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Abstract

Background: Factor V-short (FV756-1458) is a natural splice variant functioning in
synergy with protein S as tissue factor pathway inhibitor alpha (TFPla)-cofactor in in-
hibition of factor Xa (FXa). An exposed acid region (AR2; 1493-1537) in the B domain
binds TFPla. The preAR2 (1458-1492) is crucial for the synergistic TFPla-cofactor
activity between FV-short and protein S and for assembly of a trimolecular FXa-
inhibitory complex among FV-short, protein S, and TFPla.

Obijective: To identify which part of preAR2 is required for the synergistic TFPla-
cofactor activity between FV-short and protein S.

Methods: A FXa-inhibition assay was used to test the synergistic TFPla cofactor
activity between protein S and new FV-short variants FV709-1476, FV712-1478,
FV712-1481, FV712-1484, FV712-1487, and FV712-1490. A microtiter-based assay
analyzed binding among FV-short variants, protein S, and TFPla.

Results: FV709-1476, FV712-1478, and FV712-1481 were fully active as synergis-
tic TFPla cofactors with protein S; FV712-1484 showed intermediate activity; and
FV712-1487 and FV712-1490 were inactive. TFPla interacted with all variants in the
absence of protein S but FV712-1478 and FV712-1481 bound TFPla with highest
affinity. None of the FV-short variants bound directly to protein S in the absence
of TFPla. In the presence of TFPla, efficient cooperative binding was demonstrated
between protein S, TFPla, and FV709-1476, FV712-1478, or FV712-1481. In con-
trast, no cooperativity among TFPla, protein S, and FV712-1484, FV712-1487, or
FV712-1490 was seen.

Conclusion: A short hydrophobic patch in preAR2 (PLVIVG, 1481-1486) in FV-short is
crucial for the synergistic TFPla-cofactor activity between FV-short and protein S and
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for the assembly of a trimolecular FXa-inhibitory complex among FV-short, protein S,

and TFPla.
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1 | INTRODUCTION

Factor V (FV) plays a central role in the regulation of coagulation having
the capacity to express both pro- and anticoagulant functions.r* It circu-
lates as a high molecular weight (330 kDa) single chain procofactor com-
prising A1,A2,B,A3,C1,and C2 domains. Itis activated to a procoagulant
by thrombin or factor Xa (FXa), which cleaves at Arg709, Arg1018, and
Arg1545 and thus releases the B domain. The active FVa is formed by
the heavy (A1 and A2) and the light (A3, C1, and C2) chains, FVa serving
as a cofactor to FXa in the activation of prothrombin. The C-terminal
part of the B domain contains a highly acid region (AR2—residues 1493-
1537), which in intact FV interacts with a very basic region (residues
963-1008), thereby keeping FV as an inactive procofactor,‘c"7 The anti-
coagulant function of intact FV is as a synergistic cofactor to activated
protein C (APC) with protein S in the regulation of factor Vllla (FVIIla) in
the tenase complex (FIXa, FVIIa, negatively charged phospholipid).&*2
The large B domain of FV (residues 710-1545) is encoded by
a single exon (exon 13). An alternative splicing event was revealed
during the elucidation of an autosomal dominant bleeding disorder
affecting a family in East Texas.'® A single A to G point mutation
in the codon for Ser756 activated a natural splice donor site result-
ing in 702 amino acid residues deletion, the generated FV-short
(FV756-1458) reaching high concentrations in circulation (=5 nM).
The alternative splicing also occurs naturally but to a much smaller
degree than in cases with the East Texas bleeding and the normal
circulating concentration of FV-short is estimated to be around
0.2 nM.2 The basic region (973-1008) is lost in FV-short and as
a consequence the highly acid AR2 is exposed. The exposed AR2
contains a high affinity binding site for tissue factor pathway inhib-
itor alpha (TFPI®).*** Due to the increased concentrations of FV-
short in East Texas cases, the circulating concentration of TFPlx is
increased (= 5 nM), which causes the bleeding tendency.13 Recently,
a second family with the East Texas exon 13 point mutation was
described, affected individuals demonstrating similar clinical symp-
toms and laboratory findings as the original East Texas family.*® Two
other F5 gene exon 13 mutations have been reported with increased
FV-short and TFPla. In FV-Amsterdam (F5 C2588G), 623 resides
are deleted generating FV835-1458.Y7 In FV-Atlanta (F5: c.2413-
3244del) a 832 bp deletion in exon 13 activates the East Texas splice
donor site via cis-acting regulatory sequences resulting in very high
concentrations of the East Texas FV-short variant (FV756—1458).18
TFPla is the full-length form of TFPI (plasma concentration
=0.2 nM) comprising three Kunitz domains and a highly basic C-
terminal tail.'??* TFPla regulates initiation of coagulation by inhib-
iting factor Vlla (FVIla) bound to tissue factor (FVIla/TF) and the

ESSENTIALS

e Factor V (FV)-short and protein S are synergistic cofac-
tors to tissue factor pathway inhibitor alpha (TFPlx) in
inhibition of factor Xa (FXa).

