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The Structure of a Complex of Recombinant 
Hirudin and Human a-Thrombin 

The crystallographic structure of a recombinant hirudin-thrombin complex has been 
solved at 2.3 angstrom (A) resolution. Hirudin consists of an NH2-terminal globular 
domain and a long (39 A) COOH-terminal extended domain. Residues Ilel to Ty$ of 
hirudin form a parallel P-strand with Se314 to Glu2" of thrombin with the nitrogen 
atom of Ilel making a hydrogen bond with Ser19' Oy atom of the catalytic site, but the 
specificity pocket of thrombin is not involved in the interaction. The COOH-terminal 
segment makes numerous electrostatic interactions with an anion-binding exosite of 
thrombin, whereas the last five residues are in a helical loop that forms many 
hydrophobic contacts. In  all, 27 of the 65 residues of hirudin have contacts less than 
4.0 A with thrombin (10 ion pairs and 23 hydrogen bonds). Such abundant 
interactions may account for the high af3inity and specificity of hirudin. 

T HROMBIN (E.C. 3.4.21.5) IS A GLY- 

coprotein that functions as a serine 
proteinase when it is generated in the 

final events of blood coagulation (1). a -  
Thrombin converts fibrinogen into clottable 
fibrin by exhibiting specificity largely attrib- 
uted to an anion binding exosite distinct 
from the catalytic site (2). The molecule 
consists of two peptide chains of 36 and 259 
residues linked by a disulfide bond ( 3 ) .  The 
crystallographic structure of human a -  
thrombin inactivated with D-Phe-Pro-Arg- 
chloromethyl ketone (PPACK) at 1.9 A 
resolution (4) shows structural similarity to 
trypsin-like proteases but with insertions 
(loops at Leu6' and Thr'49) ( 5 )  that pro- 
trude around the active site and narrow the 
substrate binding cleft. 

The principal inhibitor of thrombin in 
blood is antithrombin 111; however, the 
most potent natural inhibitor is hirudin 
from the European medicinal leech Hivudo 

T. T. Rvdel. K. G. Ravichandran. A. Tulinskv. D e ~ a r t  
ment of Chemistry, Michigan State ~nive;s'ity, ' ~ a s t  
Lansing, MI 48824. 
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mie, D-8033 Martinsried, Federal Republic of Germany. 
C. Roitsch, Transgene S.A., 11 rue de Molsheim, 67082 
Strasbourz Cedex. France 

medicinalis (6),  which consists of a compact 
NH2-terminal head and a long polypeptide 
COOH-terminal tail (Fig. 1). The structures 
of two recombinant hirudins have been de- 
termined in solution by nuclear magnetic 
resonance (NMR) (7). The NH2-terminal 
head along with the first 10 residues of the 
COOH-terminal tail were resolved but the 
remaining 16 residues and residues 31 to 36 
were disordered. We report the crystallo- 
graphic structure determination of a recom- 
binant hirudin a-thrombin complex at 2.3 A 
resolution (8) in which the COOH-terminal 
tail of hirudin is ordered. 

The structure of hirudin in the complex is 
composed of two domains (Figs. 2 and 3). 
The folding of the NH2-terminal domain 
appears to be intimately related to the pres- 
ence of a three-disulfide core. Residues 
h-Cys6-Cys14 and h - ~ y s ' ~ - ~ y s ~ ~  orient nearly 
perpendicular at a distance of 4.7 A between 
the midpoints of the bridges. Conversely, 
~ - C ~ S ' ~ - C ~ S ~ ~  and h - C y ~ ~ ~ - C y s ~ ~  are nearly 
parallel with a comparable distance (5.3 A) 
(9). The Cys interactions cause the loop 
segments B, C, and D (Fig. l ) ,  which form 
the double-loop structure of hirudin, to fold 
into three different three-dimensional loops, 

J. W. ~enFon 11,  adsw worth Center for Laboratories and each stabilized by antipardel P strucmre.LIn 
Research, New York State Department of Health, Alba- 
ny, NY 12201, and Departments of Physiology and Segment B, residues h-C~s14 C ~ s 1 6  and 
Biochemistty, The Albanv Medical College of Union h-&,n2' to  i is^^ form a short andpardel P 
University, Albany, NY 12208. stretch connected by a type 11' P turn. In 
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Valm fbrm longer $ strands. However, the 
turn between these strands has little density 
and is disordered in the complex (10). The 
result of the disulfide and antiparallel $ 
interactions is that the NH2-terminal do- 
main of hirudin is dominated by four spa- 
tially distinct loop structures (Fig. 3) similar 
to those observed by NMR (7). 

