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» Mutations at 386 position reduce FX activation by FIXa/Vllla but not by FVIla/TF.
386 substitutions do not affect amidolytic and prothrombinase activity.

* The recovery of the rFX386Cys variant in mice is comparable to that of rEXwt.

» rFX386Cys variant may be efficiently targeted by thiol-specific ligands.
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Supplementary Table 1 Coagulant activity of rFX variants in PT and aPTT based assays.The rEXwt, rFX386Cys, rFX386Ala and
rFX379Ala-386Cys (6.6 nM for PT and 8.5 nM for aPTT based assays) were added to FX-deficient plasma and clotting time re-
corded upon triggering coagulation via the extrinsic or intrinsic pathways. A standard curve of rEXwt was used to evaluate ac-
tivity of rFX variants, which is expressed as %. Coagulation times are reported as mean 4 SD from thee independent assays.

Supplementary Table 2 Parameters of thrombin generation activity of rEX variants in plasma.Evaluation of the thrombin gener-
ation curves reported in Fig. 2. Values are reported for each rfX (2.5, 5 and 10 ng/mL) and TF (1 and 5 pM) concentration tested.
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the FX catalytic domain. The naturally occurring FX386Cys mutant and FX386Ala variant were characterized.

Keywords:

Coagulation serine proteases
Factor X

Activation determinant
Factor X deficiency

Amino acid substitution
Recombinant expression

Despite the unpaired cysteine, recombinant (r)FX386Cys was efficiently secreted (88.6 & 21.3% of rEXwt) and
possessed normal clearance in mice. rEX386Cys was also normally activated by FVIIa/TF and displayed intact
amidolytic activity. In contrast, rEX386Cys activation by the FIXa/FVIIla complex was 4.5-fold reduced, which
was driven by a decrease in the ke (1.6 10~ % s~ ' vs 5.8 « 10~ * s~ 1, rEXwt). The virtually unaltered K,
(70.6 nM vs 55.6 nM, rEXwt) suggested no ﬁifor alterations in the FX substrate exosite. Functional assays in
plasma supplemented with rFX386Cys indicated a remarkable reduction in the thrombin generation rate and
thus in coagulation efficiency. Consistently, the rFX386Ala variant displayed similar biochemical features sug-

gesting that global changes at position 386 impact the intrinsic pathway activation.

These data indicate that the FXArg386 is involved in FIXa/FVIlla-mediated FX activation and help in elucidating
the bleeding tendency associated with the FX386Cys in a rare FX deficiency case. Taking advantage of the
unpaired cysteine, the rFX386Cyi mutant may be efficiently targeted by thiol-specific ligands and represent a
valuable tool to study FX structureifunction relationships both in vitro and in vivo.

© 2015 Published by Elsevier B.V.

1. Introduction

Over the past three decades significant progress has been made in
characterizing the interactions governing the assembly of coagulation
factor macromolecular enzyme complexes. The ideas and models
generated indicate that blood coagulation serine proteases and their
cofactors have evolved versatile regulatory mechanisms for controlling
specificity of protein substrate recognition and activation [1-3]. Factor
X (FX) acts at the crossroad of coagulation pathways triggered by
blood vessel injury through the activation by factor VIla/tissue factor
(FVIla/TF, extrinsic tenase complex) or by the amplification loop/
contact phase via the factor IXa/factor VIlla (FIXa/FVIIIa, intrinsic tenase
complex). The balance between these activation pathways provides
physiologic hemostasis. However, alteration of these pathways
could producéLbleeding or prothrombotic tendency [4], which has

* Corresponding author at: Via Fossato di Mortara 74, 44121 Ferrara, Italy.Tel.: +39
0532 974423.
E-mail address: marcello.baroni@unife.it (M. Baroni).

http://dx.doi.org/10.1016/j.bbapap.2015.05.012
1570-9639/© 2015 Published by Elsevier B.V.

attracted attention for the design of specific anticoagulant therapeu-
tic compounds.

