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We have deduced the entire 575-amino acid sequence of the
human thrombomodulin precursor from cDNA clones. The
precursor starts with an 18-residue signal peptide domain,
followed by the NH,-terminal domain, a domain with six
epidermal growth factor-like structures, an O-glycosylation
site-rich domain, a 24-residue transmembrane domain and
a cytoplasmic domain. Simian COS cells transfected with the
expression vector pSV2 containing thrombomodulin ¢cDNA
synthesized immunoreactive and functionally active thrombo-
modulin.
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Introduction

Thrombomodulin is a receptor for thrombin on the vascular endo-
thelium and plays an essential role as a protein cofactor in throm-
bin-catalyzed activation of protein C (Esmon et al., 1982b).
Activated protein C is a most potent anti-coagulant in blood
coagulation by inactivating the coagulation cofactors, Factors V
and VIII (Marlar er al., 1982; Suzuki et al., 1983). Furthermore,
thrombomodulin has been found to block the procoagulant ac-
tivities of thrombin, such as fibrinogen clotting and Factor V ac-
tivation (Esmon et al., 1982a) and platelet activation (Esmon et
al., 1983). Recently thrombomodulin has been found to inhibit
Factor Xa activity in the prothrombinase complex (Thompson
and Salem, 1986). Thus, thrombomodulin is involved in func-
tional alteration of thrombin from a procoagulant to an anti-
coagulant, and also acts as an inhibitor of intravascular
coagulation. Thrombomodulin has been isolated from the rabbit
(Esmon et al., 1982b), bovine (Suzuki et al., 1986) and human
(Salem et al., 1984) lungs and the human placenta (Salem ez al.,
1984) as a single-chain glycoprotein with an apparent M, of
78 000. Thrombomodulin exists on the luminal surface of the
endothelium in arteries, veins, capillaries and lymphatics, and
also in the syncytiotrophoblast of placenta (Maruyama et al.,
1985). Once thrombin binds to thrombomodulin on the cell sur-
face, the resulting complex is considered to be transferred into
the cell where thrombin is then degraded, and the internalized
thrombomodulin recycles onto the surface of the membrane
(Maruyama and Majerus, 1985). The uptake and degradation of
thrombin bound to thrombomodulin is very similar to the
receptor-mediated endocytosis of epidermal growth factor (EGF)
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(Carpenter and Cohen, 1976), low density lipoprotein (LDL)
(Goldstein et al., 1979) and so on. Therefore, the relationship
of the unqiue functions and structure of thrombomodulin should
be elucidated.

We report here the isolation and nucleotide sequences of four
recombinant cDNA clones, which between them contain the en-
tire coding sequence of human thrombomodulin. The deduced
amino acid sequence of human thrombomodulin is compared with
that of bovine thrombomodulin which recently has been partial-
ly determined (Jackman ez al., 1986). We also describe the con-
struction of an expression plasmid that directs the synthesis in
simian COS-1 cells of a glycoprotein having the cofactor activi-
ty that causes thrombin-catalyzed activation of protein C.

Results
NHjy-terminal amino acid sequence

Thrombomodulin, purified from human lung endothelial mem-
brane preparations, had an apparent M, of 78 000 and 105 000
before and after disulfide bond reduction, respectively, on
SDS—PAGE (Figure la). The M; of human thrombomodulin
was decreased to M, 68 000—70 000 by treatment with
neuraminidase and then O-glycanase (Umemoto et al., 1977),
as judged by SDS —PAGE under non-reducing conditions. The
treatment with neuraminidase and then N-glycanase (Tarentino
et al., 1985) also lowered the M, of the intact protein to M,
69 000—72 000 (data not shown). These findings suggest that
both O-glycosylation sites and N-glycosylation sites are present
in human thrombomodulin, and that the M, of the carbohydrate-
free protein is ~ 60 000.

The NH,-terminal amino acid sequence of the human throm-
bomodulin is shown in Figure 1b. Nine of the 14 amino acid
residues in the NH,-terminal sequence of human throm-
bomodulin were identical with those of the bovine protein whose
residue one is blocked (unpublished data). Four 23-mer oligo-
nucleotides which would code for amino acid residues 1—8 of
the human protein were synthesized and used as probes for
screening a cDNA library to identify human thrombomodulin
c¢DNA clones (Figure 1c).

