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Abstract

The B3 integrin family members allbp3 and VB3 signal bidirectionally through long-range
allosteric changes, including a transition from a bent unliganded-closed low-affinity state to an
extended liganded-open high-affinity state. To obtain an atomic-level description of this transition
in an explicit solvent, we carried out targeted molecular dynamics simulations of the headpieces of
allbp3 and aVB3 integrins. Although minor differences were observed between these receptors,
our results suggest a common transition pathway in which the hybrid domain swing-out is
accompanied by conformational changes within the B3 BA (I-like) domain that propagate through
the a7 helix C-terminus, and are followed by the o7 helix downward motion and the opening of
the B6-a.7 loop. Breaking of contact interactions between the p6-a7 loop and the al helix N-
terminus results in helix straightening, internal rearrangements of SDL, movement of the f1-al
loop toward the metal ion dependent adhesion site (MIDAS), and final changes at the interfaces
between the B3 BA (I-like) domain and either the hybrid or the a -propeller domains. Taken
together, our results suggest novel testable hypotheses of intra-domain and inter-domain
interactions responsible for B3 integrin activation.
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INTRODUCTION

The B3 integrin subunits can form heterodimeric cell surface receptors with either the allb
subunit (GPIIb; CD41) or the aV subunit (CD51). Specifically, allbp3 is found on the
surface of platelets and megakaryocytes, and plays a central role in platelet physiology.1 In
contrast, VB3 is expressed on a wide variety of cells and may play a role in bone
resorption, angiogenesis, and tumor metastasis.2 The allb and oV subunits share relatively
high structural homology3 (~40% sequence identity) and both can bind von Willebrand
factor, fibronectin, and vitronectin through the cell recognition sequence Arg-Gly-Asp,
RGD. Despite their structural and functional similarities, integrins allbp3 and aV3 display
qualitative and quantitative differences in their ability to bind synthetic or natural peptides,
small molecules,4 and fibrinogen,5:6 as well as in the ion regulation of ligand binding.7710
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Like other integrins, B3 integrins can signal bidirectionally through long-range allosteric
changes that are induced by the interactions of their short cytoplasmic tails with intracellular
proteins (inside-out signaling) or by interactions of their extracellular domains
(ectodomains) with extracellular matrix components or soluble ligands (outside-in
signaling).11715 Recent crystallographic, biophysical, and biochemical studies have
significantly improved our understanding of the mechanisms underlying g3 integrin function
by providing atomic resolution structural information. Specifically, the crystal structures of
the ectodomain of a\VB3 in the absence or presence of an RGD-containing peptide
(cilengitide)16718 revealed that: 1) The inactive receptor is in a 135° bent conformation with
both the oV (B-propeller domain) and B3 subunits [BA (I-like) domain] contributing to the
RGD binding site; 2) The liganded receptor contains three divalent metal ions in its binding
pocket at specific sites (i.e., MIDAS or metal ion dependent adhesion site, LIMBS or ligand-
associated metal binding site, and ADMIDAS or adjacent to MIDAS); 3) The ligand is
directly involved in the coordination of the MIDAS metal ion; 4) The ADMIDAS is the only
metal ion exhibiting a clearly defined electron density in the a\VB3 unliganded receptor; and
5) There is relatively little change in the overall conformation of the bent o\V33 receptor
after soaking in the RGD peptide cilengitide. A recently published crystal structure of the
complete ectodomain of integrin allbp3 19 also revealed a bent, closed, low-affinity
conformation, in addition to the 3 knee, and the full occupancy of the metal binding sites in
the BA (I-like) domain with Ca2+ and Mg2+ in the physiologic low-affinity state. Since the
LIMBS metal ion was present in the unliganded state, it was renamed the synergistic metal
binding site (SyMBS) 19.

Co-crystals of the integrin allbB3 headpiece bound to ligand-mimetic antagonists,
cacodylate ions, or the y-chain peptide of fibrinogen20:21 provided a high resolution
structure consistent with earlier observations from electron microscopy (EM) studies of
liganded VB3 and allbB39:22724 that ligand binding is associated with the protein adopting
an open conformation through a swing-out of the B3 hybrid domain. In addition, these
structures revealed that ligand binding is associated with: 1) Loss of the interaction between
the ADMIDAS metal ion and the carbonyl of M335 on the B3 p6-a7 loop; 2) Straightening
of the a1 helix and its movement (along with the ADMIDAS metal ion) toward the MIDAS;
3) A marked downward movement (~6 A) of the a7 helix, leading to a 60° rotation of the
hybrid domain around a hinge point connected to the pA (I-like) domain; 4) A 70 A
movement of the B3 PSI domain away from allb; and 5) A major reorganization of the
interface between the BA (I-like) and hybrid domains20:21.

EM studies of purified integrin a V3 in the presence of Mn2* or RGD ligand9 and of
purified allbp3 bound to fibrinogen led to a “switchblade” model of integrin activation in
which leg separation2225 and headpiece extension are required for activation.9 An
alternative “deadbolt” hypothesis has been proposed in which release of the interaction
between the B3 subunit terminal domain (BTD) and the BA (I-like) domain is sufficient for
ligand binding, with headpiece extension occurring only after ligand binding.26 Data
supporting each hypothesis have been reported, as have data that appear inconsistent with
each.27731 Despite these conflicting views, there is strong support for the importance of the
swing-out motion of the hybrid domain and the downward movement of the a7 helix of the
BA (I-like) domain in achieving high affinity ligand binding,32°35:36 but the precise
sequence of events during the conformational transitions of B3 integrins from low-affinity to
high-affinity states remains unclear.

