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Abstract

A novel class of synthetic, multisite-directed thrombin inhibitors, known as hirunorms, has been described recently.
These compounds were designed to mimic the binding mode of hirudin, and they have been proven to be very strong
and selective thrombin inhibitors. Here we report the crystal structure of the complex formed by human a-thrombin and
hirunorm V, a 26-residue polypeptide containing non-natural amino acids, determined at 2.1 A resolution and refined
to an R-factor of 0.176. The structure reveals that the inhibitor binding mode is distinctive of a true hirudin mimetic,
and it highlights the molecular basis of the high inhibitory potency (K; is in the picomolar range) and the strong
selectivity of hirunorm V.

Hirunorm V interacts through the N-terminal tetrapeptide with the thrombin active site in a nonsubstrate mode; at the
same time, this inhibitor specifically binds through the C-terminal segment to the fibrinogen recognition exosite. The
backbone of the N-terminal tetrapeptide Chg!”—Val?”-2-Nal*"—Thr*” (Chg, cyclohexyl-glycine; 2-Nal, 8-(2-naphthyl)-
alanine) forms a short B-strand parallel to thrombin main-chain residues Ser?!'4-Gly?'®, The Chg!” side chain fills the
S2 subsite, Val?” is located at the entrance of S1, whereas 2-Nal*” side chain occupies the aryl-binding site. Such
backbone orientation is very close to that observed for the N-terminal residues of hirudin, and it is similar to that of the
synthetic retro-binding peptide BMS-183507, but it is opposite to the proposed binding mode of fibrinogen and of small
synthetic substrates. Hirunorm V C-terminal segment binds to the fibrinogen recognition exosite, similarly to what
observed for hirudin C-terminal tail and related compounds. The linker polypeptide segment connecting hirunorm V N-
and C-terminal regions is not observable in the electron density maps. The crystallographic analysis proves the
correctness of the design and it provides a compelling proof on the interaction mechanism for this novel class of high
potency multisite-directed synthetic thrombin inhibitors.
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oxopropyl]-2-pyrrolidinyljmethyl]butanamide; BMS-189090 [S-(R*,R*)]-[1-(aminoiminomethyl)-amino]-N-[[1-[3-hydroxy-2-[{(2-naphthalenylsulfonyl)
amino]-1-oxopropyl]-2-pyrrolidinylJmethyl]butanamide; BMS-183507, N-[N-[N-[4-(aminoiminomethyl)-amino]-1-oxobutyl]-L-phenylalanyl]-L-allo-threonyl]-
L-phenylalanine methyl ester; Dmc-azalys, N*-(N,N-dimethylcarbamoyl)-e-azalysine; tPa, human tissue plasminogen activator; Chg, cyclohexyl-glycine;
2-Nal, B-(2-naphthyl)-alanine; h-Phe, (+)-a-amino-4-phenylbutyric acid; Aib, a-aminoisobutyric acid; Cha, B-cyclohexyl-alanine; residue numbering is
primed in hirudin and double primed in hirunorm V, respectively; S1, $2, and S3 are the active site proteinase subsites, defined according to Schechter and

Berger (1967).
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Thrombin (EC 3.4.21.5) is a trypsin-like serine proteinase that
participates as a primary enzyme in promoting coagulation (Fen-
ton & Bing, 1986; Berliner, 1992; Stubbs & Bode, 1993). 1t is
responsible for catalyzing the conversion of fibrinogen to fibrin
(Fenton, 1986; Fenton et al., 1988, 1991) and it is the most potent
stimulator of platelet aggregation (Tollefsen et al., 1974). It also
activates blood coagulation factors V, VIII, which are essential for
blood coagulation (Davie et al., 1991). Cardiovascular diseases
are related to anomalies in the coagulation processes, leading to
blockage of coronary arteries by thrombi; therefore, many efforts
have been devoted in recent years to the development of human
a-thrombin inhibitors as antithrombotics. Several natural and syn-
thetic thrombin inhibitors have been studied in detail and charac-
terized at atomic resolution in their interaction with thrombin
(Berliner, 1992; Stubbs & Bode, 1993; Tulinsky & Qui, 1993).
These studies bear a fundamental value for computer-assisted ra-
tional design of novel thrombin inhibitors with improved phar-
macological properties, and they also shed light on novel aspects
of molecular recognition, which may be broader than predictable
(Salemme et al., 1997).

