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Summary

We identified a novel mechanism of hereditary thrombosis associated with anti-
thrombin resistance, with a substitution of arginine for leucine at position 596
(p.Arg596Leu) in the gene encoding prothrombin (called prothrombin Yukuhashi). The
mutant prothrombin had moderately lower activity than wild-type prothrombin in
clotting assays, but the formation of thrombin—antithrombin complex was substantially
impaired. A thrombin-generation assay revealed that the peak activity of the mutant
prothrombin was fairly low, but its inactivation was extremely slow in reconstituted
plasma. The Leu596 substitution caused a gain-of-function mutation in the prothrombin

gene, resulting in resistance to antithrombin and susceptibility to thrombosis.
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Introduction

Patients with hereditary thrombophilia often present with unusual clinical

episodes of venous thrombosis at a young age and recurrence in atypical vessels, often

with a family history of the condition [1]. Genetic studies of hereditary thrombophilia

have revealed two types of genetic defects : loss-of-function mutations in the natural

anticoagulants antithrombin, protein C, and protein S, along with gain-of-function

mutations in procoagulant factors V (factor V Leiden) and Il (prothrombin G20210A)

[2]. To date, numerous genetic defects have been found in families with hereditary

thrombophilia, but there may be many undiscovered causative mutations [3]. Here, we

describe a case of hereditary thrombosis induced by a novel mechanism of antithrombin

resistance, a gain-of-function mutation in the gene encoding the clotting factor

prothrombin (prothrombin Yukuhashi).
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Case Report

The proband was a 17-year-old Japanese girl who had a first episode of

deep-vein thrombosis at the age of 11 years and had since been treated with warfarin.

Her family originated in Yukuhashi in the northern part of the Kyushu islands. At least

nine of her family members had had one or more episodes of deep-vein thrombosis (Fig.

1A), including two with pulmonary embolism and three who died from thrombosis.

Five family members, including the proband, had had juvenile thrombosis, with two

reporting episodes during early childhood. Previous studies did not identify any known

causes of hereditary thrombophilia in this family [4].
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Methods

DNA Analysis

We amplified all 14 exons, including the exon—intron boundaries and the 3’
untranslated region, of the prothrombin gene by means of polymerase chain reaction
(PCR), using gene-specific primers (see Table S1 in the Supplementary Appendix,
available with the full text of this article at NEJM.org). The amplicons were sequenced
as described previously [5]. To detect the mutation, we performed
PCR-restriction-fragment—length polymorphism (RFLP) analysis, using a mismatched
lower primer (5'-TGTAGAAGCCATATTTCCCcTgC-3’, with base substitutions at C
and g) and introducing a Pstl site into the amplicon from a mutant allele. Genomic DNA

was isolated from peripheral leukocytes by phenol extraction [6].

Recombinant Prothrombins
We used a PCR assay to prepare full-length human prothrombin
complementary DNA (cDNA) obtained from a human liver cDNA library (Clontech)
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and cloned this into pcDNA™ 3.1(+) (Invitrogen) to obtain a wild-type human
prothrombin expression vector. Subsequently, we prepared a mutant prothrombin
expression vector by means of overlap extension PCR [7], using two primers:
5'-TGAAGGCTGTGACCIGGATGGGAAA-3' (sense primer with a base substitution at
t) and 5-TTTCCCATCCaGGTCACAGCCTTCA-3’ (antisense primer with a base
substitution at a).

We transfected human embryonic kidney cells (HEK293) with the prothrombin
expression vectors using the calcium phosphate method [8]. We established stable
transformants by selection with G418 and determined which of these had high levels of
prothrombin expression by means of a dot-blot immunoassay. Conditioned media of
stable transformants expressing recombinant prothrombins in serum-free medium
containing vitamin K were collected, concentrated, and stored at —80°C until use. We
determined the antigen levels of the prothrombins using an enzyme-linked

immunosorbent assay (ELISA, Enzyme Research Laboratories).