Puklin-Faucher et al.37 used both conventional molecular dynamics (MD) and steered
molecular dynamics (SMD) simulations of a model of the a\V3 headpiece [aV subunit -
propeller and B3 BA (I-like) and hybrid domains] in complex with a fibronectin fragment
that was used in place of the RGD ligand of the crystal structure of a\V/317 to assess the
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intrinsic motions of the liganded form of the receptor headpiece in the absence of constraints
that may be imposed by headpiece-tailpiece interactions. The authors observed: 1)
Spontaneous partial opening of the B3 BA (I-like)/hybrid domain hinge for the liganded-
closed state when all ionic sites (LIMBS, MIDAS, ADMIDAS) were occupied by Mg2+; 2)
An allosteric transition pathway along which ligand interaction induces elastic distortions of
the al helix, leading to a partial swing-out of the hybrid domain; and 3) Swing-out
acceleration along the same allosteric pathway with SMD.37 Since this study started with
the structure of the liganded-bent a\VVB3 it could not provide information on the transition
from the unliganded state to the liganded state.

In the current study we employed targeted molecular dynamics (TMD) simulations38740 to
provide a stochastic pathway of the swing-out transition from unliganded-closed low affinity
(inactive) to liganded-open high affinity (active) states of both B3 integrins, allbf3 and
aVB3. These TMD simulations produced stereochemically feasible pathways with candidate
intra-domain and inter-domain interactions responsible for 33 integrin activation that can
now be tested experimentally.

MATERIAL AND METHODS

All MD simulations were performed using version c32a2 of the CHARMM biomolecular
simulation software41 alongside the CHARMM22 all-atom protein force field. Molecular
graphics were generated with Pymol42 and VMD.43

Molecular systems

We simulated the upper leg portion of the two subunits of integrin allbf3 or aVVp3, i.e., allb/
aV B-propeller and thigh domains (residues 1-592 or 1-586, respectively), and 3 BA (I-
like), hybrid, and PSI domains (residues 1-434). For both the unliganded-closed and
liganded-open forms of either allbp3 or aVVB3, the starting coordinates of the a-subunit were
extracted from the corresponding full-length model of the integrin ectodomain obtained with
MODELLER 8v244 as previously described for allbp3.45 Specifically, the starting
conformation of the allb headpiece was built using: a) the corresponding coordinates of the
crystal structure of allbp3 in complex with eptifibatide (PDB ID: 1TY®6, chain A, residues
1-452)20 for the allb B-propeller domain, and b) the corresponding coordinates of the aVVf33
crystal structure (PDB ID: 1U8C, chain A, residues 439-586)18 as a template for the thigh
domain (allb residues 453-592). Although a crystal structure refinement (PDB ID: 2VDN)
of the eptifibatide-bound allbp3 complex was released after completion of this work, it did
not exhibit significant differences from 1TY®6 (the root mean square deviation (RMSD)
between the two structures in the region we simulated was below 0.2 A). The starting
conformation of the simulated oV subunit was taken from the unliganded-closed crystal
structure of aVp3 (PDB ID: 1U8C, chain A, residues 1-586).18 Metal ions (Ca2*) located
within the B-propeller domains of allb or oV were kept in place in the selected initial
conformations. The coordinates of the B3 fragment of the unliganded-closed forms of allbp3
or aVVp3, namely BA (I-like), hybrid, and PSI domains, were taken from the bent full-length
models of allbB3 and aVB3 ectodomain45 based on aVB3 crystal structure (PDB ID: 1U8C,
chain B, residues 1-432),18 including the ADMIDAS ion (Ca2*). Those of the liganded-
open state were extracted from the crystallographic structure of the allbf3 integrin fragment
in complex with eptifibatide (PDB ID: 1TY®6, chain B, residues 1-432), preserving the
SyMBS (Ca%*), MIDAS (Mg2*), and ADMIDAS (Ca2*) metal ions,20 but not the ligand for
initial structural relaxation. Finally, five water molecules found in the allbB3 crystal
structure to participate in metal ion coordination in the B3 BA (I-like) domain were added or
kept in place in all selected initial conformations. A glycerol molecule involved in the
coordination of ADMIDAS was replaced by a water molecule, and also added to the
simulation setups.
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Protein hydrogen atoms were then added to these initial molecular models using HBUILD
within the CHARMM package.41 Histidines were all delta nitrogen protonated, unless
electron donors were found close to these atoms, or electron acceptors were close to epsilon
nitrogens. In particular, the allb H255 that is close to the binding site was protonated at the
delta nitrogen. Hydrogen positions were minimized using 500 steps of steepest descent
followed by a series of cycles of 500 steps of conjugate gradient minimization until the
energy change ratio between cycles was lower than 0.01 kcal/mol (force constant = 1000
kcal mol-t A-2). Similarly, subsequent cycles of 500 steps of conjugate gradient
minimization were applied for the minimization of the side-chains and the backbone, while
maintaining the rest of the protein frozen (force constant = 1000 kcal mol-t A-2). Distance-
dependent dielectric was used to compute electrostatic interactions and every cycle was
repeated until the energy change ratio between cycles was lower than 0.01 kcal/mol. For the
nonbonded interactions the force-switching method was used with a cutoff radius of 14 A.

Following a protocol similar to the one reported by Flynn et al.,46 shells of 9,644 or 9,141
water molecules (~ 7 A cutoff around the solute) were placed around each conformational
state of allp3 or aVB3, respectively, using the solvent-shell.str script by Lennart Nilsson
(www.biosci.ki.se/md/charmm.html). The procedure yielded systems of 44,544 and 43,056
total atoms for allf3 or aVVB3, respectively. For all unliganded and liganded states, the water
shells were first equilibrated using 500 steps of steepest descent while keeping fixed the
protein with a harmonic constraint (force constant = 1000 kcal mol™t A-2), and then further
equilibrated with another cycle of 500 steps of steepest descent and 1000 steps of adopted
basis Newton-Raphson while a small harmonic constraining force was imposed on the
proteins atoms (force constant = 20 kcal molt A2).

