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Chapter 2

Abstract

Blood coagulation factor Va serves an indispensable role in hemostasis as cofactor for
the serine protease factor Xa. In the presence of an anionic phospholipid membrane
and calcium ions, factors Va and Xa assemble into the prothrombinase complex.
Following formation of the ternary complex with the macromolecular zymogen
substrate prothrombin, the latter is rapidly converted into thrombin, the key regulatory
enzyme of coagulation. Over the years, multiple binding sites have been identified in
factor Va that play a role in the interaction of the cofactor with factor Xa, prothrombin,
or the anionic phospholipid membrane surface. In this review, an overview of the
currently available information on these interactive sites in factor Va is provided, and
data from biochemical approaches and three-dimensional structural protein complex
models are discussed. The structural models have been generated in recent years
and provide novel insights into the molecular requirements for assembly of both
the prothrombinase and the ternary prothrombinase-prothrombin complexes. The
integrated knowledge on functionally important regions in factor Va will allow for a
better understanding of factor Va cofactor activity.
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Introduction

Factor Va (FVa) is a blood coagulation protein that is central to the formation of a blood
clot following vascular injury. It is generated from its precursor or procofactor factor V
(FV) by limited proteolysis and removal of the inhibitory B domain'?; for a review on FV
activation see Camire and Bos®. Once FV is activated, itis able to function as a cofactor
to the serine protease factor Xa (FXa) in the so-called prothrombinase complex that
is responsible for converting prothrombin to the key regulatory enzyme thrombin.
Factor Va assembly with FXa into the prothrombinase complex occurs exclusively
in the presence of Ca* and on a phosphatidylserine (PS)-exposing lipid membrane
provided by activated platelets or endothelial cells. Although FXa is capable of activating
prothrombin in the absence of its cofactor, assembly into the prothrombinase complex
increases the conversion rate by five orders of magnitude?, illustrating the essential
role of FVa in coagulation. In this review, we will focus on the structural requirements of
FVa to assemble into the prothrombinase complex and engage prothrombin, thereby
forming the ternary complex. For this purpose, data from in vitro studies and three-
dimensional structural protein complex models are discussed. The structural models
have been generated in recent years and provide novel insights into the interactive
sites in FVa that are involved in the assembly of the prothrombinase and the ternary
complexes. Earlier reviews have focused on the general functionality of FV under
normal conditions and in disease states, see Mann and Kalafatis® and Nicolaes and
Dahlback®.

The Factor V Protein Structure

Factor V circulates as a 330 kDa procofactor and comprises an A1-A2-B-A3-C1-C2
domain structure. The Adomains of FV are ~30% identical to the copper-binding plasma
protein ceruloplasmin, while the FV C domains share ~20% sequence homology with
the discoidin I-like domain of phospholipid-binding lectins in slime mold”®. The large
B domain of FV is poorly conserved among species®. This domain comprises several
tandem repeats, yet their role remains largely unknown’8. The inhibitory effect of the
B domain is maintained by a basic and a complementary acidic region, creating an
autoinhibitory conformation which is considered to obscure FXa-interactive sites®™.
Proteolytic activation of FV is facilitated by FXa and meizothrombin in the initiation
phase of coagulation and subsequently by thrombin in the propagation phase' .
Sequential cleavage at the B domain sites Arg709, Arg1018, and Arg1545 results in
dissociation of the B domain and generation of the non-covalently associated heavy
(A1-A2) and light chains (A3-C1-C2) that form FVa'>®,
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Downregulation of the cofactor function of FVa is regulated by activated protein C (APC)
and its cofactor protein S''8. Activated protein C cleaves FVa at Arg306, Arg506, and
Arg679 in the A2 domain'™2. The cleavage at Arg506 is kinetically preferred, causing a
rapid loss of FVa cofactor activity, while the relatively slow cleavage at Arg306 is required
for full FVa inactivation'?', the latter resulting from dissociation of the complete A2
domain®.

The FV molecule contains a copper- and calcium-ion binding site, located between the
A1 and A3 domains. Although the exact mechanism remains unclear, both ions likely
stabilize the interaction between the FVa heavy and light chains and are crucial for
the FVa cofactor activity?>?8. Furthermore, FV undergoes multiple post-translational
modifications including glycosylation, sulfation, and phosphorylation® (for a review on
post-translational modifications in blood coagulation proteins see Hansson et al.).
The three-dimensional FV protein structure is further mediated by seven intradomain
disulfide bridges in the A and C domains3°2".

The Factor Va-Factor Xa Interaction

To gain insight into the molecular requirements of protein-protein interactions,
the generation of crystal structures of proteins in combination with mutagenesis
approaches has greatly contributed to unravel these characteristics. While crystal
structures are available for both FVa and FXa, they are lacking for the human
prothrombinase complex. As a result, the 3D structure of the human prothrombinase
complex has been modelled based on (partial) crystal structures and guided by
biochemical studies. The first 3D model of prothrombinase dates from 2006 and
was based on the crystal structures of APC-inactivated bovine FVa and active site-
inhibited human FXa*2. Protein docking simulations revealed five representative
prothrombinase structures, of which one proved consistent with most of the reported
FVa-FXa binding data. A second prothrombinase model reported in 2008 by Lee et
al. was generated from Molecular Dynamics simulations data®. Subsequently, the
same group constructed the first ternary complex in 2011. By making use of the X-ray
crystal structure of human prethrombin-1, the human prothrombin 3D structure was
modelled and docked onto the prothrombinase complex?4. In 2013, a crystal structure
of a prothrombinase-like complex from the venom of the Australian Eastern Common
Brown snake became available3>. The components of this prothrombinase-like complex,
known as Pseutarin C, associate with high affinity in the absence of a negatively charged
lipid surface®. As Pseutarin C shares ~40-60% sequence identity with human FVa-
FXa®, this crystal structure provides a reliable blueprint for molecular modelling of
human prothrombinase. Consequently, the latter was generated by Huntington and
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co-workers®’. More recently, a full human ternary complex was reported??, thereby
providing important new insights in the structural organization of the prothrombinase
complex and prothrombin binding. In the following sections, we will review the molecular
details of the FVa-FXa interactions, guided by the crystal structure of Pseutarin C,
structural homology models, and biochemical studies.