The NH2-terminal domain of hirudin 
binds at the active site region, and the 39 A 
long COOH-terminal tail occupies a narrow 
canyon. A novel interaction occurs between 
hirudin and a-thrombin in the active site 
that involves the three NH2-terminal resi- 
dues of hirudin (Fig. 3), which fbrm a 
parallel $ strand with ser?14 to G ~ u ~ ~ ~  of 
thrombin. This segment is an antiparallel 
interaction in all natural serine protease in- 
hibitor complexes (1 1) and also in PPACK- 
thrombin. The NH2-terminal nitrogen of 
h-Ilel is within hydrogen-bonding distance 
of the Oy of Serl" (3.2 A). The side chain 
atoms of h-Ilel and h - ~ y ?  participate in 
numerous nonpolar conmcts with hydro- 
phobic residues of thrombin: h-Ilel is in the 
S2 subsite of thrombin in contact with 
 is'^, ~ y r *  T 60d, and whereas 
the ring of h'-Tg occupies a hydrophobic 

Flg. 1. Sequence of recombinant hirudin variant 
2-Lys47 ( r I 3 v 2 - L ~ ~ ~ ~ ) .  Hirudin forms a stable 
noncovalent stoichiomeaic 1: 1 complex with 
thrombin [inhibition constants Ki = lo-'' to 
10-l4 M (12)] that docs not require active en- 
zyme, although kinetic and equilibrium studies 
indicate that hirudin interacts simultaneously 
with the catalytic site and the fibrinogen binding 
cxosite (2, 14). Studies with synthetic pcptides 
have shown that the thrombin emsite contains a 
number of Lys residues (22) and interacts with the 
COOH-terminal undecapeptide of hirudin (23, 
24). Natural hirudins are mixtures of variants, but 
recombinant techniques produce homogeneous 
preparations. The latter lack a sulfated h-Tf13 but 
have Ki values in the picomolar range (16). Hu- 
man a-thrombin (25) and rHV2-Lys4' (26) were 
used to prepare the complex in this work. C r y d s  
were grown by the vapor diffusion method with 
28 to 30% PEG 4000, 0.2 M MgCI,, 0.1 M 
sodium acetate b a r ,  pH 4.5, and 1 mM NaN3. 
The aystals are tmagonal (a = b = 90.39 2 0.02 
and c = 132.97 2 0.07 A),. space group P4$Z12, 
with eight molecules per un~t cell (protein volume 
fraction -39%). 

deft (made by Leu99, Ile174, and Trp2l5) in a 
m e r  similar to D-Phe of PPACK-throm- 
bin. This hydrophobic pocket of thrombin 
may be the apolar binding site report,ed for 
indole and delineated by Bode et al. (4) in 
the structure of PPACK-thrombin. The side 
chain of h - w  only penetrates the edge of 
the specificity pocket of thrombin. Howev- 
er, binding through this site is not obhga- 
tory, since hirudin binds to catalytically in- 
activated forms of thrombin (6, 12). 

Most of the NH2-terminal domain of 
hirudin is not in contact with the thrombin 
s d c e  (Fig. 2) but many interactions &t 
at the interface of the two. Residues h-Leu13 
and h-Pro46 are both 3.5 A fiom Pro* of 
the Tylbo" to Thrm insertion, which nar- 
rows the active site clefi (4). Residues 
h-As$, h-Glu17, h-ser19, and h - ~ y s ~ ~  fOnn 
salt bridges or hydrogen bonds with throm- 
bin. Lastly, h-AsnZ0 and h-~ys" also interact 
with thrombin through water-mediated 
contacts. 