Functional Assays of Recombinant Prothrombins

We performed three tests of prothrombin activity: a one-stage clotting assay, a

two-stage clotting assay, and a chromogenic assay that uses S-2238 (a thrombin
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substrate that generates color at the time of cleavage). In the latter two assays, we used

Oxyuranus scutellatus venom (Sigma Aldrich) as a factor Xa—like enzyme. To examine

the functions of the recombinant prothrombins in plasma, we prepared reconstituted

plasma by mixing prothrombin-deficient plasma (prothrombin activity, <1%; Mitsubishi

Chemical Medience) with the recombinant prothrombins on the assumption that the

prothrombin concentration was 100 ug per milliliter in normal plasma (100%) [9]. The

proband’s plasma was not suitable for evaluation because of warfarin treatment.

Formation of Thrombin—Antithrombin Complex

To evaluate the ability of the wild-type and mutant recombinant prothrombins

to form complexes with antithrombin, we converted the recombinant prothrombins to

thrombins, using bovine factors Xa (Haematologic Technologies) and Va (Thermo

Scientific), cephalin (Roche Diagnostica Stago), and calcium chloride. We then

incubated the thrombins with human antithrombin (Mitsubishi Tanabe Pharma), with or

without unfractionated heparin (Mochida Pharmaceutical), at 37°C for various time

periods. The reactions were stopped with PPACK (d-phenylalanyl-I-prolyl-l-arginine

chloromethyl ketone) (Calbiochem), and thrombin—antithrombin complex formation
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was measured with the use of the AssayMax Human TAT Complexes ELISA kit

(Assaypro).

Thrombin-Generation Assay

We prepared wild-type, mutant, and heterozygous-mutant reconstituted plasma
by mixing prothrombin-deficient plasma with the recombinant prothrombins, at a final
prothrombin concentration of 100%, and by mixing antithrombin-depleted plasma
(Affinity Biologicals) with human antithrombin, at a final antithrombin concentration of
50%. We used normal pooled plasma as a control. The thrombin-generation assay was
performed by means of calibrated automated thrombography (CAT, Thrombinoscope
BV), in accordance with the manufacturer’s instructions. We monitored the reactions
for 2 hours, using Fluoroscan Ascent FL (Thermo LabSystems), set at an excitation
wavelength of 390 nm and an emission wavelength of 460 nm, and Thrombinoscope

software (Thrombinoscope BV).

Study Oversight

The study was approved by the ethics committee at the Nagoya University
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School of Medicine. Written informed consent was obtained from all study participants.
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Results

DNA Analysis

Genomic DNA analysis of the proband revealed that she was heterozygous for

a novel missense mutation in the prothrombin gene (c.1787G—T, p.Arg596Leu) (Fig.

1B). The nucleotide and protein numbering system is based on the nomenclature

recommended by the Human Genome Variation Society [10]. The same mutation was

detected in her mother and in three other family members with deep-vein thrombosis

but not in an asymptomatic family member. On mismatch PCR-RFLP analysis, the

amplicon that was treated with Pstl displayed a 192-bp band (mutant allele) and a

212-bp band (normal allele). We confirmed the heterozygosity of this mutation in the

proband, her mother, and three other family members with deep-vein thrombosis but not

in an asymptomatic family member (Fig. 1C). We did not detect the mutation in

samples obtained from 100 Japanese persons with a normal phenotype and in 5 persons

with undiagnosed thrombosis before this testing.

Recombinant Prothrombins
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We established stable transformants of HEK293 cells expressing the wild-type

and mutant prothrombins. To evaluate y-carboxylation of the recombinant prothrombins,

we used ELISA to measure prothrombin levels in the culture medium after barium

sulfate absorption. We found that both the wild-type and mutant prothrombins were

completely absorbed, suggesting that appropriate y-carboxylation occurred in both

preparations (data not shown).