The A2 Domain Arg306 region in Factor Va

The FVa A2 domain has been suggested to play a critical role in the interaction of
FVa with FXa, as several distinct FXa binding sites have been identified of which an
overview can be found in Table S1. One of these sites is a region in close proximity of
the APC cleavage site Arg306 (Figure 1). The first evidence for involvement of this region
came from studies in which peptides of FV A2 domain sequences were assessed for
their capacity to inhibit prothrombinase activity. In a screen of overlapping 15-residue
peptides covering FVa region Thr271-Lys345, the peptide encompassing region lle311-
Phe325 was found to significantly inhibit prothrombin activation in the presence of
FVa, while full activity was maintained in the absence of FVa*. These observations led
Kojima et al. to conclude that this peptide competes for FXa binding. Supporting this
finding, Kalafatis and Mann obtained evidence indicating that the FVa clotting activity
was inhibited by a 42-amino acid peptide comprising residues Asn307-Arg3484°. Further
studies making use of both FV peptides and recombinant FV variants with targeted
amino acid substitutions suggested amino acids Glu323, Tyr324, Glu330, Val331,
Asp334, and Tyr335 as a FXa-binding cluster*-+.

Interestingly, the crystal structure of Pseutarin C reveals that these residues are
located at relative far distance from FXa (>20 Angstrém). In Pseutarin C, only Met318,
homologous to human Arg317, was found to interact with FXa** and similar observations
were made for recent homology models of human prothrombinase®”* (Figure 1; Table
S1). It therefore seems unlikely that the A2 domain Arg306 region in FVa is directly
contributing to FXa binding, but rather seems to be involved in the interaction with
prothrombin (see also the ‘The factor Va-prothrombin interaction’ section). This would
be in agreement with the findings by Norstrgm and colleagues, who reported that the
Arg306 cleavage site is not protected by FXa*, suggesting that APC and FXa do not
share the Arg306 region in FVa as binding site.

The A2 Domain Arg506 Region in Factor Va

In contrast to the Arg306 region in the FVa A2 domain, the Arg506 cleavage site is
known to be protected from APC-dependent proteolysis by FXa'#4, indicating that this
region harbors a competitive binding site for FXa and APC. Several other studies have
provided further evidence for a FXa-binding site in the Arg506 region of the FVa A2
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domain (Figure 2; Table S1). For instance, a Gly493-Arg506 FV peptide was found to
inhibit prothrombin activation®. In addition, a FVa variant in which residues Lys499-
Arg505 were swapped for the homologous FVllla residues Tyr555-GIn561 revealed
a significantly reduced FXa affinity, while Arg506 cleavage by APC was unaffected“®.
Further evidence was provided by site-directed glycosylation studies, demonstrating
that introduction of N-glycosylation sites at FVa residues Glu467 and Ala511 attenuated
FXa binding, while the affinity for prothrombin remained unaffected®. Still, these
results could potentially be caused by steric hindrance rather than disrupting direct
interactions between FVa and FXa. A direct assessment approach in which several
charged residues were mutated to neutral amino acids revealed that four out of the
fifteen FVa variants exhibited a markedly reduced FXa binding and cofactor activity,
thereby identifying an A2 domain binding cluster of Arg501, Arg510, Ala511, Asp513,
Asp577, and Asp5784. Structural analysis confirms that these residues are all located on
the A2 domain surface in close proximity of FXa (<4 Angstrém) (Figure 2). Furthermore,
these residues and their homologs in Pseutarin C have been implicated as FXa contact
residues®3738,

The A2 Domain C-terminus (A2T) in Factor Va

During the activation of FV, the B domain is cleaved and dissociates, resulting in a non-
covalently linked FVa heavy and light chain®. The resulting A2 domain C-terminus (A2T)
forms a long negatively charged tail that has been implicated as a FXa-interactive site
(Figure 3; Table S1). Initial evidence came from a study in which FVa was treated with a
protease from the venom of the snake Naja naja oxiana, which resulted in the cleavage
of a 27-amino acid peptide (Asp683-Arg709) from the FVa A2T*. The resulting cofactor,
FVa,, displayed a markedly reduced affinity for both FXa and prothrombin, while the
catalytic efficiency of prothrombinase-assembled FVa, , was comparable to that of FVa.
This finding indicates that the A2T plays a role in the assembly of the ternary complex
rather than affecting its cofactor activity.

Although no crystal structure is available and only structural models exist of the
complete A2T, part of the structural interactions (up to Glu683) were revealed by the
Pseutarin C structure®. In this crystal structure, the A2T residues Asn656, Tyr657, and
Asp671-Glub83 interact with the highly basic heparin-binding site of FXa. Interestingly,
similar interactions have been reported for human FXa in studies in which potential
FVa-binding residues were identified using inhibitory peptides or a mutagenesis
approach®®®’. The A2T may therefore function as a FXa recognition site and is as such
important to prothrombinase complex assembly. However, the exact contribution of
the A2T region to the interaction with FXa remains to be determined.
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The Factor Va A3 Domain

The FVa light chain has been implicated in prothrombinase assembly through the FVa
A3 domain-FXa EGF domain interaction (Figure 4; Table S2). Most data on the FVa
residues involved in this interaction has been derived from structural models, and few
biochemical studies have provided evidence for the involvement of the A3 domain in
FXa binding. A monoclonal antibody recognizing the FVa region Asp1537-Lys1752 was
found to drastically reduce FXa binding and prothrombin conversion®2. Further data
uncovered a possible role for the region surrounding His1683, as introduction of a
glycan at this position fully abrogated FXa binding and greatly decreased thrombin
formation“t. Furthermore, alanine substitution of residues Arg1551, Glu1650, Trp1665,
and His1683 in FVa resulted in a minor reduction in FXa affinity*®. The aforementioned
residues have also been identified as FXa contact residues in several prothrombinase
structures®”3¢, Within the Pseutarin C FV sequence Thr789-GIn922 (equivalent to
human FV Ser1546-His1683), seven residues were found to be directly involved in FXa
binding, while sixteen other amino acids were considered as contact residues??. Similar
observations were made for the human homology models, revealing tight connections
between the FXa EGF domains and the A3 domain of FVa3"38. Together, these studies
highlight a role for the FVa A3 domain in prothrombinase complex assembly. These
interactions might be important for the initial docking of the complex, allowing for
subsequent productive interactions between the FVa A2 domain and FXa. As the
structure of Pseutarin C comprises a truncated FXa molecule that lacks the EGF1
domain®, structural data on the interaction with the EGF1 domain is currently provided
by prothrombinase models only.

