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Abstract

The platelet integrin oy ,p3 undergoes long-range conformational transitions between
bent and extended conformations to regulate platelet aggregation during hemostasis
and thrombosis. However, how exactly o3 transitions between conformations
remains largely elusive. Here, we studied how transitions across bent and extended-
closed conformations of oypBs integrin are regulated by effective interactions
between its functional domains. We first carried out ps-long equilibrium molecular
dynamics (MD) simulations of full-length oy,p3 integrins in bent and intermediate
conformations, the latter characterized by an extended headpiece and closed legs.
Then, we built heterogeneous elastic network models, perturbed inter-domain inter-
actions, and evaluated their relative contributions to the energy barriers between
conformations. Results showed that integrin extension emerges from: (i) changes in
interfaces between functional domains; (ii) allosteric coupling of the head and upper
leg domains with flexible lower leg domains. Collectively, these results provide new
insights into integrin conformational activation based on short- and long-range inter-
actions between its functional domains and highlight the importance of the lower

legs in the regulation of integrin allostery.

KEYWORDS
heterogeneous elastic network modeling, integrin extension, molecular dynamics, multiscale
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Vogel, 2009). oz integrin is highly expressed on the surface of
platelets and plays a critical role in hemostasis and thrombosis (Ben-

Integrins are transmembrane heterodimeric receptors that mediate
cell adhesions to the extracellular matrix or other cells by transmitting
bidirectional signals and mechanical force (Bouvard et al, 2013;
Campbell & Humphries, 2011; Chen, 2008; Hynes, 2002; Paszek &
Weaver, 2004; Puklin-Faucher & Sheetz, 2009; Puklin-Faucher &

Onkar Joshi and Tomasz Skéra contributed equally to the project as the co-first authors.

nett et al., 2009; Botero, 2020; Chen et al., 2019; Jackson, 2011; Kroll
et al,, 1996; Li et al., 2010; Ma et al., 2007; Nesbitt et al., 2002, 2009;
Shen et al., 2013; Stalker et al., 2013; Tello-Montoliu et al., 2012). Like
other integrins, opP3 exists in a dynamic equilibrium between bent
and extended conformations, corresponding to transitions between
inactive and active states with different affinities for binding extracel-
lular ligands (Bennett, 2005; Bennett et al., 2009; Li et al., 2010;
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Moore et al., 2018; Parise, 1999; Payrastre et al., 2000; Shattil
et al., 1998; Shen et al., 2013; Stalker et al., 2013).

Integrin conformational activation occurs through extension of
the extracellular region (Figure 1a), also known as the ectodomain,
and separation of the transmembrane helices (Chen et al., 2023;
Hanein & Volkmann, 2018). The ectodomain of oypf3 integrin com-
prises several functional domains (Figure 1a) that interact with one
another at short and long distances. The « subunit contains an N-ter-
minal seven-bladed B-propeller domain, forming the o part of the head
(Figure 1b), followed by the Thigh domain, and two calf domains,
forming the o part of the legs (Figure 1b). The B subunit consists of an
N-terminal p-I domain, forming the p part of the head (Figure 1b), fol-
lowed by the Hybrid domain, the plexin-semaphorin-integrin domain
(PSI), four cysteine-rich epidermal growth factor (EGF) modules (I-
EGF) 1-4, and p-T domains, collectively forming the B part of the legs
(Figure 1b). Ectodomain head and legs connect to membrane spanning
helices ending with C-terminal cytoplasmic tails that connect to the
cell cytoskeleton (Figure 1a). In the bent conformation, head and
upper legs, forming the head region or headpiece (B-propeller and
Thigh domains from o subunit and -1, Hybrid, and PSI domains from
the B subunit, see Figure 1b), are bent toward the membrane and form
an extensive interface with domains of the lower legs (Calf and EGF
domains). Disruption of this interface promotes flattening of the o and
B knees, positioned between Thigh/Calf-1 and between EGF-1/EGF-

@) Intermediate

2. Conformations with an extended headpiece and closed legs
(Figure 1a) have been identified as integrin intermediates (Chen
et al,, 2019; Nishida et al., 2006; Takagi et al., 2002; Xu et al., 2016;
Xin, 2023).

High-resolution reconstructions of o gf3 integrin have suggested
that the extension of integrin occurs through rigid body-based
motions, in which the functional domains move as rigid units with
joints between them (Adair & Yeager, 2002). These joints correspond
to several linker regions: at the interfaces between p-propeller/Thigh,
Thigh/Calf-1, EGF-1/EGF-2, and Hybrid/EGF-1, indicated by green
arrows in Figure 1b (Campbell & Humphries, 2011; Kolasangiani
et al, 2022).

Ligand binding, divalent cations, and mechanical force allosteri-
cally link the ligand binding site, between B-propeller/B-I domains,
with the distal end of the -1 domain, at the interface with the Hybrid
domain to promote B-I/Hybrid hinge opening (Xiong, 2001; Adair &
Yeager, 2002; Barton et al., 2004; Friedland et al., 2009; Kamata
et al., 2010; Kong et al., 2009; Luo et al., 2003; Mould et al., 1995,
2003; Puklin-Faucher & Sheetz, 2009; Puklin-Faucher & Vogel, 2009;
Takagi et al., 2002, 2003). These motions are transmitted to the p leg
domains through the PSI domain (Xiao et al., 2004; Jallu, 2012). Inter-
estingly, the PSI domain exhibits inherent flexibility, like the EGF
domains which contain many disordered regions, and often these
parts of integrin are not visible in cryo-EM maps (Schumacher
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FIGURE 1 Representation of
bent and intermediate q;,p3
integrin. (a) Secondary structure

Qo
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_8- XL intermediate integrins, with the
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_§ g) gi repre?entati.on of.the functional
gs! | domains of integrin. The head
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conformations.
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et al.,, 2021). The flexibility of the p subunit leg domains PSI and EGF
(red asterisks in Figure 1b) could be capable of governing allostery,
but the mechanisms remain unclear (Hilser & Thompson, 2007;
Smagghe et al., 2010; Motlagh, 2014; Zhou, 2018).

With no currently existing experimental methods to gain dynamic
insights into how the domains of integrin contribute to conforma-
tional activation, here we used multiscale modeling. We first carried
out several ps-long equilibrium molecular dynamics (MD) simulations
of full-length oy gP3 integrin in bent and intermediate conformations,
followed by other ps-long MD simulations of each extracellular
domain separately. Then, we built heterogeneous elastic network
models (hENMs) of bent and intermediate integrins, and systemati-
cally varied the effective interaction between domains, to bias the
bent conformation toward the intermediate, and assessed the contri-
butions of interdomain interactions to integrin extension. Our results
demonstrate that specific interfaces of the head and upper leg
domains provide short-range coupling for transmission of motion,
whereas long-range interactions of these domains with the flexible
lower leg domains contribute to the energy barriers between confor-
mations. Disturbing these interactions in cells by ligand, cation bind-
ing, mechanical force, or combinations of them, can facilitate integrin

extension and platelet activation.

