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The ornithodorin-thrombin crystal structure, a key
to the TAP enigma?
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Ornithodorin, isolated from the blood sucking soft tick
Ornithodoros moubata, is a potent (Ki = 10-12 M) and
highly selective thrombin inhibitor. Internal sequence
homology indicates a two domain protein. Each domain
resembles the Kunitz inhibitor basic pancreatic trypsin
inhibitor (BPTI) and also the tick anticoagulant peptide
(TAP) isolated from the same organism. The 3.1 A
crystal structure of the ornithodorin-thrombin com-
plex confirms that both domains of ornithodorin exhibit
a distorted BPTI-like fold. The N-terminal portion and
the C-terminal helix of each domain are structurally
very similar to BPTI, whereas the regions correspond-
ing to the binding loop of BPTI adopt different con-
formations. Neither of the two 'reactive site loops' of
ornithodorin contacts the protease in the ornithodorin-
thrombin complex. Instead, the N-terminal residues
of ornithodorin bind to the active site of thrombin,
reminiscent of the thrombin-hirudin interaction. The
C-terminal domain binds at the fibrinogen recognition
exosite. Molecular recognition of its target protease
by this double-headed Kunitz-type inhibitor diverges
considerably from other members of this intensely
studied superfamily. The complex structure provides
a model to explain the perplexing results of mutagenesis
studies on the TAP-factor Xa interaction.
Keywords: BPTI/coagulation/factor Xa/inhibitor/Kunitz
module

Introduction
The serine proteinase a-thrombin (EC 3.4.21.5) is the key
enzyme in haemostasis and thrombosis. Several unique
structural features contribute to its enhanced specificity
and selectivity towards macromolecular substrates and
inhibitors (Bode et al., 1992; Stubbs and Bode, 1993).
Notably, characteristic insertion loops restrict access to
the active site, such that typical serine proteinase inhibitors
such as basic pancreatic trypsin inhibitor (BPTI) are unable
to inhibit thrombin. Thrombin exhibits a distinctive charge
distribution, with two basic exosites: the fibrinogen recog-
nition exosite and the heparin binding site. The former
plays a central function in selection of thrombin substrates
and inhibitors, whilst the latter site is of importance for the

Oxford University Press

heparin-modulated inhibition of thrombin by the serpins
antithrombin III, heparin cofactor II and proteinase nexin
I (reviewed in Stubbs and Bode, 1995).
More than 60 sequences of BPTI-like proteins are

known, the Kunitz superfamily, spanning the animal king-
dom from sea anemone to man. Members of this super-
family show highly conserved regions, an invariant
cysteine spacing (reviewed in Laskowski and Kato, 1980)
and virtually identical tertiary structure according to the
seven atomic structures determined to date (Huber et al.,
1970; Lancelin et al., 1994; Kwong et al., 1995; see
Antuch et al.; 1993). The BPTI-trypsin interaction serves
as a paradigm for the 'canonical' inhibition of serine
proteinases (Bode and Huber, 1992); according to the
'standard mechanism' (Laskowski and Kato, 1980) the
inhibitor interacts with its cognate enzyme via a substrate-
like binding loop involved in antiparallel (-sheet formation
with residues in the vicinity of the active site. Although
the inhibitory members of this superfamily are relatively
widespread, no thrombin inhibitor has been found among
them. The affinity of BPTI for human a-thrombin is
<104 M (Ascenzi et al., 1988); docking studies of BPTI
to the active site of thrombin suggested steric hindrance
and collision of the inhibitor with the thrombin 60loop,
most of all the very prominent Trp6OD (Bode et al., 1992).
[The thrombin nomenclature used is that suggested by
Bode et al., 1989; ornithodorin residues are identified in
the text by a prime; BPTI residues are distinguished by
the suffix I; amino acids in TAP are designated by the
suffix T or (T) for mutants.]
To prevent clotting of their victim's blood, haemato-

