schematic mechanism of impaired integrin activation caused by the QS9SP mutation.

mutation (Figure 1). Principal component analysis revealed
that, after the Kindlin-3 QS95P mutation, the f1-integrin is
displaced from the binding interface and embedded deeper
within the hydrophobic core. The B1-integrin loop region and
the al-a2 loop of Kindlin-3 undergo significant conforma-
tional changes. The increase in the buried-SASA values and
decrease in the centroid distance suggest closer proximity,
likely due to the enhancement of hydrophobic interactions.
However, the angle between the f1-integrin sheet region and
the a2 helix of Kindlin-3 decreased after the mutation was
introduced, whereas the angle with the S5 sheet increased.
This indicated that the integrin sheet structure shifted away
from the S5 sheet binding interface and toward helix a2
(Figure 3). Previous studies have suggested that the al-a2
loop is located at the interaction interface between the F3 and
F1 domains, where residues such as Arg640 form salt bridges
with the Glul37 and Glul38 residues on the F1 domain,
maintaining a compact cloverleaf conformation crucial for
integrin activation.> Mutations in these critical residues, such
as the E138K mutation found in LAD III cases,”" emphasize
the importance of this compact conformation in integrin
activation. Our results indicated that after the QS95P
mutation, the al—a2 loop underwent significant conforma-
tional changes, bringing it closer to the $1-integrin loop region.
We hypothesized that these changes disrupt its interactions
with the Kindlin-3 F1 domain, affecting its compact structure
and leading to abnormal integrin activation, but this hypothesis
warrants further investigation.

Alterations in the secondary structure reflect changes in the
primary molecular structure. The QS9SP mutation decreased
the hydrogen bond interactions at both subbinding sites,
particularly at the loop-binding site, leading to the loss of the
high-interaction ArgS94—Asn792 residue pair (Figure 4).
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Torsional angle analysis revealed that the Kindlin-3 residues
at the loop-binding site underwent greater torsional shifts than
those at the sheet-binding site, with Arg594 showing the most
significant shifts (Figure S). This suggests that the reduced
hydrogen bond interactions resulted from torsional shifts, and
the extent of these shifts correlates with the reduction in
interactions. Consequently, stabilizing residues such as Arg594,
Met593, and Ser591 undergo varying degrees of twisting,
increasing their distance from paired residues and diminishing
or eliminating hydrogen-bond interactions. In the WT,
Kindlin-3 residues Iie635 and Leu656 are essential for
maintaining the hydrophobic environment that supports
binding, which is consistent with previous experimental
ﬁndings.ll The QS$95P mutation increases the number of
residues that exhibit a strong hydrophobicity. The reduction in
the number of hydrogen bond interactions led to instability at
the interface, causing pl-integrin to be predominantly
influenced by its hydrophobic interactions with Kindlin-3,
thereby shifting further from the binding interface.

Kindlin-3 is a force-sensitive protein capable of transmitting
mechanical signals from actin,** requiring sufficient mechanical
strength to ensure the stability and efficacy of mechanical
signal transduction. Additional studies have further demon-
strated the crucial role of Kindlin-3 in supporting talin-
mediated integrin activation.”” Our SMD simulation results
showed that the WT complex can withstand a peak force of
209.9 + 14.5 pN, indicating a high mechanical strength.
However, after the Q595P mutation was introduced, this value
decreased to 174.6 + 3.1 pN, resulting in premature rupture
and reduced stress accumulation, thereby diminishing the
mechanical strength of the complex. Due to inherent time scale
effects in the simulation, the rupture forces observed were
higher than those recorded experimentally, meaning that

https://doi.org/10.1021/acsomega.4c10930
ACS Omega 2025, 10, 16396—16409


https://pubs.acs.org/doi/10.1021/acsomega.4c10930?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10930?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10930?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10930?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c10930?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

simulation results typically cannot be directly compared with
experimental data. However, Posch et al. demonstrated that
there is qualitative consistency between the simulation data
and single-molecule experimental data.”>*® Therefore, the
observed phenomena still provide valuable predictions for
understanding physiological structures and biological func-
tions. Analysis of hydrogen bond interactions during stretching
revealed that the residues significantly contributed to the
complex stability under force conditions. In the WT system,
the high occupancy of the Asn792—Arg594 residue pair during
equilibrium and stretching indicated its critical role in
maintaining complex integrity under both forceful and
nonforceful conditions. However, this interaction was lost
after the mutation was induced. Therefore, the QS95P
mutation not only reduced the binding affinity and specificity
but also weakened the mechanical stability of the complex.

B CONCLUSIONS

In summary, this study elucidates the molecular mechanism by
which the Kindlin-3 QS95P mutation disrupts integrin binding
and activation, emphasizing the critical role of hydrophobicity
and hydrogen bond dynamics in maintaining interaction
stability(Figure 8). GInS9S is located within the binding site
of Kindlin-3 F3 but does not directly form hydrogen bonds to
stabilize the binding interface. The mutation induced a shift
from hydrophilic to hydrophobic properties, altering the
regional characteristics. The introduced hydrophobic proline
(Pro) residue avoids the aqueous environment, causing
torsional shifts in adjacent residues, such as ArgS94 and
Ser591. These shifts disrupt essential interactions at the
binding interface, displacing Sl-integrin from its site. Addi-
tional hydrophobic interactions enhanced this displacement,
ultimately reducing the binding affinity and specificity. The
residues affected by torsional shifts and reduced hydrogen
bonding also contributed to the mechanical stability of the
complex. These structural alterations reduce the resilience of
the complex to mechanical stress, thereby reducing its overall
strength. These disruptions may have impaired the binding of
Kindlin-3 to f1-integrin and mechanotransduction, potentially
contributing to disease pathogenesis.

In WT Kindlin-3, residue pairs Arg594—Asn792, Ser591—
Glu796, and Ser591—Gly797 within the loop-binding site
stabilize the interface. After the QS95P mutation was induced,
the hydrophobicity of Kindlin-3 at the binding site changes,
caused by torsional movement in the residues Ser591 and
Arg594, which disrupts the formation of hydrogen bonds with
Pl-integrin. This disruption moves integrin away from the
hydrogen bond-maintained interface and closer to the
nonbinding interface through enhanced hydrophobic inter-
actions. As a result, these changes reduce the mechanical
stability of the complex, making Kindlin-3 more susceptible to
dissociation. The QS9SP-mutated residue is highlighted in
yellow, and residues Ser591 and Arg594 are depicted in red.
The WT residues are shown semitransparently. Blue arrows
indicate hydrogen bond disruption, while violet arrows and
purple segments in the structure represent enhanced hydro-
phobic interactions and major hydrophobic patches, respec-
tively.
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The crystal structure used in this study is available from the
Protein Data Bank (PDB) with IDs: 6V9G and 5XQO. The

MD simulations were performed using VMD (version 1.9.3)
for visualization, available at https://www.ks.uiuc.edu/
Research/vmd/, and NAMD (version 2.14) for the simu-
lations, available at https://www.ks.uiuc.edu/Research/namd/.
PyMOL (version 2.6.0) was used for additional structural
analysis and can be accessed at https://pymol.org/2/. The
CHARMM36 force field used in the simulations was obtained
from the official CHARMM Web site, https://www.charmm.
org/. For data analysis, the Bio3D (version 2.4) package was
used, and more information can be found at http://
thegrantlab.org/bio3d/. All scripts, configuration files, and
relevant input and output files used for the simulations are
available at Zenodo with DOI 10.5281/zenodo.14203558.
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