Functional Assays of Recombinant Prothrombins

We performed three assessments of recombinant prothrombin activity:

one-stage clotting, two-stage clotting, and chromogenic assays (Table 1). Reconstituted

plasma was used in all tests. Values for the wild-type recombinant prothrombin were

approximately 100% in all assays. The mutant prothrombin activity in the one-stage

assay was lower than that in the two-stage assay. The mutant prothrombin activity in the

chromogenic assay was higher than that in the two-stage assay.

Formation of Thrombin—Antithrombin Complex

We used ELISA to determine whether there was a difference between the
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wild-type and mutant prothrombins in forming thrombin—antithrombin complexes. The

recombinant prothrombins that were activated by factor Xa were incubated with

antithrombin, and thrombin—antithrombin complex formation was determined by means

of ELISA. In the absence of heparin, thrombin—antithrombin complex formation by the

wild-type prothrombin increased in a time-dependent manner. However,

thrombin-antithrombin complex formation by the mutant prothrombin was almost

negligible for the first 30 minutes (Fig. 1D). In the presence of heparin,

thrombin—antithrombin complex formation was greatly increased in both samples but

remained substantially impaired in the mutant sample.

Thrombin-Generation Assay

A thrombin-generation assay was performed to evaluate the effect of the

mutation on thrombin generation in plasma (Fig. 2). The values for wild-type

reconstituted plasma were similar to those for normal plasma, but the mutant plasma

showed a decreased maximum concentration of thrombin (peak), an extension of the

total duration of thrombin-generation activity (start tail), and increased thrombin activity,

which was assessed as the area under the curve for endogenous thrombin potential. The
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heterozygous-mutant plasma, mimicking the proband’s plasma, showed intermediate
values. The 50% antithrombin plasma, mimicking the antithrombin-deficient plasma,
showed similar changes (except for a decreased peak), which were canceled by the ad-
dition of human antithrombin at a final concentration of 150%. These data indicate that
the thrombin activity derived from the mutant prothrombin was lower than that derived
from the wild-type prothrombin, but its inactivation was exceedingly slow, resulting in a

prolonged procoagulant state in the proband’s plasma.
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Discussion

Numerous gene mutations in various molecules have been found in members of

families with inherited thrombophilia, but many mutations remain unidentified [3]. The

G20210A mutation in the prothrombin gene is associated with a mild risk of thrombosis

in the white population, but many other prothrombin gene mutations lead to bleeding

tendencies, such as prothrombin deficiencies, dysprothrombinemia, and

hypoprothrombinemia [11-13]. A genomewide analysis to detect genes that are

associated with a susceptibility to thrombosis also identified a prothrombin gene muta-

tion, but the detailed molecular mechanism for inherited thrombophilia remains

unknown [14]. In this study, we investigated possible causative genetic defects in

samples obtained from a large Japanese family with inherited thrombophilia. We found

a novel missense mutation in the prothrombin gene (p.Arg596Leu) that resulted in a

variant prothrombin (prothrombin Yukuhashi). The mutation cosegregated with

deep-vein thrombosis in this family, indicating that it could be a cause of hereditary

thrombophilia.

Thrombin, which is an active form of prothrombin, is an allosteric enzyme
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controlled by the binding of sodium [15, 16]. Sodium-bound thrombin (known as the

fast form) is optimized for procoagulation because of its increased substrate specificity

for fibrinogen, whereas sodium-free thrombin (known as the slow form) is an anti-

coagulant because of its increased specificity for cleaving protein C. The mutation

occurred at residue Arg596 (Arg221a in the chymotrypsinogen numbering system [17])

within the sodium-binding region of thrombin and was expected to have an effect on

sodium binding. The mutation is also located at one of the antithrombin-binding sites

where thrombin is inactivated by antithrombin with heparin.18 Two exosites on

thrombin, the y-loop and the sodium-binding region, are critical for stabilizing a

thrombin—antithrombin complex [18] (Fig. S1A in the Supplementary Appendix). Two

hydrogens of the Arg596 side chains of thrombin form hydrogen bonds with oxygen of

the Asn265 side chain of antithrombin (Fig. S1B in the Supplementary Appendix).

