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Prothrombin is a key zymogen of the coagulation process and can be converted to thrombin by the pro-
thrombinase complex, which consists of factor Xa (FXa), cofactor Va (FVa), and phospholipids.
Prothrombin can be activated at two cleavage sites, R271 and R320, which generates two intermediates:
prethrombin-2 via the initial cleavage at R271, and meizothrombin via the first cleavage at R320. Several
mechanisms have been proposed to explain this activation preference, but the role of cleavage site
sequences in prothrombin activation has not been thoroughly investigated. Here, we used an advanced
sampling technique, parallel tempering metadynamics with a well-tempered ensemble (PTMetaD-
WTE), to study the binding modes of prothrombin cleavage site sequences R266AIEGRTATSEY277 (denoted
as Pep271) and S315YIDGRIVEGSD326 (denoted as Pep320) to the FXa catalytic triad. Our study indicates
that there exist three binding modes for Pep271 to the FXa catalytic triad but only one binding mode for
Pep320 to the FXa catalytic triad. Further molecular dynamics simulations revealed that due to the strong
electrostatic interactions, especially the H-bond interactions and salt bridges formed between Pep320
and FXa, the binding mode in the Pep320-FXa system is more stable than the binding modes in the
Pep271-FXa system. In view of experimental observations and our results that there exists only one bind-
ing mode for Pep320 to the FXa catalytic triad and especially R320 in Pep320 can stably bind to the FXa
catalytic triad, we believe that the first cleavage at R320 is favored.

� 2022 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prothrombin is a multidomain vitamin K-dependent blood
coagulation factor. Prothrombin activation plays key roles in fibrin
clot formation and hemostasis [1,2]. Prothrombin can be converted
to thrombin by the activated form of coagulation factor X (FXa) at
the two prothrombin cleavage sites, R271 and R320. Previous stud-
ies have shown that thrombin can be generated through two pos-
sible pathways (Fig. 1(a)) [3]. In one pathway, prothrombin is first
cleaved at R320 and produces the enzymatically active intermedi-
ate meizothrombin. In another pathway, initial cleavage may occur
at R271 and generate the intermediate prethrombin-2. It is well
known that the rate and pathway of prothrombin activation
mainly depend on the prothrombinase complex [4–6], which is
assembled from FXa and cofactor Va (FVa) on a negatively charged
phospholipid membrane in the presence of calcium ions. Com-
pared with FXa alone, the prothrombinase complex can enhance
the activity of FXa by five orders of magnitude [7].

