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We have established a large-scale manufacturing system to produce recombinant
human ¢-thrombin. In this system, a high yield of a-thrombin is prepared from pre-
thrombin-2 activated by recombinant ecarin. We produced human prethrombin-2
using mouse myeloma cells and an expression plasmid carrying the chicken p-actin
promoter and mutant dihydrofolate reductase gene for gene amplification. To
increase prethrombin-2 expression further, we performed fed-batch cultivation with
the addition of vegetable peptone in 50 liters of suspension culture. After five feed-
ings of vegetable peptone, the expression level of the recombinant prethrombin-2
reached 200 pg/ml. Subsequently, the recombinant prethrombin-2 could be activated
to a-thrombin by recombinant ecarin expressed in a similar manner. Finally, recom-
binant o-thrombin was purified to homogeneity by affinity chromatography using a
benzamidine-Sepharose gel. The yield from prethrombin-2 in culture medium was
approximately 70%. The activity of the purified recombinant o-thrombin, including
hydrolysis of a chromogenic substrate, release of fibrinopeptide A, and activation of
protein C, was indistinguishable from that of plasma-derived a-thrombin. Our system
is suitable for the large-scale production of recombinant o-thrombin, which can be
used in place of clinically available o-thrombin derived from human or bovine plasma.
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Abbreviations: Gla, y-carboxyglutamic acid; CHO, Chinese hamster ovary cell line, dhfr, dihydrofolate reductase;

mdhfr, mutant dihydrofolate reductase; MTX, methotrexate.

Prothrombin, a 579-amino acid, single-chain glycopro-
tein (M, 72,000), contains a Gla domain, two kringle
domains, and a protease domain. Prothrombin is bio-
synthetically produced in hepatocytes in a vitamin K-
dependent manner, and circulates in the blood at a con-
centration of 100 to 150 pg/ml as a precursor to thrombin,
a serine protease (1-5).

During prothrombin activation, prothrombinase [a
complex of activated factor X (Xa) and activated factor V
(Va)] cleaves two peptide bonds sequentially. The Arg320-
I1e321 bond is cleaved first, resulting in the formation of
meizothrombin. Subsequently, the Arg271-Thr272 bond
is cleaved through restricted cleavage to form a-throm-
bin, which is a two-chain molecule consisting of an A
chain and a B chain. Prethrombin-2 (corresponding to
residues from Thr272 to Glu579 in prothrombin), which
is a product produced by the removal of the Gla domain
and two kringle domains from prothrombin, is known to
be the smallest single-chain precursor to a-thrombin (7—
5).
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o-Thrombin exerts a variety of physiological activities
by restricted cleavage of a number of plasma proteins or
various thrombin receptors on the cellular membrane. It
participates locally in the formation of a larger thrombus
by binding to a fibrinous thrombus, and is able not only to
convert fibrinogen into fibrin but also to activate factor
XIII to trigger fibrin cross-linking (6, 7). Finally, o-
thrombin accelerates coagulation by activating factor V
(8) and factor VIII (9). Thus, thrombin plays an impor-
tant role in haemostasis and, hence, is highly useful as a
haemostatic reagent.

On the other hand, thrombin changes its substrate
specificity upon binding to thrombomodulin on vascular
endothelial cells, which causes it to promote dramatically
the activation of protein C; in this way, thrombin is a
physiologically important anticoagulant (10). Thus,
thrombin is also useful as a processing enzyme in the
preparation of recombinant activated protein C, a rea-
gent that is clinically available for the treatment of
patients with severe sepsis.

o-Thrombin activates platelets by activating thrombin
receptors on the platelet surface (11), and also exhibits
mitogenic activity, thus promoting wound healing. These
activities of thrombin can be controlled by serine pro-
tease inhibitors such as antithrombin (12) and heparin
cofactor II (13).
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Because of its various functions and activities, throm-
bin has been widely used as a haemostatic reagent, a
processing enzyme, and a reagent for research. Also, a
fibrin sealant used as a tissue adhesive is composed of
thrombin together with fibrinogen and factor XIII.