e New FV-short mutants were tested for cofactor activity
and binding of protein S and TFPla.

e A hydrophobic patch (PLVIVG, 1481-1486) is crucial for
TFPI-a-cofactor synergism and protein S binding.

e Cooperative binding of protein S to TFPla/FV-short

drives assembly of the FXa-inhibitory complex.

generation of FXa. TFPla is also able to inhibit free FXa in the pres-
ence of negatively charged phospholipid membranes. Inhibition of
FXa by TFPla is stimulated by the synergistic cofactor activity of
protein S and FV-short.'52228 Fy-short, protein S, and TFPlx assem-
ble into a tri-molecular complex, which in the presence of negatively
charged phospholipid membranes efficiently inhibits FXa.???% |n
TFPla, the first Kunitz domain inhibits FVlla, the second Kunitz do-
main inhibits FXa, the third Kunitz domain binds protein S, and the
positively charged C-terminal tail binds FV-short.}>17-21:29.30

We have recently reported that the preAR2 region between res-
idues 1458 (splice junction site) and 1492 (start of AR2) contains ele-
ments that are crucially important for the synergistic TFPla-cofactor
activity between FV-short and protein S and for the assembly of
TFPla, protein S, and FV-short into a tri-molecular FXa-inhibitory
complex.?* Thus, an extensively studied artificial FV-short variant
denoted FV810 (or FV810-1492), was found to be unable to express
synergistic TFPla-cofactor activity with protein S.2% Furthermore, al-
though FV810-1492 binds TFPla with high affinity, the FV810/TFPla-
complex cannot recruit protein S into formation of the FXa-inhibitory
tri-molecular complex. We have now created a number of novel FV-
short deletion mutants to define which part of preAR2 is required
for the synergistic TFPla-cofactor activity and identified a short hy-
drophobic patch (residues 1481-1486; PLVIVG) as crucially important.

2 | MATERIALS AND METHODS

2.1 | Materials

FV monoclonal antibody HV1 was obtained from Sigma. Monoclonal
antibody HPS54 against protein S against an epitope in the EGF1-
domain is previously described.3® PAHTFPI-S, a sheep polyclonal
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antibody against TFPla; AHTFPI-5138, a monoclonal antibody
against the N-terminus of TFPla; monoclonal antibody AHV5146
against FVa heavy chain; monoclonal antibody AHV5112 against
FVa light chain; and FXa were from Haematologic Technologies
(HTI). Goat-anti mouse conjugated with horseradish peroxidase
(GaM-HRP) was from Dako. OPD (o-phenylenediamine dihydro-
chloride) tablets and TMB (tetramethylbenzidine) ONE soluble HRP
substrate were from Kementec. A pool of outdated human citrated
plasma from five anonymous donors was obtained from the blood
bank at Vaxjé Hospital, Sweden. Human plasma protein S was pu-
rified as previously described.®? Recombinant TFPla was a kind
gift from Dr. T. Hamuro at the Chemo-Sero-Therapeutic Research
Institute, Japan. Phospholipids (phosphatidylserine [PS], phosphati-
dyl ethanolamine [PE], and phosphatidyl choline [PC]) were from
Avanti Polar Lipids. Phospholipid vesicles (PS/PE/PC:20/20/60)
were prepared using dialysis; 1 mM PL mixed with 200 mM n-octyl-
B-D-glucopyranoside (Calbiochem) and then dialyzed against 25 mM
Hepes, 0.15 M NaCl, pH 7.5 overnight. The phospholipid vesicles
were used within 2 weeks. Synthetic substrate S2765 was kindly
provided by Chromogenix Ltd.

2.2 | Recombinant FV-short variants

Recombinant FV756-1458 (original FV-short), FV712-1458, and
FV713-1492 are previously described.’®?* The FV709-1476 mutant
was created by Marquette et al. and the cDNA was kindly provided
by Dr. Randy Kaufman.3® This mutant is resistant to thrombin cleav-
age at residue 709 but can be cleaved by thrombin at Arg1545. To
prepare the five new FV-short mutants FV712-1478, FV712-1481,
FV712-1484, FV712-1487, and FV712-1490 (amino acid residues
between the given numbers are deleted, i.e., residues 713-1477 are
deleted in FV712-1478, etc.), the following strategy was used. As re-
cently described, we created a FV756-1458 variant containing four
useful restriction enzyme sites; a Mlul site (ACGCGT) at codons for
amino acid residues 678-679 (ThrArg), a Bsiw1 site (CGTACG) at
amino acid residues 1527-1528 (ArgThr), a BspE1 site (TCCGGA) at
position 1688-1689 (SerGly), and a Xma1l site (CCCGGG) at amino
acid residues 1693-1694 (ProGIy).24 None of these nucleotide
changes affected the amino acid sequence. Each of the five new de-
letion mutants was created with three subsequent polymerase chain
reactions using (1) a 5’-3’ end primer (nucleotides corresponding to
amino acids residues 411-419) and a middle 3’-5" hybrid primer con-
taining the respective junctions 712-1478, 712-1481, 712-1484,
712-1487,712-1490; (2) a 3-5' end primer (nucleotides correspond-
ing to amino acids residues 1695-1702) with a middle 5-3’ hybrid
primer complementary to the junction primers in step (1); (3) mix-
tures of reactions (1) and (2) with the 5-3’ and 3-5’ end primers.
The resulting cDNA bands were cleaved with Mlul and BspE1 and li-
gated into Mlul and BspE1 cleaved “four-site mutated” FV756-1458.
The nucleotide sequences of the mutant FV-short coding regions
were checked using nucleotide sequencing. Stable baby hamster kid-
ney cell clones expressing the recombinant FV-short variants were