Choosing different starting velocities, different initial structures of the unliganded-closed
and liganded-open states of allp3 or a3 were generated by additional 10 ps of MD while
harmonically constraining the proteins atoms (force constant = 20 kcal mol-1 A-2).

TMD simulations

The conformational transitions from the unliganded-closed to the liganded-open
conformations of integrin allbp3 or a3 were simulated using both standard TMD and the
restricted-perturbation TMD (RP-TMD) methods using the TMD module of CHARMM.
The RP-TMD method 40 is a variant of the standard TMD method. The latter 38:39 uses a
standard MD with a time-dependent constraining force that guides an initial structure of N
atoms and Cartesian coordinates X! = (x1',x,! x3'...x3N') towards a final target structure of
Cartesian coordinates XT by reducing the distance ||X-XT|| between these two structures over
time. This is implemented introducing a holonomic constraint of the form

¢ ) =X - X"||” - d(t*=0 0

where d(t) is the desired RMSD between X and the target structure XT. Formally, the
coordinates at time t can be written as X! = xt + pt, where x! is the position in absence of the
holonomic constraint and pt =y (Xt9.-XT) is a perturbation induced by it. In contrast to
standard TMD where v is obtained by imposing the validity of (1) given d(t), in the
restricted perturbation-TMD method v is found by limiting the total perturbation Z;|pti| to a

preset value Pg, and thus setting ¥=P;./Zi (X, = X,") and minimizing d(t) in (1). In the
restricted perturbation-TMD method, the unperturbed dynamics are recovered by letting Pg
become smaller. This important feature restricts the crossing of energy barriers in the
presence of the perturbation, resulting in lower energy pathways than those generated by the
standard TMD method.
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Preliminary simulations from unliganded-closed to liganded-open conformations were
carried out using the standard TMD algorithm. More than 3 ns in five different simulations
for each of the B3 integrin systems in the presence of only one metal ion (ADMIDAS) in the
binding site were generated using different equilibrated starting structures and initial
velocities to analyze the repeatability of the resulting transition pathways. To assess the
reversibility of these pathways, and the robustness of the data, four different RP-TMD
trajectories for allbp3 and four different RP-TMD trajectories for a3 were performed in
the presence of all three metal ions in the binding site (LIMBS, MIDAS, and ADMIDAS),
for a total of about 5 ns simulations. Specifically, we generated two different equilibrated
starting structures and initial velocities for each unliganded-closed or liganded-open integrin
system to analyze the repeatability of the proposed transition pathways. Locations of LIMBS
and MIDAS metal ions in unliganded-closed states (crystal structure used as a template only
contains ADMIDAS) resulted from the RP-TMD simulations from liganded-open to
unliganded-open conformations. Notably, these locations were very similar to those revealed
by the recently published low-affinity crystal structure of the complete ectodomain of
integrin allbp319. To test whether the sequence of events occurring along the
conformational change is reversible, for each system we carried out two independent reverse
simulations starting from the liganded-open conformation and steering the system towards
the unliganded-closed conformation. All simulations were performed setting the maximum
value of the perturbation to Pg= 0.001 A.

No constraints were imposed during the simulations other than the TMD constraint ¢(x)
applied to all the atoms of the protein. In order to avoid an artificial rotation of the system all
protein atoms were used for the fitting to the target structure dy = 15 A. The solvent
molecules were allowed to move freely and to follow the dynamics of the protein. With the
only exception of a few water molecules that evaporated into the vacuum, the water shells
remained in contact with the protein throughout the entire simulations.

The first 10 ps of each TMD trajectory were regarded as an equilibration step (TMD
constraint = 0) to ensure that no angular momentum was generated as the initial state was
pulled towards the target conformation. A dynamic time step of 2 fs was used with the
leapfrog integration scheme. The length of all bonds involving hydrogen atoms was kept
constant by the SHAKE algorithm.47 The system was coupled to a 300 K heat bath to keep
the temperature relatively constant.48

Analysis of the simulations

Analysis of the results was carried out using modules of CHARMM,41 and the bio3d add-on
to the R statistical package.49 Inter-residue interactions were defined as contacts between
residue side-chains that had centers of geometry within a 6.5 A distance. Contacts were
measured every 10 ps in each of the 8 RP-TMD simulation runs. A contact between two
residues was considered “broken” when the distance between the centers of geometry of
their side-chains became greater than 6.5 A in an irreversible manner. A contact between
two residues was considered “formed” when the centers of geometry of their side-chains
became less than 6.5 A.

In order to capture the evolution of the contacts formed and broken in the BA (I-like)
headpiece during the dynamics, we considered the contact-map distance, defined as the
Frobenius distance between the contact matrices:

o) 2
deyy (XD X@) =MDy - M@y ®

Proteins. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Provasi et al.

RESULTS

Page 6

where M(k)ij is 1 if the contact between residues i and j is formed in the conformation k, or 0
otherwise. For all the trajectories, we calculated the pairwise distances dep (X, X)) and
used the dissimilarity matrix obtained to cluster the structures. Clustering was obtained by
application of an agglomerative hierarchical algorithm using the average distance method,
and by cutting the clustering hierarchy to 9 clusters. The time evolution of the cluster
membership was analyzed to obtain the dynamics in the reduced space defined by the cluster
analysis.

