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Missense mutations in the gene encoding prothrombin corresponding
to Arg596 cause antithrombin resistance and thrombomodulin resistance
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Abstract

Antithrombin (AT) and thrombomodulin (TM) play important roles in the process of natural
anticoagulation in vivo. Recently, we reported that the prothrombin Yukuhashi mutation (p.Arg596Leu)
was associated with AT and TM resistance-related thrombophilia. To assess the AT and TM resistances
associated with other missense mutations by single base substitution in the Arg596 codon, we generated
recombinant variants (596Gln, 596Trp, 596Gly, and 596Pro) and investigated the effects on AT and TM
anticoagulant functions. All variants except 596Pro were secreted in amounts comparable to that of the
wild-type but exhibited variable procoagulant activities. After a 30-min inactivation by AT, the relative
residual activity of wild-type thrombin decreased to 15 + 4.0%, in contrast to values of all variants were
maintained at above 80%. The thrombin—AT complex formation, as determined by enzyme-linked
immunosorbent assay, was reduced with all tested variants in the presence and absence of heparin. In the
presence of soluble TM (sTM), the relative fibrinogen clotting activity of wild-type thrombin decreased to
16 + 0.12%, whereas that of tested variants was 37%—56%. In a surface plasmon resonance assay, missense
Arg596 mutations reduced thrombin—-TM affinity to an extent similar to the reduction of fibrinogen
clotting inhibition. In the presence of sSTM or cultured endothelial-like cells, APC generation was enhanced
differently by variant thrombins in a thrombin—TM affinity-dependent manner. These data indicate that
prothrombin Arg596 missense mutations lead to AT and TM resistance in the variant thrombins and

suggest that prothrombin Arg596 is important for AT- and TM-mediated anticoagulation.
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Introduction

Hemostatic disequilibrium is a key mechanism associated with all types of thrombosis. Venous
thromboembolism (VTE) is a complex and multifactorial disease involving interactions among acquired
factors, such as aging, obesity, surgery, pregnancy, post-partum status, oral contraceptives, and/or cancer,
and has also been associated with many congenital risk factors (1). Genetic studies of hereditary
thrombophilia have revealed two types of genetic defects, including loss-of-function mutations in natural
anticoagulants, such as antithrombin (AT), protein C (PC), and protein S (PS), and gain-of-function
mutations in procoagulant factor V (factor V Leiden) and factor II (prothrombin G20210A) (2-4). Among
Caucasians, gain-of-function mutations in procoagulant proteins are more prevalent than defects in
anticoagulant factors, whereas such mutations are not causative in Asian populations (5).

Thrombin plays central roles in various steps of the blood coagulation process, including the conversion
of fibrinogen to fibrin and the activation of platelets and blood coagulation proteins, such as factors V, VIII,
X1, and XIII (6). AT is a plasma serine protease inhibitor that inhibits thrombin and other activated serine
proteases of the coagulation system. The inhibition of thrombin by AT via the formation of a covalent
complex in a 1:1 molar ratio occurs relatively slowly but is dramatically enhanced in the presence of the
glycosaminoglycan heparin. Furthermore, the formation of thrombin complexes with the endothelial cell
surface receptor thrombomodulin (TM) impairs procoagulant activity and activates PC; activated PC
(APC) and PS subsequently inactivate coagulation factors VIIla and Va.

Recently, we identified a gain-of-function mutation associated with thrombophilia in the gene encoding
prothrombin; this mutation, prothrombin Yukuhashi (c.1787G—T, p.Arg596Leu), conveys AT resistance
(7). Compared with the wild-type, the mutant thrombin, active form of the prothrombin Yukuhashi,
exhibits moderately reduced clotting activity but substantially impaired complex formation with AT. In
other words, this mutant thrombin may be resistant to inactivation by AT, thus allowing prolonged
procoagulant activity in vivo and conferring susceptibility to thrombosis. Subsequently, F2 c.1787G>A
(p-Arg596GIn: prothrombin Belgrade) and F2 c.1786C>T (p.Arg596Trp: prothrombin Padua2) were
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reported as AT resistance mutations in Serbian and Italian thrombosis families, respectively (8, 9).
Yukuhashi mutation may also attenuate the inhibitory effect of TM in the thrombin-mediated conversion
of fibrinogen to fibrin (i.e., TM resistance), thus possibly contributing to its susceptibility to thrombosis
(10).

Crystal structure analysis of the thrombin—AT complex revealed that the side chain of thrombin Arg596 forms
two hydrogen bonds with that of AT Asn265 (11). Therefore, Arg596 may be a crucial amino acid for
AT-mediated thrombin inactivation. In addition, Arg596 is located in the sodium-binding domain of thrombin,
and sodium-bound thrombin (known as the fast form) has been reported to exhibit optimal procoagulant
function with increasing substrate specificity for fibrinogen, whereas sodium-free thrombin (slow form) exhibits
increasing anticoagulant specificity for TM binding and PC cleavage (12). Therefore, Arg596 may also play
important roles in the anticoagulation function of TM.