Thrombin inhibitors bind to their target enzyme by different
interaction mechanisms, as schematically depicted in Figure 1.

1. Active site-directed peptidic or peptide-related inhibitors may
interact with the active site (like fibrinogen in Fig. 1A) in a
substrate mode, as commonly observed in serine proteinases of
the same homology family (Bode & Huber, 1992; Laskowski &
Kato, 1980). They align their backbone antiparallel to thrombin
segment Ser?'“—Glu?!” (Fig. 1B). The peptide-based inhibitors
cyclotheonamide (Maryanoff et al., 1993), PPACK (Bode et al.,
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Fig. 1. Schematic representation of different interaction mechanisms be-

tween thrombin inhibitors and thrombin.
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1989, 1992b; Banner & Hadvary, 1991; Priestle et al., 1993),
FPAM (Nakanashi et al., 1992; Wu et al., 1993) and the non-
peptide inhibitors MQPA (also called MD805; Okamoto et al.,
1981; Kikumoto et al., 1984), NAPAP, 4-TAPAP, 3-TAPAP (Stiir-
zebecher et al., 1983, 1984; Banner & Hadvary, 1991; Brand-
stetter et al., 1992), BMS-186282, and BMS-189090 (Malley
et al., 1996) interact with thrombin by the use of this particular
mechanism.

2. Active site-directed peptidic inhibitors may also interact in a
nonsubstrate mode. They align the peptide backbone parallel to
thrombin segment Ser?'“~Glu2!7 (Fig. 1C). BMS-183507 (Iwano-
wicz et al., 1994; Tabernero et al., 1995) is an example.

3. Fibrinogen recognition exosite (FRE)-directed inhibitors, such
as hirugen and hirugen-related peptides (Krstenansky & Mao,
1987; Krstenansky et al., 1987, 1988; Jakubowski & Maraga-
nore, 1990; Skrzypczak-Jankun et al., 1991), hirudin®*-% (Ban-
ner & Hadvary, 1991; Stubbs et al., 1992; Priestle et al., 1993),
hirullin®®-2 (Krstenansky et al., 1990b; Qiu et al., 1993), throm-
bin receptor®®®' (Vu et al., 1991; Mathews et al., 1594), and
MD-6 (also called MDL-28,050; Krstenansky et al., 1990a),
interact with thrombin in a canyon of the thrombin surface,
which is apart from the catalytic site (Fig. 1D).

4. Multisite-directed inhibitors bind both to the catalytic site in an
antiparallel fashion and to the FRE (Fig. 1E): hirulogs (Ma-
raganore et al., 1990; Skrzypczak-Jankun et al., 1991; Qiu et al.,
1992), hirulog derivatives (Krishnan et al., 1996), hirutonins
(Szewczuk et al., 1993; Zdanov et al., 1993), P498 and P500
(Tsuda et al., 1994; Féthiére et al., 1996) are examples of this
class.

5. Hirudin, which is unique for its mutiple binding, interacts with
the catalytic site in a nonsubstrate mode (i.e., with the N-terminal
tail parallel to thrombin segment Ser?'4-Glu?'7), and it is also
bound to the FRE (Fig. 1F) (Stone & Hofsteenge, 1986; Griitter
et al.,, 1990; Rydel et al., 1990, 1991; Markwardt, 1994).

From this particular view point on the different mechanism of
action, the synthetic inhibitors hirulogs (Maraganore et al., 1990)
and hirutonins (Szewczuk et al., 1993) should be considered more
precisely as fibrinogen-related peptides, even though they were
derived originally from a knowledge-based approach, considering
the thrombin-hirudin interaction (Griitter et al., 1990). They actu-
ally bind to thrombin similarly to fibrinogen, and differently from
hirudin in the active site region. The peculiar binding mode of
hirulog 1, as for fibrinogen itself, is the structural basis for its
catalytic cleavage by thrombin. Hirulog variants, bearing noncleav-
able peptide bond surrogates, were thus developed, to abolish the
suicide phenomena of binding, inhibition, and hydrolysis (DiMaio
et al., 1991, 1992; Kline et al., 1991; Qiu et al., 1992; Krishnan
et al., 1996).