Studies have been carried out to elucidate the prothrombin acti-
vation mechanisms associated with the two pathways. When the
prothrombinase complex is assembled on synthetic phospholipid
vesicles, the pathway corresponding to cleavage at the R320 site
is favored [8,9]. Matthew et al. [10] also found that the membrane
of red blood cells helps prothrombin activation through the
meizothrombin pathway. In contrast, Wood et al. [11] revealed
that prothrombin activation on the activated platelet surface
occurs through the prethrombin-2 pathway. Haynes et al. [12] sug-
gested that the mechanism of prothrombin activation on the acti-
vated platelet surface most likely differs from that on the synthetic
phospholipid vesicles and the platelet-associated prothrombinase
structure may differ from that assembled on the synthetic phos-
pholipid vesicles. The prothrombin-2 pathway is also preferred in
the absence of FVa [4]. To date, it is still not clear which of the
two pathways predominates in vivo. Previous studies have found
that cofactor FVa in the prothrombinase complex plays a key role
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Fig. 1. (a) Schematic representation of the prothrombin activation process. Prothrombin consists of c-carboxyglutamate (GLA), two kringles (K), and a serine protease domain
comprising A and B chains. Prothrombin activation proceeds along two pathways: (1) first cleavage at R271, which leads to the formation of prethrombin-2, and (2) first
cleavage at R320, which leads to the formation of meizothrombin. (b) The sequences R266AIEGRTATSEY277 (denoted as Pep271) around the prothrombin R271 cleavage site (in
red) and S315YIDGRIVEGSD326 (denoted as Pep320) around the R320 site (in red). Pep271 is located in between the K2 domain and A chain of prothrombin. Pep320 is located
in between the A and B chain of prothrombin. (c) and (d) PTMetaD simulation models. Pep271 and Pep320 were placed around the catalytic triad (H236, D282 and S379) of
FXa, and the resulting systems were named as Pep271-FXa and Pep320-FXa, respectively. FXa is shown in white surface model and the catalytic triad of FXa in red surface
model. Pep271 or Pep320 is indicated in green or cyan cartoon model. R271 or R320 is shown in green or cyan licorice model. Ions and water molecules are not shown for
clarity. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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in the prothrombin activation process. Pozzi et al. [13] revealed
that deletion of the linker connecting the two kringles of pro-
thrombin mimics the action of cofactor FVa. FVa can compress
the linker and morph prothrombin into a favorable conformation
for FXa activation. Lechtenberg et al. [14] reported a crystal struc-
ture of the prothrombinase complex obtained from the venom of
pseudonaja textilis. Their structure also supports the existence of
a single substrate binding channel on FVa. Prothrombin and the
intermediate meizothrombin can bind to this channel in two dif-
ferent orientations. However, the focus of these studies is on the
role of cofactor FVa and the role of factor FXa in the prothrombin
5402
activation process has not been studied thoroughly. Very recently,
Stojanovski et al. [15] investigated the role of sequences and posi-
tions of the cleavage sites in prothrombin activation. They
swapped the prothrombin sequences at the two cleavage sites,
i.e. with R310 � E328 at the R271 site and D261 � T279 at the
R320 site. They found that at each cleavage site, the preferred path-
way of prothrombin activation is dominated by both the sequence
and its position. Inspired by their studies, it is of great interest to
understand the interaction details of a specific sequence around
each cleavage site of prothrombin with FXa at the atomic level.
This will be helpful to understand the role of FXa in prothrombin
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activation and how the sequence at the cleavage site R271 or R320
affects the rate and pathway of prothrombin activation.

To clarify the role of FXa in prothrombin activation, we focus on
studying the binding modes of R271 and R320 cleavage site
sequences to the catalytic triad of FXa, which comprises H236,
D282 and S379. It is known that molecular dynamics (MD) simula-
tions can be very helpful for studying biological processes at the
molecular level [16–19]. However, MD simulations still suffer from
high computational costs, which often leads to insufficient sam-
pling for large systems. This limitation can be circumvented by
using a combination of MD simulation and an enhanced sampling
approach, such as parallel tempering metadynamics with a well-
tempered ensemble (PTMetaD-WTE) [18,20]. PTMetaD-WTE with
well-selected collective variables (CVs) enables enhanced sampling
of a large system and helps reconstruct the free energy surface
defined by the CVs. In this study, two short peptides Pep271 and
Pep320 around the R271 and R320 cleavage sites were selected,
respectively (Fig. 1 (b)). PTMetaD-WTE simulations were first car-
ried out to construct the free energy surfaces for Pep271 and
Pep320 binding to FXa, respectively (Fig. 1(c) and (d)), which were
further used to study the binding modes in the Pep271-FXa and
Pep320-FXa complexes. Thereafter, long-time unbiased MD simu-
lations were performed to study the stability of the complexes.
Finally, we analyzed in detail the processes of Pep271 and
Pep320 binding to FXa and clarified the role of cleavage site
sequences in prothrombin activation.
2. Method

