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ABSTRACT: To prepare weakly basic thrombin inhibitors with modified S1 anchoring groups, two series
of compounds were synthesized by reaction of guanidine or aminoguanidine with acyl halides and N,N-
disubstituted carbamoyl chlorides. pKa measurements of these acylated guanidines/aminoguanidines showed
a reduced basicity, with pKa values in the range of 8.4-8.7. These molecules typically showed inhibition
constants in the range of 150-425 nM against thrombin and 360-965 nM against trypsin, even though
some bulky derivatives, such asN,N-diphenylcarbamoylguanidine/aminoguanidine and their congeners,
showed much stronger thrombin inhibitory activity, with inhibition constants in the range of 24-42 nM.
Unexpectedly, very long incubation times with both proteases revealed that aminoguanidine derivatives
behaved as irreversible inhibitors. To assess the molecular basis responsible for the high affinity observed
for these molecules toward thrombin, the crystal structure of the thrombin-hirugen-N,N-diphenyl-
carbamoylaminoguanidine complex has been solved at 1.90 Å resolution. The structural analysis of the
complex revealed an unexpected interaction mode with the protease, resulting in anN,N-diphenylcarbamoyl
intermediate covalently bound to the catalytic serine as a consequence of its hydrolysis together with the
release of the aminoguanidine moiety. Surprisingly, in this covalent adduct a phenyl group was found in
the S1 specificity pocket, which usually recognizes positively charged residues. These findings provide
new insights in the design of low basicity serine protease inhibitors.

Thrombin1 (EC 3.4.21.5) is a trypsin-like serine proteinase,
which plays a key role in blood coagulation and hemostasis.
In recent years this enzyme has become a highly investigated
target for drug design, to develop orally active, low molecular
weight inhibitors, with potential use as antithrombotic drugs
(1-5).

Three-dimensional structure analysis of a large number
of natural and synthetic inhibitors complexed with thrombin
has provided important insights into the understanding of
the structure-activity relationship for antithrombotic agents,
allowing the rational design of new thrombin inhibitors with

improved pharmacological properties (5, 6). Thrombin shows
a similar structure in all complexes examined so far (7,
8-12). The catalytic triad is located in a cleft at the interface
of two â-barrel domains and constitutes part of the active
site region, together with the polar S1 specificity pocket and
the hydrophobic S2 and aryl-binding sites (the proteinase
binding sites are defined according to Schechter and Berger;
see ref 13).

In recent years, much progress has been made in the design
and synthesis of highly effective, active site directed inhibi-
tors with affinity for the enzyme in the low nanomolar range,
as well as specificity against other related serine proteases
(such as trypsin) (1-5), but the “ideal” thrombin inhibitor
has not yet been obtained (2, 3). The majority of available
potent inhibitors generally show very poor oral bioavail-
ability, bind strongly to plasma proteins, and/or do not have
an appropriate plasma half-life after oral dosing (2, 3). Many
of these pharmacokinetic problems are due to the high
basicity of the first-generation thrombin inhibitors, which
contain arginine or amidine-based S1 anchoring moieties.
These problems seem to be circumvented to some degree
by the recent report of a large number of weakly basic
inhibitors, which do not contain the above-mentioned S1
anchoring group but incorporate isosters of these moieties,
as well as other structural modifications that reduce the
highly basic pKa of the parent inhibitors (in the range of
11-13) (3). Among the most promising new S1 anchoring
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groups recently reported are the following moieties: oxo-
guanidine (A) (pKa 7) (14); hydroxyguanidine (B) (pKa 9)
(15); acylguanidine (C) (pKa 7.6) (16); aminohydrazone (D)
(pKa 8.7) (17); benzamidrazone (E) (pKa 8.9) (18); sul-
fonylguanidine (F) (pKa 8.3) (19, 20); sulfonylaminoguani-
dine (G) (pKa 8.4) (21, 22); imidazole (H) (pKa around 7)
(23); 1-aminoisoquinoline (I) (pKa 7.5) (24); 2-aminopyridine
(J) (pKa around 7) (25); benzylamine (K) (pKa 9.4) (26);
aniline (L) (pKa not provided but stated as “neutral”) (27,
28); benzonitrile (M) (29); and arylsulfonyldicyandiamide
(N) (pKa of 7.9-8.2) (30) among others (Figure 1). Com-
pounds incorporating some of these groups, such as LB-
30057 (1), CGH 1668 (2), L-375378 (3), or the Organon
derivative4 (Figure 2), are currently under clinical investiga-
tion as antithrombotic drugs (4, 5).