As single base substitution missense mutations may occur in the human genome at the prothrombin
amino acid 596 codon (CGG), we investigated the effects of the single nucleotide substitution prothrombin
missense mutations 596Leu (CTG), 596GIn (CAG), 596Trp (TGG), 596Gly (GGG), and 596Pro (CCG) on

the anticoagulation functions of AT and TM in this study.
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Materials and Methods

Materials

Purified human normal prothrombin, human PC, bovine factor Va, and bovine factor Xa were obtained
from Haematologic Technologies (Essex Junction, VT, USA). Human fibrinogen was purchased from
Wako Pure Chemical Industries (Osaka, Japan), anti-prothrombin monoclonal antibody was obtained from
Abnova Co. (Taipei, Taiwan), and anti-&s actin antibody was purchased from Bio Vision (San Francisco,
CA, USA). The proteasome inhibitor MG-132 was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Neoplastin plus and PTT-Reagent RD were purchased from Roche Diagnostics KK (Tokyo, Japan).
Oxyuranus scutellatus (Ox) venom (Taipan venom), which was used as a prothrombin activator, was
purchased from Latoxan S.A.S (Valence, France). Heparin (unfractionated) was obtained from Mochida
Pharmaceutical Co. (Tokyo, Japan). Human AT and recombinant soluble thrombomodulin (sTM;
Recomodulin®) were generously provided by Mitsubishi Tanabe Pharma Co. (Osaka, Japan) and Asahi
Kasei Pharma Co. (Tokyo, Japan), respectively. Sensor chip CM5 and Amine coupling kits containing
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC), N-hydroxysuccinimide (NHS), and ethanolamine
hydrochloride-NaOH were obtained from GE Healthcare Bio-Sciences AB (Uppsala, Sweden). The
selective thrombin inhibitor Pefabloc-TH (NAPAP) was purchased from Pentapharm Ltd. (Basel,
Switzerland). The synthetic chromogenic substrates H-D-Phe-Pip-Arg-p-nitroanilide (S-2238) and

Glu-Pro-Arg-p-nitroanilide (S-2366) were obtained from Sekisui Medical Co. (Tokyo, Japan).

Recombinant prothrombins

Stable transfectants of human embryonic kidney cells (HEK293) expressing recombinant prothrombins
were established as previously described (7). In brief, variant prothrombin expression vectors were
prepared to produce amino acid substitutions at Arg596 (CGG) by single base substitution (Leu, CTG; Gln,
CAG; Pro, CCG; Trp, TGG; Gly, GGG) using overlap extension polymerase chain reaction (PCR) (13)
with respective primer sets to introduce base substitutions. HEK293 cells were transfected with these
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variant prothrombin expression vectors using the calcium phosphate method (14). Stable transfectants were
subsequently established by G418 selection, and prothrombin expression was determined using dot-blot
immunoassays. Stable transfectants were cultured for 24 h in serum-free medium containing 5-pg/mL
vitamin K1 (Isei, Yamagata, Japan). Cultured media were collected, centrifuged at 2,000 x g for 10 min to
remove cellular debris, concentrated using Vivaspin Turbo 15 (Sartorius Stedim Biotech GmbH,
Goettingen, Germany), and stored at —80°C until use. For the thrombin generation assay (TGA), we
prepared highly concentrated recombinant prothrombins (1000~ ng/mL) from serum-free conditioned
media simply by multiple ultra-filtration to reconstitute the plasma by adding 1/10 volume of them into
prothrombin deficient plasma. Prothrombin antigen levels were determined using enzyme-linked

immunosorbent assays (ELISAs; Enzyme Research Laboratories, South Bend, IN, USA).

Western blotting analyses

Western blotting was performed according to previously described methods (15). In brief, samples of
culture media and cell lysates were separated on 10% SDS-PAGE gels and subsequently transferred to
Immobilon-P membranes (Millipore, Billerica, MA, USA). Protein concentrations were measured using
Bio-Rad Protein Assay kits (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and sample volumes were
adjusted to standardize quantities of loaded proteins. Membranes were blocked in a solution of 3% dry
milk (DM) in phosphate-buffered saline (PBS) containing 0.05% Tween 20 (DM-PBS-T) at room
temperature for 1 h. An anti-prothrombin mouse monoclonal antibody in DM-PBS-T (1:1000 dilution) was
applied to membranes overnight at 4°C, followed by incubation with an anti-mouse IgG HRP-linked
antibody in DM-PBS-T (1:2000). As a control, membranes were incubated with an anti-f actin rabbit
antibody (1:5000), followed by incubation with an anti-rabbit [gG HRP-linked antibody (1:2000). Signals
were visualized using the Immobilon-Western Chemiluminescent HRP Substrate (Millipore). We also
performed 10% native-PAGE for cell culture media containing 10 ng recombinant prothrombins followed
by Western blotting as described above. As a PIVKA-II positive control, we used cell culture media with
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warfarin (1 or 0.1 pg/mL: Wako Pure Chemical Industries) treatment for 48 h, in which the recombinant

wild-type prothrombin was secreted.

