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Summary

Background: Activated coagulation factor IX (FIXa) consists of a -y-carboxyglutamic acid
domain, two epidermal growth factor-like (EGF) domains and C-terminal protease domain.
Consensus sequence and biochemical data support the existence of Na*-site in FIXa protease
domain. However, soaking experiments or crystals grown in high concentration of ammonium
sulfate did not reveal Na*-site in wild-type or mutant FIXa EGF2/protease domain structure.

Objective: Determine structure of F1Xa EGF2/protease domain in presence of Na*; perform
molecular dynamics (MD) simulations to explore the role of Na* in stabilizing F1Xa structure.

Methods: Crystallography, MD simulations and modeling heparin binding to FIXa.

Results: Crystal structure at 1.37 A resolution revealed that Na* is coordinated to carbonyl
groups of residues 184A, 185, 221A and 224 in FIXa protease domain. Na*-site in FIXa is similar
to that of FXa and is linked to Asp189 S1-site. In MD simulations, Na* reduced fluctuations in
residues 217-225 (Na*-loop) and 70-80 (Ca2*-loop), whereas Ca2* reduced fluctuations only in
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residues of the Ca2*-loop. Ca2* and Na* together reduced fluctuations in residues of the Ca?*- and
Na*-loops (residues 70-80, 183-194 and 217-225). Moreover, we observed four sulfate ions that
make salt bridges with FIXa protease domain Arg/Lys residues, which have been implicated in
heparin binding. Based upon locations of the sulfate ions, we modeled heparin binding to FIXa,
which is similar to the heparin binding in thrombin.

Conclusions: FIXa Na*-site in association with Ca2* contributes to stabilization of the FlXa
protease domain. The heparin binding mode in FIXa is similar to that in thrombin.
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Blood coagulation; factor 1Xa; Crystallography; Molecular dynamics simulation; Heparin

Introduction

Human factor (F) IX is a vitamin K-dependent single chain glycoprotein of 415 residues [1].
During normal hemostasis, it is activated by FXla requiring Ca2* [2] and by FVIla requiring
Ca?* and tissue factor [3]. At physiologic Ca?*, these reactions are accelerated by Mg2* [4-
8]. Both enzymes cleave two peptide bonds (Arg145-Alal46 and Arg180-Val181) in FIX to
yield a disulfide-linked serine protease FIXa, consisting of a light chain (residues 1-145) and
a heavy chain (181-415) [1]. FIXa generated proteolytically converts FX to FXa in the
coagulation cascade requiring Ca2*, phospholipid and FVI1lla leading to thrombin generation
and fibrin formation [2]. The light chain of FIXa contains the y-carboxyglutamic acid (Gla)
domain followed by two epidermal growth factor-like (EGF1 and EGF2) domains, whereas
the heavy chain contains the serine protease domain [1,9]. The Gla domain of FIX/FIXa
possesses several Ca2*/Mg?2* sites [5,6,10], whereas the EGF1 and protease domains each
have one Ca2*-binding site [6,11-15]. The Gla domain of FIX/FIXa is required for its
binding to phospholipid or platelets, and the EGF1 domain of FIX is essential for activation
by FVIla/tissue factor [16—19]. Further, each domain of FIXa appears to play an important
role in binding to FVIIla [20-25].

In addition to the Ca2*-site, the serine protease domain of FIXa is predicted to contain a Na
*-site [26,27] similar to that in FXa. The Na* potentiation of FXa and thrombin amidolytic
activity was first described by Orthner and Kosow [28,29]. Later, crystal structures by Di
Cera and Tulinsky of thrombin and FXa provides the framework for defining the Na*-site in
serine proteases [30-33]. Di Cera proposed and experimentally verified that residue 225
determines the presence of Na*-site in serine proteases [30,31]. Na*-binding is observed
when Tyr or Phe is present at position 225, whereas Pro at this position obliterates the Na*-
site [26,30,31]. Tulinksy expanded this definition and proposed that in addition to the 220-
loop, Na*-hinding to proteases such as FXa also involves the 183-loop [32,33]. These
observations predict the existence of a Na*-site in the FIXa protease domain [26,27] similar
to that outlined for FXa. However, crystal structures of wild-type or mutated FIXa protease
domain or FIXa bound to antithrombin did not reveal the predicted Na*-site [13-15,34].
Nonetheless, Na* increased the second-order rate constant for association of antithrombin to
F1Xa by one order of magnitude in the absence of Ca2* [35]. However, in the presence of
Ca?", the catalytic activity of FIXa towards a chromogenic substrate is minimally affected
by Na* [35,36]. Here, we provide evidence for the existence of Na*-site in F1Xa protease
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domain from the crystal structure solved at 1.37 A. In addition, we performed molecular
dynamics (MD) simulations studies to investigate the role of Na* in the structural stability of
F1Xa protease domain in the absence/presence of Ca2*.

