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Abstract
Background: Coagulation factor V (FV), present in plasma and platelets, has both pro- 
and anticoagulant functions.
Objective: We investigated an FV-deficient patient (FV:C 3%, FV:Ag 4%) paradoxi-
cally presenting with recurrent venous thrombosis (11 events) instead of bleeding.
Methods/Results: Thrombophilia screening revealed only heterozygosity for the F2 
20210G>A mutation. Although thrombin generation in the patient's platelet-poor 
plasma was suggestive of a hypocoagulable state, thrombin generation in the patient's 
platelet-rich plasma (PRP) was higher than in control PRP and extremely resistant to 
activated protein C (APC). This was partially attributable to the complete abolition of 
the APC-cofactor activity of FV and a marked reduction of plasma tissue factor path-
way inhibitor antigen and activity. The patient was homozygous for a novel missense 
mutation (Ala2086Asp, FVBesançon) that favors a “closed conformation” of the C2 do-
main, predicting impaired binding of FV(a) to phospholipids. Recombinant FVBesançon 
was hardly secreted, indicating that this mutation is responsible for the patient's FV 
deficiency. Model system experiments performed using highly diluted plasma as a 
source of FV showed that, compared with normal FVa, FVaBesançon has slightly (≤1.5-
fold) unfavorable kinetic parameters (Km, Vmax) of prothrombin activation, but also a 
lower rate of APC-catalyzed inactivation in the presence of protein S.
Conclusions: FVBesançon induces a hypercoagulable state via quantitative (markedly 
decreased FV level) and qualitative (phospholipid-binding defect) effects that affect 
anticoagulant pathways (anticoagulant activities of FV, FVa inactivation, tissue factor 
pathway inhibitor α level) more strongly than the prothrombinase activity of FVa. A 
possible specific role of platelet FV cannot be excluded.
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1  |  INTRODUC TION

Coagulation factor V (FV) is a pivotal regulator of blood coagulation1 
present in plasma (80%) and platelets (20%).2 Plasma FV, which cir-
culates as a single-chain multidomain protein (A1-A2-B-A3-C1-C2), 
serves as a carrier of tissue factor pathway inhibitor (TFPIα) in the 
circulation3,4 and expresses anticoagulant activity as a cofactor of 
both TFPIα5-8 and activated protein C (APC),9,10 which also share 
the cofactor protein S.11 Following proteolytic activation by FXa 
or thrombin,12 FV is converted into a potent procoagulant cofactor 
(FVa) that assembles with FXa on negatively charged phospholipids 
to form the prothrombinase complex, thereby enhancing prothrom-
bin activation by several orders of magnitude.13 Although TFPIα 
can inhibit partially activated forms of FV,14,15 fully activated FVa is 
proteolytically inactivated by APC. Complete loss of FXa-cofactor 
activity requires APC-catalyzed cleavage at Arg306, but most FVa 
molecules are first cleaved at the kinetically favored Arg506 site, 
yielding a partially active intermediate that is subsequently fully in-
activated via cleavage at Arg306.16,17 Protein S enhances APC bind-
ing to negatively charged phospholipids18,19 and greatly stimulates 
FVa inactivation by accelerating both the Arg306 cleavage20,21 and 
(to a lesser extent) the Arg506 cleavage.21 Because FVa synergizes 
with protein S in localizing APC to the membrane surface, proper 
binding of FVa to phospholipids is paramount for efficient FVa 
inactivation.19

FV(a) binds to negatively charged phospholipids via two specific 
phosphatidylserine-binding sites located in the C1 and C2 domain, 
respectively.22,23 These domains have a β-barrel structure with 
three protruding loops (“spikes”) that penetrate the membrane core, 
accommodating the phosphatidylserine head in the pocket among 
them.23,24

Platelet FV originates from the internalization and subsequent 
processing of plasma FV by bone marrow megakaryocytes25-27 
and is stored in platelet α-granules in (mostly) noncovalent com-
plexes with multimerin 1 (MMRN1),28 which also binds to the 
C1 and C2 domains of FV.29,30 Platelet FV is stored in a par-
tially proteolysed form and is very resistant to APC-catalyzed 
inactivation.31

Mutations in the F5 gene have been associated with both bleed-
ing and thrombotic complications. Homozygosity or compound het-
erozygosity for loss-of-function mutations leading to FV deficiency 
is usually associated with a bleeding diathesis, whose severity is 
mainly determined by the residual platelet FV level.32 Differently, 
the common FVLeiden mutation,33 which abolishes the Arg506 APC 
cleavage site in FV(a), results in plasma APC resistance and increased 
risk of venous thrombosis (VT).34 Besides FVLeiden, several other 

missense variants in FV have been associated with APC resistance 
and VT.35-37 Here, we report and characterize a novel FV mutation 
(Ala2086Asp, FVBesançon), which is paradoxically associated with 
both FV deficiency and recurrent VT.

2  |  MATERIAL S AND METHODS

2.1  |  Materials

A list of all proteins, peptides, and lipids used in this study and their 
(commercial) sources is reported in the Supporting Information.

