
Molecular Dynamics Simulations of Factor Xa: Insight into 
Conformational Transition of its Binding Subsites

Narender Singh and James M. Briggs
Department of Biology and Biochemistry, University of Houston, Houston, TX 77204-5001

Abstract

Protein flexibility and conformational diversity is well known to be a key characteristic of the 

function of many proteins. Human blood coagulation proteins have multiple substrates, and 

various protein-protein interactions are required for the smooth functioning of the coagulation 

cascade to maintain blood hemostasis. To address how a protein may cope with multiple 

interactions with its structurally diverse substrates and the accompanied structural changes that 

may drive these changes, we studied human Factor X. We employed 20 ns of molecular dynamics 

(MD) and steered molecular dynamics (SMD) simulations on two different conformational forms 

of Factor X, open and closed, and observed an interchangeable conformational transition from one 

to another. This work also demonstrates the roles of various aromatic residues involved in 

aromatic-aromatic interactions which make this dynamic transition possible.
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INTRODUCTION

Evolution has induced a large diversity within the serine proteases of the blood coagulation 

cascade. This evolution has been driven primarily by the efficiency of catalysis, presence of 

zymogenic forms, multiple substrates, and regulation by a variety of positive and negative 

activators, inhibitors, and co-factors. Since most of these factors are directly or indirectly 

related to the binding sites of protein-protein interaction, it would be logical to infer that the 

spatial organization and flexibility of the coagulation serine protease binding sites has been a 

major contributor in this evolutionary process.1–3

The blood coagulation proteases are central to physiological processes and are involved in 

maintaining organism hemostasis. These coagulation proteins are strongly regulated and 

synchronized in this process, and failure at any step in this process leads to various diseases 

and dysfunctions such as hemophilia and von Willebrand disease.4,5 Factor X, a vitamin K 

dependent serine protease, is part of this human coagulation cascade. Structurally, it is a two 

chain and four domain protein. The first three domains consist of an N-terminal γ-
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carboxyglutamic acid rich Gla domain followed by two epidermal growth factor (EGF) like 

domains EGF1 and EGF2 constituting the light chain which is joined by a disulfide linkage 

to the heavy chain, the serine protease domain. Factor X is synthesized in liver or human 

hepatoma cells in zymogen form (FX) and is converted into its active form (FXa) by a 

proteolytic cleavage between amino acids Arg15-Ile16 (chymotrypsinogen nomenclature is 

used throughout the study), resulting in the release of an activation peptide segment of 52 

amino acids from the N-terminus of the heavy chain.6–8 After activation, FXa combined 

with FVa (as a cofactor) on activated platelet membranes in a Ca2+-dependent association 

and makes the prothrombinase complex which is responsible for activating prothrombin 

(zymogen) to thrombin (active).9–11

The substrate recognition and cleavage sites in FXa are mainly characterized by: an active 

site containing the catalytic triad residues His-57, Asp-102, and Ser-195; and two binding 

subsites, S1 and S4, along with several other small subsites, all located on the serine 

protease domain of FXa. The S1 subsite is a narrow 8.0 Å deep recess near the active site. It 

has hydrophobic walls and contains a negatively charged aspartate (Asp-189) at the bottom 

of the cavity which makes a salt bridge with the positively charged moiety of lysine or 

arginine side chains from the substrates. In contrast, the S4 subsite is a large and well 

defined hydrophobic surface cleft. It is comprised of aromatic residues Tyr-99, Phe-174 and 

Trp-215 on three sides of its surface and can bind isoleucine, proline, and glutamic acid 

residues of the substrates.12,13

There has been a tremendous growth in the number of published structures of FXa since the 

time when Padmanabhan et al (1993) reported the first crystal structure. Currently there are 

35 crystal structures available in the PDB databank, out of which two are unliganded FXa 

structures and 33 are FXa bound with small chemical-compounds/ligands.14–24 However, no 

reported structure of FXa in complex with any of its natural substrates is currently known.