2.1. Simulation setup

All the simulations were performed with GROMACS 2021.3 [21]
patched with plumed 2.7.2 [22]. The Amber99SB-ILDN force field
[23] was used. The time step was 2 fs for all the simulations. The
FXa structure used in this work is 1XKA. It has been shown by Shim
et al.[24] that the all atommodel built on this structure, prothrom-
bin, and the FVa/FXa complex from Pseudonaja textilis can stabi-
lize the orientation of prothrombin and locate the active site of
FXa in the vicinity of prothrombin cleavage positions. The protona-
tion state of FXa was checked by using the PDB2PQR webservice
tool [25]. Two short peptides, with the sequences R266-
AIEGRTATSEY277 (denoted as Pep271) around the prothrombin
R271 cleavage site and S315YIDGRIVEGSD326 (denoted as Pep320)
around the R320 site (Fig. 1 (b)) were selected based on the all-
atom human ternary model of Shim et al [24]. These two peptides
were selected with the residues within 2.5 nm of the FXa catalytic
triad, which are sufficiently large for including the residues most
accessible to the interactions with FXa. Pep271 and Pep320 were
placed around the catalytic triad (H236, D282 and S379) of FXa
(see Fig. 1(c) and (d)), and the resulting systems were named as
Pep271-FXa and Pep320-FXa, respectively. Each system was fur-
ther placed in a cubic box with the size of 6.5 � 6.5 � 6.5 nm3,
and the shortest distance between the solute and a surface of the
box was about 8 Å. For the Pep271-FXa system, 7680 TIP3P water
molecules and 4 counter ions (Cl-) were added to the simulation
box. For the Pep320-FXa system, 7685 TIP3P water molecules
and 2 counter ions (Cl-) were added to the simulation box. For all
the simulations, the periodic boundary conditions (PBCs) were
used. The cut-offs for the van der Waals (vdW) and short-range
electrostatic interactions were set to 1.2 nm. The particle mesh
Ewald method (PME) [26] was used to recover the long-range elec-
trostatic interaction. The Lorentz-Berthelot (LB) rule [27] was used
to model the Lennard-Jones (LJ) interactions between different
types of atoms. All bonds were constrained with the LINCS algo-
rithm [28]. The temperature was maintained via the velocity
5403
rescaling method [29]. For all the simulations, the NVT ensemble
was used. Since our focus is on the binding modes of R271 and
R320 cleavage site sequences to the catalytic triad (H236, D282
and S379) of FXa, the FXa heavy atoms within 1.5 nm of the FXa
catalytic triad were not restrained and other FXa heavy atoms were
restrained with a harmonic potential with the force constant set to
1000 kJ mol�1 nm�2 during the simulations.
2.2. Metadynamics and molecular dynamics (MD) simulations

In this work, parallel tempering metadynamics (PTMetaD) [30]
with a well-tempered ensemble (WTE) [31] (PTMetaD-WTE) was
used to study the binding modes of Pep271 and Pep320 to the
FXa catalytic triad in the Pep271-FXa and Pep320-FXa systems,
respectively. Compared with metadynamics and PTMetaD,
PTMetaD-WTE performs better in terms of sampling efficiency
and can reduce the number of replicas used in a PTMetaD simula-
tion. The details of PTMetaD-WTE setup are according to the work
of Barducci et al. [18]. Briefly, 16 replicas distributed in the temper-
ature range of 290–656 K were used for each system. The temper-
atures of the replicas follow the distribution suggested in ref [32].
According to the WTE approach, the potential energy of a system
was selected as a CV and was firstly converged for all the 16 repli-
cas in 20 ns in a PTMetaD simulation. This WTE approach can sig-
nificantly enhance replica diffusion in the temperature space,
resulting in an average exchange acceptance probability of � 0.2
and reducing the number of replicas. The bias was then applied
over two types of CVs: (1) the distance between the backbone Ca
atom of R271 and the side chain oxygen atom of S379 in the FXa
catalytic triad (denoted as D271) for the Pep271-FXa system or that
between R320 and S379 (denoted as D320) for the Pep320-FXa sys-
tem; (2) the contact number between Pep271 or Pep320 and any
atoms within 0.6 nm of S379 in FXa (denoted as N271 or N320).
These CVs were selected according to the catalytic mechanism of
serine proteases [33], where the peptide substrate binds to the sur-
face of a serine protease and the scissile bond is inserted into the
active site of the enzyme, with the carbonyl carbon of this bond
positioned near the nucleophilic serine. In this case, S379 on the
FXa catalytic triad attacks the Ca atom of R271 or R320 of pro-
thrombin to further promote activation. The length of each
PTMetaD-WTE simulation was 200 ns, which yields a total simula-
tion time of 3.2 ls for each system. From the PTMetaD-WTE simu-
lation results (Fig. 2(c) and (d)), we found that Pep271 has three
main binding modes to the FXa catalytic triad, and Pep320 has only
one binding mode to the FXa catalytic triad. For each of these bind-
ing modes, a 1000 ns unbiased MD simulation with the tempera-
ture set at 300 K was performed to study its stability.
3. Results

