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ABSTRACT: Factor X (FX) is one of the major players in the blood
coagulation cascade. Upon activation to FXa, it converts prothrombin to
thrombin, which in turn converts fibrinogen into fibrin (blood clots). FXa
deficiency causes hemostasis defects, such as intracranial bleeding, hemathrosis,
and gastrointestinal blood loss. Herein, we have analyzed a pool of pathogenic
mutations, located in the FXa catalytic domain and directly associated with
defects in enzyme catalytic activity. Using chymotrypsinogen numbering, they
correspond to DI102N, T135M, V160A, G184S, and G197D. Molecular
dynamics simulations were performed for 1.68 ys on the wild-type and mutated
forms of FXa. Overall, our analysis shows that four of the five mutants
considered, D102N, T135M, V160A, and G184S, have rigidities higher than
those of the wild type, in terms of both overall protein motion and, specifically,
subpocket S4 flexibility, while S1 is rather insensitive to the mutation. This
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acquired rigidity can clearly impact the substrate recognition of the mutants.

F actor X (FX) is a plasma vitamin K-dependent serine
protease,"* and one of the major players in the coagulation
cascade. It is the point of convergence between two pathways,
which lead to the formation of blood clots (fibrin), i.e., the
contact activation pathway (or intrinsic pathway), and the
tissue factor pathway (or extrinsic pathway).® FX is activated to
FXa through the cleavage of the Arg194—Ile195 peptide bond
(Argl5—Ile16 peptide bond in chymotrypsinogen numbering)
by the factor IXa—factor VIIIa—phospholipid—calcium complex
in the intrinsic pathway, and by the factor VIIa—tissue factor—
phospholipid—calcium complex in the extrinsic pathway. After
activation, FXa interacts with factor Va to form the
prothrombinase complex, which activates prothrombin to
thrombin. In the final stage of the blood coagulation cascade,
thrombin, in turn, converts fibrinogen into fibrin.*®

The tertiary structure of the FXa catalytic domain is
composed by two six-strand f-barrels and four short helices
(see Figure 1).5® The N-terminal barrel consists of strands
P2—p7, whereas the C-terminal barrel consists of strands
f8—p13, with the participation of a two-residue strand (/1)
from the N-terminal tail. Four helical segments are also found
between f4 and 5, #7 and B8, and #9 and f10 and after the
last B13 strand, which are named H1—H4, respectively. The
three serine protease catalytic residues HisS7, Aspl02, and
Ser195 (chymotrypsinogen numbering) are located at the
crevice between the two barrels.” The FXa—substrate/ligand
interaction is mainly controlled by four binding site subpockets
(S1—S4). Subpocket S1, with an anionic character given by
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Figure 1. Cartoon representation of the crystallographic structure of
the catalytic domain of human FXa (Protein Data Bank entry 2BOH).
In this orientation, the N-terminal f-barrel is up (gray) and the C-
terminal fB-barrel is down (copper). Residues of the catalytic triad are
shown as yellow sticks. The Ca atoms of residues corresponding to the
five selected mutations are shown as spheres. The S1 and S4
subpockets are colored pink and teal, respectively. Secondary structure
elements discussed in the Results are labeled.

Received: June 22, 2014
Revised:  September 19, 2014
Published: October 14, 2014

dx.doi.org/10.1021/bi500770p | Biochemistry 2014, 53, 6992—7001


pubs.acs.org/biochemistry

Biochemistry

residue Aspl89, is also lined by residues GIn192 and Tyr228,
and by the backbone of residues 190, 191, 214—216, and 225—
227 and represents the major player in selectivity and
binding.'® The main interaction of SI is a salt bridge between
Asp189, at the bottom of the subpocket, and an Arg residue or
a positively charged fragment from the substrate/inhibitor.
Subpocket S2 is small, shallow, and not well-defined. It merges
with subpocket S4, which is aromatic in nature, being lined by
residues Tyr99, Phel74, and Trp21S. Subpocket S4 is mainly
involved in hydrophobic interactions between FXa and its
natural substrates, although it has recently been observed to be
involved in the binding of organic ligands designed to establish
cation—7 interaction.'”> Finally, subpocket S3 is located on
the rim of the S1 pocket and is quite exposed to the solvent.'’