A comparison of all of these known structures reveals that there is very little difference in 

the general topology and overall shape of FXa upon the binding of small compounds. This is 

especially true for the size and shape of the binding sites. The calculated backbone RMSD 

of all of the reported structures (focusing only on the serine protease domain) is in the range 

of 1.3 to 2.0 Å, whereas, the all-atom RMSD of the binding site residues is only 0.2 to 0.6 

Å. This shows that there is little, if any, induced fit in response to the small molecule 

binding, suggesting rigidity in FXa. Since there are various substrates (Table I) that act on 

FXa in the human blood coagulation pathway, like a). prothrombin - conversion to 

meizothrombin, b). meizothrombin - conversion to thrombin,25,26 c). FVII - conversion to 

FVIIa as a form of positive feedback in the extrinsic pathway,27 d). protease-activated 

receptor 2 (PAR2)28, and e). autocatalysis - autocleavage of its own 148 loop,29,30 it raises 

the question of how the multiple protein-protein interactions and their efficient catalytic 

reactions occur and what structural roles various binding site and surrounding residues play 

to aid in this protein-protein interaction, given that the protein remains unchanged with small 

molecule binding.

We propose a hypothesis of conformational diversity as a possible explanation for this 

phenomenon. According to this hypothesis, the substrates capture an active conformation 
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from among the ensemble of available conformations of FXa, something which is not 

triggered by small molecule binding – this general idea is gaining traction in the literature 

and has been shown to exist in systems like the Arc repressor31, plasmepsin II32, glutathione 

transferase33 and germline 48G7 antibody34. Under this mechanism, FXa would exist in 

many different conformational states and each substrate could capture its most suitable 

conformation for binding.35

To test if our hypothesis is valid for FXa, we studied a unique crystal structure published by 

Wang et al in 2003.36 This FXa structure (pdb code 1P0S) is bound with ecotin - a serine 

protease inhibitor from Escherichia coli, and is unique in its arrangement of binding site 

residues. It has a backbone RMSD of 1.8 Å (of the serine protease domain) compared to the 

unliganded structure of FXa, which is in the range of backbone RMSD differences of other 

small molecule bound structures (1.3–2 Å). However, the peculiar thing to note here is that, 

the all-atom RMSD of binding site residues in this system is 1.42 Å which is very different 

from the binding site differences of all other available structures (where the range was 

between 0.2 – 0.6 Å). Renderings of the crystal structure of the three conformations 

(liganded, unliganded, and ecotin-bound FXa) and their structural differences are shown in 

Figure 1. Among the binding subsites, the main difference was observed in the S4 binding 

subsite. This subsite, which is open in all of the known structures (the minimum distance 

between the two gating aromatic residues Tyr-99 and Phe-174, not including hydrogens, is in 

the range of 7.0 to 9.5 Å in both the liganded and unliganded structures) is in a collapsed or 

closed state in the ecotin-bound crystal structure (where the minimum distance between the 

two gating aromatic residues Tyr-99 and Phe-174, not including hydrogens, is 3.7 Å) and is 

physically not accessible to any substrate residue that must bind in the S4 subsite.

Although a wealth of information can be obtained from the small molecule bound and 

unbound crystal structures, nevertheless it is important to consider that FXa can exhibit other 

significant dynamic motions under physiological conditions. In this study, we tested the 

hypothesis of conformational diversity by performing MD simulations on two different 

conformational states of FXa in an aqueous environment at physiological temperature. This 

study provided important insights into binding site dynamics of FXa. The mechanistic 

structural role of Glu-97 and Lys-96 and the importance of aromatic-aromatic interactions of 

various aromatic residues His-57, Tyr-60, Phe-94, Tyr-99, Phe-194 and Trp-215 which 

causes the opening and closing of the S4 binding subsite was shown (histidine was 

considered as an aromatic residue, as shown by Meurisse et al37). Finally, we will also 

discuss the ‘interchangeable capability’ of FXa from an open state to a closed state and 

closed to open state and the residues that aid in this process.

MATERIALS AND METHODS

Calculations were performed on a 152-node HP Itanium2 based Atlantis cluster in the Texas 

Learning and Computation Center (TLC2) at UH. All of the simulations were performed 

using the NAMD2 program with the CHARMM 29b2 force field.38,39 For structure 

visualization and simulation analyses, the visual molecular dynamics (VMD)40 and 

PyMOL41 programs were used.
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System Setup