The Factor Va-Prothrombin Interaction

Upon assembly of the prothrombinase complex, the ternary complex is formed
following docking of the macromolecular substrate prothrombin. Efficient docking of
prothrombin is crucial for its conversion to thrombin that requires limited proteolysis
by FXa at cleavage sites at Arg271 and Arg320°; for a review on prothrombin activation
see Krishnaswamy®*. Both molecular models that have been generated for the human
ternary complex provide a template for prothrombin binding*. In addition, several
experimental studies have provided evidence for prothrombin binding sites on the
FVa heavy and light chains. In the next sections, we will describe the interactive sites
in FVa for prothrombin that have been identified based on biochemical studies and
the structural models of the ternary complex.

25



Chapter 2

The A2 Domain Arg306 and Arg506 Region in Factor Va

As described in previous sections, the regions surrounding positions 306 and 506
in the FVa A2 domain have been implicated in FXa binding based on results from
both structural models and in vitro studies. In most in vitro studies, a reduction in
FVa cofactor activity was linked to an impaired interaction of FVa with either FXa or
prothrombin. However, an exact determination of the affected binding partner would
require analysis of direct protein-protein interactions. As a consequence, the regions
that have been implicated in FXa binding could function as prothrombin-binding sites
and vice versa. In support of this, several prothrombin binding residues that are in
close proximity of the Arg306 region (Arg313, Arg316, and Arg317) or Arg506 region
(Arg503, Arg505, and Arg506) have been identified following assessment of the ternary
structural models (Figures 1, 2; Table S3)3#%. Interestingly, while FXa has been found
to compete for APC-dependent cleavage at Arg506 only*4, prothrombin is capable
of protecting both Arg306 and Arg506 from cleavage by APC*. This suggests that
the Arg506 region in FVa interacts with both FXa and prothrombin, while the FVa
Arg306 region acts solely as prothrombin binding site. Considering these observations,
we conclude that those FXa-binding sites in the FVa Arg306 region that have been
identified based on prothrombinase and/or clotting activity analyses might in fact be
responsible for the interaction with prothrombin.

The A2 Domain C-terminus (A2T) in Factor Va

Apart fromits role in the interaction with FXa, the FVa A2T may also serve an important
role in prothrombin binding (Figure 5; Table S3). For instance, FVa cleaved at Arg679
by a venom protease found in Naja nigricollis nigricollis exhibited a 60-80% reduced
clotting activity®®. The study further revealed that a synthetic peptide comprising
residues Asp697-Arg709 was found to competitively inhibit prothrombinase activity by
interfering with prothrombin binding, while the FVa-FXa binding remained unaffected.
Similarly, the Asp697-Arg709 peptide was found to directly interact with thrombin-
agarose, suggestive of a role in prothrombin rather than FXa binding. Next, a FV
peptide encompassing region Asp695-GIn699 (DYDYQ) was observed to interfere
with the incorporation of prothrombin and impaired prothrombin conversion®’. In
FVa region Asp695-GIn698, both tyrosines (Tyr696, Tyr698) are sulphated and have
been suggested to facilitate the initial binding of prothrombin, thereby securing the
position of prothrombin and its cleavage sites Arg271 and Arg320 close to the FXa
active site®. This notion was further supported by alanine substitution of residues
Asp695-GIn698, which resulted in a surprising ~20% increase in k_, for the activation
of prothrombin, while ,in contrast, an accumulation of meizothrombin and subsequent
delay in prothrombin activation was observed?8. Similar results were obtained for FVa
variants in which residues Asp659-Asp663 were either mutated or deleted®®, or in
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which residues Asn700-Arg701 were replaced for the bovine homologs Asp-Glu®®.
These results indicate that the A2T plays a prominent role in both the incorporation
and catalysis of prothrombin.

Despite the fact that multiple studies have shown the involvement of the A2T in
prothrombin binding and conversion, contradictory studies have also been reported.
For example, a 13-residue CGterminal peptide of the FV A2 domain (residues Asp697-
Arg709) was not able to inhibit the FVa clotting activity*®. Furthermore, recombinant
truncation of the FVa heavy chain between Thr679-Arg709 did not affect the FVa clotting
activity, prothrombin conversion kinetics, nor FXa binding®'. Conversely, truncation at
Pro658 resulted in a markedly reduced clotting activity and FXa binding, although
this variant showed normal prothrombinase kinetics when fully saturated with FXa
and anionic membranes®'. Although prothrombin time-based clotting assays may not
be sufficiently sensitive to detect small functional differences in FVa cofactor activity,
the observation that truncation of the FVa A2 domain Gterminus failed to affect the
interaction with FXa and/or prothrombin might suggest that this region contributes
minimally towards the assembly of the ternary complex.

The findings described above have thus far not been supported by mechanistic insights
derived from crystal structures, as the FVa A2T has not been fully resolved in the
available X-ray structures of the FV A2 domain. Currently, only an X-ray structure
of active site-inhibited thrombin bound to FVa residues Glu666-Glu672 has been
reported®, revealing that these FVa residues interact with exosite | in thrombin.
Interestingly, in addition to the reported X-ray structure, the authors modeled the
complete A2T (lle657-Arg709) as a peptide wrapping around thrombin, thereby covering
alarge surface of productive interactions. Similarly modeled interactions of the FVa A2T
were obtained from the ternary model created by Shim et al*. In this model, the A2T
firstinteracts with the heparin-binding site of FXa and subsequently binds prothrombin,
hereby acting as a long arm grasping prothrombin and assisting in its assembly into
the ternary complex (Figure 3). Collectively, these structural studies indicate a dual
role for the A2T, being involved in both FXa and prothrombin binding. Based on the
available data, we suggest that the N-terminal segment of the A2T may interact with
FXa thereby contributing to prothrombinase formation. Subsequently, the remaining
Cterminal part of the A2T region might interact with prothrombin to facilitate efficient
substrate docking onto the prothrombinase complex. However, until high resolution
X-ray structures of the ternary complex will become available, the exact molecular
interactions facilitating the interaction of the FVa A2T with both FXa and prothrombin
remain undefined.

