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Abstract Human coagulation Factor X (FX), a member of
the vitamin K-dependent serine protease family, is a crucial
component of the human coagulation cascade. Activated
FX (FXa) participates in forming the prothrombinase
complex on activated platelets to convert prothrombin to
thrombin in coagulation reactions. In the current study, 30-ns
MD simulations were performed on both the open and closed
states of human FXa. Root mean squares (RMS) fluctuations
showed that structural fluctuations concentrated on the loop
regions of FXa, and the presence of a ligand in the closed
system resulted in larger fluctuations of the gating residues.
The open system had a gating distance from 9.23 to 11.33A,
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i.e., significantly larger than that of the closed system (4.69—
6.35A), which allows diversified substrates of variable size
to enter. Although the solvent accessible surface areas
(SASA) of FXa remained the same in both systems, the
open system generally had a larger total SASA or hydro-
phobic SASA (or both) for residues surrounding the S4
pocket. Additionally, more hydrogen bonds were formed in
the closed state than in the open state of FXa, which is
believed to play a significant role in maintaining the closed
confirmation of the aryl-binding site. Based on the results of
MD simulations, we propose that an induced-fit mechanism
governs the functioning of human coagulation FX, which
helps provide a better understanding of the interactions
between FXa and its substrate, and the mechanism of the
conformational changes involved in human coagulation.

Keywords Human coagulation Factor X - Serine-protease
domain - Structural transition - Molecular dynamics
simulation

Introduction

Human coagulation factor X (FX) is a vitamin K-dependent
serine protease that plays a critical role in the activation and
regulation of the blood coagulation cascade [1]. As a
central factor in the coagulation process, FX is activated
and regulated by a series of events. FX is synthesized in the
liver and released into the circulation in the zymogenic
form. Zymogenic FX is activated by multiple proteolytic
events, catalyzed either by factor Vlla-tissue factor com-
plex (extrinsic tenase) or factor Ixa-VIla complex (Intrinsic
tenase). Activated FX (FXa) then interacts with factor Va
on the phospholipid surface to form the prothrombinase
complex. In the presence of calcium ions, this complex
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activates prothrombin to thrombin, which in turn converts
fibrinogen to fibrin [2]. The blood coagulation cascade is
strictly controlled and regulated, and a number of throm-
botic or bleeding disorders due to mutated or defective
coagulation factors have been reported, including hemo-
philia, myocardial infarction, von Willebrand disease [3—5]
and Stuart-Prower factor deficiency [6, 7].

FXa contains a serine-protease domain of 254 amino
acids (Fig. 1), which consists of the active site catalytic
triad of His-57, Asp-102, and Ser-195, and two major
interaction pockets: the S1 specificity site and the S4 aryl-
binding site. Substrate binding to the S1 site involves the
formation of a salt-bridge with Asp-189 at the bottom of the
pocket, which is surrounded by hydrophobic walls [8, 9].
The S4 site is created on three sides by residues Tyr-99,
Phe-174, and Trp-215, which form a hydrophobic sleeve
that allows residues like isoleucine, glutamate and proline
of substrates to bind [10—13].

FXa recognizes substrates with some variable sequences
at their cleavage site [14]. The structure of FXa and its
interactions with substrates have been the subject of intense
study over the past two decades. Since the first crystal
structure of FXa was published in 1993 [15], a total of more
than 50 X-ray crystal structure studies of FXa have been
defined. In analyzing the data obtained from X-ray crystal
structures of FXa, Singh and Briggs [16] proposed a
hypothesis of conformational diversity of FXa that differs
from the common “induced fit” enzyme—substrate interac-
tion model. In their hypothesis, to explain the interaction
between the binding sites of FXa and its various substrates,
they suggested that a substrate “locks” into one good-fit

Fig. 1 Illustration of the three-dimensional structure of activated
Factor X (FXa). Only the backbone atoms of FXa are shown in the
cartoon representation, and sodium and calcium ions are colored
magenta and pink, respectively
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conformation from many different conformations that exist
transiently, and that the substrate specificity is determined
by the conformational diversity of FXa.