Cloning of thrombomodulin cDNA clones

The strategy used to obtain a cDNA for the human throm-
bomodulin is outlined in Figure 2. Polyclonal antibody obtained
from the immunized rabbits was used to screen a Agtl1l human
lung cDNA library, and an 1104-bp cDNA containing the se-
quence corresponding to the probable COOH-terminal end of the
thrombomodulin protein, designated TM13, was obtained from
5 x 10° clones. By using *P-labelled TM13 as a probe, re-
screening of the cDNA library was performed, and a 2408-bp
cDNA, designated TM137, was obtained from 7 X 10° clones.
The nucleotide sequence of TM137 revealed that it contained 226
residues upstream from the 5’ end of TM13 and 1078 residues
downstream from the 3’ end of TM13, but did not contain the
5’ end of the thrombomodulin cDNA. Primer extension was then
performed to obtain the cDNA clone encoding the NH,-terminal
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end of thrombomodulin. A 20-mer oligonucleotide, correspon-
ding to the nucleotide residues 94—113 of TM13, was used to
construct a primer-extended cDNA library in pBR322. As a
template, human umbilical cord endothelial cell poly(A)* RNA
was used, since by Northern blot analysis the poly(A)* RNA
prepared from the endothelial cells was found to contain the
mRNA (~3.8 kb) which hybridized with the 3?P-labelled
TM13. The library was screened with two different 3*P-labelled
oligonucleotides corresponding to residues 21 —40 and 79—-93
of TM13. Of ~70 000 recombinants screened, six plasmids con-
tained the identical length 921-bp cDNA insert, designated
TMPS, which overlapped the TM13 by 113 nucleotides. As
TMPS5 did not contain the 5’ end of the thrombomodulin cDNA
a second primer extension was performed, using a 20-mer
oligonucleotide, corresponding to residues 144 —163 of TMPS5.
Two different 20-mer oligonucleotides, corresponding to residues
22—41 and 94—113 of TMPS, were used for screening the
plasmid library. Of ~50 000 recombinants screened, one plasmid
was found to contain a 635-bp cDNA insert, designated TMP26.
This cDNA extended 153 nucleotides upstream of the ATG codon
of the thrombomodulin cDNA, as analyzed by Southern blot-
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Fig. 1. Human thrombomodulin purification and NH,-terminal sequence
analysis. (a) SDS—PAGE of human lung thrombomodulin. Lane 1: non-
reducing conditions; lane 2: reducing conditions. The M, of
thrombomodulin was determined by comparison with the mobility of
commecial marker proteins. (b) NH,-terminal sequence of human
thrombomodulin. (c) Four 23-mer oligonucleotide probes corresponding to
amino acid residues 1—8.
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ting using the 32P-labelled oligonucleotide probes for
NH,-terminal sequence.

Thrombomodulin ¢cDNA and protein sequence

The inserts of TM13, TM137, TMP5 and TMP26 were subclon-
ed into bacteriophage vectors and employed for sequencing.
Figure 3a shows the restriction endonuclease map and the entire
overlapping cDNA of thrombomodulin. Figure 3b shows the
nucleotide sequence of the cDNA of the precursor of human
thrombomodulin and the deduced amino acid sequence. This
amino acid sequence contained a stretch matching the
NH)-terminal sequence of 25 amino acid residues of human
thrombomodulin. An ATG codon was found 18 amino acids
upstream from the NH,-terminal alanine of the mature throm-
bomodulin. According to the rule proposed by Kozak (1981) for
initiation of translation in eukaryotes, this ATG codon (nucleotide
positions 1—3) would be used to initiate an open reading frame
of 1725 bp, coding for 575 amino acids consisting of a putative
18-residue signal peptide and the 557-residue mature throm-
bomodulin with a protein M; of 58 662. The amino acid
residues of this signal peptide are to a large extent hydrophobic.
The present cDNA sequence possessed two characteristic poly-
adenylation sequences, AATAAA, at residues 2417 and 2837,
but a poly(A) tail sequence was not found nearby, indicating that
we may not have the complete cDNA sequence. As the length
of mRNA was ~ 3.8 kb, the region containing the polyadenyla-
tion sequence and the poly(A) tail had presumably been remov-
ed during the preparation of the Agt11 cDNA library.

The deduced amino acid sequence revealed several structural
features characteristic of the mature protein. Five potential N-
glycosylation sequences (Asn-X-Ser/Thr) and seven potential O-
glycosylation sequences (Ser/Thr-X-X-Pro) are distributed in the
total sequence. The human thrombomodulin can be tentatively
divided into five domains which are shown schematically in
Figure 4.

Human Thrombomodulin

— |
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Fig. 2. cDNA cloning strategy for human thrombomodulin. For construction
of the cDNA coding for the entire thrombomodulin precursor, TMP5 and
TMP137 were ligated to yield a TMJ1, and this was further ligated with
TMP26 to yield a TMJ2. The TMJ2, a ¢cDNA encoding the entire
thrombomodulin precursor, was cloned into an expression vector pSV2 to
yield a pSV2TMIJ2. Details are described in Materials and methods.



Human thrombomodulin cDNA

Amino acid residues 1—226 are tentatively assigned as con- protein significantly homologous with this domain.
stituting the first domain. It is not known if the 10 cysteine The second domain consists of residues 227 —462. This do-
residues in this domain are disulfide bonded. A search of the main contains 36 cysteine residues (15% of the 236 residues).
Protein Identification Resource (National Biomedical Research Dot matrix homology analysis (Dayhoff et al., 1983) showed
Foundation, 1986, Protein Sequence Database of the Protein Iden- that this cysteine-rich domain is composed of multiple repeat se-
tification Resource, Release No. 11.0) failed to identify any other =~ quences. With the introduction of a few short gaps, six repeat
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-150 CAGGGGCTGCGCGCAGCGGCAAGAAGTGTCTGGGC TGGGACGGACAGGAGAGGCTGTCGCCATCGGCGTCCTGTGCCCCTCTGCTCCGGCACGGCCCTGTCGCAGTGCCCGCGCTTTCCCCGGOGCC TGCACGCGGCGCGCCTGGGTAAC -1
-18 -1 +1 10 20 30