In previous reports (19-22, 30) we showed that derivatives
incorporating benzenesulfonylguanidine/aminoguanidine or
arylsulfonyldicyandiamide moieties as S1 anchoring groups
(types5 and 6, Figure 2) not only possess good thrombin
inhibitory properties (KI values in the low nanomolar range)
and specificity for thrombin over trypsin but also show pKa

values in the range of 8.0-8.4, making them interesting
candidates for further investigations. In this paper, we extend
our investigations for the search of new weakly basic serine
protease inhibitors. Using sulfonylguanidine7 and sulfonyl-
aminoguanidine8 derivatives (two compounds previ-
ously studied as candidates for the development of low
basicity serine protease inhibitors) (19, 21) as lead molecules,

we investigated the possibility of replacing the SO2-
NHC(dNH)NH2 and SO2-NHNHC(dNH)NH2 binding
functions of these two thrombin inhibitors with the corre-
sponding acylated moieties, i.e., CO-NHC(dNH)NH2 and
CO-NHNHC(dNH)NH2, respectively. These newly pro-
posed series of compounds have been identified as a very
simple class of low basicity thrombin inhibitors due to their
KI values. The molecular basis of their activity was derived
by X-ray crystallographic studies on the complex between
thrombin and one of these inhibitors. These findings could
be useful for future drug design of serine protease inhibitors
with low basicity and, thus, better bioavailability.

EXPERIMENTAL PROCEDURES

Materials. Human thrombin and human trypsin were
purchased from Sigma-Aldrich (Milan, Italy); their concen-
trations were determined from their absorbance at 280 nm
and the extinction coefficients furnished by the supplier. The
activity of such preparations was in the range of 2500-3000
NIH units/mg. Acyl halides, N,N-disubstituted carbamoyl
chlorides, guanidine hydrochloride, aminoguanidine carbon-
ate, triethylamine, and other reagents used in the syntheses
were commercially available compounds (from Sigma-
Aldrich, Fluka, or Acros). Acetonitrile, acetone, dioxane,

FIGURE 1: Examples of S1 anchoring groups with reduced basicity
incorporated in thrombin inhibitors: A, oxoguanidine (14); B,
hydroxyguanidine (15); C, acylguanidine (16); D, aminohydrazone
(17); E, benzamidrazone (18); F, sulfonylguanidine (19, 20); G,
sulfonylaminoguanidine (21, 22); H, imidazole (23); I, 1-aminoiso-
quinoline (24); J, 2-aminopyridine (25); K, benzylamine (26); L,
aniline (27, 28), M, benzonitrile (29); N, arylsulfonyldicyandiamide
(30).

FIGURE 2: Examples of thrombin inhibitors:1, LB-30057;2, CGH
1668;3, L-375378;4, 2-(7-methoxynaphthalene-2-sulfonylamido)-
3-(4-amino-5-azabenzothiophen-2-yl)propanoic acid 4-methyl-
piperidide;5, 4-[R-(4-toluenesulfonylureido)phenylalanylamido]-
benzenesulfonylguanidine;6, 4-[(2-ethyl-4,6-diphenylpyridinium)-
N-propylcarboxamido]benzenesulfonyl-N-1-aminoguanidine;7, 4-
aminobenzenesulfonylguanidine;8, 4-aminobenzenesulfonyl-N-1-
aminoguanidine.
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ethyl acetate (E. Merck, Darmstadt, Germany), or other
solvents used in the synthesis were doubly distilled and kept
on molecular sieves in order to maintain them in anhydrous
conditions. Inogatran was from Astra Hassle (Molndal,
Sweden). Benzamidine, NAPAP, and Chromozym TH were
from Sigma-Aldrich (Milan, Italy).

Synthesis. Melting points were determined on a heating
plate microscope (not corrected), IR spectra as KBr pellets
on a 400-4000 cm-1 Perkin-Elmer 16PC FTIR spectrometer,
and 1H NMR spectra on a Varian Gemini 300 apparatus
(chemical shifts are expressed asδ values relative to Me4Si
as standard). Elemental analysis ((0.4% of the theoretical
values, calculated for the proposed formulas; data not shown)
was done on a Carlo Erba Instrument CHNS elemental
analyzer, Model 1106. All reactions were monitored by thin-
layer chromatography (TLC) using 0.25 mm precoated silica
gel plates (E. Merck). Preparative HPLC was performed on
a Dynamax-60A column (25× 250 mm), with a Beckman
EM-1760 instrument. The detection wavelength was 254 nm.

General Procedure for the Preparation of Compounds. A
predetermined amount of 10 mM acyl halide (or N,N-
disubstituted carbamoyl chloride) was dissolved in 50 mL
of acetone, and a 2-fold excess amount of guanidine hydro-
chloride or aminoguanidine carbonate dissolved in 15 mL
of water was added dropwise, together with the stoichio-
metric amount of solid NaHCO3 or NaOH needed for the
neutralization of the acid formed in the reaction (19, 21).
The mixture was stirred magnetically at 25°C for 5 h before
being acidified with 0.1 N HCl to pH 7.0. The acetone was
evaporated in vacuo, and the obtained acylated derivatives,
which precipitated by leaving the above-mentioned reaction
mixture at 4 °C overnight, were filtered before being
abundantly washed in water (in order to remove the inorganic
salts and excess guanidine/aminoguanidine) and recrystallized
from ethanol or ethanol-water (2:1 v/v). Preparative HPLC
[Dynamax-60A column (25× 250 mm); 90% acetonitrile/
6% methanol/4% water; flow rate of 30 mL/min] was
sometimes done in order to obtain some of these pure
compounds as colorless solids. All compounds were fully
characterized by elemental analysis and IR,1H NMR, and
13C NMR spectroscopy.