3.1. Free energy surfaces for Pep271 and Pep320 to the FXa catalytic
triad

Change of the free energy at 300 K along D271 for the Pep271-
FXa system and that along D320 for the Pep320-FXa system are
shown in Figure S1. As we can see, for each system the free energy
fluctuates slightly after � 200 ns of the PTMetaD-WTE simulations
and the relative free energy between the major minima remains
essentially unchanged. In Fig. 2(a) and (b), we show the free energy
surface (FES) at 300 K in the space defined by the selected CVs for
the two systems, respectively, obtained after 200 ns of the simula-
tions. For the Pep271-FXa system, two main basins can be found on
the FES, which were named as states A and B, respectively. State B
is located in the region with D271 ranging from 0.9 � 1.2 nm and
N271 close to 0, and corresponds to the global free-energy mini-



Fig. 2. (a) The free energy surface (FES) for the Pep271-FXa system, and (b) the FES for the Pep320-FXa system. Two major basins on each FES were identified, which were
named as states A and B, respectively. (c) and (d) The Pep271 and Pep320 conformational ensembles corresponding to the intermediate state A in the Pep271-FXa and
Pep320-FXa systems, respectively. The Pep271 ensemble is shown in green, yellow, and blue, which correspond to the three binding modes, respectively. The Pep320
ensemble is shown in cyan. (e) and (f) Details of the interactions of R271 or R320 with S379, where the Ca atom of R271 or R320 is close to the oxygen atom on the S379 side
chain. The arrows highlight the Pep271 binding mode (in blue) in Fig. 2(c), and the Pep320 binding mode (in cyan) in Fig. 2(d), respectively. R271, R320, and S379 are shown
in licorice model. R326, K276, R266, K242, and E218 are shown in van der Waals model. Nitrogen is in blue, hydrogen in white, oxygen in red, and carbon in cyan. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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mum. In this state, none of the Pep271 atoms are close to S379 of
FXa, as indicated by the fact that the CV N271 is close to 0. State A is
located in the region with 0.4 < D271 < 0.6 nm and 7 < N271 < 17. In
this state, the Ca atom of R271 is in contact with the oxygen atom
on the S379 side chain. Compared with the FES for the Pep271-FXa
system, the FES for the Pep320-FXa system also exhibits two major
basins, which were also named as states A and B, respectively.
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State B corresponds to the global free-energy minimum and is
located in the region similar to that on the FES for the Pep271-
FXa system. In this state, none of the Pep320 atoms are close to
S379 of FXa. The intermediate state A is located in the region with
0.6 < D320 < 0.8 nm and 2 < N320 < 7. In this state, the Ca atom of
R320 is close to the oxygen atom on the S379 side chain, which
is similar to that of R271 in the intermediate state A for the



Fig. 3. D271 or D320 as a function of the simulation time for the systems
corresponding to the four binding modes shown in Fig. 2, which are Pep271-FXa-
BM1 (in green), Pep271-FXa-BM2 (in yellow), Pep271-FXa-BM3 (in blue), and
Pep320-FXa-BM (in cyan), respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Pep271-FXa system. However, compared with the intermediate
state A in the Pep271-FXa system, the intermediate state A in the
Pep320-FXa system is found to have a deeper free energy basin.
This reflects that the binding of R320 to S379 of FXa in the
Pep320-FXa system is more stable than that of R271 to S379 in
the Pep271-FXa system.

