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ABSTRACT: Thrombin is a primary target for the development of novel anticoagulants, since it plays two
important and opposite roles in hemostasis: procoagulant and anticoagulant. All thrombin functions are
influenced by Na+ binding, which triggers the transition of this enzyme from an anticoagulant (slow)
form to a procoagulant (fast) form. In previous studies, we have conveniently produced by chemical
synthesis analogues of the N-terminal fragment 1-47 of hirudin HM2 containing noncoded amino acids
and displaying up to∼2700-fold more potent antithrombin activity, comparable to that of full-length
hirudin. In the work presented here, we have exploited the versatility of chemical synthesis to probe the
structural and energetic properties of the S3 site of thrombin through perturbations introduced in the
structure of hirudin fragment 1-47. In particular, we have investigated the effects of systematic replacement
of Tyr3 with noncoded amino acids retaining the aromatic nucleus of Tyr, as well as similar hydrophobic
and steric properties, but possessing different electronic (e.g.,p-fluoro-, p-iodo-, orp-nitro-Phe), charge
(p-aminomethyl-Phe), or conformational (homo-Phe) properties. Our results indicate that the affinity of
fragment 1-47 for thrombin is proportional to the desolvation free energy change upon complex formation,
and is inversely related to the electric dipole moment of the amino acid side chain at position 3 of hirudin.
In this study, we have also identified the key features that are responsible for the preferential binding of
hirudin to the procoagulant (fast) form of thrombin. Strikingly, shaving at position 3, by Tyrf Ala
exchange, abolishes the differences in the affinity for thrombin allosteric forms, whereas a bulkier side
chain (e.g.,â-naphthylalanine) improves binding preferentially to the fast form. These results provide
strong, albeit indirect, evidence that the procoagulant (fast) form of thrombin is in a more open and
accessible conformation with respect to the less forgiving structure it acquires in the slow form. This
view is also supported by the results of molecular dynamics simulations conducted for 18 ns on free
thrombin in full explicit water, showing that after∼5 ns thrombin undergoes a significant conformational
transition, from a more open conformation (which we propose can be related to the fast form) to a more
compact and closed one (which we propose can be related to the slow form). This transition mainly
involves the Trp148 and Trp60D loop, the S3 site, and the fibrinogen binding site, whereas the S1 site,
the Na+-binding site, and the catalytic pocket remain essentially unchanged. In particular, our data indicate
that the S3 site of the enzyme is less accessible to water in the putative slow form. This structural picture
provides a reasonable molecular explanation for the fact that physiological substrates related to the
procoagulant activity of thrombin (fibrinogen, thrombin receptor 1, and factor XIII) orient a bulky side
chain into the S3 site of the enzyme. Taken together, our results can have important implications for the
design of novel thrombin inhibitors, of practical utility in the treatment of coagulative disorders.

Thrombin is a serine protease whose function is central
to the control of the blood coagulation process (1), and for
this reason, it remains the primary target for the development
of novel anticoagulants (2). As often occurs in highly

regulated biological systems, thrombin plays two opposite
roles in hemostasis: procoagulant and anticoagulant. The
procoagulant activity of thrombin involves the conversion
of soluble fibrinogen into an insoluble fibrin clot, platelet
aggregation via activation of protease-activated receptors
(PARs),1 stabilization of the newly formed fibrin clot through
activation of factor XIII, and amplification of its own
production through activation of factors V, VIII, and XI. The
anticoagulant role involves the thrombomodulin-assisted
activation of protein C, which in turn downregulates the
conversion of prothrombin into active thrombin, through
proteolytic inactivation of factor Va (3, 4). All thrombin
functions are influenced by Na+ binding, which triggers the
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transition of this enzyme from an anticoagulant (slow) form
to a procoagulant (fast) form. The Na+-bound form cleaves
more specifically fibrinogen and PARs, whereas the Na+-
free (slow) form preferentially hydrolyzes protein C (4).
Under physiological conditions of temperature (37°C) and
Na+ concentration (145 mM), the two allosteric forms of
thrombin are almost equally populated, whereas at 25°C
and 0.2 M NaCl or ChCl, the enzyme exists predominantly
(> 90%) in the fast or slow form, respectively (4). In this
view, molecules capable of affecting the equilibrium between
these two forms can have great potential therapeutic impact
in the treatment of coagulative disorders (5).

Among natural anticoagulants, hirudin is the most potent
and specific inhibitor of thrombin, with a dissociation
constant in the range of 20-200 fM (6, 7). Structural studies
conducted on hirudin in the free (8-10) and thrombin-bound
state (11) indicate that this inhibitor is composed of a
compact N-terminal region, encompassing residues 1-47 and
cross-linked by three disulfide bridges, and a flexible
negatively charged C-terminal tail that binds to the fibrinogen
recognition site (exosite I) on thrombin. The N-terminal
domain covers the active site of thrombin and through its
first three amino acids extensively penetrates into the
specificity pockets of the enzyme. Notably, the N-terminal
tripeptide makes approximately half of the total contacts
observed for the binding of fragment 1-47 to thrombin. By
limited proteolysis of full-length hirudin, we were able to
produce the peptide fragment corresponding to the N-terminal
domain (residues 1-47) of hirudin HM2 (6). Although far
less active (at least 2× 105-fold) than intact hirudin, this
fragment (like the parent hirudin molecule) binds∼30-fold
more tightly to the fast form of thrombin than to the slow
form (12, 13), suggesting that the structural determinants for
this behavior are specified by the amino acid residues along
the sequence of the N-terminal domain. Hence, mutational
studies on hirudin fragment 1-47 can be useful not only in
investigating the physicochemical determinants that are
responsible for the extraordinary affinity and specificity of
hirudin for thrombin but also in probing the structural
properties of the enzyme in the slow or fast forms.

The advent of recombinant DNA techniques made it
possible to site-specifically insert, delete, or mutate almost
any amino acid in a given protein, significantly improving
our knowledge of protein structure, stability, and function
(14-16). Nevertheless, a quantitative description of the
physical and chemical basis that makes a polypeptide chain
efficiently fold into a stable and functionally active confor-

mation is still elusive. This mainly originates from the fact
that nature combined, in a yet unknown manner, different
properties (i.e., hydrophobicity, conformational propensity,
polarizability, hydrogen bonding capability, etc.) into the 20
standard natural amino acids, thus making it difficult, if not
impossible, to unequivocally relate the change in protein
stability or function to the variation of physicochemical
properties caused by amino acid exchange(s). In this view,
incorporation of noncoded amino acids with tailored side
chains, allowing fine tuning of the structure at a protein site,
would facilitate dissection of the effects of a given mutation
in terms of one or a few physicochemical properties, thus
much expanding the scope of physical organic chemistry in
the study of proteins (17). Over the past three decades,
incorporation of noncoded amino acids has been widely
exploited in the study of bioactive peptides (18, 19).
However, the results of these studies provide only a
qualitative picture of the mechanism of ligand-receptor
interaction, and thus are of limited predictive power, as also
documented by the explosion in the past few years of
serendipity-based approaches in peptide design and drug
discovery (20). These difficulties stem primarily from the
fact that introduction of single or multiple amino acid
exchanges into a short peptide is expected not only to alter
the interaction energy at the binding site(s) of the receptor
but also to affect (in a yet unpredictable way) fundamental
properties of the free ligand, including electrostatic potential,
hydration energy, and conformational entropy. In this respect,
advancements of peptide synthetic chemistry made possible
the incorporation of noncoded amino acids into even long
polypeptide chains, allowing researchers to carry out muta-
tional studies on proteins. An advantage of this approach
resides in the fact that proteins, contrary to peptides, are
generally characterized by a well-defined three-dimensional
structure, and thus, they could serve as macromolecular
scaffolds, by keeping the global properties of the molecule
rather constant and allowing the changes in binding free
energy to be related in a more predictable way to the local
variations of the physicochemical properties at the mutation
site(s).