Two simulation systems were prepared, one for the unliganded FXa system (open system) 

and another for the ecotin-bound FXa system (closed system). A 20 ns of MD simulation 

was carried out for the open system while 15 ns of SMD was performed for the closed 

system.42

Open System

The chosen structure for this study (PDB entry 1C5M; unliganded FXa crystal structure) 

was solved to a resolution of 1.95 Å and contains 293 residues (241 heavy-chain residues 

and 52 light chain residues) along with 440 crystal waters. The system setup procedure was 

initiated by adding hydrogen atoms using the HBUILD procedure in CHARMM followed by 

a short 50 step conjugate gradient (CG) energy minimization. All hydrogen atoms were 

added according to the predicted protonation states of all the ionizable residues using a pKa 

method implemented in the University of Houston Brownian Dynamics (UHBD) program at 

pH 7.0, using a dielectric constant of 80.0 for water and 20.0 for the protein.43,44 The protein 

was solvated in a box of TIP3P water molecules, such that there was at minimum 13.0 Å of 

water between the surface of the protein and the edge of the simulation box, using the 

Solvate plugin in VMD. Crystal waters were retained and any added bulk water molecules 

within 2.5 Å of the protein were excluded. To maintain electrical neutrality of the system, a 

single chloride ion was added using the Autoionize plugin in VMD, which was initially at 

least 7.0 Å away from the surface of the protein. The final resulting periodic box was 104 Å 

× 104 Å × 84 Å in dimension and contained a total of 90,979 atoms from 293 protein 

residues, 440 crystal waters, 28,362 TIP3P bulk waters and one chloride ion.

Closed System

The chosen structure for this study (PDB entry 1P0S; Ecotin-bound FXa crystal structure) 

was solved to a resolution of 2.80 Å and contains 473 residues (235 heavy-chain residues, 99 

light chain residues and 139 ecotin residues) along with 51 crystal waters. Since our aim was 

to compare the dynamics of each of the two systems, the system sizes were kept as similar as 

possible. Hence, only 52 light chain residues (the first 47 residues which were part of Gla 

domain and absent in open system were deleted) in the ecotin-bound structure (closed 

system) were kept. Only six residues of ecotin were retained in the system (Val-81, Ser-82, 

Thr-83, Arg-84, Met-85 and Ala-86). The rest of the system setup procedure was the same 

as for the unliganded system. The final resulting periodic box was 97 Å × 91 Å × 98 Å and 

contained a total of 86,173 atoms derived from 293 protein residues, 31 crystal waters and 

27,519 TIP3P bulk water molecules.

Simulation Setup

A stepwise energy minimization of water molecules, side chains, and finally the entire 

system was performed to relieve bad contacts and to accommodate the protein to its newly 

solvated environment. First, only the hydrogen atoms were energy minimized for 300 steps 

of CG, followed by minimization of water and protein side chains while keeping the protein 

backbone fixed for 400 CG steps, and finally the entire system was energy minimized for 

500 steps of CG. The NAMD program with the CHARMM 29b2 force field were used to 
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slowly heat the system from 0 to 310 K in 10 K/ps increments for a total of 50 ps under 

constant volume conditions. During the simulation, periodic boundary conditions were used 

to avoid edge effects and a 12.0 Å cut-off was used to truncate non-bonded interactions. 

Long range electrostatic interactions were treated using the smooth particle mesh Ewald 

(PME) method.45 All bonds involving hydrogen atoms were constrained with the SHAKE 

algorithm46 in conjunction with a 2.0 fs time step.

A short 500 ps of equilibration simulation was carried out on both systems in the NPT 

(isothermal-isobaric) ensemble to allow the protein and water to adapt properly in their 

environment. Finally, a 20 ns of production run was performed on the open system and data 

were collected every 1.0 ps during the simulation.

Steered Molecular Dynamics

A constant-velocity SMD was used in the closed system to pull the ecotin out from its bound 

FXa conformation. The direction of ecotin departure was determined using the criterion that 

the ecotin could be pulled out of the binding site with the least collision with the 

neighboring protein residues. Force was applied to the atom closest to the center of mass of 

the ecotin, along a vector defined outward direction from the binding subsites of FXa, to 

avoid the possibility of its clash with the binding subsite wall of the protein. The pulling 

force was assigned to backbone nitrogen atom of Arg-84 that was closest to the center of 

mass of the ecotin molecule. The velocity was fixed at 10.0 Å/ns. In a few hundred 

picoseconds (~400–450 ps) after starting the simulation, ecotin moved beyond van der 

Waal’s contact distance (~4–4.2 Å) with Factor Xa. During the remainder of the simulation, 

once ecotin was 8 Å away from the surface of the protein, it was constrained in that position 

and a total of 15 ns of simulation was performed on the system. Conformations of the 

system were saved every 1.0 ps during the simulation.