created and the recombinant proteins purified following previously
published protocols.*>?%2434 On sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) and western blotting, the puri-
fied proteins migrated in the 200 kDa region having slight molecular
weight differences as expected from their sequences. After incuba-
tion with thrombin, the FV-short variants were cleaved to the ex-
pected heavy (=105 kDa) and light (=75 kDa) chains of FVa (Figure S1

in supporting information).

2.3 | Electrophoretic techniques

SDS-PAGE was performed under reducing conditions using 4-20%
gradient gels (BioRad) and stained with PageBlue (Thermo Fischer
Scientific). Western blotting was performed with standard technique
and visualized with monoclonal antibodies AHV5146 (FVa heavy chain),
AHV5112 (FVa light chain), HPS54 (protein S), or AHTPI5138 (TFPla).

2.4 | Immune precipitation of TFPla/FV-short/
protein S complexes from plasma

TFPloa/FV-short/protein S complexes were immune precipitated using
biotinylated AHTFPI-S immobilized to streptavidin-coated magnetic
beads (80 ug antibodies per ml bead slurry) as previously described.*®
In short, pooled citrated plasma (5 ml) was incubated at 4°C for 2 h with
1 mlbeads. The beads were collected, washed in 50 mM Hepes, 0.15M
NaCl, pH 7.5 containing 1% bovine serum albumin (BSA; HNSBSA) and
dissolved in 100 pl sample preparation buffer and 10 ul were applied to
unreduced SDS-PAGE and western blotting. The starting plasma and
the supernatants were diluted 1:100 in 2x sample preparation buffer
and 10 pl of each were applied to unreduced SDS-PAGE and western
blotting. Three SDS-PAGE were run and the western blots were devel-
oped with AHV5146, HPS54, or AHTFPI5138.

2.5 | Inhibition of FXa by TFPIla, protein S, and FV-
short variants

FV-short variants (0-2.5 nM) were incubated with protein S (0O-
25 nM), phospholipid (20:20:60 of PS:PE:PC, 25 uM), and TFPla
(0-1 nM) in HNBSACa?* buffer (25 mM Hepes, 0.15 M NaCl, 5 mM
CaCl, pH 7.7, containing 0.5 mg/ml BSA) for 10 minutes at 37°C.
Addition of 52765 (0.7 mM) and FXa (0.3 nM) initiated the reaction,
which was monitored for 900 seconds by reading the absorbance
at 405 nm in a Tecan Infinite 200 system. The concentrations given
were the final concentrations.

2.6 | Binding experiments

The FV-short variants, protein S, and TFPlx were individually immobi-
lized in microtiter plates as described.?* The experiments were done in
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FIGURE 1 FV709-1476 and FV756-1458 expressing similar
synergistic tissue factor pathway inhibitor alpha (TFPlx)-cofactor
activities. The activity of FV709-1476 as synergistic TFPla-
cofactor with protein S was compared to that of FV756-1458 and
FV713-1492. A, Increasing concentrations of the two FV-short
variants (FV709-1476 and FV756-1458) were mixed with TFPla
(0.25 nM), protein S (3 nM) ,and 25 uM PL (PS/PE/PC:20/20/60).
Factor Xa (FXa; 0.3 nM) and S2756 (0.7 mM) were added and the
inhibition of FXa was monitored for 900 s. The absorbance reached
at the end of the incubation was plotted against the FV-short
variant concentration. B, In this experiment, the concentrations of
FV-short variants were 2 nM, TFPla (0.25 nM) and the protein S
concentration varied between 0 and 12.5 nM. A control without
FV-short variant is included. C, The concentrations of TFPla were
varied between 0 and 1 nM in this FXa-inhibition experiment,
FV-short variants were 2 nM and protein S was 3 nM. A control
without FV-short variant is shown. Each experiment was performed
three independent times and the means + standard deviation
were plotted. The effects of FV756-1458 (original FV-short) and
FV713-1492 in this assay have previously been presented24 and
they are included for comparative purposes

parallel in one or two plates to minimize experimental variation. Thus,
to compare the FV-short mutants, they were immobilized in different
rows of one or more microtiter plates. Dilution series of TFPla + a fixed
concentration of protein S or a dilution series of protein S + a fixed
concentration of TFPla were added to the different rows. The buffer
used was 50 mM Tris-HCI, 150 mM NaCl, 2 mM CaCl,, pH 7.5, contain-
ing 0.05% Tween, 10 mM benzamidine, and 1% BSA. After incubation
at 4°C overnight, followed by four times washing, binding of the added
proteins was tested by addition of the respective monoclonal anti-
body, that is, FV-short mutants were analyzed with HV1, TFPla with
AHTFPI-5138, and protein S with HPS54. Goat-anti mouse HRP was
added after 2 h of incubation followed by washing. After 2 h incuba-
tion with goat-anti mouse HRP and washing, the plates were devel-
oped with TMB ONE soluble HRP substrate. The absorbance values
are presented in the figures. All binding experiments were repeated
three times and the means + standard deviation (SD) was calculated.