Materials and methods

Expression, Crystallization, Data Collection and Refinement

The FIX EGF2/Protease domain (residues 103-431, FIX-WTgggo/p) Was cloned, expressed
in BL21 (DE3) cells, folded and purified using FPLC gel filtration and ion exchange
chromatography as outlined by Hopfner et al. [37]. The isolated protein was activated with
Russel viper venom (RVV-X) and the FIXa-WTgggo/p Was purified using FPLC HiTrap
heparin and benzamidine column chromatography. The purified FIXa-WTggg/p was fully
activated as analyzed by reduced SDS-PAGE [38]. The protein in 10 mM CaCl,, 1 M
NaCl/50 mM Tris pH 8.0 containing 10 mM p-aminobenzamidine (pAB) was crystallized
using PEG 4000 and 0.2 M ammonium sulfate as precipitants. Crystals were flash frozen
without additional cryoprotectant and the data were collected at ESRF, Grenoble using the
0.93 A wavelength at 100 K. The data were processed with XDS [39] and scaled with
Aimless [40] and STARANISO [41] as implemented in autoProc [42]. The diffraction was
anisotropic and for this reason we used anisotropic scaling. The crystal diffracted to 1.62 A
resolution in the a* and b* directions, and to 1.37 A resolution in the c* direction. The
structure was solved by molecular replacement using 2wpj as the search model [14].
Refinement was carried out using Buster and model building was done using COOT [43-
45]. Data processing and refinement statistics are given in Table 1. The FIXa-WTggpo/p
coordinates and structure factors are deposited in the protein data bank.

Molecular dynamics simulations

Molecular dynamics (MD) simulations studies were performed to investigate the effect of
Na*- and Ca?*-binding to the protease domain of FIXa. MD simulations were carried out in
the absence and presence of Na*, Ca2* or Na*/Ca?* using the AMBER 16 program [46].
Protease domain containing residues Val16 {181} to 248 {415} of FIXa was used for these
studies. Since we are studying the effect of Na+ and Ca2+ binding to the protease domain,
we simply wanted to use the protease domain in our simulation studies without the influence
of other domains. After adding hydrogens, the protein structures were solvated in a truncated
octahedral TIP3P box of 12 A, and the system was neutralized with sodium ions. Periodic
boundary conditions, Particle Mesh Ewald summation and SHAKE-enabled 2-femto
seconds time steps were used in all MD simulations. Langevin dynamics temperature control
was employed with a collision rate equal to 1.0 ps~1. A cutoff of 10 A was used for
nonbonding interactions. The metal ion parameters used were from the Amber force field
[47] and metal interactions were treated using 12—6 Lennard-Jones nonbonded model. Initial
configurations were subjected to a 1000-step minimization with the harmonic constraints of
10 kcal.mol~1.A=2 on the protein heavy atoms. The systems were gradually heated from 0 to
300 K over a period of 50 ps with harmonic constraints. The simulations at 300 K were then
continued for 50 ps during which the harmonic constraints were gradually lifted. The
systems were then equilibrated for a period of 500 ps before the 50 ns production runs. All
simulations were carried out in the NPT ensemble. Equilibration and production run
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simulations were carried out using the Sander and PMEMD modules (optimized for CUDA)
of AMBER 16.0 (ff14SB), respectively [46,48]. Initial structures of the production runs
were used as the reference structures for calculations of the root mean square deviations
(RMSD) and root mean square fluctuations (RMSF). All analyses were performed using the
cpptraj module of AmberTools 16.

