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The leech-derived protein hirudin is the most potent naturally
occurring direct thrombin inhibitor (DTI) known and is used
clinically as an anticoagulant.1,2 The natural form of hirudin (sulfo-
hirudin) exhibits a Ki toward thrombin of approximately 25 fM,
and the therapeutic form of the protein generated recombinantly in
E. coli or yeast exhibits a Ki of approximately 300 fM.3,4 The
difference in activity between the natural and recombinant versions
of hirudin results from a sulfated tyrosine in the natural version,
which enhances the binding interaction between the anionic
C-terminus of hirudin and exosite I of thrombin.3,5 Because tyrosine
sulfation is a post-translational modification found only in higher
eukaryotes, recombinant hirudin (desulfo-hirudin) does not undergo
this functionally important modification, resulting in a less potent
DTI anticoagulant.

Although the effects of sulfation on thrombin inhibition by
hirudin have been studied extensively,3,4,6,7at the structural level,
the story remains incomplete. Structures of several complexes of
desulfo-hirudin with thrombin as well as of the sulfated hirudin-
derived peptides with thrombin have been solved,5,8-11 but there is
currently no structure of sulfo-hirudin complexed with thrombin.
The lack of such a structure owes to the fact that natural hirudin is
extracted from leech heads in very low yields, a process prohibi-
tively inefficient for crystallographic screens.2 We recently reported
an approach to the biosynthesis of selectively sulfated proteins in
E. coli, which makes use of an orthogonal aminoacyl-tRNA
synthetase/tRNA pair specific for sulfotyrosine that incorporates
this amino acid into proteins in response to the amber nonsense
codon.4 Using this method, sulfo-hirudin was recombinantly
produced in sufficient quantities for crystallization (∼5 mg/L). Here,
we report the 1.84 Å resolution X-ray crystal structure of sulfo-
hirudin complexed to humanR-thrombin. This complex reveals the
detailed structural basis for the increase in affinity for thrombin by
hirudin upon sulfation. We also observe a previously unidentified
divalent metal binding site between the heavy and light chains of
thrombin that may modulate thrombin stability and activity.

The backbone conformation of sulfo-hirudin is almost identical
to that of desulfo-hirudin8 with an rms deviation of 1.08 Å,
suggesting that sulfation does not cause any significant conforma-
tional changes to the polypeptide backbone. The sulfate group,
however, does mediate several important interactions between
thrombin and hirudin. Three lysines of thrombin were proposed as
potential interaction partners with the sulfotyrosine of hirudin (h-
Tys63) on the basis of the original crystal structure of the desulfo-
hirudin/thrombin complex.5 Our structure shows that Lys81 of
thrombin (t-Lys81) directly interacts with the sulfate of h-Tys63
at a distance of 3.1 Å, creating a strong salt bridge (Figure 1A). In
structures of desulfo-hirudin and desulfo-hirudin fragments com-
plexed to thrombin,8,9,12t-Lys81 is oriented away from the analogous
Tyr63, indicating that sulfation forces a change in the t-Lys81 side-
chain conformation. This salt-bridge interaction is consistent with
mutagenesis data on full hirudin,13 although previous structures in

which synthetic sulfated C-terminal peptide fragments (hirugens)
were bound to thrombin do not reveal a salt bridge. In these
structures, the t-Lys81 orients away from the sulfate,10,14-16 is too
distant,17 or is disordered.11 Thus it appears that full-length sulfo-
hirudin is required to observe this interaction.

Tyr76 of thrombin (t-Tyr76) has also been proposed as a residue
responsible for sulfotyrosine binding.9 This is confirmed by our
structure, which shows a hydrogen bond between the phenolic -OH
of t-Tyr76 and an oxygen of the h-Tys63 sulfate (Figure 1A)s
previous structures in which hirugens bound to thrombin reveal a
similar interaction. The same oxygen atom also interacts with a
water molecule, which mediates an extended hydrogen bond
network that involves another oxygen atom of the sulfate, a
backbone amide of thrombin Asn78, and a backbone carbonyl group
of thrombin Glu80. This is distinct from the hydrogen-bond
networks found in structures of the hirugen/thrombin complex.10,11

The hydrogen-bond network and the strong salt bridge observed
in the sulfo-hirudin/thrombin complex collectively involve interac-
tions with all three oxygens of the sulfate group, thus explaining
the effect of sulfation on thrombin inhibition.