2.7 | Statistical analysis

The results were analyzed with Prism 9.0 (GraphPad Software) using
standard statistical analyses. The means + SD were calculated.

3 | RESULTS

3.1 | Residues 1476-1491 in preAR2 of FV-short
sufficient for synergistic TFPla cofactor activity and
assembly of trimolecular FV-short, protein S, and
TFPla complex

We recently reported that B-domain region 1458-1491 (preAR2) is
crucial for the synergistic TFPla-cofactor activity between protein
S and FV-short. To elucidate which part of preAR2 is important for
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the ability of FV-short to function as a synergistic TFPla-cofactor
with protein S we tested FV709-1476, a FV-short variant avail-
able in the laboratory. In the FXa-inhibition assay, FV709-1476 was
highly active as synergistic TFPla cofactor (Figure 1). In this test,
FV709-1476, protein S, and TFPla were individually titrated. In the
FV-short variant titration (Figure 1A), the FV709-1476 was found to
be somewhat more active than FV756-1458, whereas in the protein
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S and TFPla titrations the two FV-short variants were equally ac-
tive (Figure 1B, C). A recently created FV-short variant lacking syn-
ergistic TFPla-cofactor activity (FV713-1492) was used as negative
control (Figure 1A).%*

FV709-1476 and FV756-1458 were also compared in a binding
assay in which the FV-short variants, protein S, or TFPla were indi-
vidually immobilized in microtiter plates. The proteins to be tested
were added alone or together and the binding analyzed with mono-
clonal antibodies. In Figure 2A, TFPlax was immobilized and increas-
ing concentrations of FV709-1476 or FV756-1458 were added with
or without protein S. In the presence of protein S, both FV709-1476
and FV756-1458 vyielded hyperbolic binding curves suggesting
strong, saturable binding. FV709-1476 bound with higher affinity
than FV756-1458. Without protein S, the FV-short variant binding
to TFPla was weak and non-saturable although FV709-1476 yielded
slightly stronger direct binding than FV756-1458. In experiments
shown in Figure 2B, protein S was immobilized and binding of the
FV-short variants tested in the presence and absence of TFPla.
When TFPla was included, both FV709-1476 and FV756-1458
bound strongly, yielding saturable binding curves. Just like in
Figure 2A, FV709-1476 bound better than FV756-1458. Without
added TFPla, none of the FV-short variants yielded any binding. In
Figure 2C, D, FV709-1476 and FV756-1458 were individually im-
mobilized and the binding of either protein S (Figure 2C) or TFPla
(Figure 2D) was tested. In Figure 2C, addition of increasing concen-
trations of protein S together with a constant concentration of TFPla
yielded saturable binding curves suggesting high-affinity binding. In
contrast, no protein S binding was detectable when TFPla was not
included in the incubation mixture. In Figure 2D, TFPla was added at
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increasing concentrations with or without a constant concentration
of protein S. With protein S present, addition of TFPla yielded high-
affinity saturable binding curves; the highest affinity binding was
obtained in wells with immobilized FV709-1476. In the absence of
protein S, both FV-short variants demonstrated weak TFPla binding,
the FV709-1476 variant yielding somewhat stronger binding than
FV756-1458. Taken together these results demonstrate that in the
absence of TFPla no binding between any of the two FV-short vari-
ants and protein S could be detected. In contrast, strong binding was
observed when TFPla was present. Direct weak binding between
TFPla and FV-short variants was observed in the absence of protein
S. When protein S was included, strong TFPla and FV-short variant
binding was observed. In all tested conditions, FV709-1476 yielded
stronger binding than FV756-1458 suggesting that the N-terminal
region of the B-domain that is present in FV756-1458 but not in
FV709-1476 inhibits the binding, possibly through steric hindrance.

3.2 | Hydrophobic patch PLVIVG (1481-1486)
crucial for synergistic TFPla-cofactor activity of FV-
short

The results obtained with the FV709-1476 demonstrated the 1476-
1491 region to contain residues crucial for the cooperative interac-
tion among FV-short, TFPla, and protein S. To further narrow down
which amino acid residues are important, five new FV-short variants
were created (Figure 3) in which the preAR2 was gradually short-
ened. FV712-1478 contained preAR2 residues EFNPLVIVGLSKDG,
FV712-1481 PLVIVGLSKDG, FV712-1484 IVGLSKDG, FV712-1487
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FIGURE 2 Assembly of tri-molecular complexes among FV-short variants, tissue factor pathway inhibitor alpha (TFPla), and protein S. A,
Increasing concentrations of FV756-1458 (upper) or FV709-1476 (lower) were added with or without protein S (50 nM) to microtiter plates
with immobilized TFPla. B, Increasing concentrations of FV756-1458 (upper) or FV709-1476 (lower) were added with or without TFPla