Procoagulant functions of recombinant prothrombins

To examine the functions of recombinant prothrombins, reconstituted plasma was prepared by mixing
prothrombin-deficient plasma (prothrombin activity, <1%; LSI Medience Corporation, Tokyo, Japan) with
recombinant prothrombins; a prothrombin plasma concentration of 100 pg/mL was assumed normal
(100%). Subsequently, one-stage clotting assays and chromogenic assays using the thrombin specific
substrate S-2238 were performed as previously described (16). In brief, reconstituted plasma was diluted
1:100 in buffer (50 mmol/L of Tris-HCI, 0.3 mol/L of NaCl, pH 8.1), and incubated with Ox snake venom
(150 pg/mL), phospholipid (50%) and CaCl, (12.5 mmol/L) for 2 min at 37°C. Then, thrombin activity
was determined using an S-2238 by measuring changes in absorbance/min (AA/min) at 405 nm with
TBA-180 (Toshiba Medical Systems Co, Tokyo, Japan). The 100% phospholipid solution comprised

PTT-Reagent RD dissolved in 2 mL of distilled water.

Thrombin inactivation by AT

Inactivation profiles of thrombins derived from recombinant prothrombins were analyzed in the presence
of AT as described previously (17). In brief, Ox venom was used to activate recombinant wild-type and
variant prothrombins (0.5 pg) to thrombins, which were then inactivated with human AT in the absence of
heparin for various time periods. Subsequently, the amidolytic activities of the samples were measured to
determine residual thrombin activities as described previously (7). We also performed ELISA to determine

the thrombin—AT (TAT) complex formation profiles of recombinant thrombins as described previously

(.
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Thrombin generation assay

Wild-type and variant reconstituted plasmas were prepared by mixing prothrombin-deficient plasma with
recombinant prothrombins to a final prothrombin concentration of 100% in normal plasma. Normal pooled
plasma samples were used as a control, and calibrated automated thrombography (CAT; Thrombinoscope
BV, BC Maastricht, The Netherlands) was used to perform TGAs in accordance with the manufacturer’s
instructions. Reactions were monitored at excitation and emission wavelengths of 390 nm and 460 nm,
respectively, for 70 min using a Fluoroscan Ascent FL (Thermo Fisher Scientific KK, Yokohama, Japan)

and Thrombinoscope software (Thrombinoscope BV).

Fibrinogen-clotting inhibition by TM

Fibrinogen-clotting assays were performed with or without sTM as described previously (10). Ox venom
with phospholipid and CaCl, was used to convert recombinant prothrombins to thrombins; these were
mixed and incubated with sTM solutions at final concentrations of 0, 10, and 25 pg/mL for 1 min to inhibit
thrombin activity. Fibrinogen was subsequently added, and clotting times were measured. Relative residual
thrombin activity was determined using a thrombin standard curve generated from purified human

prothrombin.

Measurement of thrombin binding affinity for TM via surface plasmon resonance

Recombinant variant prothrombins were concentrated to >1,000 pg/mL and diluted to 300 pg/mL in
running buffer containing 10 mmol/L Hepes (pH 7.4) and various concentrations of NaCl (0, 150, or 300
mmol/L). Subsequently, 100-uL aliquots were incubated with 200 pL of prothrombin activator solution
containing 2.5 pg/mL Ox venom, 10 mmol/L CaCl,, and 5% phospholipid (PTT Reagent RD) at 37°C for
8 min to allow sufficient conversion to thrombin.

Surface plasmon resonance (SPR) experiments were performed using a Biacore3000 device (GE
Healthcare Bio-Sciences). sTM in 10-mmol/L acetate buffer (pH 4.0) was initially linked to a CMS5 chip
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via EDC/NHS coupling, according to the immobilization protocol recommended by the manufacturer.
Thrombin solutions were injected in running buffer over the sensor chip surface at a flow rate of 20
puL/min for 5 min, and sensorgrams were collected for thrombin concentrations of 5.26 nmol/L in buffer at
37°C. Analytes were dissociated by replacing the analyte buffer with analyte-free buffer. Nonspecific
binding to uncoated flow cells was subtracted from the signals, and dissociation constants (Kds) were
calculated by fitting the data from eight injections (0.5, 1.35, 2.65, 5.35, 13.25, 26.35, 52.65, and 132
nmol/L) of thrombin using non-linear regression with a one-to-one Langmuir binding model using

BIAevaluation software version 4.4.1.