However, thrombin used for such purposes is typically
prepared from human or bovine plasma, raising the pos-
sibility of contamination with various infectious agents
derived from the source plasma. In particular, bovine
blood products may be contaminated with the bovine
spongiform encephalitis agent. Furthermore, xenogenic
immune responses to the bovine plasma-derived throm-
bin and one of its primary contaminants, factor V, have
been reported (14-20). In some cases, the inhibitory anti-
bodies developed against thrombin and factor V crossre-
act with human thrombin and factor V, leading to severe
bleeding events (14—18). Moreover, anaphylaxis caused
by the generation of immunoglobulin E has been reported
(19, 20).

The expression of recombinant human thrombin in
microorganisms and mammalian cells has been reported
(21-25). However, these methods are disadvantageous
for several reasons. For example, thrombin expressed in
Escherichia coli forms inclusion bodies, making it diffi-
cult to recover correctly folded and enzymatically active
thrombin (21-24). Furthermore, an expression system
using a Chinese hamster ovary (CHO) cell line has an
insufficient level of expression (25). Therefore, we directed
our efforts towards developing an efficient expression sys-
tem for prethrombin-2 using mammalian cells.

Using these methods, thrombin is expressed in a pre-
cursor form and, therefore, must be activated by an acti-
vating enzyme such as prothrombinase, which consists of
factor Xa, factor Va, and phosholipids; the protein compo-
nents must be prepared by recombinant technology to
exclude plasma contaminants. However, the catalytic
efficacy of prothrombinase for prethrombin-2 is much
lower than for prothrombin. Therefore, we used ecarin,
an enzyme known to possess a specific and high activity
for converting prethrombin-2 into o-thrombin (26).
Ecarin is a snake venom—derived protease isolated from
Echis carinatus. A cDNA encoding ecarin has been cloned
by Nishida et al. (27). Ecarin is a metalloprotease, the
mature form of which comprises 426—amino acid residues
in a mosaic structure consisting of a Zn2* chelating
region, a disintegrin domain, and a cysteine-rich domain.
We subsequently constructed an expression system for
ecarin.

Here, we report the development of a safe and efficient
preparation method for recombinant human a-thrombin
on a large scale using recombinant ecarin.

MATERIALS AND METHODS

Construction of Expression Plasmids—For the expres-
sion plasmid for human prethrombin-2, a mutant dihy-
drofolate reductase (mdhfr) gene that converts leucine 22
{amino acid residue numbering described in Ref. 28} in
wild-type dihydrofolate reductase (dhfr) into arginine
was used for efficient gene amplification (28). The mdhfr
gene was prepared by the PCR-based mutation of a wild-
type dhfr gene derived from the expression plasmid
pSV2-dhfr (29). The plasmid pCAGG/mdhfr was gener-
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Fig. 1. An expression vector for prethrombin-2. A chicken B-
actin promoter-based expression plasmid, pCAGG, was used as an
expression vector. Prethrombin-2 ¢cDNA was inserted into the
expression plasmid, pCAGG/mdhfr, which bore a mutated dhfr
gene.

ated by inserting the mdhfr gene into pCAGG, a chicken
B-actin promoter-based expression plasmid for mamma-
lian cells (30). The prethrombin-2 cDNA was cloned from
human liver mRNA (Clontech) by PCR and ligated into
pCAGG/mdhfr. The resulting plasmid, pCAGG/mdhfr/
PreTB2 (Fig. 1), harbors the prethrombin-2 ¢cDNA under
the control of the chicken B-actin promoter.