RESULTS AND DISCUSSION

Molecular dynamics simulations were performed on the open and closed conformations of 

FXa. A 20 ns of MD simulation was performed on the open state system and 15 ns of SMD 

simulation was performed on the closed state system. SMD was employed in the ecotin-

bound structure of FXa because we wanted to slowly accommodate the FXa alone to its 

solvent environment instead of simply removing the ecotin and starting the simulation of 

FXa.

Since the binding subsite of FXa is open in all of its unliganded and liganded forms, except 

in the ecotin-bound form, it is reasonable to assume that this is the preferred conformation of 

FXa. By this reasoning, ecotin binds to less populated conformation exhibiting a closed 

binding site. If ecotin is not bound, FXa should sample open and closed states, given 

sufficient conformational sampling.

Conformational Changes

To support our view, we started our analysis by monitoring the structural changes occurring 

throughout the simulation of FXa. The root mean square deviation (RMSD) plots in Figure 2 

show the comparison of these two simulated systems (only the serine protease domain). In 
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this figure, showing the backbone RMSD of both the open and closed systems with respect 

to their starting equilibrated structures, it is clear that both the systems are relatively stable 

with RMSDs in the range of 1.7 – 2.5 Å.

Since our primary objective was to monitor the dynamical behaviors of the binding site, an 

all-atom RMSD plot was constructed of just the aromatic residues Tyr-99, Phe-174 and 

Trp-215 that comprise the S4 binding site and are major contributors to open and closed 

conformations of this binding site (Figure 3). The first two traces of RMSD differences 

shown in this figure are 1). open system and 2). closed system, both with respect to their 

starting equilibrated structures. These traces clearly show major structural deviations in the 

15–20 ns range in the open system and in the 13–15 ns range in the closed system. These 

dynamic changes in the S4 binding site are localized to sidechains and do not affect the 

overall deviations of the rest of the protein since the backbone deviation of these systems 

remain stable at the time points where the binding site RMSD exhibits major changes. To 

test whether the closed conformation tries to fall back into the open one, a third plot was 

constructed in Figure 3, where the RMSD of the closed system is shown with respect to the 

starting conformation of the open system. This graph reveals that the closed conformation 

explores the open conformational states (i.e. the closer the 3rd trace to the X-axis, the closer 

it gets to the open state conformation) for short periods of time up to 13 ns after which the 

S4 subsite moves toward the open state and remains there through the end of the simulation 

at 15 ns.

Protein Flexibility

The B-factor values of all residues of the serine protease domain were calculated by using 

the Debye-Waller formula (B=(8/3)π2RMSF2) to further dissect the protein flexibility. B-

factors, called Debye-Waller temperature factors, are a measure of thermal fluctuations of 

each atom per residue. The B-factors were averaged for each residue from each frame of the 

trajectory and plotted against residue number (Figure 4). The simulated B-factors are in 

general agreement with the experimentally determined B-factors from the crystal structures 

and suggest three major findings: 1). Large fluctuations are exhibited in the loops (with the 

exception of the loop from 100–120, which exhibited subdued fluctuations because of steric 

contacts with the light chain of FXa). 2). The most mobile part in this plot is the 

autocatalysis loop from residue number 140–156, showing fluctuations up to 1.7 Å and 3). 

Most of the thermal fluctuations of the two different conformations match well except for 

the loops that contain the two gating residues Tyr-99 and Phe-174 in the S4 binding site. The 

thermal fluctuations are 36% and 53% greater in the closed state as compared to the open 

state for Tyr-99 and Phe-174, respectively. This observation suggests that these residues 

explore more conformations in the closed state while adjusting itself back to its unliganded 

open state conformation.