APC generation assay

Ox venom was used to convert recombinant prothrombins to thrombins; these were subsequently
incubated with human PC for 1 h in the presence or absence of sTM. Subsequently, APC activities in
samples were determined as described previously (10). We also performed a cell-based APC generation
assay using EAhy926 cells, which express TM and endothelial PC receptor (EPCR). We confirmed TM
and EPCR expression in these cells by RT-PCR and flow cytometry (data not shown). EAhy926 cells
(5X105 cells/well in 6-well plates) were cultured for 24 h in Dulbecco's Modified Eagle's Medium with
10% heat-inactivated fetal bovine serum (FBS) at 37°C in 5% CO,. The cells were washed 3 times with
PBS and incubated with each recombinant prothrombin-derived thrombin (2 pg/well) and purified human
PC (16 pg/well) for 3 h in reaction buffer (1 mL) containing 50-mmol/L Tris-HCI (pH 7.5), 100-mmol/L
NaCl, and 0.1% BSA. APC generated by variant thrombins was detected in the supernatants by S-2366
cleavage, as described previously (10). To prevent nonspecific S-2366 cleavage by thrombin, Pefabloc-TH

was added to each supernatant at 37°C for 30 sec before testing for APC.
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Results

Western blotting analysis of recombinant prothrombins in stable transfectants

To examine whether prothrombin proteins were expressed in cells that were stably transfected with
recombinant prothrombin expression vectors, culture media and cell lysates were subjected to Western
blotting analyses. Prothrombins were sufficiently detectable in culture media and lysates from stable
transfectants expressing wild-type, 596Leu, 596Gln, 596Trp, and 596Gly prothrombins, but not from those
expressing the 596Pro variant (Fig. 1A, 1B). To validate gamma-carboxylation of the recombinant
prothrombins, we carried out a native-PAGE followed by Western blotting and analyzed mobility
differences of the secreted prothrombins depending on amounts of negatively charged
gamma-carboxyglutamic acids. Without warfarin treatment, the mobility shifts of recombinant wild-type
and all tested 596 variant prothrombins were almost same, whereas the significantly slow shifted bands
were observed in the recombinant wild-type prothrombins cultured with warfarin (Fig. 1C). These data
indicated that majority of the secreted recombinant prothrombins into culture media would have
appropriate amounts of gamma-carboxyglutamic acids in the N-terminal region. Lysates of cells stably
expressing wild-type and 596Pro variant prothrombins in the presence or absence of 10 umol/L MG-132, a
proteasome inhibitor, were subjected to Western blotting analyses (Fig. 1D). An increased intracellular
prothrombin level was observed in stable 596Pro variant cells after treatment with MG-132, whereas the
intracellular level of wild-type prothrombin was not affected by the presence or absence of MG-132.

Subsequent experiments were performed using all recombinant prothrombins except for 596Pro.

Procoagulant functions of recombinant prothrombins

The procoagulant activities of wild-type and variant recombinant prothrombins in reconstituted plasmas
were determined using two methods after mixing prothrombin-deficient plasma with recombinant
prothrombins to normal levels, as described in the Materials and Methods. All variant prothrombins
exhibited varied but low activities in one-stage clotting assays, whereas comparatively higher activities
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were observed in two-stage chromogenic assays. In a subsequent two-stage chromogenic assay, the clotting
efficiency of wild-type prothrombin was 97 + 4.9% (n = 3, mean + standard error [SE]) of that in normal
pooled plasma, whereas the corresponding efficiencies of 596Leu, 596GlIn, 596Trp, and 596Gly were 74 +

5.2%, 116 £ 9.9%, 79 £ 11.2%, and 46 + 5.4%, respectively (Table. 1).

Thrombin inactivation by AT

An AT resistance analysis of recombinant wild-type and variant thrombins was performed by assessing
inactivation profiles in the presence of AT without heparin. After a 30-min inactivation by AT, the relative
residual activities of wild-type, 596Leu, 596GlIn, 596Trp, and 596Gly recombinant thrombins were 15 +
4.0%, 96 + 1.8%, 83 £ 4.2%, 88 + 4.5%, and 99 + 0.6%, respectively (Fig. 2; n = 3, mean + SE).
Subsequently, the TAT complex formation profiles of wild-type and variant thrombins were determined
using ELISA. In the absence of heparin, TAT formation with wild-type thrombin increased in a
time-dependent manner, whereas formation with the variants was near-negligible for the first 30 min (Fig.
3A). After a 60-min incubation, the concentration of TAT complex formed with wild-type thrombin was
2.03 £ 0.15 ng/mL, in contrast to concentrations of 0.07 + 0.00, 0.16 + 0.00, 0.03 £ 0.00, and 0.00 + 0.00
ng/mL with 596Leu, 596GlIn, 596Trp, and 596Gly, respectively (n = 3, mean + SE). The presence of
heparin greatly enhanced the formation of TAT complexes with all thrombins, although this process
remained substantially impaired with all variants, compared with the wild-type (Fig. 3B). After a 5-min
incubation in the presence of heparin, the concentrations of TAT complexes formed with wild-type,
596Leu, 596GlIn, 596Trp, and 596Gly thrombins were 2.44 + 0.006, 1.61 + 0.13, 1.64 £ 0.16, 0.85 = 0.14,

and 0.38 £ 0.18 ng/mL, respectively (n = 3, mean + SE).