In previous studies, we have used this approach to stabilize
the C-terminal domain of thermolysin against thermal
denaturation (21) and to produce analogues of the N-terminal
fragment 1-47 of hirudin HM2 displaying more potent
antithrombin activity (12, 22). We have also shown that the
effects of multiple amino acid replacements are nicely
additive, and in the case of fragment 1-47, cumulative amino
acid exchanges yielded a highly potent analogue binding to
the fast and slow forms of thrombin with affinities 2700 and
6800 times higher than that of the natural product, respec-
tively, and comparable to that of full-length hirudin (13). In
this work, we have extended our previous results and
exploited the versatility of chemical synthesis to probe the
structural and energetic properties of the specificity sites of
thrombin through perturbations introduced into hirudin
structure (Figure 1). In particular, we have investigated the
effects of systematic replacement of Tyr3 with noncoded
amino acids retaining the aromatic nucleus of Tyr, as well
as similar hydrophobic and steric characteristics, but pos-
sessing different electronic (e.g.,p-fluoro-, p-iodo-, and
p-nitro-Phe), charge (p-aminomethyl-Phe), or conformational
(homo-Phe) properties. Our results indicate that the affinity

1 Abbreviations: ASA, accessible surface area; CD, circular dichro-
ism; ChCl, choline chloride; DIEA, diisopropylethylamine; DMF,N,N-
dimethylformamide; DTT, dithiothreitol; EDT, ethanedithiol; ESI,
electrospray ionization; Fmoc, 9-fluorenylmethyloxycarbonyl; Fmoc-
ONSu, (9-fluorenylmethyloxycarbonyl)-O-N-hydroxysuccinimide; HBTU,
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophos-
phate; HOBt, 1-hydroxybenzotriazole; HPLC, high-pressure liquid
chromatography;â-ME, â-mercaptoethanol; PAR, protease-activated
receptor; pdb, Protein Data Bank; PEG, polyethylene glycol; RP,
reverse-phase; rt, room temperature; TFA, trifluoroacetic acid; UV,
ultraviolet; TOF, time-of-flight; HM2 and HV1, hirudin variants isolated
from the leechesH. manillensisand H. medicinalis, respectively.
Standard three-letter abbreviations are used for all natural amino acids.
Tyr3Ala refers to the synthetic analogue of fragment 1-47 of hirudin
HM2 in which Tyr3 has been replaced with Ala, while Tyr3Cha and
Tyr3âNal correspond to the analogues obtained by replacing Tyr3 with
cyclohexylalanine (Cha) andâ-naphthylalanine (âNal), respectively.
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of fragment 1-47 for thrombin is proportional to desolvation
free energy change upon complex formation, and is inversely
related to the electric dipole moment of the amino acid side
chain at position 3 of hirudin. In this study, we have also
attempted to identify the key features that are responsible
for the preferential binding of hirudin to the procoagulant
(fast) form of thrombin, by introducing coarse variations into
hirudin sequence and by molecular dynamics (MD) simula-
tion of the free thrombin molecule in full explicit water
solvent. Strikingly, shaving at position 3 (i.e., Tyrf Ala
exchange) abolishes the differences in the affinity for
thrombin allosteric forms (∆Gc ∼ 0), while a bulkier side
chain (e.g.,âNal) slightly improves binding of the fast form.
These findings are in agreement with those obtained by MD
calculations providing a picture of the procoagulant fast form
of thrombin being in a more open and accessible conforma-
tion with respect to that of the anticoagulant slow form.

EXPERIMENTAL PROCEDURES

Materials

Fragment 1-47 of hirudin fromHirudinaria manillensis
(variant HM2) was obtained by limited proteolysis with
trypsin of hirudin HM2 (6, 22), which was generously
provided by the Bioscience Center of Pharmacia-Upjhon
(Milan, Italy). Bovine trypsin (EC 3.4.21.4) and human
R-thrombin (EC 3.4.21.5) were purchased from Sigma (St.
Louis, MO). L-Arginine-p-nitroanilide and, when com-
mercially available, Fmoc derivatives of non-natural amino
acid were from Bachem AG (Bubendorf, Switzerland) or
Advanced Chemtech (Louisville, KY). Other protected amino
acids, solvents, and reagents for peptide synthesis, as well
as those for peptide and protein sequence analysis, were from
Applied Biosystems (Foster City, CA). Trifluoroacetic acid
(TFA), formic acid, andâ-mercaptoethanol (â-ME) were
purchased from Pierce (Rockford, IL); polyethylene glycol
(PEG) 8000, ethanedithiol (EDT), and dithiothreitol (DTT)
were from Fluka (Basel, Switzerland). All other reagents,

buffers, and organic solvents were analytical grade and
obtained from Fluka or Merck (Darmstadt, Germany).

Methods

Peptide Synthesis.Fmoc derivatives ofpI-Phe andhomo-
Phe were prepared using Fmoc-ONSu as an acylating agent,
according to the method of Ten Kortenaar et al. (23). The
analogues of hirudin HM2 fragment 1-47 were synthesized
by the solid-phase Fmoc method (Atherton and Sheppard,
1987) in two sequential steps involving automated synthesis
of segment 6-47 on a Lys-derivatized (0.48 mmol/g of resin)
p-alkoxybenzyl ester polystyrene resin (24) and elongation
of the peptide by manual solid-phase procedure, as previously
described (22). The crude reduced peptides, obtained after
precipitation with ice-cold diethyl ether, were dissolved (2
mg/mL) in 0.1 M NaHCO3 buffer (pH 8.3) and allowed to
fold for 24 h under air oxidation conditions in the presence
of 100 µM â-mercaptoethanol (22, 25). The refolded
disulfide-oxidized peptides were purified by preparative RP-
HPLC on a Vydac (The Separations Group, Hesperia, CA)
C18 column (1 cm× 25 cm, 10µm particle size), eluted
with a linear acetonitrile/0.05% TFA gradient, and their
chemical identity was established by automated N-terminal
sequence analysis and high-resolution mass spectrometry on
a Mariner ESI-TOF instrument from Perseptive Biosystems,
which gave mass values in agreement with the expected
amino acid composition within 10 ppm mass accuracy. For
some analogues of hirudin fragment 1-47, the correctness
of disulfide pairing was established by enzymatic fingerprint
analysis, as previously described (22).

To obtain experimental estimates of the hydrophobic
properties of hirudin analogues mutated at position 3, the
retention times (tR) for all the analogues have been deter-
mined by reversed-phase HPLC analysis. Aliquots (20-30
µg) of the synthetic peptides in 5 mM Na2HPO4 buffer (pH
6.4) were loaded (100µL) onto a Vydac C18 (4.6 mm×
150 mm, 5µm) column equilibrated with the same phosphate
buffer and eluted at room temperature with a linear aceto-

FIGURE 1: Amino acid sequence (A) (70) and schematic representation (B) of the solution structure (10) of N-terminal fragment 1-47 of
hirudin HM2 fromH. manillensis. Position 3 is indicated in bold, and disulfide bonds are represented with solid lines. The ribbon drawing
was generated using the program WebLab ViewerPro 4.0 (Molecular Simulations Inc., 2000). (C) Chemical structure of the amino acid
side chains at position 3 of hirudin fragment 1-47.
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nitrile gradient from 5 to 25% in 30 min at a constant flow
rate of 0.8 mL/min. The absorbance of the effluent was
recorded at 226 nm. All the peptides gave a single, sharp,
and symmetrical peak, with errors intR being typically less
than(0.2 min.

The chromogenic substrateD-Phe-Pro-Arg-p-nitroanilide
(FPR) was synthesized by liquid-phase Fmoc chemistry using
the HOBt/HBTU activation procedure, as previously de-
scribed (26).

Spectroscopic Measurements. The concentration of the
analogues of fragment 1-47 was determined by ultraviolet
(UV) absorption at 280 nm on a double-beam model
Lambda-2 spectrophotometer from Perkin-Elmer (Norwalk,
CT). The extinction coefficient at 280 nm (ε280) for the
natural fragment was calculated to be 2920 M-1 cm-1,
utilizing molar absorption coefficients of 1280 M-1 cm-1

for Tyr and 120 M-1 cm-1 for Cys (27). For those peptide
analogues possessing at position 3 nonabsorbing amino acids
(i.e., Ala, Phe,pF-Phe,p-aminomethyl-Phe,homo-Phe, and
Cha), the value ofε280 was taken to be 1640 M-1 cm-1. The
extinction coefficients for the synthetic peptides Tyr3pI-Phe
and Tyr3pNO2-Phe were taken to be 1900 and 10 740 M-1

cm-1, respectively. Theε280 values forpI-Phe andpNO2-
Phe were determined experimentally to be 260 and 9100 M-1

cm-1, respectively, by measuring the absorbance of amino
acid solutions with known concentrations.ε280 for Tyr3âNal
analogue was calculated to be 7020 M-1 cm-1, utilizing a
molar absorption coefficient of 5380 M-1 cm-1 for âNal
(12, 28).

Circular dichroism (CD) spectra were recorded on a Jasco
(Tokyo, Japan) model J-710 spectropolarimeter equipped
with a thermostated cell holder and a NesLab (Newington,
NH) model RTE-110 water circulating bath. Far- and near-
ultraviolet CD spectra were recorded at 2°C in 10 mM
phosphate buffer (pH 7.0) at a peptide concentration ranging
from 20 to 100µM, using 1 or 5 mm path length quartz
cells in the far- or near-ultraviolet region, respectively.
Flexibility and/or stability measurements were carried out
by recording the ellipticity value at 265 nm ([θ]265) as a
function of the temperature increase in the cuvette. Data are
reported as the [θ]/[θ]° ratio, where [θ]° is the ellipticity
value measured at the starting temperature (2°C).