2.2  |  Blood collection and workup

After obtaining informed consent, blood was drawn from the pa-
tient in 3.2% sodium citrate and centrifuged at 150g for 10  min 
to prepare platelet-rich plasma (PRP), which was adjusted to 
150,000  platelets/µl with autologous platelet-poor plasma (PPP). 
PPP and adjusted PRP (PRP150) were stored in aliquots at −80°C. 
Control PPP was prepared by pooling citrated plasma from 23 
healthy volunteers (13 males and 10 females, mean age 34.7 years). 
Pooled PRP150 from two healthy males (aged 38 and 49 years) was 
prepared and frozen as described above. PPP and PRP150 were 
also obtained from a (30-year-old female) FV Leiden homozygote 
as an additional control. The study was approved by the Ethical 
Committee of Assistance Publique des Hôpitaux de Marseille and 
carried out according to the Helsinki Declaration. FV-depleted 
plasma was purchased from Siemens Healthcare (Marburg, 
Germany).

2.3  |  Thrombophilia screening and genetic analysis

Thrombophilia screening included antithrombin, protein C and pro-
tein S levels, FV Leiden and F2 20210G>A genotyping, as well as 
antiphospholipid antibodies screening.

The patient's genomic DNA was isolated from peripheral blood 
leukocytes. All 25 exons of the F5 gene were analyzed by Sanger 
sequencing. In addition, targeted resequencing of the following can-
didate genes for thrombosis was performed by next-generation se-
quencing: ABO (blood group); F2 (prothrombin); F3 (tissue factor); F5, 
F7, F8, F10, F11, F12, F13A1, F13B (coagulation factors V, VII, VIII, X, 
XI, XII, and XIII); FGA, FGB, FGG (fibrinogen); SERPINC1 (antithrom-
bin); PROC (protein C); and PROS1 (protein S).

Essentials

•	 FV has both pro- and anticoagulant functions; FV deficiency usually causes bleeding.
•	 We extensively phenotyped a FV-deficient patient with recurrent venous thrombosis.
•	 The patient was homozygous for FV Ala2086Asp (FVBesançon), a quanti-qualitative defect.
•	 FVBesançon impacts anticoagulant pathways more strongly than prothrombinase.
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2.4  |  Plasma levels of coagulation 
factors and inhibitors

Plasma levels of prothrombin, FV, and total and free protein S were 
determined by in-house assays as previously described.3 The FVIII 
level was obtained from the Immunochrom APC resistance assay 
(Immuno, Vienna, Austria). Plasma full-length TFPIα was measured 
with an in-house ELISA.38

2.5  |  Thrombin generation

Thrombin generation in PPP and PRP150 was measured by calibrated 
automated thrombography39 using homemade tissue factor (TF) trig-
gers. Coagulation was activated with 1 or 1.5 pM TF in the presence 
of 40 µg/ml thermostable inhibitor of contact activation and in the ab-
sence and presence of 32 µg/ml anti-TFPI antibody cocktail (to evalu-
ate the activity of the TFPIα system),38 or with 5 pM TF in the absence 
and presence of APC (to assess APC sensitivity). In some control ex-
periments, thrombin generation in PRP was measured in the presence 
of anti-FV antibodies. The TF triggers for PPP were supplemented with 
vesicles prepared from synthetic phospholipids (DOPS/DOPC/DOPE, 
20/60/20 M/M/M) or from a platelet membrane lipid extract (30 or 
10  µM final concentration). Fluorescence was read in a Fluoroskan 
Ascent reader (Thermo Labsystems), and thrombin generation curves 
were analyzed for lag time, peak height, and endogenous thrombin 
potential (ETP) using the dedicated software (Thrombinoscope). All 
calibrated automated thrombography assays were run in monoplo, but 
PRP experiments were repeated twice independently.

2.6  |  Expression of recombinant FV

The pMT2/FV expression plasmid containing the human full-length 
F5 cDNA was purchased from ATCC LGC Standards. The 6431C>A 
mutation (legacy nomenclature of Jenny et al.,40) was introduced by 
site-directed mutagenesis and verified by sequencing (Proteogenix). 
HEK 293 cells (Griptite 293 MSR from ThermoFisher) were main-
tained in culture following the manufacturer's instructions and tran-
siently transfected with PolyJet reagent (SignaGen Laboratories). 
Cells and conditioned media were harvested 72 h after transfection. 
Cells were lysed in RIPA buffer with cOmplete EDTA-free Protease 
Inhibitor Cocktail (Roche). For protein degradation inhibitor experi-
ments, HEK 293 cells 48  h posttransfection were incubated with 
the proteasome inhibitor MG132 (1 µM) or the lysosome inhibitor 
bafilomycin (30 nM). Cell lysates were harvested 24 h later and as-
sayed for FV.

2.7  |  Immunoassays

FV antigen levels were measured by ELISA (FV-EIA; Affinity 
Biologicals) according to the manufacturer's protocol. For 

immunoblots, identical volumes of conditioned medium or identical 
amounts of total protein were heat-denatured and reduced (70°C; 
10 min), subjected to SDS-PAGE separation on 4% to 12% gradient 
NuPAGE gels (Life Technologies) and transferred to polyvinylidene 
fluoride membranes. Membranes were blocked for 1  h in Blotto 
blocking buffer (ThermoFisher) and incubated with a horseradish 
peroxidase (HRP)-conjugated anti-FV antibody (SAFV-HRP Affinity 
Biologicals, 1:1000 dilution), or a purified mouse anti-GAPDH an-
tibody (Bio-Rad, 1:40,000 dilution) followed by HRP-conjugated 
secondary anti-mouse antibody (Bio-Rad, 1:20,000 dilution). 
Bands were visualized with enhanced chemiluminescent reagent 
and images were acquired using a chemiluminescence CCD imager 
(ImageQuant LAS 4000, GE Healthcare).