On a physiological level, FX deficiency causes hemostasis
defects, like intracranial bleeding, hemathrosis, and gastro-
intestinal blood loss."”> On the other hand, FXa is one of the
main targets among activated coagulation factors for new oral
antithrombotic drugs, globally defined as Xabans. These drugs,
which are direct inhibitors of the active site of FXa, are already
being used in therapy for the prevention of stroke in atrial
fibrillation and the treatment of acute and chronic venous
thromboembolism.'* "¢ Inherited FX deficiency is a rare
coagulopathy with severe bleedin% symptoms presenting early
in life in homozygous patients.”’ As effective therapies are
needed to control excessive bleeding for a range of clinical
conditions,"®"” a detailed understanding of the FX catalytic
activity would be of great interest. To date, more than 100
naturally occurring mutations have been identified in the FX
gene, from which important insight into the FXa structure and
function could come. However, only few FX mutants have been
expressed and characterized; only 10 of them have presented
substitutions located in the catalytic domain.>***' Moreover,
not all the catalytic domain mutants characterized to date have
been found to directly affect FX catalytic function. For instance,
the Arg347His/Asn mutants act by perturbing the interface
between FXa and its cofactor FVa.>*

In this work, we have undertaken a molecular dynamics
(MD) study of a pool of mutants selected to be located in the
FXa catalytic domain and to be directly associated with defects
in enzyme catalytic activity. In particular, selected mutants
satisfy the following criteria. They all (i) have been identified in
patients suffering from bleeding symptoms, (ii) show a normal
or near-normal FX antigen level in culture media (thus
suggesting that the mutants do not impair FX biosynthesis or
secretion) and normal activation, and (iii) exhibit a dramatic
decrease in catalytic activity toward the FXa natural substrate
(prothrombin), compared to the wild-type enzyme.”>~** The
five FX mutants, selected on the basis of the criteria mentioned
above, are listed here in chymotrypsinogen numbering, which
will be used throughout the text, while the original numbering
is given in parentheses: DI102N (D282N*%), T135M
(T318M>7?®), V160A (V342A%%), G184S (G3665>*), and
G197D (G381D>). All five mutated residues are widely
conserved within FX members, with only Thr13S$ undergoing a
conservative mutation to Ser in few species, such as horse. They
exhibit instead different conservation rates among the whole set
of human serine proteases involved in the blood coagulation
cascade (see the sequence alignment in Figure S1 of the
Supporting Information). In particular, while Asp102, Gly184,
and Glyl97 are fully conserved and Vall60 undergoes only
conservative mutations (to Leu and Ile), Thr13S$ is substituted
with a variety of different amino acids (however, not including
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Met). Interestingly, the mutants mentioned above are spatially
well concentrated in two specific enzyme regions (see Figure
1). In particular, D102N and G197D are located in or close to
the catalytic triad, Asp102 being part of the triad and Gly197
being only two residues downstream from the catalytic Ser195.
The three remaining mutants, T135M, V1604, and G184S,
although located at the N- or C-terminus of different strands,
occupy a well-defined region just behind the negatively charged
Aspl89, at the bottom of the S1 subpocket. This structural
order has been adopted in the following figures and tables. Our
MD simulations allowed us to gain detailed insight into the
factors controlling FXa activity, especially with regard to the
substrate recognition process.

B METHODS

MD simulations of the wild type (WT) and the selected
mutants, D102N, T135M, V160A, GI84S, and G197D, of the
FXa enzyme in the unbound ligand state were performed with
GROMACS version 4.6.>° The MD simulations were initialized
from the high-resolution X-ray structure of Nazare et al
(Protein Data Bank entry 2BOH, 2.2 A resolution)."” The
flexible light chain was removed, while the heavy chain and the
calcium ion were kept. We also kept all 174 crystallographic
waters, because a previous MD study indicated that inclusion of
crystallographic waters in the starting structure leads to more
stable and better performing MD trajectories.’® The starting
structure for the FXa mutants was generated by Modeller
version 9.10 using 2BOH as a template.”’ MD simulations of
WT FXa and the mutants were performed using the
AMBERY9SB** force field and the TIP3P model for the
water molecules.>® The structure of the WT and those of the
mutants were solvated in a periodic cubic water box with a
buffer distance of 10 A between the protein and the box edges.
To obtain an electrically neutral system, the GENION tool
from the GROMACS package was used to randomly replace
water molecules with the appropriate number of counterions.
The total number of water molecules and the total number of
chloride ions added to the systems are 12660 and 3 for WT,
11285 and 4 for D102N, 11629 and 3 for T135M, 11929 and 3
for V160A, 11878 and 3 for G184S, and 11209 and 2 for
G197D, respectively. The systems were energy minimized with
the steepest descent method to a convergence on the maximal
force of 100 kJ mol™ nm™, followed by a short 100 ps NVT at
300 K and 100 ps NPT MD simulation at 300 K and 1 atm to
equilibrate the systems. During equilibration, harmonic
constraints were applied on the heavy atoms of the protein.
Four different NPT MD simulations for both the FXa and
mutant structures were conducted at 300 K and 1 atm for 60 ns
assigning different initial velocities. The particle mesh Ewald
(PME) algorithm®* was applied to treat long-range electrostatic
interactions. The protein and the solvent were independently
coupled to a thermal bath by a Berendsen thermostat® with a
time constant of 0.1 ps. Pressure was controlled with a
Parrinello—Rahman barostat®® with a time constant of 2 ps.
The time step of the simulations was set to 2 fs, and the
coordinates were saved at regular intervals of 10 ps. Structural
properties such as the root-mean-square deviation (rmsd) and
the root-mean-square fluctuation (rmsf) were calculated with
GROMACS standard analysis tools. Hydrogen bonds were
calculated using cutoffs on the donor—acceptor heavy atom
distance and the hydrogen—donor—acceptor angle of 3.5 A and
30°, respectively, using HBonanza.>” The principal component
analysis (PCA)**™*' calculations were performed on a