(10 nM) to microtiter plates with immobilized protein S. After overnight incubation, the FV-short binding was determined with a monoclonal
antibody against factor V (FV) light chain (HV1). C and D, The microtiter plates contained immobilized FV756-1458 (upper) or FV709-1476
(lower). Increasing concentrations of protein S + TFPla (10 nM) (C) or TFPla + protein S (50 nM) (D) were added. After overnight incubation,
binding of protein S and TFPla was determined using monoclonal antibodies HPS54 and AHTFPI-5138, respectively. Each experiment

was performed three times and the means + standard deviation were plotted. Results obtained with FV756-1458 have previously been

presented and is used as reference for comparison.?*
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LSKDG, and FV712-1490 DG. The five mutants were expressed
in stable cell lines and purified. On SDS-PAGE Blue and western
blotting, they migrated to the expected position slightly below
FV756-1458. Incubation with thrombin resulted in generation of
FVa heavy and light chains (Figure S1).

The synergistic TFPla-cofactor activities of the five mutants
were tested in the FXa-inhibition assay. In Figure 4A, the con-
centrations of FV-short variants were titrated, whereas protein
S and TFPla were kept at fixed concentrations. FV712-1478 and
FV712-1481 were equally active as FV709-1476 in Figure 1A,
whereas FV712-1487 and FV712-1490 were
FV712-1484 yielded intermediate activity. In the protein S titration
(Figure 4B), efficient FXa-inhibition was obtained already at a few
nM protein Swhen FV712-1478 and FV712-1481 were used. In con-
trast, FV712-1487 and FV712-1490 were essentially inactive and
FV712-1484 yielded intermediate activity. In the absence of FV-
short variant, protein S demonstrated weak TFPla-cofactor activity

inactive and

and even at 25 nM protein S FXa was not fully inactivated. In the
TFPla titration (Figure 4C), FV712-1478 and FV712-1481 efficiently
stimulated the activity of TFPla. FV712-1487 and FV712-1490
weakly stimulated the FXa inhibition and FV712-1484 yielded in-
termediate stimulation. Taken together the results of Figure 4A-C
demonstrate that preAR2 residues 1481-1486 (PLVIVG) were cru-
cial for expression of full synergistic TFPla-cofactor activity be-

tween FV-short variant and protein S.

j.l.j.‘ | 1151

3.3 | Hydrophobic residues 1481-1486 (PLVIVG)
required for assembly of a tri-molecular complex
among FV-short, protein S, and TFPla

The ability of the five FV-short preAR2 mutants to interact with
protein S and TFPla were tested in the microtiter binding assay and
compared with the FV712-1458 (Figures 5 and 6). In Figure 5A,
TFPla was immobilized and increasing concentrations of FV-short
variants were added with or without protein S. In the absence
of protein S, the six tested FV-short variants all bound TFPla.
FV712-1490 appeared to bind slightly less efficiently to TFPlx
raising the possibility that the residues of the preAR2 are required
for optimal TFPla binding. The addition of protein S resulted in
strong stimulation of binding for three of the FV-short variants
(FV712-1458, FV712-1478, and FV712-1481) whereas no stimula-
tion of binding was observed for the other three FV-short vari-
ants (FV712-1484, FV712-1487, and FV712-1490). In Figure 5B,
the microtiter plates were immobilized with protein S and the six
FV-short variants were added at increasing concentrations with
or without TFPla. In the absence of TFPla, no or very little FV-
short variants bound; it is, however, noteworthy that there was a
very low binding signal for FV712-1478 and FV712-1481. When
TFPla was included strong binding of FV712-1458, FV712-1478,
and FV712-1481 was obtained, whereas the other three FV-short

variants did not bind.
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FIGURE 3 Schematic models of the five new FV-short variants used in this study. In the original East Texas FV-short variant
(FV756-1458), 702 amino acid residues are deleted from the B domain (triangle). The shortened B domain contains the N-terminal part (710-
756), a preAR2 region (1458-1492) and the 1492-1545 sequence containing the AR2 (1493-1537). The thrombin-cleavage sites at 709 and
1545 are indicated. Five new FV-short variants denoted FV712-1478 (A713-1477), FV712-1481 (A713-1480), FV712-1484 (A713-1483),
FV712-1487 (A713-1486), FV712-1490 (A713-1489); deleted (A) residues are shown in brackets. The remaining preAR2 and AR2 sequences
of the five mutants are shown at the bottom of the figure, the number of the starting residue of the preAR2 of each construct denoted
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Figure 6 demonstrates results that were obtained when the
six FV-short variants were immobilized and the binding of TFPla
(Figure 6A) or protein S (Figure 6B) was investigated. In Figure 6A,
increasing concentrations of TFPla were added with or without a
constant concentration of protein S. Without added protein S,
TFPla bound to all six FV-short variants. Particularly strong binding