In comparison with the X-ray crystal structure studies of
FXa, molecular dynamics (MD) simulation has the advantage
of being able to analyze the conformational fluctuations of the
FXa molecule and the dynamics of the transient states of FXa.
MD simulation on FXa can complement X-ray crystal
structure studies in obtaining information on the mobility
and flexibility of FXa active-site residues, the solvation of the
active-site, and the location of water molecules in the active
site. Thus, MD simulations have been used widely to solve
problems in protein structural analysis [17-27] and rational
drug design [28-37]. MD simulation was performed
previously on FXa by Daura et al. [38] and Venkateswarlu
[39]. Due to the limitation of computing power at the time
those studies were performed, their longest simulation times
were 1.5 and 6.2 ns, respectively, which were not adequate to
reveal the complete details of the conformational transitions
of FXa. More recently, Singh and Briggs [16] adopted a
steered MD method to simulate the transition process of
human FXa in the S4 site. They used the FXa structure
(pdb code 1p0s) bound with ecotin, which they believe
represents a closed state of the S4 site. They applied an
external force on the backbone of the ecotin molecule
during their simulations.

There are currently 53 crystal structures of FXa in the
PDB database at Brookhaven. We have surveyed all the
available structures of FXa and chosen PDB entries 1¢cSm
[12] and 3cen [40] for our MD simulations. In this paper,
we present the results from 30-ns MD simulations
performed on both the open and closed forms of FXa.
In order to reveal the conformational transition in the
serine-protease domain and its aryl-binding site we also
present the root mean square (RMS) deviations and
fluctuations for Cox atoms that were computed from these
simulations. Based on the simulation results, we further
discuss the mechanism governing the functioning of
human coagulation FX.

Computational methods
Generation of the initial models of FXa

In order to generate the initial models for MD simulations,
we investigated the available structures from PDB, and
chose PDB entry 1c¢Sm [12] for the open system and 3cen
[40] as the closed system. 1c5Sm is unique among all the
FXa structures in that it contains no ligand and has the
largest S4 pocket size [distance between the gating residues
(Tyr-99 and Phe-174)>10A)] and hence represents the
open state of FXa. 3cen—234 residues—contains a small
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molecular ligand Anthranilamide 28 (N-(2-(((5-chloro-2-
pyridinyl)amino)sulfonyl)phenyl)-4-(2-oxo-1(2H)-pyridinyl)
benzamide) and is resolved to 2.80 A. It has one of the
smallest S4 pockets [distance between the gating residues
(Tyr-99 and Phe-174) ~8A] among all available FXa
structures, and thus represents the closed state of FXa. Both
crystal structures were obtained from the PDB database at
Brookhaven [41], and MD simulations were performed on
the serine protease domain. Although substantial experimen-
tal evidence shows that ions bound close to the serine
protease domain (as shown in Fig. 1) crucially influence the
function of FXa, to maintain the starting structure we did not
involve these ions originally in our simulations [42, 43]. The
full sequences from the original PDB models were used in
order to keep the integrity of their molecular structure. The
sequences of FXa used as open and closed systems (16251
for the open system and 16244 for the closed system) cover
the entire active binding sites of the serine protease domain.
In addition to the open and closed systems, we also added a
system of the closed structure with the ligand deleted. The
initial structures of this system were selected randomly from
the simulation trajectories of the closed structure.