Hirunorm V, a synthetic polypeptide composed of 26 residues
(see Table 1; Lombardi et al., 1996), was recently proposed as a
potential candidate for injectable anticoagulants, due to its po-
tency, specificity of action, long-lasting activity, and safety profile.
Hirunorms represent a novel class of multisite-directed thrombin
inhibitors. They were rationally designed to interact with the throm-
bin active site in a nonsubstrate mode (hirudin-like binding mode),
through their N-terminal end; they were also expected to speci-
fically bind the fibrinogen recognition exosite, through their
C-terminal domain. An appropriate spacer segment, able to posi-



a-Thrombin—hirunorm V complex: X-ray structure

Table 1. Primary structure of hirunorm V
and comparison with hirudin®

Hirudin Hirunorm V
Ile!’ Chg!”
Thr?’ Val?"
Tyr’ 2-Nal
Thr* Thr*”
Asp®’ Asp>”

| p-Ala®”
Globular domain Gly™

| B-Ala®”
Pro*®’ Pro®”
Glu®’ Glu'"”
Ser’ Ser!!”
His®! His'?”
Asn®?’ h-Phe!”
Asx53! GlyMn
G1y54/ GlyIS//
Asp551 Asplfw
Phe56l Tyrl7n
Gh*”” Ghu'®
Glu®®’ Glu'"
Ne**’ Tie ™"
Pro®’ Pro?!”
Glu®'" Aib?"
Glu®> Aib®"
Tyr63 ’ Tyr24l/
Leu®’ Cha®”
GIn®’ p-Glu?®"

2Recombinant hirudin variant 2, Lys*’, used as template structure for the
design of hirunorm V (Rydel et al., 1991).

tion properly the N-terminal end of the inhibitor in the active site,
was also designed. Hirunorms were proposed as true hirudin mimet-
ics, not only because they share features with the hirudin sequence,
but particularly because they were designed to bind thrombin in a
hirudin-like mode, yet differently from fibrinogen, hirulogs, hiru-
tonins, and other synthetic thrombin inhibitors. The proposed bind-
ing mode of hirunorms to thrombin, as compared to those of hirulogs
and hirutonins, is reported schematically in Figure 1G.

Hirunorms were found to be strong inhibitors of the amidolytic
activity of a-thrombin toward small chromogenic substrates: the
most active molecules, hirunorms IV and V, showed the highest
affinity for thrombin, with K; values in the pM range. Moreover,
the peculiar molecular structure of hirunorms makes them stable to
the proteolytic action of thrombin, without the need for peptide
bond modifications. Hirunorms display a high degree of selectiv-
ity, being unable to inhibit trypsin, plasmin, and tPa. As expected,
hirunorms showed high potency in anticoagulant assays. Experi-
mental pharmacology studies on hirunorm V show its effectiveness
as anticoagulant agent, with antithrombotic properties, in different
rat models. Hirunorm V is resistant to proteolysis and shows low
plasma clearance; its elimination is less dependent on renal func-
tion than that of hirudin. Surprisingly, hirunorm V compares fa-
vorably with recombinant hirudin against arterial thrombosis and
does not affect bleeding at antithrombotic doses (Lombardi et al.,
1996).

In the present paper, we describe the crystal structure of hirunorm
V in its complex with human a-thrombin, determined at 2.1 A
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resolution (R-factor = 0.176), and we prove that its distinctive
binding mode to the proteinases is that of a true low molecular
weight hirudin mimetic.

Results and discussion

Thrombin structure

The three-dimensional structure of the thrombin molecule, ob-
served in the complex with hirunorm YV, is quite similar to those
observed in other thrombin—inhibitor complexes reported in the
literature (Bode et al., 1989; Iwanowicz et al., 1994; Tsuda et al.,
1994; Tabernero et al., 1995; Féthiére et al., 1996). When super-
imposing all the thrombin Ca atoms with those of the enzyme in
the thrombin-hirudin complex (PDB code 4htc, Rydel et al., 1991;
this structure is used throughout the text as reference thrombin—
hirudin complex), an RMS deviation of 0.38 A is observed. The
largest deviations are localized in the Tyrf%A_Trp°P insertion loop,
which has been proposed as a chemotactic domain (Bar-Shavit
et al., 1984). The side chains of residues Tyr%’* and of Trp®"® in
the thrombin—hirunorm V complex are displaced by about 1.5 A
and 2.5 A, respectively, from that of the thrombin-hirudin complex
(the residue numbering in thrombin is based on the chymotrypsin
sequence; Bode et al., 1989). Perturbation of the Tyr®A_Trp®P
loop structure, formerly thought to be compact and rather rigid
(Stubbs & Bode, 1993), has also been observed in the thrombin—
Dmc-azaLys complex (Nardini et al., 1996).