FIGURE 4 FV-short preAR2 variants tested for synergistic
tissue factor pathway inhibitor alpha (TFPla)-cofactor activities.
The synergistic TFPla-cofactor activities of the five new FV-short
preAR2 variants were analyzed. A, Increasing concentrations of
the five new FV-short variants were mixed with TFPla (0.25 nM),
protein S (3 nM), and 25 uM PL (PS/PE/PC:20/20/60). Factor Xa
(FXa; 0.3 nM) and S2756 (0.7 mM) were added and the inhibition
of FXa was monitored for 900 s. The absorbance reached at the
end of the incubation was plotted against the FV-short variant
concentration. B, The protein S concentrations were varied
between 0 and 25 nM, the concentrations of FV-short variants
were 2 nM, TFPla (0.25 nM). A control without FV-short variant
is included. C, In this experiment, the concentrations of TFPla
were varied between 0 and 1 nM, FV-short variants were O or

2 nM and protein S was 3 nM. Each experiment was performed
three independent times and the means + standard deviation were
plotted

was obtained with FV712-1478 (K, = 0.2 nM) and FV712-1481
(K4 = 0.2 nM), whereas FV712-1484 (K, = 0.6 nM), FV712-1487
(K4 = 0.6 nM), and FV712-1490 (K, = 1.0 nM) bound less efficiently.
Inclusion of protein S stimulated binding of TFPla to immobilized
FV712-1458, FV712-1478, and FV712-1481, whereas no stimula-
tion was observed in wells containing immobilized FV712-1484,
FV712-1487, and FV712-1490. In Figure 6B, increasing concen-
trations of protein S were added with or without TFPlx. No bind-
ing of protein S was observed to any of the six FV-short variants,
whereas with protein S added, strong binding was obtained in the
wells containing FV712-1458, FV712-1478, and FV712-1481. In
particular, FV712-1481 yielded binding curves suggesting high af-
finity saturable protein S binding. In contrast no protein S binding
was observed in the wells containing FV712-1484, FV712-1487, and
FV712-1490. Taken together, the binding experiments suggest hy-
drophobic residues 1481-1486 (PLVIVG) to be crucial for assembly
of a tri-molecular complex among FV-short, protein S, and TFPla. It
is also worth noting that in the absence of protein S, TFPlax bound
most strongly to FV-short variants containing the whole preAR2 se-
quence (PLVIVGLSKDG), which is required for the synergistic TFPla-

cofactor function between FV-short and protein S.

3.4 | Tri-molecular complexes among FV-short,
TFPla, and protein S in plasma

To elucidate whether there is a tri-molecular weight complex among
FV-short, TFPla, and protein S circulating in plasma, pooled plasma
was subjected to immune precipitation with a polyclonal antibody
against TFPla (Figure 7). The starting plasma, the supernatant after
immune precipitation, and the immune precipitate were analyzed by
western blotting using monoclonal antibodies against FV, protein
S, and TFPla. In the immune precipitate there was a strong signal
for TFPla, whereas no TFPla bands were observed in the start-
ing plasma and supernatant due to the low TFPla concentration
in plasma. In the blot against FV, a strong signal for FV-short was
observed in the immune precipitate, whereas no FV-short could be
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FIGURE 5 Assembly of tri-molecular complexes among FV-short preAR2 variants, tissue factor pathway inhibitor alpha (TFPla), and
protein S. A, Increasing concentrations of FV-short preAR2 variants were added with or without protein S (50 nM) to microtiter plates with
immobilized TFPlx. The FV-short variants that are used are indicated in each subsection of the figure. B, Increasing concentrations of FV-
short preAR2 variants were added with or without TFPla (10 nM) to microtiter plates with immobilized protein S. The FV-dhort variants that
are used are indicated in each subsection of the figure. In addition to the five new variants, previously characterized FV712-1458 (containing
the whole preAR2) is included as reference.?* After overnight incubation, the FV-short binding was determined with a monoclonal antibody
against FV light chain (HV1). Each experiment was performed three times and the means + standard deviation were plotted

seen in the starting plasma and the supernatant after immune pre-
cipitation. This is explained by the very low plasma concentration
of FV-short and the enrichment of FV-short in the TFPlx immune-
precipitate. Full-length FV and proteolyzed FV fragments were ob-
served in the plasma and supernatant. In the blot developed with
HPS54, distinct protein S bands were observed in all three lanes in-
dicating that only a small fraction of protein S was recovered in the
immune precipitate. The results are compatible with the hypothesis
that a tri-molecular complex among FV-short, TFPla, and protein S

circulates at sub-nanomolar concentration in plasma.