The ecarin cDNA provided by Dr. S. Kawabata
(Kyushu Univ.) was ligated into the pCAGG vector. The
resulting plasmid, pCAGG/Ecarin, contains the ecarin
c¢DNA under the control of the chicken B-actin promoter.
Furthermore, a Kozak sequence (31) was introduced into
each of the expression vectors pPCAGG/mdhfr/PreTB2 and
PCAGG /Ecarin.

Detection of Recombinant Proteins—Western-blot anal-
ysis employing a polyclonal antibody (IgG) against an
ecarin peptide was performed to detect recombinant
ecarin. Antiserum to the ecarin peptide (KNDYSYA-
DENKGIVEPGTKC) was prepared by immunizing rab-
bits with the keyhole limpet hemocyanin (KLH)-conju-
gated peptide and purifying the resulting IgG fraction
from the antiserum by affinity chromatography using a
protein G column (Amersham Biosiences).

Detection and quantification of prethrombin-2 was car-
ried out by Western-blot analysis and/or sandwich ELISA
using anti-human thrombin antibodies (Affinity Biologi-
cals).

Quantification of Ecarin Activity—Ten microliters of
prothrombin (400 pg/ml; Hematologic Technology) was
added to a sample solution (80 ul) containing ecarin,
which was then incubated for 5 min at 37°C. Then, 10
mM EDTA (10 pl) and S-2238 (1 mM; 100 pl) were added
to the reaction mixture. After incubation at 37°C for 5
min, the reaction was quenched with 800 pl of 0.1 M citric
acid. Aliquots (200 pul) were transferred to a 96-well plate

J. Biochem.

ZT0Z ‘62 equisides uo eidsoH uensuyd enybueyd 1e /Bio'seulnolpiogxo-qli:dny woly pspeojumoq


http://jb.oxfordjournals.org/

High-Level Expression of Recombinant Human Prethrombin-2 579

and the OD 405 nm was measured. Ecarin derived from
snake venom (Sigma) was used as a standard for quanti-
fying ecarin activity.

Establishment of Stable Transfectants Expressing Re-
combinant Proteins—The pCAGG/mdhfr/PreTB2 plasmid
was used for the transfection of SP2/0 Agl4 mouse
myeloma cells (ATCC CRL-1581) (32). SP2/0 cells were
washed twice with chilled phosphate-buffered saline
[PBS (-); Dulbeccol, and 107 cells suspended in 0.8 ml of
PBS (-) were placed in a cuvette for electroporation (elec-
trode width 0.4 cm; BIO-RAD). The linearized expression
plasmid (20 pg) was added to the cuvette and the solution
was mixed with a pipette. One pulse was applied at 0.22
kV at 975 pF using a Gene Pulser II (BIO-RAD). After
the cuvette was cooled on ice for 10 min, the cell suspen-
sion was diluted with Minimum Essential Medium
(MEM) alpha medium with nucleic acids containing 10%
fetal calf serum (FCS) to about 5,000 cells/50 pl, plated on
five 96-well plates at 50 pl/well, and cultured in a 5% CO,
incubator overnight at 37°C. The next day, 50 ul/well of
nucleic acid-free MEM alpha medium containing 10%
dialyzed FCS was added, and the culture was further
incubated overnight. The next day, 100 pl/well of nucleic
acid-free MEM alpha medium containing 10% dialyzed
FCS, 0.5 mg/ml G418, and 100 nmol/liter or 200 nmol/
liter methotrexate (MTX) was added. After culture for 10
to 14 d, the transfectants that emerged in each well were
assessed for the level of prethrombin-2 produced per 106
cells per day. Briefly, the cells were plated with nucleic
acid-free MEM alpha medium containing 2% dialyzed
FCS at a density of about 4 x 10° cells/ml. After culturing
for 24 h, the prethrombin-2 level and the cell density in
the culture medium were measured. As a result, each
transfectant was found to express 1 to 2 ug of pre-
thrombin-2/day/10% cells. Subsequently, transfectants
with the ability to produce high levels of prethrombin-2
were selected and cultured with nucleic acid—free MEM
alpha medium containing 10% dialyzed FCS and 1 pmol/l
MTX for about 14 d. The obtained MTX-resistant cells
were adapted to protein-free medium using YMM
medium (nucleic acid-free MEM alpha medium enriched
with amino acids and vitamins, containing ethanolamine
and sodium selenite without insulin and transferrin) by
the following steps. Briefly, cells were cultured in YMM
medium with 2% dialyzed FCS, and their growth was
confirmed. Thereafter, culture was continued while the
added serum level was gradually reduced to 0.5%, and
then further to 0.1%. Finally, the cells were cultured in
completely protein-free YMM medium.