Gating Residues

As shown in Figure 1, the S4 binding site is a U-shaped cavity which is surrounded by three 

aromatic residues Tyr-99, Phe-174 and Trp-215 on its three sides. In all of the available 

crystal structures for FXa, only the S1 and S4 subsites are distinct and visible. The S2 

binding subsite is comparatively exposed only in the ecotin-bound crystal structure and is 
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blocked by Tyr-99 in all other structures. This observation is supported by the fact that this 

site only binds glycine (P2) from its substrates. However, in 2002 this view was challenged 

by Le Bonniec et al. who experimentally showed in their fluorescence-quenched assays that 

cleavage is faster when a phenylalanine is substituted for the P2 residue glycine under 

similar conditions.47 Tryptophan also exhibits a strong preference for the P2 position. Since 

both of these bulky aromatic residues presumably bind in the S2 subsite for cleavage to take 

place, Tyr-99 must be able to move out of the way so that these bulky aromatic residues may 

bind in the newly exposed S2 subsite. Also a range of substrate P4 amino acids like 

isoleucine, proline and glutamic acid can bind at the S4 subsite. This indicates that the S4 

subsite is not residue specific and is conformationally accessible to the physiological 

demands in the blood coagulation cascade which requires different substrates to be 

processed by FXa under different conditions.

In our analysis of the simulations, we have provided evidence for the roles that certain 

residues play in triggering the cascade of events that allows the S4 binding subsite to adopt a 

different conformational form, which changes its structure. Monitoring the distance between 

the two gating residues (Tyr-99 and Phe-174) during the simulation provided us with 

important evaluation of a conformational drift that occurs in the S4 subsite. We have also 

analyzed the structural hindering effect of Tyr-99 on blocking and unblocking the S2 subsite.

Figure 5 shows the distance between the pairs of atoms (excluding hydrogens) that are 

closest to each other between selected pairs of residues (Tyr-99 and Phe-174) throughout the 

simulation. In the open system, there is a clear indication of S4 binding site structural drift 

from the open state (0–14 ns) to the closed state (14–20 ns). In the beginning of the 

simulation, the distances between the gating residues which was ca. 10 Å, signifying an 

open state, which mostly explores and stays in the range of 4–10 Å with an average distance 

of 6.9 Å. In this system, after the first 14 ns of simulation S4 shrinks to just 2–5 Å, with an 

average of 2.7 Å, during the final phase of the simulation (14–20 ns) indicating a closed 

state. In contrast, in the closed state simulation where the minimum distance between the 

gating residues was 3.7 Å in the crystal structure, it fluctuated mostly between 2.3–4.0 Å 

with short bursts (at 1, 8 and 11 ns) to distances up to 8 Å in the first 13 ns of simulation 

time. This distance constantly increased from 4 Å to 8.5 Å, indicating an open state system 

in the last 2 ns of simulation time.

The question arises again about what specific adjunct structural changes induce the protein 

to change its S4 binding site conformation. Also what impact might this change have on our 

view of the biological function of FXa. To answer these questions, we visually inspected the 

binding site and found that both the systems undergo a similar set of changes, involving 

extensive sets of aromatic-aromatic interactions between binding site and surrounding 

aromatic residues, which aids the protein in exploring both open and closed conformations.

Open System

In the open system, selected conformational states are shown in a series of snapshots in 

Figure 6a. The loop regions containing residues Tyr-99 (loop 91–103) and Phe-174 (loop 

171 to 194) undergo significant changes in their conformation during the simulation, which 

leads to changes in the S4 binding site from the original open structure up to 14 ns. At this 
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time a partially or completely closed cavity emerges during the last 6 ns of the simulation, 

resembling the crystal structure of the ecotin-bound FXa complex. This fist-like opening and 

closing of the binding site involves a series of aromatic-aromatic interactions from aromatic 

residues in and around the S4 binding site. As shown in the crystal structure (Figure 6a), the 

open state conformation is maintained by T-shaped (edge to face) stacking of Phe-94 and 

offset-stacking (face to face stacking in staggered manner) of His-57 on residue Tyr-99 

which also keeps the S2 binding site blocked. In this situation, the T-shaped stacking is 

stabilized by both the electrostatic and dispersive Lennard-Jones interactions through 

interactions between partially positively charged hydrogens of Phe-94 which point toward 

the negatively charged π-electron cloud of the ring of Tyr-99. On the other hand, offset-

stacked His-57 exhibits mainly Lennard-Jones interactions. A number of studies have 

investigated the suitability of molecular mechanics force fields for describing aromatic-

aromatic and to some extent aromatic-cation interactions as a part of van der Waals and 

Coulomb interactions.48–55 The open state conformation in the crystal structure is also 

bolstered by the Lys-96, and Tyr-60 ring which in a cone-like shape, sterically blocks Phe-94 

in its position, which, in turn, also stabilizes Tyr-99. The rest of the core binding site 

residues (Tyr-99, Phe-174 and Trp-215) do not exhibit any interactions.