The mpeptide segment h - P r ~ ~ - L ~ s ~ ~ -  
Pro48 appem to be important in facilitating 
the hirudin N&-terminal active site interac- 
tion but not because of its thrombin sub  
strate-like sequence (13) or its similarity to 
the merit 1 cleavage site of prothrombin. 
The NE group of h - ~ y s ~ ~  helps orient the 

N&-terminal by forming hydrogen bonds 
with the carbonyl oxy n of h-Asps (2.5 A) 
and h-Thr4 Oy (3.0 f ), thus also terminat- 
ing the foldmg of the compact NH2-tenni- 
nal domain. Moreover, the position of the 
h - ~ ~ s ~ ~  side chain appears to be maintained 
by the two Pro residues that l3ank it through 
a polyproline I1 confbrmation. By forming a 
dose contact with Pro*, h-P& also aids 
in anchoring the domain for the NH2- 
terminus to penetrate into the active site 
(Fig. 3). The h-Lys47 has often been viewed 
as the P1 residue of substrate in the hirudin- 
thrombin complex (14, 1.5). However, the 
Lys side chain does not occupy the specific- 
ity pocket of thrombin and is located about 
11 A away; nonetheless, it appears to be a 
h m r  in stabilizing the hirudin active site 
interaction. 

The COOH-terminal tail of hirudin 
adopts a long extended conformation in the 
complex and can be viewed as two stretches 
of peptide (18 and 19 A long) with a bend 
at h-Aspss. By means of the extended con- 
formation, the tail can interact with many 
residues on the thrombin surface. This b id -  
ing region of thrombin, the anion binding 
m i t e  (2), is an extension of the active site 
deft dominated by positively charged side 
chains (4). Two of the first three residues of 

Fig. 2. Space-filling drawing of rHV2-~ys'~ human a-thrombin complex. Hirudin is in hght blue and 
thrombin is multicolored: carbons, gray; n i t r o p ,  blue; oxygcns, rod, and sulfius, yellow. The hirudin 
NH2-tenninal domain is on the left and the COOH-terminal 310 helix is on the right. Penetration of 
active site by hirudin N H 2 - ~  can be noted left of center. The u~yer  left surEKc of h b i n  is 

, ys , Lys2'q and highlj electropositive and consists of LY#', AI$', A&", ~ y s ' ~ ,  Arg ', His2M L 233 

, which may be the heparin binding site since the latter binds at an emsite di&rent from that of 
kFrinogcn (27). The orientation of the hirudin-dmmbin complex is the same as in Fig. 3. 
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The structures of thrombin in the hirudin 
complex and in PPACK-thrombin are prac- 

Fig. 3. Stereoview of Ca structure of the r I 3 v 2 - L ~ ~ ~ ~  human a-thrombin complex. Orientation is the 
same as in Fig. 2; the himdin main chain and NHZ- and COOH-terminal side chains that interact with 
thrombi are in pink and the himdin disulfides are yellow. For thrombin, the main chain is in dark blue, 
the side chains interacting with hirudin are in light blue, and the active site is in yellow-blue. The 
conformation of G ~ u ' ~ ~ - G ~ ~ ~ ~ ~  insertion loop of PPACK thrombin is shown in orange. The NH2- and 
COOH-terminals of himdin are labeled. The NH2-terminal domain is compactly folded (h-Ile' to 
Pro48), and the COOH-terminal exists as two extended stretches of peptide (h-GIu4. to GI? and h- 
AspSS to Prom) that terminate with a nei1r-3~~ helical type I11 rwerse turn (h-GIu61 to Leu64) (24). The 
h - P r ~ ~ ~  to His5' segment, with two prolines, is almost in a perfect polyproline I1 conformation. The 
side chains of 12 of the 17 extended tail residues make salt bridges or h dro hobic interactions with 
thrombin. The salt bridges are: h-G1u4., ~ ~ 8 " ~ ;  h-Glu4., w 5 ;  :-His5[ h-Asp", and 
Lys14"; h-GIuS8, and h-G1ub5, C o g  and L ~ s ~ ~ .  

the tail are involved in ion pair interactions 
(Fig. 3), whereas h-sers0 Oy makes a bifur- 
cated hydrogen bond with G I u ' ~ ~ .  The next 
three residues of the segment are in poorly 
defined electron density. 