dx.doi.org/10.1021/bi500770p | Biochemistry 2014, 53, 6992—7001



Biochemistry

combined trajectory composed of the last 50 ns of each of the
four simulations. The frames of the combined trajectory were
superimposed on the first frame to remove overall rotations and
translations of the systems. The PCA was performed by
diagonalization of the covariance matrix of the Ca fluctuations
using standard GROMACS tools. PCA figures and movies were
generated using the NMWIZ plugin* in Visual Molecular
Dynamics (VMD).* The volumes of subpockets S1 and S4,
which control the interaction of FXa with the substrate, were
monitored with MDpocket.** To select the spheres defining the
two subpockets, Mdpocket was initially run on the first
trajectory for each system. All the frames analyzed were
superimposed on the initial structure, and the spheres defining
the pockets were generated with MDpocket default parameters.
The spheres clustered around subpockets S1 and S4 (see Figure
S2 of the Supporting Information) were used to calculate the
volume of the subpockets in all the trajectories. Isolated
spheres, even if they are assigned to the S1 and S4 subpockets
by MDpocket, were eliminated. To achieve smoothed volume
profiles, volumes were averaged over the four trajectories using
a 100 ps window.***

Analysis of the contacts between the two barrels of FXa in
the X-ray structure and the evolution of the interbarrel contact
during the dynamics was performed with COCOMAPS and
MDcons.***” Within the COCOMAPS and MDcons analyses,
two residues are considered to be in contact if at least two
heavy atoms are separated by <5 A. This is the definition used
in the CAPRI (Critical Assessment of Predicted Interactions)
experiment, and we used it for the sake of consistency with a
well-established and largely accepted protocol.***°

B RESULTS

Monitoring MD Trajectories. The analysis of the sampling
convergence was performed by computing the root-mean-
square inner product (rmsip) of the first 10 eigenvectors from
PCA of the four replicas for each system. rmsip measures the
similarity between subspaces defined by the basis vectors
obtained from the PCA calculations. The estimated rmsip
values (see Table S1 of the Supporting Information) confirm
the high degree of similarity between the space sampled by the
four replicas, with minimum rmsip values around 0.65 (values
of 0 and 1 indicate no overlap and perfect overlap,
respectively).

Both the WT and all five considered FXa mutants are stable
during the whole dynamics, with maximal rmsd values on the
Ca atoms not exceeding 2 A from the initial structure. Most of
the systems display an average rmsd value of 1.3 A in the last 10
ns of the MD simulations (see Figure 2), with V160A being
slightly more rigid. Overall, the rmsd values are indicative of
limited conformational changes.

Analysis of the Car atom rmsf results in rather similar profiles
(see Figure S3 of the Supporting Information). WT, T135M,
and V160A have a maximal rmsf value of roughly 2.5 A, while
G197D, D102N, and G184S have a maximal rmsf value of 1.8
A, thus appearing to be even less flexible than the WT and the
other mutants. Therefore, none of the examined mutations
seems to perturb the overall folding of FXa.

Principal Component Analysis (PCA). PCA is a valuable
technique for identifying the slow modes that can be related to
protein function.”' ~>* We have analyzed the MD trajectories of
WT and the five mutants using the PCA technique to get an
idea about the essential motions that may be related to the
different experimental catalytic efficiencies. The free energy
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Figure 2. rmsd from the starting structure, calculated on the Ca
atoms, for the four trajectories of the WT and the mutants.