Measurements of Thermodynamic Inhibition Constants.
The potency of standard and newly obtained inhibitors was
determined by the inhibition of the enzymatic (amidolytic)
activity of these serine proteases, at 21°C, using Ts-Gly-
Pro-Arg-pNA (Chromozym TH) from Sigma as substrate,
using the method of Lottenberg et al. (31) (Table 1). The
substrate was reconstituted as 4 mM stock in ultrapure water
and adjusted to pH 4 with hydrochloric acid. Substrate
concentrations were determined from absorbance at the
isosbestic wavelength for the peptide-p-nitroanilide-p-
nitroaniline mixtures. Extinction coefficients of 8270
L‚mol-1‚cm-1 in the buffer used [0.01 M Hepes-0.01 M
Tris-0.1 M NaCl-0.1% poly(ethylene glycol) 6000] were
employed. The rate ofp-nitroanilide hydrolysis was deter-
mined from the change in absorbance at 405 nm using an
extinction coefficient forp-nitroaniline of 9920 L‚mol-1‚cm-1

for the above-mentioned reaction buffer. Measurements were
made using a Perkin-Elmer spectrophotometer interfaced
with a PC. Initial velocities were estimated using the direct
linear plot-based procedure as reported by Lottenberg et al.
(31). KI values were then determined according to Dixon,

using a linear regression program (32). The KI values
determined are the means of at least three determinations.

pKa Measurements. The half-neutralization point was
measured by titrating the organic acids/bases with 0.05 N
NaOH and 0.05 N HCl in EtOH-water (30% v/v), using a
glass electrode, as described by Bell and Roblin (33) for some
antibacterial sulfonamides and adapted by us for previously
reported serine protease inhibitors (19, 21).

Assessment of the Acylating ActiVity of Inhibitors. Throm-
bin and trypsin were incubated for various periods of time
(typically 30 min to 6 h) with some of the most active
inhibitors detected among the derivatives reported in this
paper (for example,28, 38, 48, or NAPAP as standard).
Enzyme concentrations were 5.4 nM for thrombin and 140
nM for trypsin, whereas the inhibitor concentration varied
between 40 and 200 nM. Enzyme treated identically except
for the presence of inhibitor was considered as the blank,

Table 1: Acylated Guanidine/Aminoguanidine Derivatives9-48
Prepared in the Present Study with Their Inhibition Data against
Human Thrombin and Human Trypsin

R-CONHC(dNH)NH2 (9-28)
R-CONHNHC(dNH)NH2 (29-48)

KI (nM)a

compound R thrombin trypsin

9 Ph 425 521
10 p-F-C6H4- 410 515
11 p-Cl-C6H4- 402 504
12 p-Br-C6H4- 248 415
13 p-I-C6H4- 241 413
14 p-CH3-C6H4- 409 513
15 p-Me2N-C6H4- 370 493
16 C6F5- 165 430
17 n-C8F17 330 466
18 Ph2CH- 42 110
19 2-thienyl 570 964
20 2-pyridyl 371 542
21 3-pyridyl 365 510
22 4-pyridyl 257 383
23 Me2N- 124 256
24 Et2N- 117 244
25 i-Pr2N- 91 118
26 n-Bu2N- 106 213
27 Ph(Me)N- 74 180
28 Ph2N- 40 125
29 Ph- 412 489
30 p-F-C6H4- 381 437
31 p-Cl-C6H4- 375 429
32 p-Br-C6H4- 233 406
33 p-I-C6H4- 227 395
34 p-CH3-C6H4- 403 476
35 p-Me2N-C6H4- 354 481
36 C6F5- 150 413
37 n-C8F17 304 437
38 Ph2CH- 34 98
39 2-thienyl 542 895
40 2-pyridyl 321 530
41 3-pyridyl 306 504
42 4-pyridyl 217 369
43 Me2N- 98 243
44 Et2N- 95 217
45 i-Pr2N- 74 116
46 n-Bu2N- 90 178
47 Ph(Me)N- 40 126
48 Ph2N- 24 110
inogatran 15 nt
NAPAP 6 690

a KI values were obtained from Dixon plots using a linear regression
program from at least three different assays. Spreads around the mean
(data not shown) were(10-15% of the shown values.
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and its activity was considered as 100%. After the incuba-
tion period, the enzyme-inhibitor adduct was extensively
dialyzed in the assay buffer [0.01 M Hepes-0.01 M Tris-
0.1 M NaCl-0.1% poly(ethylene glycol) 6000] and the
residual enzyme activity determined as described above,
using the chromogenic substrate Ts-Gly-Pro-Arg-pNA. For
the determination of the inactivation kinetic parameters by
the prelevation method (34-36), a stock solution of 3.8µM
thrombin and 13.7µM trypsin was incubated with variable
concentrations of inhibitors (compounds38 and48, respec-
tively), working at ratios of enzyme:inhibitor between 1:1
and 1:20. Aliquots were taken from this stock at different
periods (6, 12, 24, 48, 72, and 96 h, respectively) and diluted
1:100 with the assay buffer mentioned above, and the residual
enzyme activity was assessed as described above. A linear
regression program was employed for obtainingkinact, as
described in the literature (34-36).