Modeling heparin binding to protease domain of FIXa

To investigate whether the locations of the observed sulfate ions in the protease domain of
F1Xa mimic sulfates in heparin, we modeled heparin binding mode in FIXa using the
heparin bound structure of thrombin [49]. First, the protease domain of FIXa and the
structure of thrombin bound to heparin (PDB id 1xmn) were superimposed. Next, the
heparin fragment as a whole was subjected to minor translational and rotational motions to
overlay onto the sulfates observed in the FIXa structure. Finally, to relieve steric clashes, the
modeled FIXa-heparin fragment complex was energy minimized with the backbone
constraints using AMBER [46].

Results and Discussion

Na*-site in the protease domain of FIXa

The structure of EGF2/protease domain of human wild-type FIXa (FIXa-WTgggg/p) Was
determined at 1.37 A resolution in the presence of pAB, Ca?*, Na* and sulfate ions. Data
processing and the structure refinement statistics are provided in Table 1. The overall
structure of FIXa-WTggpgp is similar to the reported structures of wild-type FIXagggy/p as
well as to the mutant FIXaggpyp (Y94F/K98T/Y177T), and the FIXa-WTggrpp bound to
antithrombin with noticeable variations in the Na*- and Ca2*-binding loops. Unlike the
previous structures, the present structure of FIXa-WTgggop reveals the presence of Na™,
which is coordinated to the main chain carbonyl oxygen atoms of residues Phe184A
(chymotrypsin numbering) {353 amino acid in FIXa} and His185 {354}, Met221A {391}
and Lys224 {394} as well as to two water molecules (Fig. 1a). Since it is difficult to
distinguish between Na* and a water molecule due to their identical number of electrons and
comparable electron densities, we used the following criteria to assign Na* at this position.
First, coordination geometry—the assigned atom has six coordination ligands, four of which
are main chain carbonyl groups; further, four of the six ligand atoms are within the target
distances (2.5 A-2.8 A) while the remaining two are within the acceptable distance range for
Na* in protein structures [50,51]. Second, a water molecule can only coordinate to two main
chain carbonyl oxygen atoms and interact with a maximum of four ligands. Importantly,
most of the coordination distances observed in the present structure are shorter than the sum
of the allowed van der Waals contact distances between the two oxygen atoms. These
considerations favor placement of Na* at this site instead of a water molecule. In addition, as
in FXa and thrombin [30-33,52-55], the Na*-site in FIXa is linked to the S1-site Asp189
{359} through water molecules (Fig. 1a).

The Na*-site observed in FIXa is similar to that in FXa but not to thrombin (Fig. 2). In FXa
and FIXa, residues of the 180-loop as well as of the 220-loop provide coordinating ligand
atoms for the Na*-site whereas in thrombin, only residues of the 220-loop are involved in
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coordination with Na* (Fig. 2a). In thrombin, four water molecules serve as ligands (Fig. 2b)
as opposed to two water molecules in FXa (Fig. 2¢) or FIXa (Fig. 2d). In the present FIXa
structure, the Na*-site ligand atom distances vary between 2.5 A to 3.25 A. Similarly, in FXa
structures, the Na* coordination distances vary between 2.0 A to 3.1 A [32,33,52-54], while
in thrombin, one of the coordination distance is always longer than 2.7 A [30,31,33,55].
Although, the ideal coordination distance for Na* is 2.38 + 0.10, it is not always the case in
protein structures; in many instances the distances are longer and there are less than six-
coordinate ligand atoms [50]. Since the interactions between the Na* and the ligand atoms
from the protein or water molecule are more electrostatic and to some extent less covalent in
nature, it is difficult to precisely define the interaction distances for Na* [51]. Further in the
present F1Xa structure, the temperature factors of Na* and its neighboring atoms are similar
and do not show any large variations among them. The temperature factor of Na* (38.18 A2)
and the average temperature factors of the non-bonded atoms within 6 A of Na* are ~37.0
AZ. This is consistent with the temperature factors observed earlier for the Na*-site in FXa
[53].