While the interactions of activated FX (FXa) within the
prothrombinase complex (FXa, factor Va, anionic membranes and
calcium) have been extensively investigated [1,2], less is known about
the specific determinants of the tenase complexes with respect to FX
substrate recognition. Amino acid substitutions producing discrepan-
cies between FX activation by the extrinsic (prothrombin time, PT)
and intrinsic (activated partial thromboplastin time, aPTT) pathways
provide potentially valuable models to address these issues and to elu-
cidate structure;function relationships. While rare, there are a limited
number of homozygous FX mutations with normal circulating FX levels
[5-8], but with altered FX activation mainly by the extrinsic tenase
complex [9-11].

The current work stems from the recent characterization of com-
pound heterozygous FX deficient patients with normal or reduced coag-
ulation FX activity levels in PT- or aPTT-based assays, respectively. The
biochemical cause of the defect was found to be an Arg386Cys substitu-
tion, which is predicted to introduce an unpaired cysteine on the
catalytic domain surface [12]. However, the very low levels of the

Please cite this article as: M. Baroni, et al., Asymmetric processing of mutant factor X Arg386Cys reveals differences between intrinsic and
extrinsic pathway activation, Biochim. Biophys. Acta (2015), http://dx.doi.org/10.1016/j.bbapap.2015.05.012

Alterations in coagulation factor X (FX) activation, mediated by the extrinsic VIla/tissue factor (FVIla/TF) or the 21
intrinsic factor IXa/factor VIlla (FIXa/FVIIla) complexes, can result in hemorrhagic/prothrombotic tendencies.
However, the molecular determinants involved in substrate recognition by these enzymes are poorly defined.
Here, we investigated the role of arginine 386 (chymotrypsin numbering c202), a surface-exposed residue on
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recombinant rFX386Cys variant obtained in their experimental system
prevented an appropriate and detailed biochemical characterization
both in plasma and reconstituted systems. Here, we expressed a panel
of FX mutants and show that the rFX386Cys is efficiently secreted
and, upon injection in mice, displays normal clearance. Biochemical
characterization of the purified variant indicates defective kinetics of
activation by the intrinsic FIXa/FVIlla, leading to a reduced thrombin
generation in plasma.

2. Methods
2.1. Materials

The peptidyl substrate methoxycarbonyl-p-cyclohexylglycyl-
gylcyl-arginine-para-nitroanilide acetate (Spectrozyme Xa) was
from American Diagnostica (Greenwich, CT, USA). Fluorogenic substrates
for FXa (SpectroFluor™ Xa, CH3S0,-D-CHA-Gly-Arg-AMC.AcOH) and
thrombin (Benzoil-Phe-Val-Arg-AMC) were from American Diagnostica
and MP Biomedicals (Costa Mesa, CA, USA), respectively.

All tissue culture reagents were from Invitrogen (Carlsbad, CA,
USA). Small unilamellar phospholipid vesicles (PCPS) composed of
75% (w/w) hen egg L-phosphatidylcholine and 25% (w/w) porcine
brain L-phosphatidylserine (Avanti Polar Lipids, Alabaster, AL, USA)
were prepared as previously described [13].

2.2. Proteins

Human thrombin, FX, FXa, FIXa and RVV-X were from Hematologic
Technologies (HTI, Vermont, USA). Recombinant factor VIII ReFacto®
(FVIII) was from Wyeth Corporation (Collegeville, PA, USA). Hirudin
was a kind gift from Dr S. Krishnaswamy (ChildrenA'Ls Hospital of
Philadelphia).

2.3. rEX molecules expression and purification

Mutations were inserted into the human FX ¢cDNA cloned in
pCMV4 [14,15] by the QuikChange site-directed mutagenesw klt
(Stratagene, la Jolla, CA, USA) and the forward primers CGCACGTC
ACCTGCTTCAAGGACACC3 (rFX386Cys) CGTCAC CGCCTTCAAGGA
CACC* (rFX386Ala), 5 CTCAAGTGGATCGACTGTTCCATGAAAACC?
(rFX424Cys) 5 GCCAGGGGGACGCCGGGGGCCCGCACGTCACCGG*
(rFX379A1a 386Cys) CCCGAGTGTGACT GGGCCGAGTCCAC* (rFX309C)
and ® GTGTGCTCCT GCGCCTGCGGGTACACY * (FFX113Cys). The primer °
GCCAGGGGGACGCCGGGGGCCCG CACGTCACCGG was used on the
PFX386Cys template to create the double mutant 379Ala- -386Cys. Reverse
primers were perfectly complementary to the forward ones. Direct
sequencing validated all vectors.