The opening of the hinge angle between the B3 BA (I-like) and hybrid domains (red lines
and arrow in Figure 1) was computed with the Wriggers and Schulten’s algorithm50
interfaced to VMD,43 using the starting structure as a reference. This algorithm monitors the
movement of rigid domains about common hinges. In comparing two structures, the method
partitions a protein into domains of defined geometry, and characterizes the relative
movements of these domains by calculating their effective rotation axes.50

We have simulated the hybrid domain swing-out movement between the unliganded-closed
and liganded-open conformations of integrins allbp3 and aVVB3 (Figure 1) using both
standard TMD and RP-TMD.38740 Although the results were qualitatively similar, as
expected, we only obtained completely reversible transition pathways using the RP-TMD
method. Thus, we only describe here in detail the results we obtained from these latter
simulations. Headpieces composed of the upper legs of the integrin ectodomains (i.e., allb/
aV B-propeller and thigh domains, and g3 BA (I-like), hybrid, and PSI domains) were used
in the simulations (system setup shown in Figure 1). Transitions between the unliganded-
closed and the liganded-open structures in the presence of the three LIMBS, MIDAS, and
ADMIDAS metal ions in their binding sites, were achieved by reducing the 15 A difference
between the all atom coordinates of the starting and ending states (see Methods for details).
Two different RP-TMD trajectories for each B3 integrin system and each direction (from
unliganded-closed to liganded-open conformations, and vice versa) were performed using
different starting velocities and slightly different structures of the equilibrated starting
configurations (either unliganded-closed or liganded-open) of either allbp3 or aVB3 (see
Methods for details). The RMSD between the different starting structures was ~0.1 A for the
backbone atoms and ~0.2 A for all proteins atoms. Evolutions of the protein total potential
energy and of the protein-water interaction energy during one of the simulations from
unliganded-closed to liganded-open states are shown in Supplementary Figures 1 and 2 for
allbp3 or aVB3, respectively.

In order to assess the overall progress of the above transitions, we used the following
different descriptors: 1) The overall RMSD with respect to the target structure and the
opening of the hinge angle between BA (I-like) and hybrid domains (Figure 2); 2) The per-
residue backbone RMSD of the BA (I-like) headpiece compared with the initial
configuration (Figure 3); and 3) The evolution among clusters deriving from contact matrix
analysis of the BA (I-like) domain (see Methods for further details) (Figure 4). The results of
all these measurements are reported in detail below.

Timeline of Global Conformational Rearrangements

To follow the swing-out motion of the B3 hybrid domains of allb and aV integrins during
transition from their unliganded-closed to liganded-open conformations, and vice versa, we
calculated the RMSD to the target configuration during all 8 RP-TMD simulations of allbp3
and a3 integrins. Figure 2 shows the evolution of the distance from the TMD target
calculated for allbB3 (upper panel) and aVB3 (lower panel), respectively, and each averaged
over two simulations of either forward (from unliganded-closed to liganded-open
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conformations, black lines in Figure 2) or backward (from liganded-open to unliganded-
closed conformations; gray lines in Figure 2) transitions. The swing-out motion of the B3
hybrid domains was also followed by the opening of the hinge angle50 between the B3 A
(I-like) and hybrid domains (see red lines and arrow in Figure 1) using the Wriggers and
Schulten’s algorithm50 and each starting structure as reference (see Methods for more
details). The average values of these hinge angles and their standard deviations calculated
over two forward RP-TMD (black lines in Figure 2 insets) and two backward RP-TMD
(gray lines in Figure 2 insets) simulations of allbp3 or a3 are represented as a function of
simulation time in Figure 2 insets. The time evolution of the hinge angle values relative to
the starting structure was very similar among the different runs and also when comparing
allbp3 with aVB3.

Analysis of the time evolution of the per residue backbone RMSD of the 3 BA (I-like)
domain from its initial conformation revealed the same global rearrangements of its
secondary structure elements during the transition from the unliganded-closed to the
liganded-open conformations, and vice versa. Figure 3 shows the subdomains in the BA (I-
like) domain of allbB3 integrin colored according to the order of significant conformational
changes (per residue RMSD larger than 2 A after optimal superposition of the backbone of
all BA (I-like) domain atoms) from the starting conformation during dynamics. Tangible
conformational changes within the B3 BA (lI-like) domain started at the very beginning of the
simulation (e.g., a6 movement, SDL rearrangement, and a1 bending; blue-cyan-green colors
in Figure 3), but the most dramatic local rearrangements of the B3 BA (I-like) secondary
structure elements that accompanied the swing-out motion of the hybrid domain (e.g.,
breaking of contact interactions between the B6a7 loop and the ol helix N-terminus, a7
downward movement, and the opening of the B6a7 loop; yellow-orange-red colors in Figure
3) occurred only near the end (~90% simulation time) of the trajectories from unliganded-
closed to liganded-open allbp3 integrin (Figure 3). These major changes were followed by
the movement of the B1-al loop towards the MIDAS, which was accompanied by other
subtle conformational changes (not shown in Figure 3), including al helix straightening,
internal rearrangements of SDL, and final changes at the interfaces between the B3 BA (I-
like) domain and either the hybrid or the o B-propeller domains. RP-TMD simulations of the
aVB3 system yielded a similar sequence of events (data not shown). An opposite order of
events was registered during the RP-TMD simulations from liganded-open to unliganded-
closed conformations (data not shown) of either integrin complex.