MetLeuGlyValleuValleuGlyAlaleuAlaLeuAlaGlyLeuGlyPheProAlaProAlaGluProG InProGlyGlySerGlnCysValGlullisAspCysPheAlaLeuTyrProGlyProAlaThrPheLeuAsnAlaSerGin
ATGCTTGGGG TCCTGG TCCTTGGCGCGC TGGCCC TGGCCGGCCTGGGG TTCCCCGCACCCGCAGAGCCGC AGCCGGGTGGCAGCCAGTGCGTCGAGCACGACTGCTTCGCGCTCTACCCGGGCCCCGCGACCTTCCTCAATGCCAGTCAG 150
40 50 60 70 80
I1eCysAspGlylLeuArgGlyHisLeuMetThrValArgSerSerValAlaAlaAspVallleSerLeuleuleuAsnG lyAspGlyGlyValGlyArgArgArgleuTrp 11eGlyLeuGinLeuProProG1yCysG lyAspProLys
ATCTGCGACGGAC TGCGGGGCCACCTAATGACAGTGCGC TCCTCGGTGGCTGCCGATGTCATTTCCTTGCTAC TGAACGGCGACGGCGGCG TTGGCCGCCGGCGCCTCTGGATCGGCCTGCAGCTGCCACCCGGCTGOGGCGACCCCAAG 300
90 100 110 120 130
ArgleuGlyProLeuArgGlyPheGinTrpValThrGlyAspAsnAsnThrSer TyrSer ArgTrpAl aArgLeuAspLeuAsnGlyAlaProLeuCysG lyProLeuCysValAlaValSerAlaAlaGluAlaThrValProSerGlu
CGCCTCGGGCCCCTGCGCGGCTTCCAGTGGGTTACGGGAGACAACAACACCAGCTATAGCAGGTGGGCACGGCTCGACCTCAATGGGGCTCCCC TC TGCGGCCCGTTG TGCG TCGC TG TCTCCGCTGCTGAGGCCACTGTGCCCAGCGAG 450
140 150 160 170 180
ProlleTrpGluGluGlnG1nCysGluValLysAlaAspGlyPheLeuCysGluPhelisPheProAlaThrCysArgProLeuAlaValGluProGlyAlaAlaAlaAlaAlaValSer IleThrTyrGlyThrProPheAlaAlaArg
CCGATCTGGGAGGAGCAGCAGTGCGAAG TGAAGGCCGATGGC TTCC TCTGCGAGTTCCAC TTCCCAGCCACCTGCAGGCCAC TGGC TG TGGAGCCCGGCGCCGCGGCTGCCGCCGTCTCGATCACCTACGGCACCCCGTTCGOGGCCCGC 600
190 200 210 220 230
GlyAlaAspPheGInAlaLeuProValGlySerSerAlaAlaValAlaProleuGlyLeuG InLeuMetCysThrAlaProProGlyAlaValGinGlyHisTrpAlaArgGluAlaProGlyAlaTrpAspCysSerValGluAsnGly
GGAGCGGACTTCCAGGCGCTGCCGGTGGGCAGCTCCGCCGCGGTGGCTCCCCTCGGCTTACAGC TAATGTGCACCGCGCCGCCCGGAGCGGTCCAGGGGCAC TGGGCCAGGGAGGCGCCGGGCGCTTGGGACTGCAGCGTGGAGAACGGC 750
240 250 280 270 280
GlyCysGluHisAlaCysAsnAlalleProGlyAlaProArgCysGlinCysProAlatiyAlaAlaleuGlnAlaAspGlyArgSerCysThrAlaSerAlaThrGlnSerCysAsnAspleuCysG lullisPheCysValProAsnPro
GGCTGCGAGCACGCG TGCAATGCGATCCCTGGGGC TCCCCGCTGCCAGTGCCCAGCCGGCGCCGCCCTGCAGGCAGACGGGCGCTCCTGCACCGCATCCGCGACGCAGTCC TGCAACGACCTCTGCGAGCACTTCTGCGTTCCCAACCCC 900
290 300 310 320 330
AspG InProG lySerTyrSerCysMetCysGluThrGlyTyrArgleuAlaAlaAspG InHisArgCysGluAspVal AspAspCys IleLeuG luProSerProCysProGlnArgCysValAsnThrG InGlyGlyPheGluCysHis
GACCAGCCGGGCTCCTACTCGTGCATGTGCGAGACCGGCTACCGGCTGGCGGCCGACCAACACCGG TGCGAGGACG TGGATGACTGCATACTGGAGCCCAGTCCGTGTCCGCAGCGCTGTGTCAACACACAGGGTGGCTTCGAGTGCCAC 1050
340 350 380 370 380
CysTyrProAsnTyrAspLeuValAspGlyGluCysValGluProValAspProCysPheArgAlaAsnCysGluTyrG InCysG InProLeuAsnG InThrSer TyrLeuCysValCysAlaGluGlyPheAlaProlleProlisGlu
TGCTACCCTAACTACGACCTGGTGGACGGCGAGTGTGTGGAGCCCGTGGACCCG TGCTTCAGAGCCAACTGCGAGTACCAGTGCCAGCCCCTGAACCAAACTAGCTACCTCTGCGTCTGCGCCGAGGGCTTCGCGCCCATTCCCCACGAG 1200
390 400 410 420 430
ProliisArgCysGlnMetPheCysAsnGInThrAlaCysProAlaAspCysAspProAsnThrG InAl aSerCysG 1uCysProGluGlyTyr I leLeuAspAspGlyPheIleCysThrAspIleAspG luCysGluAsnGlyGlyPhe
CCGCACAGGTGCCAGATGTTTTGCAACCAGAC TGCCTGTCCAGCCGACTGCGACCCCAACACCCAGGCTAGCTGTGAGTGCCCTGAAGGCTACATCCTGGACGACGGTTTCATCTGCACGGACATCGACGAG TGCGAAAACGGCGGCTTC 1350
440 450 480 470 480
CysSerGlyValCysHisAsnLeuProGlyThrPheGluCys1leCysGlyProAspSerAlaLeuValArghisI1eGlyThrAspCysAspSerGlyLysValAspGlyGlyAspSerGlySerGlyGluProProProSerProThr
TGCTCCGGGGTG TGCCACAACCTCCCCGGTACCTTCGAGTGCATCTGCGGGCCCGACTCGGCCC TTGTCCGCCACATTGGCACCGACTGTGACTCCGGCAAGGTGGACGG TGGCGACAGCGGCTCTGGCGAGCCCCCGCCCAGCCCGACG 1500
490 500 510 520 530
ProGlySerThrLeuThrProProAlaValGlyleuValHisSerGlyLeuleulleGlylleSerIleAlaSerLeuCysLeuValValAlaleuLeuAlaleuleuCystisLeuArglysLysGInGlyAlaAl aArgAlalysHet
CCCGGCTCCACCTTGACTCC TCOGGCCG TGGGGCTCGTGCATTCGGGC TTGC TCATAGGCATCTCCATCGOGAGCC TG TGCCTGGTGG TGGCGC TTTTGGCGCTCC TCTGCCACCTGCGCAAGAAGCAGGGCGCCGCCAGGGCCAAGATG 1650
540 550 557
GluTyrLysCysAlaAlaProSerLysGluValValleuGlnHisVal ArgThrGluArgThrProGlnArgleusss
GAGTACAAGTGCGCGGCCCCTTCCAAGGAGGTAG TGCTGC AGCACG TGCGGACCGAGCGGACGCCGCAGAGACTCTGAGCGGCC TCOGTCCAGGAGCC TGGC TCCGTCCAGGAGCCTGTGCCTCCTCACCCCCAGCTTTGCTACCAAAGC 1800

