
2003 American Chemical Society Award
in Industrial Chemistry

Inhibitors of Serine Proteases as Potential Therapeutic Agents: The Road from
Thrombin to Tryptase to Cathepsin G†

Bruce E. Maryanoff‡

Drug Discovery, Johnson & Johnson Pharmaceutical Research & Development, Spring House, Pennsylvania 19477-0776

Received October 1, 2003

Introduction
During my career in the pharmaceutical industry,

which has spanned 30 years, the practice of drug
discovery has undergone a deep-seated revolution.
Around 1975, when I started as a medicinal chemist,
drug discovery usually involved the synthesis of large
samples (2-5 g) of new chemical compounds for broad
pharmacological testing in animal models representa-
tive of a disease state of interest. In vitro testing with
enzymes and receptors was very limited. Relative to the
“design” of new, patent-worthy, biologically active sub-
stances, the medicinal chemist generally prepared
interesting compounds with structures akin to those of
known drugs, bioactive natural products, or endogenous
mediators (e.g., norepinephrine, serotonin, adenosine,
acetylcholine). Critical success factors were (1) efficient
synthesis, especially because of the quantity of test
compound required, (2) reasonably predictive in vivo
pharmacological models, (3) identification and optimiza-
tion of leads by in vivo testing, and (4) elimination of
untoward side effects. In the decade of the 1980s, a
paradigm shift occurred. Discrete molecular targets,
such as receptors, enzymes, and ion channels, became
available, and emphasis was placed on finding chemical
entities that act on them directly with good selectivity.
Also, the structures of pharmaceutically interesting
macromolecular targets became increasingly abundant

from physical or computational methods. Thus, a much
more “structure-based” approach to drug discovery took
root. Critical success factors in this new realm still
include the identification and optimization of leads,
along with the avoidance of side effects. In addition,
there is now a strong emphasis on controlling param-
eters such as drug absorption, distribution, metabolism,
and excretion (ADME), especially to attain good oral
bioavailability and a prolonged half-life. A diverse
assemblage of technological advances, including molec-
ular biology (cloning and expression), high-throughput
synthesis (chemical libraries), high-throughput in vitro
screening (lead identification), genomics, computational
methods, and protein X-ray crystallography, has served
to underpin this revolution. As a result, it is now rare
for a medicinal chemist to prepare more than 500 mg
of a test compound, and most samples are less than 100
mg. Drug discovery habits have changed to the point
where pursuit of a project by the old approach would
amount to a major challenge. Despite this paradigm
shift and these technological advances, drug discovery
still depends heavily on one key factor: good luck!

It was with considerable good fortune that I came to
discover TOPAMAX topiramate under the old paradigm.
Topiramate is a unique sugar sulfamate drug that is
marketed worldwide for the treatment of epilepsy and
is under clinical development for other therapeutic
indications such as migraine headache.1 We had set out
to discover inhibitors of fructose-1,6-bisphosphatase, an
important enzyme in gluconeogenesis, as potential
antidiabetic agents. A synthetic intermediate derived
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from fructose, McN-4853, was screened in a panel of
pharmacological assays, one of which was the maximal
electroshock seizure test in mice. In an intriguing twist
of fate, anticonvulsant activity was found and McN-4853
was pursued, ultimately leading to the commercial
product. To be sure, this story of serendipity in phar-
maceutical research is not unique.2

The combined process of drug discovery and drug
development hinges on many unforeseeable factors,
most of which are out of the control of any specific
person. Even if the discovery and preclinical develop-
ment pieces fall into place, one must still contend with
the vagaries of the clinical and business development
pieces. Simply put, there are huge scientific, medical,
commercial, and political variables to confront, and
challenges to overcome, for a product to emerge at the
far end. In that respect, the necessity for good luck is
further amplified. As the columnist Marilyn vos Savant
has commented: “It is a wonder that drug companies
can accomplish this feat at all”.3