phageous animals have developed a battery of anti-clotting
mechanisms (for a review see Markwardt, 1994). Many of
these animals contain a cocktail of several anticoagulants,
among which the thrombin inhibitors are the most promin-
ent. The complex of thrombin with the highly potent
inhibitor hirudin from the medicinal leech Hirudo medi-
cinalis revealed a distinctly non-canonical interaction
(Grutter et al., 1990; Rydel et al., 1990). The hirudin
globular N-terminal domain sits over the active site, with
its N-terminal residues contacting the thrombin active site
through parallel ,B-sheet formation. Simultaneously, the
hirudin acidic C-terminal tail occupies the fibrinogen
recognition exosite. The thrombin complex with rhodniin
from the assassin bug Rhodnius prolixus provided the first
example of a canonical inhibitor of thrombin (van de
Locht et al., 1995). Rhodniin consists of two modified
Kazal-type domains, with the binding loop of the
N-terminal domain bound like a substrate in the active
site and the acidic C-terminal domain bound at the
fibrinogen recognition exosite.
The soft tick Ornithodoros moubata is a particularly

rich source of anticoagulatory activity; in addition to the
thrombin inhibitor omithodorin (M.Otte, A.van de Locht,
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Fig. 1. Sequence information and superposition of the four Kunitz domains. (A) Structure-based sequence alignment of BPTI, the two domains of
ornithodorin and TAP. Underlined regions indicate structurally similar parts which were used for the alignment. The cysteine residues are aligned to
show insertions and deletions in the respective Kunitz-type domains. Shaded positions refer to residues that are involved in contacts with trypsin for
BPTI (Huber et al., 1974) and thrombin for omithodorin respectively. The arrow denotes the P1 residue (Lysl5I) of BPTI. Stars indicate residues of
TAP that show >2-fold changes in Ki upon mutation (Dunwiddie et al., 1992; Mao et al., 1995). Bold italic letters denote residues deviating from
the wild-type sequence that were introduced for recombinant expression. The aligned sequences were formatted using the program ALSCRIPT
(Barton, 1993). (B) Superposition of BPTI (green), the N-terminal (cyan) and C-terminal (red) domains of omithodorin and TAP (orange). The first
and last residues of each domain are labelled in its respective colour. The P1 -residue of the BPTI binding loop is shown. Disulfide bridges are
displayed as ball-and-stick. Figure prepared using MOLSCRIPT (Kraulis, 1991).

T.Friedrich, S.Bialojan, B.Kroger, C.Bollsch-Weiler,
J.Dodt, E.A.Auerswald, W.Bode and H.Fritz, in prepar-
ation) and the factor Xa inhibitor tick anticoagulant peptide
(TAP) (Waxman et al., 1990; Vlasuk, 1993), an inhibitory
activity against platelet aggregation (Waxman and
Connolly, 1993), moubatin, has been isolated. Despite
exhibiting a similar cysteine pattern, both ornithodorin
and TAP display significant differences in amino acid
sequence with the family of BPTI-like proteins (Figure
1). A series of mutational studies on TAP have called into
question the role of the 'binding loop' and have implicated
the N-terminal residues in TAP interaction with factor Xa
(Dunwiddie et al., 1992; Mao et al., 1995).
TAP shows a BPTI-like solution structure as determined

by NMR (Antuch et al., 1994; Lim-Wilby et al., 1995).
Despite the availability of NMR structures of TAP and
the crystal structure of factor Xa (Padmanabhan et al.,
1993), the determinants for the high affinity of TAP for
factor Xa remain elusive. TAP has a 30-fold higher affinity
for membrane-bound prothrombinase complex than for
free factor Xa (Krishnaswamy et al., 1994) and is an
effective antithrombotic in vivo (Dunwiddie et al., 1991;

Schaffer et al., 1991; Vlasuk et al., 1991; Sitko et al.,
1992).