2.8  |  Model system experiments

Normal pooled plasma was prediluted in FV-depleted plasma 
(Siemens Healthcare) to the same FV concentration as in the pa-
tient's PPP (2.8%, corresponding to ~0.6  nM FV). Subsequently, 
2.8% normal PPP and the patient's PPP were diluted 500-fold in HN-
buffer (25 mM Hepes, pH 7.7 at RT, 175 mM NaCl) supplemented 
with 3 mM CaCl2 and 5 mg/ml bovine serum albumin (BSA). These 
dilutions were used as a source of normal FV and FVBesançon in all 
model system experiments (i.e., phospholipid, FXa and prothrom-
bin titrations of prothrombinase, FV activation and FVa inactivation 
time courses), which were performed essentially as reported.41 FV 
activity was quantified by prothrombinase-based assays, as detailed 
in the Supporting Information and in the figure legends. Prothrombin 
activation was stopped after 1 to 5 min by subsampling to a buffer 
containing 50 mM Tris (pH 7.9), 175 mM NaCl, 20 mM EDTA, and 
0.5  mg/ml ovalbumin, and the formed thrombin was quantified 
spectrophotometrically using the chromogenic substrate S-2238. 
The 500-fold diluted FV-depleted plasma was taken along as a blank 
in all experiments.

When PRP150 instead of PPP was used as a source of FV, con-
trol PRP150 (pool of two healthy volunteers) was prediluted in FV-
depleted plasma to the same FV concentration as in the patient's 
PRP150 (i.e., 3.4%).

2.9  |  APC-cofactor activity of FV

The APC-cofactor activity of FV in the patient's PPP was deter-
mined twice in duplicate using the Immunochrom assay (Immuno), 
according to the manufacturer's instructions. This assay specifically 
quantifies the APC resistance arising from poor factor VIII(a) inacti-
vation, where FV acts as a cofactor of the APC/protein S complex.42 
The APCsr (ratio of the factor VIIIa activities measured in the ab-
sence and presence of APC) decreases as APC resistance increases. 
Although the Immunochrom kit is not commercially available any-
more, a similar assay based on commercial reagents has been de-
scribed by Nogami et al.36
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2.10  |  Structural analysis

The X-ray structure of the human FV C2 domain (PDB code 1CZT) 
was downloaded from Protein Data Bank. The three-dimensional 
structure of the human FV C1 domain was modelled with the 
SWISS-MODEL WebServer43 using the crystal structure of (inacti-
vated) bovine FVa (PDB code 1SDD) as a template (81% sequence 
identity).44 The wild-type FV C1 and C2 domains were in silico mu-
tated to Trp1920Arg (FVNara)

36 and Ala2086Asp (FVBesançon), respec-
tively, and subjected to molecular dynamics simulations by applying 
standard force fields (AMBER14SB and TIP3P water model) and 
parameters (i.e., temperature at 300 K, pressure at 1 bar, time step 
at 2 fs with SHAKE constraint) for 500 ns using Amber16 program.

3  |  RESULTS

3.1  |  Case report

A 37-year-old male, born to consanguineous parents (cousins) from 
Morocco, came to clinical attention because of recurrent VT (11 
events). The first event was an unprovoked proximal deep vein throm-
bosis (DVT) of the left lower limb at the age of 19. This was followed by 
a proximal DVT of the left lower limb, two proximal DVTs of the right 
lower limb, and seven superficial vein thromboses. The last event, an 
extensive unprovoked DVT of the right lower limb (2013), was treated 
with low-molecular-weight heparin for 2 years because of the diffi-
culty to maintain a stable prothrombin time-International Normalized 
Ratio. Afterwards, the patient was switched to apixaban (2.5 mg twice 
daily). There was no family history of VT, and thrombophilia screening 
returned only a heterozygous F2 20210G>A mutation.45 However, the 
patient's prolonged clotting times revealed a moderate FV deficiency 
(FV:C 3%, FV:Ag 4%) which had never manifested as a bleeding ten-
dency. A homozygous mutation (6431C>A) predicting an amino acid 
substitution in the C2 domain of FV (Ala2086Asp, FVBesançon) [nucleo-
tide and amino acid numbering according to the legacy nomenclature 
of Jenny et al.,40] was identified by F5 gene sequencing. Targeted re-
sequencing of 17 candidate genes for thrombosis, including all coagu-
lation factors and the main coagulation inhibitors, disclosed only one 
heterozygous variant (rs17549671) in the F13B gene (B-subunit of fac-
tor XIII), which was scored as “benign” by PolyPhen and “neutral” by 
Mutation Taster. The patient's mother and one of her daughters have 
FV:C levels of 50%, but their DNA was not available for study.

Coagulation factor and inhibitor levels in the patient's plasma 
(collected when the patient was not on anticoagulant therapy) are 
reported in Table 1. As expected for an FV-deficient patient,3 TFPIα 
levels were also markedly decreased.

3.2  |  Thrombin generation in PPP and PRP150

To assess the patient's coagulation potential, thrombin generation 
at low TF in the absence and presence of anti-TFPI antibodies and at 

higher TF in the presence of increasing concentrations of APC was 
measured in both PPP (Figure 1) and PRP150 (frozen after normal-
izing the platelet count to 150,000 platelets/µl; Figures 2 and 3).