Structure-Based Drug Discovery

Molecular recognition between a drug and its biologi-
cal target is fundamentally important to the expression
of therapeutic efficacy. At the beginning of the 21st
century, we are in a strong position to understand and
utilize the critical interactions involved in such drug/
macromolecule complexes. The analysis of protein struc-
tures by X-ray crystallography, NMR studies, and
computer-assisted modeling has advanced to the stage
of providing well-defined, three-dimensional structures
in uncomplexed and ligand-complexed forms. Of course,
this information can be very amenable to drug design
and drug optimization.4 Since the intricate, specific
atomic interactions attendant to ligand/receptor binding
are readily accessible, at least for soluble systems, the
process of “structure-based drug design” can now be
widely practiced. Applications of this technique to
agents that inactivate enzyme targets have proven to
be particularly successful.

Structure-based drug discovery engendered a well-
spring of excitement in the early 1990s, and we devel-
oped a keen interest. This approach is tantalizing
because it introduces elements of rationality into the
drug design process. Nevertheless, one must be cogni-
zant of the potential perils and pitfalls, as with any
technique. In this article, I will discuss aspects of our
research in the area of structure-based drug discovery,
which originated around 1991 with an interest in
inhibitors of the serine protease thrombin. Our work
then progressed to inhibitors of the serine proteases
tryptase and cathepsin G.

Inhibitors of Thrombin

The trypsin-like serine protease R-thrombin (EC
3.4.21.5) has received extensive attention from a struc-
ture-based perspective since the report of its first X-ray
structure.5 Thrombin plays a central role in regulating
hemostasis and thrombosis; it is crucial inter alia for
forming blood clots and for activating platelets in
response to vascular injury.6 In essence, thrombin
protects us from bleeding to death, but it also has a
down side. An excess of thrombin can lead to undesired
thrombosis with accompanying death, for example, from

pulmonary embolism, myocardial infarction, or stroke.
Because of this enzyme’s key position in the coagulation
cascade, thrombin inhibitors could be useful drugs for
the treatment of thrombotic disorders,7 which are a
serious source of mortality and morbidity in patients
worldwide.

Around 1990, D-Phe-Pro-Arg-CH2Cl (1; PPACK) was
under examination in our laboratories for its potential
as a drug development candidate.8 PPACK is an ir-
reversible, active-site-directed thrombin inhibitor that
operates as a “transition-state analogue” at the scissile
bond area (i.e., in the region where the protease cleaves
an amide bond of its protein/peptide substrate).9 Al-
though PPACK was eventually set aside, this effort
planted the seeds for our eventual foray into the area
of thrombin inhibitors and into structure-based drug
design.

Bode et al.5b described the molecular structure of
human R-thrombin complexed with PPACK (1), which
depicts numerous key interactions: (1) an antiparallel
â-strand between the extended backbone of the ligand
and the backbone of Ser-214/Trp-215/Gly-216; (2) the
guanidine occupying the S1 specificity pocket; (3) a
tetrahedral adduct formed with Ser-195; (4) alkylation
of the ε-nitrogen of His-57 by the erstwhile chloromethyl
group; (5) the methylene groups of Pro tucked into a
hydrophobic S2 cleft partly defined by residues of the
60A-I insertion loop; (6) the phenyl group of D-Phe in a
hydrophobic S3 pocket with an aromatic stacking inter-
action involving Trp-215.10 Additionally, this X-ray
crystal structure suggests an opportunity for specific
interactions with the unique 60A-I insertion loop of
thrombin, especially with the side chains of Tyr-60A,
Trp-60D, and Lys-60F. In the wake of this disclosure,
Tulinsky, Bode, and co-workers11 reported the molecular
structure of human R-thrombin complexed with r-
hirudin, a des-sulfate version of the famous anticoagu-
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lant protein from the European medicinal leech, which
depicts an elaborate collection of hydrogen bonds and
electrostatic interactions. These notable achievements
stimulated considerable interest in thrombin as a target
for structure-based drug design.