Thrombin Inhibitory ActiVity. The dissociation constants,
Kd, for enzyme-inhibitor complexes were determined by
using the same experimental procedure and theoretical
framework we have already used in our previous studies on
hirudin analogues (12, 13). This method has been described
in detail by Di Cera and co-workers (29) and also used to
derive inhibitory properties of the hirudin HV1 variant and
its proteolytic fragments 1-49 and 1-43 (30). Substrate
concentration, product inhibition, and the effects of sodium
ion on the enzymatic activity of thrombin were taken into
account in determiningKd values. Binding of hirudin
fragment 1-47 analogues was quantified using progress
curves started by addition of thrombin. Measurements were
carried out at 25°C in 5 mM Tris (pH 8.0) containing 0.1%
(w/w) PEG 8000 in the presence of a constant concentration
(20 µM) of the chromogenic substrate, in the presence of
varying concentrations of the inhibitor. The reaction was
started by addition of 50 pM thrombin for studying the fast
form and 200 pM thrombin for the slow form. The release
of p-nitroaniline fromD-Phe-Pro-Arg-pNA was assessed by

recording the increase in absorbance at 405 nm. The ionic
strength was kept constant at 200 mM with NaCl for the
fast form or with ChCl when the slow form was being
studied. The properties of the fast form were derived as the
extrapolation of [Na+] f ∞ at a constant ionic strength of
200 mM. Kinetic constantskm and kcat used in this study
were determined to be 0.48( 0.03µM and 44( 2 s-1 for
the fast form, respectively, and 1.9( 0.1µM and 5.7( 0.3
s-1 for the slow form, respectively. These values yield
specificity constants (s ) kcat/km) of 90 and 3.0µM-1 s-1

for the fast and slow forms, respectively, identical to those
reported by Di Cera and co-workers for the same substrate
(4).

Computational Methods. The structure of the synthetic
analogues of fragment 1-47 of hirudin HM2 in the free state
was modeled on the NMR solution structure of natural
fragment 1-47 (10), which can almost be superimposed with
that of the corresponding segment 1-49 in the intact hirudin
HV1 variant (8) or with that of HV1 fragment 1-51 (9).
The best-representative model in the NMR ensemble
was selected using the program OLDERADO (http://
neon.chem.le.ac.uk/). The structure of the synthetic analogues
in the thrombin-bound state was modeled on the 2.1 Å
resolution crystallographic structure of the hirudin-thrombin
complex (11; PDB entry 4htc).

The contribution of hydrophobicity to the free energy
change of binding (∆Gb) was estimated by calculating the
difference in the free energy change due to desolvation
(∆Gdesolv) of polar and apolar groups that are shielded from
water upon hirudin-thrombin association, and is given by
the equation∆Gdesolv) Gdesolv(complex)- [Gdesolv(thrombin)
+ Gdesolv(hirudin)] ) -∑i∆σi∆ASAi (31, 32). ∆ASAi is the
change in the accessible surface area (ASA) for the atomi
upon binding of hirudin to thrombin, and∆σi (also called
the atomic solvation parameter) is the solvation free energy
change per unit area of atomi that becomes buried upon
binding. The desolvation free energy change of binding for
a mutated hirudin analogue (M) is calculated relative to that
of the wild-type fragment 1-47 (WT) as ∆∆Gdesolv )
∆Gdesolv(M) - ∆Gdesolv(WT). Atomic solvation parameters
for carbon (C), nitrogen (N), oxygen (O), charged nitrogen
(N+), and charged oxygen (O-) are those reported by
Eisenberg and McLachlan (33) [∆σ(C) ) 16 ( 2 cal mol-1

Å-2, ∆σ(N/O) ) -6 ( 4 cal mol-1 Å-2, ∆σ(N+) ) -50 (
9 cal mol-1 Å-2, and∆σ(O-) ) -24 ( 10 cal mol-1 Å-2]
and based on waterf octanol transfer data for amino acid
residues at 25°C (34). ∆σ values for fluorine [∆σ(F) ) 12
cal mol-1 Å-2], iodine [∆σ(I) ) 27 cal mol-1 Å-2], and a
nitro group [∆σ(NO2) ) 3 cal mol-1 Å-2] were estimated
by the equation∆σ(X) ) [∆∆Gexp(X) - ∆σ(C)∆ASA(C)]/
ASA(X), where X is F, I, or NO2. ∆∆Gexp(X) is given by
the equation∆∆Gexp(X) ) -2.30RTπX, whereR is the gas
constant,T equals 298.15 K, andπ(X) is the difference
between the logarithm of the waterf octanol partition
coefficient (logP) of thep-X-substituted toluene derivative
(φ-X) and that of toluene (φ-H) [π(X) ) log Pφ-X - log
Pφ-H]. ∆σ(C) ) 16 ( 2 cal mol-1 Å-2, and∆ASA(C) )
ASA(C)φ-X - ASA(C)φ-H. The values of the waterf
octanol partition coefficients for toluene (logP ) 2.73) and
p-nitrotoluene (logP ) 2.42) were those reported by Sangster
(35), while logP values forp-iodo- andp-fluoro-substituted
toluene derivatives were calculated by adding the contribu-
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tion of the methyl group [π(-CH3) ) 0.60 (36)] to the
corresponding values determined experimentally for fluo-
robenzene (logPφ-F ) 2.27) and iodobenzene (logPφ-I )
3.25) (35). ASA calculations were carried out on the natural
and synthetic peptide analogues in the free and thrombin-
bound state by using a computer program available on-line
at http://molbio.info.nih.gov/structbio/basic.html (37). Vol-
umes of pockets and cavities were calculated with the
computer program CASTp (38) which is available on-line
at http://cast.engr.uic.edu/cast1/. ASA and volume calcula-
tions were carried out by using a water probe radius of 1.4
Å. When the additivity properties of electric dipole moments,
µ, are considered, the values for thep-X-substituted toluene
derivatives (Me-φ-X) are estimated with the equationµ(Me-
φ-X) ) µ(φ-X) + µ(Me-φ), whereµ(φ-X) andµ(Me-φ) are
the values ofµ determined experimentally at 25°C in
benzene for X-substituted benzenes (φ-X) and for toluene
(Me-φ), respectively (39). µ values are measured in Debye
(D), where 1 D) 3.336× 10-30 C/m-1. Side chain molecular
volumes were calculated using PC-Spartan-Pro version 1.0.1
(Wavefunction, Inc.).

Molecular Dynamics Simulation Protocol. The starting
structure for the simulation was that of the PPACK-inhibited
thrombin, determined by Bode et al. (40) at 1.9 Å resolution
(PDB entry 1ppb). Comparison of theR-carbon tracing of
PPACK-inhibited thrombin with that of the hirudin-
thrombin complex, crystallized in the presence of sodium
ion as well (11; PDB entry 4htc), reveals that approximately
two-thirds of all CR atoms differ by only 0.26 Å in rmsd,
while larger differences are in the Trp148 and Trp60D
insertion loops, as well as in the N- and C-terminal ends
(40). This highly conserved structural similarity between the
two thrombin structures allows a more realistic comparison
of the results obtained experimentally from amino acid
exchanges on hirudin structure with those inferred from MD
simulations on thrombin.

The covalently bound inhibitorD-Phe-Pro-Arg-methyl
ketone was removed, and the protein was solvated with water
in a periodic truncated octahedron large enough to contain
the protein and 0.8 nm of solvent on all sides. All solvent
molecules within 0.15 nm of any protein atom were removed.
The total charge of the protein was+3, and no counterions
were added. As water has a high dielectric constant, the
inclusion of no counterions was considered a better ap-
proximation of the experimental conditions. The resulting
system was composed of 3071 protein atoms and 15 423
water molecules. The system was then energy minimized
with a steepest descendent method for 1000 steps to remove
all the possible bad contacts. During the simulation, the
protein and the rest of the system were coupled separately
to a temperature bath maintained close to the intended values
by weak coupling to an external temperature bath with a
coupling constant of 0.1 ps (41). The GROMOS-96 force
field was used (42) for the minimization procedure, with a
time step of 2 fs. Water molecules were modeled according
to the “simple point charge” (SPC) model (43). The LINCS
algorithm (44) was used to constrain all bond lengths. A twin
range cutoff was used to calculate the nonbonded interac-
tions. The short-range cutoff radius was set to 0.8 nm and
the long-range cutoff radius to 1.4 nm for both Coulombic
and Lennard-Jones interactions. The interactions within the
short range were updated every time step, while interactions

within the long-range cutoff were updated every five time
steps together with the pairlist. All atoms were given an
initial velocity obtained from a Maxwellian distribution at
the desired initial temperature. The density of the system
was adjusted by performing the first equilibration runs under
NPT conditions by weak coupling to a bath of constant
pressure (P ) 1 bar, coupling timeτp ) 0.5 ps). The
simulation, starting from the crystal structure, was equili-
brated by 50 ps of MD run with position restraints on the
protein to allow relaxation of the solvent molecules. This
first equilibration run was followed by another 50 ps run
without position restraint on the protein. The production run
was carried out under NVT conditions for 18 ns, after
equilibration. All the MD runs and the analysis of the
trajectories were performed using the GROmacs software
package (45) run on a DEC-alpha PC cluster.