Control PPP (Figure 1A) showed a normal thrombin generation 
at 1.5 pM TF (lag time 9.6 min, peak height 53.6 nM) and a typical 
procoagulant response to the addition of anti-TFPI antibodies (lag 
time 4.2 min, peak height 220.8 nM), with a TFPI ratio38 of 0.24. 
Differently, the patient's PPP (Figure 1B) showed a markedly pro-
longed lag time (30.5 min) and a low peak height (30.8 nM), sug-
gestive of a hypocoagulable state in line with the patient's very 
low FV level. Blocking TFPI in the patient's PPP shortened the lag 
time (19.7 min) and increased the peak height (79.3 nM) of throm-
bin generation, but not as much as in control PPP. The patient's 
TFPI ratio was 0.39, indicating a partial impairment of the TFPIα 
system, attributable to the low levels of TFPIα and its cofactor FV, 
whereas protein S levels were normal (Table 1). Similar results were 
obtained at 5 pM TF (Figure 1C,D). In the absence of APC, thrombin 
generation in the patient's PPP was considerably delayed (lag time 
12.3 min vs. 3.3 min) and showed a lower peak height than in con-
trol PPP (72 nM vs. 128 nM). However, the patient's anticoagulant 
response to APC was also decreased (Figure 1F), although not as 
much as in FV Leiden homozygous plasma (Figure  1E). Thrombin 
generation in the patient's PPP could not be mimicked by diluting 
control PPP to 2.8% in FV-depleted plasma, but was strikingly sim-
ilar to that of FV-depleted plasma reconstituted with 2.8% FV1 
(Figure S1), a glycosylation isoform of FV with reduced phospho-
lipid binding affinity,46 suggesting that the low thrombin genera-
tion in the patient's PPP is not due to the low FV level, but rather to 
impaired binding of FVBesançon to phospholipids (see the following 
section).

In the patient's PRP150, thrombin generation at 1  pM TF was 
much higher than in control PRP150 (peak height 131.7  nM vs. 
40.9 nM) and hardly sensitive to the addition of anti-TFPI antibodies 
(TFPI ratio 0.86 vs. 0.32), indicating an almost complete abolition of 
TFPIα activity (Figure 2A,B). To exclude the presence of a procoag-
ulant component in the patient's platelets, thrombin generation was 

TA B L E  1  Levels of coagulation factors and inhibitors in the 
patient's plasma

Coagulation Protein Level in PPP, % Level in PRP150, %

Prothrombin 101.4 102.4

Factor V* 2.8 3.4

Factor VIII 143.0 ND

Total protein S 92.6 94.5

Free protein S 91.6 ND

Full-length TFPIα 24.1 49.4

All levels are expressed as percentage of normal pooled plasma (for 
PPP) or of a pool of PRP150 from two healthy males (for PRP150).
Abbreviations: FV, factor V; ND, not determined; PRP150, PRP adjusted 
to 150,000 platelets/µl and frozen.
*FV levels (in bold) were measured with a prothrombinase-based assay 
at saturating FXa and phospholipid concentrations.
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also measured in a mixture of 25% patient PRP and 75% control PRP. 
This 25/75 PRP mix contains hardly any FVBesançon but 25% of the 
patient's “platelet background,” while retaining almost normal lev-
els of FV (76%) and TFPI (87%). Thrombin generation in the 25/75 
PRP mix was almost identical to that of control PRP (Figure  2C), 
suggesting that the patient's platelet background by itself does not 
enhance thrombin generation. Moreover, thrombin generation in the 
patient's PRP (but not in control PRP) could be completely inhibited 
by an anti-FV antibody (Figure 2D,E), confirming its dependence on 
(platelet) FVBesançon.

At 5  pM TF, thrombin generation in the patient's PRP150 was 
only slightly delayed (6.5  min vs. 2.5  min) and again reached a 
higher peak height (176.4 nM vs. 105.9 nM) than in control PRP150 
(Figure  3A,B). Moreover, the patient's PRP150 was extremely APC 
resistant, with a residual ETP of 68% at 50 nM APC versus only 7.5% 
in control PRP150 (Figure 3E). In fact, the APC resistance of the pa-
tient's PRP150 approached that of FV Leiden homozygous PRP150 
(Figure 3D,E), whereas the 25/75 PRP mix had a normal APC sensi-
tivity (Figure 3C,E), excluding the presence of an APC and/or protein 
S inhibitor in the patient's platelets.

F I G U R E  1  Thrombin generation in PPP. Thrombin generation in (A) normal pooled plasma (control PPP) and (B) patient's PPP was 
measured after initiating coagulation with 1.5 pM TF and 30 µM 20/60/20 DOPS/DOPC/DOPE phospholipid vesicles in the absence 
and presence of anti-TFPI antibodies. Thrombin generation in (C) control PPP, (D) patient's PPP, and (E) FV Leiden homozygous PPP was 
measured after initiating coagulation with 5 pM TF and 10 µM 20/60/20 DOPS/DOPC/DOPE phospholipid vesicles in the presence of 0 to 
10 nM APC. (F) The residual ETP was plotted as a function of APC concentration. ETP, endogenous thrombin potential; PPP, platelet-poor 
plasma; TF, tissue factor; TFPI, tissue factor pathway inhibitor. 
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Thus, in contrast to PPP, the patient's PRP150 revealed a hyperco-
agulable state in line with the clinical phenotype and despite an FV 
level of only 3.4% (Table 1).

Control experiments performed with PRP from a normal donor 
indicated that frozen/thawed PRP150 (as used here for both patient 
and controls) yields shorter lag times and higher peak heights/ETPs, 
but less APC resistance than the corresponding fresh PRP150 stimu-
lated with collagen (not shown).