Macrocyclic Peptides. In 1991, we initiated a
project to discover novel thrombin inhibitors with the
aid of the published atomic coordinates and computer-
based molecular modeling. We became intrigued by the
sponge-derived natural products cyclotheonamides A
(2a, CtA) and B (2b, CtB),12 which are macrocyclic
peptides that inhibit thrombin, as well as some other
serine proteases.12-14 Serine protease inhibitors based
on macrocyclic peptides are rare, although such a
structural motif may be found in the inhibitory loops of
native protease inhibitor proteins.15 Thus, CtA struck
us as a useful tool for identifying new types of interac-
tions within the active site of thrombin and for design-
ing novel thrombin inhibitors. In addition to its key Pro-
Arg P2-P1 segment and P1 electrophilic ketone, in
analogy with PPACK, CtA has some important new
structural features. Whereas CtA is missing the D-Phe
residue at P3 that is critical for the high thrombin
affinity of the D-Phe-Pro-Arg motif,8a,16 it has a D-Phe
in another position and a vinylogous tyrosine residue
(v-Tyr), which could afford new interactions with the
insertion loop or the S1′ domain of thrombin. To eluci-
date the mode of interaction of CtA within the active
site of thrombin, we collaborated with Prof. Alexander
Tulinsky (Michigan State University) to determine the
structure of the thrombin/CtA/hirugen ternary complex
by X-ray crystallography.13 A comparison of X-ray
structures for the thrombin complexes of CtA and
PPACK shows the disparate occupancy of the S3 region
(Figure 1). In addition to the expected features of Pro-
Arg and the R-keto amide, including the γ-oxygen of Ser-
195 bonded as a hemiketal (transition-state array), we
found an aromatic stacking interaction between the
hydroxyphenyl group of v-Tyr and Trp-60D, in the S1′
region (Figure 1). This observation lent support to the
idea of capitalizing on interactions in thrombin’s S1′
region with other types of molecules (vide infra).

With respect to the cyclotheonamides, we completed
the total synthesis of CtA and CtB;13,17,18 prepared and
studied specific analogues to establish structure-activ-
ity relationships, which was assisted by the synthetic
methodology that we developed;18,19 and prepared and
studied novel macrocyclic D-Phe-Pro-Arg peptides as
thrombin inhibitors.18,20 An outline of our synthesis of
CtA, a convergent [3 + 2] fragment condensation
protocol, is presented in Scheme 1. For details on the
synthesis, the interested reader should refer to the prior
literature.13,17,18 An important aspect of this route is the
phthalimide protecting group on the pendant amino
group, which can be removed at a very late stage in the
synthetic sequence so that different groups could be
attached. Thus, we were able to probe the hydrophobic
S3 domain of thrombin, which is not occupied by CtA
but is occupied by the D-Phe-Pro-Arg motif.

Surprisingly, installation of a phenylacetyl (2c, Ki )
3.1 nM) or a 2-phenethyl (2d, Ki ) 1.5 nM) substituent
onto the amino group of CtA (Ki ) 4.1 nM), to satisfy
the S3 pocket, did not result in a significant enhance-
ment of potency.18,19,21 Among the CtA analogues, we

also replaced the hydroxyphenyl group with a methyl
group (v-Ala) to examine the contribution to binding of
the aromatic stacking interaction (Ki ) 5.3 nM).18,19,21

However, since we did not obtain the anticipated 10- to
50-fold loss of thrombin inhibition, the stacking interac-
tion alone is not especially critical. Replacement of
D-Phe with D-Ala reduced thrombin inhibition by a
factor of 3 (Ki ) 12 nM), consistent with the hydrophobic
nature of the S1′ subsite.18,19,21 Remarkably, replacement
of both D-Phe and v-Tyr with their Ala equivalents
caused a sharp loss of thrombin inhibition (Ki ) 230
nM).18,22 This result suggests a cooperative interaction
involving the two aromatic groups of the CtA ligand in