Therefore, we propose two hypotheses: first, that the procoagulant activity of the mutant

prothrombin is somewhat impaired; and second, that complex formation involving the

mutant thrombin and antithrombin is impaired, resulting in prolonged residual thrombin

activity.

To test the first hypothesis, we examined the activation and procoagulant

functions of the recombinant prothrombins. We prepared reconstituted plasma by
- 20 -
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mixing prothrombin-deficient plasma with the recombinant prothrombins, since the

proband’s plasma was not suitable for evaluation because of warfarin treatment. We

observed that the mutant and wild-type prothrombins were fully converted to thrombins

in a similar manner by prothrombinase within 5 minutes (Fig. S2 in the Supplementary

Appendix). However, conversion of the mutant prothrombin to thrombin appeared to be

a few seconds slower than that of the wild-type thrombin in the clotting assays. In

addition, the mutant thrombin probably had a lower catalytic activity for fibrinogen than

did the wild-type thrombin, which may have been the result of structural disruption of

the sodium-binding region by the Leu596 substitution for Arg. In a previous study of

alanine-scanning mutagenesis, thrombin with an Ala596 mutation showed a reduction

by a factor of 5 in sodium-binding affinity, and its procoagulant activity was similar to

that of the slow form of thrombin [19]. Similar mechanisms of structural disruption in

the Leu596 mutant thrombin may have resulted in lower catalytic activity for fi-

brinogen.

To test the second hypothesis — that the mutant thrombin would be defective in

terms of its interaction with antithrombin — we examined thrombin—antithrombin

complex formation using ELISA. The mutant thrombin sample had extremely low

levels of thrombin—antithrombin complex formation. This suggests that the disruption of
- 21 -



Yuhri MIYAWAKI

the sodium-binding region, which resulted in the loss of two hydrogen bonds between

Arg596 of thrombin and Asn265 of antithrombin, may be critical for the formation of

the thrombin-antithrombin complex. These findings indicate that prothrombin

Yukuhashi can be characterized as a dysprothrombin that is highly resistant to inhibition

by antithrombin.

We next performed a thrombin-generation assay to determine the potential

procoagulant activity of the recombinant prothrombins in plasma. A

thrombin-generation assay is a comprehensive coagulation-function test that allows

evaluation not only of the initial phase of thrombin generation but also of the late phase

of its inactivation. Data from this assay again suggested that the mutant prothrombin

had low procoagulant activity but was highly resistant to antithrombin. Thus, its active

form, the mutant thrombin, would not be inactivated by antithrombin and would

continue to facilitate blood coagulation, despite its low activity level.

In conclusion, we identified a novel mechanism of hereditary thrombosis in a

Japanese family, in which antithrombin resistance was associated with a missense

mutation in the prothrombin gene (p.Arg596Leu). This mutation results in slightly

impaired but adequate procoagulant function of the mutant prothrombin but

considerably impaired inhibition of the mutant thrombin by antithrombin. The
_22_
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antithrombin-resistant thrombin may have prolonged procoagulant activity in vivo,

conferring a susceptibility to thrombosis.
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Table 1. Procoagulant and Amidolytic Activities of the Recombinant
Prothrombins.*
Activity}
. Antigent One-Stage Two-Stage Chromogenic
Prothrombin . .
Clotting Assay | Clotting Assay Assay
percent
Wild-type 112 91 109 88
Mutant 118 15 32 66

* The values were measured from reconstituted plasma in prothrombin-deficient plasma.

The value of normal plasma was assigned as 100%.

1 The values for prothrombin antigens were determined by means of enzyme-linked

immunosorbent assay.