Crystallization and X-ray Data Collection.Crystals of the
R-thrombin-hirugen-N,N-diphenylcarbamoyl complex were
obtained by soaking the enzyme-hirugen crystals (37)
(monoclinic crystal form, space groupC2) in solutions
containing 5.0× 10-4 M N,N-diphenylcarbamoylamino-
guanidine (compound48 in Table 1) at pH 7.0 for 4 days at
4.0 °C. In fact, crystals of humanR-thrombin suitable for
X-ray analysis can be grown properly in the presence of
hirugen, which binds to the enzyme fibrinogen exosite and
does not hinder small inhibitor accessibility to the active site.

Data collection was carried out on a Nonius DIP2030
imaging plate using Cu KR radiation and one crystal of
dimensions 0.3 mm× 0.3 mm × 0.8 mm. The crystal
diffracted up to 1.90 Å resolution.

Diffracted intensities were processed using the HKL
crystallographic data reduction package (Denzo/Scalepack)
(38). A total of 125775 reflections were measured (unit cell
parametersa ) 71.41 Å,b ) 72.19 Å,c ) 72.70 Å, andâ
) 100.57°) and reduced to 28435 unique reflections (com-
pleteness 98.5% and 96.2% in the 20.0-1.90 Å and in the
1.97-1.90 Å resolution ranges, respectively;R-sym) 5.2%).

Data processing statistics are given in Table 2.
Refinement.The structure of the thrombin-hirugen-N,N-

diphenylcarbamoyl complex was analyzed by difference
Fourier techniques using the PDB (39) file 1hah (37) as a
starting model for refinement. Water molecules were re-
moved from the starting model prior to structure factor and
phase calculations. The crystallographicR-factor andR-free,
calculated in the 20.0-1.90 Å resolution range on the basis
of the starting model coordinates, were 0.323 and 0.311,
respectively. Fourier maps calculated with 3Fo - 2Fc and
Fo - Fc coefficients (Fo are the observed structure factors
for the complex andFc those calculated on the basis of the
model atomic coordinates) showed prominent electron
density features in the active site region. After an initial
refinement, limited to the enzyme-hirugen adduct structure
(R-factor 0.236 andR-free 0.247), a model for theN,N-
diphenylcarbamoyl moiety acylating Ser195 was easily built
and introduced into the atomic coordinates set for further
refinement, which proceeded to convergence with continuous
map inspection and model updates. The refinement was
carried out with the program CNS (40) while model building
and map inspections were performed using the program O
(41). The final crystallographicR-factor andR-free values
calculated for the 28435 observed reflections (in the 20.00-

1.90 Å resolution range) were 0.183 and 0.204, respectively.
The refined model included 2473 complex atoms, 15 atoms
belonging to the inhibitor, and 147 water molecules. The
rms deviations from the ideal value of bond lengths and bond
angles (42) were 0.010 Å and 1.53°, respectively. The
average temperature factor (B) for all atoms was 32.19 Å2.
The stereochemical quality of the model was assessed by
Procheck (43). The most favored and additionally allowed
regions of the Ramachandran plot contained 100% of the
non-glycine residues.

The statistics for refinement are summarized in Table 2.
Accession Numbers.Coordinates and structure factors have

been deposited with the Protein Data Bank (accession code
1NO9).

RESULTS AND DISCUSSION

Synthesis and KI Measurements.The new compounds
reported in this paper, of types9-48 (Table 1), were obtained
by reaction of acyl halides or N,N-disubstituted carbamoyl
halides, with guanidine or aminoguanidine, similar to the
procedure previously reported (19, 21) for the alkyl/aryl-
sulfonylation of guanidine/aminoguanidine. The reaction was
performed in Schotten-Baumann conditions and led to the
desired derivatives in high yields (65-90%; data not shown)
(19, 21). No protecting groups for the guanidino/amino-
guanidino moieties were necessary, as we have shown
previously that only one sulfonylation/acylation product was
obtained in the reaction conditions of our experiments (19,
21). The new compounds were fully characterized by
standard procedures (elemental analysis, IR,1H NMR, and
13C NMR spectroscopy), which confirmed their structure.