Scheme 1. Approach to the Synthesis of CtA (2a)
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binding to thrombin. In our work with D-Phe-Pro-Arg
macrocycles possessing oligomethylene spacers,18,20 we
made two interesting observations relative to thrombin
interactions. First, a D-Phe residue in the S3 region was
important and could not be replaced by the formamide
unit of CtA, cf. 3 (Ki ) 24 nM) and 4 (Ki ) 260 nM).18,20

Second, replacement of the D-Phe and v-Tyr linkage of
CtA with a hexamethylene linker, as in 4, caused a
sharp loss of affinity, consistent with what was observed
for the CtA double replacement mentioned above.

Peptidoyl Heterocycles. Information gleaned from
working with the cyclotheonamides indicated that one
can capitalize on interactions in the S1′ subsite, espe-
cially involving the side chain of Trp-60D. Thus, we
envisioned attaching a heterocycle (Het), such as 2-ox-
azolyl or 2-pyridyl, to the C-terminal carbonyl of a

thrombin recognition motif, such as D-Phe-Pro-Arg
(Figure 2).23 These peptide-based R-ketoheterocycles
(also “acylheterocycles”) should be transition-state ana-
logues with a proven thrombin binding motif, as exem-

Figure 1. Comparison of the binding modes for CtA/thrombin and PPACK/thrombin. (A) Representation of the CtA/thrombin
complex from X-ray crystallography13 displaying the active-site region. Thrombin (yellow) is shown with a Connolly surface; CtA
(orange) is shown as a stick model of its non-hydrogen atoms. The S3 hydrophobic pocket, located between residues Tyr-60A and
Trp-215, is vacant. (B) Representation of the PPACK/thrombin complex from X-ray crystallography4 displaying the active-site
region. Thrombin (yellow) is shown with a Connolly surface; PPACK (magenta) is shown as a stick model of its non-hydrogen
atoms. The S3 hydrophobic pocket is occupied by the phenyl ring of PPACK.

Figure 2. Strategy for the design of novel thrombin inhibitors
with a heterocycle-activated ketone.
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plified by PPACK (1a) and efegatran (5).16a The hetero-
cycle should activate the ketone to form a reversible
hemiketal adduct with the γ-oxygen of Ser-195 and
provide new interactions in S1′ as well. Heterocycles can
be readily modulated as to stereoelectronic properties
to influence the electrophilicity of the arginine carbonyl
and to serve effectively as a “C-terminal extensor” in
the S1′ region. This heterocycle-activated ketone ap-
proach provided potent thrombin inhibitors, some with
subnanomolar Ki values, as first reported in our pre-
liminary publication.24 In detailed articles, we have
highlighted the advanced leads RWJ-50353 (6a), RWJ-
51438 (6b), and RWJ-51439 (6c), which exhibit potent
antithrombotic activity.25,26 The X-ray crystal structures
of thrombin complexes of 6a and 6b have also been
discussed.24,25,27

Early in our studies, a seminal paper by Edwards et
al. appeared with the first examples of peptide-based
R-ketoheterocycles as serine protease inhibitors, in their
case for elastase.28 The X-ray crystal structure of Ac-
Val-Pro-Val-(2-benzoxazole) complexed with porcine
pancreatic elastase (PPE) depicted hemiketal formation
with Ser-195 and a hydrogen-bonding interaction be-
tween the benzoxazole nitrogen and Nε of His-57.28

These structural features were also identified in our
work with complexes of 6a24,27a and 6b25,27b with throm-
bin/hirugen.24,25,27 Since our 1996 report,24 and follow-
up reports by Edwards et al.,29 there have been numer-
ous papers on peptide-based R-ketoheterocycles as
inhibitors of thrombin,30 other serine proteases,31 and
cysteine proteases.32