I The prothrombin activities were determined by three methods: the classic one-stage

clotting assay, in which thromboplastin is used; the two-stage clotting assay, in which

Oxyuranus scutellatus venom (Ox) is used as a factor Xa—like enzyme and fibrinogen

from pooled normal plasma is used as a substrate; and the chromogenic assay, in which

Ox venom is used as an activator and S-2238 as a substrate.
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Figure legends

Figure 1. Prothrombin Genotype of a Family with Hereditary Thrombophilia.

Panel A shows the family pedigree. The proband (IV-1) is indicated by an arrow. Solid

symbols represent affected family members, open symbols unaffected family members,

and slashed symbols deceased family members. Circles represent female family

members, and squares male family members. Panel B shows the sequence of the

prothrombin gene around the site of the mutation in exon 14. A G—T transversion at

nucleotide 1787 of the coding sequence (c.1787G—T) has occurred in the gene

encoding the clotting factor prothrombin Yukuhashi, resulting in an amino acid

substitution of leucine for arginine at position 596 (p.Arg596Leu). The proband is

heterozygous for the mutation (arrow). Panel C shows a restriction-fragment—length

polymorphism (RFLP) analysis of the mismatch polymerase-chain-reaction (PCR)

product of exon 14 of the prothrombin gene digested by Pstl endonuclease. The

wild-type prothrombin gene has an undigested fragment of 212 bp. The mutation in the

prothrombin Yukuhashi gene creates a Pstl site, resulting in a digestion fragment of 192

bp. The table shows allele frequencies at ¢.1787 of the prothrombin gene in 6 family

members, in 100 Japanese persons with a normal phenotype, and in 5 persons with
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previously undiagnosed deep-vein thrombosis (DVT). Panel D shows the Kinetics
analysis of thrombin—-antithrombin complex (TAT) formation of recombinant wild-type
and p.Arg596Leu mutant prothrombins, in the presence and absence of heparin. TAT
levels were measured with the use of an enzyme-linked immunosorbent assay (ELISA)
and various incubation times for antithrombin and recombinant thrombins; the latter are

forms of recombinant prothrombins activated by factor Xa.
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Figure 2. Thrombin-Generation Assays with and without Excess Antithrombin.

Panel A shows the results of a thrombin-generation assay of normal plasma as

well as reconstituted plasma samples, with recombinant prothrombins in

prothrombin-deficient plasma and of human antithrombin (AT 50%) in

antithrombin-depleted plasma. The heterozygous-mutant (mutant-hetero) plasma

contained 50% each of wild-type and mutant prothrombin. The table at the right shows

the total amount of thrombin activity, which was assessed as the area under the curve

for endogenous thrombin potential (ETP), the maximum concentration of thrombin

(peak), and the total duration of thrombin-generation activity (start tail). Panel B shows

the results of a thrombin-generation assay of the respective plasma samples after the

addition of excess antithrombin.
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Figure 1. Prothrombin Genotype of a Family with Hereditary Thrombophilia.
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Figure 2. Thrombin-Generation Assays with and without Excess Antithrombin.
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Suppl. Methods

Conversion of recombinant prothrombins by the prothrombinase complex

Wild-type and mutant recombinant prothrombins (80 nM) were treated with a
prothrombinase complex containing bovine factor Xa (10 nM; Haematologic
Technologies), bovine factor Va (10 nM; Thermo Scientific), Cephalin (10% (v/v);
PTT-reagent RD, Roche Diagnostica Stago) and 2 mM CaCl2 in Tris-buffered saline
and 0.01% (v/v) Tween-20 at 37°C. Reactions were initiated by the addition of factor
Xa followed by the removal of aliquots at timed intervals. The samples were then
separated by SDS-PAGE on 10% polyacrylamide gels under reducing conditions, and
transferred to polyvinylidene difluoride membranes (Amersham Biosciences) for

immunoblotting as described previously [1].
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Suppl. Results

Conversion of the recombinant prothrombins by prothrombinase complex

Activation of prothrombin by the prothrombinase complex produced thrombin
and varied derivatives2. The time courses of the activation patterns were similar in both
recombinant prothrombins, as shown in Suppl. Fig. 1. Both prothrombin bands had
almost disappeared after 5 min, demonstrating that the mutant prothrombin was
proteolysed by the prothrombinase complex in a similar way to the wild-type

prothrombin.
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Suppl. Figure legends

Suppl. Fig. S1. Structural features of the thrombin-antithrombin complex (PDB

ID: 1TB6).