3.3  |  In silico analysis of FVBesançon

The patient was homozygous for a mutation predicting the 
Ala2086Asp substitution in the C2 domain of FV (FVBesançon). Ala2086 
is evolutionarily conserved from zebrafish to human, suggesting 
that other residues are hardly tolerated at this position. Accordingly, 
the Ala2086Asp substitution was rated as “probably damaging” by 
PolyPhen2,47 whereas SIFT48 predicted that it “may affect protein 
function.”

The FV C2 domain is involved in FV(a) binding to negatively 
charged phospholipids. As revealed by the crystal structure,24 this 
domain has three flexible loops that, in the so-called “open confor-
mation,” penetrate the phospholipid bilayer and anchor FV(a) to the 
membrane, whereas the polar head of phosphatidylserine is accom-
modated in the groove formed by these spikes (Figure 4A). To eval-
uate whether the Ala2086Asp substitution influences the structural 

conformation of the FV C2 domain, molecular dynamics simula-
tions of the wild-type and mutant FV C2 domains were performed 
(Figure 4B-D). This analysis suggested that replacing Ala2086 by an 
Asp residue makes spike 1 more rigid, thereby reducing the average 
distance between spikes 1 and 3. These changes would favor a more 
“closed conformation” of the spikes, thereby potentially hindering 
the interaction of the mutant FV C2 domain with phosphatidylserine.

3.4  |  Expression of recombinant FVBesançon

Recombinant wild-type FV and FVBesançon were expressed in 
HEK 293 cells and FV levels were measured 72  h posttransfec-
tion (Figure  S2A). The FV antigen level in conditioned media was 
47.9 ± 8.0 ng/ml for wild-type FV, but undetectable for FVBesançon. 
Using a highly sensitive prothrombinase-based activity assay, 
FVBesançon in the media was quantified as a mere 3.8 ± 0.5 pM vs. 
180.9  ±  16.6  pM wild-type FV (relative expression: 2.1%). In the 
corresponding cell lysates, FVBesançon antigen (6.5 ± 2.2 ng/ml) was 
~15% of the wild-type FV antigen (44.7 ± 15.8 ng/ml). Western blot 
analysis confirmed the absence of FVBesançon in conditioned media 
and its retention in the cell lysates (Figure S2B). In fact, the propor-
tion of FVBesançon retained in the cell lysates appeared to be higher 
than wild-type FV when assessed by Western blot, suggesting that 
FVBesançon was not optimally recognized in the ELISA. Overall, these 
data suggest that the Ala2086Asp mutation produces a misfolded 

F I G U R E  2  Thrombin generation at low TF in PRP150. Thrombin generation in (A,D) pooled PRP150 of two healthy males (control PRP150), 
(B,E) patient's PRP150, and (C) a 25%/75% mixture of patient's and control PRP150 was measured after initiating coagulation with 1 pM TF in 
the absence and presence of (A-C) anti-TFPI antibodies or (D,E) anti-FV antibodies. TF, tissue factor; PRP150, adjusted platelet-rich plasma.  
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FV protein that is hardly secreted, accounting for the FV deficiency 
observed in the patient. Neither the proteasome inhibitor MG132 
nor the lysosome inhibitor bafilomycin could restore secretion of 
FVBesançon in conditioned media (not shown).

Because of the extremely low expression of recombinant 
FVBesançon, highly diluted patient's plasma was used as a source of 
FVBesançon for all functional characterization experiments.

3.5  |  Phospholipid-binding properties of 
FV(a)Besançon

To test the phospholipid-binding properties of FV(a)Besançon, we 
performed phospholipid titrations of prothrombinase activity using 
DOPS/DOPC vesicles with 5%, 10%, or 20% phosphatidylserine. 
As shown in Figure 5, the prothrombinase rates of both normal FVa 
and FVaBesançon progressively increased with the phosphatidylserine 
content of the vesicles and, for each type of vesicle, with the phos-
pholipid concentration. However, the highest concentrations of the 
vesicles containing 20% phosphatidylserine showed an inhibitory ef-
fect, probably because of the “dilution” of the reactants on the phos-
pholipid surface. Under all conditions, FVaBesançon supported lower 
prothrombinase activity than normal FVa. Although the maximal 
prothrombinase rates of both FVa variants were similar on all three 
types of vesicle, the phospholipid concentration required to achieve 

the half-maximal rate was up to 6-fold higher for FVaBesançon than 
for normal FVa, supporting the in silico prediction that FVBesançon has 
lower affinity for phospholipids. However, we could not prove this 
directly in a solid-phase phosphatidylserine binding assay22,36 using 
control and patient's PPP as a source of FV (data not shown).

3.6  |  Activation and prothrombinase 
activity of FVBesançon

FVBesançon was activated by thrombin similarly to normal FV 
(Figure  6A). The second-order rate constant of FV activation was 
3.3 × 106 M−1 s−1 for normal FV and 4.6 × 106 M−1 s−1 for FVBesançon 
(Table S1).

In an FXa titration of prothrombinase at suboptimal phospholipid 
concentration (Figure 6B), FVaBesançon had 2-fold lower affinity for 
FXa than normal FVa (Kd 3.9 nM vs. 1.8 nM) and reached a lower 
maximal prothrombinase rate (1.2  nM IIa/min vs. 3.1  nM IIa/min; 
Table S1).