In contrast to the present structure, Na* was not observed previously in the FIXa crystal
structures [13,34]. These include structures solved at medium (~2.8 A) to high resolutions
(1.3 A) but none of them revealed the presence of Na*. These FIXa crystals were grown in
the presence of high concentrations of ammonium sulfate (1.4 M) in the crystallization
buffer [34] or in the absence of Na* [13], which could explain the missing Na* in these
structures. Similarly, Na*-site was not observed in the FI1Xa-S195AgEyp bound to
antithrombin [15] or in the FIXagggyp triple mutant (Y94F/K98T/Y177T) [14]. Residue
His185 {354} is unique to F1Xa and its side chain makes a strong hydrogen bond with
hydroxyl group of Tyr225 {395} in the FIXagggyp triple mutant (Fig. 1b, ref 14) as well as
in the FIXa-S195Aggrop bound to antithrombin [15]. Consequently, Na* was not found in
these structures due to the unfavorable positions of Phe184A {353} and His185 {354}
carbonyl groups leading to an incomplete coordination sphere for Na*-binding. In the
present structure, His185 {354} adopts two alternate conformations; however, in both
conformations, the side chain of His185 does not make a hydrogen bond with Tyr225 {395}
(Fig. 1b). Accordingly, the carbonyl groups of 184A {353} and 185 {354} in the present
FIXa structure are favorably situated to serve as ligands for Na*. It should be noted that in
the previous structures, the crystals were obtained in the absence of Na*, where the
conformation of the 184-loop disfavors Na*-binding. Subsequent soaking of these crystals in
Na* containing buffer might not alter the conformation of the 184-loop and disrupt the
existing hydrogen bond between His185 {354} and Tyr225 {395}. This could provide a
reasonable explanation for the absence of Na*-site in these two previous F1Xa structures
[14,15].

Earlier, it has also been proposed that the difference in the orientation of the carbonyl groups
at Gly187 {356} in FIXa versus Lys in FXa impairs the Na*-binding in F1Xa [14].
Therefore, we compared the molecular environment of the Na*-binding sites in FI1Xa
(present structure) and FXa structures [32,52-54]. The superimposed 184- and 220-loops
involved in Na*-binding in these two proteins are shown in Fig. 1c. Except for the tripeptide
region (186EGG188 in FIXa and the corresponding TKQ residues in FXa), no major
differences were observed in the positions of the Na*-binding loops in these two proteins.
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Further, the main chain carbonyl atoms, which serve as ligands for Na* occupy similar
positions in both proteins. Thus, it would appear that the change in orientation of the
carbonyl group at Gly187 {356} does not impair Na*-binding in FIXa.

CaZ*-site in the protease domain of FIXa

In the present structure, we observed two alternate conformations of the Ca2*-loop in FIXa
(Fig. 3a). Conformation A is similar to the previous conformation of the Ca2*-loop [14,15],
whereas the alternate conformation B begins at residue Asn72 {237} and ends at residue
GIn81 {246} with a maximum deviation of ~3.6 A at residue Thr76 {241} (Fig. 3a).
However, the coordinating ligands for Ca2* in each conformation are the same (Fig. 3b and
3c) and involve side chains of Glu70 {235}, Glu77 {242} and Glu80 {245} and carbonyl
groups of Asn72 {237} and Glu75 {240} as well as a water molecule; these coordination
ligands are the same as observed earlier [14,15]. Notably, the Ca2*-site in FIXa is similar to
that in porcine pancreatic elastase [56], which involves the sidechain of Asn77 instead of a
water molecule as in trypsin [57].

Molecular dynamics studies

To understand the role of Na* in FIXa, we performed MD simulations on the FIXa protease
domain for 50 ns each in the presence of Na*, Ca?*, and Na*/Ca2* as well as in the absence
of these metals using the AMBER16 package [46]. The root mean square deviations
(RMSD) and the average residue root mean square fluctuations (RMSF) for the backbone
atoms of FIXa protease domain for the 50 ns MD data are presented in Fig. 4. The MD data
indicate that the presence of Na*, Ca2* or Na*/Ca2* stabilizes the FIXa protease domain as
compared to the metal-free form (Fig. 4a). The average RMSF for the backbone atoms of
each residue presented in Fig. 4b indicate that Na* reduces fluctuations (~0.6 A) in the
216-225 residues (one of the Na*-loops) as well as in the 70-80 residues (Ca?*-loop), while
Ca?* reduces fluctuations (~1.0 A) only in the Ca2*-loop residues. Presence of both Ca2*/Na
* reduces fluctuations in residues of the Ca?*-loop (~1.0 A) and the two Na*-loops (~0.6 A,
residues 183-194 and residues 216-225). Cumulatively, the MD data suggest that Na* plays
an important role in stabilizing the FIXa protease domain including the CaZ*-binding loop as
well as the two Na*-binding loops (residues 183-194 and residues 216-225), which are also
involved in the conversion of zymogen to a protease [58,59].