27



Chapter 2

The A3 and C1-C2 Domains in Factor Va

Currently, direct evidence supporting binding of prothrombin and the FVa light chain
is absent. Yet, interactions between the Kringle domains of prothrombin and FVa have
been reported. Characterization of prothrombin mutants in which either the Kringle
1 or Kringle 2 domain was deleted suggested that the Kringle 2, but not the Kringle
1 domain, interacts with FVa®. In contrast, in a later study both Kringle domains of
prothrombin were found to contribute to FVa binding®. It is generally acknowledged
that the Kringle 1 domain is located close to the membrane layer as it is separated
via a small linker from the Gla domain®, the latter facilitating phospholipid binding.
Given the structural orientation of prothrombin and the Kringle 1 domain, the Kringle
1 domain could have the potential to interact with the FVa A3 domain and/or with the
lipid-binding C domains. Such interactions were observed in the two ternary models,
revealing significant interactions between the Kringle 1 and Gla domain of prothrombin
and the A3 and C1 domains of FVa3*3. Thus far, support for this has come from one in
vitro study in which a peptide comprising the sequence of prothrombin’s Gla domain
(residues 1-46) was demonstrated to inhibit prothrombinase activity and to directly
interact with FVa . While the binding site in FVa is likely located in the lipid-binding
light chain, the contribution of the FVa A3-C1-C2 domains to prothrombin assembly
remains largely unclear. Collectively, the current models and sparse in vitro data suggest
thatinteractive regions are located in the A3 and C1 domains (Figure 6; Tables S4-S5).
Nevertheless, future studies focused on providing solid evidence for the contribution
of the FVa A3-C1 domains to prothrombin binding are required.

The Factor Va-Anionic Membrane Interaction

A negatively charged membrane surface comprising PS is essential for the formation
of the ternary prothrombinase-prothrombin complex. This anionic phospholipid layer
provides a binding surface for the ternary complex assembly and is mainly provided by
the membranes of activated platelets and endothelial cells. The interaction of FVa with
the PS-rich membrane is facilitated by its C1 and C2 domains. These domains contain
several protruding spikes that are orientated towards the lipid layer. Hydrophobic and
positively charged residues are located at the apex of these spikes and have been
implicated as the lipid-binding sites®’ 8. Here, we will review the studies providing
evidence for these membrane binding sites and describe our current understanding
of the key residues facilitating such interactions.

The C1 Domain of Factor Va

Interaction of FVa with the negatively charged membrane surface is, together with
contributions of the C2 domain, mediated by the immersion of hydrophobic C1 domain
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spikes into the phospholipid bilayer (Figure 7; Table S6). The FVa C1 domain was initially
considered to facilitate phospholipid binding due to the observation that FVa comprised
a higher membrane affinity relative to the isolated FVa C2 domain®. Using alanine-
scanning mutagenesis, several membrane binding residues were identified in the C1
domain’. Out of twenty generated FVa variants, alanine substitution of the residue
pairs Lys1954 and His1955, Tyr1956 and Leu1957, and Arg2023 and Arg2027 revealed
an impaired binding to immobilized PS. Further characterization showed a significantly
reduced prothrombinase activity of the Tyr1956 and Leu1957, and Arg2023 and
Arg2027 substituted variants, although this was only observed at limiting phospholipid
concentrations. Conversely, the Lys1954 and His1955 mutated FVa variant displayed
a similar prothrombinase activity compared to wild-type FVa’, suggesting that these
residues might be involved in FVa-lipid binding but are not essential for prothrombinase
assembly. Later studies demonstrated that the binding site for a soluble form of PS
(C6PS) was lost upon alanine substitution of the hydrophobic residues Tyr1956 and
Leu19577172. Binding of FVa to soluble PS has been shown to increase the affinity
of FVa for FXa’>74. Interestingly, substitution of Tyr1956 and Leu1957 resulted in an
approximately 200-fold decreased affinity for FXa in the presence of soluble C6PS™
and a ~4-fold reduced affinity was observed on PS membranes’™. Still, at saturating
concentrations of FVa, FXa, and PS membranes, the maximal rate of prothrombin
activation was indistinguishable from wild-type FVa. Therefore, mutating residues
Tyr1956 and Leu1957 seems to affect the assembly of FVa and prothrombinase on
lipid membranes rather than affecting the activity while assembled. This might suggest
that binding of the C1 domain to the lipid surface induces conformational changes in
FVa, resulting in an enhanced affinity for FXa. It has been proposed that these changes
may induce rearrangements in the A2 domain, the main binding region for FXa’'7>.
Alternatively, the conformational changes may also result in the presentation of a FXa
binding site on the FVa C1 and/or C2 domain, although no interactions between the C
domains and FXa have been identified in recent structural models®"38,

The C2 Domain of Factor Va

The C2 domain plays a pivotal role in the binding of FVa to the lipid membrane layer,
which involves both hydrophobic and electrostatic interactions (Figure 7; Table S7). The
first studies demonstrating C2 domain binding to the lipid surface revealed an impaired
PS-binding upon either deletion of the C2 domain or by making use of specific inhibitory
antibodies directed against the C2 domain’®’¢. Subsequently, chimeric FV variants
generated by exchange of exon-size sequences for the corresponding FVIII regions
revealed that the N-terminal region of the C2 domain (residues Gly2037-Lys2087) was
involved in PS binding’. In 1998, the first models of the FV C1 and C2 domains were
reported, based on the crystal structure of the homologous D1 domain of galactose
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oxidase®. A cluster of hydrophobic/aromatic residues (Lys2060, Lys2061, Trp2063, and
Trp2064) was identified in a solvent-exposed loop in the C2 domain, suggesting a role
in membrane binding®. This suggestion was strengthened by the crystal structure of
the C2 domain of FV, which revealed three protruding spikes containing hydrophobic
and polar residues, with Trp2063, Trp2064 (spike 1), and Leu2116 (spike 3) suggested
as particular candidates for membrane immersion®'. Subsequent alanine-scanning
revealed a critical role for Trp2063 and Trp2064 in PS binding’>82%. Mutating both
residues resulted in a markedly reduced membrane binding affinity in addition to an
attenuated prothrombinase activity. However, the attenuated activity was only observed
in conditions with limiting PS concentrations (<10%) and was restored in the presence
of 25% PS membranes with saturating concentrations of FVa and FXa. Therefore, these
results indicate that Trp2063 and Trp2064 are important for PS-membrane binding,
but do not affect the intrinsic activity of FVa. The fact that FVa variants comprising
mutations at key lipid-binding residues fail to show abrogated prothrombinase activity
on membranes containing >20% PS may suggest the involvement of other regions
in FVa-membrane binding. However, given that physiological concentrations of PS
are considered to be in the range of 5-10%%”%8, the contribution of individual binding
sites should be assessed employing relevant compositions of negatively charged
phospholipids and direct membrane-binding assessments.