4 | DISCUSSION

A naturally occurring alternative splicing of the F5 gene creates
the FV-short (FV756-1458) variant that exposes a high affinity
binding site for TFPla in the acid C-terminal region (AR2, residues
1493-1537) of its truncated B domain."?® Families with autoso-
mal dominant bleeding disorder have been described to carry exon
13 mutations that result in increased alternative splicing yielding
high concentrations of FV-short and as a consequence increased
concentration of circulating FV-short/TFPla complexes.“’“"18 The
alternative splicing is inefficient in healthy individuals and FV-short
represents only a minor fraction of circulating FV (=1%), but it is

important for its binding of TFPla.2*3152224 The FV-short/TFPla
complex binds protein S and in the presence of negatively charged
phospholipid membranes, the FV-short/TFPla/protein S complex
efficiently inhibits FXa.??2> We recently demonstrated that forma-
tion of the tri-molecular FXa-inhibitory complex is not only depend-
ent on TFPla binding to the exposed AR2 but also of the preAR2
region (residues 1458-1492) in FV-short.?* Thus, an artificial FV-
short variant lacking the whole preAR2 region (FV810-1492) was
demonstrated to be unable to function as synergistic TFPla-cofactor
with protein S even though AR2 in FV810-1492 binds TFPla. Due
to the lack of the preAR2, the FV810-1492/TFPla complex doesn't
have the capacity to interact with protein S. We have now created
additional FV-short variants and identified a site in preAR2 located
close to the preAR2/AR2 junction that is absolutely required for the
synergistic TFPla-cofactor function between FV-short and protein
S. Itis also crucial for the binding of protein S to the FV-short/TFPla-
complex, and for the ability of the three proteins to cooperatively
assemble into the FXa-inhibitory complex (Figure 8). This site com-
prises a short stretch of amino acid residues (PLVIVG, 1481-1486)
that form a hydrophobic patch.

The FV-short variants that contain the residues 1481-1486
are fully functional as synergistic TFPla-cofactors with protein S,
whereas those FV-short variants that lack these residues have zero
synergistic TFPla-cofactor activity. When tested in binding assays,
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FIGURE 6 Assembly of tri-molecular complexes among FV-short preAR2 variants, tissue factor pathway inhibitor alpha (TFPla), and
protein S. A, Increasing concentrations of TFPla were added with or without protein S (50 nM) to microtiter plates with immobilized FV-
short preAR2 variants as indicated in each subsection. B, Increasing concentrations of protein S were added with or without TFPla (10 nM)
to microtiter plates with immobilized FV-short preAR2 variants as indicated in each subsection. After overnight incubation, binding of TFPla
and protein S was determined using monoclonal antibodies AHTFPI-5138 and HPS54, respectively. In addition to the five new variants,
previously characterized FV712-1458 (containing the whole preAR2) is included as reference.?* Each experiment was performed three times
and the means + standard deviation were plotted
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FIGURE 7 Tri-molecular complexes among FV-short, protein S, and tissue factor pathway inhibitor alpha (TFPla) in plasma. Pooled
citrated plasma (5 ml) was incubated with 1 ml streptavidin-coated magnetic beads carrying biotinylated polyclonal antibodies against TFPl«
(AHTFPI-S). After 2 h at 4°C, the beads were collected, washed, and dissolved in 100 ul sample preparation buffer and 10 ul applied to the
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The starting plasma and the supernatants were diluted 1:100 in

2 x sample preparation buffer and 10 ul of each were applied to the SDS-PAGE. Three SDS-PAGE were run and the western blots were
developed with AHV5146, HPS54, and AHTFPI5138 as indicated

the 1481-1486 containing variants demonstrated cooperative bind-
ingamong the FV-short variants, TFPl«, and protein S, whereas those
lacking the 1481-1486 residues did not stimulate such cooperative

binding even though they bound TFPla. It is noteworthy that none of
the FV-short variants were able to bind protein S directly, whereas
when TFPla was present, the 1481-1486 containing FV-short
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FIGURE 8 Cooperative interaction among FV-short, protein S, and tissue factor pathway inhibitor alpha (TFPla) as basis for efficient

factor Xa (FXa) inhibition. A, In circulation, multiple interactions among FV-short, TFPla, and protein S result in the formation of an efficient
FXa-inhibitory complex. The FXa inhibition occurs on the surface of negatively charged phospholipid membranes to which both FXa and the
FV-short/TFPla/protein S complex binds. The interacting regions in each of the participating proteins are marked, the B-domain of FV-short

in yellow, Kunitz 3 and the C-terminus in TFPla with yellow/orange, and the SHBG-region in protein S with turquoise.

1,2,11,12,15,19,20,22,24-26,29

B, The sequence of the shortest functionally important region of the B domain is shown. The TFPla binding site in the B-domain involves
both AR2 and preAR2. The hydrophobic patch PLVIVG (residues 1481-1486) is crucial for the cooperative interaction among FV-short,
TFPla, and protein S and thus the synergistic TFPla-cofactor activity among the three proteins

variants efficiently participated in the formation of the tri-molecular
complex comprising FV-short, protein S, and TFPla. The complexes
between TFPla and PLVIVG-containing FV-short variants bind pro-
tein S with high affinity demonstrating that the PLVIVG hydrophobic
patch is important for protein S interplay with the other proteins
in the tri-molecular FXa-inhibitory complex. Whether PLVIVG di-
rectly interacts with protein S or if PLVIVG in FV-short and Kunitz
3 in TFPla jointly create a protein S binding site cannot be judged
from the results. Possibly PLVIVG contains a low-affinity protein S
binding site which cooperatively interacts with the protein S binding
site in the Kunitz 3 domain of TFPla. The very weak direct bind-
ing observed in Figure 5B between FV712-1478 and FV712-1481
and immobilized protein S in the absence of TFPla could indicate
such weak direct interaction between the PLVIVG site and protein S.
However, no support for such weak interaction was observed when
FV712-1478 or FV712-1481 were immobilized and protein S binding
tested (Figure 6B).