surface of a protein can be obtained using a conformational
sampling method that allows exploration of the conformations
near the native state structure. This type of analysis is routinely
used in the MD community to get an idea about the
equilibrium sampled states.’* > PCA was conducted on the
Ca atoms, considering a combined trajectory of the four
simulations for each system, in the 10—60 ns window.
Comparison of the dominant motions between the WT FXa
and its mutants allows the characterization of the structural
changes induced by each mutation. The rmsip values for the
first 10 eigenvectors from PCA of the mutants and of the WT
are in the range of 0.64—0.68, which indicates a reasonably
good level of similarity between the overall motion in the
mutants with respect to the WT (see Table S2 and Figure S4 of
the Supporting Information).*® Further, the first five PC modes
contribute to 40—50% of the overall motion of the systems,
with the first two modes contributing 25—35% (see Figure S5
of the Supporting Information). Although the contribution of
the first two modes is not particularly large, it is in line with the
contribution found in similar analyses.®”*> Moreover, the free
energy surface of the projection of the whole combined
trajectory in the space of the third and fourth modes shows a
minimum centered at the origin (see Figure S6 of the
Supporting Information), which indicates fluctuations around
the starting conformation, thus providing scarce information
about possible large scale conformational changes. The greater
relevance of the first two modes is also supported by the clearly
larger first two eigenvalues from the PCA, together with the
clearly larger amplitudes of the Ca atom fluctuations for the
first two modes compared to modes 3—5 (see Figure S5 of the
Supporting Information). Therefore, further analysis of the
protein motion will be done only considering the first two
modes, as they capture the largest part of the essential motions
of the protein.

If a focus is thus placed on the first two modes, inspection of
the displacement of the Car atoms along the modes (Figure 3),
which is commonly used to identify the residues contributing to
a specific mode,®>”** indicates that the mutants behave like the
WT except for few positions, where some mutants present
different peaks. In particular, mutant T135M has fluctuations
that are larger than those of the WT and the other mutants
around residues 145—150, as a consequence of large
fluctuations in two of the four simulations (see Figure S7 of
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Figure 3. Displacement of the Ca atoms along the first two PCA
modes (PC1 and PC2) for WT FXa and the considered mutants.

the Supporting Information), while V160A has larger
fluctuations in the segment of residues 116—119, because of
a remarkably large fluctuation in one of the four simulations
(see Figure S7 of the Supporting Information). However, it is
worth remarking that the occurrence of a large fluctuation in a
single trajectory cannot be considered statistically significant.

PC1 of the WT involves the substrate binding subpockets,
with flexibility around residues 94—97, resulting in flexibility at
the border of subpockets S1 and S4, as well as of the loops
connecting the secondary structure elements H1 and S5
(amino acids 61—64), 6 and 7 (amino acids 91—103), and
H3 and $10 (amino acids 173—179), and the N-terminal part
of the loop connecting 12 to $13 (amino acids 216—219).
Overall, this mode corresponds to a breathing movement of the
protein, which controls the opening of subpockets S1 and S4, as
evidenced in the visual representation of this mode, shown in
Figure 4.

Three of the loops mentioned above indeed include residues
defining the S1 and/or S4 subpocket. Detailed analysis of the
dynamics of subpockets S1 and S4 is discussed in a following
section, while animations of PC1 are shown in the Supporting
Information. Further important fluctuations correspond to a-
helix H3 (residues 164—172), which is involved in the
interaction with coagulation factor Va.*® Interestingly, the
flexibility of the mutants in the region involving the border of
subpocket S1 is lower than that of the WT, with T135M,
D102N, and especially V160A showing particularly high
rigidities in this area. Mutant G197D shows a flexibility similar
to that of the WT at the border of subpockets S1 (around
residues 191—195) and $4, although this motion impacts only
S1 and is opposite in direction to that of the WT, thus keeping
the subpocket S4 open (compare the two modes shown in
Figure 4). Mutants G184S and V160A share the same
movement at the S1 border (loop connecting $12 and $13),
which again is opposite in direction to that of the WT.
However, V160A shows high rigidity over all the structure,
while the movement of G184S is closer in amplitude to that of
the WT. Furthermore, G184S has another movement at the
bottom of S1 (residues 220—224) opposite to the movement at
the top of S1 (residues 216—219). Therefore, in it the opening
of subpocket S1 is very limited. Interestingly, V160A is highly
rigid, despite the mutation being relatively far from the catalytic
triad and from subpockets S1 and S4. Finally, T135M is the
only system presenting a quite larger peak in the region of
residues 140—160, which may be related to the loss of specific

6995

G197D

/(\\1'
\/l :

Figure 4. Porcupine representation of the first PC mode of WT FXa
and its mutants. The orange spheres indicate the positions of the
catalytic triad, and the magenta spheres indicate the positions of the
mutations. Green arrows indicate the direction of motion along PCI.

Flexibility ranges from high (red) to low (blue).

H-bonds due to the mutation, in particular between residues
Thr/Met135 and Glul59 (see below).