Two FV isoforms, FV1 and FV2, exist in plasma that display different FVa cofactor
activities and slightly different molecular weights as a result of heterogeneity in the
light chain caused by partial glycosylation at Asn21818°°!. The Asn2181-glycosylated
FVal displays an impaired lipid binding and FVa cofactor activity compared to the
non-glycosylated form FVa2. Yet, the reduced prothrombin conversion could only be
detected in the presence of limiting PS concentrations; once assembled, FVal and
FVa2 exhibit comparable catalytic efficiencies®®. These results indicate that although
Asn2181 does not directly contribute to membrane binding, glycosylation of Asn2181
interferes with the binding of FVa to PS-membranes.

Interestingly, the crystal structure of the FVa C2 domain revealed two distinct
conformations referred to as an ‘open form’ and ‘closed form’ that correspond to
a membrane binding state and a circulating state, respectively®’. In the open form,
the three protruding spikes create a deep groove lined by hydrophobic and polar
residues that are ideally arranged to interact with the PS head groups. The hydrophobic
residues located at the apex of the spikes could thereby facilitate the initial binding
and immersion into the membrane layer. This allows for the formation of additional
interactions between the interior of the groove (residues Trp2064, Trp2068, Met2120,
and Leu2116) and the PS head groups. An additional PS-binding site might be localized
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between the second and third spikes consisting of residues GIn2078, Gly2079,
Asn2082, Lys2114, and Arg21878'. This basic region would be more accessible for acidic
phospholipids, explaining the preference of FVa for acidic membranes®. In the closed
form, the first and third spikes are slightly tilted and as a result the interior of the groove
is covered by the side chains of Trp2063, Trp2064, and Leu2116, leading to a markedly
reduced hydrophobic exposed surface.

The C1 and C2 Domains of Factor Va

A mechanistic model describing the FVa C1-C2-lipid interaction has been proposed®’".
The C2 domain, and perhaps also the C1 domain, circulate in a closed state preventing
phospholipid binding and prothrombinase assembly. The basic and polar residues
surrounding the binding spikes facilitate the approach to the negatively charged PS-
membrane. The subsequent PS-membrane binding triggers the open state of the
C domains, resulting in membrane insertion of hydrophobic residues Tyr1956 and
Leu1957 (C1 domain), Trp2063 and Trp2064 (C2 domain), and subsequent interactions
between the lipid-binding groove and PS head groups. Initial membrane binding may
be facilitated by the C2 domain’', and subsequent anchoring of FVa to the phospholipid
layer allows the C1 membrane to interact, establishing FVa-membrane binding. This
proposed mechanism is in agreement with Molecular Dynamics simulations studies
on the homologous FVIII C domains, in which the FVIII C2 domain is the first to interact
with the membrane layer, followed by membrane immersion of the C1 spikes®.

Summary

In this review, we have evaluated the regions in FVa that are responsible for the
interaction with FXa, prothrombin, and the negatively charged lipid membrane. As
FVa plays a central role in hemostasis, the binding sites in FVa are essential functional
regions that mediate full prothrombinase activity. Important interactive regions for FXa
are mainly located within the A2 domain of FVa. The two main FXa-binding sites within
this domain are the A2T and the region surrounding Arg506. Although the Arg306-
surrounding region has previously been implicated as a FXa-binding site, the Pseutarin
C structure and homology models of the ternary prothrombinase-prothrombin
complex reveal that this region is likely involved in prothrombin binding rather than
FXa binding. Instead, the Arg506 and A2T regions were found to play a dual role, as they
contribute to both FXa and prothrombin binding. While the exact contribution of the
A2T remains to be elucidated, current observations suggest a role in the initial binding
of prothrombin and its positioning close to the FXa active site to facilitate efficient
proteolytic conversion to thrombin. Lastly, we summarized the interaction of FVa
with the lipid membrane layer. Membrane binding is facilitated by both C domains, in
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which the hydrophobic residues of several protruding spikes insert into the membrane
layer. These membrane interactions may result in conformational changes within the
C domains that have been suggested to induce structural rearrangements that allow
for assembly of the ternary complex.

Collectively, this review has provided an overview of the essential binding sites in
FVa for incorporation into the prothrombinase and functional ternary complexes.
Unfortunately, X-ray structures of the complete prothrombinase or ternary complexes
are lacking, limiting our knowledge to available structural models and biochemical data.
Nevertheless, in the last decades considerable knowledge has been gained, as a crystal
structure of the prothrombinase-like Pseutarin C complex has been generated and
several structural models of the prothrombinase and ternary complexes have become
available. While some issues concerning the molecular details and mechanisms of FVa
binding still remain, the current overview will provide a framework for future research
and novel approaches to uncover details on binding sites and functional regions in FVa.
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Figure 1. Interface between the factor Va A2 domain Arg306 region and factor Xa or pro-
thrombin. A zoomed-in region of the human ternary model by Shim et al. is shown®?; the insert
in panel A outlines the specific region depicted. Panel B displays the same region after a 180°
rotation around the Y-axis. The region (Asn307-Lys386, specified in Tables ST and S3) surround-
ing the Arg306 site (indicated in blue) is in close proximity to prothrombin, suggesting that this
specific region is a binding site for prothrombin rather than for FXa. FVa amino acids implicated
as contact residues are highlighted in pink; FVa (teal), FXa (orange), and prothrombin (gray) are
indicated. See Movie S1 for a 3D overview. Abbreviations: FVa, factor Va; FXa, factor Xa.