The sulfo-hirudin/thrombin structure also reveals two metal ion
binding sites in thrombin. The first is a known sodium ion site
composed of the backbone carbonyl groups of residues Arg221A
and Lys224 of thrombin. Na+ allosterically regulates thrombin
activity such that sodium binding results in the high activity fast
form of the enzyme. Because hirudin inhibits the fast form of
thrombin, Na+ and hirudin binding are observed in concert.12,18

Figure 1. (A) Structure of sulfotyrosine (Tys) and amino-acid residues
that directly or indirectly interact with the sulfate group of Tys in the sulfo-
hirudin/thrombin complex. TheFo-Fc electron density map covering Tys63I,
K81H, Y76H, and a water molecule was contoured at 1σ. Dashed lines shown
in orange are hydrogen bonds. (B) Ni2+ binding site of thrombin. TheFo-
Fc electron density map covering Ni2+ was contoured at 5σ. Dashed lines
are coordination interactions between Ni2+ and surrounding ligands.
Backbone carbons in panels A and B are presented in the same color as
that of the corresponding secondary structure (helices in cyan, strands in
purple, and loops in pink). The side chains of amino acid residues are colored
in red for oxygen, light gray for carbon, blue for nitrogen, and green for
sulfur. Water molecules are represented as balls and colored in red. The
superscripts of amino acid labels represent chain identification: H is the
heavy chain of thrombin, L is the light chain of thrombin, and I is the
inhibitor sulfo-hirudin. Thrombin residues are labeled according to the
chymotrypsinogen numbering scheme. See Table 1 for crystal statistics.
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Unexpectedly, we found Ni2+ in a second metal ion binding site
defined by residues Asp1A and Lys9 of thrombin’s light chain and
residue His119 of thrombin’s heavy chain (Figure 1B); three water
molecules complete the coordination sphere. This Ni2+ bridges the
light chain and the heavy chain ofR-thrombin, which are also
connected by a disulfide bond.

We have not found this divalent cation binding site in previous
structures nor in biochemical studies. However, the∼100%
occupancy of Ni2+ in our structure in the presence of<10 mM
NiCl2 and its identical coordination geometry to those of Ca2+ and
Mg2+ ions (which mediate the coagulation response in the low
millimolar range in serum),19 suggest that the cation binding site
may not be a crystal artifact. In addition, a homozygous deletion
of the Ni2+ ligand Lys9 (light chain) was recently identified in
patients with severe prothrombin deficiency and hemorrhagic
diathesis.20,21 Subsequent biochemical studies of thisR-thrombin
mutant showed it to have decreased stability, weakened association
between the light chain and the heavy chain, and perturbed activity,
specificity, and signaling.20,22It was proposed that deletion of Lys9
results in the loss of a salt-bridging interaction between Asp1A
and Lys9 and the attenuation of ionic interactions between the
two thrombin subunits, leading to the observed changes in stability,
conformation, and activity.20,21In light of our data, we hypothesize
that a divalent cation serves a structural role by stabilizing the light-
chain conformation and mediating additional interactions between
the light and heavy chains. Furthermore, since the Lys9 deletion
mutant results in an allosteric perturbation of thrombin’s active site,
metal binding at this site could modulate thrombin activity, although
we do not dismiss the possibility that the Lys9 deletion causes a
significant structural perturbation, complicating its observed effects.

The study of post-translational modifications such as sulfation
presents a significant challenge since almost all modifications are
inaccessible inE. coli and control over post-translational modifica-
tion selectivity and efficiency is often lacking in yeast, insect, and
mammalian expression systems. The ability to genetically incor-
porate unnatural amino acids into proteins provides a solution to
this problem. In this case, determination of the X-ray crystal

structure of the sulfo-hirudin/thrombin complex revealed key
interactions between sulfo-hirudin and thrombin mediated by
sulfotyrosine, including a previously unidentified salt bridge and
an extended hydrogen-bond network. A divalent cation binding site
at the interface of the twoR-thrombin subunits was also identified
and we are currently conducting biochemical and mutagenesis
studies to dissect the role of metal at this site.
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Table 1. Data Collection and Refinement Statistics

unit cell dimensions (Å) (a, b, c) 54.07, 103.57, 139.18
space group C2221

X-ray radiation wavelength (Å) 1.0
resolution range (Å) 47.75-1.84
Rsym

a (highest resolution shell) 0.099 (0.645)
〈I〉/σ〈I〉 41.8 (2.0)
no. of reflections 31202
redundancy 4.6 (3.2)
completeness (%) (highest shell) 95.8 (94.6)
Rcryst

b (Rfree) 0.174 (0.233)
no. of protein atoms 2779
no. of heterogenic atoms 2
no. of water molecules 221
mean B-value (Å2) 34.4
rmsd bond distances (Å) 0.016
rmsd bond angle (deg) 1.64

a Rsym)∑∑j|Ij(hkl) - 〈I(hkl)〉|/∑∑j|I(hkl)|, where Ij is the measured
intensity of reflectionj and 〈I〉 is the mean intensity overj reflections.
b Rcryst)∑||Fobs(hkl)| - |Fcalcd(hkl)||/∑|Fobs(hkl)|, whereFobs andFcalcd are
observed and calculated structure factors, respectively. Noσ-cutoff was
applied.
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