The PC2 profile is quite similar to the PC1 profile, the
difference being that the highly flexible part is moved from helix
H3 to helix HI (residues 55—61). Nevertheless, no highly
flexible region emerges from the profile of Figure 3. A visual
representation of this mode, for all the systems, is shown in
Figure S8 of the Supporting Information. Inspection of Figure
S8 of the Supporting Information indicates comparable or even
higher flexibility of the mutants, as in the case of G197D, than
of the WT. However, the increased flexibility of G197D does
not correspond to an increased level of opening of subpocket
S1. V160A, which was much more rigid than the WT, according
to PC1, exhibits a collective motion around subpocket S1 very
similar to that of the WT; nevertheless, as indicated by the
fluctuations shown in Figure 3, this movement is very limited
compared to that of PC1. PC2 of G184S shows instead a
rigidity even higher than that of PC1, especially at S1 and the
catalytic triad site.

As for the overall movement of the protein, the free energy
surface from the projection of the whole trajectory in the space
of the first two essential modes (Figure S) results in multiple
minima for several of the systems, indicative of different and
well-defined conformational states sampled by several of the
systems. For example, the free energy surface of the WT shows
two broad minima at PC1 values of roughly —1 and +1, with an
additional narrower minimum at PC1 values close to +1, and
the possibility that the two minima at PC1 close to +1 could
converge into a single broad minimum with longer simulation
times cannot be excluded. Similarly, it has to be kept in mind
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Figure S. Free energy surface of WT FXa and its mutants in the space
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and PC2 is in nanometers. The contour map resolution is 1 kJ/mol.

The dihedral ® angles are reported in parentheses for Phel74 and
Trp21S5, respectively.

that the depth of the various minima of all the systems could
still change with longer simulation times. To gain an
understanding of the convergence of the free energy surface,
we plotted the WT free energy surface at different sampling
times (see Figure S9 of the Supporting Information).
Comparison of the surfaces of Figure S7 of the Supporting
Information indicates that the free energy surface is quite
converged after 160 ns. This supports the presence of distinct
and well-defined conformational states, whose characterization
is performed in the next section.

Finally, the traces of the covariance matrix, which account for
the overall amount of motion, decrease in the following order:
WT (1.81) ~ G197D (1.78) > D102N (1.60) > T135M (1.56)
> V160A (1.51) > G184S (1.46). This indicates that G197D
has a flexibility comparable to that of the WT, while all the
other mutants have clearly lower flexibility.

Analysis of the FES Minima. To correlate the FES minima
and the conformational changes occurring during the MD
simulations, we have extracted and analyzed several structures
with PC1 and PC2 values at the center of each minimum. The
representative structures of the two minima of the WT FES (A
and B) show differences at the level of the S4 subpocket,
specifically at residues Phel74 and Trp21S (see Figure S10 of
the Supporting Information). Analysis of structures correspond-
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ing to the two minima in the FES of all the mutants (with the
exception of T135M, whose FES has only one minimum) also
highlighted the fact that the two minima are essentially
characterized by different behavior around residues Phel74
and Trpl2S. Because the side chains of Phel74 and Trp21S,
together with Tyr99, shape the aromatic S4 subpocket, we
focused on a detailed analysis of the distribution of dihedral
angles of these three residues. While the distribution of the ¢
and y angles of Tyr99 is well centered around a single value,
the distribution of the ¢ angle in Trp21S and Phel74 clearly
shows two peaks (see Figure 6). For Phel74, the two peaks are
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Figure 6. Dihedral populations of the backbone dihedrals ¢ of Phel74
and Trp21S, extracted from the combined trajectory of 200 ns.

centered at ¢ values of approximately —130° and —75° and
largely overlap, with the former corresponding to the value in
the X-ray structure of 2BOH. In Trp215, instead, the two peaks
are well separated and centered at ¢p values of approximately
—65° and —150°, the value of the X-ray structure. Interestingly,
while the shape of the ¢ distribution for Phel74 is similar in all
the systems, although the peak at a ¢ value of approximately
—75° is only a shoulder for the WT and a well-defined peak for
G184S and DI102N, the ¢ distribution for Trp2lS shows
significant differences between the various systems. Indeed, for
the WT and G197D, the two peaks have almost the same
height, while the other systems clearly prefer one of the
conformations. Specifically, D102N and G184S prefer the ¢ =
—65° conformation, whereas V160A and T135M prefer the ¢
~ —150° conformation. Actually, in the case of T135M, only
the ¢ ~ —150° conformation is sampled, which is consistent
with the single minimum in the FES of Figure 5. The structure
corresponding to the various minima for all the systems is
shown in Figure S10 of the Supporting Information.
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As a conclusion for this section, it is clear that conformational
changes around subpocket S4 diversify the various systems. The
consequences of these changes, in terms of subpocket features,
will be discussed below.