Results
Ornithodorin consists of two domains, residues 1'-53' for
the N-terminal and residues 61'-116' for the C-terminal
domains, linked by seven residues. Each of the two
domains possesses the BPTI-like scaffold: one turn of a
310 helix around the first cysteine residue, a double-
stranded antiparallel ,-sheet linked by a ,8-hairpin loop
and a three turn a-helix (Figure 1). These secondary
structure elements constitute the rounded bottom of a
pear-shaped scaffold, which is lengthened by the binding
loop and associated residues. The two domains are oriented
tail-to-tail (Figure 2). It is particularly noteworthy that
both 'reactive site loops' point away from the enzyme.

Structural comparison of the Kunitz domains
The lower part of these pear-shaped domains superimposes
well with BPTI, reflected by the r.m.s. differences of the
corresponding Ca atoms of 1.6 A for 38 Ca atoms in the

6012



Ornithodorin-thrombin complex crystal structure

A GJ246

Fig. 2. The structure of the omithodorin-thrombin complex. (A) Stereo view of the complex between omithodorin (N-terminal domain cyan,
C-terminal domain red) with thrombin (green). The view is into the active site cleft with the thrombin fibrinogen recognition exosite to the right.
Yellow connections indicate disulfide bridges. The figure was generated with MOLSCRIPT (Kraulis, 1991). (B) Cyclic averaged electron density
map around the N-terminus of ornithodorin contoured at 1.0 (. The refined models of ornithodorin (orange) and thrombin (green) are superimposed.
The view is from the right side of the complex, i.e. 900 rotated about y compared with (A). Figure prepared using MAIN (Turk, 1992).

N-terminal and 1.6 A for 46 Ca atoms in the C-terminal
domain with respect to BPTI. The better fit of the
C-terminal domain is reflected throughout the domain, but
again the best fit is seen at the base of the module. This
structurally most conserved part of the BPTI scaffold
encompasses a disulfide bridge (30I-511), whose corres-
ponding one disulfide intermediate is a well-populated
state during the folding of BPTI and a direct precursor of
the native structure (see Creighton, 1992).
A one-residue deletion in front of cysteines 13' and

73' respectively shifts their relative positions. The other
disulfide bond partner is located in the inner loop of the
Kunitz fold, which is four residues (one residue) shorter
in the N-terminal (C-terminal) domain with respect to
BPTI. This results in a significant displacement of the
disulfide bridge, leading to major distortions in the binding
loop conformation. These distortions are accompanied by
sequence alterations which make the binding of this
region to thrombin very unlikely, even in a canonical
conformation. In particular, the residues at the putative
P1 positions, Asnl4' and Ala74', do not favour binding
to thrombin. This is even more extreme for TAP, in which
Aspl6T formally corresponds to BPTI P1 residue LyslSI.

Ornithodorin interaction with thrombin
Neither of the two domains is therefore able to bind to
serine proteinases according to the standard mechanism.

Instead, it is the N-terminal residues from Ser-1' (an
additional N-terminal serine residue was introduced with
the aim of recombinant expression) to Asn6' of the first
ornithodorin domain that contact the thrombin active site.
The amino acids Ser-1', Leul', Asn2' and Val3' run
towards Serl95 and form a parallel ,-sheet arrangement
with thrombin segment Ser2l4-Gly2l9 (Figure 2). The
free N-terminus of Ser-1' is hydrogen bonded to O., of
Serl95; in wild-type ornithodorin, the free N-terminus of
Leul' could contribute the same interaction. The side
chain of Ser-1' points towards the specificity pocket,
but does not penetrate it. The side chain of Leu ' is
accommodated in the hydrophobic pocket between Tyr6OA
and Trp6OD (the thrombin S2 pocket), while Val3' exhibits
a hydrophobic interaction with Trp215 and Ile 174. In turn,
Trp6OD is accommodated by a canyon formed between
Leul', Asn6' and Arg24', the latter making a plane-to-
plane stacking interaction with Trp6OD. The environment
of the carboxylate group of Glu 192 is unfavourable,
pointing towards the carbonyl groups of Ser-l', Ala49'
and CysSO'. In the complex of wild-type ornithodorin
with thrombin, this could be ameliorated via a stabilizing
interaction of Glu192 with the free N-terminus of Leul'.