Molecular dynamics simulations

MD simulations on the initial models of both the open and
closed systems were performed under the periodic boundary
conditions using the software GROMACS (Version 3.3.3)
[44] with GROMOS96 force field parameters [45]. The
topology files, charges, and force field parameters of the
ligand atoms for the closed system of FXa were re-generated
using the online software PRODRG [46], and further
confirmed by quantum chemistry (QM) calculations at
DFT-B3LYP using the Gaussian03 program. As the closed
system has a ligand comprising a halogen—7t interaction in
the closed system, which is believed to contribute crucially
to the interaction energy of the protein, the force field may
be not able to accurately describe this interaction [47, 48].
However, since the aim of the present study was to detect
structural differences in the protein with and without ligand
binding, our simulations focus mainly on the protein. As a
result, the loose description of the halogen—t interaction has
little influence in our simulations. Before the simulations
started, both systems were put into the explicit SPC water
boxes with a depth of 1.0 nanometers (nm) from the surface
of the FXa molecule. To neutralize redundant charges in the
system, 13 and 14 chlorine ions were added to the open and
closed systems at pH 7.0, respectively, by replacing an equal
number of solvent waters in both systems.

During MD simulations, all bonds were constrained by
the LINear Constraint Solver (LINCS) algorithm and atoms
velocities for start-up runs were obtained according to the
Maxwell distribution at 310 K. The temperature of FXa,

solvent and ligand were coupled separately, through a
Berendsen thermostat, to a bath at temperature 310 K with a
time constant of 0.1 ps. Isotropic pressure coupling of both
systems was based on the Berendsen weak coupling algorithm
with time constant 1.0 ps and compressibility of 4.5x 107> per
bar. Subsequently, the neutralized systems were subjected to
energy minimization with the steepest descent method to a
maximum gradient of 2,000 kJ mol ' nm'. A constant
pressure of 1 bar was applied independently in the X, Y, and
Z directions. Short MD simulations (about 1 ns) were
performed for both systems with all FXa and ligand atoms
fixed to reduce the van der Waals conflicts. The electrostatic
interactions were calculated by the PME algorithm with an
interpolation order of 4 and a grid spacing of 0.12 nm. In
addition, the van der Waals interactions were calculated
using a cut-off of 12A. The solvent accessible surface area
(SASA) involved in our study was computed using the linear
combinations of pairwise overlaps (LCPO) approach. A total
of 30-ns of MD simulations were performed with a time step
of 2 fs, and coordinates for all atoms in both systems were
saved every 1 ps.

Results and discussion
Global properties

The average energies of both the open and closed systems
were relatively constant throughout the simulation processes,
indicating that both systems have reached their equilibrium
states in our MD simulations. The total energies fluctuated an
approximate value of —2.90x10° kJ mol' for the open
system and —2.97x10° kJ mol' for the closed system,
respectively. RMS deviation from the initial models is an
important criterion with which to assess the convergence of
protein systems. As shown in Fig. 2a, the RMS deviation
values of Ca atoms (calculated from the starting structure)
were 3.06£0.429A for the open system and 3.16+0.636 A
for the closed system. The open system reached its
equilibrium state after about 800 ps, while the closed system
did it in about 500 ps.

To give a detailed picture of the conformational sampling
for all the simulated systems, we also computed 2D RMS
deviation values for the backbone structure of FXa,
considering the mutual RMS deviation distances among all
snapshots along the simulation trajectories (Fig. 3). The 2D
RMS deviation results also support the fact that both open
and closed systems are in equilibrium. However, unlike the
1D RMS deviations, 2D RMS deviation analysis gave an
indication that some conformational transitions occurred
during MD simulations (giving comparatively high RMS
deviation values). Interestingly, the RMS deviation value
for the closed system without any ligand in the active site
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Fig. 2 Trajectory analyses of 30-ns molecular dynamics (MD)
simulations. a Time-dependent root mean square (RMS) deviations
of Cxx atoms, and b RMS fluctuations of Cox atoms. The blue and red
curves represent the open and closed systems, respectively

was ~3.13A after a 6-ns simulation. As the RMS deviation
values are very similar, we calculated the radius of gyration
for Cox atoms to estimate the size of proteins in both
systems.