A set of representative tripeptide R-ketoheterocycles
(6a, 7a-7i) are shown in Table 1, along with thrombin
inhibition data and the selectivity for thrombin vs
trypsin.24,25 These compounds were prepared by two
main synthetic routes, one relying on a key Weinreb

amide (Scheme 2) and the other on a key hydroxyimi-
date (Scheme 3). For a detailed discussion of the
synthesis, the interested reader should refer to our full
paper.25,33 Benzothiazole 6a exhibits the best thrombin
inhibitory potency, with a Ki value of 0.20 ( 0.02 nM
(N ) 30). The benzo subunit enhances potency by a
factor of 10 (cf. 6a and 7a),34 and the nitrogen atom
enhances potency by a factor of 12 000 (cf. 6a and 7b).
The sulfur atom also has a significant influence because
6a is 30 times more potent than benzoxazole 7c and 40-
50 times more potent than benzimidazoles 7f and 7g.
Also, it is noteworthy that saturation of the benzo ring
causes a 17-fold loss of potency (cf. 6a and 6d). Pyridine

Table 1. Data for Selected R-Ketoheterocycles

a Value reported is generally for N g 6. b Thrombin selectivity in terms of (trypsin Ki)/(thrombin Ki).
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6h shows a steep loss in potency, being 425-fold weaker
than benzothiazole 6a and 40-fold weaker than thiazole
7a; quinazolinone 7i is 50 times less potent than 6a.
Thus, certain π-rich heterocycles with a nitrogen atom
and another heteroatom surrounding the attachment
point are preferred.

These thrombin inhibition results are consistent with
the interactions that are found in the active site of
thrombin from the X-ray structures of 6a‚thrombin27a

and 6b‚thrombin.27b The structure of 6a‚thrombin is
depicted in Figure 3, and the intermolecular interactions
are summarized in Figure 4. Besides the standard
D-Phe-Pro-Arg interactions, the ketone forms a hemiket-
al with Ser-195. The benzothiazole, which resides in the
S1′ subsite, displaces the side chain of Lys-60F from its
normal position and into a conformationally less stable
gauche arrangement. It is remarkable that 6a is such
a potent thrombin inhibitor given this effect on Lys-60F.
In its favor, the benzothiazole nitrogen of 6a hydrogen-
bonds with His-57 and the benzothiazole ring is involved
in an aromatic stacking interaction with Trp-60D.
Additionally, through a GRID analysis, the benzothia-
zole sulfur atom appears to interact favorably with a
hydrophobic patch on the surface of thrombin.25 It is
evident with 6a‚thrombin that the S1′ subsite is being
occupied in a manner similar to that found with CtA‚
thrombin (cf. Figures 1 and 3). Compound 6a also uses
the hydrophobic S3 region to advantage, while CtA does
not.

Benzothiazole 6a was evaluated pharmacologically as
an advanced lead.25,26 The in vitro antithrombotic activ-

ity of 6a was tested for inhibition of gel-filtered platelet
(GFP) aggregation induced by R-thrombin, which pro-
vides a measure of antiplatelet activity in the absence
of plasma coagulation factors and fibrinogen. An IC50
value of 32 ( 6 nM was obtained, which compares to
an IC50 value of 83 ( 28 nM for efegatran (5). The in
vivo antithrombotic activity of 6a was assessed in two
animal models of thrombosis: the canine arteriovenous
shunt model (thrombi composed of platelets and fibrin)
and the rabbit deep vein thrombosis model (thrombi
composed of fibrin). In the canine thrombosis model, 6a
and efegatran (5) had ED50 values of 0.46 and 0.66 mg/
kg, respectively, in reducing thrombus accumulation on
a shunt-resident silk fiber (thrombogenic surface). In
the rabbit thrombosis model, 6a and efegatran had
ED50 values of 0.29 and 0.13 mg/kg, respectively, in
reducing thrombus formation.