Panel A shows the crystal structure of the thrombin-antithrombin complex with heparin

(left) and that of the hidden heparin (right). Thrombin (light blue, light chain; white,

heavy chain) and antithrombin (green) are combined via two exosites with heparin

(violet stick), the y-loop binding region, and the Na+ binding region (yellow circle). The

blue residues are the active center of thrombin and the Arg596 of thrombin (arrowed

yellow residue) is located away from the active center. The red residues of thrombin and

the magenta residues of antithrombin are involved in thrombin-antithrombin complex

formation.

Panel B shows Na+ binding region interactions. The side chain of Arg596 (yellow) in

thrombin forms two hydrogen bonds (light blue dashed line) with the side chain of

Asn265 in antithrombin. Glu264 of antithrombin also forms a salt bridge with Lys599

of thrombin involving a water-mediated hydrogen bond network with surrounding

residues Thr540, Arg541, Glu592 and Lys5993. Residues of thrombin and antithrombin

are shown in white and green, respectively. The water molecule is shown as a light blue
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sphere.
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Suppl. Fig. S2. Conversion of recombinant prothrombins by prothrombinase.

Recombinant wild-type and mutant prothrombins were activated at 37°C with 10 nM of

bovine factors Xa and Va, 10% phospholipid in TBS, 2 mM CaCl2, 0.01% (v/v)

Tween-20, pH7.4. Aliquots of reaction mixtures were removed at the specified time

intervals and analyzed by SDS-PAGE on 10% polyacrylamide gels before

immunoblotting. The molecular weight markers are indicated on the left.

The prothrombin fragments shown are as follows: FIl, prothrombin; F1.2, fragment 1.2;

P2, prothrombin-2; TB, B chain of a-thrombin; and F1; fragment 1.
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Suppl. Fig. S1. Structural features of the thrombin-antithrombin complex (PDB

ID: 1TB6).
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Suppl. Fig. S2. Activation of recombinant prothrombins by prothrombinase.
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Suppl. Table S1. Primers for PCR amplification of the prothrombin gene.

exon Oligonucleotide Sequence Annealing PCR
(°C) Product (bp)

1 Up TGGAGATGGACAGGAGGACT 50 337
Lw ACCTACTTAGGGGCCAGCTC

) Up CCTCTCTCAGAAGCCAGCAG 50 388
Lw TGAAATGAGGCTGTGAGCAG

3.4 Up GCGTGACCAGGGTAAAGGAA 50 493
Lw AAACCCACCCCTGAGCTCTT
Up TGGGGGATAGACAACTTTGC

5-6 60 499
Lw TTCTTGGTTCCCATCCCAG

. Up GTCACACAGGCAGAAAGCAG 50 489
Lw CAGAAGCGGCTGTTGTTATT
Up GATCTAGGGGATGGGTGAGG

8-9 60 461
Lw GGGTCCAGCAGCACACCT

10 Up GGGTTCTTAGACCTGGGATTG 50 320
Lw CATGATCGCTTTGGAGGACT

1 Up | GCAGGACACACTGTCTCCCAGAC 50 368
Lw| AAAAGGGAAAGGGGCTCTTGC

1 Up CCAGCTCTGGCGTTTTAGAT 50 400
Lw TGAGCCACCAAGAGGTTAGG

13 Up| AAGTGGGGACAGCAAGAATGA 50 309
Lw | GAGTCAAGTTCAAGGTCACATCAG

14 Up| AGGGCCTGGTGAACACATCTTC 50 167
Lw | CCAGGTGGTGGATTCTTAAGTCTTC
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