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ABSTRACT The cDNA sequence of the B chain of throm-
bin (EC 3.4.21.5) has been determined from nine vertebrate
species (rat, mouse, rabbit, chicken, gecko, newt, rainbow
trout, sturgeon, and hagfish). The amino acid sequence iden-
tities vary from 96.5% (rat vs. mouse) to 62.6% (newt vs.
hagfish). Of the 240 amino acids spanned in all the species
compared, there is identity at 110 (45.8%) positions. When
conservative changes are included, the amino acid similarity
increases to 75%. The most conserved portions of the B chain
are the active-site residues and adjacent amino acids, the B
loop, and the primary substrate-binding region. In addition,
the Arg-Gly-Asp motif is conserved in 9 of the 11 species
compared, and the chemotactic/growth factor domain is well
conserved in all of the 11 species compared. The least conserved
regions of the B chain correspond to surface loops, including
the putative thrombomodulin-binding sites and one of the
hirudin-binding regions. The extent of the amino acid sequence
similarity and the conservation of many of the function-
al/structural motifs suggests that, in addition to their role in
blood coagulation, vertebrate thrombins may also play an
important role in the general mechanisms of wound repair.

The final reaction of the coagulation pathway is the conver-
sion of fibrinogen to fibrin by the serine protease thrombin
(EC3.4.21.5) (1, 2). In mammals, thrombin is generated from
its zymogen, prothrombin, by the limited proteolytic action
of factor Xa in the presence of factor Va, calcium ions, and
phospholipid (2). In addition, thrombin also activates/
inactivates other coagulation factors such as factor XIII,
factors V and VIII, and protein C. The anticoagulant activity
of thrombin is regulated through the interaction of thrombin
with thrombomodulin (2, 3), an endothelial cell membrane
protein related in structure to the low density lipoprotein
receptor (4). While thrombomodulin likely binds to thrombin
by an exposed surface loop, the precise binding site has yet
to be resolved (5, 6). The thrombin/thrombomodulin com-
plex activates protein C, which in the presence of protein S
then degrades factors Va and VIlIa (2).

The enzymatic activity of thrombin is regulated by the
endogenous protease inhibitor antithrombin III (2). Throm-
bin is also inhibited by protein inhibitors from nonplasma
sources such as hirudin, from the European medicinal leech
(7). The substrate specificity of thrombin is similar to that of
trypsin, cleaving after basic amino acid residues (8). How-
ever, thrombin has a more restricted substrate range than
trypsin. The molecular basis of this restricted substrate
specificity is still unresolved but is thought to be the result of
interactions of the substrates with secondary binding sites
distant from the active site (9, 10).
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Thrombin is also a potent stimulator of tissue plasminogen
activator release from endothelial cells (11), and various
forms of thrombin are chemotactic for monocytes and neu-
trophils (12-14). This chemotactic activity is blocked by
binding with hirudin or antithrombin III (15). For monocytes,
the chemotactic activity has been localized to residues 334—
399 of thrombin (16). In addition to having chemotactic
activity, this polypeptide sequence induces differentiation of
certain macrophage lines (17). Thrombin also contains an
Arg-Gly-Asp tripeptide analogous to the adhesion site in
adhesive proteins such as laminin, fibronectin, and fibrinogen
and is a possible site through which thrombin binds to
receptors (18). The fact that thrombin possesses these addi-
tional bioregulatory and growth-stimulating activities sug-
gests it may also play an important role in the wound healing
process as well as fibrinolysis.

Thrombin consists of two polypeptide chains joined by a
disulfide bond. The A chain (49 amino acids in bovines and
36 in humans) has no known function. The B chain (259 amino
acids in both humans and bovines) is structurally similar to
other serine proteases (9, 10). When the amino acid sequence
of the thrombin B chain is aligned with that of bovine
chymotrypsin, amino acid sequence insertions in the B chain
are found at exon junctions (19). The crystal structure of
human a-thrombin has placed these amino acid insertions on
the surface of the protein (20). Crystal structures have now
been described for human a-thrombin (20) as well as the
thrombin/hirudin complex (21, 22). The solution of the
crystal structure of thrombin should facilitate the identifica-
tion of regions on the surface of the protein that are poten-
tially involved in protein—protein interactions.

Amino acid sequence data from homologous proteins in
divergent species can provide valuable insight into the amino
acid residues involved in active-site/substrate specificity,
protein—protein interactions, and species-specific differences
in biological processes. To examine the structural constraints
during the evolution of prothrombin, we have used the
polymerase chain reaction (PCR) (23, 24) to amplify and
characterize approximately 900 base pairs (bp) of thrombin
B-chain sequence from nine vertebrate species.