The following structure-activity correlations have been
observed for the series of acylated guanidine/aminoguanidine
derivatives9-48 (Table 1): (i) Derivatives incorporating
phenyl, 4-substituted phenyl, perfluoroaryl/alkyl, or pyridyl
moieties showed moderate thrombin/trypsin inhibitory activ-
ity with inhibition constants in the range of 150-425 nM
against thrombin and of 413-521 nM against trypsin. The

Table 2: Data Collection and Refinement Statistics

Data Collection Statistics (20.00-1.90 Å)
temperature (K) 298
total reflections 125775
unique reflections 28435
completeness (%)

overall 98.5
outermost data shell 96.2

R-syma

overall 0.052
outermost data shell 0.247

meanI/σ(I)
overall 16.3
outermost data shell 3.4

Refinement Statistics (20.00-1.90 Å)
R-factorb (%) 18.3
R-freeb (%) 20.4
rmsd from ideal geometry

bond lengths (Å) 0.010
bond angles (deg) 1.53

no. of protein atoms 2473
no. of water molecules 147
averageB factor (Å2) 32.19

a Rsym ) ∑|Ii - 〈I〉|/∑Ii over all reflections.b R-factor ) ∑|Fo -
Fc|/∑Fo; R-free was calculated with 10% of the data withheld from
refinement.
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most potent inhibitors in this subseries were the perfluoro-
phenyl-substituted derivatives16 and36 (KI values of 165
and 150 nM, respectively, against thrombin). (ii) Stronger
inhibition has been observed with compounds incorporating
bulkier R groups, such as the diphenylacetic derivatives18
and 38, as well as the compounds obtained from N,N-
disubstituted carbamoyl chlorides,23-28and43-48. These
compounds showed inhibition constants in the range of 24-
124 nM against thrombin and of 110-243 nM against
trypsin. (iii) The least active compounds in this series were
those containing 2-thienyl moieties in their molecule (19and
39) with inhibition constants of 540-570 nM against
thrombin and of 895-965 nM against trypsin. (iv) In the
subseries of the compounds obtained from N,N-disubstituted
carbamoyl chlorides,23-28 and43-48 (the best inhibitors
reported here), clearly the enhanced thrombin inhibitory
activity correlated with increasingly bulky groups substituting
the urea moiety. Thus, the weakest inhibitors in this subseries
were those containing two methyl groups (23 and 43),
whereas the strongest ones were those with two phenyl
moieties (28 and 48), which showed inhibitory power
comparable to that of the very potent inhibitors NAPAP and
inogatran (44). The other derivatives showed an intermediate
activity between these two extremes. It is also interesting to
note that the diphenylacetic derivatives18 and38 (isosteric
with the ureas28 and48, respectively) are the most active
in the first subseries of derivatives, i.e., the one without an
additional nitrogen, which has been mentioned in (i). (v)
Without exception, acylaminoguanidines were more potent
thrombin/trypsin inhibitors than the corresponding acyl-
guanidines. (vi) All of these new inhibitors showed higher
affinity for thrombin over the related protease trypsin,
although an important discrimination is not achieved.

pKa values have been measured for several simple deriva-
tives investigated here to confirm their reduced basicity
(Table 3). Indeed, such values were in the range of 8.4-8.7
pKa units, proving that this anchoring group may constitute
a valid alternative for obtaining serine protease inhibitors
with weak basicity. Therefore, simply on the basis of their
pKa values, these compounds should present the expected
increase in bioavailability.

Kinetic Analysis of the Inhibitors.The inhibition data
reported above have been obtained considering a reversible,
noncovalent interaction between enzyme and inhibitor. More
generally, the interaction of such a serine protease with an
inhibitor can be described as shown in Scheme 1.

Thus, the enzyme (E) and the inhibitor (I) form the
Michaelis complex (E-I) by an equilibrium characterized
by the kinetic (on/off) constantsk1 and k-1 (and the

thermodynamic inhibition constantKI ) k-1/k1). As stated
earlier, the measurements ofKI reported above were made
on the assumption that these new compounds behave as
reversible inhibitors. We analyzed the possibility that some
of them could act as inactivators of these serine proteases.
In this case, the Michaelis complex in which the inhibitor is
noncovalently bound to the enzyme reacts with chemical
groups of the active site (generally the nucleophilic OH
moiety of Ser195), acylating this moiety and giving rise to
an acylated enzyme (E-I), by an equilibrium characterized
by the kinetic constantsk2 and k-2, respectively (Scheme
1). This acylated enzyme may be hydrolyzed, regenerating
the active enzyme (step characterized by the kinetic constant
k3), or an inactivated enzyme may be formed due to further
chemical reaction between certain moieties of the enzyme
active site and the inhibitor molecule (step characterized by
the kinetic constantk4) (Scheme 1).

In the case of an irreversible inactivation, no distinction
between the two enzyme-inhibitor species EI and E-I
(Scheme 1) (which are now represented by the species E*I)
can be made, and only the accumulation of Ei can be
followed. Since generally alsok3 , k4, the processes
described in Scheme 1 can be simplified, leading to Scheme
2, in which only two thermodynamic/kinetic constants
intervene: the inhibition constantKI and a new parameter,
the inactivation constantkinact, which can be determined
experimentally (34-36).