2 | RESULTS

2.1 | Comparison of extracellular domains of oy gf3
integrins from cryo-EM

We first evaluated structural differences between domains of bent
and intermediate oy gP3 integrins. We extracted the domains from the
cryogenic electron microscopy (cryo-EM) reconstructions of full-
length integrins, which were previously extracted from human plate-
lets and embedded in lipid nanodiscs (Xu et al., 2016). The domains
were cropped from the bent full-length conformer and structurally
aligned based on the Kabsch method in VMD (Humphrey et al., 1996;
Kabsch, 1978). This method computes the transformation needed to
move one domain (from bent integrin) onto another (from intermedi-
ate integrin) by minimizing the root mean square displacements
(RMSD) of corresponding alpha carbons, C, (aligned structures of rep-
resentative domains are reported in Figure 1c). Then, after the align-
ment, the C, RMSD of each domain pair was assessed (Figure 1d).
Thigh and EGF-1 domains presented the highest C, RMSD (values
>0.5 nm). EGF-2 presented C, RMSD ~0.15 nm (Figure 1d). p-propel-
ler and B-1 domains presented comparable C, RMSD, of ~0.135 nm.
PSI, Calf-1, B-TD presented C, RMSD around 0.11 nm, and the
remaining domains presented C, RMSD around or below 0.1 nm
(Figure 1d). In sum, the a-subunit Thigh domain and the p-subunit
EGF-1 and EGF-2 domains, forming the knees of integrin, presented
the highest structural differences between bent and intermediate con-
formations, followed by B-propeller and -1 domains, which form the
ligand binding site. Higher values of C, RMSD for the headpiece and
upper leg domains relative to the lower leg domains suggest that the

major structural changes during conformational activation occur in the

head, knees, and upper legs.

2.2 | Analysis of MD trajectories of bent and
intermediate (X||Bﬁ3

To evaluate the molecular dynamic properties of the extracellular
domains of oygf3 integrins, we carried out 4.5 ps of equilibrium MD
simulations on the bent and intermediate conformations (Xu
et al., 2016), embedded in lipid bilayers (Figure 2a). At the end of the
simulations, C, RMSD with respect to the input configuration was
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FIGURE 2 Evaluation of structural stability of bent and

intermediate ay B3 integrin. (a) Snapshots of bent and intermediate
aypP3 integrins at the onset of equilibrium molecular dynamics

(MD) simulations, at 2.25 and at 4.5 us. New cartoon representation
of the all-atom models with a subunit in blue and g subunit in red.

(b) Root mean square displacements (RMSD) values for C, atoms of
bent and intermediate q;,p3 integrins calculated with respect to the
corresponding initial, energy minimized and equilibrated states,
throughout 4.5 ps of equilibrium MD simulations. (c) Pairwise C,
RMSD of bent qy,p3 integrin throughout 4.5 ps of equilibrium MD
simulations. The red color represents an RMSD <1 nm between
consecutive structures and indicates that one conformational state is
sampled. (d) Pairwise C, RMSD of intermediate q;;,p3 integrin
throughout 4.5 us of equilibrium MD simulations. The first state with
RMSD <1 nm emerges within 1 us (square area for state I). The
second state with RMSD <1 nm emerges between 1 and 2 ps (square
area for state Il). The third and final state with RMSD <1 nm emerges
between 2 and 4.5 ps (square area for state Ill).
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1.20 nm for bent integrin and 1.49 nm for the intermediate
(Figure 2b). The intermediate conformation presented peaks in C,
RMSD of >2 nm mostly below 1 us and it stabilized between 1 and
1.5 nm above 1 ps (Figure 2b). To evaluate the C, RMSD of each
frame in the trajectory relative to all other frames, pairwise C, RMSD
was also computed. For bent integrin, conformational convergence
started from a few hundreds of ns (Figure 2c), with an average C,
RMSD of ~0.5 nm. For intermediate integrin, conformational conver-
gence started from ~2 ps (Figure 2d), with average C, RMSD of
~0.7 nm. Between O and 2 ps of MD simulations, the intermediate
conformation transitioned across two other states with C, RMSD
<1 nm: the first state occurred between 0 and 1 ps; and the second
state occurred between 1 and 2 us (Figure 2d). Therefore, structural
changes in the intermediate conformation occurred throughout the
simulations, but for more than half the simulation time, both bent and
intermediate integrins maintained a relatively stable conformation
(Figure 2b-d).

Collectively, results from analysis of C, RMSD of bent and inter-
mediate oygfs integrins during equilibrium MD simulations indicated
that bent integrin is more stable than the intermediate, consistent
with previous equilibrium MD studies of the same conformations
(Dasetty et al., 2023; Tong et al., 2023).

23 |
of oyigP3

MD properties of extracellular domains

To evaluate how the extracellular domains control conformational
transitions of integrin, we analyzed C, RMSD and root mean square
fluctuation (RMSF) of each domain within the full-length integrins and
compared these quantities with those from the same domains in isola-
tion. Then, we evaluated the buried solvent-accessible surface area
(SASA), of several domain pairs within bent and intermediate
integrins.

The overall C, RMSFs of the two full-length integrins presented
values between 0.03 and 1.19 nm with averages ~0.15nm
(Figure 3a). The average C, RMSD of the functional domains, com-
puted between 2 and 4 ps of simulations, was lower when the
domains were embedded within integrin (between 0.1 and 0.7 nm)
than in isolation (between 0.1 and 1.3 nm) because of stabilizing inter-
actions with other domains (Figure 3b, top). The average C, RMSD of
the domains within full-length integrins presented the highest values
for the B subunit EGF domains (Figure 3b, top). In the p subunit, EGF-
1 from the bent conformation showed ~8% higher RMSD with
respect to the intermediate, whereas EGF-2, EGF-3, and EGF-4 pre-
sented up to ~3-fold higher RMSD for the intermediate conformation
with respect to the bent (Figure 3b, top). All domains in the a-subunit
presented significant differences in average RMSD between bent and
intermediate conformations. The thigh domain presented higher aver-
age C, RMSD in the intermediate conformation (~0.4 vs. 0.35 nm),
and Calf-1 domain presented higher C, RMSD in the bent (~ 0.2
vs. ~0.1 nm; Figure 3b, top). C, RMSD over time for the different
domains are reported in Figures S1 and S2. EGF1-4 showed the

highest RMSD both within full-length integrins and when isolated, fol-
lowed by Calf-2, and B-TD (Figure 3b, top and Figures S1 and S2).