Thrombin generation assay
Reconstituted plasmas mixed with individual recombinant prothrombins in prothrombin-deficient plasma
were compared with normal pooled plasma in TGAs (Fig. 4). The endogenous thrombin potential (ETP),
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which corresponds to total thrombin activity, maximum concentration of thrombin (Peak), and duration of
thrombin generation (StartTail) are shown in Table 2. The respective values for wild-type reconstituted
plasma were similar to those for normal pooled plasma, whereas all variants exhibited a StartTail value
more than 2-fold longer than that of wild-type thrombin. These data suggest that the inactivation of all
tested variant prothrombin-derived thrombins was very slow when compared to that of wild-type thrombin,
thus prolonging procoagulant activity. The peaks of the 596Leu and 596GlIn variants were decreased,
whereas the corresponding ETPs were increased. However, the 596Trp variant had a very low Peak and

decreased ETP, and the 596Gly variant had a low Peak and a similar ETP value to that of the wild-type.

Inhibition of fibrinogen-clotting activity by TM

To examine the effects of TM on the functions of recombinant variant thrombins, fibrinogen-clotting
activities were determined in the presence or absence of sTM. The fibrinogen-clotting activity of wild-type
thrombin was reduced by sTM in a concentration-dependent manner, with residual activity ratios of 35 +
0.91% and 16 £+ 0.12% in the presence of 10 and 25 pg/mL sTM, respectively (n = 5, mean + SE; Fig. 5).
In contrast, the residual activity ratios of the 596Gln variant decreased from 54 + 0.54% in the presence of
10 pg/mL sTM to 37 + 0.48% with 25 pg/mL sTM (n = 5, mean + SE); this ratio differed significantly
from that of wild-type thrombin (Student’s z-test, p < 0.001). The residual activity ratios of the other

variants were greater than those of 596GIn in the presence of 10 and 25 pg/mL sTM.

Binding affinity of thrombin for TM

The TM-binding affinities of variant thrombins were evaluated using SPR. Representative sensorgrams
obtained in the presence of 150 mmol/L. NaCl are shown in Fig. 6A. Missense mutations at Arg596
reduced the thrombin—TM affinity in a similar manner to reductions in fibrinogen clotting inhibition. As
shown in Table 3, the 596Gly variant exhibited the lowest affinity for TM (apparent Kd, 7.1 £ 0.6 X 10°®
M), whereas normal thrombin had the highest affinity (apparent Kd, 1.5 £ 0.1 x 10°® M). Fig. 6B presents
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the average binding response (RU) values in the presence of 50, 150, or 300 mmol/L. NaCl. The average
RU values of wild-type, 596Leu, 596GIn, 596Trp, and 596Gly thrombins in the presence of 150 mmol/L
NaCl were 50.4 + 1.7, 45.4 £ 4.1, 42.6 = 0.1, 28.8 £ 0.2, and 22.9 + 0.1; the corresponding values under
low NaCl conditions (50 mmol/L) were 158.5 £ 17.2, 192.0 £ 11.5, 65.4 £ 18.0, 143.3 £ 15.9, and 104.5 +
2.5, respectively, whereas those under high NaCl conditions (300 mmol/L) were 14.1 £ 1.0, 6.1 £2.6, 4.6 +
1.3, 53 £ 0.4 and 3.1 + 0.1, respectively. All tested thrombins exhibited TM affinities at a lower
concentration of NaCl (50 mmol/L), whereas only the 596GIn variant exhibited a reduced enhancement of

TM affinity.

APC generation assay

APC generated by recombinant thrombin in the presence of sSTM was expressed in units of AA/min at
405 nm as the difference from the concentration in the absence of sTM. These differences were 0.090 =
0.002, 0.050 = 0.001, 0.070 £+ 0.002, 0.047 £+ 0.001, and 0.017 + 0.000 for wild-type, 596Leu, 596GIn,
596Trp, and 596Gly thrombins, respectively (Fig. 7A; n = 3, mean + SE). Very low levels of APC were
generated by recombinant thrombins in the absence of sSTM (<0.006 + 0.000, n = 3). A linear relationship
between APC activity and 0-0.2 AA/min at 405 nm was confirmed in an assay with human APC standards
(data not shown). In a 3-h cell-based reaction, APC generated by recombinant thrombin in EAhy926 cells
was expressed culture media in units of AA/min at 405 nm. These values were 0.055 = 0.003, 0.033 +
0.004, 0.038 + 0.003, 0.026 + 0.002, and 0.022 £ 0.003 for wild-type, 596Leu, 596Gln, 596Trp, and
596Gly thrombins, respectively (Fig. 7B; n = 3, mean = SE). The amount of APC generated by wild-type

recombinant thrombin in culture media without EAhy926 cells was also very low (0.001 + 0.000, n = 2).
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Discussion