Essential dynamics (ED) analysis (46) was also carried
out to separate the motions of a protein into an essential
subspace describing most of the functional motions, and into
a physically constrained subspace, merely describing ir-
relevant local fluctuations. The essential subspace is defined
by a set of orthonormal vectors, associated with the larger
eigenvalues of the atomic positional fluctuation covariance
matrix. Eigenvectors defining the directions of higher
displacement are generally listed in decreasing order of the
value of the corresponding eigenvalue, and the first few of
them can capture most of the essential motions of the protein.
The correlation of the essential motions of two segments of
the protein was estimated by calculating the cross-correlation
function between the projection of the two protein segments
onto the first eigenvector obtained from the ED analysis of
both segments.

RESULTS

Selection of Amino Acid Replacements. The X-ray structure
of the complex of humanR-thrombin with the hirudin HV2
variant (11) indicates that the three N-terminal residues of
hirudin are completely buried in the active site of the enzyme
and form a parallelâ-sheet with Ser214-Gly219 of throm-
bin. In particular, the amino terminus forms a hydrogen bond
with the OH group of Ser195 and points toward the S2 site,
shaped by the Leu59-Leu62 insertion loop; the amino acid
at position 2 is located at the entrance of, but does not
penetrate into, the S1 binding site, and finally, Tyr3 interacts
with the apolar S3 site, lined by Trp215, Ile174, and Leu99.

In a previous work (12), we have shown that a rough
correlation exists between the increase in hydrophobicity at
position 3 of hirudin fragment 1-47 and the affinity of the
resulting inhibitors for thrombin. Taking advantage of the
versatility of chemical synthesis, in this study, we decided
to keep the hydrophobic and steric properties of the amino
acids at position 3 rather constant and change their electric
and conformatioanl characteristics. To this end, we have
introduced electron-withdrawing groups (i.e., F, I, and NO2)
at the para position of the phenyl ring. We have also
introduced a net positive charge at position 3 by replacing
Tyr3 with p-aminomethyl-Phe. This phenylalanine analogue
carries a primary amino group with a pKa of 9.36 (35), and
for this reason, it can be considered a suitable rigid analogue
of Lys. Thereafter, to explore the influence of side chain
flexibility and orientation on thrombin affinity, we have
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replaced Phe with its higher homologuehomo-Phe, which
is more hydrophobic than Phe and has a greater side chain
conformational entropy, due to the presence of an extra
rotatable bond between CR and the phenyl ring. The
physicochemical properties of the organic compounds (i.e.,
toluene derivatives), taken to be suitable models of the
corresponding amino acid side chains, are reported in
Table 1.

Finally, we have investigated the features responsible for
the selectivity of hirudin toward the procoagulant (fast) form
of thrombin by evaluating the effects of coarse variations in
the side chain volume of the amino acid residue at position
3. To this end, we have decided to lessen or enlarge the size
of the side chain at this position by replacing Tyr3 with Ala
or â-naphthylalanine. These amino acids possess similar
conformational propensities (47), but very different molecular
volumes and hydrophobicity values (Table 1).

Synthesis and Characterization.Chemical synthesis of
peptide analogues of the N-terminal domain 1-47 of hirudin
was carried out by a combination of manual and automated
solid-phase synthesis using the synthetic strategy previously
described (12, 22). The crude peptides with the Cys residues
in the reduced state were allowed to fold (2 mg/mL) under
air-oxidizing conditions in bicarbonate buffer (pH 8.3) in
the presence of 100µM â-mercaptoethanol (22, 25). As an
example, the RP-HPLC analyses of the crude synthetic
analogue Tyr3homo-Phe in the reduced and disulfide-
oxidized state are reported in Figure 2. The chemical identity
of the disulfide folded peptides was established by N-terminal
sequence analysis and ESI-TOF mass spectrometry, which
gave experimental values in agreement with theoretical amino

acid composition within 10 ppm mass accuracy. For some
of the synthetic peptides, the exact topology of disulfide
bonds was established by using the enzymatic fingerprint
analysis previously reported for the natural fragment (22).
All the peptides were purified by preparative RP-HPLC,
lyophilized, and used for subsequent conformational and
functional characterization.

The conformational properties of the synthetic analogues
of hirudin fragment 1-47 were investigated by CD spec-
troscopy in the far- and near-UV region. The far-UV CD
spectra of all the synthetic peptides share common features
typical of â-like secondary structure, with a negative
minimum centered at∼217 nm and a positive band at 200
nm (not shown). However, as outlined previously (12, 22),
the CD signal of these small proteins in the far-UV region
is strongly influenced by the contribution of the aromatic
amino acids along the polypeptide chain, and thus, it is of
limited utility in the analysis of protein conformation.
Conversely, near-UV CD is a very sensitive probe of protein
tertiary structure, and it is usually taken as a fingerprint of
the chemical environment in which aromatic amino acids
and disulfide bonds are located within protein structure (48).
As shown in Figure 3, the near-UV CD spectra of the
synthetic hirudin analogues are dominated by a prominent
positive band centered at 260 nm, corresponding to the
absorbance of the three disulfide bonds in the right-handed
chirality (22), in agreement with the NMR solution structures
of the hirudin N-terminal domain (8-10), while the fine
structure observed in the range of 280-300 nm is due to
the contribution of aromatic amino acids. The spectrum of
the natural fragment 1-47 has shape and molar ellipticity
values closely similar to those of the full-length hirudin HM2
variant fromH. manillensis(unpublished), as well as that
of the more studied hirudin HV1 variant fromHirudo
medicinalis(49), its sequence being∼75% homologous with
that of hirudin HM2 (70). The moderately different spectral
properties of the Tyr3Cha analogue with respect to those of
wild-type fragment 1-47 are almost exclusively assigned
to the lack of Tyr3 contribution, as also given by the fact
that the difference spectrum obtained by subtracting the

Table 1: Physicochemical Properties of Amino Acid Side Chains at
Position 3 of Hirudin Fragment 1-47

side chain
at position 3

volumea

(Å3)
log Pb

(π) Fc Rc
µd

(D)

Tyr (wild type) 138 1.97 (0.96) 0.29-0.64 -1.57
2.02e

Phe 127 2.73 (1.79) 0.00 0.00 0.36
Cha 146 3.88 (2.72) 0.0
pF-Phe 133 2.87 0.43 0.34 1.79
pNO2-Phe 157 2.42 (1.96) 0.67 0.16 4.38
pI-Phe 160 3.85 0.40-0.19 1.72
homo-Phe 147 3.15 (2.10) 0.39
p-aminomethyl-Phe 165 -0.80 naf

Ala 38 0.60 (0.31) 0.0
âNal 180 4.00 (3.15) 0.44

a Side chain molecular volumes are referenced to the volume within
the van der Waals surface, and are calculated for the corresponding
organic compounds taken to be suitable models for the amino acid side
chains (e.g.,p-cresol for Tyr and toluene for Phe).b Log P values are
those of the corresponding model compounds determined experimen-
tally at 25 °C and reported by Sangster (35). When available, the
hydrophobic substituent constants,π, of amino acid side chains are
given in parentheses (34). c F and R are the field and resonance
contributions to the Hammett electronic substituent constant,σp,
respectively (52). Electron-withdrawing groups possess positiveF and
R values, whereas electron-releasing groups have negativeR values.
d µ is the electric dipole moment of organic model compounds of the
amino acid side chains determined at 25°C in benzene (39, 62). e µ
value of Tyr corrected for the absence of resonance effects (see the
Discussion). A positive sign ofµ stands for a negative end pointing
away from the phenyl ring, toward thep-X substituent. A detailed
description of the procedures employed to obtain estimates of the
physicochemical properties of the side chains is reported in Experi-
mental Procedures.f Not available.