Also, a prothrombin titration (Figure 6C) showed that prothrom-
binase complexes containing FVaBesançon have somewhat higher 
Michaelis menten constant for prothrombin (0.53 nM vs. 0.35 nM) and 
reach a slightly lower maximum velocity (4.4 nM IIa/min vs. 5.4 nM IIa/
min) than prothrombinase complexes containing normal FVa (Table S1). 
Overall, these data suggest a slight impairment of prothrombinase 

F I G U R E  3  APC titrations of thrombin generation in PRP150. Thrombin generation in (A) pooled PRP150 of two healthy males (control 
PRP150), (B) patient's PRP150, (C) a 25%/75% mixture of patient's and control PRP150, and (D) FV Leiden homozygous PRP150 was measured 
after initiating coagulation with 5 pM TF in the presence of 0 to 50 nM APC. (E) The residual ETP was plotted as a function of APC 
concentration. APC, activated protein C; ETP, endogenous thrombin potential; FV, factor V; PRP150, adjusted platelet-rich plasma; TF, tissue 
factor. 
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activity of FVaBesançon, but differences are small and should be re-
garded with caution because of the extremely low FVa (~1 pM) in the 
assay and possible influences of the plasma background.

3.7  |  Inactivation of FVaBesançon by APC ± protein S

The time-courses of normal FVa and FVaBesançon inactivation by APC 
in the absence and presence of protein S on 10/90 DOPS/DOPC lipids 
are shown in Figure 7A-D, and the corresponding rate constants of 
Arg506 and Arg306 cleavage are reported in Table S2. As expected,16,17 
the APC-catalyzed inactivation of normal FVa (Figure  7A) showed 
an initial rapid phase (corresponding to cleavage at Arg506), causing 
the loss of ~50% of the original FVa activity, followed by a slower 
phase (corresponding to cleavage at Arg306). The addition of protein 
S resulted in a 2-fold enhancement of the Arg506 cleavage and a 16-
fold enhancement of the Arg306 cleavage, considerably accelerating 

FVa inactivation, in line with earlier reports.20,21 The APC-mediated 
inactivation of FVaBesançon (Figure 7B) showed an analogous bipha-
sic pattern, with kinetic parameters similar to those of normal FVa 
(Table  S2). However, the effect of protein S on FVaBesançon inacti-
vation was less pronounced than in normal FVa, especially for the 
Arg306 cleavage, which was stimulated only 2.5 times in FVaBesançon 
versus 16 times in normal FVa (Table S2). Hence, although the curves 
of normal FVa and FVaBesançon inactivation in the absence of protein S 
were similar (Figure 7C), in the presence of protein S, FVaBesançon was 
less readily inactivated than normal FVa (Figure 7D).

Essentially, the same results were obtained when FVa inactiva-
tion was followed on platelet lipids (Figure 7E-H and Table S2), but 
the difference between normal FVa and FVaBesançon was more pro-
nounced, especially in the presence of protein S.

However, because of the limitations of using diluted plasma as a 
source of FV(a), the observed differences between normal FVa and 
FVaBesançon should be interpreted with caution.

F I G U R E  4  Structural analysis of the C2 domains of wild-type FV and FVBesançon. (A) Molecular modelling of the wild-type human FV C2 
domain (blue) in complex with the phospholipid DOPS (magenta), based on the X-ray structure of the human C2 domain by Macedo-Ribeiro 
et al (PDB code 1CZT).24 (B) Structure of the wild-type FV C2 domain obtained after 500 ns of MD simulation: the position of Ala2086 is 
shown. (C) Structure of the FVBesançon C2 domain after 500 ns of MD simulation: Ala2086 is replaced by Asp, which forms hydrogen bonds 
(yellow dashes) with neighboring residues that stabilize spike 1, thereby reducing its distance from spike 3. (D) Comparison between the 
wild-type (blue) and mutant (red) FV C2 domains. FV, factor V; MD, molecular dynamics.  
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3.8  |  APC-cofactor activity of FVBesançon

The Immunochrom APCsr of the patient's plasma was 1.44 ± 0.04 ver-
sus 2.04  ±  0.001 in normal pooled plasma. The patient's APCsr was 
even lower than that of FV-depleted plasma (1.55 ± 0.01) and FVLeiden-
homozygous plasma (1.63 ± 0.04), suggesting that the patient's plasma 
contains no APC cofactor activity at all. This is probably the result of the 
very low FV level and phospholipid-binding defect of FVBesançon.

3.9  |  Possible role of platelet FV

The higher thrombin generation and extreme APC resistance ob-
served in the patient's PRP150 compared with control PRP150 could 
not be mimicked by measuring thrombin generation in PPP on phos-
pholipid vesicles prepared from platelet lipids (Figure S3).

Because platelet FV is structurally and functionally different 
from plasma FV,27 we repeated the FXa and prothrombin titrations 

F I G U R E  5  Phospholipid-titrations of prothrombinase with normal FV(a) and FV(a)Besançon. Plasma containing 2.8% normal FV or FVBesançon was 
diluted 500-fold in HN buffer supplemented with 3 mM CaCl2 and 5 mg/ml BSA. After full activation of FV, prothrombinase activity was determined 
at limiting FVa concentration (~1 pM), 0.3 nM FXa and 0.5 µM prothrombin on (A) 0 to 50 µM 5/95 DOPS/DOPC vesicles, (B) 10/90 DOPS/
DOPC vesicles, or (C) 20/80 DOPS/DOPC vesicles. Data, representing the mean of two independent experiments, were fitted to the equation 
of a rectangular hyperbola (except in panel C). The half-maximal rate (K½) of normal FVa and FVaBesançon obtained from the fits were 17.1 µM and 
48.7 µM for 5/95 DOPS/DOPC vesicles and 1.9 µM and 12.1 µM for 10/90 DOPS/DOPC vesicles. BSA, bovine serum albumin; FV, factor V. 