The active site triad displays a geometry virtually indistinguish-
able, within the experimental errors, from that of the other mem-
bers of the trypsin-like serine proteinase family. This indicates that
the binding of the inhibitors in the active site does not affect the
thrombin structure significantly. Weak or missing electron density,
as for other thrombin complexes crystallized in the same mono-
clinic form, is observed for the A-chain (residues 1H-1C, 14L-15),
B-chain (residues 246-247), and for the y autolysis loop (residues
147-149E). Furthermore, Glu ', close to the substrate recognition
region, displays a poor side-chain electron density.

Hirunorm V structure

In agreement with the design hypothesis (Lombardi et al., 1996),
hirunorm V (whose primary structure is reported in Table 1) is in
contact with thrombin at two different sites. The electron density
for the hirunorm V N-terminal tetrapeptide, bound to thrombin
active site, is shown in Figure 2A, and the electron density for the
C-terminal undecapeptide, bound to thrombin FRE, is reported in
Figure 2B. Interpretable electron density for the segment (D-Ala%"-
Gly !>, connecting the N-terminal tetrapeptide to the FRE-binding
region, is absent from the Fourier maps calculated throughout this
crystallographic analysis.

The N-terminal tetrapeptide of hirunorm V adopts an extended
conformation; Chg!” and 2-Nal®” side chains are contacting each
other on the same side of the inhibitor polypeptide backbone,
whereas Val?” and Thr*” side chains fall on the other side. The
cyclohexyl ring of Chg'” adopts a typical chair conformation, with
the Ca atom in the equatorial position. The Val?” residue adopts a
typical trans (gauche(—)) x' angle. The 2-Nal®” shows a y!
gauche(—) and x? skew conformation, as usually observed for the
side-chain orientation of aromatic amino acids. Thr*” is locked in
a gauche(+) (gauche(—)) side-chain conformation by an intrares-
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Fig. 2. Stereo views of the electron density map, contoured at 1o, for the hirunorm V N-terminal tetrapeptide Chg'”~Thr* when bound
to thrombin active site (A) and for the C-terminal hirunorm V undecapeptide Asp“’”—D-Gluz(’" when bound to thrombin FRE (B).

idue hydrogen bond between the OG and the carbonyl oxygen
atoms (OG+++O distance is 3.0 A).

Because of the 8-strand conformation and of the different bulk-
iness of the side chains, the N-terminal part is larger around the
2-Nal*” residue and smaller around the Chg'” residue. This shape
may in part justify the orientation of the inhibitor N-terminal seg-
ment with respect to the precleavage subsites. The smaller Chg!”
residue deeply penetrates in the well-confined thrombin S2 subsite,
and it reaches at close contact Ser'?, whereas the larger 2-Na}l*”
residue is shortly outside the active site cavity. Hirunorm V
N-terminal peptide backbone is parallel to the Ser?'*~Gly>'° throm-
bin segment. This alignment is rather unusual for serine proteinase—
inhibitor interaction, and it was observed in thrombin-hirudin
(Griitter et al., 1990; Rydel et al., 1990, 1991), in thrombin—-BMS-
183507 (Iwanowicz et al., 1994; Tabernero et al., 1995), and in
thrombin-ornithodorin (van de Locht et al., 1996) complexes.

Four backbone to backbone hydrogen bonds stabilize the hirunorm
V N-terminal tripeptide in the active site (Chg!’N---Ser?'*0,
3.1 A; Chg!"O+-+Gly?'*N, 3.0 A; 2-Nal*’N---Gly2'®0, 2.7 A,
2-Nal®>"O---Gly?'°N, 2.8 A); Figure 3 shows the hirunorm V struc-
ture around the active site, in comparison with the thrombin—
hirudin complex.