FIGURE 2: RP-HPLC analysis of the crude synthetic analogue
Tyr3homo-Phe in the reduced (lower trace) and disulfide-oxidized
states (upper trace). The chromatographic separations were con-
ducted on a Vydac C18 analytical column (4.6 mm× 250 mm, 5
µm) eluted with a linear acetonitrile/0.05% TFA (‚‚‚) gradient at a
flow rate of 0.8 mL/min and recording the absorbance of the effluent
at 226 nm.
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spectrum of the Tyr3Cha analogue (curve 4 in Figure 3) from
that of the wild-type (Tyr3-containing) fragment (curve 5)
resembles that typical of Tyr (not shown). This also holds
for the pI-Phe analogue (curve 3) and the other para-
substituted phenylalanine derivatives (i.e.,pF-Phe andpNO2-
Phe), which (like Cha) give only a weak absorption in the
range of 250-320 nm. In the case of the hirudin analogues
containing Ala (curve 2) orhomo-Phe (curve 1), the even
lower intensity of the near-UV CD signal is caused by the
increased conformational flexibility of these fragment 1-47
derivatives, in addition to merely spectroscopic effects. This
view is supported by the steeper temperature dependence of
the ellipticity, [θ], observed for Tyr3Ala and Tyr3homo-Phe
in the range of 2-40 °C (see the inset of Figure 3) with
respect to that of the wild-type species, which is identical to
that of Tyr3pI-Phe and to those the other para-substituted
analogues (not shown).

These findings allow us to interpret the differences in
affinity for thrombin for most of the synthetic analogues (i.e.,

Cha andpX-Phe derivatives) herein reported on the basis of
the variation of the physicochemical properties at the
mutation site, but also suggest that the influence of the
conformational flexibility of the inhibitor (i.e., Tyr3Ala and
Tyr3homo-Phe) in the free state should also be adequately
taken into account for a correct interpretation of binding data.

Antithrombin ActiVity. The inhibitory potency of the
synthetic analogues toward the procoagulant (fast) and
anticoagulant (slow) forms of thrombin has been determined
by measuring at 405 nm the extent of release ofp-nitroaniline
from the synthetic substrateD-Phe-Pro-Arg-pNA (Experi-
mental Procedures). From these experiments, the values of
the dissociation constant,Kd, of thrombin-inhibitor com-
plexes and the difference in the free energy change of
binding, ∆∆Gb, relative to wild-type fragment 1-47 have
been obtained (Table 2).

Tyr3 f Phe and Tyr3f Cha. Thrombin binding data
indicate that Tyr3f Phe exchange improves affinity for
thrombin by 10-fold, whereas saturation of the aromatic ring
of Phe (by Phef Cha substitution) reduces the level of
binding by a similar amount. If hydrophobicity were the
dominant driving force for binding, the Tyr3Cha analogue
would be expected to be a more potent inhibitor than the
wild-type and Tyr3Phe derivative, since Cha has a side chain
volume very similar to that of Tyr or Phe, but is significantly
more hydrophobic (see Table 1). These findings confirm our
previous results (12) and can be explained on the basis of
the three-dimensional structure of the hirudin-thrombin
complex (11), showing that theδ+ hydrogens on the edge
of the Tyr3 ring can favorably interact in a T-shaped
conformation with theδ- π-electron cloud of the aromatic
ring of Trp215 at the S3 site on thrombin (see Figure 4).
These kinds of aromatic-aromatic interactions are known
to contribute 0.6-1.3 kcal/mol to protein stability or binding
energy (50). Therefore, the lack of this edge-to-face interac-
tion in the Tyr3Cha analogue may result in looser binding
to thrombin.

Tyr3 f pX-Phe. The presence of F, I, or NO2 groups on
the phenyl ring of the amino acid at position 3 is expected
to enhance binding to thrombin. In fact, these para-substituted
Phe derivatives are slightly more hydrophobic than Tyr or

Table 2: Thermodynamic Data for the Binding of Synthetic Analogues of Fragment 1-47 to the Procoagulant (Fast) and Anticoagulant (Slow)
Forms of Thrombina

fast form slow form

side chain at position 3 Kd (nM) ∆∆Gb (kcal/mol) Kd (nM) ∆∆Gb
b (kcal/mol) ∆Gc

c (kcal/mol)

Tyr (wild type) 42( 0.5 - 1460( 20 - -2.12
Phe 4( 0.1d -1.37 203( 3 -1.18 -2.31
Cha 49( 0.6d 0.09 1740( 23 -0.09 -2.12
pF-Phe 18( 0.3 -0.48 583( 6 0.56 -2.04
pNO2-Phe 185( 3.0 0.88 2035( 2 0.22 -1.46
pI-Phe 24( 0.2 -0.33 1020( 12 -0.23 -2.22
homo-Phe 157( 2.5 0.79 3290( 38 0.46 -1.79
p-aminomethyl-Phe 140( 2.0 0.72 1590( 22 0.03 -1.44
Ala 2750( 23 2.47 2600( 30 0.32 0.03
âNal 1.1( 0.1d -2.14 94( 4 -1.64 -2.64

a All measurements were carried out at 25°C in 5 mM Tris (pH 8.0) containing 0.1% PEG in the presence of 200 mM NaCl for the fast form
or 200 mM ChCl for the slow form (Experimental Procedures).b ∆∆Gb is the difference in the free energy change of binding to thrombin between
the synthetic analogue (∆Gb*) and the natural fragment (∆Gb

wt): ∆∆Gb ) ∆Gb* - ∆Gb
wt. A negative value of∆∆Gb indicates that the mutated

species binds more tightly to thrombin than the natural fragment. Errors are less than or equal to(0.1 kcal/mol.c ∆Gc is the free energy of
coupling to thrombin measured as∆Gc ) ∆Gb,fast - ∆Gb,slow (29). The value of∆Gc is negative if the inhibitor binds with higher affinity to the
fast form than to the slow form.d For these analogues, thrombin inhibition data were determined experimentally in this study for a second time and
found to be in close agreement with those reported in our previous work (12).

FIGURE 3: Near-UV CD spectra of the natural fragment 1-47 and
its synthetic analogues mutated at position 3: Tyr3homo-Phe (curve
1), Tyr3Ala (curve 2), Tyr3pI-Phe (curve 3), Tyr3Cha (curve 4),
and natural fragment 1-47 (curve 5). All spectra were recorded at
2 °C, at a protein concentration of 0.8-1.0 mg/mL in 10 mM
sodium phosphate buffer (pH 7.0). The inset shows the temperature
dependence of the [θ]/[θ]° ratio for the natural fragment 1-47 (O)
and the analogues Tyr3pI-Phe (2), Tyr3Ala (b), and Tyr3homo-
Phe (4).
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Phe, possess very similar conformational propensities, and
(as shown by model building studies) can be easily accom-
modated at the S3 site of thrombin without clashes. More
importantly, the electron-attracting character of these sub-
stituents, as given by the values ofF andR constants [the
field and resonance contributions, respectively, to the Ham-
mett electronic substituent constant,σp (51)] (see Table 1),
would make the hydrogen atoms of the aromatic nucleus at
position 3 more electron-deficient, thus reinforcing the
electrostatic interaction with theδ- π-electron cloud of
Trp215. Contrary to expectations, electron-withdrawing
substituents failed to improve thrombin binding. Conversely,
their presence resulted in a significant reduction in affinity
of 4 (i.e., Tyr3pF-Phe) to 46-fold (i.e., Tyr3pNO2-Phe) with
respect to that of Tyr3Phe (Table 2).

Rather surprisingly, the presence of a positive charge at
position 3, by Tyr3f p-aminomethyl-Phe exchange, reduced
the affinity for the fast form of thrombin by only 3-fold with
respect to wild-type fragment 1-47 and did not affect the
binding strength to the slow form. Notably, analysis of model
structure and ASA calculations of the Tyr3p-aminomethyl-
Phe analogue complexed to thrombin reveal that the charged
nitrogen atom ofp-aminomethyl-Phe is shielded from water
and buried in the apolar S3 site, formed by Trp215, Leu99,
and Ile174 (11), and traditionally termed the “aryl binding
site” (52). Theoretical calculations (53) estimated an energy
cost of∼10 kcal/mol to bury a charge in the protein interior,
and experimental results obtained on phage T4 lysozyme
indicated that replacement of Met102 with Lys in the protein
core resulted in a protein having a three-dimensional structure
that can be superimposed with that of the wild-type species,
but less stable by∼9 kcal/mol (54). In our case, the
difference in hydrophobicity (see Table 1) betweenp-
aminomethyl-Phe and Tyr or Phe would yield an unfavorable
increase in ∆Gb to thrombin of 3.8 or 4.8 kcal/mol,
respectively. Hence, the low energetic penalty of 0.72 or 0.03
kcal/mol experimentally derived for the binding of Tyr3p-

aminomethyl-Phe to the fast or slow form of the enzyme,
respectively, would lead us to reconsider the apolar properties
of the S3 site or, more reasonably, to invoke specific
interactions of the charged amino group within the S3 site
(see below) that would compensate for its unfavorable
desolvation properties.