Figure 2. The factor Va A2 domain Arg506 region functions as a binding site for both factor
Xa and prothrombin. A zoomed-in region of the human ternary model by Shim et al. is shown?;
the insert outlines the specific region depicted. A cluster of amino acids between Glu467-lle514,
specified in Tables S1 and S3, forms a binding site for factor Xa, while residues Leu503, Arg505,
and Arg506 interact with both FXa and prothrombin. FVa amino acids implicated as contact
residues are indicated in pink; FVa (teal), FXa (orange), and prothrombin (gray) are indicated. See
Movie S2 for a 3D overview. Abbreviations: FVa, factor Va; FXa, factor Xa.
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Figure 3. The factor Xa binding region in the A2 domain C-terminus of factor Va. A zoomed-in
region of the human ternary model by Shim et al. is shown®; the insert outlines the specific region
depicted. Several residues in the A2-domain C-terminus, spanning from Cys575 to Pro670, as
specified in Table S1, are involved in the assembly of the prothrombinase complex by interacting
with the heparin-binding site of FXa. FVa amino acids implicated as contact residues are indicated
in pink; FVa (teal) and FXa (orange) are indicated; prothrombin has been removed for clarity. See
Movie S3 for a 3D overview. Abbreviations: FVa, factor Va; FXa, factor Xa.

Figure 4. The factor Va A3 domain interacts with the serine protease and EGF domains of
factor Xa. A zoomed-in region of the human ternary model by Shim et al. is shown?®; the insert
outlines the specific region depicted. All highlighted residues (pink spheres) in FVa, spanning from
Asn1547 to Lys1725 (specified in Table S2), are located close to FXa and may be directly involved in
the formation of the prothrombinase complex. FVa (teal) and FXa (orange cartoon) are indicated;
prothrombin has been removed for clarity. See Movie S4 for a 3D overview. Abbreviations: FVa,
factor Va; FXa, factor Xa.
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Figure 5. The factor Va A2 domain C-terminus is predicted to wrap around the serine pro-
tease domain of prothrombin. A zoomed-in region of the human ternary model by Shim et al.
is shown®; the insert outlines the specific region depicted. Asp628-Arg709 (highlighted in pink,
specified in Table S3) within the A2 domain C-terminus has been implicated to function as a
prothrombin binding site. This region forms an extended arm that likely facilitates the docking of
prothrombin onto the prothrombinase complex. FVa (teal) and prothrombin (gray) are indicated;
FXa has been removed for clarity. See Movie S5 for a 3D overview. Abbreviations: FVa, factor Va;
FXa, factor Xa.
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Figure 6. The interaction of the factor Va A3 and C1 domains with prothrombin. A zoomed-
in region of the human ternary model by Shim et al. is shown?®; the insert outlines the specific
region depicted. Several prothrombin-interactive regions have been suggested for the FVa A3
and C1 domains (highlighted in pink, specified in Tables S4 and S5) and are proposed to interact
with the Kringle 2 and Gla domains of prothrombin. FVa (teal) and prothrombin (black cartoon)
are indicated; FXa has been removed for clarity. See Movie S6 for a 3D overview. Abbreviations:
FVa, factor Va; FXa, factor Xa.

Figure 7. The factor Va C1 and C2 domains facilitate interaction with the anionic lipid mem-
brane surface. A zoomed-in region of the human ternary model by Shim et al. is shown?®?; the
insert outlines the specific region depicted. The hydrophobic protruding spikes of the C1 and C2
domains (shown in stick configuration) insert into the anionic lipid membrane layer. Additional
interactions are provided by the groove between the C domains (residues spanning Lys1954-
Arg2027 and Lys2060-Arg2187, specified at Tables S6 and S7). FVa amino acids implicated as
contact residues are indicated in pink, FVa is indicated in teal. See Movie S7 for a 3D overview.
Abbreviations: FVa, factor Va; FXa, factor Xa.
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Supplemental Tables