The radius of gyration for the open system (1.60=+
0.01 nm) was larger than that of the closed system (1.58+
0.01 nm). As the radius of gyration of an object describes
its dimensions, calculated as the root mean square distance
(RMSD) between its center of gravity and its ends, this
value in the protein structure is indicative of the level of
compaction in the structure, i.e., how folded or unfolded the
protein is. The difference in the radius of gyration for the
open and closed systems is quite small, revealing that the
structural differences between the open and closed systems
are caused mainly by structural motion rather than protein
folding. We further computed the RMS fluctuations for
residues in both systems. As shown in Fig. 2b, the main
difference in RMS fluctuations for both systems exists in
residues 55-75, 90-100, 110-130, 165180, and 225-230.
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Fig. 3 2D RMS deviation plots for the backbone structures of a open
and b closed systems. The RMS deviation values (A) are colored from
black (RMS deviation = 0) to red (RMS deviation = 16A)

These residues are located mainly on the loop regions and
are gating residues of the aryl-binding site.

As a globular enzyme with a very high water concen-
tration, the dynamic behavior of FXa is believed to be
influenced by water molecules nearby. For proteins with a
serine protease domain, a total of 21 conserved water binding
sites have been identified to date [49—51]. Wallnoefer et al.
[52] present a clustering approach to generate a represen-
tative intraprotein water network for human FXa based on
the structural information available for the protein. They
found that water molecules have a significant influence on
the global properties of the dynamic behavior of human
FXa, which reflects the stabilization and flexibility of the
proteins. The binding pocket especially is extremely
sensitive to the position of water molecules.

Conformational transitions in the aryl-binding site

The aryl-binding site is a pocket created by residues Tyr-99,
Phe-174, and Trp-215 on three sides as displayed in Fig. 4.
To determine the flexibility of these residues, we calculated
their RMS deviations and fluctuations from the 30-ns MD
simulations. The average RMS deviation values for the Cox
atoms of Tyr-99 were 1.24+0.24 A for the open system and
0.55+0.19A for the closed system, with a difference of
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Fig. 4 Conformation of the
gating residues in the open and A
closed states of FXa. The figure
was produced using program
PyMol 0.99 to illustrate the
residues Tyr-99 (green),
Phe-174 (orange), and Trp-215
(red) in the aryl-binding site
for the open state (a), and the
closed state (b)

0.69A. However, the RMS fluctuation value of Tyr-99 for
the closed system was almost 50% higher than that of the
open system (0.18 vs 0.12), suggesting that this residue is
more flexible in the closed system. The RMS deviation
values for the Co atoms of Phe-174 had larger fluctuations
for both systems (0.77+0.48A and 0.92+0.45A for the
open and closed system, respectively), indicating that this
residue exhibits conformational diversity in both systems.
Unlike Tyr-99 and Phe-174, the RMS deviation values for
the Cx atoms of Trp-215 were almost the same for both
systems in 0—13 ns simulations (Fig. 5a). However, large
fluctuations appeared in 13-30 ns simulations. Because
residues Tyr-99 and Phe-174 stand on opposite sides of the
S4 pocket, which controls the size of the aryl-binding site,
we define the distance between them as the “gating
distance” (Fig. 5b). The open system had a gating distance
of 9.23-11.33A, i.e., significantly larger than that of the
closed system: 4.69-6.35A. Because of its larger gating
distance, the open system allows diverse substrates with
variable size to enter. This is also supported by experimen-
tal data showing that FXa can adopt substrates with various
sequences at the P4/P4’ site. As shown in Table 1, the sizes
of the P4/P4’ residues (P4 is the fourth amino acid upstream
of the scissile bond, P4’ is the fourth amino acid
downstream) appear to be a good fit for the aryl-binding
pocket in the open system of FXa. We also performed MD
simulations on the closed system with the ligand deleted.
After 6-ns simulation, the gating distance (4.70A in the
starting structure) became 10.65A, revealing that, without
ligand binding, FXa in the closed conformation changed its
structure to an open conformation.