The upper panel of Figure 4 shows the sequence of secondary structure changes in the 3 BA
(I-like) domain of integrin allbB3, as defined by conformational clustering of its forward
(unliganded-closed to liganded-open states) and backward (liganded-open to unliganded-
closed states) RP-TMD trajectories. The system reached the conformation of cluster 1
(Figure 5A) very quickly, and remained in this cluster for approximately the first 10% of the
simulation. When compared to the starting conformation, the centroid of this cluster shows
some structural differences in the B3 BA (I-like) domain. These differences correspond to
significant changes (2.5-4 A) from their initial conformations in the a6 helix (residues
V315-E323), part of the B4-B4’ loop (residues D270-D280), the a3 helix (residues G221-
V231), and the o4 helix (residues D233-1236), as well as slight changes in the SDL loop
(residues M165-N175). All these regions are colored in blue in Figure 5A. Of note, all but
the latter change remained stable during most of the trajectories (until ~80-85% simulation
time).

The allbp3 system left cluster 1 after ~15% of the trajectory and rapidly populated clusters
2 and 3, exchanging frequently between the two. These two clusters are relatively small and
conformationally similar to cluster 1 (data not shown). After approximately 22% simulation
time, the system entered cluster 4 and remained in this cluster until approximately the 60%
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time mark. In this cluster, a distortion in the middle of the a1 helix (residues S130-T140)
became evident (Figure 5B; blue color), as well as changes in the first segment of the
specificity determining loop (SDL; residues M165-N175), including a 31 helix at residues
P169-N175. After a long residence in cluster 4, the system rapidly switched to cluster 5 and
back to cluster 4 for a time span of approximately 10% total simulation time. An analysis of
cluster 5 shows that the conformational differences with cluster 4 are minimal (the RMSD
between the centroids of the two clusters is 0.5 A).

After such rapid fluctuations, the system evolved into cluster 6, where the changes (blue
color in Figure 5C) in the al helix (especially its C-terminus, residues T140-L145) and SDL
became more pronounced (4-5 A deviation from initial conformation), and were
accompanied by the movement of the a4-p4 loop (residues 1236-S243). A small movement
of the C-terminal portion of the a7 helix (residues Y348-S353) was also present in the
centroid of this cluster. With the transition to cluster 7 (92% simulation time), such
movement became much more pronounced (4-8 A deviation from initial conformation), and
propagated towards the N-terminal portion (residues S337-V345) of the a7 helix (Figure
5D). The opening of the p6-a.7 loop (residues L333-D336) is the main difference in the
representative conformation of cluster 8 (Figure 5E) with respect to the representative
conformation of cluster 7. Shortly after the transition to cluster 8, and after a stay of
approximately 5% total simulation time, the a1 helix straightens in cluster 9 (Figure 5F),
where we also observe a movement of the B1-al loop towards the MIDAS, and a transition
to a liganded-like conformation of the SDL domain (residues M165 to G189) by the end of
the simulation. The conformation of all other BA (I-like) domain elements remained the
same as in their initial structures throughout the entire simulation. Only minor differences in
the residence times were observed in the two statistically independent forward runs of
allbp3 starting from the unliganded-closed conformation. The order with which the clusters
were visited was essentially the same, the only differences being the number of rapid
exchanges between clusters 2 and 3 at the beginning of the simulation and the short visits to
cluster 5 at the end of the residence in cluster 4.

The reverse simulations of allbp3 (gray line in the upper panel of Figure 4), starting from
the liganded-open conformation and steering the system towards the unliganded-closed
conformation, had very similar dynamics. We compared each cluster of the backward
simulations of allbB3 to each one of the forward simulations and found that a clear
biunivocal mapping could be established between the two sets, except for the case of the
very similar clusters 2 and 3. In each case, the total RMSD of the centroids of the
corresponding clusters was less than 1.1 A, and the next cluster lied at more than 2.4 A
away. Thus, we numbered the clusters of the reverse simulations using the numbers of their
corresponding clusters in the forward simulations, and verified that the sequence of events
was completely reversed.

The same type of analysis was performed for the a3 system (Figure 4, lower panel).
Again, the clusters obtained using the o3 forward trajectory could be placed into a
biunivocal relationship to those identified previously for the allbp3 system. Specifically,
RMSD analysis showed that pairs of corresponding clusters in allbf3 and o3 differed no
more than 2.8 A, with the next closest cluster lying beyond 3.5 A. A similar overall pattern
of conformational changes of the B3 BA (I-like) elements was found when analyzing the
conformational clusters of aVV/33. However, a few minor exceptions were identified by
analyzing the differences in the pairs of corresponding clusters in allbp3 and aVB3. In all
clusters, starting from cluster 1, the a\VV3 system showed less pronounced movements of the
a6 helix (residues VV315-E323, located at the interface between a and B subunits), the a.3
helix (residues G221-V231), the a4 helix (residues D233-1236), and the 34-p4' loop
(residues D270-H280). The differences in these regions accounted for almost the 80% of the
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RMSD between the a3 and the allbp3 systems. While the order of the events is the same,
slight variations also occur in the residence time in some of the clusters (see Figure 4).
Notably, the long residence of the allbf3 system in cluster 4 is not observed in the aVp3
case, and the transition to cluster 6 occurs earlier (at about 40% simulation time).

Timeline of Inter-Residue Interaction Changes

Analysis of the TMD simulations allowed us to characterize the integrin all3 or aVp3
stochastic pathway(s) of the swing-out movement of the B3 hybrid domain between the
unliganded-closed low affinity and the liganded-open high affinity states of the two 3
integrins in terms of changes in specific intra-domain and inter-domain contacts.
Specifically, we analyzed the differences of the contact matrices between the centroids of
the clusters identified and described in the previous section in order to dissect the effect of
forming and breaking contacts on the conformational dynamics of 3 integrins during
swing-out of their hybrid domains. Forming contacts were defined as inter-molecular
interactions formed by residue side-chains that had centers of geometry within a 6.5 A
distance. At variance with the clustering procedure, where only the contact maps of residues
within the BA (I-like) domain were considered when defining the dissimilarity used to
generate the clusters, we also considered the contacts formed between the BA (I-like)
domain and other domains of the B3 integrin proteins (in particular the o subunit B-propeller
regions close to the interface). Specifically, given the sequential nature of the clusters
described in the previous section, we compared each cluster with the preceding one in order
to capture the differences in specific contacts along the trajectory.