Tyr3 f homo-Phe. The presence ofhomo-Phe at positon
3 of hirudin fragment 1-47 reduces antithrombin activity
by 4- and 40-fold with respect to those of the wild type and
Tyr3Phe analogue, respectively. Therefore, althoughhomo-
Phe is more hydrophobic than Phe, the corresponding
fragment 1-47 derivative binds to the fast form of thrombin
with an unfavorable change in∆Gb of 2.1 kcal/mol (Table
2). These findings may be explained by considering that the
Tyr3homo-Phe analogue, while retaining the overall confor-
mational properties of wild-type fragment 1-47, is signifi-
cantly more flexible than the wild type and Tyr3Phe analogue
in the free state, as given by the steeper temperature
dependence of ellipticity, [θ] (see the inset of Figure 3). The
greater flexibility of Tyr3homo-Phe in the free state results
in a larger entropic cost (∆Sb) for binding of the inhibitor to
thrombin and thus in a lower (absolute) value of∆Gb. In
addition, analysis of the model structure of Tyr3homo-Phe
complexed to thrombin indicates that, due to steric clashes,
the side chain ofhomo-Phe cannot establish favorable
contacts with Trp215, but it is more likely thathomo-Phe
points toward Tyr60A and Trp60D in the S2 site, leaving
an uncompensated cavity at the S3 site. Hence, the reduced
antithrombin activity of Tyr3homo-Phe is caused either by
an improper interaction with thrombin recognition sites or
by a flexibilization of the inhibitor in the unbound state.

Tyr3 f Ala and Tyr3f âNal. The results reported above
indicate that position 3 is crucial for binding to thrombin
and that even subtle modifications at this site can significantly
alter the affinity for the enzyme. These findings prompted
us to investigate the effects of coarse variations in the side
chain volume at position 3 on the binding to the fast or slow
form. Thrombin inhibition data reported in Table 2 indicate
that shaving of Tyr3 at Câ reduces the affinity for the fast
form of thrombin by 65-fold, compared to the affinity of
the wild-type species, and by 680-fold with respect to that
of the Tyr3Phe analogue. Conversely, replacement of Tyr3
with the more hydrophobic and bulkierâ-naphthylalanine
(âNal) enhanced the affinity for the procoagulant (fast) form
of thrombin by∼40-fold. These data indicate that via a single
amino acid replacement (Ala3f âNal) it is possible to
change the affinity of hirudin fragment 1-47 for thrombin
by ∼2750-fold, with a difference in∆Gb of 4.6 kcal/mol.

The remarkable increase in the affinity for the fast form,
observed upon Tyr3f âNal exchange, is mainly caused by
the unusually high hydrophobicity ofâNal, which in the free
inhibitor is almost fully exposed to solvent. Moreover, the
additional benzene ring ofâNal can be accommodated at
the S3 site of thrombin without bumps, can still interact in
an energetically favorable T-shaped conformation with
Trp215, and can harbor Ile174 and Leu99 through van der
Waals interactions. On the other hand, the reduction in
affinity for thrombin in the fast form, observed for the
Ty3Ala analogue, can be reasonably explained either by the
lower hydrophobicity of Ala compared to that of Tyr orâNal
(see Table 1) or by the loss of numerous van der Waals
contacts with the S3 site of the enzyme. Analysis of the

FIGURE 4: Schematic representation of the interaction of the
N-terminal tripeptide of hirudin (gray) with thrombin recognition
sites (magenta). Tyr60A and Trp60D of the S2 site and Trp215,
Leu99, and Ile174 forming the apolar S3 site on thrombin are
shown. Water molecules at the hirudin-thrombin interface in the
S2 and S3 sites are represented with red spheres. The OH group of
Tyr3 in hirudin interacts with water molecule W432 (B-factor of
36 Å2, occupancy of 1.0) and is connected to Tyr60A in the S2
site through a water bridge involving W606 (B-factor of 22 Å2,
occupancy of 0.52).
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model structure of Tyr3Ala complexed to thrombin reveals
that shaving of the Tyr3 side chain creates an∼150 Å3 cavity
at the inhibitor-enzyme interface within the S3 region, which
becomes more accessible to water by∼85 Å2. Penetration
of water at the binding interface increases the local dielectric
constant value and thus weakens inhibitor-enzyme electro-
static interactions, with a resulting destabilization of the
hirudin-thrombin complex. In addition, as in the case of
Tyr3homo-Phe, the Ala-containing analogue in the free state
is significantly more flexible than wild-type fragment 1-47
(see Figure 3), and thus, its binding to thrombin is disfavored
on entropic grounds as well.

Strikingly, the presence at position 3 of a small-sized
amino acid like Ala reduces the affinity for the fast form by
65-fold and for the slow form by only 1.8-fold, compared
to that of the natural product, and actually abolishes the
coupling free energy for the binding of hirudin fragment
1-47 to the fast or slow form of thrombin (∆Gc ) 0.03
kcal/mol). Conversely, the replacement of Tyr3 with the
bulkierâNal improves affinity preferentially for the fast form,
with a coupling free energy of-2.6 kcal/mol (see Table 2).
These findings shed new light on the structural requirements
that are responsible for the 30-fold preferential binding of
hirudin (and its N-terminal domain 1-47) to the fast form
of thrombin, and suggest that the S3 site of the enzyme in
the procoagulant (fast) form is in a more open and accessible
conformation with respect to the less forgiving structure it
adopts in the slow form.

Molecular Dynamics Simulation.In this study, we have
used molecular dynamics (MD) simulations to obtain a
structural model of thrombin capable of reasonably account-
ing for the different recognition properties of the procoagu-
lant (fast) and anticoagulant (slow) forms of the enzyme
toward the hirudin analogues reported above as well as its
natural substrates (e.g., fibrinogen and protein C). The
starting structure of thrombin used in the MD simulations
reported herein is that determined at 1.9 Å resolution in the
crystal of the enzyme covalently bound toD-Phe-Pro-Arg-
methyl ketone (PPACK) (40). The thrombin molecule
(depleted of the inhibitor) was allowed to evolve in fully
explicit water solvent for a time period of 18 ns, using the
simulation protocol reported in Experimental Procedures.

Global Properties. The overall secondary structure ele-
ments are in general stable along the whole trajectory (not
shown). However, despite this general characteristic, analysis
of rmsd fluctuation for each residue during the simulation
(Figure 5A) reveals that the regions defined by the Trp148
loop (residues 180-190 in the sequence numbering used in
this study) and Trp60D loop (S2 site), as well as amino acids
93-101, show a high degree of flexibility. To identify the
motions which are actually relevant for the thrombin
conformation, and possibly for its function, separating them
from irrelevant fluctuations, we applied the essential dynam-
ics (ED) analysis (46) to key regions of the thrombin
molecule. This kind of analysis is a valid method for
assessing the correlation existing between different parts of
the protein and their motions, ruling out possible artifacts
that are derived from a simple rmsd analysis. Hence, it was
possible to identify two well-defined conformational minima
on the energy landscape. In particular, our MD simulations
indicate that after∼5 ns, thrombin undergoes a significant

conformational transition mainly involving the Trp148 and
Trp60D loops, the S3 site, and the fibrinogen binding site,
whereas the primary specificity site S1, the Na+-binding site,
and the catalytic pocket remain essentially unchanged. This
transition leads the thrombin molecule from a more open
and accessible conformation, which we propose can be
related to the procoagulant (fast) form, to a more compact
and closed form, which we propose can be related to the
anticoagulant (slow) form. The more compact structure of
the putative slow form is also inferred from the 230 Å2

smaller surface area it exposes to water with respect to that
of the more open fast form, and by the reduction of the radius
of gyration (Rg) occurring after simulation for∼5 ns (Figure
5B). Moreover, the results of ED analysis outline the high
degree of correlation that exists between the motions of all
these regions of thrombin, all occurring after∼5 ns (Figure
6), and suggest that a structural network is present, capable
of communicating conformational changes between the
different structural domains of the enzyme.

FIGURE 5: (A) Root-mean-square fluctuation of thrombin residues
during the molecular dynamics simulation. (B) Variation of the
radius of gyration of thrombin,Rg, as a function of time.Rg is
defined as the mass-weighted rms distance of a collection of atoms
from their common center of mass. LowerRg values are compatible
with an overall more compact protein conformation.