Chg'” N atom shows potential interactions with the residues
from thrombin catalytic triad. It is weakly hydrogen bonded to
Ser!%50G (3.5 A), and is 3.2 A apart from His>’NE2. The Chg"”
residue is in van der Waals contact with the imidazole ring of
His*? (Chg'"N+++His’CD2, 3.9 A; Chg!"N---His*’CEl, 3.7 A,
Chg'"CG1---His*’CD2, 3.8 A) and with Ser'CB (4.0 A). The
cyclohexyl ring faces edge on the Tyr%°4 phenyl ring and side on
the Trp®® indolyl ring. It is also in van der Waals contact with
Leu® side chain (Chg!"CG2++-Leu®*CD1, 3.9 A), which adopts a
common staggered conformation (x>' and y*? values are —164°
and —34°, respectively). This side-chain conformation is different
from the rarely occurring skew conformation observed for Leu®® in
the thrombin—hirudin complex (whose Leu®® y?' and y*? values
are 12° and 131° respectively). Thus, the cyclohexyl ring fills
almost completely the hydrophobic cavity (S2 subsite) defined by
Leu®®, His®, Tyr%%*, and Trp®°P, as shown in Figure 4A, where
the S2 subsite from the thrombin-hirudin complex (hosting Ile!")
is also displayed (Fig. 4B). The small structural perturbations ob-
served in the 60-insertion loop, with respect to the thrombin—
hirudin complex, may be caused by the optimization of the contacts
with the Chg'” residue. Val?” side chain is at van der Waals contact
with residues Gly?'?, Cys??°, and Glu'®? of thrombin. These res-
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Fig. 3. Detailed description in stereo view of the active site binding region of hirunorm V (red) superimposed with thrombin-hirudin

complex (blue). Dashed lines indicate hydrogen bonds.

idues define a rim at the entrance of the S1 specificity subsite. The
subsite, however, does not host an inhibitor residue, although the
side chain of Val?” points toward it, as observed in the thrombin—
hirudin complex. The 2-Nal®” residue occupies the secondary aryl
binding site. An edge-on interaction between 2-Nal” naphtyl
ring and Trp?'® indolyl ring is observed (the closest contact is
2-Nal*'CF2+++Trp?'CD2, 3.7 A). The naphtyl ring is also at van
der Waals contact with Ile'’* and Tyr®A. Figure 5 depicts the
orientation of 2-Nal®’ (Fig. 5A) in comparison with Tyr®’, in the
thrombin-hirudin complex (Fig. 5B). In summary, in the hirunorm
V N-terminal region, the Chg'” residue is located in the S2 hy-
drophobic subsite, Val?” approximates the S3 subsite (Stubbs &
Bode, 1995) and 2-Nal®” occupies the aryl binding site.

A comparison of hirunorm V with hirudin—thrombin (Rydel
et al., 1991), and BMS-183507—thrombin (Tabernero et al., 1995)
complexes, which share the common nonsubstrate-like binding
mode, is shown in Figure 6A. The structural agreement between
the backbones of hirunorm V and of the hirudin N-terminal tri-
peptide is remarkable. Such a coincidence indicates, in agreement
with the design hypothesis, that the hydrophobic S2 subsite and the
aryl binding site of thrombin are more completely filled by a
cyclohexyl ring and a naphtyl ring, respectively, as in hirunorm V,
rather than by an isobutyl and a phenoxy group, which are present
in the hirudin N-terminal segment (see also Figs. 4, 5).

BMS-183507 (Tabernero et al., 1995) is also a retrobinding
inhibitor, but the location of its peptide backbone deviates signif-

Fig. 4. S2 site region of the complex thrombin-hirunorm V (A) and thrombin-hirudin (B) with the Connolly surface representation.
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Fig. 5. Aryl binding site region of the complex thrombin-hirunorm V (A) and thrombin-hirudin (B) with the Connolly surface
representation.

Fig. 6. A: Stereo view of the backbone atoms superimposition of hirunorm V Chg'”~Thr*” N-terminal segment (red) with hirudin

segment Ile'’'~Thr*’ (blue) and BMS-183507 (green). B: Stereo view of the backbone atoms superimposition of hirunorm V from
Chg!" to Thr*" (red) with hirulog 1 from p-Phe'’ to Arg3’ (blue) and NAPAP (green).
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icantly from those of hirudin and hirunorm V (see Fig. 6A). BMS-
183507 contains a guanidinium group at the N-terminal end, which
is ready to interact with Asp'®®. This ionic interaction forces a
slight rotation of the entire inhibitor molecule to displace BMS-
183507 residue Thr? with respect to Val?” and Thr?’ (in hirunorm
V and hirudin, respectively), while keeping in approximately un-
perturbed positions Phe? (in S2) and Phe* (in the adjacent aryl
binding site) (see Fig. 6A).