Different gating distances can cause changes in the
solvent accessible surface area (SASA) in the aryl-binding
site of the open and closed systems of FXa. The
hydrophobic SASA was defined as the SASA contributed
by the hydrophobic components of the residue [53-55]. As
shown in Table 2, while the hydrophobic and total SASA of
the entire FXa molecule remained the same between both
the open and closed system, the open system generally
produced larger total SASA or hydrophobic SASA (or

both) for the residues surrounding S4 pocket: His-57,
Tyr-99, Asp-102, Asp-189, Ser-195, and Trp-215, with
the exception of Phe-174. These data suggest different
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Fig. 5 Structural variation in the gating residues of FXa. a RMS
deviations of Trp-215 plotted between 0 and 30 ns for both the open
(blue line) and the closed (red line) systems. The gating distances of
aryl-binding site defined by Tyr-00 and Phe-174 are illustrated in (b)
with the open and closed systems being colored in blue and red,
respectively
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Table 1 Sequences of various FXa substrates that are near their
cleavage sites. The size of each amino acid residue calculated from the
side chain length is included in the bracket next to each residue

Prothrombin  Meizothrombin  Factor VII  Autocatalytic loop
P4 1(4.71A) P (3.33A) I1(4.71A) E (5.65A)
P3 D (425A) Q(3.74A) E (5.65A) K (6.43A)
P2 G (244A) G (2.444A) G (2.44A) G (2.44A)
Pl R (7.324) R (7.324) R (7.32A) R (7.324)
Pl’ T(471A) I (4.714) T (2.44A) Q (3.74A)
P2' V (3.94A) V (3.94A) A (1.53A) S (2.47A)
P3' E (5.654) G (2.44A) T (2.44A) T (2.44A)
P4 G (244A) G (2.44A) S (247A) R (7.32A)

aP1, P2, P3, and P4 are the first, second, third, and fourth amino acids
upstream of the scissile bond, and P1’, P2', P3’, and P4’ are the first,
second, third, and fourth amino acids downstream

structural environments for these residues between the
open and the closed states of FXa. In addition, the gating
residue Tyr-99 is more exposed in the open system than
in the closed system, whereas Phe-174 is more exposed
in the closed system than in the open system.
Hydrogen bonds are the key factor in maintaining the 3D
structure of proteins. They are also involved in interactions
between enzymes and their substrates. In this study, to
determine if hydrogen bonds are involved in forming the
spatial confirmation of FXa, we analyzed the hydrogen
bonds formed by the gating residues. Two geometrical
criteria were used in defining a hydrogen bond in this
study: (1) the distance between donor and acceptor is
within 0.35 nm; and (2) the angle between hydrogen atom,
donor and acceptor is within 30°. A number of intra-
molecular hydrogen bonds formed by the gating residues
were detected, and are listed in Table 3. In general, fewer
hydrogen bonds are formed in the open state than in the

Table 2 Values of the hydrophobic and total solvent accessible
surface areas (SASA, nm?) for the open and closed systems of FXa

Residue Open system Closed system
Total SASA  HSASA® Total SASA  HSASA

His-57 0.70 0.20 0.40 0.11
Tyr-99 0.78 0.14 0.46 0.15
Asp-102  0.57 0.15 0.37 0.15
Phe-174  0.26 0.16 0.32 0.15
Asp-189  1.18 0.12 1.06 0.13
Ser-195 0.33 0.10 0.19 0.14
Trp-215  0.03 0.04 0.03 0.04
FXa® 0.51+0.44 0.13£0.07  0.51+0.43 0.14+0.09

* Hydrophobic SASA

®Values from the entire FXa protein

@ Springer

Table 3 Intramolecular hydrogen bonds formed by the gating
residues in both the open and closed states of FXa

Donor Acceptor Lifetime® (%) Distance® (nm)
Open Closed Open Closed

Tyr-99-NH  Lys-96-0 0 126 1.18+0.13 0.51+0.12
Tyr-99-NH  Thr-95-O 349 120 0.45+0.19 0.47+0.12
Phe-174-NH  Ser-172-Oy 0 20.1 0.65+0.05 0.53+0.14
Ile-176-NH ~ Phel74-O 0 91.7 0.76+0.19 0.31£0.03
Trp-215-NH  Ser214-Oy 0 48.8 0.48+0.02 0.35+£0.04
Trp-215-NH  1le-227-O 0 0.33 0.46+0.05 0.51+0.06
[le-227-NH ~ Trp-215-O0 0 6.65 1.78+0.13  0.47+0.07