MATERIALS AND METHODS

Sample Collection. Liver samples from rat (Ratus nor-
wegicus), mouse (Mus musculus), rabbit (Oryctolagus cu-
niculus), chicken (Gallus gallus), gecko (Gekko gekko), Jap-

Abbreviation: UTS, untranslated sequence.

*To whom reprint requests should be addressed.

TThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M81391 for Gallus gallus,
MB81392 for Gekko gekko, M81393 for Eptatretus stouti, M81394 for
Mus musculus, M81395 for Cynops pyrogastor, M81396 for Oryc-
tolagus cuniculus, M81397 for Rattus norvegicus, M81398 for
Oncorhynchus mykiss, and M81399 for Acipenser transmontanus).
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Table 1. Seven primers for amplification and sequencing of vertebrate thrombin B-chain cDNAs
Primer Sequence Amino acids spanned*
Th3 5'-GAGCTGCTGTGTGGGGCCAGCCTCATCAG-3' 347-355

Th4 5'-GGCTTGTAACCAGCACGAACAT-3’ 502-508

Th7 5'-AGCGCACCTTGGCAGGTGATG-3’ 333-340

Th10 5'-AAGGGCGTGTGACTGGC/ATGGGG-3' 458-465

Serlt 5'-ACAAAAGCTTGA/AIGGICCICCIC/GT/AA/GTCICC-3’ 526-532

His1t 5'-ACAGAATTCTGGGGTIG/CTIACIGCIGCICAC/TTG-3’ 360-367

Ti7xsp 5'-ACACTGCAGGAGCTCTCTAGATTTTTTTTTTTTTTTTT-3’

* Amino acid sequence numbering is based on human prothrombin (26).
tAdapted from ref. 28. The letter I in primers Serl and Hisl represents deoxyinosine.

anese fire-bellied newt (Cynops pyrogastor), rainbow trout
(Oncorhynchus mykiss), and sturgeon (Acipenser transmon-
tanus) were generously provided by colleagues at the Uni-
versity of British Columbia. Hagfish (Eptatretus stouti) were
purchased from Seacology (Vancouver).

RNA Isolation. Total cellular RNA was isolated from fresh
or previously frozen liver samples by using the acid phenol
extraction procedure as described by Chomczynski and
Sacchi (295).

Oligonucleotide Preparation and Design. Oligonucleotides
were synthesized on an Applied Biosystems model 380B or
391 DNA synthesizer. Primer sequences were selected after
alignment of cDNA sequences from human (26), bovine (27),
and chicken (unpublished data) prothrombin. A total of five
oligonucleotides spanning approximately 240 amino acids of
the B chain of thrombin were used for the amplification of all
vertebrate cDNA fragments with the exception of hagfish
prothrombin (see Table 1). Hagfish prothrombin cDNA frag-
ments were amplified by using the degenerate inosine-
containing primers Serl and Hisl (28).

Preparation of Single-Stranded c¢DNA. Single-stranded
cDNA was prepared as described (29) by using the oligonu-
cleotide T;7xsp (see Table 1) as the primer. Reaction mixtures
were incubated at 37°C for 1 hr, diluted to 200 ul with sterile
distilled water, and stored at —20°C.

PCR. PCR reactions were performed as described (24),
using 1-2 units of Thermus aquaticus (Taq) DNA polymerase
(Perkin-Elmer/Cetus), and 2-5 ng of cDNA in 50-ul reaction
mixtures.

Sequence Determination of Amplified cDNA Fragments.
After amplification, PCR samples were made blunt-ended
with the Klenow fragment of Escherichia coli DNA poly-
merase I (30). The amplified blunt-ended DNA was ligated
into the Hincll site of pUC19. A minimum of four indepen-
dent PCR products were sequenced from each species ex-
amined. .

Nucleic Acid and Amino Acid Sequence Analysis. Sequence
data were analyzed with the Delaney DN A sequence program
(Delaney Software, Vancouver). Amino acid sequences were
aligned by using ESEE (31).
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- -
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PCR REACTIONS

/s VN

SPECIES A SPECIES B SPECIES C

M

CLONE AND SEQUENCE

Fic. 1. Amplification strategy. The positions of the oligonucle-
otide primers used to amplify and sequence portions of the B-chain
of vertebrate thrombin (see Table 1).