The prothrombin Yukuhashi (c.1787G>T, p.Arg596Leu) mutation has been reported to cause a
dysprothrombin that leads to AT and TM resistances causing susceptibility to thrombosis (7, 10). In this
study, we investigated the effects of five prothrombin single base substitution missense mutations at
Arg596 (596Leu, 596GIn, 596Trp, 596Gly, and 596Pro) on the anticoagulant functions of AT, TM, and PC.
Among the tested variant prothrombins at Arg596, the secretion of 596Pro prothrombin was severely
impaired. The effects of an experiment with the proteasome inhibitor MG-132 suggest that this protein is
subjected to intracellular degradation by the proteasome, as indicated by its poor stability. Therefore, a
homozygous F2 c¢.1787G>C mutation resulting in the 596Pro variant would likely cause a bleeding
tendency similar to those observed in patients with prothrombin deficiencies (18-20).

All of the tested variant thrombins exhibited AT resistance and severely impaired TAT complex formation,
suggesting that prothrombin Arg596 is essential for the inactivation of its active form by AT. The TGA is a
comprehensive coagulation-function test that allows us to evaluate the initial phase of thrombin generation
and the late phase of thrombin inactivation in plasma. In the TGA, all variant prothrombins yielded gentle
inactivation phase slopes in the presence of plasma-derived AT, suggesting that the variant thrombins were
not inactivated sufficiently by plasma AT and continued to facilitate blood coagulation, despite low levels
of procoagulant activity in vitro. For TGA in this study, highly concentrated recombinant prothrombins
were required to reconstitute the plasma by adding 1/10 volume into prothrombin deficient plasma. We
prepared them by multiple ultra-filtrations, which might have damaged the recombinant prothrombins
resulting in a reduced thrombin generation peak observed in TGA of 596Trp, even though its delayed
StartTail was similar to those of the other variants. In addition, small fluorogenic substrate (Z-GGR-AMC)
in TGA may easily access to any variants of thrombin compared with large substrate (fibrinogen), possibly
accounting for the lack of agreement between procoagulant activities in the fluorogenic assay (TGA) and
in the one-stage clotting assay. Small synthetic substrate (S-2238) was also used in the two stage
chromogenic assay. Interestingly, Pechik et al. reported the crystal structure of thrombin in complex with E
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domain fragment of fibrin via exosite I, which located away from the active center of thrombin (21). Taken
together, all Arg596 mutations, except for 596Pro, may cause AT resistance and susceptibility to
thrombosis. Before completed this study, the prothrombin p.Arg596GIn (c.1787G>A) mutation was
reported in two unrelated Serbian families with recurrent thrombosis (8). In agreement, plasma samples
from these patients indicated apparent AT resistance, and the residual thrombin activity ratios after
inactivation by AT were significantly higher than that in plasma from normal individuals.

In addition to AT, TM plays an important role in anticoagulation in vivo. Most thrombins, at least those
in intact microcirculation, can be rapidly captured by TM on endothelial surfaces to prevent fibrin
formation and promote the activation of PC to APC. Accordingly, we analyzed the effects of the Arg596
mutations on the anticoagulant effects of TM using sTM (Recomodulin®) and showed that all variant
thrombins were TM-resistant in terms of fibrinogen clotting inhibition. In SPR-based assays and cell-based
APC generation assays on EAhy926 cells, we showed that TM enhanced the APC generation activity of all
variant thrombins tested, a process that may be reduced in a protease activity- and/or TM binding
affinity-dependent manner. These data suggest that, although a lack of inhibition by AT could be of
principal importance in a patient with thrombosis, TM resistance may also contribute to thrombotic events
to some extent.