Earlier studies support the functional role of Na* for FIXa in the absence of Ca?* [26,35,36].
Na* increased the relative specificity (k;qf k1) of hydrolysis of two chromogenic substrates
by FIXa ~4-fold [26,36], which was primarily reflected in the reduction of k;,[36]. In the
absence of Ca?*, Na* also affected the reactivity of FIXa with antithrombin [35]. Inclusion
of Na* in the presence of Ca2* reduced the kj, of a chromogenic substrate by ~2-fold
without affecting the &+ [36]; in another study, data were presented where the velocity (1)
versus [S] plot (up to 8 mM) was linear [35]. These data represent first-order kinetics at ~8
mM substrate concentration of <0.1 k;,[60] and predict a &, of >50 mM; this &y, value
differs from the reported values of ~2-5 mM [35,61,62]. Thus, the marginal enhancement
(~2-fold) in relative specificity of FIXa by Na* in the presence of Ca2* [36] might not be
detected under these conditions [35]. In additional studies, in reaction mixtures containing
Ca?* and 33% ethylene glycol, Na* also had no effect on the chromogenic substrate
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hydrolysis by plasma F1Xa [35] as well as by His185A, Glu186A and Arg188A mutants
[63]; notably, ethylene glycol enhances amidolytic activity of FIXa several-fold [64] and
could mask the effect of Na* especially in the presence of Ca2*. Further, binding of cofactor
FVIllato FIXa could rearrange the 184- and 220-loops and diminish the effect of Na*
during FX activation [35,63] as has been previously observed for FVa binding to FXa during
prothrombin activation [65]; this concept was further elaborated by Page and Di Cera for
both FIXa and FXa enzymes [66]. Thus, it would appear that Na* contributes primarily
towards structural stabilization of the FIXa protease domain.

Heparin binding mode in FIXa

In the present FIXa-WTggpgp structure, we found six sulfate ions in the protease domain
(Fig. 5a). These sulfates are located in the putative heparin binding exosite region of FIXa.
Four of the six sulfates, numbered #1 to #4 in Fig. 5a, interact with Arg/Lys residues of FIXa
that have been shown by mutagenesis to be involved in heparin binding to FI1Xa [67,68].
Sulfate #5 interacts with Asn97 {264}, Thrl75 {343} and Tyrl177 {345}, these residues have
been implicated in interaction with heparin from the modeling studies [15]. Further, sulfates
#4 and #6 are located at the interface between the symmetry related molecules. Sulfate #4 is
involved in interactions with FIXa residues in the asymmetric unit and its symmetry mate,
whereas sulfate #6 is involved in interactions with residues only from the symmetry related
molecule. Details of the interactions between the sulfate ions and FIXa residues are provided
in Table 2.

The heparin sulfate binding to FIXXa plays a crucial role in physiologic thrombin generation
[67-70]. In the present FIXa-WTgggyp Structure, the observed locations of the four sulfate
ions (#1 to #4) and their interatomic separation distances appear to mimic the sulfates in the
thrombin-heparin structure. Thus, we modeled the heparin binding to FIXa using the
structure of heparin bound to thrombin as a template [49]. The modeled heparin binding to
F1Xa is depicted in Fig. 5b. Importantly, the four sulfates (#1to #4) that interact with
Arg/Lys residues overlay with sulfates from the heparin fragment bound to thrombin.
Interaction of these four sulfates with Arg/Lys residues (Table 2) involved in heparin binding
are depicted by circles. Four additional sulfates depicted by squares are part of the heparin
fragment, two of which (marked with an asterisk) interact with FIXa residues Asn93 {260},
His101 {268} and Asn179 {347} that have also been implicated in heparin binding [15]. In
the current model, sulfates #5 and #6 could not be aligned with the sulfates of the heparin
fragment. Further work is needed to ascertain whether the residues these sulfates (#5 and #6)
interact with constitute part of the heparin binding region in FIXa.