3.2. Binding modes of Pep271 or Pep320 to the FXa catalytic triad

To study the binding modes of Pep271 or Pep320 to the FXa cat-
alytic triad in the intermediate state A, we analyzed the conforma-
tional ensemble of Pep271 or Pep320 around the FXa catalytic triad
in the state (see Fig. 2(c) and (d), respectively). Three major binding
modes have been found for the binding of Pep271 to the FXa cat-
alytic triad, which are shown in green, yellow, and blue, respec-
tively (Fig. 2(c)). However, only one major binding mode (in
cyan) has been found for the binding of Pep320 to the FXa catalytic
triad. Figure S2 shows the contribution of each residue to the bind-
ing free energy in the intermediate state A for each of the Pep271-
FXa and Pep320-FXa systems, obtained using the g_mmpbsa tool
[34]. As we can see from the figure, residues R326, E218, K276,
and K242 on FXa are the key residues for the binding of Pep271
or Pep320 to the FXa catalytic triad. These residues are charged
and can form strong electrostatic interactions with Pep271 or
Pep320.

For the intermediate state A in the Pep271-FXa system, we find
that there exist three binding modes for Pep271 to the FXa cat-
alytic triad. In two of the binding modes the positively charged
R266 of Pep271 interacts with the negatively charged E218 of
FXa (see Fig. 2(c)) and in one binding mode only the negatively
charged E269 of Pep271 interacts with the positively charged
K276 of FXa. For the intermediate state A in the Pep320-FXa sys-
tem, we find only one binding mode. In this binding mode three
negatively charged residues D318, E323, and D326 of Pep320 form
strong electrostatic interactions with the positively charged resi-
dues R326, K276, and K242 on FXa, respectively (see Fig. 2(d)
and S3(a)). Thus, we believe that it is the strong electrostatic inter-
action between Pep320 and the FXa catalytic triad that stabilizes
the intermediate state A. As reflected by the FESs for the two sys-
tems, the binding modes in the Pep271-FXa system are less stable
than that in the Pep320-FXa system.

3.3. Binding stability of R271 or R320 to the FXa catalytic triad

The binding of R271 or R320 to the FXa catalytic triad is impor-
tant for prothrombin activation by FXa [33]. We therefore carried
out conventional unbiased MD simulations to study the binding
stability of R271 or R320 to the FXa catalytic triad in the four bind-
ing modes shown in Fig. 2, which were named as Pep271-FXa-BM1
(in green), Pep271-FXa-BM2 (in yellow), Pep271-FXa-BM3 (in
blue), and Pep320-FXa-BM (in cyan), respectively. Four 1000 ns
MD simulations, with each simulation corresponding a binding
mode, were performed. For each simulation, the initial structure
was taken randomly from the conformations for the corresponding
binding mode (Fig. 2(c) and (d)). The evolution of D271 or D320 with
the simulation time for each system (see Fig. 3) was used to esti-
mate the binding stability of R271 or R320 to the FXa catalytic triad
because D271 or D320 is the distance between the backbone Ca atom
of R271 or R320 and the side chain oxygen atom of S379 in the FXa
catalytic triad. For Pep320-FXa-BM, D320 (in cyan) reaches a steady
value very quickly in the very beginning of the simulation and has
essentially a minor change during the 1000 ns simulation. As we
can see from the figure, during the simulation, D320 is stabilized
at � 0.7 nm, which agrees well with the location of the intermedi-
ate state A (0.6 < D320 < 0.8 nm) identified from the FES for the
Pep320-FXa system (Fig. 2(b)). The D271 value for Pep271-FXa-
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BM1 (in green) fluctuates slightly around 0.8 nm during the
1000 ns simulation. However, for the other two binding modes,
i.e. Pep271-FXa-BM2 and Pep271-FXa-BM3, the D271 values (in yel-
low and blue) show significant changes during the 1000 ns simula-
tions. The D271 value for Pep271-FXa-BM3 (in blue) went rapidly
up to � 1.0 nm and reached � 1.2 nm at the end of the simulation.
The D271 value for Pep271-FXa-BM2 (in yellow) maintains at � 0.
8 nm in the first 500 ns of the simulation, but finally
reached � 1.2 nm at the end of the simulation. This observation
reflects that the binding of R271 to the catalytic triad is not stable
in these two binding modes. The Pep271 or Pep320 conformational
ensembles during the 1000 ns MD simulations are shown in Fig. 4.
One can also find that R271 in Pep271-FXa-BM1 (in green) and
R320 in Pep320-FXa-BM (in cyan) have small fluctuations, which
indicates that the binding of R271 or R320 to FXa is stable in these
two binding modes. However, since R271 has a large fluctuation in
Pep271-FXa-BM2 (in yellow) or Pep271-FXa-BM3 (in blue), the
stable binding of R271 to FXa cannot be observed in these two
binding modes, which are consistent with the results shown in
Fig. 3.