The binding site in TFPla for FV-short is located in the C-terminal
tail of TFPla (LIKTKRKRKKQRVKIAYEEIFVKNM), which contains a
stretch of highly basic residues (KTKRKRKKQRVK) that interact
with the acidic residues in AR2.141>1930.35 |n TEP|q a hydrophobic
patch (LIKT) is located just N-terminal of the basic region and it is
tempting to speculate that this patch interacts with the hydrophobic
patch (1481-1486, PLVIVG) in preAR2 of FV-short. In support for

this hypothesis, we observed much stronger direct TFPla binding in
the absence of protein S to the PLVIVG-containing FV-short vari-
ants (FV712-1478 and FV712-1481) than to those without PLVIVG
(FV712-1487 and FV712-1490; Figure 6A). Thus, the PLVIVG is
both important for optimal binding of TFPla to FV-short and cru-
cial for the binding of protein S to the TFPla/FV-short complex and
the cooperative assembly of the FXa-inhibitory complex (Figure 8).
The hydrophobic patch LIKT in TFPlx has recently been reported
to be functionally important for the ability of TFPla to inhibit pro-
thrombinase activity with FXa-activated FV but not with FV810
(FV810-1492).%° FXa, which cleaves FV at R709 and R1018 but
not at R1545, generates a FVa with retained preAR2 and AR2 re-
gions of the B-domain.3¢ It is therefore expected to function like
FV-short. In contrast, in FV810, which does not function as syner-
gistic TFPla-cofactor, the preAR2—and thus the PLVIVG patch—is
lacking. The published results obtained with FXa-activated FV and
FV810°%° taken together with our now reported results support the
hypothesis that PLVIVG in FV-short interacts with LIKT in TFPlx
and strengthens the interaction between TFPlx and FV-short. It is
noteworthy that the basic region (973-1008) in the B-domain of
FV, which interacts with AR2 and thus keeps FV as a procofactor,
also contains the LIKT sequence just N-terminal of its basic residues
(LIKTRKKKKEKHTHHA).>”5 It is tempting to speculate that in in-
tact FV, the LIKT sequence located just prior to the basic B-domain
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regions interacts with the PLVIVG patch in preAR2 thus strengthen-
ing the intra B-domain interaction that is important for keeping FV
in its procofactor state.

The functional FXa-inhibitory assay is performed in the presence
of negatively charged phospholipid vesicles, whereas the binding
experiments were done in the absence of negatively charged phos-
pholipids. This may explain why FV712-1484 (only contains IVG of
the PLVIVG patch) has intermediate synergistic TFPla-cofactor ac-
tivity but is unable to support cooperative binding of the FV-short/
TFPla/protein S complex. The strong cooperative binding between
PLVIVG-containing FV-short, protein S, and TFPlx observed in the
absence of phospholipids demonstrates that the FXa-inhibitory
complex can form in fluid phase. This suggests that a preformed tri-
molecular FXa inhibitory complex is present at sub-nanomolar con-
centration in circulation. All FV-short (=0.2 nM) and TFPla (=0.2 nM)
are expected to be in complex, whereas only a minor fraction of
plasma protein S (100 nM) is complexed. However, the high plasma
concentration of protein S would drive the equilibrium into forma-
tion of the complex. The immune-precipitation experiments that we
performed using a polyclonal anti-TFPla as catcher lends support to
the hypothesis of such a tri-molecular complex existing in plasma
(Figure 7). The FV-short/TFPla/protein S complex efficiently binds
to negatively charged phospholipid membranes, for example, ex-
posed on activated or apoptotic cells, and there efficiently inhibits
FXa (Figure 8). Both FV-short and protein S have bindings sites for
negatively charged phospholipids.t?!%2 FXa also has affinity for
the negatively charged phospholipids and in addition contains bind-
ing sites for all three proteins in the FXa-inhibitory complex.l""s’“’12
The multiple protein-protein and protein-phospholipid interactions
ensure efficient inhibition of FXa. The very low concentration of
the highly efficient FV-short/TFPla/protein S complex in circulation
suggests that its function is to regulate low levels of FXa generated
at site with low degree of procoagulant stimulation.

In conclusion, we have identified a hydrophobic patch (1481-
1486, PLVIVG) in the preAR2 of FV-short that is crucial for the syn-
ergistic TFPla cofactor activity between FV-short and protein S and
required for the binding of protein S to the TFPla/FV-short complex
and the cooperativity in interactions among FV-short, protein S, and
TFPla that results in the generation of an efficient FXa-inhibitory

complex (Figure 8).
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