ACCTTAGCTGGCATTACAGCTGGAGAAGACCCTCCCCGCACCCCCCAAGCTGTTTTCTTCTATTCCATGGC TAAC TGGCGAGGGGGTGATTAGAGGGAGGAGAATGAGCCTCGGCCTCTTCCG TGACGTCACTGGACCACTGGGCAATGA 1950
TGGCAATTTTGTAACGAAGACACAGACTGCGATTTG TCCCAGGTCCTCACTACCGGGCGCAGGAGGGTGAGCGTTATTGG TCGGCAGCCTTC TGGGCAGACCTTGACCTCGTGGGCTAGGGATGACTAAAATATTTATTTTTTTTAAGTA 2100
TTTAGGTTTTTGTTTGTTTCCTTTG TTCTTACCTG TATG TCTCCAGTATCCACTTTGCACAGC TCTCCGGTCTCTCTCTCTCTACAAACTCCCACTTGTCATG TGACAGGTAAACTATC TTGGTGAATTTTTTTTTCCTAGCCCTCTCAC 2250
ATTTATGAAGCAAGCCCCACTTATTCCCCATTCTTCCTAG TTTTCTCC TCCCAGGAAC TGGGCCAACTCACCTGAG TCACCC TACCTGTGCCTGACCCTACTTCTTTTGCTC TTAGCTGTCTGCTCAGACAGAACCCCTACATGAAACAG 2400
AMACAAAAACACTAAAAATAAAAATGGCCATTTGCTTTTTCACCAGATTTGCTAATTTATCCTGAAATTTCAGATTCCCAGAGCAAAATAATTTTAAACAAAGGTTGAGATGTAAAAGG TATTAAATTGATGTTGCTGGACTGTCATAGA 2550
AATTACACCCAAAGAGGTATTTATCTTTAC TTTTAAACAGTGAGCCTGAATTTTGTTGCTGTTTTGATTTGTACTGAAAAATGG TAATTG TTGCTAATCTTC TTATGCAATTTCCTTTTT TG TTATTATTACTTATTTTTGACAGTGTTG 2700
AAAATGTTCAGAAGG TTGCTCTAGATTGAGAGAAGAGACAAACACCTCCCAGGAGACAG TTCAAGAAAGCTTCAAACTGCATGATTCATGCCAATTAGCAATTGACTGTCACTGTTCCTTG TCACTGGTAGACCAAAATAAMCCACTCT 2850
ACTGGTCTTG TGGAATTGGGAGCTTGGGAATGGATCCTGGAGGATGCCCAATTAGGGCCTAGCCTTAATCAGGTCC TCAGAG AATTTC TACCATTTCAGAGAGGCC TTTTGGAA TG TGGCCCCTGAACAAGAATTGGAAGCTGCCCTGCC 3000
CATGGGAGCTGGTTAGAAATGCAGAATCCTAGGCTCCACCCCATCCAGTTCATGAGAATCTATATTTAACAAGATCTGC AGGGGG TG TG TCTGCTCAGTAATTTGAGGACAACCATTCCAGACTGCTTCCAATTTTCTGGAATACATGAA 3150
ATATAGATCAGTTATAAG TAGCAGGCCAAG TCAGGCCCTTATTTTCAAGAAACTGAGGAATTTTCTTTGTGTAGCT TTGCTCTTTGGTAGAAAAGGCTAGGTACACAGCTCTAGACACTGCCACACAGGG TCTGCAAGGTCTTTGGTTCA 3300
GCTAAGCCGGAATTC 3315