Unfortunately, 6a and many of its analogues elicited
pronounced hypotension and electrocardiogram (ECG)
effects in guinea pigs, thereby limiting their potential
to advance further. Thus, representative close analogues
of 6a were prepared and evaluated for their hypotensive
effects and thrombin inhibitory potency. This effort led
to carboxylic acid 6b and ester 6c, which showed
significantly diminished hypotension and ECG effects
relative to 6a.

The structure of 6b‚thrombin is largely analogous to
that of 6a‚thrombin except for the carboxylate substitu-
ent on 6b forming a salt bridge with the amino group
of Lys-60F (Figure 5).27b Thus, the side chain of Lys-
60F is now drawn into an extended arrangement, with

Scheme 2. Hydroxyimidate Route to 6a

Scheme 3. Weinreb Amide Route to 6b
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an anti conformation.35 Steric interactions between
thrombin and the carboxylate of 6b perturb the 60A-I
insertion loop relative to the loop in 6a‚thrombin (Figure
6).25 Apparently, any increase in binding energy that
would result from this salt-bridge formation is offset by
perturbations in the enzyme due to steric interactions.

Thus, despite the strong salt-bridge interaction in 6b‚
thrombin, 6b is 10-fold less potent as a thrombin
inhibitor, with a Ki value of 2.0 ( 0.9 (N ) 9).

Benzothiazole 6b was evaluated pharmacologically as
an advanced lead.25 It inhibited thrombin-induced GFP
aggregation with an IC50 value of 41 ( 19 nM, similar
to that for 6a. In the canine arteriovenous shunt and
the rabbit deep vein thrombosis models, 6b had es-
sentially equivalent potency to 6a, with ED50 values of
0.47 and 0.30 mg/kg, respectively. Since both 6a and
6b exhibited low oral bioavailability (F ) 1% and 3%,
respectively), they did not progress further.

Our analogue studies identified some exceedingly
potent thrombin inhibitors with altered P3 substituents.
For example, D-diphenylalanine 8a and D-cyclohexyl-
glycine 8b displayed tight slow-binding inhibition of
thrombin with Ki values of 0.000 65 ( 0.0001 and 0.018
( 0.011 nM (N ) 2), respectively.25 These compounds
were also among the most potent inhibitors in our series
in terms of thrombin IC50 values: 4.5 and 5.3 nM,
respectively. Given the remarkable potency of 8a, we
prepared an analogue of it lacking the MeNH group,
i.e., with a diphenylacetyl group at P3, and still obtained
potent thrombin inhibition (Ki ) 1.1 ( 0.3 nM, N ) 6).25

Benzothiazole Magic. In summary, we applied
structure-based drug design to discover novel, revers-
ible, active-site-directed thrombin inhibitors, which led
to potent series of macrocyclic peptides and R-ketohet-
erocycles based on the D-Phe-Pro-Arg motif. Our obser-
vations relative to the interaction of cyclotheonamide
A in the S1′ subsite of thrombin spurred us to explore
the S1′ subsite with D-Phe-Pro-Arg derivatives bearing
heterocyclic moieties at the C terminus. Of the various
heterocycles examined, 2-benzothiazole was found to be
the best (comparing Ki values) by at least an order of
magnitude. Advanced lead 6a exhibited potent activity
in two animal models of thrombosis (dogs and rabbits),
but it also caused hypotension and ECG effects in
guinea pigs. We were able to minimize these unwanted
side effects by introducing a carboxylic acid (6b) or a
carboxylic ester (6c) onto the benzothiazole group.
Benzothiazolecarboxylate 6b was potent and efficacious
in two animal models of thrombosis. Our structure-
activity studies,25 along with the X-ray structures of 6a‚
thrombin and 6b‚thrombin, suggest that the improved
affinity relative to aldehyde congener 1b is primarily
due to two factors: (1) the relative π-electron-withdraw-
ing power of the benzothiazole group36 and (2) the edge-
to-face aromatic stacking interaction between the ben-
zothiazole group and the indole of Trp-60D. In addition,
computational analysis with GRID suggests that the
benzothiazole sulfur atom may interact with a hydro-
phobic patch on the surface of thrombin.