Previously, Johnson and coworkers modeled heparin binding to FIXa using the structure of
F1Xa bound to antithrombin-heparin complex [15]; this model was built based upon the
crystal contacts observed between the heparin fragment and the FIXa protease domain. In
this model, a majority of the interactions between heparin sulfate and FIXa residues are
mediated through water molecules [15]. In the model presented here, sulfate ions interact
directly with the FIXa residues implicated in heparin binding [67-70]. Further, the effects of
mutagenesis on the solution binding of FIXa to hypersulfated low molecular weight heparin
[70] are in agreement with the sulfate binding sites #1-4. Moreover, the present model
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resembles the mode of heparin binding to thrombin [49]. As pointed out by Johnson and
coworkers [15], the FIXa-heparin binding mode in their model is orthogonal to thrombin and
might not represent a favorable mode of binding in solution. Furthermore, our present model
would predict that interaction of heparin sulfate with FIXa and thrombin are similar.

Conclusions

As predicted by Di Cera and Tulinsky [30-33], our crystal structure data provide evidence
for the existence of Na*-site in FIXa. The linkage between Na* and the S1-site in FIXa is
consistent with the reduction in the kinetic constant &y, in the presence or absence of Ca2*.
MD simulations data support that Na* in conjunction with Ca2* stabilizes the structure of
protease domain in FIXa. As is the case with FXa, binding of cofactor FVIlla to FIXa
protease domain could provide conformational stability in the absence of Na*. This could be
due to the evolutionary transitions where the original effect of Na* is replaced by specialized
protein-protein interactions as proposed by Page and Di Cera [66]. The heparin binding
mode in FIXa presented here resembles the heparin binding mode in thombin. Similar to
thrombin, the heparin binding residues in FIXa directly interact with the heparin sulfates
providing support for the proposed model.
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Essentials

Consensus sequence and biochemical data suggest Na*-site in factor (F) IXa protease
domain

X-ray structure of FIXa EGF2/protease domain at 1.37 A reveals Na*-site not observed
earlier

Molecular dynamics simulations data support that Na*+Ca2* promote FIXa protease
domain stability

Sulfate ions found in the protease domain mimic heparin sulfate binding mode in FIXa
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(c)
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PhelAsp }; =
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Fig. 1. Environment of the Na™-site in the protease domain of wild-type FIXa.
(a) Na*-site coordination. The FIXa residues 184A {353}, 185 {354}, 221A {391} and 224

{394} carbonyl groups and the two water molecules that serve as ligands for Na* are shown.
The two alternate conformations of His185 as well as the water mediated linkages between
the Na*-site and the S1-site are depicted. The electron density (2/yps—Fealc) Map is
contoured at 1o. The sodium (Na) and water molecules are shown as purple and red spheres,
respectively. The salt-bridge between Asp189 {359} and pAB is also shown. The metal ion
coordination to its ligands and H-bonds between the water molecules are shown with black

J Thromb Haemost. Author manuscript; available in PMC 2020 April 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Vadivel et al.

Page 15

dashed lines. (b) Overlay of the residues in the FIXa triple mutant (PDB id 2wpj) and in the
wild-type FIXa involved in Na* binding. As compared to wild-type F1Xa, the carbonyl
groups of 184A {353} and 185 {354} in the FIXa triple mutant [14] are farther away
(indicated with a curved arrow) from the Na*-site (purple sphere). Dashed line indicates the
H-bond between the side chains of His185 {354} and Tyr225 {395} in the FIXa triple
mutant; this interaction is absent in wild-type FIXa. Also shown are Met221A {391} and
Lys224 {394} residues of these structures in which the carbonyl groups occupy similar
positions. The carbon atoms of the wild-type FIXa are shown in green and of the triple
mutant in yellow. (c) Superposition of the Na*-sites in wild-type FIXa and FXa. Similar
positions of the carbonyl groups of the 183-loop (residues 184A and 185) and of the 220-
loop (residues 221A/222 and 224) in the two structures are shown. The residues in FIXa are
labeled in green and in FIXa in black. Sodium (Na) in FIXa is shown in green and in FXa in
wheat color.
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Fig. 2. Na* coordination ligands in Thrombin, FXa and FIXa.
(a) The Na* binding loops of thrombin, FXa and FIXa. In thrombin, residues only of the