Secondary contacts of the N-terminal domain are found
between residues 24'-27' (the p-hairpin loop) and the
thrombin 60loop and between residues 40', 45', 48' and
49' of the a-helix with the thrombin 148loop. Altogether,
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Fig. 3. Putative complex of factor Xa and TAP. (A) Model of the TAP-factor Xa complex. FactorXa is in the same orientation as thrombin in Figure
2A, with electrostatic potentials mapped onto its molecular surface. TAP is shown as a backbone worm and the side chains of those residues that
upon mutation alter the inhibition constant by more than a factor of two are depicted as sticks. The complex has been modelled using the NMR
structure of TAP (Antuch et al., 1994; Lim-Wilby et al., 1995), the crystal structure of factor Xa (Padmanabhan et al., 1993) and the N-terminal
residues of omithodorin, on the assumption that TAP binds to factor Xa in a similar manner as the omithodorin first domain to thrombin. Figure
prepared using Grasp (Nicholls et al., 1993). (B) Close-up view of the active site of factor Xa in its putative complex with the most potent TAP
mutant Y1W(T). FactorXa is depicted in green and TAP residues are shown in orange. The mutated residue TrplT is shown in pink. Figure prepared
using MAIN (Turk, 1992).

two thirds of the van der Waals contacts and the hydrogen
bonds between ornithodorin and thrombin are made by
the N-terminal domain.
The region corresponding to Thr36'-Glu38' is two

residues longer in both BPTI and the C-terminal domain
(Figure 1). In BPTI, the corresponding region would
collide with the N-terminal residues, preventing them from
contacting the active site. Furthermore, the f-hairpin loop
is two residues longer in BPTI and one residue longer in
TAP. As this segment constitutes the secondary binding
region to the thrombin 60loop, neither BPTI nor TAP
would fit the thrombin active site in this orientation.
On the other hand, the shorter 60loop of factor Xa
(Padmanabhan et al., 1993) easily allows the accommoda-
tion of TAP.
The ornithodorin C-terminal domain shows less intimate

contacts with thrombin, with interactions dominated by
electrostatic forces. Three salt bridges (Glu60'-Arg67,
GlulOO'-Arg77A and Glul04'-Lys8l) and the overall
negative potential of this domain fix it to the thrombin
fibrinogen recognition exosite. These contacts are
strengthened by hydrophobic interactions between
PhelO3', VallO7', Vallll', Alall2' andIlell7' andthrom-
bin residues Phe34, Leu65, Tyr76, Met84 and the aliphatic
part of the side chain of Lys36.

In all, 1800 A2 of the thrombin surface becomes buried
on complex formation with ornithodorin, of which 1100 A2
is covered by the N-terminal domain alone. This is to be
compared with the 800 A2 of the trypsin surface that is
buried in the trypsin-BPTI complex (Huber et al., 1974).
It is perhaps noteworthy that roughly equivalent regions
of the two ornithodorin domains are involved in contacts
with thrombin (Figures 1 and 2), in particular the
C-terminal a-helix.

Discussion
The interaction of the Kunitz inhibitor BPTI with trypsin
(Huber et al., 1974) has long been held as a paradigm for
the interaction of serine proteinases with their inhibitors.
The formation of a stable substrate-like interaction has
also been observed for a wide range of 'small' inhibitors
from varying sources and of varying scaffolds (Bode and
Huber, 1992). The haematophage O.moubata provides the
first example of a Kunitz-like serine proteinase inhibitor
that does not obey the 'standard mechanism'. The alternat-
ive binding modes described here may have wider implica-
tions, not only for other serine proteinase inhibitors such
as TAP, but also for Kunitz-like domains with no inhibitory
properties.
Assuming that TAP binds to factor Xa in a similar

manner to the N-terminal domain of ornithodorin to
thrombin, we are able to explain the effects of almost all
reported TAP mutants (Dunwiddie et al., 1992; Mao et al.,
1995; Figure 3). In a TAP-factor Xa complex, TyriT
points into the hydrophobic box lined by Tyr99, Phe174
and Trp215; this pocket could be better filled by the
bulkier hydrophobic side chain of tryptophan in the mutant
Y1W(T) (Figure 3), as noted for low molecular weight
ligands of factor Xa (Stubbs et al., 1995). This electro-
negative environment would be unfavourable for the
mutant Y1E(T); furthermore, this mutant could form a
salt bridge between Y1E(T) and Arg3T, interfering with
the rearrangement of the N-terminus and thereby the
interaction with factor Xa.