Four main conclusions derive from analysis of inter-residue interactions: 1) The contact
rearrangements that occurred upon swing-out of the hybrid domain from the unliganded-
closed to the liganded-open conformation were common to both allp3 and aVB3 integrins
and followed similar timelines. Major differences were observed at the interfaces between
the a propellers and the B subunits, especially in the hybrid domain at the beginning of the
transition, and in the SDL at the end of the simulation. Of note, with the exception of a few
residues that were different between allb and oV — most notably those in the p2-p3 insert
of the W2 blade of the B-propeller (residues W110-T125 in allb and L111-E123 in aV)
making contacts with the SDL loop — the majority of residues involved in interactions are
highly conserved among different species (data not shown). 2) With the exception of some
contact breaking at the very beginning of the simulation, contact changes during the
simulations followed a clear sequence of events. These events originated at the interfaces
between the hybrid domain and both the insert loop between the B2 and 3 strands of the
W5 blade loop (B-ribbon) in the a-subunit B-propeller domain and the a6 helix in the A (I-
like) domain (see Figure 3), and continued with the rearrangement of the interface between
the hybrid and BA (I-like) domains. This rearrangement preceded changes within the C-
terminal region of the o7 helix, which were transduced to the p6-a7 loop and produced
separation of this loop from the ADMIDAS ion. Breaking of the interaction between the 6-
a7 loop and the N-terminal region of the a1 helix was accompanied by the straightening of
that helix, a conformational change of the SDL, and the movement of the p1-al loop
towards the MIDAS. The transition terminated with a rearrangement of the new interface
between the hybrid and BA (I-like) domains, and changes at the interface between the SDL
and the B-propeller. 3) There were more breaking than forming contacts during unliganded-
closed-to-liganded-open transition, and almost all of the forming contacts occurred at the
end of the simulations; 4) The downward and lateral movement of the a7 helix and the
opening of the B6-a.7 loop primarily reflected contact breaking, whereas straightening of al
was associated with new contact formation.

A detailed analysis of the specific differences between the clusters follows.
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a) Differences between the starting conformation and conformations in
cluster 1 (Figure 5A)—A few contacts of the unliganded-closed forms of allbp3 and/or
aVB3 broke at the very beginning of the simulations and are not present in the centroid
conformation of cluster 1. These contacts, which involve regions at the interface between the
two subunits of the protein, are: 1) the allb E123- 3 P170 contact, between the W232-
W23 insert of the B-propeller domain and the first segment of the SDL, which is closer to
the allb-B3 interface; 2) In the case of the allbp3 system, the Y166-Y 173 contact within the
first segment of the SDL is lost in cluster 1, whereas the same contact is present in all the
clusters up to cluster 6 in the aVB3 system; 3) the allb K321-$3 E358 salt bridge and the
allb S300-B3 R360 hydrogen bond between the allb B-propeller and the g3 hybrid domain.

b) Differences between conformations of cluster 1 and cluster 4 (Figure 5B)—
In the conformations of cluster 4, breaking of contacts between the al helix and its
neighboring residues induces a distortion in the middle of the a1 helix. Specifically contacts
of the al helix with a7 helix residues (1131-V340) and a2 helix residues (L134-F203, G135-
V200) are broken in conformations of cluster 4. Also observed in conformations of this
cluster are changes in the first segment of the SDL, with the formation of a 31 helix (P169-
L173).

c) Differences between conformations of cluster 4 and cluster 6 (Figure 5C)—
The main contacts lost in the conformations of cluster 6 with respect to the conformations of
cluster 4 are contacts between the 4 strand and the a7 helix (S243-R352) and between the
B4 and a7 helices (5249-S337). These contacts loosen the position of the o7 helix, and
initiate the conformational changes evident in the following cluster.

d) Differences between cluster 6 and cluster 7 (Figure 5D)—The main difference
between structures in cluster 7 is the loss of interactions involving the C-terminal region of
the a7 helix (S337-R352). In both the allbp3 and aVB3 simulations, contacts between o7
and B6 (T329-K350), or the a5-B5 loop (N305-1351) or within the a7 helix itself (Y348-
R352) are also lost. As a result of the loss of such contacts, the a7 helix undergoes a
downward and lateral movement.

e) Differences between conformations of cluster 7 and cluster 8 (Figure 5E)—
The downward motion of a7 helix most likely induces the changes in the BA (l-like) B6-a7
loop observed in cluster 8, with breaking of most hydrophobic contacts between this loop
and the N-termini of both the a7 and al helices. These changes allowed the opening of the
B6-a.7 loop and the upward movement of the a1 helix to accommodate the changes that
occurred at its boundaries (N-terminal close to MIDAS and ADMIDAS, and C-terminal
close to the hybrid domain). Within the f6-a.7 loop, L333 broke contacts with the a7 helix
residues L343, N339, and S337. In the al helix, the ADMIDAS coordinating side-chains
D126 and D127 were separated from the loop residue D336, and the hydrogen bond between
residues D127 and S337 in the B6-a7 loop is also lost. Finally, opening of the p6-a.7 loop
was accompanied by breaking of the interaction between T311 (within the 5-a6 loop) and
the M335 side-chains as it loses its coordination with the ADMIDAS.

f) Differences between conformations of cluster 8 and cluster 9 (Figure 5F)—
In cluster 9, a kink between the 31g-helix in the B1-al loop (residues L120-D126) and the
al-helix (residues D127-L145) disappeared, resulting in the straightening of the a1-helix as
it pivoted laterally and filled in space vacated by the B6-a7 loop. The straightening of the al
helix was associated with the formation of new contacts between the a1 helix and the p6-a7
loop (S130-M335, S130-L.333, L134-L.333, and W129-M335), between the a1 and a2
helices (A139-F203, T140-N204, T136-K208), and between the p6 strand and the a7 helix
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(G331-N339). Also in cluster 9, the SDL domain undergoes conformational changes in the
turn that separates the two SDL segments (residues V157-N175 and P176-G189), which
implies breaking of p3 S168-E174 and L173-Y 178 interactions.