In a binding mode, the binding stability of R271 or R320 to the
FXa catalytic triad is closely related to the interactions between the
FXa catalytic triad and Pep271 or Pep320. In Figure S4, we show
the average electrostatic and van der Waals interaction energies
between the FXa catalytic triad and Pep271 or Pep320 in each
binding mode. From the figure, we can see that the electrostatic
interaction dominates the interactions of Pep271 or Pep320 with
FXa. The electrostatic interaction between Pep320 and the FXa cat-
alytic triad in the binding mode of the Pep320-FXa system is stron-
ger than those between Pep271 and FXa in the binding modes of
the Pep271-FXa system. We further analyzed the H-bonds and salt
bridges formed between Pep271 or Pep320 and FXa by using the
Ligplot software [35] (Fig. 5). The maximum distance for the for-
mation of H-bonds in the Ligplot software is defined as 3.9 Å. Only
three or four residues of Pep271 can form H-bonds with FXa in
each of the binding modes of the Pep271-FXa system. However,
seven residues of Pep320 can form H-bonds with FXa in the bind-
ing mode of the Pep320-FXa system. Moreover, the charged resi-
dues of Pep320 (e.g., D318, R320, D323, and E326) can form salt
bridges with the charged residues of FXa (e.g., K270, K276, D282,
and R326). Due to the strong electrostatic interactions, especially



Fig. 4. Cartoon representation of the Pep271 or Pep320 conformational ensembles around the catalytic triad of FXa (in red) during the 1000 ns MD simulations for (a)
Pep271-FXa-BM1 (in green), (b) Pep271-FXa-BM2 (in yellow), (c) Pep271-FXa-BM3 (in blue), and (d) Pep320-FXa-BM (in cyan), respectively. R271 and R320 are shown in
licorice model. R326, K276, R266, K242, and E218 are shown in van der Waals model. The Pep271 ensemble is shown in green, yellow, and blue, which correspond to the three
binding modes, respectively. The Pep320 ensemble is shown in cyan. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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the H-bond interactions and salt bridges formed between Pep320
and FXa, the binding mode in the Pep320-FXa system is more
stable than any of the three binding modes found in the Pep271-
FXa system, which also contributes significantly to the stability
of R320 in the FXa catalytic triad. One could also find that among
all the three binding modes identified in the Pep271-FXa system,
R271 in the Pep271-FXa-BM1 binding mode forms the largest
number of H-bonds with FXa. This can be the reason why the
stable binding of R271 to FXa was observed only in this binding
mode. However, R271 cannot stably bind to the FXa catalytic triad
in the other two binding modes, i.e. Pep271-FXa-BM2 and Pep271-
FXa-BM3, since R271 cannot form H-bonds with FXa in Pep271-
FXa-BM2 and can only form two H-bonds with FXa in Pep271-
FXa-BM3. Note that in most force fields, H-bond interactions are
described as electrostatic interactions. Therefore, we can accord-
ingly find that the electrostatic interactions between Pep271 and
FXa in Pep271-FXa-BM2 and Pep271-FXa-BM3 are much weaker
than in the binding mode in the Pep320-FXa system (see
Figure S4).