In agreement with acceptance of the additional
N-terminal Ser-1' in ornithodorin, an extension of the
TAP N-terminus by a glycine residue does not alter
the inhibitory potency. In contrast to the unfavourable
interaction of thrombin Glu 192 noted above, the equivalent
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Gln 192 in factor Xa would allow simultaneous favourable
interactions with the free N-terminus and the carbonyl
oxygens. In the omithodorin-thrombin complex, the side
chain of Asn2' makes hydrogen bonds to both thrombin
and the core structure of the omithodorin N-terminal
domain and may therefore direct correct folding of the
N-terminus on proteinase binding, accounting for the
conservation of Asn2' in omithodorin and TAP. Arg3T
would fit into the prominent hydrophobic pocket of factor
Xa shaped by Phe174 to accept hydrophobic side chain
moieties, reaching towards the electronegative pocket
described by the carbonyl groups of Ilel75, Thr98 and
Glu97 and the acidic side chain of the latter residue
(Stubbs et al., 1995). This structural feature may explain
the beneficial effect of Arg3T and the dramatic con-
sequences of its mutation. A positively charged Arg4T, as
introduced by the mutation L4R(T), would collide with
the positively charged S3 site formed by residues Arg222,
Lys223 and Lys224 of factor Xa. TAP residues Asp47T
and Asp54T point towards this basic patch in factor Xa,
explaining the 3-fold decrease in affinity observed on
replacing each by asparagine.
The conformation of the N-terminal residues of omitho-

dorin and their interaction with thrombin bear some
similarity to hirudin and its thrombin complex (Gruitter
et al., 1990; Rydel et al., 1990): Leul ' and Ilel of hirudin
occupy almost identical sites, as do Val3' and hirudin
Tyr3. Thr2 of hirudin is placed between Ser-1' and Asn2',
but points in the same direction as Asn2'. Furthermore,
the main chain conformation for the first three residues
of hirudin is very similar to that of omithodorin. As with
hirudin (see Szyperski et al., 1992), the N-terminal residues
of TAP are disordered in solution (Antuch et al., 1994);
the necessary rearrangement of these residues on binding
to factor Xa would explain the observed two step inhibition
mechanism (Jordan et al., 1992). The 'heretical' parallel
1-sheet formation between an initially flexible N-terminal
peptide and the target proteinase, as observed for hirudin,
omithodorin and TAP, is in stark contrast to the 'canonical'
antiparallel 1-sheet formation between a preformed bind-
ing loop and the cognate enzyme, exemplified by BPTI.
That the two binding modes are observed for proteins of
diverse origins but similar folds and functions raises
interesting questions of molecular evolution.

It is striking that each of the macromolecular inhibitors
of thrombin isolated from haematophages studied to date
make use of the thrombin fibrinogen recognition exosite
(Grutter et al., 1990; Rydel et al., 1990; van de Locht
et al., 1995). Not only does this make an important
contribution to the affinity for thrombin, it also ensures
that the inhibitor is not depleted by binding to other serine
proteinases present in the blood. In contrast, TAP-factor
Xa reveals no major exosite interaction. The fact that TAP
is a far more potent inhibitor of prothrombinase than of
free factor Xa (Krishnaswamy et al., 1994) suggests that
factor Va may provide additional exosite determinants for
TAP binding.