During the simulation, the outward movement of loop 91–103 causes the Lys-96 and Tyr-60 

residues to slowly drift apart, creating more space for Phe-94 to explore. This event provides 

Tyr-99 the chance to explore π-π interactions with other aromatic residues, namely, Phe-174 

and Trp-215 as shown in a snapshot at 15 ns (Figure 6a). During this time, His-57 remains 

relatively stable and maintains its position because of its two hydrogen-bonds with Asp-102 

on one side and Ser-195 on other side. In the 14–20 ns time range, when the binding site is 

closing, the two dominant types of aromatic-aromatic interactions that play significant roles 

are 1). T-shaped interaction of His-57 with Trp-215, and offset-stacked interactions of 

Tyr-99 and Phe-174 with Trp-215 (snapshot at 18 ns) and 2). offset-stacked interaction of 

Phe-174 with Tyr-99 and T-shaped interaction of Trp-215 with Tyr-99 (snapshot at 20 ns). 

Both of these conformations are also sterically stabilized in their closed form by Lys-96 and 

Glu-97, both on the outside.

Closed System

The cascade of events involved in the simulation of the closed system exhibits a drift from a 

closed to an open conformation of the binding site, as depicted in a series of snapshots 

(Figure 6b). In the crystal structure of this system, the closed conformation is maintained by 

the sterically suppressed Tyr-99 surrounded by ecotin residues Leu-52, Arg-54 and Val-81. 

Residues Leu-52 and Arg-54 also restrict the movement of loop 91–103. The two important 

aromatic-aromatic interactions seen in this system are Tyr-99 and Phe-174 (T-shaped) and 

Tyr-99 and Trp-215 (offset-stacked). In loop 91–103, Phe-94 exhibits aromatic-aromatic 

interactions with both His-57 and Tyr-60. His-57 is also maintained in its position by a 

hydrogen-bond with Thr-98 of FXa and Arg-54 of ecotin. During the SMD simulation in 

which ecotin is pulled out, three important events occur 1). steric hindrance of Glu-97 and 

Lys-96 is removed, 2). which causes loop 91–103 to move outside (snapshot at 6 ns in 

Figure 6b) and 3). the hydrogen-bond between His-57 and Thr-98 breaks, which causes 

His-57 to move toward Trp-215 to make a T-shaped aromatic-aromatic interaction. The 
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outside movement of loop 91–103 causes Phe-94 to open up like a lid allowing for the 

rearrangement of Tyr-99 and Phe-174, causing the S4 cavity to partially open (snapshots at 

13 and 13.5 ns). In the final conformation of the simulation (15 ns snapshot), the distance 

between the gating residues was 8 Å. This fully open conformation, which is similar to that 

of an open system crystal structure, is well maintained by three T-shaped aromatic-aromatic 

interactions between Tyr-99 and His-57, Tyr-99 and Trp-215, and Phe-174 and Trp-215.

Biologically, these interconversions between open and closed forms that were observed in 

the simulation studies may represent viable FXa conformations available for various 

structurally different substrate molecules essential for the maintenance of blood coagulation.

CONCLUSIONS

Protein flexibility, evident by presence of multiple conformational states, is an inherent and 

essential property of biomolecules.56 Along with playing important roles in crucial and basic 

functions like catalysis, motility and transport etc. it is also known to participate in diseases 

like AIDS, encephalopathies and many protein-misfold diseases. Thus, gaining knowledge 

about protein flexibility is important not only to understand protein function but also for the 

rational design of new drugs and novel therapeutics in structure-based drug design 

efforts.57–59

Our study of MD simulations allowed us to gain important insights into the flexible behavior 

of one such physiologically important blood coagulation protease, FXa. Though there is an 

abundance of literature available for this protein, this is the first time a detailed opening and 

closing behavior of FXa subsites has been reported. The two previously reported MD 

simulation studies of FXa, in spite of being very informative in their objectives, failed to 

observe the conformational drift behavior due to their short time scales of simulation, which 

we observed to occur only after 13 ns of simulation time. Among the first of these two 

articles, a total of 1.5 ns MD simulation was presented by Daura et al in 200060 while a 6.2 

ns of MD simulation was presented by Venkateswarlu et al in 2002.61

In this study, we have theoretically demonstrated the dynamic interconversion of two 

separate and distinctly different binding site conformations of FXa by using computational 

techniques, which are otherwise difficult to distinguish from the available static X-ray 

structures alone. This study supports our hypothesis that under physiological conditions, 