C« RMSF of the extracellular domains were between 0.08 and
0.5 nm for the two full-length integrins, and between 0.08 and 0.8 nm
for the isolated domains (Figure 3b, bottom). The highest C, RMSF
were observed for isolated PSI, EGF1-4, Calf-2, and p-TD (Figure 3b,
bottom). When embedded within the protein, EGF1-4 presented the
highest fluctuations relative to other domains, with values between
0.15 and 0.5 nm (Figure 3b, bottom), again showing the high dynamics
of the lower leg domains of integrin. Alike the C, RMSD, C, RMSF
were ~10% higher for EGF-1 in the bent conformation with respect
to the intermediate, and up to 2-fold higher for EGF-2, EGF-3, and
EGF-4 in the intermediate with respect to bent (Figure 3b, bottom).
Similar to the C, RMSDs, the a-subunit domains presented slightly
higher or comparable C, RMSFs in isolation in relation to the same
domains while within the protein. C, RMSFs of each residue of the
different domains are reported in Figure S3. Residues of the four EGF
domains had significantly higher C, RMSFs in isolation versus within
the protein. These domains also had enhanced deviations from their
average C, radius of gyration (Rg) when in isolation (Figure S5), indi-
cating intrinsic flexibility.

The SASA that is buried between pairs of neighbor extracellular
domains was calculated as summing over the SASA of the two
domains separately minus the SASA of the laterally paired domains,
divided by two, given as:

buried SASA = %{ [SASA(domain1) 4+ SASA(domain2)] (1)

— SASA(paired domains) }

The buried SASA for bent and intermediate conformations pre-
sented average values of up to ~18 nm? (Figure 3c). Consistent with
expectations, as the SASA of integrin increases from bent to interme-
diate (Kolasangiani et al., 2022), their buried SASA decreases
(Figure 3c). The average buried SASA between the B-l/p-propeller
domains, forming the ligand binding site, and between PSI/EGF-1,
connecting the headpiece to the B subunit knee, significantly
decreased from bent to intermediate (Figure 3c). Therefore, the iden-
tified decrease in buried SASA from our simulations can be related to
the opening of the ligand binding site from bent to intermediate states
of integrin, and to a reduced coupling of the PSI domain to the EGF-1
in the intermediate versus bent conformations. Additionally, in the
bent conformation, the Hybrid domain forms interfaces with p-TD
and EGF3-4 domains, with average buried SASA between 1 and
4.6 nm?, but these interfaces disappear in the intermediate conforma-
tion (Figure 3c). The buried SASA between Thigh/Calf-1 and EGF-2/
EGF-3 increased from bent to intermediate (Figure 3c), which can be
related to knees flattening upon activation and headpiece extension,
respectively (Puklin-Faucher & Sheetz, 2009; Puklin-Faucher &
Vogel, 2009; Springer et al., 2008; Takagi et al., 2002; Xiao
et al., 2004).

In sum, analysis of C, RMSD and RMSF indicated that the lower
leg domains are flexible. Evaluation of buried SASA demonstrated that
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FIGURE 3  Evaluation of structural stability of the extracellular domains of bent and intermediate a;,p3 integrin. (a) Average root mean square

fluctuation (RMSF) for C, atoms of bent and intermediate q,B3 integri
square displacement (RMSD) values for C, atoms of each extracellular

ns. Extracellular domains are in different colors. (b) Average root mean
domain of integrin when embedded within bent and intermediate

conformations and when in isolation (upper panel). Min and max standard errors of the mean RMSD for bent and intermediate are 0.0006 and
0.05 nm and 0.001 and 0.06 nm, respectively. For isolated domains, minimum and maximum standard errors of the mean RMSD are 0.001 and
0.01 nm, respectively. Average RMSF values for C, atoms of each extracellular domain of integrin when embedded within bent and intermediate
conformations and when in isolation (lower panel). Min and max standard errors of the mean RMSF of bent and intermediate conformations are
0.001 and 0.02 nm, and 0.001 and 0.03 nm, respectively. For isolated domains, minimum and maximum errors of the mean RMSF are 0.002 and
0.09 nm, respectively. (c) Average buried SASA for different pairs of extracellular domains of integrin in bent and intermediate conformations.
Error bars indicate standard deviations of the mean. Standard errors of the mean are between 0 and 0.4 nm?. For the full-length integrins,

average RMSD, RMSF, and buried SASA are calculated between 2 and

4.5 us of equilibrium molecular dynamics (MD) simulation; for the isolated

domains, the average RMSD, RMSF, and buried SASA are calculated as the mean of three independent equilibrium MD replicas of 1 us each.

*p < 0.1, **p < 0.05, ***p < 0.001 from two-sample t-test.

molecular interfaces corresponding to flexible interdomain joints
(green arrows in Figure 1b) either decreased (p-1/p-propeller, and PSI/
EGF-1) or increased (Thigh/Calf-1 and EGF-2/EGF-3) in the transition

from bent to intermediate conformation.

24 | Comparative analysis of o gffz hENMs of
bent and intermediate integrin

To evaluate the effects of interdomain interactions on integrin exten-
sion, hENMs (Lyman et al., 2008) were built. Bent and intermediate
integrin structures were first coarse-grained by reducing each func-
tional domain into a bead corresponding to the center of geometry of
its residues. The algorithm seeks the set of harmonic interaction
potentials that minimize the difference between the MD and hENM
normal mode bead fluctuations. CG representations of bent and

intermediate integrins are shown overlaid on the corresponding
groups of C, in Figure 4a.

The effective force constants for bent hENM were broadly dis-
tributed, with a mean of 20.2 kcal/mol/nm? and a standard deviation
of 40.3 kcal/mol/nm? (Figure 4b). Compared with that, the intermedi-
ate hENM exhibited lower mean, of 14.4 kcal/mol/nm? and similar
standard deviation of 43.6 kcal/mol/nm? (Figure 4b). In agreement
with higher, on average, values of force constants, the mean equilib-
rium distances between domain pairs were smaller for bent hENM:
6.5 nm (standard deviation of 3.4 nm), than for the intermediate
hENM: 7.1 nm (standard deviation of 3.3 nm, like the value for the
bent hENM).

For bent hENM, more than 80% of effective force constants wer-
e < 25 kcal/mol/nm? (Figure 4c). Within the remaining 20% of inter-
domain interactions, the domain pairs with the highest effective force
constants were: Hybrid/pl (121.8 kcal/mol/nm?), Hybrid/EGF-4
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(183.9 kcal/mol/nm?),  Hybrid/p-propeller  (108.2 kcal/mol/nm?),
p-propeller/Thigh (137.9 kcal/mol/nm?), p-propeller/EGF-3 (199.1
kcal/mol/nm?), Calf-1/Calf-2 (106.6 kcal/mol/nm?), and Calf-1/EGF-3
(157.5 kcal/mol/nm?) as shown in Figure 4c. The strongest effective
interactions in bent hENM involved the Hybrid and p-propeller
domains, suggesting strong coupling of these domains to others
(Figure 4c).