RESULTS

Amplification of Thrombin B-Chain cDNA Fragments. Am-
plification of single-stranded cDNA with primers Th7 and
T17xsp produced a fragment of =900 bp in all species exam-
ined except the hagfish (data not shown). Amplification of
single-stranded cDNA with primers Th7 and Th4 produced a
fragment 500 bp in length, and amplification with primers
Th10 and T,7xsp yielded a fragment 300 bp in length (see Fig.
1). Amplification using the Serl and Hisl primers produced
fragments of =500 bp. This product represents a number of
different trypsin-like serine protease cDNA fragments (28),
including prothrombin (see Table 1). '

Sequence Analysis of Amplified cDNA Fragments. With the
exception of the fragments that were amplified by using the
degenerate oligonucleotides, all amplified cDNA fragments
contained a single species. Prothrombin cDNA fragments
were identified by direct sequence analysis (32) and align-
ment of DNA and amino acid sequences with either human
(26) or bovine (27) sequences. To identify the cDNA fragment
corresponding to hagfish prothrombin, the Serl and Hisl
oligonucleotide primers were used. Several of the 500-bp
fragments amplified by using these primers were cloned and
their sequences were determined. Identification of the cDNA
corresponding to the B chain of thrombin was based on the
presence of amino acid residues Tyr-Pro-Pro-Trp. This se-
quence represents the B loop of thrombin (19). Among
proteases, the B loop is unique to thrombin. The fragment
corresponding to the B chain of hagfish prothrombin spanned
the region from the active site histidine to the active site
serine for a total of 161 amino acid residues.

On completion of sequence analysis, the portion of the B
chain corresponding to residues 344-579 of prothrombin had
been determined for each of the nine species. While the
lengths of the coding sequences are similar in all the species
examined (see below for the exceptions), the length of the 3’
untranslated sequence (UTS) is quite heterogeneous. The
length of the 3’ UTS varies from 82 nucleotides in the trout
and sturgeon to 1145 nucleotides in chicken, with the major-
ity being =~80-100 nucleotides (see Table 2). With the ex-
ception of the mouse and rat B chains, there are no significant
regions of nucleotide sequence identity among any of the

Table 2. Length of thrombin B-chain coding sequences and 3’
UTS for the nine species

Length, nucleotides

Species Coding sequence 3’ UTS
Rat 705 115
Mouse 705 114
Rabbit 705 121
Chicken 702 154/1145
Gecko 705 224
Newt 705 108
Rainbow trout 717 82
Sturgeon 702 82
Hagfish 708 407
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species compared, excluding the polyadenylylation consen-
sus sequence AATAAA. While this study was in progress the
cDNA sequences of rat (33) and mouse (34) prothrombin
were published. The sequences determined by PCR in this
study are identical to these published sequences.

Amino Acid Sequence Alignments. The predicted amino
acid sequences of the nine vertebrate thrombin B chains are
aligned with the previously published sequences of human
(26) and bovine (27) thrombin B chains in Fig. 2. The length
of this portion of the B chain is relatively invariant; only a
single amino acid insertion is present in some species at
position 472 (Fig. 2, box D). The amino acid residue at
position 472 is absent from chicken, newt, gecko, rainbow
trout, sturgeon, and hagfish thrombin. In addition to the
variability at position 472, there is variability in the compo-
sition and length of the C terminus (see Fig. 2). The amino
acid sequences surrounding the active-site residues His-363,

TRYPSIN
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Asp-419, and Ser-525 are conserved in all 11 species (see Fig.
2). All of the eight tryptophan and seven cysteine residues
seen in the human B-chain sequence are conserved in each of
the species examined. Ten of the 12 prolines are also con-
served. When the 240 amino acids of the B chain from the 11
different species are aligned, there is amino acid sequence
variation at 130 positions (54%).

DISCUSSION

We have amplified, cloned, and determined the DNA se-
quences of the majority of the B chain of thrombin from nine
different vertebrate species. Comparisons of amino acid
sequences with those of previously characterized portions of
human and bovine prothrombin suggest that thrombin is
highly conserved throughout vertebrate evolution (see Table
3). Amino acid sequence identies range from 96.5% (between
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Fi1G. 2. Amino acid sequence alignment of vertebrate thrombin B-chain sequences. All of the aligned amino acid sequences were predicted
from the translation products of the cDNA sequences. Amino acid sequence numbering is based on human prothrombin (26). Residues identical
to the human sequence are indicated by a dash. The * above the human sequence identifies amino acid residues identical in all 11 species. Amino
acid substitutions are as indicated, and the deletion at position 472 in some species is marked by an *. The active-site His, Asp, and Ser residues
are marked by the narrow boxes. Arrows above the human sequence indicate the positions of Arg-382, Arg-418, and Gly-558 (see text for details).
For descriptions of residues bounded by boxes A, B, C, D, and E, see text. The broken lines refer to positions representing either conserved
regions (CR) or variable regions (VR) as described by Furie et al. (19).
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Percent amino acid sequence identity among vertebrate thrombin B-chains

C G N RTr S Hgf

Table 3.