For the selection of transfectants expressing ecarin,
the same procedure was used, excluding MTX gene ampli-
fication.

Large-Scale Production of Recombinant Proteins—The
transfectants producing the highest levels of ecarin or
prethrombin-2, adapted to protein-free culture, were
grown in suspension culture in a spinner flask. The cells
were finally expanded to 50-liter fermenter cultures. For
the production of ecarin, cultivation was performed at
35°C for 14 d. For the production of prethrombin-2, fed-
batch cultivation with five additions of vegetable peptone
(33, 34) was performed for 11 d at 37°C.

Purification of Recombinant Ecarin—Recombinant
ecarin was purified from its conditioned medium by a
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combination of two types of cation exchange chromatog-
raphy and gel filtration. Briefly, the conditioned medium
from the ecarin-producing cells was diluted with two vol-
umes of distilled water, adjusted to pH 5.0 with 1 M citric
acid, and filtered through a 0.45-um filter. The sample
was applied to a Macro-Prep High S Support (BIO-RAD)
column equilibrated with 20 mM citrate (pH 5.0) buffer.
The column was washed with the same buffer, and then
the proteins were eluted with a 0 to 1,000 mM NaCl gra-
dient. Fractions containing recombinant ecarin were
pooled and dialyzed against a 20 mM sodium bicarbonate
buffer (pH 9.0) containing 50 mM NaCl. The dialyzed
sample was applied to a sulfate Cellulofine (SEIKA-
GAKU) column equilibrated with a 20 mM sodium bicar-
bonate buffer (pH 9.0) containing 50 mM NaCl. The col-
umn was washed with the equilibration buffer, and the
protein was eluted with a 50-600 mM NaCl gradient.
Fractions containing ecarin were pooled. The pooled por-
tion was applied to a HiLoad Superdex 200 pg 16/60 gel
filtration column (Amersham Bioscience) equilibrated
with a 10 mM phosphate (pH 7.0) buffer containing 100
mM NaCl.

Preparation of Recombinant Human a-Thrombin—
Recombinant a-thrombin was prepared as follows. Cul-
ture medium containing recombinant prethrombin-2 was
adjusted to pH 6.0 with 1 M citric acid and filtered
through a 0.45-um filter. The sample was applied to an
SP-TOYOPEARL 550C column (Tosoh) equilibrated with
a 20 mM citrate buffer (pH 6.0) containing 0.05%
Pluronic F-68. The column was washed with the same
buffer, and the protein was eluted with a linear gradient
of NaCl (560-1000 mM) in equilibration buffer. Fractions
containing prethrombin-2 were pooled and dialyzed
against 20 mM Tris-HC1 (pH 8.5) buffer containing 100
mM NaCl overnight at 4°C. After dialysis, recombinant
ecarin was added to the above sample at a final concen-
tration of 6.5 U/ml, and then the mixture was incubated
at 37°C for 16 h. After ecarin treatment, the reaction
mixture was applied to a benzamidine column for affinity
chromatography (Amersham Bioscience). The column
was washed with 20 mM Tris-HC1 (pH 8.5) buffer con-
taining 500 mM NaCl, and then elution was performed
with 20 mM Tris-HCI (pH 8.5) buffer containing 100 mM
benzamidine chloride. The eluted fractions were pooled.
Finally, the pooled fractions were dialyzed or applied to a
desalting column to remove benzamidine chloride.