Human Embryonic Kidney 293 (HEK293) cells were cultured and
transiently or stably transfected to express the recombinant FX (rFX)
variants as previously described [14-17]. To normalize transfection
efficiency cells were co-transfected with the pGL3 vector to allow mea-
surement of the Firefly Luciferase expression [18].

Recombinant FX proteins were purified from conditioned media
using three-step chromatographic approach as described [16,17]. Brief-
ly, Q-sepharose ionic exchange, FX immunoaffinity and hydroxyapatite
chromatography were used to obtain fully 'y-carboxylated FX mole-
cules. rFX variants eluted by hydroxyapatite column were precipitated
with ammonium sulfate and stored at 20 °Cin 50% glycerol/water.

Protein purlty was assessed by SDS-PAGE using 4 12% gels
(Invitrogen) under reducing and non-reducing conditions,” using the
MES buffer system followed by staining with Coomassie Brilliant Blue
R-250 (Thermo Fisher Scientific Inc., IL, USA). 5 pg of protein samples
was separated for 35 min at ZOOX and 13 mA.

2.4. Recovery of rEX in mice

Experiments were conducted on 6 weeks old C57BI/6] mice (Jackson
Laboratories, Bar Harbor, ME). Mice were injected via tail vein with
2.5 pg of rFX variant and blood samples collected by retro-orbital bleed-
ingat 5 min, 1 h, 2 h and 5 h post-injection into capillary tubes contain-
ing heparin. FX antigen levels were detected by ELISA exploiting rabbit
polyclonal anti-human FX antibodies (Dako, Agilent Technologies,
Glostrup, Denmark). FX antigen values at 5 min post-injection were
used to evaluate the protein recovery.

2.5. Coagulation assays on recombinant variants

2.5.1. PT-based assays

6.6 nM rFX in 20 mM HEPES, 150 mM NacCl, pH 7.4 (assay buffer)
with 0.1% PEG-8000, 2 mM CaCl,, 0.1% BSA, was added to a volume
(50 pl) of FX-deficient plasma (George King, Overland Park, KS, USA)
and the clotting time was recorded after the addition of thromboplastin
(Thromborel, Dade Behring, Marburg, Germany), as source of lipidated
recombinant tissue factor (TF).

2.5.2. APTT-based assays

50 ul of FX-deficient plasma were mixed with 50 pl of aPTT reagent, a
synthetic mixture of phospolipid vesicles and a surface activator of the
intrinsic coagulation system (Dade Behring) and 50 pl of rEX molecules
(8.5 nM) diluted in assay buffer with 0.1% PEG-8000, 0.1% BSA, pH 7 .4.
After 3*’0f incubation at 37 °C, 25 pl of 25 mM CaCl, were added and co-
agulation times measured.

PT- and aPTT-based assays were standardized using serial dilutions
of rEXwt.

2.6. Thrombin generation assays

Thrombin generation assays were performed as previously de-
scribed [19,20] according to Hemker method [21]. Briefly, the reaction
was triggered by 1 or 5 pM TF and the calibrated automated thrombin
activity was measured by using a fluorogenic substrate in a FX deficient
plasma, reconstituted with 40, 85 or 170 nM rEX. The lag time, time to
peak (ttpeak), peak and the endogenous thrombin potential (ETP)
were obtained by analysis of the first derivative of relative fluorescence
units (RFU) as function of time (min).

2.7. FXa activity

rFX mutants were activated by Russel's viper venom [22,23] (RVV-X)
as previously described [24]. FXa amﬁolytlc activity was measured
toward increasing concentrations (0-125 uM) of the Spectrofluor™ Xa
substrate added immediately before monitoring fluorescence (360 nm
excitation, 465 nm emission) as a function of time.

2.8. EX activation

2.8.1. Extrinsic activation

20 pM FVIla and innovin (1/100) were used to activate 100 nM
rEXwt, rFX386Cys and rFX386Ala variants diluted in assay buffer with
0.1% PEG-8000 at 37 °C.