FXa can exist in distinct conformational states that may facilitate different specific protein-

protein interactions of FXa with its structurally diverse substrates like prothrombin, FVII, 

Protease-activated receptor 2 (PAR2) and itself (autocatalysis). With multiple conformations 

available, the substrates can then select the FXa one that most favorably complements their 

binding and eliminates the need to induce changes in FXa for binding. We have also 

described the potential mechanistic roles of Glu-97, Lys-96 and the importance of aromatic-

aromatic interactions of various aromatic residues His-57, Tyr-60, Phe-94, Tyr-99, Phe-194 

and Trp-215 in the opening and closing dynamics of the FXa subsites.

These studies may aid in a better understanding of various protein-protein interactions 

involved in the coagulation cascade with are otherwise difficult to elucidate experimentally. 
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The strategically important location of FXa in the coagulation cascade makes it a 

therapeutically attractive target and we believe that our detailed analyses of the FXa binding 

subsite may have impact on the design and development of anticoagulant/antithrombotic 

drugs.
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Figure 1. 
Surface models of the three different crystal structure conformations: A). unliganded, B). 

liganded, C). ecotin-bound (without ecotin) and D). ecotin-bound (with ecotin) FXa. The 

three S4 subsite residues Tyr-99, Phe-174 and Trp-215 are shown as stick models along with 

the ligand (in model B). The model D shows ecotin in yellow ribbon with ecotin residues 

interacting with FXa in line model. The pdb codes for crystal structures used are 1C5M, 

1FJS and 1P0S for unliganded, liganded and ecotin-bound FXa, respectively.
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Figure 2. 
RMSD time course for backbone atoms of the serine protease domain of the two different 

conformations of FXa (magenta color - open system of unliganded protein with respect to its 

starting structure; blue color - closed system of ecotin-bound protein with respect to its 

starting structure). The time courses are shown for 20 ns for open system and 15 ns for 

closed system.
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Figure 3. 
RMSD time course for all-atoms of S4 subsite (Tyr-99, Phe-174 and Trp-215) of the two 

different conformations of FXa (magenta color - open system of unliganded protein with 

respect to its starting structure; blue color - closed system of ecotin-bound protein with 

respect to its starting structure; cyan color - closed system of ecotin-bound protein with 

respect to the starting structure of open system conformation). The time courses are shown 

for 20 ns for open system and 15 ns for closed system.
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Figure 4. 
Thermal fluctuations (B-factor) plot of the two different conformations of FXa (magenta 

color - open system of unliganded protein; blue color - closed system of ecotin-bound 

protein). The B-factors shown in the plot were calculated by Debye-Waller formula 

(B=(8/3)π2RMSF2) and the values are for all-atoms averaged per residue. The two major 

areas of distinction in two systems are centered around two gating residues Tyr-99 and 

Phe-174.
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Figure 5. 
Conformational transitions in the S4 binding site shown by the distance spanned by the two 

gating residues (Tyr-99 and Phe-174) in the two different conformations of FXa (magenta 

color - open system of unliganded protein; blue color - closed system of ecotin-bound 

protein). A clear structural drift is from open to closed state is observable in open system 

after 14 ns, whereas the opposite is true for closed system which shows a drift from closed to 

open binding site after 13 ns.
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Figure 6. 
Figure 6A and 6B. The various snapshots are shown here, along the trajectory, depicting 

structural drift from A). open to closed state of S4 binding subsite from unliganded crystal 

structure simulation B). from closed state to open state of S4 binding subsite from ecotin-

bound crystal structure simulation. The various residues participating in this process are 

shown in stick model (Glu-97, Lys-96), van der Waals (vdW) model in light magenta 

(Phe-94, His-57), vdW model with atom color (Tyr-99, Phe-174, Trp-215), ribbon model in 

yellow (protein) and part of ecotin molecule in stick (only in panel b).
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