Assay of Various Enzymatic Activities of a-Thrombin—
The enzymatic properties of recombinant human o-throm-
bin were compared with those of plasma-derived human
a-thrombin (Hematologic Technologies) in several assays,
including the hydrolysis of synthetic substrate (S-2238),
release of fibrinopeptide A, activation of protein C, inhibi-
tion by antithrombin, platelet aggregation, and clotting
activity, as previously described (24).

RESULTS AND DISCUSSION

Preparation of Recombinant Ecarin—Prethrombin-2 is
one of the target substrates activated by ecarin (26, 27).
a-Thrombin, produced as a result of the activation, is a
multifunctional serine protease capable of interacting
with various substrates that plays a pivotal role in vari-
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Fig. 2. Purification of recombinant ecarin from the condi-
tioned medium. Fractions obtained from each purification step
were subjected to SDS-PAGE in a 10% polyacrylamide gel under
non-reducing conditions. The gel was stained with Coomassie Bril-
liant Blue R-250. Lane 1, molecular weight markers; lane 2, concen-
trated culture medium; lane 3, pooled fractions eluted from a
Macro-Prep High S Support column; lane 4, pooled fractions eluted
from a sulfate Cellulofine column; lane 5, fraction eluted from a
HiLoad Superdex 200 pg 16/60 gel filtration column.
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Fig. 3. Production of prethrombin-2 using protein-free
medium on a 50-liter scale. The x-axis shows days in culture. The
left y-axis shows the viable cell number (closed triangles) and the
right y-axis shows the expression level of prethrombin-2 estimated
by ELISA (closed circles). The arrows indicate the times for feeding
with vegetable peptone.

ous biological phenomena, such as haemostasis, thrombo-
sis, and cell differentiation (4-11). In human blood,
prothrombin is activated by prothrombinase through
restricted cleavage at two sites in prothrombin, Arg271-
Ile272 and Arg320-I1e321, whereas ecarin hydrolyzes
prothrombin at Arg320-I1e321 alone to produce meizo-
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Fig. 4. Purification of recombinant a-thrombin from the con-
ditioned medium. Fractions obtained from each purification step
were subjected to SDS-PAGE in a 15% polyacrylamide gel under
reducing conditions. The gel was stained with Coomassie Brilliant
Blue R-250. Lane 1, molecular weight markers; lane 2, cation-
exchange chromatography eluate; lane 3, sample after ecarin treat-
ment; lane 4, benzamidine chromatography flow-through fraction;
lane 5, benzamidine chromatography eluate.

thrombin. Due to its high substrate specificity, ecarin
efficiently converts prethrombin-2, which comprises resi-
dues 272-579 of prothrombin, into o-thrombin solely
through Arg320-I1e321 cleavage (26, 27). Therefore, we
established a line of transformant cells secreting recom-
binant ecarin for the activation of recombinant human
prethrombin-2.

The highest-yielding ecarin-producing clone adapted to
protein-free culture showed an ability to produce 10 U/ml
of ecarin after culture for 14 d on a 50-liter scale. The
recombinant ecarin was purified by three steps of chro-
matography as described in “MATERIALS AND METHODS.”
Interestingly, the purified recombinant ecarin showed
enzymatic activity without any further processing for
activation, suggesting that the non-activated ecarin was
activated during the purification procedure. At each puri-
fication step, the ecarin-containing fractions were sub-
jected to SDS-PAGE analysis. The purity of the final
product appeared to be more than 90% (Fig. 2). The yield
of purified recombinant ecarin from the culture medium
was 13% in activity, with a 12,000-fold increase in specific
activity.