R M Rbt B
Human 88.5 89.8 85.1 87.3
Rat 96.5 82.6 86.0
Mouse 83.0 86.4
Rabbit 82.6
Bovine
Chicken
Gecko
Newt
Rainbow trout
Sturgeon

722 728 702 686  65.0 65.3
714 732 685 685 655 63.8
714 732 685 694  65.0 64.7
731 719 689 664 64.1 64.1
722 723 685 688  65.0 64.0
778 735 722 722 65.8

711 702 70.1 69.4

69.4  69.2 62.6

82.5 68.6

66.2

Percent identity data was generated with PALIGN (IntelliGenetics) using the structure-genetic matrix,
open gap = S; unit gap = 50. R, rat; M, mouse; Rbt, rabbit; B, bovine; C, chicken; G, gecko; N, newt;

RTr, rainbow trout; S, sturgeon; Hgf, hagfish.

mouse and rat) to 62.6% (between newt and hagfish). Throm-
bins from mammalian species share greater than 82% amino
acid sequence identity. The percent identity is much lower
among the nonmammalian species (66% average). Rainbow
trout and sturgeon share 82.5% amino acid sequence identity;
this is 10% more identity than either shares with any of the
other nine species. This high amino acid sequence identity
may reflect a slower rate of nucleotide sequence change in
fish or constraints on the B chain through interactions with
other proteins involved in hemostasis. The overall amino acid
sequence identity in this region of prothrombin is 43.3%
between the 11 vertebrates; when conservative changes are
included, the overall amino acid sequence similarity in-
creases to 74.6%.

The specificity of thrombin for its substrates is likely
determined by its insertion loops (10, 19, 20). The locations
of these insertion loops are indicated in Fig. 2 and correspond
to the VR regions defined by Furie et al. (19). A number of
the loop segments are similar to those of chymotrypsin but
contain additional residues, which alter the overall three-
dimensional structure of the region (20). Several of the loop
structures in the B chain of thrombin have been implicated in
interactions with substrate (boxes A and C and the first four
residues of box D in Fig. 2) and as sites of interaction with
hirudin (box B in Fig. 2) (21, 22) and thrombomodulin
(residues 382-392; see box B and box D in Fig. 2) (5, 6). With
the exception of the B loop, corresponding to residues
365-369 (box A in Fig. 2), and the loop highlighted by box C
(Fig. 2), all loop structures have highly variable amino acid
sequences. This variability in surface loop amino acid se-
quence may contribute to some of the species-specific dif-
ferences observed between thrombin and fibrinogen (35-37).

The human thrombin B chain contains a region with growth
factor and chemotactic activity in vitro (16, 17). This chemo-
tactic/growth factor domain corresponds to residues Leu-335
to Met-400 of prothrombin (see Fig. 2). In addition to the
chemotactic/growth factor activity attributed to this region,
residues 335-400 also contains the B loop (box A in Fig. 2),
active-site histidine (His-363), a hirudin-binding loop (box B
in Fig. 2), a potential thrombomodulin-binding site (Arg-382
to Arg-393; see Fig. 2), and a fibrinogen-binding site (6). With
the exception of the hirudin binding site and the putative
thrombomodulin-and fibrinogen-binding regions, this portion
of thrombin contains very few amino acid sequence differ-
ences among the species examined. Analysis of the thrombin
crystal structure has identified the B loop (box A in Fig. 2) as
forming an extended loop structure that restricts access to the
active-site cleft, which may be responsible for the limited
substrate specificity of thrombin (20). Due to the rigid kinked
structure of the B loop, it has been suggested that this loop
may also represent part of the active substructure of the
chemotactic/growth factor domain (10, 20). The amino acid
sequence similarity in this region (28/56 identical residues,

8/56 conservative changes) suggests that the chemotactic/
growth factor activity attributed to this region in human
thrombin may have a similar activity in other vertebrate
thrombins. In addition to the putative role of the B loop in
substrate specificity and chemotactic/growth factor activity,
this portion of the B chain contains a site for N-linked
glycosylation (Asn-373). The asparagine residue at position
373 is conserved in all of the 11 species.