FIGURE 6: Essential dynamics analysis of key regions of thrombin.
Motions along the first eigenvector of the selected regions of
thrombin in the time frame of the simulation are reported.
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In the following, analysis of key regions that are relevant
for the functional properties of thrombin in the two allosteric
forms is reported.

Trp148 Loop. Our data indicate that the Trp148 loop is a
region of high conformational mobility and that after
simulation for ∼5 ns it moves from a solvent-exposed
conformation to one in which the loop is partially folded
onto the protein surface. This transition can have an important
influence on other regions of thrombin. In particular, it may
restrict the access to the catalytic pocket, by closing it on
the lower rim, and to the fibrinogen binding site, by triggering
Arg73 to protrude into a crevice leading to the catalytic
pocket. Although this picture is attractive and correlates well
with the known recognition properties of the fast and slow
forms of thrombin (4), as well as with our results obtained
on hirudin analogues (see obove), great caution should be
used in defining the role of the Trp148 loop in the slowf
fast transition. In fact, our MD simulations also indicate that
the Trp148 loop can sample a wide range of conformations,
which cannot yet be reached by all-atom simulations.
Moreover, this loop is characterized by an intrinsically high
conformational flexibility, as well documented by a number
of X-ray crystal structures showing that it acquires different
conformations when thrombin is complexed to different
inhibitors (40).

Catalytic Pocket. The geometry of the catalytic triad
(His57, Asp102, and Ser195) remains unchanged during the
simulation and close to the atomic positions it has in the
starting structure as the protein could be expected to remain
active. A hydrogen bond is always present between His57
and Asp102; the hydrogen bond between Asp102 and Ser195
is present only in the first 4 ns of the simulation, while it is
absent in the remaining part of the simulation, where the
conformation of thrombin may be related to that of the slow
form. This fact may have some implication in determining
the observed reduced catalytic efficiency of the enzyme in
the slow form (4).

Na+-Binding Site. The Na+-binding site of thrombin is
located within a cylindrical cavity formed by three antipar-
allel â-strands of the B chain (Met180-Tyr184A, Tyr225-
Tyr228, and Val213-Cys220), diagonally crossed by the
Glu188-Glu192 segment, and shaped by the Asp221-
Lys224 loop connecting the last twoâ-strands. The Na+ ion
is coordinated octahedrally to the carbonyl oxygen atoms of
Tyr184A, Arg221A, and Lys224, and by four water mol-
ecules (55). Interestingly, the results of MD simulations
indicate that the conformation of the Na+-binding site
remains stable during the simulation. The site is thus
“preorganized” for Na+ binding, with an obvious energetic
advantage. In this respect, binding of the metal ion would
not be so entropically expensive, and thus, it might provide
the necessary amount of energy to drive the conformation
of thrombin from the slow to the fast form.

S2 and S3 Specificity Sites. The stereochemical properties
of the insertion loops have been recognized as the major
determinants of the unique specificity of thrombin, compared
to other serine proteases (40). The conformational change
of the amino acid residues within the S2 pocket is evident
from the dihedral angle transitions and from the rmsd
calculations for this group of atoms (Figure 5A). In particular,
the rmsd value for both the CR and all-atom calculations
increases from 0.1 to 0.3 Å, after simulation for∼1 ns. Of

note, the solvent accessible area of the S2 site does not show
any particular variation during the simulation. The same type
of analysis was carried out for the residues defining the S3
site, namely, Trp215, Leu99, and Ile174. The values for the
side chain torsional angles of Trp215 do not show sensitive
variations. Nonetheless, the solvent accessible surface area
shows a well-defined variation from 150 to 50 Å2, occurring
after∼5 ns and coincident with the conformational transition
described above.

DISCUSSION

Structure-ActiVity Relationships. Given the apolar char-
acter of the S3 site, traditionally termed the “aryl binding
site” of thrombin (52), we have attempted to relate the
affinity of the synthetic analogues of hirudin fragment 1-47
for the fast form of thrombin to the hydrophobicity value of
the amino acid side chain at position 3. As shown in Figure
7A, plotting the change in binding free energy (∆Gb) versus
the logarithm of the octanolf water partition coefficient
(log P) of the amino acid side chain at position 3 yields a
poor correlation (see the legend of Figure 7 and Table 1).
Even worse behavior is obtained when the RP-HPLC
retention time (tR) is used (Figure 7B) as an experimental
measure of the surface hydrophobicity of hirudin analogues.
In this respect, RP-HPLC has been widely used to derive
lipophilic properties of low-molecular weight pharmaceuti-
cals (56) or even surface properties of globular proteins under
mildly denaturing conditions (57). In the case of hirudin
fragment 1-47, synthetic analogues havingtR values similar
to or even higher than that of the wild-type species (e.g.,
Tyr3pNO2-Phe and Tyr3homo-Phe) display remarkably lower
affinities for thrombin.

To better investigate the role of hydrophobicity in driving
hirudin binding to thrombin, we used the formalism intro-
duced by Eisenberg and McLachlan (33). This approach
assumes that the desolvation free energy change of binding
{∆Gdesolv ) Gdesolv(complex)- [Gdesolv(receptor)+ Gdesolv-
(ligand)]} is related to the amount of polar and apolar surface
area of both the ligand and receptor that becomes buried
upon formation of the complex (31, 32) (see also Experi-
mental Procedures). Data reported in Figure 7C clearly
indicate that the experimental∆Gb is linearly related (r )
0.92) to the variation in desolvation free energy (∆Gdesolv)
calculated on theoretical grounds. Only two data points
strongly deviate from the regression line, namely, Tyr3pI-
Phe and Tyr3p-aminomethyl-Phe. In particular, they were
found to bind thrombin much more tightly than predicted
by desolvation free energy calculations. Structural analysis
of the corresponding complexes with thrombin reveals that
both the iodine atom ofpI-Phe and the charged nitrogen of
p-aminomethyl-Phe can productively interact with the aro-
matic nucleus of Trp215 at the S3 site, thus compensating
for (or overwhelming) their unfavorable desolvation free
energy of binding. In the case of the Tyr3pI-Phe analogue,
the favorable interaction of iodine with Trp215 is predomi-
nantly driven by dispersive forces related to the high
polarizability of iodine. In this regard, I2 forms rather stable
complexes with benzene (58). On the other hand, the
surprisingly high affinity of the Tyr3p-aminomethyl-Phe
analogue can be rationalized by taking into account a specific
charge-π interaction between the protonated amino group
of p-aminomethyl-Phe and theπ-electrons of Trp215. Since
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the seminal work of Burley and Petsko (50) on “weakly polar
interactions”, a great deal of experimental evidence has been
accumulated over the years, leading to the conclusion that
“nonconventional” hydrogen bonds of the type X-H‚‚‚π and
cation-π interactions can play a key role in protein structure
and stability, as well as in ligand recognition (see ref59 for
a recent review). In this respect, theoretical calculations
indicate that, among many other possible combinations of
cations and aromatics, the interaction of NH4

+ (or K+) with
indole provides the most favorable interaction energy (60).
Recently, these predictions have been confirmed by a
comprehensive structural analysis of X-H‚‚‚π hydrogen
bonding, performed on 592 high-resolution (e1.6 Å) protein
structures, in which the indolyl nucleus of Trp was found
by far to be the most frequentπ-acceptor of hydrogen and
the Lys-Trp pair the most represented donor-acceptor pair
(61).

Clearly, the results reported herein indicate that the relative
change in the affinity of hirudin 1-47 analogues can be
estimated by desolvation effects quite well, but on the other
hand, they also emphasize the importance of “hidden
interactions” in hirudin-thrombin recognition. In an attempt
to unravel the physical nature of these forces, we plotted
the experimental∆Gb of hirudin analogues versus the electric
dipole moment,µ, of the para-X-substituted (X is H, F, I,
OH, or NO2) amino acid side chain at position 3 reported in
Table 1. Given the additive properties of electric dipole
moments, theµ value of tyrosine (2.02 D) in wild-type
fragment 1-47 was estimated by adding the electric dipole

moment of toluene (0.36 D) to that of a single C-O bond
(1.66 D) (62), thus assuming that the mesomeric (or
resonance) contribution,R, of the hydroxyl group in the
bound form is negligible (see Table 1). This assumption is
supported by the fact that in the thrombin-bound form, the
electron pairs of the phenolic oxygen atom are hydrogen
bonded to two structural water molecules (W432 and W606),
characterized by lowB-factor (36 and 22 Å2, respectively)
and high occupancy values (0.52 and 1.00, respectively) (11),
and thus are not available for delocalizing onto the aromatic
ring of Tyr. The data shown in Figure 7D indicate that the
affinity of hirudin fragment 1-47 for thrombin is inversely
related (r ) 0.97) to the value ofµ. Moreover, these data
suggest that the hirudin-thrombin interaction is destabilized
by the presence of a partial negative charge at the para
position of the phenyl ring, as in the case ofpNO2-Phe, where
the two oxygen atoms are strongly electron dense. A
reasonable explanation for these results may be found in the
specific electrostatic interactions with the electronicπ-system
of Trp215, which for p-aminomethyl-Phe are attractive,
whereas they are repulsive forpNO2-Phe.