For intermediate hENM, more than 80% of the effective force
constants were below 9 kcal/mol/nm? (Figure 4e), a value significantly
below most of the interactions in bent hRENM. The maximum interac-
tion constant for intermediate hENM was 254.6 kcal/mol/nm? for
Hybrid/PSI, followed by 233.7 kcal/mol/nm? for B-propeller/pl,
203.5 kcal/mol/nm? for Hybrid/ Bl (Figure 4e and Figure S6), and
111.6 kcal/mol/nm? for B-propeller/Hybrid. Although on average the
interactions in intermediate hRENM were weaker than in bent hENM,
the strongest interactions in intermediate hENM present higher force
constants than the strongest interactions in bent hRENM. As expected,

the Hybrid domain of the intermediate hENM presented an
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equilibrium distance from Calf-1, Calf-2, EGF-3, EGF-4, and B-TD
more than 2.5 nm larger than in the bent conformation (Figure 4d,f).

In sum, the mostly weaker effective interactions between
domains in the intermediate conformation with respect to the bent
conformation reflect a decrease in domain correlations from bent to
intermediate. The substantial increase in equilibrium distances
between the head and lower legs domains of integrin confirms the
role of these domains in the slow structural dynamics of integrin
extension (Gaillard et al., 2009; Puklin-Faucher et al., 2006).

2.5 | Brownian dynamics simulations of bent and
intermediate hENMs

To evaluate the contribution of the extracellular domains of oy p3
integrin to its extension, we ran 100 ps of Brownian dynamics
(BD) simulations of bent and intermediate hENMs. To track to what
extent the structures in BD simulations resemble the intermediate
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conformation, we computed the RMSD of these conformations over
time, with respect to the intermediate BD structure averaged over the
whole BD trajectory. Bent hENM presented an average RMSD of
2.96 +0.05nm (av. RMSF =0.44 nm), whereas the intermediate
hENM  presented an average RMSD of 0.9+0.3nm
(av. RMSF = 0.9 nm; Figure 5a). Like the residue fluctuations of the
all-atom intermediate conformation (Figure 2c), fluctuations in RMSD
were higher for intermediate hENM than bent hENM, indicating lower

structural stability of the former state (Figure 5a).

To evaluate how interdomain interactions affect the transition of
integrin from bent to intermediate conformations, the effective inter-
actions of the bent hENM were changed: first, the potential energy
expression of the intermediate hENM was applied to the bent confor-
mation (swapped hENM); second, the “stabilizing” interactions of bent
hENM were removed, leaving the other interactions unaltered
(reduced hENM); last, the potential energy expression for the interme-
diate hENM was used in the bent conformation and the stabilizing

interactions were turned off (both).
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FIGURE 5 Energy landscape of integrin is complex, and specific pairwise interactions between domains prevent relaxation to a
thermodynamically favored state. (a) Changes in similarity to average intermediate heterogeneous elastic network models (RENM) structure
quantified by root mean square displacements (RMSD) in time in Brownian dynamics (BD) simulations of coarse-grained integrin model governed
by bent hENM (black), and intermediate hENM (blue). The gray curve denotes a system governed by intermediate hRENM but starting from a bent
initial configuration. RMSD is computed relative to the average intermediate structure from BD simulation. The gray curve does not relax to
values of the blue one, but rather shifts down ca. 13%. (b) Gray curve denotes the simulation of reduced bent hRENM, which is bent hENM
without the terms corresponding to domains for which dimensionless displacement is larger than 3, which are deemed to destabilize the
intermediate structure to the largest extent. Similarly to panel (a), the system does not relax to the intermediate structure. (c) Gray curve denotes
the combination of the approaches introduced above, that is, swapping the intermediate hRENM for bent hRENM and turning off the terms with
high dimensionless displacement. (d) Normalized potential energy computed from the hENM expressions along the coordinate of linear morphing
between bent and intermediate structure (Video S1). Energy is plotted in log scale and normalized by the maximum. (e) Contributions of individual
domain-domain interactions in bent hENM to the total potential energy in the middle point of linear morphing. Interactions between these
domains stabilize bent state over the intermediate state kinetically, that is, slow down the transition. (f) Contributions of individual domain-
domain interactions in bent hENM to the total potential energy of the intermediate structure—the end point of linear morphing. Interactions
between these domains destabilize the intermediate state relative to the bent state thermodynamically.
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Intuitively, one would expect a system governed by the interme-
diate hENM potential energy expression to evolve into the intermedi-
ate conformation. However, the RMSD from BD simulation of the
swapped hENM was 2.7 £ 0.2 nm (av. RMSF = 1.03 nm), only 13%
lower than bent hENM, indicating that integrin became only slightly
more akin to the intermediate hENM. The bent hENM did not relax
completely into the intermediate conformation (Figure 5a), suggesting
that some critical interactions from intermediate hENM prevent integ-
rin extension.

In turn, the RMSD of the reduced hENM was 3.3+ 0.2 nm
(av. RMSF = 1.07 nm), a value even higher than the average RMSD of
bent hENM and also presenting higher fluctuations (Figure 5b). Finally,
combining both approaches, that is, swapping the intermediate hENM
into the bent conformation and reducing the hENM, significantly
reduced the RMSD of bent hENM. Simultaneously swapping, and
reducing the system, yielded, on average, 23.4% change in RMSD
toward the intermediate conformation (Figure 5c). Notably, the time
evolution exhibited a jump of ca. 0.78 nm after 22 ps between states of
RMSD 3.10 and 2.32 nm (Figure 5c). The stability of the bent conforma-
tion and the surprisingly small effects from hENM swapping and reduc-
tion suggest the existence of a complex conformational landscape with

multiple energy barriers between bent and extended conformations.

2.6 | Evaluation of energy barriers for a;gf3
integrin extension

To gain insights into the energy landscape underlying integrin exten-
sion at the CG level, a sequence of conformations between bent and
intermediate conformations was created using linear morphing. Evalu-
ating the potential energy expression for bent hENM in each morphed
conformation yielded a substantial increase in total energy with
increasing A, up to a maximum in the intermediate state of
~5700 kcal/mol (black line in Figure 5d). 28.9% of energy at A = 0.5
was due to the effective interaction between Hybrid/EGF-4 domains,
followed by 15.9% due to B-propeller/EGF-3, 11.5% due to p-I/EGF-
4, and 8.8% due to p-propeller/Hybrid interactions (Figure 5e). Terms
in interaction potential that prevented stabilization of the intermedi-
ate conformation (A = 1) were among: p-propeller/EGF-3 (33.0%),
Hybrid/EGF-4 (26.7%), p-1/EGF-4 (11.2%), and B-I/EGF-3 (6.6%). An
evaluation of the potential energy for bent hENM in the first and sec-
ond intermediate states emerging from equilibrium MD simulations
(between 0-1 and 1-2 us, see Figure 2d) is reported in Figure S7 and
shows similar contributions from interactions among Hybrid, p-propel-
ler, and EGF-3/4.