To assess whether the inhibitors reported here also act as
acylating agents, in an initial group of experiments, the two
serine proteases were incubated with different concentrations
of potent inhibitors (such as compounds28, 38, and48, with
NAPAP also included in the experiments as standard)
belonging to the two classes investigated here for variable
periods of 30 min to 6 h (it should be stressed that theKI

presented in Table 1 were determined after the enzymes were
incubated with the inhibitors for 30 min). After incubation,
the enzyme-inhibitor adduct solutions were extensively
dialyzed in buffer, and the recovered enzyme activity was
assessed. The results of these experiments are shown in Table
4.

As seen from the data presented in Table 4, at 1-3 h of
incubation, all of these compounds act as reversible inhibi-
tors, similar to NAPAP, a well-known, standard serine
protease inhibitor. Following incubation, close to 100%
enzymatic activity (within the range of the experimental
errors) was recovered, proving that the inhibition constants
measured and shown in Table 1 indeed describe the behavior
of this type of inhibitor. The only compounds that showed

Table 3: pKa Data of Several Serine Protease Inhibitors

compound

pKa
a for

guanidino/amidino
moiety

inogatran 12.3
NAPAP 12.6
sulfaguanidine 8.4
28 8.7
38 8.6
48 8.4

a pKa values were determined in 30% EtOH-water (v/v) as described
in Experimental Procedures.

Scheme 1

Scheme 2
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a deviation from this behavior were38 and 48 at longer
incubation times (6 h or longer; see Table 4; data not shown),
cases in which a marked reduction in the enzyme activity
recovered started to become obvious. These preliminary
experiments allowed us to draw the conclusion that the
acylaminoguanidines can act as enzyme inactivators using
incubation times longer than 3 h, in contrast to acylguanidines
and NAPAP which simply act as noncovalent, reversible
serine protease inhibitors.

To determine the inactivation parameterkinact for the acyl-
aminoguanidine type of inhibitors, we used the prelevation
method originally described by Kitz and Wilson (34) and
subsequently adapted by Pochet et al. for following the
inactivation of a large number of serine proteases, including
thrombin and trypsin (35-36). In this method, the enzyme
is incubated with variable concentrations of inhibitor, and
the residual enzyme activity is assessed at different periods
of time after a strong dilution of the enzyme-inhibitor
adduct. This residual activity,ε, is defined by the equation
(34-36):

where [E]T ) total enzyme concentration.
Considering the fact thatKI is defined by the equation

KI ) [I][E]/[E*I], eqs 2-4 can be obtained:

By experimentally determiningkobs at different inhibitor
concentrations, it was possible to assay the inactivation
parameterkinact. This was achieved for compounds38 and
48, against both thrombin and trypsin (Table 5).

As seen from data presented in Table 5, both of the
acylaminoguanidine derivatives38and48act as irreversible
inactivators against thrombin and trypsin. The kinetic
parameterkinact indicated the process as a rather slow reaction.
Thrombin was acylated better than trypsin, although the
differences between the two proteases were not relevant. The
diphenylcarbamoyl derivative48was a slightly more efficient
acylating agent with respect to the corresponding diphenyl-
acetyl derivative38.

Crystallographic Studies.To assess the molecular basis
responsible for the high affinity toward thrombin observed
for these new classes of inhibitors, we solved the crystal
structure of the hirugen-bound enzyme complexed with the
most active compound (N,N-diphenylcarbamoylaminoguani-
dine) from these series (compound48 in Table 1). Following
extensive incubation between enzyme and inhibitor this
molecule was shown to act as an irreversible inhibitor.

The three-dimensional structure was analyzed by differ-
ence Fourier techniques, the crystals being isomorphous to
the native thrombin-hirugen complex (37). Inspection of
the electron density within the enzyme active site, at various
stages of the crystallographic refinement, demonstrated the
occurrence of the bound aminoguanidine derivative. A
careful analysis of this region clearly suggested the existence
of a covalent bond between the thrombin Ser195OG atom
and the inhibitor. The initial hypothesis of a specific binding
to the carbonyl carbon atom ofN,N-diphenylcarbamoyl-
aminoguanidine (Figure 3, intermediate A), thus mimicking
the first tetrahedral intermediate occurring during catalysis,
was not supported by the electron density in the difference
Fourier map. On the contrary, a species containing anN,N-
diphenylcarbamoyl moiety bound to the enzyme (Figure 3,
intermediate B), similar to a canonical acyl-enzyme form,
was proposed as an intermediate with a chemical structure
compatible with the observed data (Figure 4). This species
is formed following the release of the aminoguanidine group
from the tetrahedralN,N-diphenylcarbamoylaminoguanidine-
bound enzyme mentioned above (Figure 3). The slow
deacylation rate for thisN,N-diphenylcarbamoyl-thrombin
derivative during catalysis should be responsible for its
recovery within the crystals. The nature of this intermediate
was confirmed by electrospray ionization mass spectrometry
measurements of the enzyme before and following crystal-
lization.