Thrombin has been characterized as an allosteric enzyme that is controlled by sodium binding (22, 23),
and Arg596 (Arg221a in the chymotrypsinogen numbering system (24)) is located in the sodium-binding
region. Sodium-bound thrombin (known as the fast form) has been reported to exhibit optimal
procoagulant function with increasing substrate specificity for fibrinogen, whereas sodium-free thrombin
(known as the slow form) exhibits increasing anticoagulant specificity for TM binding and PC cleavage
(12). Because Arg596 is present in the sodium-binding region of thrombin, mutation at this location is
likely to affect sodium binding, and thereby protease activity and specificity. In the SPR assay conducted
in this study, a high NaCl concentration (300 mmol/L) attenuated the thrombin—TM affinities of all
variants, whereas a low NaCl concentration (50 mmol/L) elevated the affinities of all except the 596GIn
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variant. Fuentes-Prior et al. reported the crystal structure of thrombin in complex with the minimal cofactor
fragment of TM (EGF456) via exosite I, which located away from the Na+ binding domain of thrombin
(25). We do not know the precise mechanisms of action; however, Leu, Trp, Gly and Pro are hydrophobic
amino acids, whereas Gln is the only hydrophilic amino acid, which might contribute to being uniquely
resistant to allosteric effects of low NaCl condition on TM affinity to the 596GIn variant. This result is
attributed to an increase and decrease in the slow form under low and high NaCl conditions, respectively.
These results suggest that missense mutations at Arg596 differently influence thrombin—TM affinity.

In the present study, we evaluated the effects of variant thrombins on anticoagulation systems
involving AT and TM. A single base substitution missense mutation at amino acid 596 of prothrombin
may occur in the human genome, and the associated CpG dinucleotide is a mutation hotspot that is
vulnerable to transition from methylcytosine to thymine (26). Accordingly, Cooper and Youssoufian
estimated that CpG dinucleotides are up to 42 times more mutable than other sequences in humans (27).
Hence, because the wild-type codon 596 (CGG) of prothrombin contains a CpG dinucleotide, the
frequency of point mutation at this location may be increased, leading to the possibility of c.1786C>T
(p.Arg596Trp: TGG) and ¢.1787G>A (p.Arg596GIn: CAG) mutations. The p.Arg596GIn mutation was
previously reported in two unrelated Serbian thrombophilia families as prothrombin Belgrade (8), in an
Indian thrombosis patient as prothrombin Amirta (28), and recently in a Japanese thrombosis family (29).
Moreover, ¢.1786C>T (p.Arg596Trp: TGG) mutation was also reported in two unrelated Italian thrombosis
families as prothrombin Padua2 (279). We previously demonstrated that the prothrombin Yukuhashi
(p-Arg596Leu) mutation resulted in AT resistance in a Japanese thrombophilia family (7). In other words,
missense mutations of prothrombin Arg596 have been identified in several thrombosis patients worldwide,
suggesting that such mutations may be widely distributed, regardless of race.

In conclusion, we assessed the effects of prothrombin missense mutations caused by single base
substitutions at Arg596 on the AT- and TM-dependent anticoagulation systems. The present experiments
showed that all variant prothrombins, including 596Leu (prothrombin Yukuhashi), induce AT-resistant and
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TM-resistant phenotypes in vitro, although the effects of procoagulant activities on thrombosis in vivo may
vary in a mutation type-dependent manner. Proper association studies are clearly needed to evaluate the

association these variants with thrombophilia.
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Figure and table legends

Fig. 1. Western blotting analysis of recombinant prothrombins

Western blotting analyses of cells that stably express recombinant wild-type (WT), 596Leu, 596Pro,
596Gln, 596Trp, and 596Gly prothrombins.

A, Cell culture media except 596Pro; B, Cell lysates; C, Native-PAGE of cell culture media and WT
treated with warfarin (1 or 0.1 pg/mL) as a positive controls of dis-gamma carboxyprothrombin; D, Cell
lysates from 596Pro variants with or without the protease inhibitor MG-132 (10 umol/L for 12 h). B-Actin

was used as an internal control.

Fig. 2. Profiles of recombinant thrombin inactivation by antithrombin (AT)

Wild-type (WT) and variant thrombins (596Leu, 596GIn, 596Trp, and 596Gly) were derived from
respective recombinant prothrombins (1 pg/mL) in diluted reconstituted plasma, and incubated with AT
(9.4 pg/mL) for 0-30 min; relative residual amidolytic activities were measured using S-2238.
Experiments were performed in triplicate, and data are presented as mean + standard error (SE). **p< 0.01

(vs. WT: Student’s t-test).

Fig. 3. Kinetic analyses of thrombin—antithrombin (TAT) complex formation

A, Kinetic analyses of TAT complex formation in the absence of heparin; B, kinetic analyses of TAT
complex formation in the presence of heparin (4 U/mL). Thrombins derived from wild-type (WT) and
variant (596Leu, 596Gln, 596Trp, and 596Gly) prothrombins (2 pg/mL) were incubated with antithrombin
(AT; 6 pg/mL) for 10, 30, and 60 min in the absence of heparin (A), or 30, 60, and 300 sec in the presence
of heparin (B), after which TAT complex concentrations were measured using ELISA. Experiments were
performed in triplicate, and data are presented as mean + SE. *p< 0.05, **p< 0.01 (vs. WT: Student’s

t-test).