Titration of FX: rFX was activated at increasing concentrations (O—
200 nM) and the reaction was stopped after 90 s in quench buffer
(assay buffer with 50 mM EDTA).

Time course of activation: aliquots of the reaction were quenched at
different time points (0, 30, 60, 90, 120, 180, 300 i) in quench buffer.

The generation of FXa was evaluated toward the synthetic substrate
Spectrofluor™ Xa [25,26].

Please cite this article as: M. Baroni, et al., Asymmetric processing of mutant factor X Arg386Cys reveals differences between intrinsic and
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2.8.2. Intrinsic activation

200 nM FVIII was previously activated by an equimolar concentra-
tion of thrombin and blocked after 30 s by adding an excess of 500 nM
Hirudin (2.5 fold). The intrinsic tenase complex (0.5 nM FIXa, 5 nM
FVIlla, and 20 pM PCPS 75/25) was assembled in assay buffer with
0.01% (v/v) tween 80, 5 mM CaCl, at 37 °C. The reaction was ini-
tiated by the addition of increasing concentrations of zymogen
rFX (2250 nM) variants. Aliquots of the reaction were quenched
at different time points (0, 30, 60, 90, 120, 180 5) in 50 mM EDTA,
20 mM Hepes, 150 mM Nacl, 0.01% (v/v) tween 80, pH 7.4.

Initial rates of rFXa formation were monitored measuring the A4os at
22 °C of chromogenic substrate hydrolysis (Spectrozyme Xa, 250 pM).
The rFXa generated was quantified using a standard curve of FXa.

2.8.3. Kinetic analysis

Steady-state kinetic constants were determined from measure-
ments of the initial velocity obtained using different substrate concen-
trations. Data were fitted to the Michaelis-Menten equation, by non-
linear regression analysis, using GraphPad Prism software (GraphPad,
Inc., California, USA) [27,28].

3. Results
3.1. The rEX386Cys is efficiently secreted

In transient expression experiments, the rFX386Cys (88.6% + 21.3%)
and rEXwt (100% 4 11.8%) levels in conditioned media were compara-
ble. The substitution of other surface-exposed arginine residues with
cysteine within the light (rFX113Cys) or heavy (rFX309Cys, rFX424Cys)
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chains resulted in a remarkable reduction (range 13-27% of rEXwt) of
secreted protein (Fig. 1A).

Stable clones were established to purify and characterize rEXwt and
the rFX386Cys. To further investigate the role of arginine 386, we also
expressed and purified the rFXR386A and, as a negative control, the in-
active rFX379Ala-386Cys mutant, carrying the Ser379Ala substitution
of the catalytic serine. Similar protein yields were obtained for all
purified variants (rFX386Cys 1.83 mg, rFEX386Ala 3.83 mg, rFX379Ala.
386Cys 3.68 mg). The three-step purification process resulted in fully
y-carboxylated proteins that migrated as a single band on a non-
reducing gel with a molecular mass of approximately 59 kDa in SDS-
PAGE, and as two bands (heavy and light chain) on a reducing gel
(Fig. 1B and C). Recombinant proteins migrated in a similar fashion
as plasma-derived FX excluding major differences in post-translational
modifications and the presence of disulfide linked homo- or
heterodimers.

3.2. The rEX386Cys possesses normal clearance in vivo

To compare the in vivo stability, the rFX386Cys or rFEXwt proteins
were injected in mice (2.5 pg/mouse) and human FX antigen levels
monitored over time (Fig. 1D). rEX386Cys recovery in mouse plasma
at 5 min post-injection as well as its clearance were not statistically
different from those of rEXwt (non-parametric T test, P value 0.3836).