Hydrogen Bond Analysis. The average number of H-
bonds from the combined simulations of the WT and mutated
FXa systems is reported in Table 1. Three mutants, G197D,

Table 1. Average Numbers of H-Bonds, and the Relative
Standard Deviations, from a Cumulative Analysis of the Four
MD Trajectories for Each System

average standard deviation
WT 170.3 6.4
DI102N 169.2 6.6
G197D 172.0 6.6
T135M 169.6 7.3
V160A 173.7 6.6
G184S 174.2 6.2

V160A, and G184S, have on average 1.7—3.9 more H-bonds
than the WT, whereas T135M and D102N have approximately
one fewer H-bond than the WT. In the following, we provide a
short analysis of the main H-bonds affected by the mutations,
taking the WT as reference for these changes (for more details,
see Table S3 and the text of the Supporting Information).

H-Bonds most impacted in the mutants are located in the C-
terminal barrel, which is reasonable considering that, with the
exception of D102N, all the mutations are located in this barrel.
For instance, in G197D and G184S, a H-bond not observed in
the WT is formed between Asp126 (bb) and Ser130 (sc). With
regard to changes directly linked to the mutation site, the H-
bond between the side chains of the catalytic Aspl02 and
His57, 90% populated in the WT, is completely lost in the
D102N mutant. Analogously, the H-bond between Thr13$ (sc)
and Glul59 (sc), 68% populated in the WT, is lost in T135M.
Another example is in G184S, where, on the contrary, two
additional H-bonds are formed by the side chain of the Ser in
the mutant, with Gly226 (bb) and Asp189 (sc). A similar
perturbation of the H-bonds also affects the interface between
the two barrels, i.e,, the substrate crevice. For example, the WT
H-bond between Gly40 and GIn1S1 (sc) is completely lost in
G197D and G184S.

Interestingly, in many instances, the same H-bond is
perturbed in more than one mutant, confirming that the effect
of the point mutations extends to long distances and suggesting
that the H-bonds mainly affected by mutation may represent
points of weakness in FXa global folding.

Analysis of the Interface between the Two Barrels. To
understand if the mutations alter the interaction between the
protein N- and C-terminal barrels, we analyzed the dynamic
behavior of the interface between the two barrels using
COCOMAPS and MDcons, two tools we developed for
analyzing the static and dynamic features of the interface in
protein—protein complexes.%’47

The interbarrel residue—residue contact map of the X-ray
structure of the WT, shown in Figure 7a, indicates that the
interaction between the two barrels is essentially hydrophobic
in nature, with the exception of one clear hydrophilic patch
between amino acids 70 and 75 on the N-terminus and amino
acids 150 and 155 on the C-terminal barrel.

The total number of interbarrel contacts in the X-ray
structure amounts to 192, corresponding to an interface area of
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Figure 7. (A) Interbarrel residue—residue contact map of the X-ray
structure plotted by COCOMAPS. Magenta, yellow, and green pixels
in the map indicate hydrophilic—hydrophilic, hydrophilic—hydro-
phobic, and hydrophobic—hydrophobic contacts, respectively. (B)
Interbarrel residue—residue consensus contact map from the MD
simulations of the WT. The observed contacts are colored in gray scale
to indicate their frequency during the MD simulation.

2281 A%, MDcons overall conservation scores, C50, C70, and
C90, corresponding to the fraction of contacts maintained in at
least 50, 70, and 90% of the analyzed frames, respectively (see
Table 2), indicate that the interbarrel contacts are very well

Table 2. Conservation Scores of the Interbarrel Residue—
Residue Contacts

Cs0 C70 C90
WT 0.955 0.856 0.753
D102N 0.949 0.847 0.745
G197D 0.964 0.852 0.764
T135M 0.977 0.863 0.745
V160A 0.958 0.883 0.756
G184S 0.950 0.843 0.743

conserved during the MD simulations. The interbarrel residue—
residue consensus contact map from the MD simulations of the
WT, reported in Figure 7B, shows a strong similarity with the
map of the X-ray structure of Figure 7A. Further, the paucity of
gray spots in the map of Figure 7B also indicates a rigidity of
the contacts at the interface. Indeed, a fraction close to 95% of
them is conserved in at least 50% of the frames (CS0 > 0.95),
while 75% of them are conserved in at least 90% of the frames
(€90 ~ 0.75). Minor differences are observed between the WT
and the mutants, indicating that the mutations, although they
have an impact on the overall flexibility of the protein, as
indicated by the PCA, have a negligible impact on the core
interactions between the two barrels.

Dynamics of Subpockets S1 and S4. The most
important subpockets in the substrate recognition by FXa are
S1and $4.°~'> As mentioned above, S1 is implicated in a strong
salt bridge interaction between the conserved Asp189 located at
its bottom and substrate Arg residues (prothrombin residues

dx.doi.org/10.1021/bi500770p | Biochemistry 2014, 53, 6992—7001
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320 and 271), whereas S4 enhances the affinity for the substrate
via van der Waals interactions. Therefore, we monitored the
dynamics of these two subpockets by calculating their volume
during the whole MD simulations, for all the considered
systems (see Figure 8).
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Figure 8. Time evolution of the volume of subpockets S1 and S4 along
the MD simulations. Each point is the average volume from the four
MD trajectories on a 100 ps window.