Figure 6B shows an overlay of the thrombin-bound hirulog 1
(Skrzypczak-Jankun et al., 1991), NAPAP (Brandstetter et al., 1992)
and hirunorm V inhibitors. Analysis of the figure shows that the dis-
tinctive nonsubstrate-like binding mode of hirunorm V differs sub-
stantially from the substrate-like binding mode adopted by hirulog
1 and by NAPAP. Nevertheless, despite the opposite inhibitor back-
bone orientations and the different locations, the S2 subsite and the
aryl binding site are similarly occupied by the three inhibitors.

Quite surprisingly, the designed hirunorm V Asp>”—His'?” linker
segment is not defined by continuous electron density, presumably
due to high flexibility. Poorly defined electron density is also
observed for the region corresponding to the h-Phe'¥"-Gly '*” seg-
ment, which was model-built in extended conformation.

Flexibility of this part of the molecule was also observed in
thrombin-hirudin (Griitter et al., 1990; Rydel et al., 1990, 1991; Vitali
etal., 1992) and thrombin-hirulog (Skrzypczak-Jankun et al., 1991;
Qiu et al., 1992) complexes, and was attributed to a nonenzymatic
deamination of Asn>*' (Qiu et al., 1992). Because hirunorm V does
not contain any Asn residue, the observed flexibility can be attrib-
uted tentatively to the lack of thrombin—inhibitor interactions in this
zone and/or to an inappropriate size of the linker segment. In fact,
a shorter linker, displaying several interactions with thrombin sur-
face, is well organized in hirutonin 6 (Zdanov et al., 1993).

However, it is worth mentioning that the distance between
Thr*'Ca atom and Asp'®"Ca atom is 25.6 A, as expected from the
initial model.

D-Glu26"

Pro21"

Ile20"

Tyrl7"

Glul8"

Aspl6"

Fig. 7. Stereo view of the superimposition of hirudin®’-%’

thrombin.
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In the C-terminal half of the hirunorm V molecule, the electron
density is well defined in the Asp'®"—Pro?!” region (except for the
side chain of Glu'®"). These residues bind tightly to the FRE in
extended conformation. As observed for many other complexes
bearing a FRE recognition moiety, residues Tyr'”” and Ile?*” are
particularly well ordered (Rydel et al., 1991; Skrzypczak-Jankun
et al.,, 1991; Berliner, 1992; Zdanov et al., 1993). Indeed, the
binding mode of this fragment to the FRE is similar to that of
other bifunctional inhibitors containing the same motif, with a
characteristic pattern of hydrophobic interactions involving
Tyr'”" and 1le*”. Direct ion pairing between Asp'®” and Arg’?
(Asp'®"OD1 -+ Arg’> NHI, 2.9 A; Asp'®’OD2---Arg”? NH2,
3.8 A), and electrostatic interactions involving Glu'®”, Glu'"”,
D-Glu?*” and Arg®’, Arg”, Arg”®, Arg”’A, Lys?, Lys®!, Lys'®,
Lys''" may also contribute to the tight binding and to the struc-
turing of this extended region of the inhibitor. Moreover, the elec-
tron density around the expected location of the C-terminal part
(Aib?*"—p-Glu?") is weak, although compatible with a 3,-helical
conformation. In this particular conformation, the side chain of
Cha?" would be placed at van der Waals contact with Ile>?”, at the
site of hirudin Leu®’, which is also part of a 3¢-helical turn in the
thrombin-hirudin complex. No density is observed for b-Glu®®”. In
Figure 7 is shown the stereo view of the superimposition of
hirudin®’-%" and hirunorm V'¢"2%” as they are bound in the fi-
brinogen exosite of thrombin.

A space-filling representation of thrombin-hirunorm V com-
plex, highlighting the tight enzyme—inhibitor contact, is shown in
Figure 8.

Solvent structure and inhibitor binding

Analysis of the solvent molecules localized in the thrombin—
hirunorm V complex shows, as expected, an overall agreement
with the solvent structure for the related thrombin-hirudin com-

D-Glu26"

Glul8"

Aspl6"

and hirunorm V'¢"-2" a5 they are bound in the fibrinogen exosite of
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Fig. 8. Space-filling representation of thrombin—hirunorm V complex.