F I G U R E  6  Procoagulant properties of normal FV(a) and FV(a)Besançon. Plasma containing 2.8% normal FV or FVBesançon was diluted 500-
fold in HN buffer supplemented with 3 mM CaCl2 and 5 mg/ml BSA. (A) Time course of activation of normal FV and FVBesançon. Plasma 
FV was activated with 1 nM thrombin and FVa activity was quantified at regular time points in a prothrombinase-based assay containing 
1 nM FXa, 0.5 µM prothrombin, 36 µM phospholipid vesicles, and 1 µM Pefabloc-TH. (B) FXa/FVa complex formation. After full activation 
of plasma FV, prothrombinase activity was determined at limiting FVa concentration (~0.7 pM), varying FXa concentration (0-10 nM), and 
1 µM prothrombin on 2 µM 5/95 DOPS/DOPC vesicles. (C) Prothrombin titration of prothrombinase. After full activation of plasma FV, 
prothrombinase activity was determined at limiting FVa concentration (~0.7 pM), 4 nM FXa and varying prothrombin concentration (0.05-
5 µM) on 20 µM 5/95 DOPS/DOPC vesicles. Each curve represents the mean of two independent experiments. Kinetic parameters obtained 
by fitting the data are reported in Table S1. BSA, bovine serum albumin; FV, factor V. 

F I G U R E  7  Inactivation of normal FVa and FVaBesançon by APC ± protein S. Plasma containing 2.8% normal FV or FVBesançon was 
diluted 500-fold in HN buffer supplemented with 3 mM CaCl2 and 5 mg/ml BSA. After full activation of FV, FVa inactivation by 0.24 nM 
APC ± 200 nM protein S in the presence of (A-D) 40 µM 10/90 DOPS/DOPC lipids and by 0.24 nM APC ± 100 nM protein S in the 
presence of (E–H) 10 µM platelet lipids was followed by regular subsampling to a prothrombinase-based assay containing 5 nM FXa and 
0.5 µM prothrombin. FVa activity was expressed as percentage of the maximal FVa activity achieved before adding APC ± protein S. The 
data, representing the mean of (A–D) three or (E–H) two independent experiments, were fitted with a random biphasic model.17 Kinetic 
parameters are reported in Table S2. APC, activated protein C; BSA, bovine serum albumin; FV, factor V. 
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of prothrombinase using highly diluted control and patient's PRP150 
as a source of (platelet) FV (Figure S4). Overall, results were similar 
to those obtained with PPP, but the Kd of FVaBesançon for FXa was 
4-fold lower in PRP150 than in PPP (Table S1).

Finally, because the platelet FV carrier MMRN1 has been shown 
to bind to the FV C2 domain29 and to inhibit thrombin generation,49 
we also determined the effect of exogenously added MMRN1 on FV 
activation and prothrombinase activity in model systems using highly 
diluted patient's and control PRP150 as a source of FV. However, the 
relative inhibition by MMRN1 was mild (as observed earlier using 
purified FV29) and not different between normal FV (17.5%) and 
FVBesançon (16%).

4  |  DISCUSSION

FV-deficient patients with FV levels in the 2% to 5% range typically 
present with a mild bleeding tendency, mainly characterized by mu-
cosal and posttraumatic bleeding.50 Here, we describe an unusual 
case of FV deficiency (FV:C 3%) presenting with recurrent VT in-
stead of bleeding, in the presence of the F2 20210G>A mutation 
as the only thrombophilic defect. In an attempt to explain this dis-
crepancy, we have performed a detailed functional characterization 
that helps to better understand the role of FV as a regulator of the 
hemostatic balance.

The patient's hypercoagulable state manifested as an impairment 
of the TFPI system and pronounced APC resistance in the thrombin 
generation test. These abnormalities were particularly striking in 
PRP, but also evident in PPP. Although the low TFPIα level and the F2 
20210G>A mutation may have contributed to these phenotypes, the 
quantitative and qualitative FV alterations induced by the FVBesançon 
mutation are also likely to play a role.

Intriguingly, a partial decrease of the FV level affects the anti-
coagulant functions of FV more than its procoagulant function. In 
fact, although prothrombinase activity can be supported by traces 
of FV32,51,52 and is already maximal at 10% to 20% FV,3 the anti-
coagulant activities of FV as a cofactor of APC and TFPIα increase 
throughout the whole FV concentration range and are hardly satu-
rated even at 100% FV.8,53 In addition, FV deficiency is always ac-
companied by a reduction of the plasma TFPIα level,3 which relieves 
the anticoagulant pressure on FV activation and prothrombinase 
activity.14,15 With an FV level of ~3% and a plasma TFPIα level of 
24%, our patient can generate sufficient FVa for prothrombinase, 
whereas the anticoagulant functions of FV are virtually abolished 
(as shown by the Immunochrom test for the APC-cofactor activity), 
partially compensating for the suboptimal prothrombinase activity. 
However, this applies to all FV-deficient patients with similar FV lev-
els and may explain why these patients do not usually experience 
major bleeding.3

What might distinguish our patient from other patients with 
similar FV levels is that the FVBesançon mutation also alters the 
functional properties of the residual FV. In fact, the in silico model, 
the phospholipid titrations of prothrombinase and the striking 

similarity in thrombin generation between the patient's PPP and 
FV-depleted plasma reconstituted with 2.8% FV1 all suggest that 
the Ala2086Asp substitution in the C2 domain may interfere with 
FV binding to negatively charged phospholipids. As shown in the 
model system experiments, this makes FVaBesançon a less efficient 
prothrombinase cofactor than normal FVa (an anticoagulant effect), 
but it also delays FVa inactivation in the presence of protein S (a 
procoagulant effect). Because FVa inactivation has a higher phos-
pholipid requirement than prothrombinase,54 the phospholipid-
binding defect of FVaBesançon is likely to have a greater impact on 
FVa inactivation than on prothrombinase activity, resulting in a hy-
percoagulable state.