Fig. 3. Human thrombomodulin cDNA clones, nucleotide sequence and predicted amino acid sequence. (a) Restriction endonuclease map of the cDNA insert
coding for the thrombomodulin precursor. The thick black region indicates the sequence coding for the precursor of thrombomodulin (575 amino acids) and
the open regions show the 5'- and 3’- untranslated sequences. The lines below the restriction map represent the length and the position of the five partial
clones, TM13, TM137, TMP5, TMP26, TMJ1 and TMJ2. (b) Nucleotide sequence of the human thrombomodulin precursor cDNA insert and the deduced
amino acid sequence. The nucleotide numbers are shown on the right side. Number 1 is the A of the ATG codon of the initiator methionine; negative )
numbers refer to the 5'- untranslated region. Amino acid numbers are shown over the sequence; residue 1 is the NH,-terminal Ala of the mature protem.(557
residues); negative numbers refer to the putative signal peptide (18 residues). The transmembrane sequence (residues 498-521) is undt?r]inefi. Thg potential
N-glycosylation sites (Asn-X-Ser/Thr) and O-glycosylation sites (Ser/Thr-X-X-Pro) are under- or overlined. Two potential polyadenylation signals in the 3'-
untranslated region are also underlined.
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Fig. 4 A schematic model showing the five domains in the structure of the
human thrombomodulin. The characteristic features of each domain are

described in the text.

sequences with minor variations can be aligned so that the cys-
teine residues are in register (Figure 5). These sequences also
had strikingly high homology to the sequence of the polyprotein
precursor of mouse EGF (Gray e al., 1983). Maximal homology
(45%) to the precursor of mouse EGF (residues 745 —786) was
found particularly in the first EGF-like sequence in this domain
(data not shown). These EGF-like structures also have high
homology to the EGF-like structures in the human (Russell et
al., 1984) and bovine (Yamamoto et al., 1984) LDL receptor,
and those in human and bovine proteins involved in blood
coagulation, fibrinolysis and complement systems, e.g. Factor
IX, Factor X, protein C, tissue plasminogen activator, urokinase
(Patthy, 1985), Factor VII (Hagen et al., 1986), protein S (Lund-
wall et al., 1986), protein Z (Hojrup et al., 1985), Factor XII
(Cool et al., 1985) and Clr (Leytus et al., 1986).

The third domain consists of residues 463 —497. Serine,
threonine or proline constituted 16 of 35 amino acid residues of
this domain. Three of the seven potential O-glycosylation se-
quences are concentrated here. As described before, the apparent
M, of the intact thrombomodulin was decreased by ~ 10 000 by
treatment with O-glycanase. Therefore, the carbohydrate chains
would be attached to some or all of these three O-glycosylation
sites.

The fourth domain is a hydrophobic putative transmembrane
domain of 24 amino acids (residues 498 —521) containing two
cysteine residues. No homology was seen between this sequence
and the transmembrane sequences of the other known receptor
proteins.

1st domain

2nd domain

3rd domain

4th domain

Sth domain

Human (207-226)
Bovine( 1- 20)
Human (227-262)
Bovine( 21- 56)
Human (263-304)
Bovine( 57- 97)
Human (305-344)
Bovine( 98-136)
Human (345-386)
Bovine(137-178)
Human (387-421)
Bovine(179-213)
Human (422-462)
Bovine(214-253)
Human (463-497)
Bovine (254-296)
Human (498-521)
Bovine (297-320)
Human (522-557)

Bovine (321-356)
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Fig. 5. Alignment of the sequence from the COOH-terminal end of the first domain to the fifth domain of human thrombomodulin with that of the bovine

protein. Optimal alignment was made by the computer program ALIGN. Identical amino acids between two species are marked with stars. Cysteine residues
of the six repeat sequences aligned in the second domain between two species are boxed. The single-letter code for amino acid residues is that recommended
by the IUPAC-IUB Commission on Biochemical Nomenclature.
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Fig. 6. Structure of pSV2TMIJ2 containing a cDNA for the entire
thrombomodulin precursor. The coding region (hatched area) encompasses
nucleotides 1—1725. The solid areas in the cloning vector denote regions
containing the SV40 promoter and terminator.