plex reported previously (Rydel et al., 1991). It is, however, worth
pointing out that the apolar nature of the N-terminal region of
hirunorm V may have a favorable effect on its association process
to thrombin, through a consistent release of surface-bound water
molecules, from the complex, to the bulk solvent. In particular,
from a comparison of the crystal structures of thrombin—hirunorm
V and thrombin-hirudin (see Fig. 9), it appears that water mol-
ecules W432, which is hydrogen bonded to Tyr®' (3.2 A), and
W606, which bridges Tyr®®*OH (2.4 A) and Tyr*’OH (3.0 A)
when hirudin is bound (Rydel et al., 1991), are displaced by
the bulky naphtyl ring of hirunorm V 2-Nal*” residue. Moreover,
the presence of residue Val?”, substituting for Thr?’ of hirudin,
does not allow to stabilize the surface water molecule W410
(W410---Thr?>'OG, 2.8 A). In thrombin-hirudin complex, this
W410 water molecule further stabilizes on the thrombin surface

Wa10 V338

W57

%

! Aspl189

o Serl95 a ®
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through hydrogen bonding two additional water molecules: W579
and W538. The W410---W579 distance is particularly short
(2.0 A) and the distance W579---W538 is 2.6 A (Rydel et al.,
1991). As expected for multisite-directed thrombin inhibitors, sim-
ilar surface water displacement processes, contributing to complex
stability through an increase in the solvent entropy, take place in
the FRE region, which is filled by an extended and tightly binding
inhibitor segment (Bode et al., 1992a; Ascenzi et al., 1995; van de
Locht et al., 1995, 1996; Engh et al., 1996; Salemme et al., 1997).

Conclusions

The present structural analysis, together with the previous design
and functional inhibition studies (Lombardi et al., 1996), shows,
for the first time to our knowledge, that true hirudin mimetic
inhibitors can be designed, achieving picomolar affinities for throm-
bin. This observation bears practical implications for the design of
selective anticoagulant and antithrombotic drugs. Key structural
elements in such design are the choice of the FRE and active
site-directed molecular fragments, as well as of a suitable linker
segment, connecting the two parts.

It should be noted that no structural analogues of hirunorms are
known within natural polypeptidic thrombin inhibitors. Indeed, in
free hirudin (and in antistasin, ghilanten, decorsin, ornatin, and
hirustasin; see Ascenzi et al., 1995), the N-terminal retro-binding
tripeptide makes part of a well-structured, small, globular domain,
stabilized by three disulfide bridges, which is followed by the
extended FRE-binding C-terminal region (Bode et al., 1992a). More-
over, in the two-headed inhibitor ornithodorin, a more complex
binding scheme is adopted, in that thrombin active site retro-
binding and FRE binding peptide segments are provided by two
distinct and properly structured globular domains, which adopt a
Kunitz-inhibitor fold, and are organized in a tandem repeat (van de
Locht et al., 1996).

A key functional property required for serine proteinase inhib-
itors to be used in therapy is a low cross-reactivity with enzymes
from the same homology family, which are active in different, but

Aspl89

Fig. 9. Stereo view of the water structure near the S1 site, the catalytic triad of thrombin, the hydrophobic pocket S2, and the aryl
binding site. Red, atoms belonging to thrombin-hirunorm V complex; blue, atoms belonging to thrombin-hirudin complex; green,
water molecules that are present in thrombin-hirudin complex but absent in thrombin-hirunorm V complex.
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crucial, metabolic compartments. The strong inhibitory selectivity
displayed by hirunorms stems from the pairing of two unique
molecular features, the active site retro-binding and the FRE-
binding segments, which, as in hirudin and hirudin-related inhib-
itors, help to select their target proteinase. As a comparison, it
could be considered that active site-directed thrombin inhibitors
(i.e., lacking a FRE binding tail), such as BMS-183507 (a retro-
binding peptide analogue; Tabernero et al., 1995), BMS-186282,
or BMS-189090 (substrate-like binding, Malley et al., 1996), bind
to thrombin with nanomolar affinities, and display much lower
selectivities toward trypsin, plasmin, and tPa. Finally, related to the
active site binding mode, it should also be considered that retro-
binding, with unproductive location of the inhibitor backbone with
respect to the Sl subsite and to the proteinase catalytic triad, is the
structural basis for the stability of hirunorms to proteolysis (Lom-
bardi et al., 1996).

Materials and methods

Preparation of the crystals

A protein solution was prepared initially using human a-thrombin
(about 1 mg/mL) (Calbiochem) in 0.02 M Tris-HCI, at pH 7.4 and
0.1 M sodium chloride. The complex with hirunorm V was formed
by adding a 10-molar excess of the peptide (synthesized as re-
ported previously by Lombardi et al., 1996) to the thrombin solu-
tion. The mixture was incubated for 2 h at room temperature,
concentrated, and the buffer exchanged with a solution of 0.05 M
sodium phosphate at pH 6.0 and 0.75 M in sodium chloride. The
final concentration of the complex was 20 mg/mL.