Consistent with the analysis of swapped RMSD yielding only 13%
increase in similarity of the bent conformation with the intermediate
one, incorporation of the intermediate hENM into the bent conforma-
tion lead to a new stable conformation akin to intermediate structure,
but separated from the initial bent conformation by a large energy
maximum of the order of 1500 kcal/mol (blue line in Figure 5d).

Using the reduced bent hENM led to an increase in total energy

with increasing A from bent to intermediate states up to values of the

order of 1000 kcal/mol in the middle (A = 0.5), followed by a decrease
to a local minimum of the order of 300 kcal/mol (black-dashed lines in
Figure 5d). The emergence of a local minimum in the intermediate
conformation (A =~ 1) confirmed that dimensionless displacement
(Equation 5) was an appropriate parameter to single out restraining
interactions in the bent conformation but did not significantly
decrease the magnitude of the energy barrier.

Using the reduced intermediate hENM led to an increase in total
energy with decreasing A, from intermediate to bent, up to a maximum
(~1200 kcal/mol) in the middle (A = 0.5) followed by a decrease in
energy to a level comparable to that of bent hENM (blue-dashed lines
in Figure 5d).

In sum, results from conformational morphing and evaluation of
the energy barriers across conformations suggest that during integrin
extension, not only an energy barrier needs to be crossed, but also an
energy minimum needs to emerge to stabilize the intermediate con-
formation. Both can be done by mostly weakening interactions of the
head and Hybrid domains with the lower p leg domains (Figure 5e,f).

3 | CONCLUSIONS

The conformational dynamics of the platelet ay,p3 integrin plays a piv-
otal role in the maintenance of the integrity of the vascular system
and are implicated in platelet aggregation, thrombus formation, and
bleeding disorders (Bennett, 2005; Bhatt & Topol, 2003; Shattil
et al., 1985). However, how integrin transitions between bent and
extended conformations remains largely elusive due to their timescale
exceeding the capabilities of current all-atom MD simulations and the
limitations of high-resolution experimental methods in capturing pro-
tein dynamics. Here, using equilibrium MD simulations and a coarse-
grained approach involving hENMs, we show that: (i) changes of linker
regions of headpiece domains underlie integrin extension; and
(ii) most of the energy barrier for extension of bent integrin and stabi-
lization of the intermediate originates from effective interactions
between head and Hybrid domains with lower f leg domains
(Figure 5ef).

The importance of the lower leg domains for integrin conforma-
tional activation was recently demonstrated by structural studies
based on cryo-EM (Huo et al., 2024), and our results are consistent
with these findings. Analysis of the structural stability of membrane-
embedded oy,p3 conformations demonstrates that the bent state is
more stable than the intermediate (Figure 2b,c). Accordingly, hENMs
present stronger pairwise interactions between domains for the bent
state (Figure 4b). As integrin transitions from bent to intermediate,
several effective interactions need to be disrupted, specifically those
between p-propeller, Hybrid, and p-I domains with EGF domains
(Figure 4c and Figure 4e). Therefore, the enhanced fluctuations
observed for the intermediate conformation with respect to bent
integrin (Figure 3b), which correspond to weaker correlations between
the motion of domains in hENM (Figure 4a,b), could originate from a
loss of stabilizing long-range pairwise potentials with lower leg

domains, as recently reported (Huo et al., 2024).
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Regarding interdomain interactions at short scales, the interfaces
between p-1/B-propeller and PSI/EGF-1 domains decrease from bent
to intermediate (Figure 3c), indicating that the rearrangements of the
ligand binding site are propagated to the legs through motions of
the Hybrid domain (Puklin-Faucher & Sheetz, 2009; Puklin-Faucher &
Vogel, 2009; Springer et al, 2008; Takagi et al., 2002; Xiao
et al., 2004). Whereas the ligand binding site involves both B-propeller
and B-1 domains, the change in -1 plays a larger role for leg opening
and transmits motion rigidly across the p-leg (Campbell & Humph-
ries, 2011). Our results also showed that the PSI domain is flexible in
solution and within bent integrin but not in intermediate (Figure 3b).
In contrast, the EGF domains are highly flexible in solution and main-
tain some flexibility in both bent and intermediate integrins
(Figure 3b), larger for EGF-1 and -2, smaller for EGF-3 and -4. It is
conceivable that the flexibility of the PSI domain is not maintained in
the more extended conformations as it transmits the motions of the
headpiece to the lower legs (Campbell & Humphries, 2011; Xiao
et al., 2004). In contrast, the flexibility of the lower EGF domains is
maintained to ensure weakening of their interactions with the head
domains, and therefore contribute to crossing the energy barrier
between bent and extended conformation and stabilize integrin
intermediate.

Linear morphing and evaluation of the potential energy at each
stage of morphing indicated that the major contributors to the energy
barrier separating bent and intermediate are Hybrid/EGF-4 (28.9%),
B-propeller/EGF-3 (15.9%), B-1/EGF-4 (11.5%), and B-propeller/Hybrid
(8.8%). Three of these critical effective interactions involve EGF
domains, and two involve the Hybrid and B-propeller domains, sug-
gesting that the motions of these domains are rate limiting for integrin
activation. Although flattening of the p-subunit knees is known to
occur during integrin extension, the effective interactions between
PSI/Calf-1 and between EGF-1/EGF-2 do not significantly contribute
to the energy barrier for integrin activation (Figure 5e). The lower
interaction surface of EGF-1/EGF-2 domains in the intermediate con-
formation with respect to the bent (Figure 3c) suggests that it is
unlikely that the B-subunit knees play a major role in maintaining the
bent structure. Previous studies of o,p3 integrin and other isoforms
have shown the importance of the p-propeller/Hybrid coupling in
integrin activation (Gaillard et al., 2009; Puklin-Faucher et al., 2006;
Su et al.,, 2022). Interestingly, in our study, the Hybrid and p-propeller
domains were involved in the strongest pairwise interactions in both
bent and intermediate hENMs (Figure 4c and Figure 4e); therefore,
their average residue fluctuations were lower than those of the other
domains (Figure 3a,b), suggesting that the Hybrid domain is a rela-
tively rigid element (Shi et al., 2005).