3.3. Activity of rEX variants

3.3.1. Reduced rFX386Cys coagulant activity in aPTT-based assay
In PT-based clotting assays the activity of the rFX386Cys (105.7% of

rEXwt) as well as that of the rFX386Ala (173.6%) variant was not
B
KDa 1 2 3 4 5

100+

FX levels (%)
g

2'.5 5.0
Time (h)

Fig. 1. Evaluation of rFX secretion, protein purification and of in vivo clearance. A) Secreted rFX levels from HEK293 cells at 24 h post-transfection. Values are expressed as % of the rEXwt
(93.2 + 11.0 ng/ml) and reported as mean =+ standard deviation (SD) from three independent experiments. B, C) Quality control of purified rFX variant. 5 pg of plasma-derived FX (1),
rEXwt (2), rEX379Ala-386Cys (3), rFX386Ala (4) and rEX386Cys (5) were separated by SDS-PAGE on 4-12% polyacrylamide gel under non-reducing (B) and reducing (C) conditions
in a MES buffer systeiﬁ rFX variants were revealed by Coomassie Brilliant Blue R-250 staining. D) Clearafice of rFXwt and rFX386Cys in mice. Mice (3/group) were injected with 2.5 pg
of purified rEXwt (A) or rFX386Cys (O) and FX antigen levels monitored at 5 min, 1, 2 and 5 h later. Human FX levels measured at i post-injection were considered as 100%. Values

are reported as mean = SD.
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affected (Supplementary Table 1). However, in aPTT-based assays, the
activities of the rFX386Cys (28.7%) and rFX386Ala (52.3%) were signifi-
cantly reduced compared to rEXwt. As expected, the activity of the
rFX379Ala-386Cys protein was undetectable in all conditions. These
results indicated that replacement of Arg386 selectively interferes
with FX intrinsic activation in plasma.

3.3.2. rFX386Cys has reduced thrombin generation activity

To obtain a more comprehensive picture, thrombin generation as-
says using FX deficient plasma reconstituted with rFX variants were
employed (Fig. 2). The thrombin generation curves of the rFX386Cys
differed the most from rFXwt at low TF amount (1 pM), as indicated
by the assay parameters (Supplementary Table 2). At physiological con-
centration of rFX (10 pg/mL) the prolonged lag time (+28%) and time
to peak (+22.8%) were associated with a decreased thrombin peak
(31.2%). Intermediate values were detected for the rFX386Ala.
When the assay was designed to incorporate a larger contribution
from the extrinsic pathway by using higher TF concentrations (5 pM)
the differences between the variants and rEXwt were negligible. This
again highlights that the Arg386 variants are defective in the intrinsic
pathway and not in the extrinsic pathway. To mimic the compound
heterozygous condition observed in the previously described patient
[12] the assay was performed with lower FX levels (2.5 and 5 pg/mL
rFX386Cys). Using these conditions, remarkable differences were
detected for all parameters with the mutant compared to rEXwt
(Supplementary Table 2) with a peak reduction of 65%.

3.3.3. rFX386Cys has normal amidolytic activity

Preliminary evaluation with the potent non-physiological FX activa-
tor RVV-Xcp indicated that both the rFXa386Cys and rFXa386Ala vari-
ants were activated like rFXwt and exhibited normal amidolytic
activity (data not shown). This experiment ruled out an impact of the
mutations on the active site conformation and serine protease activity.
This provided the rationale for monitoring the rFX to rFXa conversion
by the extrinsic and intrinsic tenase complexes using rFXa amidolytic
activity as a measure of activation.

3.4. Activation of rFX variants

3.4.1. Normal activation of rFX386Cys by the extrinsic FVIla/TF tenase
complex

The extrinsic tenase activation of rEX386Cys and rFX386Ala was
dissected by functional assessments in a reconstituted system with
purified proteins. The concentration-dependence of FX activation by
TF/FVIla complex is displayed in Fig. 3A. The kinetic parameters for
FVIla/TF-mediated activation of the rEX386Cys (K, = 8.2 + 4.6 nM)
and rFX386Ala (K, = 16.2 &+ 8.1 nM) were not significantly different
(P =0.30) from those observed for wild-type (K,, = 18.2 + 9.1 nM), in-
dicating normal interactions among extrinsic Xase complex and rFX
molecules. In time course analysis, the rate of rFX386Cys (0.033 +
0.001 nMﬂl) and rFX386Ala (0.043 + 0.002 nMﬁ:l) activation by

150+ 5 pM TF
— 1004 — rFXwt
% -~-. rFX386Ala
= — rFX386Cys
=
= 504

0 5 10 15 20 25
Time (min)