Table 1. Expression of thrombomodulin cDNA in COS-1 cells

COS-1 cells transfected with APC formed
(pmol/ml/min)
pSV2TMI2 (20 pg) 16.7
pSV2TMIJ2 (10 pg) 7.4
pSV2DHFR (20 pg) 0
Thrombomodulin (2 nM) 4.1

The cells transfected with pSV2TMIJ2 or pSV2DHFR were cultured in
Dulbecco’s MEM containing 10% fetal calf serum for 48 h, and the
collected cells were assayed for thrombomodulin activity as described in
Materials and methods. The activity of thrombomodulin purified from
human lungs was assayed as a control. APC, activated protein C.

Human thrombomodulin cDNA

The fifth domain starts with the basic amino acids, Arg-Lys-
Lys (Figure 3b), and consists of 36 amino acids (residues
522—557) at the COOH-terminal end of the protein. It would
be located on the cytoplasmic side of the plasma membrane. Like
the LDL receptor (Russell et al., 1984; Yamamoto et al., 1984)
and unlike the receptors for EGF (Ullrich ef al., 1984) and in-
sulin (Ullrich et al., 1985), it has no tyrosine kinase domain se-
quence.

Expression of thrombomodulin cDNA in COS cells

pSV2TMJ2, which contains a cDNA for the entire precursor of
thrombomodulin and the SV40 translation promoter and ter-
minator (Figure 6), was transfected in SV40-transformed simian
kidney-derived COS-1 cells by an electroporation technique. In
controls, COS cells transfected with a cDNA of mouse dehydro-
folate reductase (DHFR) were used. Table I shows the expres-
sion of the cofactor activity in the COS cells transfected with
pSV2TMI2, whereas no activity was detected in the cells
transfected with pPSV2DHFR. The cofactor activity was detected
on the cell, but not in the culture medium. The COS cells
transfected with pSV2TMJ2 were estimated to express an average
of 2 400 000 molecules of thrombomodulin per cell, based on
the cofactor activity of the cells in comparison with that of the
purified thrombomodulin. The thrombomodulin expressed could
also be visualized with the monoclonal antibody for throm-
bomodulin (Figure 7a and b). About 25% of the transfected COS
cells adsorbed large amounts of the monoclonal antibody on the
surface of the cells. No fluorescence was seen in the COS cells
transfected with pPSV2DHFR (Figure 7c). These results indicate
that pSV2TMIJ2 directs the synthesis of the immunoreactive and
functionally active human thrombomodulin.

The M, of the products expressed in the COS cells, which
were solubilized with 0.5% Triton X-100, was estimated using
SDS —PAGE followed by immunoblotting using the monoclonal
antibody for thrombomodulin. The thrombomodulin expressed
in the COS cells appeared to have the same M, as the protein
that was purified from the human lung and placenta (data not
shown). Therefore, the size of carbohydrate chains of the recom-
binant thrombomodulin is presumably very similar to that of the
purified protein.

Discussion

We have determined the nucleotide sequence of the cloned cDNA
of human thrombomodulin, and its amino acid sequence was
deduced. To confirm that the cDNA codes for thrombomodulin,

Fig. 7. Visualization of thrombomodulin present on the pSV2TMI2-transfected COS-1 cells with monoclonal anti-thrombomodulin IgG. (a) and (b) transfected