Preparation of Recombinant Human a-Thrombin—
Using conventional methods involving CHO cell culture
with the SV40 promoter and a dhfr gene amplification
system, an expression level for recombinant human pro-
thrombin-2 of 25 ug/ml has been reported (25). In this
study, we employed a SP2/0 cell line, which is convenient
for suspension culture. Furthermore, we used a mutant

Table 1. Comparison of the enzymatic activities of recombinant and plasma-derived a-thrombins.

Recombinant  Plasma-derived
Hydrolysis of S-2238 [k, /K, (WM s1)] 23.3 +25 21.2 +2.7
Conversion of fibrinogen into fibrin for fibrinopeptide A [k /K, (@WM-'s1)]  10.9 +0.6 10.6 +£0.8
Activation of protein C without thrombomodulin [% /K, (WM~ min1)] 0.58+0.01 0.52 £ 0.02
Activation of protein C with thrombomodulin [,/K,, (1M min1)] 14.0 +15 155 +0.5
Inhibition by antithrombin [Secondary reaction constant (WM~ min1)] 0.57+£0.01 0.65 +0.01
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Fig. 5. Comparison of platelet
aggregation and clotting activ-

ity of recombinant and plasma-
derived a-thrombins. A: 300-ul
aliquots of washed human plate-
lets resuspended at a concentra-
tion of 1.3 x 108 platelets per ml
were mixed with 100 pl of various
concentrations of recombinant
(closed triangles) or plasma-
derived (closed circles) a-thrombin.
The changes in light transmis-
sion were measured at 37°C using
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an aggregometer. We defined

10 100 aggregation time as the time until

. complete aggregation of platelets,
o-Thrombin (nM) as measured by the transmission
of light through the suspension.

B: 200-ul aliquots of various concentrations of recombinant (closed triangles) or plasma-derived (closed circles) a-thrombin ranging from 6
nM to 18 nM in the presence of 5 mM CaCl, were added to 100 pl of factor II deficient-human plasma in cuvettes. Final concentrations of a-
thrombins ranged from 4 nM to 12 nM. Clotting time was measured with a Behring Fibrintimer at 37°C.

dhfr gene amplification system (28) to achieve higher
expression of human prethrombin-2. This altered gene
can be used as a dominant selectable marker in transfect-
ants expressing normal levels of wild-type dhfr. Further-
more, to enhance the production of recombinant pre-
thrombin-2, fed-batch cultivation was performed. After
five feedings with vegetable peptone at 37°C over 11 d in
50-liter culture, the expression level of prethrombin-2
reached 200 pg/ml (Fig. 3).

The recombinant products were purified and activated
according to the protocols described in “MATERIALS AND
METHODS.” a-Thrombin produced in our large-scale man-
ufacturing system was highly purified by benzamidine
affinity chromatography (Fig. 4). Purified recombinant a-
thrombin was obtained with a high final yield of approxi-
mately 70% from culture medium containing recom-
binant prethrombin-2 (data not shown). An expression
level of 150 pg/ml prethrombin-2 was achieved even in a
2,000-liter suspension culture in a fermenter, from which
o-thrombin was successfully purified (data not shown).

Comparison of the Enzymatic Properties between Re-
combinant and Plasma-Derived a-Thrombins—The fol-
lowing enzymatic properties of recombinant and plasma-
derived human o-thrombins were compared: hydrolysis
of a chromogenic substrate (S-2238), conversion of fibrin-
ogen into fibrin, activation of protein C in the presence or
absence of thrombomodulin, and inhibition by anti-
thrombin. As shown in Table 1, the enzymatic parame-
ters of the purified recombinant human a-thrombin were
similar to those of the plasma-derived human -
thrombin. Furthermore, their respective platelet aggre-
gation and plasma clotting times were also in good agree-
ment (Fig. 5, A and B).

Thus, the present report indicates that our system for
manufacturing recombinant human a-thrombin on a
large scale makes it possible to obtain highly purified a-
thrombin free of plasma-derived components that is thus
suitable for clinical and research purposes.
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