#Percentage of time in which the distance between a donor and an
acceptor is within the defined distance of a hydrogen bond. The time
resolution used to collect the statistics is 1 ps. Due to the transient
nature of hydrogen bonds, a lifetime of 10% is considered
“significant”; a lifetime of 50% is considered “strong”

® Average distance between donor and acceptor

closed state of FXa. In the open state, with the larger
gating distance, we detected only one hydrogen bond
formed by Tyr-99-NH and Thr-95-O. In the closed state,
each gating residue can form one or more hydrogen
bonds with the other residues on FXa. Furthermore, each
gating residue has at least one intra-molecular hydrogen
bond with a lifetime higher than 10%, which is
considered significant because of the transient nature of
the hydrogen bond. Among the hydrogen bonds detected,
the one formed by Ile-176-NH and Phe-174-O was
notable for its high lifetime (91.7%). The hydrogen bond
network in the closed state of FXa is believed to play a
significant role in maintaining the closed conformation of

the aryl-binding site.
+0 E

Substrates
% @nduced Fit

Closed conformation

Open conformation

Fig. 6 Conversion between different states of FXa. Zymogen human
coagulation Factor X is converted to FXa by proteolytic cleavage. The
resulting FXa combines with FVa on the membrane of platelets, and
adopts the open conformation. The closed conformation is induced
upon binding of a substrate. After the substrate is proteolyzed and
dissolved, FXa returns to the open conformation
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It is well-known that proteins have diversity in their
conformations, which is an intrinsic and substantial feature
of proteins. From our MD simulations, we observed
“conformational diversity” in both the open and closed
states of the FXa molecule. However, in contrast to the
study of Singh and Briggs [16], we did not observe a
directional transition from the open state to the closed state
or from the closed state to the open state under our MD
simulation conditions. However, our result is consistent
with the “induced fit” model, in which transition from the
open state (which allows the binding of substrate of
variable size) to the closed state (which is fit only for a
particular substrate) is induced by the presence of substrate.
The discrepancy between our results and those of Singh and
Briggs [16] can be explained by the different conditions
applied in their study, in which an external force was
introduced into their simulations.

The findings obtained in our study provide a better
understanding of the enzyme—substrate interaction and the
mechanism of protein conformation change involved in
human coagulation Factor X. These findings could lead to
new strategies in the development of novel therapeutics and
drugs, especially anticoagulant and antithrombotic drugs.

Conclusions

In the current study, 30-ns MD simulations were performed
on both the open and closed states of human FXa—a
critical factor in the activation and regulation of the blood
coagulation cascade. By comparing MD trajectories in the
open and closed states of FXa, we found conformational
diversity in the aryl-binding site in both the system.
However, in the open state, the aryl-binding site formed a
spatial conformation with a larger gating distance, which
allows substrate residues with hydrophobic side chains of
variable size to enter. The open state conformation has a
generally larger hydrophobic or total SASA on its surface
residues, which can interact with substrates from small to
large size. In contrast, the closed state of FXa, which is
possibly induced by ligand binding via strong hydrogen
bonds, has a smaller S4 binding pocket than that of the
open state. The small S4 binding pocket is fit only for a
particular substrate. We propose a mechanism that explains
how human coagulation Factor X function is regulated and
how its FXa interacts with its substrates (Fig. 6): zymogen
human coagulation Factor X is converted to FXa by
proteolytic cleavage between residues Arg-15 and Ile-16;
the resulting FXa combines with FVa on the membrane of
platelets in a Ca®"-dependent association, and adopts the
open conformation; upon interaction with a substrate, the
closed conformation is induced, which is fit for the
particular substrate only; after the substrate is proteolyzed

and dissolved, FXa returns to the open conformation and is
ready to interact with the next substrate molecule.
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