220-loop are involved in Na* binding, whereas in FXa and FIXa, residues both from the
184- and the 220-loops are involved in Na* binding. The four-residue insertion in thrombin
(186A-186D) precludes the 184-loop to participate in providing ligands for Na* binding
[55]. The loops are blue in thrombin, magenta in FXa and green in FIXa. (b) Na*
coordination ligands in thrombin. The main chain carbonyl oxygen atoms of Arg221A and
Lys224 and four water molecules provide ligand atoms for Na* in thrombin [55]. Main chain
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carbon atoms are shown in magenta for the 184-loop insertion residues. (c) Na* coordination
ligands in FXa. The main chain carbonyl oxygen of Tyr185, Asp185A, Arg222 and Lys224
and two water molecules provide ligand atoms for Na* in FXa. (d) Na* coordination ligands
in FIXa. The main chain carbonyl oxygen of Phel184A, His185, Met221A and Lys224 and
two water molecules provide ligand atoms for Na* in F1Xa. In panels (b), (c) and (d), only
the backbone atoms are shown for the 184- and 220-loops except for the residues providing
ligands for Na*. The carbon atoms are in wheat for the 184-loop, in green for the 220-loop
and in yellow for the residues that provide carbonyl oxygen ligands for Na*. The oxygen
atoms are in red and nitrogen atoms are in blue.
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( a) ’ Conformation A

(b)

(c)

Fig. 3. Conformational flexibility of the Ca2+-loop in the protease domain of FIXa.
(a) The two alternate conformations of the Ca2*-loop observed in the F1Xa structure. The

backbone atoms of residues 72-81 are shown; the alternate conformations of the Ca2*-loop
begin at residue 72 and end at residues 81. The calcium (Ca) and carbon atoms are in green
in conformation A and wheat in conformation B. The electron density (2Fgps—Fcalc) map
contoured at 1o is shown for each alternate conformation of the 70-loop backbone atoms
and of calcium. (b) Ca2*-binding site in conformation A. (c) Ca2*-binding site in
conformation B. The alternate conformations of the protein ligands and the water molecule
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(red) involved in coordination to CaZ* are depicted in panel (b) for conformation A and in
panel (c) for conformation B. In both panels (b) and (c), the electron density (2 Fohs—Fcalc)
map is contoured at 1o. Densities are carved to 1.7 A around the selected atoms. The
calcium (Ca) is shown in green in panel (b) and in wheat in panel (c), and the water
molecule is shown in red in both panels.

J Thromb Haemost. Author manuscript; available in PMC 2020 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Vadivel et al.

Page 20

<
(]
(72)
=
(14
——— minus Ca* or Na' —— Plus Na*
i —— Plus Ca* —— Plus Ca*/Na’
o.o 1 | 1 1 1 | 1 1 1 |
0 10 20 30 40 50
Time (ns)
b —— minus Ca* or Na' —— Plus Na’
2.25¢ ( ) —— Plus Ca* ——— Plus Ca”/Na’
i Ca” Loop
Na’Loops
1.75}F

RMSF (A)

0.75r

_ | A2 A
1.25} | ‘ | @ !
‘\ | \\ | “
i I
) \ | | i

(.
» A/ [/ kl ‘ ’
. 4 f ‘/’" 4 ;" l\ 4’ ?y' p \ :

0.25 M - : :
16 65 115 165 215 245

Residue Number

Fig. 4. The root mean square deviations (RMSD) and average root mean square fluctuations
gRMSF) cznithe backbone atoms of FI1Xa protease domain in the presence as well as absence of Na
and Ca“".

(a) RMSD of backbone atoms of FIXa over 50 ns molecular dynamics (MD) trajectories. (b)
Comparative RMSF plots of backbone atoms of FIXa during 50 ns MD simulations. In both
panels (a) and (b) — black, absence of Na* and CaZ*; green, presence of Na*; red, presence
of Ca?*; and blue, presence of both Na* and Ca2*. Arrows in panel (b) indicate the reduced
fluctuations in the residues of the Ca* and Na* loops in the presence of Na*, Ca2* as well
as both Na* and Ca?*.
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Fig. 5. Cartoon and electrostatic surface representations of the FI1Xa protease domain containing
the sulfate ions and the modeled heparin binding mode.