A

] v 1 - ]
0 50 100 150 200
[FX] nM
B
20
1561
=
[=
E 101
5_
0 » ) T L] L] L]
0 60 120 180 240 300

Time (sec)

Fig. 3. Activation of rFX variants by the extrinsic FVIla/TF tenase complex. The rEXwt (A),
rFX386Cys (0) and rFX386Ala (O0) were activated by 20 pM FVIla in the presence of TF and
phospholipids, and the generation of FXa was evaluated as activity toward a specific
fluorogenic substrate. The amount of FXa generated was derived from a standard curve
of plasma-derived FXa. Results from FX Titration (A) and Time course of FX activation
(B) are shown. Graphs A and B are representative of three independent experiments.

FVlla/TF was similar to that of rFXwt (0.045 + 0.002 nM s~ !, Fig. 3B). 284
These data excluded major alterations in FVlla/TF-mediafeJa FX activa- 285
tion consistent with TF-mediated functional assays (e.g. PT assay). 286

3.4.2. Reduced activation of rEX386Cys by the intrinsic FIXa/FVIlla tenase 287
complex 288

Kinetics of FX activation by the intrinsic tenase complex (FIXa/ 289
FVIIIa) in the presence of anionic phospholipids was assessed using 290
increasing FX concentrations (Fig. 4). Similar Ky, values (P = 0.73) 291
were obtained for rFXwt (55.6 nM, range: 36.8;74.3 nM), rFX386Cys 292
(70.6 nM, range: 62.4;78.9 nM) and rFX386Ala (64.4 nM, range: 293

150+

1pM TF

0 5 10 15 20 25
Time (min)

Fig. 2. Thrombin generation activity of rFX variants in plasma. Thrombin generation activity in FX deficient plasma supplemented with 10 pg/mL of rEXwt (thin line), rFX386Cys (thick line)
and rFX386Ala (dotted line) upon triggering coagulation with 5 pM or 1 pM of TF. The thrombin generation curve obtained with the rFX386Cys at concentrations of 2.5 and 5 pg/mL s also

shown.
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Fig. 4. Activation of rFX variants by the intrinsic FIXa/FVIlla tenase complex. rEX variants
(2;250 nM) were activated by FIXa (0.5 nM), FVIIla (5 nM) and PCPS 75/25 liposomes
(20 uM) and the reaction quenched at different time points (0, 30, 60, 90, 120, 180i).
The initial rates of rFXa formation were monitored measuring the A4os of chromogenic
substrate hydrolysis. The Ky, keae and Vi, for intrinsic FX activation were determined
by fitting data by non-linear regression to the Michaelis-Menten equation. Curves and ki-
netic values are the average of two independent experiments.

56.0772.8 nM). However, the initial rates of FX activation were
substantially reduced for rFX386Cys and rFX386Ala compared to
rFXwt. Data analysis showed that the kea: of rEXwt (5.8 « 10 % s,
range: 5.0-6. 6 lo- 4) was 4-5 times higher compared to rFX386Cys
(16 + 10", range 15-16 « 10_*) and rFX386Ala (1.3 + 10_*s.,
range: 1 371410 4). These ﬁndmgs indicate that the mutatlon at
position 386 has no 1mpact on the ability of FX to engage FIXa/Vllla but
on its ability to be converted into the product. It is likely that this is
mediated through allosteric effects that impact the ability of the enzyme
to catalyze substrate cleavage.

4. Discussion

Blood coagulation serine proteases and their cofactors have evolved
versatile regulatory mechanisms for controlling the specificity of pro-
tein substrate activation. The extrinsic and intrinsic enzyme complexes
that activate FX are of noticeable importance for physiologic hemosta51s
and dysregulation of their activity can produce a hemorrhaglc or
prothrombotic tendency.

We and other have demonstrated that the GLA domain strongly con-
tributes to the activity of the extrinsic [9-11] rather than the intrinsic
tenase complex. Here, by taking advantage of the biochemical charac-
terization of the purified rFX386Cys natural variant we have shown ar-
ginine 386 (¢202) is crucial for optimal FX activation via the intrinsic
pathway.