Crystals of the thrombin-hirunorm V complex were grown
using a cross-seeding technique (Stura & Wilson, 1992). First,
crystals of thrombin-hirugen complex were grown, as described
by Skrzypczak-Jankun et al. (1991), by vapor diffusion methods at
4°C: 6-uL drops, containing 0.05 M sodium Hepes, pH 7.0, 10%
(w/v) PEG 4000, 0.02% NaN3, 12 mg/mL thrombin-hirugen com-
plex were equilibrated against a precipitating solution containing
0.1 M sodium Hepes, pH 7.0, 20% (w/v) PEG 4000, 0.04% NaNj3.
Large single crystals of this complex were obtained, harvested, and
washed twice with reservoir solution. One crystal was then crushed
into individual seeds (about 10 xm). These seeds were transferred
into drops of a solution containing the thrombin-hirunorm V com-
plex. This solution had been equilibrated for four days prior to
seeding.

The composition of the solutions used for the growing of the
thrombin-hirunorm V crystals was identical to that used for
thrombin-hirugen complex. The seeds grew to 0.1 mm * 0.1 mm *
0.1 mm dimensions within two weeks. The crystals obtained from
cross-seeding were washed and crushed and used in another cross-
seeding experiment. These new crystals were used for macroseed-
ing experiments.

Data collection and processing

Data collection was performed with a Rigaku R-axis-II imaging
plate system (Molecular Structure Corp., Houston, Texas, USA)
using CuKe radiation, and one crystal of dimensions 0.3 mm *
0.4 mm * 0.4 mm. A total of 54,776 reflections were measured, and
reduced to 21,615 unique reflections, which correspond to a com-
pleteness of 99.4% in the 20.0-2.1 A resolution range (R,,,, =

251

0.072). Diffracted intensities were processed using MOSFLM
(Leslie, 1992) and programs from the CCP4 program suite (CCP4,
1994). The crystal employed belongs to the monoclinic space group
C2 with unit cell constants: a = 71.9 A, b = 728 A, c = 733 A,
and B = 100.7°, one complex moiety per asymmetric unit.

Crystallographic refinement

The structure of the thrombin—hirunorm V complex was ana-
lyzed by difference Fourier techniques. Atomic coordinates of the
thrombin-hirugen complex were recovered from the Brookhaven
Protein Data Bank (Bernstein et al., 1977; Abola et al., 1987) as
data set lhah (Vijayalakshmi et al., 1994). Water and hirugen
molecules were removed from the starting model prior to structure
factor and phase calculation. The crystallographic R-factor, calcu-
lated in the 20.0-2.1-A resolution range, based on the starting
model coordinates, was 0.340. Fourier maps, calculated with
2F, — F_.and F, — F_ coefficients (F, are the observed structure
factors for the complex, and F.. are those calculated on the basis of
the model atomic coordinates) showed prominent electron density
features in the active site and in the exosite regions of thrombin.
After an initial refinement, limited to the enzyme structure (R-
factor 0.218), a preliminary model for the N-terminal and C-terminal
segments of hirunorm V was easily built and introduced in the
atomic coordinates set for further refinement, which proceeded to
convergence with continuous map inspection and model updates.
Solvent molecules were included if identified by peaks of differ-
ence electron density with value above 3.0 o, and if engaged in
hydrogen bonds. The electron density maps were calculated using
programs from the CCP4 suite (CCP4, 1994) and the structure
refinement was performed using TNT (Tronrud et al., 1987). Map
inspection and model correction during refinement were based on
the graphics program O (Jones et al., 1991).

The final crystallographic R-factor calculated for all the 21,615
observed reflection (in the 20.0-2.1-A resolution range) is 0.176.
The refined mode! includes 2,323 protein atoms, 104 atoms be-
longing to the inhibitor, and 134 water molecules. The RMS de-
viations of bond lengths and bond angles from ideal values (Engh
& Huber, 1991) are 0.018 A and 2.8°, respectively. Atomic coor-
dinates and observed structure factors for thrombin-hirunorm V
complex have been deposited with the Brookhaven Protein Data
Bank (Bernstein et al., 1977; Abola et al., 1987) (entry code 5gds).
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