The definition of the pockets was performed independently
for each system using the whole trajectory, which explains the
rather different starting values. This choice was mandatory
because of the changes in the shape of the much more flexible
subpocket S4 in the different systems (see below), which did
not allow a common pocket definition. On the other hand,
subpocket S1 was found to be much more stable during the
dynamics, regardless of which system was considered. With this
caveat in mind, inspection of Figure 8 clearly indicates that
subpocket S1 has approximately similar volumes in all the
systems, which is also confirmed by the rather similar average
volumes in Table 3.

Table 3. Average Volumes (cubic angstroms) and Relative
Standard Deviations of Subpockets S1 and S$4, from
Cumulative Analysis of the Four MD Trajectories for Each
System

S1 S4
average  standard deviation  average  standard deviation
WT 285 22 179 54
D102N 226 15 46 21
G197D 271 35 139 49
T135M 318 23 88 33
V160A 296 24 118 32
G184S 268 17 138 38

The average volume of subpocket S1 during the dynamics of
the WT, 285 A3 is also extremely close to the value of 277 A% in
the X-ray structure, confirming again the stability of this
subpocket. With regard to the mutants, the only meaningful
differences from the WT are in T135M, with a somewhat larger
S1 subpocket, and D102N, with a clearly smaller S1 subpocket.
The standard deviation for the SI volume during the MD, on
average <10%, is also indicative of a rather stable pocket.
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Quite different is instead the behavior of subpocket S4, which
highly fluctuates in the WT, with a standard deviation
amounting to 30% of the total volume. Further, the average
volume of this pocket from the MD simulations, 179 A%, is
clearly smaller than the value of 259 A® in the X-ray structure,
indicating again that subpocket S4 is rather more flexible.
Rather similar behavior was observed for all the mutants. As for
the average volumes, the data reported in Table 3 indicate that
the volume of subpocket S4 strongly depends on the specific
mutant considered, with the largest deviation from the WT
calculated again for T135M and DI102N. In both cases,
subpocket S4 was found to be clearly smaller than in the WT.

To gain a better understanding of the structural changes
causing the large variation in the volume of subpocket S4, we
compared the X-ray structure with selected frames from the
MD simulations (see Figure 9). As shown in Figure 9,

%

Sk

Phe174 @\ d/

Figure 9. Ribbon and van der Waals representation of the region
around subpockets S1 and S4 in the X-ray structure of the WT, in a
selected frame of the MD simulation of the WT, and in a selected
frame of the MD simulation of mutant D102N.

subpocket S4 is rather broad in the X-ray structure, with the
side chain of Trp215 representing the floor of the pocket, and
the side chains of Tyr99 and Phel74 representing the walls of
this substantially hydrophobic and aromatic subpocket.
However, as evidenced by the PCA, during the dynamics we
consistently observed rearrangement of these three residues,
with a tendency of Trp21S to jump from the bottom of the
pocket to the border of the S1 subpocket. This is due to the
switch of Trp215 ¢ from —150° to roughly —65°, as shown in
Figure 6, and to the concerted switch of the y; angle (see
Figure S11 of the Supporting Information) determining the
orientation of the side chain of Trp21S from 60° to roughly
—160°, closing the S1 subpocket entrance (see Figure 9). After
this movement, Trp215 can engage in a stabilizing 7—x
stacking interaction with the side chain of Tyr99 (Figure 9).
Similar structural changes were observed in basically all the

dx.doi.org/10.1021/bi500770p | Biochemistry 2014, 53, 6992—7001
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mutants. In all the cases, the aromatic side chains of Tyr99,
Phel74, and Trp21S were engaged in some sort of stabilizing
m—rn stacking interaction. Nevertheless, it is worth remarking
that a similar 7—7 stacking interaction is also established in
T135M, without the rearrangement of Trp215 ¢, with almost
complete closure of the S4 subpocket, as evidenced in Figure 8.
The time evolution of the distance between the baricenter of
the side chain of Trp21$S and that of Tyr99 and Phel74 (see
Figure S12 of the Supporting Information) indicates that the
conformational changes mentioned above have a minimal
impact on the distance between the side chains of Trp215 and
Tyr99, which stays quite stable around 5.0 A. On the other
hand, the distance between the side chains of Trp215 and
Phel74 is quite more dynamic in the WT, G197D, and G184S,
with fluctuations in the range of S—15 A. This is consistent with
the clearly larger average S4 volume for the systems mentioned
above (see Table 3). The Trp215—Phel74 distance is instead
substantially flat around S A for T135M and has minimal
fluctuations for D102N, which is consistent with their smaller
S4 average volume (see Table 3).