The Bottom Line. Despite our success in obtaining
interesting, advanced thrombin inhibitors, we were
unable to pinpoint one that could be moved into pre-
clinical development. In the final analysis, we were
mainly hampered by low oral bioavailability of the key
leads. The holy grail in this area of anticoagulant/
antithrombotic therapy, starting around 1995, became
an oral drug with once-a-day, or at worst twice-a-day,
dosing for chronic use. That is where the greatest
medical need, and the greatest business opportunity,
really lies.

Figure 3. Representations of the 6a‚thrombin complex from
X-ray crystallography,27a displaying the active-site region. (A)
Thrombin (green) is shown with a Connolly electron-density
surface; 6a (yellow) is shown as a space-filled model. The S3-
S1 regions are occupied by D-Phe-Pro-Arg, as expected, and
the S1′ region is occupied by the benzothiazole group in a CtA-
like manner. (B) Thrombin (orange) is shown as a ribbon
diagram with certain side chains (green) installed; 6a (ma-
genta) is shown as a stick model of its non-hydrogen atoms.
The γ-oxygen of Ser-195 is in suitable proximity to the hitherto
carbonyl carbon of 6a such that a hemiketal structure exists.
The benzothiazole nitrogen is within favorable hydrogen-
bonding distance relative to the ε-nitrogen of His-57, and the
benzothiazole also participates in an aromatic stacking inter-
action with Trp-60D. The side chain of Lys-60F is folded up
into a gauche conformation.
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Transition-state analogue inhibitors (“covalent” in-
hibitors) have received some criticism for not being
capable of yielding marketed drugs.7k,l Certainly, they
have been problematic in our hands, and in the hands
of other researchers, because of a shortfall in pharma-
cokinetics. The general requirement for peptide-like
structures for such inhibitors is a contributing factor.
With the collective experience and clarity of hindsight
now at hand, one might conclude that this approach is
fraught with unacceptable perils and pitfalls. However,
at this moment no orally efficacious, direct thrombin
inhibitor of any type, “covalent” or “noncovalent,” has
reached the marketplace. The most advanced drug
candidate is the “noncovalent” inhibitor ximelagatran,
which is in phase 3 clinical trials.37 And ximelagatran
happens to be a double prodrug of melagatran, a
structural adaptation that was required to achieve the
necessary druglike properties. Perhaps, there may have
been more “noncovalent” than “covalent” thrombin
inhibitors with suitably drugworthy characteristics,
allowing the pursuit of oral clinical studies. However,
the public record would indicate that neither “covalent”
nor “noncovalent” thrombin inhibitors have delivered
on the ultimate goal.

Inhibitors of Trypsin and Tryptase

Amidst our exploration of SAR for the R-ketohetero-
cycle thrombin inhibitors, we decided to test for the
minimum structure to attain potent thrombin inhibition
(Ki < 10 nM). Since the benzothiazole group conferred
significant potency, we thought that it might be possible
to discard the P3 group and truncate the P2 group. Thus,
we synthesized benzothiazole 9 but found it to be a very
weak inhibitor of thrombin (Ki ) 12 300 nM). By
contrast, 9 proved to be a reasonably potent inhibitor
of trypsin (Ki ) 30 nM).38 We obtained the X-ray
structure of this relatively low-molecular-weight inhibi-
tor (MW ) 387.5 Da), which possesses just a capped
ArgC(O)-2-benzothiazole, complexed with bovine trypsin
and found that 9 occupied the active site in a manner
that one would predict.38 Interestingly, the benzene ring
of the benzothiazole is within van der Waals distance
of the Cys-42-Cys-58 disulfide bond, as part of a π/S-S
interaction, bordered by solvent molecules. Since â-
tryptase has an active site cavity similar to that of
trypsin, 9 was thought to have potential as a tryptase
inhibitor. Our attention was drawn to tryptase as a
target because this enzyme activates protease-activated