Structural and Dynamical Properties of Thrombin Allo-
steric Forms. The results reported above indicate that position
3 of hirudin is not only crucial for modulating the strength
of hirudin-thrombin interaction but also responsible for the
(>30-fold) preferential binding of this inhibitor to the
procoagulant (fast) form of the enzyme. As shown in Table
2, the presence at position 3 of a small-sized amino acid
like Ala reduces the affinity for the fast form by 65-fold,

FIGURE 7: (A) Plot of the experimental free energy change of binding to the fast form of thrombin (∆Gb) for the synthetic analogues of
fragment 1-47 mutated at position 3 as a function of the logP value of the amino acid side chain. (B) Plot of∆Gb vs the retention time
(tR) determined at pH 6.4 for Tyr3f X analogues of fragment 1-47. The error in the determination oftR values was less than(0.1 min.
(C) Plot of experimental∆∆Gb vs ∆∆Gdesolv. Both ∆∆Gb and∆∆Gdesolv are calculated relative to the natural species. (D) Plot of∆Gb vs
the electric dipole moment,µ, of the amino acid side chain at position 3. A positive sign ofµ stands for a negative end point away from
the phenyl ring, toward thep-X substituent. Theµ value for Tyr has been corrected for the absence of resonance effects (see Table 1). A
detailed description of the procedures used to obtain estimates of the physicochemical properties of the side chains is reported in Experimental
Procedures.
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but does not essentially affect the properties of binding of
the natural fragment to the slow form of thrombin. Con-
versely, the replacement of Tyr3 with the bulkierâNal
improves affinity preferentially for the fast form.

These data can be analyzed within the theoretical frame-
work of site-specific thermodynamics (63, 64) and used to
extract structural information about the S3 site of thrombin
in the slow and fast forms. According to the following
thermodynamic cycle (29)

the slow (S) and fast (F) forms bind the inhibitor (I) with
standard free energy changes∆Gs and∆Gf, while ∆G° and
∆G1 represent the free energy changes for switching from
the slow to the fast form in the absence or presence of the
inhibitor. The coupling free energy (∆Gc) for the cycle is
given by the equation∆Gc ) ∆Gf - ∆Gs ) ∆G1 - ∆G°,
where∆Gf and∆Gs can be determined experimentally. The
guiding idea is that structural information about the S3 site
of thrombin in the two allosteric forms can be gained from
the physicochemical properties of the mutated residue at
position 3 of hirudin and from the effects of the introduced
perturbations on the value of∆Gc. The preferential loss (or
gain) in affinity of a mutated inhibitor for one of the two
allosteric forms of the enzyme is a measure of the energetic
contribution of the interactions being lost (or gained) upon
mutation and provides strong, albeit indirect, means for
identifying those regions on thrombin that have different
structural features in the slow or fast form. On the other hand,
mutations that affect both forms to the same extent reveal
that the perturbations introduced into the inhibitor are
important for binding to thrombin and that the site is not
involved in the slowf fast transition or, otherwise, that the
entity of the introduced perturbation is too small to elicit a
different behavior at that site in the two allosteric forms. In
addition, since Na+ binds the hirudin-thrombin complex
with ∼20-fold higher affinity than the free enzyme (∆G° *
∆G1) (29), then from the linkage principles mentioned above
it follows that the inhibitor must bind with different affinities
to the slow and fast forms (∆Gf * ∆Gs), ruling out other
possibilities.

In the case of Tyr3f Ala exchange, elimination of the
interactions of the Tyr side chain beyond Câ strongly reduces
the affinity for the fast form, while it is practically ineffective
on the slow form, suggesting that the presence of Tyr is
crucial to enhancing binding exclusively to the procoagulant
fast form. On the other hand, the presence of the larger side
chain ofâNal at position 3 enhances the affinity for the fast
form by ∼40-fold and by only 15-fold for the slow form.
Taken together, these results suggest that the S3 site of
thrombin in the procoagulant (fast) form is in a more open
and accessible conformation with respect to the less forgiving
structure it acquires in the anticoagulant slow form. This
conclusion is consistent with the results of molecular
dynamics simulation conducted for 18 ns in explicit water,
showing that after∼5 ns a conformational transition occurs,
leading thrombin from a more open, permissible conforma-

tion (possibly related to the fast form) to a more compact,
closed one (possibly related to the slow form). In this respect,
the putative slow form exposes to water a surface area that
is ∼230 Å2 smaller than that of the fast form, and the total
volume of pockets and cavities in the anticoagulant (slow)
form is reduced by∼170 Å3. In particular, our data indicate
that the S3 site of the enzyme is significantly less accessible
to water (from 150 to 50 Å2) in the slow form, in agreement
with the fact that large side chains (e.g., Tyr andâNal) at
position 3 enhance affinity preferentially for the fast form,
whereas small side chains (e.g., Ala) actually abolish∆Gc,
without affecting the affinity for the slow form (Table 2).

The structural picture of the thrombin allosteric forms
proposed above may also provide a reasonable explanation
for the fact that those substrates that are related to the
procoagulant activities of thrombin (i.e., fibrinogen, PAR-
1, and factor XIII) orient a bulky side chain deep into the
S3 site of the enzyme and, as expected, are cleaved by the
fast form of thrombin 20-40-fold more efficiently than by
the slow form (4). High-resolution structures of thrombin
complexed to peptides encompassing the cleavable sites of
the corresponding macromolecular targets reveal that fi-
brinogen interacts at the S3 site of the enzyme through the
bulky Phe8 having a side chain volume of 127 Å3 [PDB
entry 1bbr (65)], PAR-1 through Leu38 (Leu, 100 Å3) [PDB
entry 1nrs (66)], and factor XIII through two Val residues
(Val29 and Val34; Val, 79 Å3) [PDB entry 1de7 (70)]. On
the other hand, protein C, which is related to the anticoagu-
lant function of thrombin, does not extensively interact with
the S3 site of the enzyme, and it is cleaved with similar
specificity by either the slow or fast form (∆Gc ) 0.2 kcal/
mol) (4). In fact, structural differences possibly existing at
this site in the two allosteric forms are expected to be
inconsequential in protein C recognition and hydrolysis by
thrombin. In this regard, several lines of evidence indicate
that the S3 site of thrombin is not significantly involved in
binding of protein C. First, given the sequence similarity of
PAR-1 (TL38DPR41VSFLL) and protein C (QV166DPR169VLIDG)
at the cleavage site (V), it can be inferred from model building
studies (not shown) that Val166 points to, but does not fill,
the S3 site. Second, enlargement of the S3 pocket of thrombin
by Trp215f Ala exchange (68) reduces the specificity for
fibrinogen andD-Phe-Pro-Arg-pNA by 500- and 100-fold,
respectively, while the specificity for protein C drops by only
3-fold. Third, Asp-Pro-Arg-pNA, lacking Val at P4, is still
a good substrate for thrombin (4).

CONCLUSIONS

It is widely accepted that even the knowledge of the
structure of a ligand-receptor complex provides only partial
information for predicting ligand binding energetics (69). To
possibly tackle this problem in this study, we have attempted
to transfer the quantitative structure-activity relationship
(QSAR) approach, traditionally applied to low-molecular
weight bioactive compounds, to the study of recognition in
macromolecular systems, such as the hirudin-thrombin
complex. Central to our work was the possibility to system-
atically and finely tune the properties of hirudin N-terminal
fragment 1-47 at a desired position through incorporation
of noncoded amino acids with tailored side chains. The
results reported in this study provide unprecedented informa-
tion about the hidden interactions involved in hirudin-
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thrombin recognition and the structural features responsible
for the 30-fold preferential binding of hirudin for the fast
form of thrombin over the slow form. These findings also
agree with a picture of thrombin inferred from MD simula-
tion, showing that the fast form of the enzyme is in a more
open and accessible conformation than the slow form, being
in a more compact and less permissible conformation. Given
the importance of the slowf fast transition in controlling
thrombin function in hemostasis (4) and the fact that the
crystallographic structure of thrombin in the slow form is
not yet available, our findings can help in shedding light on
the interaction of thrombin with its numerous natural
substrates and can have important consequences in the design
of novel thrombin inhibitors.
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