It is worth noticing that the interdomain interactions that contrib-
ute most to the destabilization of the intermediate structure are not
identical, although very similar, to those that contribute most to the
energy barrier between bent and intermediate (Figure 5e,f). Although
interaction energies between Hybrid/EGF-4, B-propeller/EGF-3, and
BI/EGF-4 are prominent in both decompositions, p-propeller/Hybrid
does not contribute much to the intermediate energy destabilization
(<0.1%), but it is a dominant contribution to the energy barrier
between bent and intermediate states (Figure 5e,f). The difference in

the magnitude of interdomain effective interactions between bent
and intermediate conformations implies that the interactions respon-
sible for thermodynamic stabilization of the bent state are not neces-
sarily involved in its kinetic stabilization and vice versa. Specifically,
the contribution of p-propeller/Hybrid interaction is more critical
before the intermediate is reached.

The values of energy extracted from equilibrium hENM harmonic
interactions do not represent the exact energy barrier between con-
formations for two reasons. First, these values emerged in a process
of weighted averaging of bent and intermediate structures (linear
morphing, see Video S1). Based on this approach, all positions of the
beads constituting the bent integrin model were moved toward
the ones of the intermediate conformation along the shortest paths
and using equal pace, therefore neglecting possible cooperative
motions between domains that would allow to bypass the high-energy
states and steric clashes. The energy magnitude is thus artificially
inflated and semiquantitative. Despite this simplification of the transi-
tion pathway, this method still captures the relative contributions of
all domain interactions to the conformational change. Second, hENMs
are parametrized to match the near-equilibrium behavior from MD
simulations and become less accurate away from the energy mini-
mum. These two effects combine into the energy inflation along the
morphing coordinate. However, we argue that at a semiquantitative
level, the relative contributions of various domain-domain interactions
are meaningful, as they emerge from the curvature of the energy in
the earlier stages of transition and encode the displacements that are
needed to transform one structure into the other.

Transitions between conformational states of large biological
macromolecules are hard to capture by all-atom simulations.
Approaches that prioritize computational efficiency over all-atom res-
olution, such as coarse-grained methods, can access longer time and
length scales. However, previous CG models to study integrin activa-
tion either described the protein at a higher resolution (Bidone
et al., 2019; Kalli et al., 2017; Tvaroska et al., 2023) or used a combi-
nation of manifold learning and deep generative modeling (Dasetty
et al., 2023). Here, given the importance of domain motions in the
allosteric regulation of proteins conformational transitions, we
adopted a domain-resolution approach, where integrins are repre-
sented by only 14 beads with 12 corresponding to the extracellular
domains. As all computational coarse-graining methods, our approach
based on comparing the hENMs and linear morphing of two confor-
mational states of a protein has its limitations. First, the hRENM expres-
sion for the potential energy is tailored to represent the dynamics of a
macromolecule in the vicinity of its stable conformation, and it does
not accurately describe the energy of structures significantly distant
from the stable conformation. Studies based on mixed elastic net-
works connected hENMs belonging to two conformational states of a
protein to overcome this limitation (Zheng, 2008). However, although
the mixed elastic network model smoothly interpolates the potential
energy surface between the two minima, leading to a single expres-
sion describing protein in both stable states and in-between, the
energy surface depends on additional parameters, such as mixing tem-
perature and energy difference between minima of the two states
(Zheng, 2008). Second, linear morphing itself is the simplest approach
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to proposing a pathway for a conformational change (Weiss &
Levitt, 2009). True reaction coordinates involve cooperation of a few
independent degrees of freedom, drastically decreasing the transition
energy, which is artificially inflated in our approach, and leading to
complex motions. Nevertheless, our approach allowed us to single out
what domain-domain interaction energies increase most quickly upon
deformation and what energies destabilize the intermediate the most
(Figure 5e,f), even if the precise energy values are merely semiquanti-
tative. Therefore, the comparison of integrin hENMs allowed us to
identify the effective interdomain interactions contributing to the
kinetic and thermodynamic stability of integrin.

Although we limited our approach to all-atom and domain-resolu-
tion simulations, it is quite reasonable to expect that something in the
middle, that is, coarse-graining with multiple grains per protein
domain, would be an optimal approach for proteins of such complex-
ity as integrin. In such a case, it is important to understand whether
the grains themselves should be parameterized differently in various
protein states, or whether they essentially retain their “identity” along
the transitions. The intradomain analysis from this study shows that
most domains fluctuate to a similar extent in bent and intermediate
states (Figure 2a,b). However, there are notable counterexamples,
including EGF-2, EGF-3, and EGF-4. Interestingly, domain sizes, as
quantified by gyration radii (Figures S4 and S5), are conserved with
respect to integrin extension. Considering the significance of the
lower B-leg domains for integrin activation highlighted in this study, it
will be interesting for future research to develop new coarse-grained

models that incorporate the state-sensitivity of lower B-leg domains.

4 | MATERIALS AND METHODS

4.1 | All-atom MD simulations of membrane-
embedded full-length q,$3 integrin

Residues that were missing in the cryo-EM reconstructions of bent
and intermediate oypP3 integrins (Xu et al., 2016) were first recon-
structed. Positions of these residues were optimized using the Model-
ler (Fiser et al., 2000) loop refinement algorithm based on atomistic
statistical potentials (see Supplementary information S1). Then, the
completed full-length integrins were embedded within a lipid bilayer
composed of DOPC + DOPS with a molar ratio of 3:1, using
CHARMM-GUI membrane builder (Jo et al., 2009). Bent and interme-
diate oy,P3 integrins were oriented with the trans-membrane helix of
the a subunit perpendicular to the lipid bilayer, consistent with previ-
ous observations (Lau et al., 2008, 2009; Shattil et al., 2010). The
membrane-embedded bent and intermediate integrins were then sol-
vated using CHARMM-modified TIP3P water model (Huang
et al,, 2017; Jorgensen et al., 1983; Lee et al, 2016) and 150 mM
NaCl, which served as counter ions to neutralize charges. Box dimen-
sions were: ~ 15 x 15 x 24 nm for the bent conformation, and
~12 x 12 x 26 nm for the intermediate. In total, each system con-
tained: ~523,000 total atoms for the bent o,p3 conformation,

~443,000 atoms for the intermediate oy 3 conformation.