with pSV2TMJ2; (c) transfected with pSV2DHFR.
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transfection of simian COS-1 cells with the plasmid containing
the cDNA was performed and expression of functionally active
thrombomodulin on the surface of the cells was obtained. To
prepare a cDNA coding for the entire thrombomodulin protein,
we performed primer extension twice. As described before, the
extension was extremely inefficient. From the nucleotide se-
quence of the cDNA, the coding region of mRNA was estimated
to contain G + C-rich regions, particularly over 70% of residues
—50 to +200 and +450 to +850. At least 10 stem (consisting
of > 10 bp) and loop structures (Yanofsky, 1981) could be form-
ed in this region. The inefficiency of the extension might have
been due to this characteristic feature of the mRNA.
Recently, after our sequencing had been accomplished, the
amino acid sequence of the COOH-terminal half of bovine throm-
bomodulin was revealed (Jackman et al., 1986). The amino acid
sequence of human thrombomodulin and the partial sequence of
bovine are compared in Figure 5. As for the first domain,
although only the COOH-terminal 20 amino acid residues were
revealed in the bovine protein, eight of the 20 residues are
identical in the two species. Jackman et al. (1986) stated that
the NH,-terminal half of the bovine thrombomodulin is rich in
lysine, methionine and phenylalanine and low in cysteine con-
tent, based on their amino acid analysis. However, our present
results show that the first domain contains two lysines, two
methionines, seven phenylalanines and 10 cysteines, and also that
the first 14 amino acid residues of the mature human pretein have
a high degree of homology (64 %) with those of our bovine pro-
tein (noted before). These results suggest that the NH,-terminal
and the COOH-terminal ends of the first domain are relativley
conserved between both proteins, but most of the middle is not.
In the second domain, both proteins contain 36 cysteine residues
and six EGF-like structures and the six repeated sequences show
a high degree of homology (67 —77% of the amino acid sequences
and 74—80% of the nucleotide sequences). The markedly retard-
ed mobility of the reduced human (Figure 1a) and bovine throm-
bomodulin (Suzuki et al., 1986) on SDS —PAGE is presumably
due to the unfolding of the extensively cross-linked structures
in this domain as seen in the LDL receptor (Russell ez al., 1984).
This degree of structural conservation between the two species
suggests that this domain has some important function such as
binding of thrombin. In the third domain consisting of 35 amino
acid residues in the human protein and 43 in the bovine, a 45%
homology was found between the two. Although the human pro-
tein had three potential O-glycosylation sites, the bovine had four.
In the fourth domain, a putative transmembrane domain consisting
of 24 amino acid residues in both species is remarkably
homologous (87%). The difference between the two species is
that the human protein has two cysteine residues, the bovine pro-
tein only one. In the fifth domain containing 36 amino acid
residues starting with the basic residues, Arg-Lys-Lys, in both
proteins, they are also highly homologous (67%). This com-
parison shows that the sequences from the second to the fifth
domain of human and bovine thrombomodulins are highly
homologous and an overall feature of these four COOH-terminal
domains is quite similar to that of the LDL receptor.
Thrombomodulin has been demonstrated to have the follow-
ing functional activities: (i) cofactor activity for thrombin-
catalyzed activation of protein C (Esmon et al., 1982b), (ii) direct
anti-coagulant activity for thrombin (Esmon et al., 1982a),
(iii) inhibitory activity for prothrombinase complex (Factor Xa
+ Factor Va + phospholipid + calcium) (Thompson and Salem,
1986), and (iv) anti-thrombin III-dependent heparin-like activi-
ty (Bourin et al., 1986). Thrombomodulin is unusually stable
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against detergents, but its cofactor activity is rapidly decreased
by reducing agents such as 2-mercaptoethanol (Esmon et al.,
1982b). This suggests that the disulfide-bonded conformation,
e.g. in the domain containing EGF-like structures, is indispen-
sable in expressing its cofactor activity. Bovine thrombomodulin
is rather sensitive to proteolysis during purification (Suzuki et
al., 1986). An intact form with M, 78 000 is often degraded in-
to a form with M, 65 000—70 000. These products, however,
retain their cofactor activity, and their NH,-terminal sequence
is the same as that of the intact form (unpublished data), sug-
gesting that the COOH-terminal region (at least M, 10 000)
possibly involving the third to fifth domains of thrombomodulin
is not required for the expression of cofactor activity in protein
C activation. Recently, in human plasma and urine a soluble and
active thrombomodulin was found (Ishii and Majrus, 1985). It
is presumably derived from the membrane form by proteolysis
outside the transmembrane domain, as in the case of our bovine
thrombomodulin.

Materials and methods

Purification and amino acid sequence determination of human thrombomodulin

Human thrombomodulin was purified from the lung membrane preparations by
chromatography on di-isopropyl phosphate (DIP)—thrombin—agarose and gel
filtration on an Ultrogel AcA-44 (LKB) column by the method used for bovine
thrombomodulin (Suzuki ez al., 1986), except that three cycles of chromatography
on DIP—thrombin—agarose were performed. From 1 kg of starting material,
0.4 mg purified protein was finally obtained with a specific activity > 8000-fold
that of the solubilized membrane extract. Samples were electrophoresed on gra-
dient polyacrylamide slab gels (5—15%) in 0.1% SDS according to Blobel and
Dobberstein (1975), and protein visualized by silver staining (Oakley et al., 1980).

To determine the NH,-terminal sequence purified thrombomodulin was ap-
plied to the vapor phase protein sequencer (Model 470A, Applied Biosystems),
(Hewick et al., 1981) and the resulting amino acid derivatives determined by
reversed-phase h.p.1.c. on a Microsorb C8 column (4.6 X 250 mm, Rainin) us-
ing an aqueous phosphate buffer with acetonitrile as the organic solvent.

Oligonucleotide synthesis

Oligonucleotide probes were synthesized using an automatic DNA synthesizer
(Model 380A, Applied Biosystems). Probes corresponding to the NH,-terminal
amino acid sequence of thrombomodulin were designed using deoxyinosine ac-
cording to Ohtsuka et al. (1985). The probes were phosphorylated using a 3-fold
excess of [*?PJATP (Amersham) and T, DNA kinase (Takara) (Maniatis ef al.,
1982).

Nucleotide sequence determination

The dideoxy termination method (Sanger ez al., 1977) was used with M13mp18
and M13mp19 vectors (Amersham and Takara) (Mizusawa et al., 1986).

Screening and construction of cDNA libraries

A Ngtl1 human lung cDNA library (8.2 x 10° independent clones) was pur-
chased from Clontech Laboratories (Palo Alto, CA). It was screened first with
polyclonal anti-human thrombomodulin IgG according to Young and Davis (1983),
then with 3?P-labelled TM13 cDNA. A primer-extended cDNA library in
plasmid pBR322 (Sutcliffe, 1979) was constructed by a modification of the method
of Ragg (1986). Poly(A)* RNA, as a template, was prepared by the method
of Chirgwin ez al. (1979), from cultured venous endothelial cells of human um-
bilical cord (Mano et al., 1983). The plasmid cDNA library was screened essen-
tially as in Maniatis e al. (1982), using 32P-labelled oligonucleotide probes.
Northern and Southern blot analyses were performed according to Lehrach et
al. (1977) and Silhavy et al. (1984), respectively.