Residues Lys-385 to Glu-396 (box B in Fig. 2) represent one
of the surface contact loops of hirudin with human thrombin
(21, 22). Interestingly, only 4 of the 12 residues in this region
are identical or have conservative changes: Arg-388, Arg/
Lys-390 (except hagfish and newt), Arg/Lys-393, and Lys-
397 (except hagfish) (see box B in Fig. 2). Analysis of the
crystal structure of the thrombin-hirudin complex reveals a
number of possible electrostatic interactions between these
residues and the acidic C-terminal residues of hirudin (21).

To date, two putative thrombomodulin-binding sites have
been identified in human thrombin (5, 6). One binding site
corresponds to residues Arg-382 to Arg-393 (see Fig. 2), a
region of thrombin that has also been identified as binding
hirudin (21, 22) and fibrinogen (6). The other thrombomod-
ulin-binding site corresponds to residues Thr-468 to Ser-478
(box D in Fig. 2), where the surface loop formed by Glu-467
to Tyr-470 is located at the entrance of the binding cleft. The
putative thrombomodulin-binding site at Arg-382 to Arg-393
(6) overlaps a hirudin-binding site (see box B in Fig. 2). The
amino acid sequence of this region is conserved among the
mammals compared, with the exception of the rabbit (see
Fig. 2); all five of the basic residues in this region are
conserved. The amino acid sequences of the nonmammalian
species share an average of 50% amino acid sequence identity
with the mammalian species. With the exception of the
chicken sequence, 4/5 basic residues are conserved in the
nonmammalian species compared. The putative thrombo-
modulin-binding site corresponding to residues Thr-468 to
Ser-478 (box D in Fig. 2) (5) is highly variable, with only 2 of
the 12 amino acid residues being invariant (Trp-468 and
Pro-477). Unlike the putative thrombomodulin-binding site at
Arg-382 to Arg-393, the amino acid sequence in this region
varies significantly among the mammalian species compared.
The majority of the amino acid sequence changes in this
region are nonconservative. In addition, this is the only
region of the B chain to contain an amino acid deletion. The
precise location of the thrombomodulin-binding site(s) in
human a-thrombin has yet to be resolved (5, 6, 38, 39).

Human thrombin contains an Arg-Gly-Asp tripeptide se-
quence at positions 517-519 (box E in Fig. 2) analogous to the
adhesion site in adhesive proteins such as laminin, fibronec-
tin, and fibrinogen (18). This region of thrombin has been
shown to promote endothelial cell adhesion, spreading, and
cytoskeletal reorganization, potentially contributing to repair
mechanisms and maintenance of the internal blood vessel
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lining (18). Although the cell adhesion activity was greatest
with a chemically modified form of thrombin (NO,-a-
thrombin), native thrombin was also found to promote en-
dothelial cell adhesion. While a portion of the loop segment
Tyr-509 to Gly-518 is exposed to the solvent, the tripeptide
Arg-Gly-Asp is not (20). The Arg-Gly-Asp sequence is con-
served in 9 of the 11 species, supporting a possible role for
this sequence in vertebrate thrombins in vivo.

The C-terminal region of thrombin is variable in both
composition and length. Within the C-terminal 10 residues of
human thrombin, only Trp-569 and Lys-572 are conserved in
all of the species compared. According to the crystal struc-
ture, the C terminus of human thrombin is exposed to the
solvent (20); however, no interactions or functions have been
assigned to this region.

A number of abnormal human prothrombins have been
characterized and their molecular defects have been identi-
fied. Three of these are found in the B chain. Prothrombin
Quick I (40) is characterized by an Arg — Cys change at
residue 382 (between boxes A and B in Fig. 2). The Arg
residue is conserved in all 11 species. This amino acid has
been identified from the three-dimensional structure as one of
the residues lining the long groove extending from the active
site and may form part of the putative fibrinogen secondary
binding site (20). Substitution of Cys for Arg at this position
probably disrupts thrombin/fibrinogen interactions. In pro-
thrombin Tokushima, the Arg at position 418 is replaced by
aTrp (41). This Argresidue is also conserved in all 11 species.
Arg-418 is adjacent to box C (Fig. 2), which forms one of the
surface loops projecting out from the active site cleft (20). It
may be the nature of the amino acid change at position 418
that leads to the decreased enzyme efficacy observed in
prothrombin Tokushima. A Gly — Val substitution at posi-
tion 558 is found in prothrombin Quick II (42). Gly-558 is
adjacent to the Cys-551 to Tyr-557 loop segment (20) and is
conserved in all 11 species. Substitution of Val for Gly
appears to alter the primary substrate-binding pocket (42).
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