Due to the large size of these systems, each conformation was
subjected to a series of long equilibration stages before the final pro-
duction run. The systems were energy minimized through steepest
descent algorithm, followed by two consecutive equilibration simula-
tions in the constant NVT ensemble (constant number of atoms, N; vol-
ume, V; and temperature, T) and four consecutive equilibration
simulations in the constant NPT ensemble (constant number of atoms,
N; pressure, P; and temperature, T), at 310 K. During the equilibration
simulations, positional restraints were applied to both the protein and
the lipid heavy atoms, and the dihedral angles. The first two equilibra-
tion simulations were run for 250 ps, with force constants between
956 and 95.6 kcal/(mol-nm?). The third equilibration simulation was
also run for 250 ps, but with lower force constants, between 239 and
23.9 kcal/(mol-nm?). The last three equilibration simulations were run
for 500 ps each, with decreasing backbone force constants from 1195
to 11.95 kcal/(mol-nm?), decreasing force constants from 47.8 to
0 kcal/(mol-nm?), for protein side chain atoms, lipid heavy atoms, and
dihedral of lipid molecules. Production runs were then continued in the
constant NPT ensemble at 310 K and 1 atm using the Nose-Hoover
thermostat (Evans & Holian, 1985) and isotropic Parrinello-Rahman
pressure coupling algorithm (Parrinello & Rahman, 1981). The length of
covalent bonds involving hydrogen atoms was constrained using the
Linear Constraint Solver (LINCS) algorithm (Hess et al., 1997), with inte-
gration time step of 2 fs. The Lennard-Jones interactions were cutoff
at 1.2 nm with a switching function ranging from 1.0 to 1.2 nm, and
the short-range electrostatic cutoff was set at 1.2 nm. The long-range
electrostatic interactions were computed using the particle-mesh Ewald
(PME) method with a 0.16 nm grid spacing (Darden et al., 1993). The
highly scalable software GROMACS (version 2022.5, Abraham
et al., 2015) and the force field CHARMM-36 m were adopted to run
all equilibrium MD simulations until trajectories of 4.5 ps were reached.

4.2 | All-atom MD simulations of the extracellular
domains of qp3 integrin

The 12 extracellular domains of integrin were extracted from bent oy f3
and solvated using CHARMM-modified water model (Huang et al., 2017,
Jorgensen et al., 1983; Lee et al., 2016) with 150 mM NaCl that were
placed using the Monte Carlo method (Binder & Heermann, 2010a,
2010b) via CHARMM-GUI (Jo et al., 2008; Lee et al., 2016). The box
sizes for each functional domain of ay,p3 integrin in solvent are provided
in Table 1, and atom counts are provided in Table 2.

Each solvated domain was energy minimized using 5000 steps of
steepest descent algorithm (Meza, 2010) and equilibrated for 125,000
steps, corresponding to 125 ps. Equilibration was performed in the con-
stant NVT ensemble (constant number of atoms, N; volume, V; and tem-
perature, T), using positional restraints on the backbone and side chain
atoms with force constants of 95.6 and 9.56 kcal/(mol-nm?), respec-
tively. Production runs were then executed in the constant NPT ensem-
ble (constant number of atoms, N; pressure, P; and temperature, T), at
310K and 1 atm using Parrinello-Rahman coupling (Parrinello & Rah-
man, 1981). The CHARMM-36 m force field was used for the
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simulations. The PME (Darden et al., 1993) method was applied with a
short-range cutoff of 1.2 nm to accommodate long-range electrostatic
interactions. The LINCS (Hess et al., 1997) algorithm was used to restrict
hydrogen bonds. The highly scalable software GROMACS (version
2022.5, Abraham et al., 2015) was adopted to run all equilibrium MD
simulations until trajectories of 1 us were reached (500,000,000 steps).
VMD and PyMol were used for the visualization of the simulation
trajectories (Delano, 2002; Humphrey et al., 1996). GROMACS native
analysis tools, combined with our home-made scripts, were employed

for the quantitative analysis of the trajectories.

4.3 | Statistical analysis of equilibrium MD
simulations

To statistically compare time series of quantities from equilibrium MD
simulations, such as RMSD, radius of gyration, and buried SASA,
between isolated domains, domains embedded within bent integrin,

TABLE 1 Boxsizes for isolated extracellular domains of q;;,p3

integrin.
Domain X (nm) Y (nm) Z (nm)
B-propeller 9.1 9.1 9.1
Thigh 8.1 8.1 8.1
Calf-1 7.3 7.3 7.3
Calf-2 9.3 9.3 9.3
PSI 53 53 53
Hybrid 7.2 7.2 7.2
p-1 8.0 8.0 8.0
E1 59 5.9 59
E2 6.3 6.3 6.3
E3 5.0 5.0 5.0
E4 55 5.5 55
B-TD 6.5 6.5 6.5

and domains embedded within intermediate integrin, two-sample
t-tests were performed. The t-tests were based on the null hypothe-
ses that the time series of quantities have equal means, and the alter-
native hypotheses that they do not.

Time series we analyzed were substantially autocorrelated. To
avoid artificially low standard errors due to autocorrelation, to obtain
the standard errors, instead of dividing the pooled standard deviation
of each quantity by the square root of the number of timeframes, we
divided by the square root of effective sample size (Grossfield & Zuck-
erman, 2009; O'Shaughnessy & Cavanaugh, 2015). The t-value was
computed as follows:

<X>—-<Y>
t= 2
\/[(nxfl)ﬂzwr(nyfl)rrzv]' 141
nx+ny—2 ny

where <X/Y > denote sample means over the time series, o2 denote
sample variances over the time series, and n stands for the effective
sample sizes.

The effective sample size is an estimate of the number of statisti-
cally independent conformations throughout the trajectory and corre-
sponds to the total number of timeframes divided by the average
number of frames the autocorrelation substantially decreases. The
autocorrelation was deemed gone when it decreased below 1/e
because, assuming exponential decay of autocorrelation, this value
corresponds to the inverse of the coefficient multiplying time in the
exponent. The effective sample sizes turned out to be orders of mag-
nitude smaller than the number of simulation steps, which visibly
increased the standard errors as compared with analysis of raw time
series and disregarding the autocorrelation.

For the statistical analysis of RMSF, the trajectories were divided
into 250 ns blocks, the RMSF was calculated for each block and the
standard deviation was computed among the blocks. Dividing this
value by the square root of 10 (number of blocks), a standard error
was obtained. Standard errors and p-values from t-tests are reported

in Figure 3.

TABLE 2 Atom counts for each isolated extracellular domain of q;,p3 integrin.

Domain Protein (atom no.) Na (atom no.)
B-propeller 6774 75
Thigh 2380 45
Calf-1 2056 37
Calf-2 3437 76
PSI 828 15
Hybrid 2063 34
p-1 3788 47
E1 572 20
E2 707 28
E3 488 12
E4 599 14
B-TD 1339 28

Cl (atom no.) H,O (atom no.) Total atoms (no.)
60 63,219 70,128
44 47,070 49,539
32 34,065 36,190
68 71,907 75,488
12 12,987 13,842
31 32,703 34,831
41 44,244 48,120
17 18,489 19,098
21 22,434 23,190
10 10,980 11,490
14 14,838 15,465
22 24,114 25,503
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44 | Coarse-graining and heterogeneous elastic
network modeling

The C, trajectories from all-atom MD simulations were mapped into
coarse-grained trajectories with 12 beads representing the extracellu-
lar domains and 2 beads representing the transmembrane helices. The
beads were positioned in the geometric centers of the corresponding
groups of C,, as reported in Table 3. Mapping was performed using
OpenMSCG cgmap tool (Peng et al., 2023). hENMs were parameter-
ized (Lyman et al., 2008) using a potential energy V expressed by a
diagonal quadratic form of interdomain distances r;:

V({ri}i{ki} {ros}) =, ki(rs —ros)’ 3)

The OpenMSCG cghenm tool (Peng et al., 2023) was used to
determine force constants k; and equilibrium distances rqj for all
domain pairs. We did not use any spatial cutoff while parameterizing
hENMs, and set the temperature to 310 K. All parameters for cghenm
are listed in Table 4.