Polar interactions between the second 
segment of the tail and thrombin persist but 
hydrophobic interactions dominate the 310 
helical region. A total of 9 of the final 11 
COOH-terminal residues are involved in 
exosite interactions: h-G1d7 forms a hydro- 
gen bond with the amide of Tyr76 and also 
makes an ion pair with Arg75 of a twofold 
symmetry-related molecule in the crystal al- 
though this interaction could possibly tran- 
spire in solution intramolecularly; h-G1d7 
also interacts with through a mediat- 
ing water molecule. Both h-Glu6' to G1u6' 
appear to be directed toward the solvent and 
are not involved with the exosite (Fig. 3). 

A number of hydrophobic interactions 
also reside between the end of the extended 
tail and the exosite; h-Phc? penetrates into 
a depression on the thrombin surface (Fig. 
2) and makes contacts with Phe34, Leu4', 
the methylene groups of and Thr74 
Cy. The planes of h-pheS6 and Phe34 are 
nearly perpendicular and give a favorable 
edge-on aromatic stacking interaction (Fig. 
3). In addition, h-11eS9 is close to Leu6' and 
11eE2, and h-Prom abuts with Tyr76 (3.3 A) 
and 11eE2 (4.1 A). The important h-Tyr63 
residue, which is sulfated in native himdin, 
is also involved in hydrophobic interactions 
with 11eE2 and h-Prom. Although this Tyr is 
unsulfated in rHV2-K47, Lys8' and Lys1* 
to Lysl'O are nearby and could form ion 
pairs with a sulfated residue by free bond 

rotations. Lastly, the helical turn puts h- 
Leuw close to h - ~ l e ~ ~  (3.3 A), and they in 
turn adjoin Leu6' and  he^^. Thus the 
COOH-terminal of hirudin is firmly an- 
chored at the end of the thrombin exosite by 
hydrophobic contacts of the helical turn 
(Fig. 2) and the salt bridge formed by the 
carboxylate of h-Gln6' and ~ ~ s ~ ~ .  Removal 
of h-GId5 has little effect on the apparent 
inhibition constant (Kiapp increases by a 
factor of 1.3), but deletion of the next two 
residues increases Kia,, by a factor of 40 
(16). 

An unexpected aspect of the hirudin- 
thrombin interaction in the exosite is the 
extent of the nonpolar contribution. In the 
terminal part of the COOH-terminal tail, 
nearly half of the residues (5 of 11) are 
hydrophobic or aromatic or both and all five 
participate in nonpolar himdin-thrombin 
interactions. The importance of hydropho- 
bic interactions in the anticoagulant activity 
of the tail has been suggested in studies with 
synthetic polypeptides (1 7), which indicate 
that the minimal peptide necessary for the 
detection of activity is h-pheS6 to ~ l n ~ '  and 
that it is sensitive to modification of residues 
h-pheS6, h-1leS9, h-Prom, h-Leuw, as well as 
h-G1d7. The hydrophobic contribution in 
the tail is as important as the polar interac- 
tions. In all, 27  of the 65 residues of hirudin 
and 36 of the 259 residues of the B chain of 
thrombin are involved in 212 contacts of 
less than 4.0 A, of which 10 are ion pairs 
and 23 are hydrogen bonds. Residues h-Ile' 
to Ty?, h-Ser19 to va12', h - G l ~ ~ ~  to His5', 
and h-AspS5 to Prom make 46, 34, 25, and 
65 of the contacts, respectively. 

tically the same even to the disorder of the 
carbohydrate attached to Asnmg. An optimal 
superposition of 266 C a  atoms between the 
two gives a root-mean-square (rms) devi- 
ation of 0.46 A. The only large difference 
occurs in the decapeptide insertion loop 
between G I u ' ~ ~  to GlyI5O (Fig. 3), which has 
a Ca rms deviation of 6.3 A. In PPACK- 
thrombin, is positioned close to the 
active site. A conformational change occurs 
in the insertion loop of the complex at 
G I u ' ~ ~  and GlyI5O, which results in a totally 
different position for TrpI4? the loop now 
encircles the indole of this residue. 