Mutant D102N, whose dynamics results in a rather small and
stable S4 subpocket, deserves one mention. In this case, the
side chains of Tyr99, Phel74, and Trp21$ are able to engage in
a m—n stacked aggregate, very stable over time, that closes
subpocket S4 almost completely. Finally, our results are
consistent with previous MD studies, indicating a highly
dynamic behavior of $4 residues in the WT FXa system.’>®”

B DISCUSSION AND CONCLUSIONS

A functional FXa enzyme is crucial for maintaining correct
hemostasis. Remarkably, it has also been shown that a properly
modified FXa enzyme may provide an effective strategy for the
treatment of bleeding conditions.'® The numerous forms of
defective FXa isolated in patients suffering from bleeding
symptoms thus represent an unmined gold reserve, both for
understanding in detail the function of FXa and possibly for
providing the basis for the design of novel modified enzymes
for the treatment of hemostasis defects.

Herein, we present a molecular dynamics study of a pool of
five natural FXa single-point mutants, selected to have only
their catalytic efficiency affected by the mutation. Four
independent simulations were obtained and analyzed for each
system. The rmsd and rmsf values from the starting structure
evidence no clear effect of the point mutations on enzyme
stability, either globally or locally. Analysis by MDcons*” shows
that the interaction between the N- and C-terminal barrels is
also well conserved in all the analyzed systems. This is not
surprising, considering that the investigated mutants show a
residual catalytic activity that would be incompatible with a
completely misfolded protein.

Nevertheless, our comparative analysis of the dynamics of the
systems still highlights differences between the mutants and the
WT. The total number of hydrogen bonds is increased on
average by 2—4 in three of the five mutants, G197D, G184,
and V160A, suggesting a stiffening of the systems upon
mutation (whereas in T102N and T135M, it is slightly reduced,
because of the loss of one hydrogen bond directly involving the
mutated residue, with residues His57 and Glul59, respectively).
More importantly, the PCA we performed on a combined
trajectory of the four independent simulations, for a total of 200
ns for each system, clearly allowed us to highlight significant
differences in the conformational space sampled by the WT
FXa and the five mutants. WT FXa PCl consists of a wide
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breathing movement between the N- and C-terminal barrels,
mainly involving four loops around subpockets S1 and S4. This
is in line with previous results reporting that the flexibility of
enzyme binding sites is usually confined to solvent-exposed
loops and turns, while residues directly involved in catalysis are
usually less affected.®®

When the trajectory is projected on the plane defined by the
first two essential modes, it clearly appears that the WT and all
the mutants explore two different minima. The only exception
is T135M, which is trapped in one single minimum.
Characterization of structures corresponding to the different
minima in the various systems allowed us to localize the
conformational changes around residues Phel74 and Trp215,
which participate to shape the aromatic S4 subpocket. While
the WT and all the mutants can oscillate between the two
conformational minima, with the WT and G197D behaving
quite similarly, T13S$ is trapped in the minimum corresponding
to the X-ray conformation. Analysis of the traces of the
covariance matrix indicated that the WT and G197D have
similar overall flexibility, while the overall amount of motion
spanned by the remaining mutants is reduced, with V160A and
G184S being less flexible. The highest rigidity of V160A and
G184S from the PCA also nicely matches the higher number of
H-bonds in these two mutants.

Analysis of subpockets S1 and S4 highlighted the fact that the
size of the S1 subpocket is generally unaffected by the
mutations, although in T135M it is clearly larger than in the
WT. On the other hand, the size of the S4 subpocket, which is
consistent with the PCA, is clearly affected by the mutations.
Again, G197D behaves quite like the WT, in terms of
subpocket size and flexibility, while the other mutants have
either clearly smaller or rigid subpockets.

Overall, our analysis suggests that four of the five considered
mutants, D102N, T135M, V160A, and G184S, have rigidity
clearly higher than that of the WT, in terms of both overall
protein motion and subpocket S4 flexibility, which may impact
substrate recognition. The other examined mutant, G197D,
from a dynamic point of view is instead quite similar to the WT.
Considering that the mutated Gly197 is placed in the proximity
of the catalytic triad, its substitution with a negatively charged
Asp could impact the catalytic step, rather than protein
flexibility.

In conclusion, the finding that several mutations of FXa
increase the overall protein rigidity agrees with the stiffening of
FXa, caused by another recurrent substitution, we recently
reported’’ and, more generally, with the current view of
enzymes as molecules that have evolved under synergistic
pressure between structure and dynamics, with their motions
underlying catalysis.”” Therefore, our results, showing that the
pathogenic mutations compromise the FXa flexibility, provide a
consistent explanation for the loss of catalytic efficiency of the
analyzed FXa mutants.
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