Regions
Regions FVa Reference
Glu323-Val331 [41]
lle311-Phe325 [39]
Asn307-Arg348 [40]
Gly493-Arg506 [45]
Lys499-Arg505 [46]
Asp683-Arg709 [49]
Asp697-Arg709 [56]
Residues
Residue FVa Residue FXa Chymptrypsin Bindingtype Reference
numbering
Arg317 Ser355 Ser173 Hydrogen Bond/ [37]
Buried surface
Lys320 Asp346 Asp164 [33]
Arg321 Asn348 Asn166 Hydrogen Bond [33,34]
Trp322 Arg347 Arg165 Hydrogen Bond [33,34]
Glu323 Asn348/Lys351 Asn166/Lys169 Hydrogen Bond [33-34, 42]
Glu323 Lys351 Lys169 Salt-bridge [33]
Tyr324 [42]
Phe325 Lys351 Lys169 Cation-Pi interaction  [33]
Glu330 [42]
Val331 [42]
Asp334 [43]
Tyr335 [43]
Glu372 Lys351 Lys169 Salt-bridge [34]
Phe376 Thr278/Thr275/ Thr98//Thr95/Glu97/ Hydrophobic [33,34]
Glu277/ Phe356/ Phe174/11e175 interaction
lle357
His379 Glu277/Asp280 GIlu97/Asp100 Salt-bridge [33,34)
Thr380 Arg273 Arg93 [33]
Met385 GIn360 GIn178 [33]
Glude7 Buried surface [37,47]
GIn471 Buried surface [39]
Arg501 Leu352 Leu170 Hydrogen Bond/ [37,48]
Buried surface
Leu503 Buried surface [37]
Asp504 Buried surface [37]
Arg505 Glu277/Met314/ Glu97/Met131/Val163/ Hydrogen Bond [33,34,37]
Val345/Arg347/ Arg165/
GIn360/Cys364/ GIn178/Cys182/
Lys414 Lys230
Arg505 Glu277 Glu9g7 Salt-bridge/Buried [37]
surface
Argd05_ . Tyr344/Phe363 _____ Tyr162/Phel81 . Cation-Piinteraction __[33,34] _____.
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Residues
Residue FVa Residue FXa Chymptrypsin Bindingtype Reference
numbering
Arg506 Arg347/GIn360 Arg165/GIn178 Hydrogen Bond/ [34,37]
Buried surface
Arg506 Glu310 Glu127 Salt-bridge/Buried [34]
surface
Gly507 Arg347 Arg165 [33]
Arg510 Thr278/Glu310 Thro8/Glu127 Hydrogen Bond/ [33,34,37,48]
Buried surface
Arg510 Glu310 Glu127 Salt-bridge/Buried [33,34,37,48]
surface
Ala511 Leu352 Leul170 Hydrophobic [37,38,47,48]
interaction/Buried
surface
Ala511 Leu352/Lys351/ Leu170/Lys169/ Hydrogen Bond/ [37,47,48]
Asn348 Asn166 Buried surface
Ala512 Buried surface [37]
Asp513 Arg306 Arg125b Hydrogen Bond/ [34,37,48]
Buried surface
Asp513 Arg306/Arg347/ Arg125b/Arg165/ Salt-bridge/Buried [33,34,37,38,
Lys351 Lys169 surface 48]
lle514 Buried surface [37]
Cys575 Buried surface [37]
Phe576 Buried surface [37]
Phe576 Lys414 Lys230 Hydrogen Bond [37]
Asp577 Arg347/Lys414 Arg165/Lys230 Hydrogen Bond/ [37,48]
Buried surface
Asp577 Arg347/Lys414/ Arg165/Lys230/ Salt-bridge/Buried [34,47,38,48]
Lys420 Lys236 surface
Asp578 Arg306/Lys351/ Arg125b/Lys169/ Hydrogen Bond/ [33,34,37,48]
GIn360 GIn178 Buried surface
Asp578 Arg306/Arg347/ Arg125/Arg165/ Salt-bridge/Buried [33,34,37,38,
Lys351/Lys420 Lys169/Lys236 surface 48]
Thr579 Asn348/Lys351 Asn166/Lys169 Hydrogen Bond [37]
Thr579 Buried surface [37]
le604 Buried surface [37]
Lys607 Buried surface [37]
Thr624 Buried surface [37]
Thré26 Asp346 Asp164 Hydrogen Bond/ [37]
Buried surface
Asp628 Buried surface [37]
Asn629 Buried surface [37]
Val630 Buried surface [37]
Arg652 471
Lys655 Asp307/Ser311/ Asp125c/Ser128/ Hydrogen Bond/ [33,34,37]
Glu440 Glu256 Buried surface
Lys655 Asp307/Glu310/ Asp125c¢/Glu127/ Salt-bridge/Buried [33,34,37,38]
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Residues

Residue FVa Residue FXa Chymptrypsin Bindingtype Reference
numbering
Cys656 Lys420 Lys236 Hydrogen Bond/ [34,37]
Buried surface
lle657 Alad17 Ala233 Hydrophobic [37,38]
interaction/Buried
surface
lle657 Arg306 Arg125b Hydrogen Bond/ [37]
Buried surface
Pro658 Arg273 Arg93 Hydrogen Bond/ [37]
Buried surface
Asp659 Arg306/Lys420 Arg125b/Lys236 Hydrogen Bond/ [37]
Buried surface
Asp659 Arg273/Arg306/ Arg93/Arg125b/ Salt-bridge/Buried [37,38]
Lys420 Lys236 surface
Asp660 Arg273 Arg93 Hydrogen Bond/ [37]
Buried surface
Asp660 Arg273 Arg93 Salt-bridge/Buried [37]
surface
Asp661 Arg273/Argd24 Arg93/Arg240 Hydrogen Bond/ [37]
Buried surface
Asp6671 His271/Arg273/ His91/Arg93/Arg240  Salt-bridge/Buried [37,38]
Argd24 surface
Asp663 Asn272/Phe274/ Asn92/Phe94/Lys96  Hydrogen Bond [37]
Lys276
Asp663 Lys276 Lys96 Salt-bridge [37]
Ser664 Asn272/Arg273 Asn92/Arg93 Hydrogen Bond/ [37]
Buried surface
Tys665 Argd24/Lys427 Arg240/Lys243 Hydrogen Bond/ [37]
Buried surface
Tys665 Arg273 Arg93 Salt-bridge/Buried [37,38]
surface
lle667 Val267/11e269/Thr428/ Val87/11e89/Thr244/  Hydrophobic [37,38]
Pro432 Pro248 interaction/Buried
surface
Phe668 Argd24 Arg240 Hydrogen Bond/ [37]
Buried surface
Glu669 Argd24/Lys427/ Arg240/Lys243/ Hydrogen Bond/ [37]
Argd29 Arg245 Buried surface
Glu669 Arg243/Argd24/ Argb4/Arg240/ Salt-bridge/Buried [37,38]
Lys427/Arg429 Lys243/Arg245 surface
Pro670 Val267/11e269/Thr428/ Val87/11e89/Thr244/  Hydrophobic [38]
Pro432 Pro248 interaction

Table S1. Factor Xa interacting regions and residues of factor Va A2 domain.
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Residue FVa Residue FXa Bindingtype Reference

Asn1547 Asp92/GIn133/Lys204 Hydrogen Bond/Buried  [37]
surface

Asn1547 Asp92 Salt-bridge/Buried [37]
surface

Asn1548 Asp92 Hydrogen Bond/Buried  [37]
surface

Gly1549 Asp92 Hydrogen Bond/Buried  [37]
surface

Arg1551 Leu91/Asp92/Asp95 Hydrogen Bond/Buried  [37]
surface

Arg1551 Glu77/Asp95 Salt-bridge/Buried [37]
surface

Arg1552 Buried surface [37]

Asn1553 Glug2 Hydrogen Bond/Buried  [37]
surface

Tyr1555 GIn56/Glu82 Hydrogen Bond/Buried  [37]
surface

Leu1596 Buried surface [37]

Asp1597 Buried surface [37]

Ser1598 GIn56/Asn57 Hydrogen Bond/Buried  [37]
surface

Thr1599 Buried surface [37]

Lys1602 Glu51/Ser53 Hydrogen Bond/Buried  [37]
surface

Lys1602 Glus1 Salt-bridge/Buried [37]
surface

Val1624 Buried surface [37]