Among human vitamin K-dependent coagulation factors position
386 (c202, chymotrypsin numbering) is occupied by several amino
acids (E, H, K, N, R and S). In the crystallographic structure of FXa [29],
arginine 386 is surface exposed (Fig. 5) thus potentially underlying
a functional exosite, far from the known exosites for FVa in the
prothrombinase complex [30-33]. Moreover, R386 does not belong to
the activation loops 140s (142-152) and 170s (170-182) that in FVII
have been shown to be involved in the allosteric conformational rear-
rangements following zymogen cleavage and leading to maturation of
the active site [34]. In line with this, substitutions at the 386 position
did not affect the amidolytic and prothrombinase activity of the
resulting FXa as indicated by functional assays upon FVIIa/TF activation.

Our findings are consistent with the hypothesis that mutations at
position 386 reduce FX activation by the FIXa/VIlla complex rather
than affecting the assembly in the extrinsic tenase complex. The analysis
of individual kinetic constants indicates that these mutations do not de-
stabilize the Michaelis complex, as evidenced by the unchanged K,
values. This observation supports the conclusion that this region of FX
marked by residue 386 does not contribute to the substrate binding
exosite for the FIXa/FVIIla complex. On the other hand, these data con-
tribute to understand the poorly known processes underlying the FIXa/
FVIlla-mediated FX activation [35,36] and point toward a mechanism in
which the R386 substitution imposes a conformational change in the FX
zymogen and affects the allosteric conformational changes leading to
the proper FXa conversion.

The overall detrimental effect of the rFX386Cys and rFX386Ala mu-
tations was relatively modest as shown by a 4.5-fold lower K.¢/Kp,, rel-
ative to rFXwt. From this observation, and particularly the limited
impact of a large change in the side chain at position 386, we infer
that the Arg386 is only one among many interactions participating in
the network of contacts leading to zymogen FX recognition and activa-
tion by the FIXa/FVIIla complex. However these data indicate that the FX
region at and near position 386 act as a key determinant for the activity
and specificity of the intrinsic tenase complex so far identified [37].

In line with the kinetic constants, results from thrombin generation
assays in plasma systems displayed a significant effect of the Arg386Cys
substitution. These assays offer an appreciable estimate of the functional
properties of the rEX386Cys in plasma, particularly at low TF concentra-
tion, a condition that decreases the contribution of the extrinsic
pathway and better mimics physiological coagulation. Moreover, this
experimental system was exploited to simulate the FX deficiency
reported in the patient [12], characterized by reduced levels of the

Catalytic
triad

Fig. 5. Model of the three-dimensional structure of the activated FX. Three views of the FXa (PDB ID: THCG), two sides (A and B) and the upper view (C). In the model are highlighted the
heavy subunit (light gray), the second epidermal growth factor-like domain portion of the light su‘ﬁumt dark gray), the disulfide bonds (yellow), the catalytic triad (light blue), the Arg386
(red), the residues involved in prothombinase complex assembly (violet) [32], the Arg165 and Lys169 (green) describedto play a key roles in factor FXa FVarecognition [33]. Images were

generated by using Swiss-PDBViewer 4.1.
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FX386Cys only. Noticeably, we observed a substantial impact on throm-
bin generation rate, which is a recognized determinant of coagulation
efficiency [38].

The availability of a directly labeled FX variant with features able to
dissect the extrinsic and intrinsic activation pathways is of great interest
to address the impact of these pathways in vivo. Interestingly, the
rEX386Cys variant was efficiently secreted in spite of the insertion of
an unpaired cysteine, which clearly affects secreted levels of the other
Arg to Cys changes on the protein surface that we have investigated.
Moreover, studies in mice indicated that the rFX386Cys and rEXwt
molecules behaved similarly in terms of recovery. These features make
the rFX386Cys variant a potential target for thiol-specific ligands for
study in mice using established models such as intravital microscopy
[39,40].

5. Conclusions

The definition of the molecular bases of a rare FX deficiency coupled
to the recombinant expression and characterization of the variant
showed that Arg386 is involved in the specific activation by the intrinsic
FIXa/FVIlla complex. In turn, the rFX386Cys molecule is a valuable tool
to study FX structure-function relationships as well as the individual
contribution of activation pathways to thrombus formation in vivo.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbapap.2015.05.012.
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