To know if specific substitutions of one or more of the charged
residues of FXa enhance or disrupt the interactions between
Pep320 and FXa, we used the current in silico approach to evaluate
the effect of substitutions. We mutated the positively charged resi-
dues R326 or K276, or both, into alanine. In Fig. 6, it can be found
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that when R326 or K276 was mutated to alanine, the D320 value has
hardly changed during the 1000 ns simulation, which means that
substitution of just one key residue could not disrupt the interme-
diate state. However, when both R326 and K276 were mutated into
alanine, R320 is disrupted from the FXa catalytic triad.
4. Discussion

In this study, an enhanced sampling technique, called PTMetaD-
WTE, was used to characterize the binding modes of Pep271 or
Pep320 to the FXa catalytic triad. We found that there exist three
binding modes for the binding of Pep271 to the FXa catalytic triad
in the Pep271-FXa system but only one binding mode for Pep320
in the Pep320-FXa system. These binding modes correspond to
the intermediate states on the free energy surfaces (FESs) of the
two systems, respectively. Further MD simulations suggest that,
due to the strong electrostatic interactions, especially the H-bond
and salt bridges formed between Pep320 and FXa, the binding
mode in the Pep320-FXa system is more stable than any of the
three binding modes found in the Pep271-FXa system. This is in
line with the previous studies that the electrostatic recognition is
a major factor in protease substrate recognition in the serine pro-
tease family [36,37]. It has also been found that the association
rates between the serine protease and its substrate are largely gov-



Fig. 5. Ligplot hydrogen bonds (H-bonds) and salt bridges analyses. The H-bonds and salt bridges between the residues of Pep271 or Pep320 (shown above the black line) and
those of FXa (shown below the black line) were analyzed for (a) Pep271-FXa-BM1, (b) Pep271-FXa-BM2, (c) Pep271-FXa-BM3, and (d) Pep320-FXa-BM, respectively. H-bonds
are shown as green lines, and salt bridges are shown as red lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 6. Effects of K276 and R326 mutations on D320 in the Pep320-FXa system.
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erned by electrostatic interactions [38]. In the binding mode of the
Pep320-FXa system, R320 can stably bind to the FXa catalytic triad.

We have noticed that prothrombin activation is closely related
to the formation of the prothrombinase complex. Previous studies
have shown that when the prothrombinase complex is assembled
on synthetic phospholipid vesicles, the meizothrombin pathway
5407
(first cleavage at R320) is favored [8,9]. Several studies have
focused on the role of FVa in prothrombin activation [13,14]. These
studies suggest that with the assistance of FVa, prothrombin most
likely has a favorable conformation for the FXa activation through
the meizothrombin pathway (first cleavage at R320). The thrombin
generating model proposed by Shim et al. [34] shows that R271
and R320 of prothrombin are close to the FXa catalytic triad in
order to facilitate the prothrombin activation. They also showed
that the sequence of prothrombin cleavage site R271 or R320 forms
a large loop. The process of prothrombin activation by FXa can be
divided into two steps, which are step 1, the initial binding of pro-
thrombin to FXa, and step 2, the Pep271 or Pep320 loop region
binding to the catalytic site of FXa. Recently, Stojanovski et al.
[15] have addressed the role of sequences at the cleavage sites in
prothrombin activation. They found that the sequence at the cleav-
age site R271 or R320 of prothrombin can play important roles in
prothrombin activation. Therefore, we believe that the binding
modes of Pep271 or Pep320 most likely appear in the second step
of prothrombin activation. However, the interaction details of a
specific sequence around each cleavage site of prothrombin with
FXa at the atomic level are still unclear. As a complement to previ-
ous results, our study shows that there exists only one binding
mode for Pep320 binding to the FXa catalytic triad and R320 can
stably bind to the FXa catalytic triad, which means that this bind-
ing mode favors the first cleavage of prothrombin by the FXa cat-
alytic triad at R320. It is also well known that the binding of a
substrate to the active site is the first step and most likely a deci-
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sive factor in the catalytic process of an enzyme. Therefore, we
believe that our study of the binding modes of Pep271 or Pep320
to the FXa catalytic triad can help us reveal the prothrombin acti-
vation mechanism.
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