The main protein-inhibitor interactions are schematically
depicted in Figure 5. According to this figure, the bound
molecule presents a peculiar spatial arrangement with respect
to the structure of the other thrombin-inhibitor complexes
described so far (5, 6). In particular, theN,N-diphenyl-
carbamoyl moiety covalently bound to Ser195OG presents
one of the two phenyl groups accommodated in the S1
specificity pocket, stabilized by several van der Waals
interactions (<5.0 Å) with residues Asp189, Ala190, Cys191,
Ser214, Trp215, Gly216, Gly219, and Cys220. This finding
is very uncommon since the S1 subsite is usually involved
in polar-dependent interactions with basic amino acids.
Moreover, the inhibitor molecule does not occupy the S2
and the aryl-binding subsites. In fact, the second phenyl
group, occurring at van der Waals distances (<5.0 Å) from
thrombin residues Glu192, Trp60D, Trp215, and Gly216,

Table 4: Recovered Enzymatic Activity after Incubation of
Thrombin/Trypsin with Inhibitors28, 38, 48, and NAPAP for
Variable Periods of Time, Followed by Dialysisa

% enzyme activityb

system 30 min 1 h 3 h 6 h

thrombinc + 28e 97 96 98 97
thrombinc + 38e 98 97 98 91
thrombinc + 48e 97 99 96 83
thrombinc + NAPAPe 98 99 96 98
trypsind + 28f 99 96 95 97
trypsind + 48f 98 97 97 89
trypsind + NAPAPf 97 96 98 97
a The activity of enzyme identically treated (but with no inhibitor

added) was taken as 100%.b Errors in the range of 3-5% (from three
different assays).c [Thrombin] ) 5.4 nM. d [Trypsin] ) 140 nM.
e [Inhibitor] ) 40 nM. f [Inhibitor] ) 200 nM.

[ε] ) [E]T - [Ei] ) [E] + [E*I] (1)

[ε] ) [E]Te-kobst (2)

kobs) kinact[I]/( KI + [I]) (3)

for [I] , KI, kobs) (kinact/KI)[I] (4)

Table 5: Inactivation Parameters of Thrombin and Trypsin with
Compounds38 and48

kinact(s-1)b

inhibitora thrombin trypsin

38 (1.4( 0.3)× 10-5 (0.7( 0.2)× 10-6

48 (4.8( 0.6)× 10-5 (1.9( 0.5)× 10-6

a The ratio of enzyme/inhibitor was in the range of 1:1 to 1:20;
[thrombin]) 3.8µM; [trypsin] ) 13.7µM. b Mean from three different
assays.
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points toward S2 but is too small in structure to be hosted
by this subsite.

Finally, a careful analysis of the diphenylcarbamoyl-
thrombin intermediate geometry within the active site
revealed that the carbonyl group of the scissileN,N-
diphenylcarbamoyl moiety does not properly fill the oxyanion
binding hole. In fact, the CdO bond is rotated by about 90°
with respect to the canonical orientation, producing the
functionally effective H-bond interactions with Gly193N and
Ser195N. In this case a water molecule (W108) that, together
with the His57NE2 atom, is hydrogen bonded to the carbonyl

oxygen of the inhibitor occupies the oxyanion hole (Figure
5).

The three-dimensional structure of the thrombin molecule
within the complex was clearly very similar to that observed
in other thrombin-inhibitor complexes reported in the
literature to date (5, 37). When superimposing all of the
thrombin CR atoms with those of the enzyme in the
thrombin-hirugen complex (PDB code 1hah) used as a
reference (37), an rms deviation of 0.32 Å was calculated.
Weak or missing electron densities, as already noted in other
thrombin complexes crystallized in the same monoclinic

FIGURE 3: Reaction of thrombin withN,N-diphenylcarbamoylaminoguanidine.

FIGURE 4: Simulated annealing (29) omit |2Fo - Fc| electron density map, computed at 1.90 Å and contoured at 1.0σ. The catalytic site
region is shown. TheN,N-diphenylcarbamoyl molecule covalently bound to the catalytic serine is identified with the I label.

FIGURE 5: Stereoview of the active site region in the thrombin-N,N-diphenylcarbamoyl complex showing the residues participating in
recognition of the acylatingN,N-diphenylcarbamoyl molecule (labeled I). Hydrogen bonds are shown.
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form, were observed in the N-terminal (residues 1H-1D) and
C-terminal (residues 14M-15) regions of the A-chain, in
the γ autolysis loop (residues 148-149E), and in the
C-terminal (residues 246-247) segment of the B-chain.