Himdin is basically a bivalent inhibitor 
consisting of two domains that could trigger 
the conformational change. The side chain 
of ~ r p ' ~ ~  of PPACK-thrombin occupies the 
space of the main chain of h - ~ h r ~  to Asp5 
(Fig. 3), suggesting that a conformational 
change is required of the binding of the 
NH2-terminal three residues in the active 
site. The binding of the COOH-terminal 
dodecapeptide of hirudin to thrombin also 
produces a change in circular dichroism 
(CD); however, PPACK inhibition of 
thrombin does not (18). The CD results 
thus suggest that the COOH-terminal tail 
might be responsible for the conformational 
change. The salt bridge between h-AspS5 
and ~ ~ s ' ~ ~ ~  is a consequence of the confor- 
mational change. However, the hirudin 
thrombin and COOH-terminal peptide 
thrombin CD changes may correspond to 
different thrombin structural transitions. 
Studies of the kinetics of thrombin inhibi- 
tion by hirudin (19) further implicate the 
tail: the rate of the first step in the formation 
of the complex is decreased by increased 
ionic strength which is consistent with the 
COOH-terminal tail inducing the confor- 
mational change that then allows access of 
the active site to the NH2-terminus of him- 
din. The initial step of the process may 
center about the binding of the bulky 
COOH-terminal 310 helix in the exosite. 

Although h-llel and h-Tv? occupy ap- 
proximately the same positions as Pro and 
D-Phe of PPACK, the chain direction of 
PPACK is antiparallel with se?I4 to G I u " ~  
whereas that of h-Ile' to T ~ ?  runs parallel to 
it. Moreover, the Arg of PPACK occupies 
the specificity pocket fully in a substrate-like 
manner but h-Th? of himdin does not. 
serine proteinase-inhibitor complexes show 
antiparallel alignment of a rigid loop seg- 
ment in substrate-like conformation and 
contain a residue corresponding to the 
specificity of the enzyme at the P1 site (1 1, 
20). These generalities, coupled with hiru- 
din displaying no close sequence or topolog- 
ical homology to the ten existing classes of 
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serine proteinase inhibitors, suggest that 
hirudin is a representative of a new family of 
inhibitors (21). 
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Calcium-Induced Peptide Association to Form an 
Intact Protein Domain: 'H NMR Structural Evidence 

The 70-residue carboxyl-terminal domain of the muscle contractile protein troponin-C 
contains two helix-loop-helix calcium (Ca)-binding sites that are related to each other 
by approximate twofold rotational symmetry. Hydrophobic residues from the helices 
and a short three residue p sheet at the interface of the two sites act to stabilize the 
protein domain in the presence of Ca. A synthetic 34-residue peptide representing one 
of these sites (site 111) has been synthesized and studied by H-1 nuclear magnetic 
resonance (NMR) spectroscopy. In solution this peptide undergoes a Ca-induced 
conformational change to form the helix-loop-helix Ca-binding motif. Two-dimen- 
sional nuclear Overhauser effect spectra have provided evidence for the formation of a 

sheet and interactions between several hydrophobic residues from opposing helices 
as found in troponin-C. It is proposed that a symmetric two-site dimer similar in 
tertiary structure to the carboxyl-terminal domain of troponin-C forms from the 
assembly of two site I11 peptides in the Ca-bound form. 

A FUNDAMENTAL ASPECT OE SUC- 

cessful protein design is an under- 
standing of the processes that stabi- 

lize the self-assembly of proteins. Although 
the correct folding of a protein is ultimately 
determined by its amino acid sequence, the 
most important energy contributions that 
determine protein assembly are derived 
from hydrophobic interactions, hydrogen 
bonding, and electrostatic forces (1). In 
m a y  cases, specific information about these 
interactions can be obtained from the three- 
dimensional (3-D) structure of a protein as 
determined by 2-D NMR spectroscopy or x- 
ray crystallography. 

Department of Biochemisq and MRC Group in Protein 
Structure and Function, University of Alberta, Edmon- 
ton, Alberta, Canada T6G 2H7. 

One approach to study the effects that 
hydrophobic and electrostatic interactions 
have on protein structure is to use synthetic 
peptides to represent specific portions of a 
protein (2). Peptides are much smaller than 
proteins and generally exist in random coil 
fonformations. However, under suitable 
conditions peptides may adopt well-defined 
conformations more representative of their 
structures found in the native protein (3). 
We used this approach to study the effects 
that metal-ion binding has on the conforma- 
tional changes that occur in the Ca-binding 
protein troponin-C (TnC). This muscle pro- 
tein contains four highly homologous Ca- 
binding sites each arranged in a helix-loop- 
helix motif about 30 amino acids in length 
(4). These sites are organized painvise to 
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