In this paper, we have presented evidence for two
novel binding modes of proteins bearing the Kunitz-type
inhibitor fold, which may have more general implications
for non-inhibitory members of this family. In P2-bungaro-
toxin, the proposed ion channel binding region (Kwong
et al., 1995) is located roughly 30 A from the antiprotease

loop at the opposite end of the Kunitz module. This region
corresponds to residues of the omithodorin N-terminal
domain that are in contact with thrombin and the proposed
residues correspond to the secondary binding regions
of omithodorin to the thrombin 601oop and 148loop.
Furthermore, the Kunitz domain of 132-bungarotoxin is
disulfide linked to the phospholipase moiety, so that the
N-terminus of the Kunitz domain is free. Finally, the
C-terminal helix of the 132-bungarotoxin Kunitz domain has
been shown to constitute the interface with phospholipase,
reminiscent of the interaction of the omithodorin
C-terminal domain with thrombin (Figure 2).

Materials and methods
Bovine thrombin was prepared from ox blood (Brandstetter et al., 1992).
Recombinant ornithodorin, carrying an additional N-terminal serine
residue (Ser-l'). was expressed in Escherichia coli (M.Otte, A.van
de Locht, T.Friedrich, S.Bialojan, B.Kroger, C.Bollsch-Weiler, J.Dodt,
E.A.Auerswald, W.Bode and H.Fritz, in preparation). Thrombin was co-
crystallized with a slight excess of a 1:1 molar ratio of ornithodorin to
thrombin. Monoclinic crystals (space group P21, containing four com-
plexes per asymmetric unit) were grown at 20°C from 25% PEG 4000,
160 mM ammonium acetate, 80 mM sodium acetate, 200 mM ammonium
sulfate, pH 5.0, in hanging drops using the vapour diffusion technique.
Diffraction data up to 3.0 A were collected on a MAR imaging plate
system and evaluated using the Mosflm package (Leslie. 1994) and
programs from the CCP4 Suite (CCP4, 1994).
The structure was solved using Patterson search techniques. Rotational

and translational searches for the orientation and position of the thrombin
molecules were performed with the program AMoRe (Navaza, 1994),
using data up to 3.5 A and the bovine thrombin model as previously
obtained in complex with rhodniin (van de Locht et al., 1995). The
rotational search showed four solutions with correlation values of 6.4,
5.1, 4.8 and 4.0 (T. Translational search and rigid body fitting for these
solutions resulted in a correlation value of 0.47, with the four independent
molecules arranged as a pair of dimers. An initial envelope was created
using the thrombin-rhodniin complex and the density was averaged
using routines from the RAVE program package (Kleywegt and Jones,
1994). The envelope was improved progressively as the ornithodorin
model could be fitted into the electron density. The averaged electron
density allowed tracing of the complete ornithodorin chain. Several

Table I. Crystal data and refinement parameters for the ornithodorin-
thrombin complex

Space group
Cell constants (A)

a
b
c

Limiting resolution (A)
Significant measurements
Rmergea (%)
Independent reflections
Completeness

outermost shell
Non-hydrogen protein atoms
Solvent molecules
Reflections used for refinement
Resolution range (A)
Completeness (%)
R valueb (%)
R.m.s. standard deviation

bond lengths (A)
bond angles (°)

RMSBC (A-)

P21

125.3
89.9
101.4
108.40
3.0
94484
14.1
39528
89.2% (x-3.0 A)
75.2% (3.13-3.0 A)
12832
31
30140
10.0-3.1
80.4
22.8

0.012
1.60
1.54

aRmerge =

bR value = X(IFobsI-IFcaIcI)/IIFobsI
CRMSB, r.m.s. deviation of the B factor of bonded atoms.
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refinement cycles, consisting of model building using FRODO (Jones,
1978) and 0 (Jones et al., 1991) and conjugate gradient minimization
with X-PLOR (Brunger, 1992) using the parameters of Engh and Huber
(1991), reduced the R value to 0.23. Thirty one of the conserved water
molecules from serine proteases (Sreenivasan and Axelsen, 1992) were
added to the model. Data statistics are given in Table I. The coordinates
of the ornithodorin-thrombin complex have been deposited with the
Brookhaven Protein Databank.
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