Construction of an expression plasmid

To construct the cDNA coding for the entire thrombomodulin precursor, the cDNA
inserts of TM137, TMP5 and TMP26 were joined as in Maniatis ef al. (1982).
In brief, TM137 cloned into the EcoRI site of plasmid pUC18 (pUCTM137) was
digested with Hincll and EcoRl, and a 2289-bp HincII - EcoRI fragment isolated
by polyacrylamide gel (4%) electrophoresis. TMP5 in plasmid pBR322 was
digested with Ddel and then repaired wth Escherichia coli DNA polymerase
(Klenow fragment), and a 1069-bp cDNA fragment was cloned into the Smal
site of plasmid pUC18 (pUCTMPS). This clone was digested completely with
BamHI and Hincll to yield a 599-bp BamHI— Hincll fragment. This and the
Hincll-EcoRI fragment were then ligated with T, DNA ligase and cloned into
the BamHI— EcoRI-digested pUC18, designated pUCTMIJ1, which contained a



2882-bp cDNA insert of TMJ1. The pUCTMJ1 was digested completely with
Ddel, Kpnl and BamHI, giving a 950-bp Ddel —Kpnl fragment and a 1504-bp
Kpnl—BamHI fragment. TMP26 cloned into the Pst site of plasmid pUC13
(pUCTMP26) was digested completely with Bbel and then repaired with T, DNA
polymerase. It was further digested completely with Bg/II to yield a 173-bp frag-
ment. The pUCTMP26 was further digested completely with BglII and Ddel to
yield a 279-bp fragment. The 177-bp Bbel —BglII fragment, the 279-bp Bglll — Ddel
fragment and the 950-bp Ddel — Kpnl fragment were ligated followed by diges-
tion with Kpnl to yield a 1406-bp Bbel — Kpnl fragment. This 1406-bp fragment
and the 1504-bp Kpnl—BamHI fragment were ligated and cloned into the pUC18,
which had been digested with Sphl, repaired with T, DNA polymerase and then
digested with BamHI. This clone was designated pUCTMJ2 and contained a
2906-bp TMJ2 cDNA insert that codes for the complete nucleotide sequence of
the precursor of thrombomodulin. Cloning of the TMJ2 cDNA into an expres-
sion vector pSV2 (Mulligan and Berg, 1981) was performed as follows. The
pUCTMI2 was partially digested with HindIII and then digested completely with
BamHI to yield a 2912-bp fragment. A pSV2DHFR (ATCC 37146), an expres-
sion vector containing a DHFR cDNA insert, was digested completely with HindIIl
and Bglll to remove the DHFR ¢cDNA. The 2912-bp HindIIl — BamHI fragment
was then ligated and cloned into the HindIII —BgllI site of pSV2. This clone was
designated pSV2TMIJ2 (Figure 6).

DNA transfection and fluorescence analysis

Plasmid DNA was transfected into COS-1 cells by an electroporation technique
as follows: 5 pl plasmid DNA, pSV2TMJ2 (10 and 20 pg) or pSV2DHFR (20 png)
in 1 mM Tris—HCI, 0.1 M NaCl pH 8.0 and 200 pl of the suspension of COS
cells (ATCC CRL 1650) in Hank’s balanced salt solution were mixed in a 1.5-ml
plastic tube, and the cells were transfected with the plasmid by the electropora-
tion technique (1.2 kV, 40 ps, twice) (Potter et al., 1984). The cells were cultured
in Dulbecco’s MEM containing 10% fetal calf serum for 48 h in a 10-cm dish
and rinsed with 5 mM Tris—HCI, 0.1 M NaCl, pH 7.5.

Expressed thrombomodulin on the cell surface was visualized by indirect im-
munofluorescence (Basu et al., 1981) using a monoclonal antibody for throm-
bomodulin (Maruyama ez al., 1985). A coverslip of transfected cells was incubated
with 50 ug antibody/ml phosphate buffer pH 7.5 at 37°C for 1 h. It was washed
with the same buffer, fixed with 3% paraformaldehdye for 15 min, washed,
permeabilized with 0.1% Triton X-100, washed, stained with 40 pg/ml of affinity-
purified goat anti-mouse IgG coupled to FITC (Cappel), washed, and then view-
ed under a fluorescence microscope.

Assay of thrombomodulin activity

Before the assay of thrombomodulin activity of the transfected cells, the rinsed
cells were collected using a spatula and concentrated by centrifugation at 800 r.p.m.
for 10 min. The activity of thrombomodulin was assayed by measuring the in-
crease in protein C activation (Suzuki ef al., 1986). To 180 ul of cell suspension in
50 mM Tris—HC], 2 mM CaCl,, 0.1 M NaCl, pH 8.0 containing 0.1% bovine
serum albumin, 18 ul human protein C (10 pg) and 2 pl human thrombin (0.1 pg)
were added and the mixture incubated at 37°C for 30 min. The protein C activa-
tion was terminated by adding 15 gl of a mixture of anti-thrombin III (5 pg) and
heparin (5 U), and the resulting mixture was centrifuged at 10 000 r.p.m. for
5 min. The amount of activated protein C (APC) in the supernatant was then
measured using a chromogenic substrate (200 uM S-2366, Kabi) in 50 mM
Tris—HCI, pH 8.0 containing 50 mM CsCl. In control, the activity of the purified
human lung thrombomodulin was measured.
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