The importance of optimal phospholipid-binding for FVa inacti-
vation is underscored by the recent finding that membrane-bound 
FVa and protein S synergistically enhance the binding of APC to 
negatively charged phospholipids, thereby driving the formation of 
the FVa inactivating complex.19 In model systems of APC-catalyzed 
FVa inactivation, FVaBesançon was inactivated at a similar rate as 
normal FVa in the absence of protein S, but somewhat more slowly 
in the presence of protein S, mainly because of poor stimulation of 
the Arg306-cleavage by protein S. In this respect, FVBesançon closely 
resembles FVNara (Trp1920Arg), a previously described FV muta-
tion associated with pronounced APC resistance and severe throm-
bophilia in a patient with partial FV deficiency (FV:Ag 40%, FV:C 
10%).36 Functional characterization of FVNara led to the conclusion 
that its resistance to inactivation by the APC/protein S complex is 
due to defective interactions with both phospholipids19 and pro-
tein S.19,36 Interestingly, the FVNara and FVBesançon mutations affect 
nearly homologous residues of the C1 and C2 domains, respec-
tively, causing analogous structural changes and modifying the 
phosphatidylserine-binding properties of these domains in similar 
ways (Figure S5, compare with Figure 4). Whether FVaBesançon, like 
FVaNara, also binds less well to protein S remains to be established. 
More recently, another patient with partial FV deficiency (FV:C 
20%) and recurrent VT/pulmonary embolism has been reported.55 
Interestingly, one of the two FV mutations identified in this patient 
(Arg2108Cys) is located at the tip of spike 2 of the C2 domain and 
is also predicted to reduce the phospholipid-binding affinity of FV 
(not shown).

Earlier studies in patients with FV deficiency32 and combined 
FV/FVIII deficiency56 have shown that thrombin generation in PRP 
is a better predictor of the clinical phenotype than thrombin gen-
eration in PPP. Similarly, the high thrombin generation and extreme 
APC resistance measured in our patient's PRP were more repre-
sentative of the patient's prothrombotic tendency than thrombin 
generation in PPP and could not be recapitulated by measuring 
thrombin generation in PPP on platelet lipids, suggesting that the 
cause of the patient's hypercoagulable state may reside in his 
platelets. Control experiments provided no evidence that platelet 
MMRN1, a thrombin generation inhibitor49 whose binding site on 
FV partially overlaps the phosphatidylserine-binding site in the C2 
domain,29 would bind and inhibit FV(a)Besançon less efficiently than 
normal FV(a). Moreover, mixing control PRP with 25% of patient's 



    |  1197CASTOLDI et al.

PRP (which brings in the patient's “platelet background” but hardly 
any FVBesançon) did not appreciably increase the thrombin genera-
tion or APC resistance of control PRP, suggesting that the patient's 
platelets do not contain an unusual procoagulant component or 
inhibitors of APC and/or protein S. On the other hand, thrombin 
generation in the patient's PRP could be fully inhibited by anti-FV 
antibodies, confirming its dependence on (platelet) FVBesançon. 
Nonetheless, we cannot fully exclude that other unknown genetic 
or acquired factors besides FVBesançon contribute to the patient's 
thrombotic tendency, especially considering that the patient is the 
offspring of a consanguineous marriage, which may have favored 
homozygosity for recessive traits.

This study has some limitations. First, the use of frozen-thawed 
PRP is not optimal and may have influenced the thrombin genera-
tion results. However, the patient's and control PRP were handled 
in the same way and the effect of freezing and thawing PRP on 
thrombin-generation parameters was assessed in control exper-
iments. Second, because of the extremely low expression of re-
combinant FVBesançon, all model system experiments were carried 
out using diluted plasma as a source of FV. Although this approach 
has been successfully used before,40 an influence of plasma com-
ponents other than FV on the investigated coagulation reactions 
cannot be fully excluded. Finally, the patient's washed platelets 
were unfortunately not available to study the specific properties of 
platelet FVBesançon.

In summary, we have identified and characterized a new throm-
bophilic mutation in FV. We conclude that FVBesançon induces a 
hypercoagulable state via quantitative (markedly decreased FV 
level) and qualitative (phospholipid-binding defect) effects that 
affect anticoagulant pathways (anticoagulant activities of FV, FVa 
inactivation, TFPIα level and activity) more strongly than pro-
thrombinase. Our study supports and provides an explanation for 
the epidemiological findings that low FV levels57,58 and decreased 
phospholipid-binding capacity of FV57 are strongly and syner-
gistically associated with an increased risk of VT, with individual 
odds ratios of >6 and a combined odds ratio of 21.6.57 A pos-
sible specific role of platelet FV in this setting deserves further 
investigation.
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