Fig. 4. Thrombin generation assay

Thrombin generation assays (TGAs) were performed using normal plasma and reconstituted plasma
samples containing recombinant wild-type (WT) and variant prothrombins in prothrombin-deficient
plasma. Calibrated automated thrombography (CAT) was performed using tissue factor (TF) trigger at a
final concentration of 5 pmol/L. Experiments were repeated four times, and a representative result is

shown.
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Fig. 5. Residual ratios of fibrinogen-clotting activity during inhibition by thrombomodulin (TM)

The effects of soluble TM (sTM) on the fibrinogen-clotting activities of recombinant thrombins derived
from wild-type (WT) and variant prothrombins (596Leu, 596GIn, 596Trp, and 596Gly) were determined.
Samples were incubated with sSTM (0, 10, and 25 pg/mL). Experiments were performed in quintuplicate,

and data are presented as mean = SE; *p < 0.001 (vs. WT: Student’s ¢-test).

Fig. 6. Thrombomodulin (TM) binding affinities of thrombins in surface plasmon resonance
(SPR)-based assays at various concentrations of NaCl

Thrombins derived from normal or recombinant variant prothrombins were incubated with soluble TM
(sTM) immobilized on a CMS5 sensor chip for 5 min. Three independent experiments were performed.

A, Representative Biacore sensorgrams of the binding of normal and variant thrombins to TM in the
presence of 150 mmol/L NaCl are shown. Black, normal; Red, 596Leu; Cyan 596GlIn; Orange, 596Trp;
Green, 596Gly.

B, Average response (RU) values obtained from sensorgrams of TM-thrombin complex formations in the
presence of 50, 150, or 300 mmol/L NaCl are shown. White, 50 mmol/L NaCl; Gray, 150 mmol/L NaCL;

Black, 300 mmol/L NaCl.

Fig. 7. Activated protein C (APC) generation assay

A, Thrombins derived from wild-type (WT) and variant recombinant prothrombins were incubated with
purified protein C (PC) and soluble thrombomodulin (sTM) for 1 h. B, Thrombins derived from wild-type
and variant recombinant prothrombins were incubated with purified PC and EAhy926 cells for 3 h. APC
activity was measured using S-2366 and expressed in units of A A/min at 405 nm. Data are presented as
mean + SE. Residual thrombin was inhibited by Pefabloc-TH before measuring the activity of generated

APC.
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Table 1. Relative procoagulant activities of recombinant prothrombins determined by two methods

One-stage

clotting assay

Two-stage

chromogenic assay

WT 84 + 3.0% 97+47
596Leu 13+13 74452
596Gln 55+3.8 116 £9.9
596Trp 12415 79 £11.2
596Gly 4415 46+ 5.4

*, % of normal (n = 3, mean + SE)

In one-stage clotting assays, the clotting time was measured during the activation of reconstituted plasma

containing recombinant wild-type (WT) or variant prothrombins in the presence of tissue factor (TF),

calcium, and phospholipid. In chromogenic assays, prothrombins in reconstituted plasmas were

sufficiently activated with Oxyuranus scutellatus (Ox) venom, and thrombin activities were determined

according to amidolytic activity. Normal plasma was assigned a value of 100%. Experiments were

performed in triplicate, and data are presented as mean + SE.

Table 2. Thrombin generation assay

WT 596Leu 596GlIn 596Trp 596Gly  Normal pool
ETP (nM'min) 1256 1545 2321 1294 911
Peak (nM) 221 123 204 59 194
StartTail (min) 22 56 52 62 22

ETP, endogenous thrombin potential; Peak, maximum concentration of thrombin; StartTail, duration of

thrombin generation.
Data were derived from Fig. 3.
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Table 3. Apparent dissociation constants (Kds) for recombinant thrombin binding to TM.

normal 596Leu 596GIn 596Trp 596Gly

Kd(x10°M) | 1.5+0.1*  28+0.1 20£02  3.5+02 71+0.6

* mean + SE (n=3)

Biacore sensorgrams were collected for thrombin concentrations of 0.5, 1.35, 2.65, 5.35, 13.25, 26.35,
52.65, and 132 nmol/L in buffer at 37°C. Apparent dissociation constants (Kds) were calculated by fitting
the data from eight injections of thrombin using non-linear regression with a one-to-one Langmuir binding

model with BIAevaluation software version 4.4.1.
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Figure 2
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Figure 4

Figure 5

Thrombin (nM)

200

150

100

50

Residual ratio (%)

100

80 1

60 1

40 1

20 1

\

LT T .
N bl ) o
40

20

====Normal pool
—WT
———58%6Leu
—596GIn
596Trp
596Gly

uh .

60
Time (min)

aat'lll

=O-596Leu
——-596GIn
——-596Trp
—#-596Gly

10 20
sTM (pg/mL)

32

Yuki TAKAGI



Yuki TAKAGI

Figure 6
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