Asp1625 Lys134 Hydrogen Bond/Buried  [37]
surface

Asp1625 Lys134 Salt-bridge/Buried [37]
surface

Val1627 Leu88/Leu9n Hydrophobic interaction/ [37,38]
Buried surface

GIn1629 Phe84 Hydrogen Bond/Buried [37]
surface

Arg1631 GIn56/Asn57/Cys81/ Hydrogen Bond/Buried  [37]

Glug2 surface

Ser1648 Buried surface [37]

Tyr1649 Buried surface [37]

Glu1650 Leu88/Leu9n Hydrophobic interaction/ [37,38]
Buried surface

Glu1650 Cys89/Ser90 Hydrogen Bond/Buried  [37]
surface

Ser1652 Lys87/Glu102 Hydrogen Bond/Buried  [37]
surface

Pro1663 Buried surface 377

Trp1665 Buried surface 371

Phe1666 Buried surface [37]

Glu1668 Buried surface 371

Ser1677 Buried surface 371
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Residue FVa Residue FXa Bindingtype Reference

Tyr1678 Asn105 Hydrogen Bond/Buried  [37]
surface

Thr1679 Buried surface [37]

Val1681 Leu88/Leudt Hydrophobic interaction/ [37,38]
Buried surface

Trp1682 Buried surface [37]

His1683 Buried surface [37,47]

Thr1685 Buried surface [37]

Glu1686 Lys134 Salt-bridge/Buried [37]
surface

Arg1687 Asp164 Hydrogen Bond/Buried  [37]
surface

Arg1687 Asp164 Salt-bridge/Buried [37]
surface

Lys1725 Buried surface [37]

Table S2. Factor Xa interacting residues of factor Va A3 domain.

Residue FVa Residue FlI Chymptrypsin Bindingtype Reference
numbering
Arg313 Glus514 Glu186d Salt-bridge [38]
Arg316 Asp513 Asp168c Salt-bridge [38]
Arg317 Glu262 Salt-bridge [38]
Glu374 Lys511 Lys186 Salt-bridge [34]
His379 Glu255 Salt-bridge [34]
Val381 Pro491 Pro166 Hydrophobic [34]
interaction
Lys386 Glu168 Salt-bridge [34]
Leu503 Leu260 Hydrophobic [38]
interaction
Arg505 Glu489 Glu164 Salt-bridge [38]
Arg506 Glu255 Salt-bridge [38]
Leu572 Leul167 Hydrophobic [34]
interaction
Asp628 Arg155 Salt-bridge [34]
Tys665 Arg443 Arg125b Salt-bridge [38]
Val675 GIn571/1le574 GIn239/1le242 Hydrophobic [38]
interaction
Alab77 GIn571/11e574 GIn239/1le242 Hydrophobic [38]
interaction
Lys680 Glu579 Glu247 Salt-bridge [38]
Glu686 Lys426 Lys109 Salt-bridge [38]
Glu690 Lys341 Lys36 Salt-bridge [38]
Asp695 Arg340 Arg35 Salt-bridge [38]
Tys698 Lys474 Lys149 Salt-bridge [38]
Asn700 [60]
Arg701 Glu34s Glu39 Salt-bridge [38,60]
Arg709 Glu345 Glu39 Salt-bridge [38]

Table S3. Prothrombin interacting regions and residues of factor Va A2 domain.
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Residue FVa Residue Fl Bindingtype Reference
Asn1547 Pro154 Hydrogen Bond [34]
Asn1548 Thr153 Hydrogen Bond [34]
Gly1549 Glu85 Hydrogen Bond [34]
Arg1551 Glu85 Hydrogen Bond [34]
Tyr1555 Leu88/Ser91 Hydrophobic interaction [34]
1le1561 |le79 Hydrophobic interaction [38]
Thr1573 Pro94/Pro131 Hydrophobic interaction [38]
Arg1593 Glu8s Salt-bridge [38]
Arg1596 Arg90 Hydrogen Bond [34]
Ser1598 Ser91/Arg92 Hydrogen Bond [34]
Asp1604 Arg90 Salt-bridge [34]
Arg1631 Tyr93 Hydrogen Bond [34]
Arg1631 Tyr93 Cation-Piinteraction [34]
Pro1639 Met152 Hydrophobic interaction [38]
Asp1661 Arg155 Salt-bridge [38]
Ala1671 Met152 Hydrophobic interaction [38]
Thr1679 Tyro3 Hydrophobic interaction [34]
His1729 His76 Hydrophobic interaction [34]
Lys1730 Glugs Hydrophobic interaction [34]
Lys1730 Glugs Salt-bridge [34]
Table S4. Prothrombin interacting residues of factor Va A3 domain.
Residue FVa Residue FlI Bindingtype Reference
Asn1926 Thr35 Hydrogen Bond [34]
Phe1929 Ser101/Thr102 Buried Surface [38]
Leu1957 Lys10 Hydrogen Bond [34]
Lys1958 Gla32 Hydrogen Bond [34]
Lys1958 Gla29/Gla32 Salt-bridge [34]
11e1974 Tyr92 Buried Surface [38]
Asn1975 Tyr92 Buried Surface [38]
Leu1984 GIn110 Hydrogen Bond [34]
Asn1986 GIn110/Glu111 Hydrogen Bond [34]
Thr2018 Ser33 Hydrogen Bond [34]
Asn2022 Gla32 Hydrogen Bond [34]

Table S5. Prothrombin interacting residues of factor Va C1 domain.
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Residue FVa Reference
Lys1954 [70]
His1955 [70]
Tyr1956 [70,71,72]
Leu1957 [70,71,72]
Arg2023 [70]
Arg2027 [70]

Table S6. Factor Va C1 domain residues involved in anionic membrane binding.

Regions FVa Reference
Gly2037-Lys2087 [79]

Residue FVa Reference
Lys2060 [80]

Lys2061 [80]

Trp2063 [71,72,80-86]
Trp2064 [71,72,80-86]
Trp2068 [81]

GIn2078 [81]

Gly2079 [81]

Asn2082 [81]

Cys2113 [69]

Lys2114 [81]

Leu2116 [81]

Met2120 [81]

Asn2181 [90,91]
Arg2187 [81]

Table S7. Factor Va C2 domain residues involved in anionic membrane binding.
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