DISCUSSION

Experimental34:51:52 and computational53°55 studies of integrin receptor | domains have
supported a role for the movement of the a7 helix in attaining the high affinity ligand
binding state. Moreover, liganded and unliganded structures for both high and intermediate-
affinity mutant |1 domains helped reveal atomic details of the conformational change induced
by ligand binding.52 In B3 integrins, which lack an I domain, a similar movement of the a7
helix in the B3 BA (I-like) domain has been implicated in attaining a high affinity state.
20:32736. However, there are no intermediate structures reported for the A (I-like) domain
and only structural information from the unliganded and liganded B3 is available. 16721
Since B3 BA (I-like) domains differ from | domains in having three metal ions instead of just
one and in the linkage of the movement of the a7 helix with a dramatic swing-out motion of
the B3 hybrid domain, it is not clear to what extent one can extrapolate from studies of |
domains to the B3 BA (I-like) domains of allbp3 and aVB3. Thus, the precise sequence of
events during the conformational transitions of B3 integrins from low-affinity to high-
affinity states remains unclear.

To obtain an atomic-level stochastic description of the allosteric transitions from
unliganded-closed to liganded-open states of the headpieces of allbp3 and aVVB3 integrins in
an explicit solvent, with the ultimate goal of identifying the molecular determinants
responsible for these transitions, we have carried out TMD simulations of each B3 integrin
system. Specifically, multiple simulations from unliganded-closed to liganded-open
conformations in the presence of only one metal ion (ADMIDAS) were performed using the
standard TMD algorithm. These simulations produced similar results, supporting the
robustness of the proposed transition pathways. However, not surprisingly given the known
limitations of the TMD method40, these simulations did not show a complete reversibility of
the transition pathways when steering the system in the opposite direction from the
liganded-open to unliganded-closed conformations. Thus, we applied the RP-TMD method
to assess the reversibility of transition pathways between unliganded-closed and liganded-
open conformations of allbp3 and aVB3 integrins, and the robustness of the results under
different simulation mechanisms. Moreover, since the TMD and RP-TMD simulations were
carried out with different choices for the ion occupation of the metal binding sites (only
ADMIDAS for standard TMD simulations but all three LIMBS, MIDAS and ADMIDAS for
RP-TMD simulations), we checked for consistency of the results in the presence or absence
of LIMBS and MIDAS metal ions.

Notably, the standard TMD and the RP-TMD methods applied to truncated forms of allbp3
and o3 integrins yield similar results, suggesting that the data reflect the sequence of
events that best describes the conformational plasticity associated with the hybrid domain
swing-out of B3 integrin proteins in terms of specific inter-subunit interaction changes. Our
results point to specific major conformational changes in 3 integrins during swing-out of
their hybrid domains that are in line with previous experimental and computational data.
Specifically, we observe the following sequence of major conformational changes: 1)
Breaking of the o subunit 3 propeller BA- hybrid interface near the B-ribbon (cluster 1); 2)
a7 helix downward deflection (cluster 7); 3) Movement of the 36-a7 loop away from the
ADMIDAS metal ion (cluster 8), which results in the loss of the coordination of this ion by
the carbonyl oxygen of B6-a7 loop M335, one of the hallmarks of the liganded forms of both
allbp3 and aVVB3;20 and 4) Concomitant al helix straightening and B1-al loop movement
towards the MIDAS (cluster 9). Less dramatic conformational changes correspond to: 1)
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The transient deformation of the a6, a4, and a3 helices and the p4-p4’ loop (cluster 1); 2)
Transient distortion of the al helix (cluster 4) and a4-p4 loop (cluster 6); and 3) Both early
and late changes in the SDL (in clusters 4, 6, and 9).

We do not identify significant differences in the dynamics of the allp3 and aV3
headpieces, i.e. structural changes, rates of hinge angle opening and contact rearrangements
are similar in the simulations of allbf3 and aVB3 integrins, both in nature and timeline.
Since our simulations are conducted in the absence of ligand, it is possible that functional
differences between these receptors are due to specific signal- and/or ligand-induced
conformational plasticity. Almost all of the subtle differences that we identify between these
two cognate proteins are primarily related to differences at the interface between the o
subunit B propeller loops and both the hybrid domain and the SDL. Based on structural
comparison between the recent crystal structure of the allbp3 low-affinity state (PDBID:
3FCU) and the crystal structure of unliganded-closed aVp3 (PDBID:1U18) that served as a
template for homology modeling of the unliganded-closed conformation of allbB3, these
differences may be attributed to non-conserved residues at the interface of the a subunit. Our
simulations suggest specific interacting residues whose mutations can help explore the role
of the interaction between the B-ribbon of the a-subunit and the SDL in swing-out of the
hybrid domain, and in functional differences between allf3 and aVB3 integrins.
Specifically, these residues and contacts are: allb E123-B3 P170, B3 Y166- B3 L173, allb
E121-B3 P170, aV Q120-B3 P170, allb E121-B3 S168, and oV Q120-p3 S168. For instance,
the impact of early contact breaking at these positions on hybrid domain swing-out may be
tested by replacing these residues by cysteines and selectively limiting swing-out by
introducing new disulfides.