This approach is based on structural dynamic correlations
between beads and ensures that the domain fluctuations observed in
coarse-grained MD trajectories were reproduced by coarse-grained
model. Starting from the all-atom trajectories of the beads between
2 and 4.5 us of equilibrium MD simulation, the hENM approach itera-
tively performs four steps. The first step is to assign to all pairs of
beads a uniform spring constant. The second step is to relax the posi-
tions of the beads using a steepest-descent search, then compute the
normal modes and scale their amplitudes according to equipartition of
energy. The third step is to project the fluctuations computed from
the normal-mode analysis onto the distance vectors of all pairs of

beads. The fourth step is to update all spring constants simultaneously

TABLE 3 List of the extracellular domains of integrin with their
respective residue numbers.
Domain Residue start Residue end
B-propeller 1 452
Thigh 453 608
Calf-1 609 743
Calf-2 744 964
PsI 1009 1065
Hybrid 1066 1117
1361 1440
B-1 1118 1360
E1 1441 1483
E2 1484 1533
E3 1534 1568
E4 1569 1612
B-TD 1613 1698

based on minimizing the difference between normal mode and MD
fluctuations. The algorithm repeats steps 2-4 until the difference
between the normal-mode fluctuations and target MD fluctuations is

below a predefined threshold.

4.5 | Brownian dynamics simulations

The hENM potential energy functions were used to model the inter-
domain interactions of bent and intermediate hENM models. The CG
models were propagated using BD (Ermak & McCammon, 1978;
Huber & McCammon, 2019) in LAMMPS (Thompson et al., 2022),
with the forward Euler propagation scheme:

x(t+At) =x(t) +y 1At + /2ks TAt /X (4)

where x is the particle's position, vy is its friction coefficient, t is time,
At is simulation timestep, F is force (negative gradient of the potential
energy given by equation 3), kg is Boltzmann constant, T is tempera-
ture and X is a standard normal random variable.

The temperature was set to 310 K, timestep to 0.1 ps, total
simulation time to 100 ps, and each bead was assigned a friction
coefficient of 20 g/mol/fs, which assuming viscosity of ~1 cP (vis-
cosity of water) corresponds to hydrodynamic radius of 1.75 nm.
This value is comparable to the gyration radii of domains reported
in Figures S4 and S5. It is worth noting that friction coefficient y
steers the magnitude of random and damping forces, but does not
affect the equilibrium distributions, because in the propagation
scheme it is multiplied by the timestep At (Ermak & McCam-
mon, 1978). Thus, changing friction is equivalent to merely rescaling
a time unit. Trajectory analysis was performed using the MDAnaly-
sis python library (Gowers et al, 2016; Michaud-Agrawal
et al., 2011). In the BD simulations, we do not explicitly restrict the
mobility of the beads representing membrane-spanning helices.
However, their motion implicitly considers the presence of the
plasma membrane, as their interaction potentials with other beads
match fluctuations with membrane-embedded all-atom equilibrium
conformations.

TABLE 4 Parameters used in heterogeneous elastic network
modeling.
Parameter Value
Temperature (K) 310
Cutoff of bonds (A) 300
Convergence factor (mol/kcal) 0.1
Max number of iterations 100,000
Tolerance of k-constants (kcal/mol/A?) 0.0001
Step size for steepest descent minimization 1.0
Max number of steps in steepest descent minimization 10,000
Tolerance of forces in steepest descent minimization 0.00001
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4.6 | Variations of the hENM potential energy
expression

To assess the role of the interdomain interactions on the transition
from bent to intermediate integrin, the pairwise potentials of bent
hENM were varied as follows: first, the potential energy expression of
the intermediate hENM was applied to the bent conformation
(swapped hENM); second, selected “stabilizing” interactions of bent
hENM were turned off (reduced hENM); and last, the potential energy
expression for the intermediate hENM was applied to the bent con-
formation with interactions stabilizing bent hENM turned off (both).
To identify “stabilizing” interactions, a dimensionless displacement
Ar was used by analogy with natural oscillator units expressing dis-
placements between quantum harmonic oscillator minima relevant for
UV-Vis spectroscopy (Atkins & Friedman, 2005). Ar was defined as:

e .

where k denotes force constant, kg is Boltzmann constant, T is tem-
perature, and Ar =rgjnt — Fopent IS the difference between equilibrium
distances in intermediate and bent conformations. Following that defi-
nition, A7 expresses the energy in kg T units needed to stretch a given
harmonic bond from its equilibrium length in bent state up to its equi-
librium length in the intermediate state, which is high if either force
constant or difference in equilibrium distances is high. When Ar<1,
the energetic cost for this change is ~ kgT or less; when Ar >> 1, the
energetic cost is >> kgT. The reduced hENM was defined as a bent

hENM where the interactions presenting Ar > 3 were turned off.

4.7 | Linear morphing of integrin conformation and
assessment of total energy

To gain insights into the energy barriers underlying integrin extension,
a sequence of conformations was generated starting from the posi-
tions of domains in bent and intermediate conformations and using

linear morphing. The morphing sequence was generated using:

X) = (1 - A)Xbent + MXint, (6)

where 1€0,1] is the morphing degree and x represents the positions
of domains in the respective structures.

To avoid dependence on a transient configuration of domains,
instead of picking a single bent-intermediate structure pair for linear
morphing, multiple pairs were extracted from MD simulations at times
2.5-3.5 ps every 0.2 ps and then morphed, that is, linearly interpo-
lated with A incremented by 0.05. The potential energy as a function
of A was calculated using different potential energy expressions,
namely: hENM for bent integrin, hENM for intermediate, reduced
hENM for the bent conformation and reduced hENM for the interme-
diate conformation and averaged over multiple morphing pairs.

To select interactions that contribute: (i) to the energy barrier
upon morphing the bent conformation into intermediate (A = 0.5),

and (i) to the stabilization of the intermediate conformation (A = 1),
each quadratic term of Equation (3) was separately evaluated using

bent hENM parametrization, and then divided by their sum.
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