(a) The sulfate ions found in the FIXa protease domain crystal structure. The sulfate ions and
the side chain of residues involved in the salt-bridge and hydrogen bond interactions are
shown in stick representation. The electron density (2 Fgps—Fcalc) Only of the sulfate ions
(numbered #1 to #6) contoured at 1o is shown. Densities are carved to 1.7 A around the
sulfate ions. (b) Mode of heparin binding to the FIXa protease domain. Electrostatic surface
potential of the FIXa protease domain is shown with heparin fragment in stick
representation. The FIXa heparin binding mode was modeled using the structure of thrombin
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bound to the heparin fragment [49]. Sulfates from the heparin fragment that occupy the same
positions (#1 to #4) as the sulfates found in the crystal structure of FIXa are represented by
circles. The other sulfates from the heparin fragment are marked with squares and those
involved in interactions with FIXa are marked with asterisks. The salt-bridge interactions
between FIXa residues and the sulfates in heparin are shown in dashed lines. Sulfates #5 and
#6 of panel (a) do not match with any of the sulfates from the heparin fragment and thus are
not depicted here.
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Table 1.
Data collection and refinement statistics
Crystal FIXa EGF2/Protease domain
PDB code 6MV4
Space Group 14,22
Unit cell parameters
a(A) 109.75
b(A) 109.75
c(A) 112.45
a, B,y () 90.0, 90.0, 90.0
Data Collection
Beam line ESRF, ID14-3
Wavelength (A) 0.93
Resolution (A) 78.54 -1.37
Molecules per asymmetric unit 1
Measured reflections 337283
Unique Reflections 49105
%Completeness (spherical) 68.3(12.1)
%Completeness (ellipsoidal) 99.45(99.55)
Multiplicity* 6.9(5.2)
CC(1/2) 1.0 (0.85)
Rinerge” 3.5(46.2)
Average /o(1) 26.7(2.7)
Wilson B-factor 18.6
Refined statistics
Resolution (A) 1.37
No. of non-H atoms
Total 2854
Protein 2360
Ligand/ion 56
Water 438
R-factor (%)b 17.8
Rires (%)7 21.0
r.m.s.d. from ideal values
Bond Lengths (A) 0.012
Bond Angles (°) 1.23

Ramachandran plot (%)

Most favored regions (%) 83.9
Additional allowed regions (%)  13.7
Generously allowed regions (%) 0.4

Disallowed regions (%) 0.0
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Values in the parenthesis are for the high resolution shell. ESRF, European Synchrotron Radiation Facility.
a/?mergez): hklE MK k={ KhK))Z piE i1 hkl), where ([(hk])) is the mean intensity of reflection Akl

b . .
R-factor=Z skl Fobs|=| Fcalcll/Z Akd Fobsl, where Fohs and Fcalc are the observed and calculated structure factors, respectively; Rfree is the same
as the R-factor but is calculated for 10% of randomly selected reflections excluded from the refinement.
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The salt-bridge and hydrogen bond interactions between the observed sulfate ions and the protease domain

residues of FIXa.

Sulfateion Atom FlXaResidue Atom Distance (A)
#1 5042~ 02 Lys132 Nz 2.8
o1 Argl65 NE 2.8
03 Argl65 NH2 29
03 Lys230 Nz 3.3
#2 S042- 02 Asn129 ND2 3.1
o1 Asn129 ND2 3.2
03 Lys132 Nz 2.7
#3 S042- o1 Lys126 Nz 3.6
o1 Arg233 NH2 3.3
03 Arg233 NH2 3.1
04 Arg233 NE 2.8
#4 5042~ 04 Asnl78 ND2 2.8
02 Arg233 NH2 3.0
03 Arg233 NH1 2.9
02 Aqi78* ND2 28
Ol  Argo3s* NH2 3.2
04  Arga3s* NH1 238
#5 SO42- 02 Asn97 ND2 3.2
03 Thrl75 N 3.0
04 Thrl75 0G1 2.7
02 Tyrl77 OH 3.0
#6504 04 Aqnon”* ND2 29
02 Tyr128* OH 31
04  Tyr128* OH 31

Chymotrypsin numbering is used for the FIXa residues.

*
Residues from the symmetry related molecule
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