Results of our TMD studies also point to specific contacts whose mutation is expected to
interfere with the normal swing-out of the B3 hybrid domain, including those made by: 1)
Three continuous charged residues in the very long allb B-ribbon that contact three
oppositely charged residues in the B3 hybrid. Specifically, these contacts are allb D319-33
K384, allb R320-B3 E356, and allb K321-B3 E358. The first and third pairs are conserved
in aVB3 (aV D306-p3 K384 and oV K308-3 E358), whereas in the latter the allb R320
residue is replaced by a glycine in aV (G307).9:56760 2) 3 S300 (a5 helix) and B3 R360
(hybrid domain),32 whose C distance increases from ~9 to ~34 A; 3) Residues G349-R352
of the C-terminal region of a7 helix that contacts the hybrid domain;33°36 4) Residues
S337-N339 and D126-S130 of the N-terminal portions of the a7 helix61:62 and the al helix,
3663767 respectively, whose interactions are lost when the p6-a.7 loop moves away from
the ADMIDAS ion. Selective modification of these residues may provide valuable
information on the role of these residues in attaining the high affinity ligand binding state.
For instance, mutations of hydrophobic interacting residues to polar/charged residues may
be introduced to suppress contact formation. Similarly, the role of salt bridges/hydrogen
bonds in stabilizing particular intermediate states of the protein complexes may be evaluated
by replacing the specific polar residues involved in these interactions by alanines.

Finally, in both systems, we observe that the global RMSD decrease towards the target
occurs more slowly during the first half of the simulation, and then, after the interactions
between the o subunit B-propeller B-ribbon and the B3 subunit break, it decreases more
rapidly. This suggests that releasing the restraints imposed by the contacts that were broken
during the early time points facilitates the later conformational changes and thus it may
partially explain the multistep mechanism observed for ligand binding to integrins, which
has been supported by several biophysical techniques.37:68774 In this model, ligand binding
to B3 integrins follows a self priming mechanism in which initial ligand interaction with the
RGD site results in changes in the receptor and the ligand that produce higher affinity
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binding, with perhaps multiple intermediate affinity states, and additional sites of interaction

be

tween ligand and receptor.37:68
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Figure 1. System Setup Used in the TMD Simulations of the Unliganded-closed to the Liganded-
open States of B3 Integrins

Comparison between the crystal structures of integrin allbp3 in its liganded-open headpiece
conformation (PDBID: 1TY6; color red for the allb B-propeller, blue for 3, and yellow for
metal ions)20 and integrin aVB3 in its unliganded-closed state (PDBID: 1U8C; color gray
for both the B-propeller and thigh domains of aV, green for 3, and orange for metal ions).
18 The regions of the B3 BA (I-like) domain that show the largest conformational differences
are labeled and indicated with arrows. The relative opening of the hinge angle between the
B3 BA (I-like) and hybrid domains that describes the swing-out motion of the hybrid domain
is indicated by red lines and the red arrow.
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Figure 2. RMSD to the Target Configuration Calculated During the RP-TMD Runs

The distance from the TMD target is illustrated for both allbB3 (upper panel) and the V33
(lower panel) integrins. The average over the two statistically independent simulations we
carried out for each integrin system is represented as a solid line, in black for the forward
(unliganded-closed to liganded-open) simulation and in gray for the backward (liganded-
open to unliganded-closed) one, along with 95% confidence interval. The insets of the two
panels illustrate the behavior of the hinge angle (see text) with the same color coding used
above.
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Figure 3. Sequence of Events During the RP-TMD Simulations of the Transition from
Unliganded-Closed to the Liganded-Open States of allbp3 integrin

Structure of the unbound BA (I-like) domain showing the different secondary structure
elements colored according to the order of significant conformational changes occurring
during simulations with respect to the starting conformation. The o subunit is represented in
cyan while SyMBS, MIDAS, and ADMIDAS are shown in light yellow, light orange, and
light brown CPKs, respectively. Color coding for conformational changes at the very end of
the simulation (after 90% simulation time), including the movement of p1-al towards the
MIDAS, al helix straightening, internal rearrangements of SDL, and final changes at the
interfaces between the B3 BA (I-like) domain and either the hybrid or the o B-propeller
domains, is omitted for clarity.
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Figure 4. Dynamics of g3 Integrins in Cluster Space

Conformational evolution of the integrin systems among the clusters defined by the contact
matrix analysis of the RP-TMD simulations as a function of the elapsed fraction of
simulation time. The upper and lower panels show the sequence of secondary structure
changes in the B3 BA (I-like) domain of integrins allbB3 and aVB3, respectively, as defined
by conformational clustering of their forward (unliganded-closed to liganded-open states;
black line) and backward (liganded-open to unliganded-closed states; gray line) trajectories.
To make the comparison easier, the curves corresponding to the backward simulations (gray
color) have been reversed, so that the abscissa represents the fraction of time from the end of
the simulation.
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Figure 5. Representative Conformations of the Most Relevant Clusters of Integrin allbf3

The most relevant clusters obtained by RP-TMD are defined as the clusters whose
conformations show significant differences (RMSD > 4A). The allb subunit is depicted in
cyan, and the B3 subunit in gray. Some of the relevant residues involved in contact breaking
and formation in the transitions from one cluster to the other are depicted as red sticks. The
secondary structure motifs that show significant conformational differences among
sequential clusters are depicted in blue. The numbers refer to the residue index in the p3
subunit, unless otherwise indicated.
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