A careful analysis of the catalytic site region revealed that
the structure of the enzyme has undergone some minor
changes following inhibitor binding. In particular, residues
His57 and Asp102, within the catalytic triad, were entirely
superimposable to their corresponding residues in the
thrombin-hirugen complex, whereas the side chain confor-
mation of Ser195 was different. As a matter of fact, a
variation in the Ser195ø1 angle from-87° (thrombin-
hirugen complex) to-58° (structure reported here) was
observed as a consequence of the inhibitor covalent binding.

Analysis of the solvent molecule distribution around the
active site showed an overall agreement with the solvent
structure for other thrombin complexes previously reported
(5, 37). However, it is worth noting that the hydrophobic
nature of the inhibitor causes a release of several water
molecules from the complex to the bulk solvent. In particular,
a comparison between the present structure and several
thrombin-inhibitor complexes (5, 37) reveals the lack in our
structure of four water molecules: three of these (W519,
W429, and W462 in the thrombin-hirugen structure) are
displaced from the S1 pocket by one of the phenyl groups,
while the fourth (W580 in the thrombin-hirugen structure)
is displaced from the S2 pocket by the other phenyl group.

Several structural studies on serine proteinase acyl-
enzymes have allowed the identification of different factors
responsible for the acyl-enzyme stabilization (45-47). Ac-
cording to these investigations a structural explanation of
the low rate of hydrolysis of the acyl-enzyme in the structure
here reported could be tentatively provided. In fact, the
incorrect positioning of the carbonyl function of the di-
phenylcarbamoyl moiety within the oxyanion hole and the
absence of specific interactions with Gly193 and Ser195
could affect the electrophilic character of this group,
significantly reducing its reactivity toward water. This
peculiar orientation could be due to the rigidity of the
carbamylic bond with respect to that observed for natural
substrates, as well as the aforementioned absence of interac-
tions with the S2 and aryl-binding subsites.

These findings are in agreement with studies previously
reported for the thrombin-Dmc-azaLys acyl-enzyme com-
plex (47). In fact, also in this case the absence of a significant
hydrolysis of the acyl-enzyme species results from an
improper occupation of the proteinase oxyanion binding hole
by the acyl bond carbonyl group. Unproductive orientation
of the acyl bond was associated with the planar and rigid
nature of the inhibitor as well as the absence of interactions
with the S2 and aryl-binding subsites of the proteinase.
According to this hypothesis, the introduction inR-azalysine
derivatives of substituents able to interact with the S2 and
aryl-binding subsites allows an appropriate orientation of the
carbonyl group within the oxyanion hole and a consequent
increase in the deacylation rate of the complex (48).

Concluding Remarks.A large number of active site
directed thrombin inhibitors have been synthesized and
structurally characterized so far (5). The most potent synthetic
inhibitors often incorporate into their structure a guanidino
or amidino group as in the case of the arginine-based MQPA
and DAPA and benzamidine-based NAPAP, 4-TAPAP, and

3-TAPAP derivatives (49-57). Some of these compounds
have been extensively tested for clinical applications and
even registered in some countries for use in deep vein
thrombosis. The X-ray structure of some of these inhibitors
complexed with thrombin revealed that they are able to bind
the enzyme active site in a “U-shaped” conformation (56,
57). The N- and C-terminal hydrophobic moieties fill the
aryl-binding site and S2 cavity, respectively. The basic
arginine or benzamidine group is located in the specificity
S1 pocket and interacts with Asp189.

In this paper, we report the synthesis and biochemical
characterization of two new classes of thrombin inhibitors
containing the aforementioned guanidine functionality. These
new compounds present good thrombin inhibitory properties
with KI values in the low nanomolar range. All of these
compounds initially act as noncovalent, reversible inhibitors,
but only the acylaminoguanidines are able to acylate the
active site Ser195 when incubated for long periods with the
enzyme. The inactivation parameterskinact show these
processes to be rather slow.

The crystallographic analysis of the complex between
thrombin and the most active molecule from these series
revealed a distinctive inhibitor binding mode. As a matter
of fact, this species forms an intermediate covalently bound
to the catalytic serine as a consequence of its hydrolysis and
the release of the aminoguanidine moiety. Moreover, no
canonical interactions usually reported for classical inhibitors
were observed. The S1 subsite was occupied by a phenyl
group instead of a charged one, and the S2 or the aryl-binding
sites, conventionally involved in binding to substrates and
inhibitors, were totally empty.

On the basis of these results, we hypothesize that other
members of the acylaminoguanidine class of compounds act
as suicide inhibitors, leading to a covalent intermediate in
which the specificity S1 pocket of the enzyme is occupied
by a hydrophobic moiety. These findings shed more light
on the design of low basicity thrombin inhibitors, which may
have important clinical applications as antithrombotic drugs.
Moreover, it is envisaged that this approach may also be
adapted to other therapeutically important serine proteases,
which are targets for drug design (58), such as factor Xa,
tryptase, u-PA, or the viral serine proteases (isolated in herpes
viruses or in the hepatitis C virus).
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