Figure 4. Schematic that summarizes the interactions between 6a (gray) and thrombin (black) from the X-ray crystal structure.27a

Figure 5. Schematic that summarizes the interactions between 6b (gray) and thrombin (black) from the X-ray crystal structure.27b
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receptor-2 (PAR-2), and we were very interested in
protease-activated receptors.39 Indeed, 9 turned out to
inhibit tryptase with a Ki value of 88 nM, making it a
very credible lead.40

Tryptase (EC 3.4.21.59) is a homotetrameric, trypsin-
like serine protease that constitutes 20-25% of the total
protein of human mast cells.41,42 Since it is stored in a
catalytically active form (rather than as a zymogen)
within the secretory granules and released on stimula-
tion, this enzyme is highly relevant to mast cell depend-
ent inflammatory conditions.41 In fact, tryptase has been
directly implicated in the pathology of asthma.43 Thus,
tryptase inhibitors have therapeutic potential for treat-
ing allergic or inflammatory disorders such as asthma,
vascular injury, inflammatory bowel disease, and pso-
riasis.44 The asthma angle looked promising to us
because administration of a drug candidate directly to
the lungs by inhalation seemed feasible, in which case

the concern about oral bioavailability might be averted.
Consequently, we decided to investigate analogues of
9.40

An early modification of the structure entailed intro-
duction of an amide bond to interact with the â-sheet
in the active site of tryptase, leading to 10 (RWJ-56423),
which has the 2S stereochemistry.40 This compound is
a potent, reversible tryptase inhibitor with a Ki value
of 10 nM.45 Although 10 also potently inhibits trypsin
(Ki ) 8.1 nM), it is selective vs other serine proteases
such as kallikrein, plasmin, thrombin, and factor Xa
(selectivity of 32-, 810-, 31000-, and 5700-fold, respec-
tively). An X-ray structure of 10 complexed with bovine
trypsin shows inter alia a hemiketal involving Ser-189,
a hydrogen bond between the nitrogen of the benzothia-
zole and Nε of His-57, and a hydrogen bond between
the Pro secondary amide carbonyl and the side chain
NH2 of Gln-192 (Figures 7 and 8). Although a tryptase
crystal structure has been published,42 our attempts to
obtain suitable crystals of 10‚tryptase for X-ray diffrac-
tion were unsuccessful. With the X-ray coordinates for
human â-tryptase,42 we used computational methods to
obtain a three-dimensional structure of 10‚tryptase as
a working model. In this complex, besides the constel-
lation of key interactions present in the X-ray structure
of 10‚trypsin, there is a new interaction between the
hydroxyl of 10 and the amide side chain of Gln-98
(Figure 9). However, this interaction does not appear
to be important for enzyme inhibition potency because
des-hydroxyl analogue 11 has similar tryptase affinity
and trypsin selectivity relative to 10. In a comparison
of the structures of 9‚trypsin and 10‚trypsin, 10 extends
more deeply into the S2 domain possibly because of
hydrogen bonding between the acetyl group of 10 and
Gly-216. With the high degree of homology between the

Figure 6. Comparison of features of 6a‚thrombin (orange)
and 6b‚thrombin (white) in the active-site region. Inhibitors
6a and 6b, as well as certain amino acid side chains of
thrombin, are shown as stick models of the non-hydrogen
atoms; heteroatoms have standard color coding (O, red; N,
blue; S, yellow).

Figure 7. Representation of the 10‚trypsin complex from
X-ray crystallography,40 displaying the active-site region. View
of 10 (white), shown as a stick model with the heteroatoms
represented by standard color coding, bound in the active site
of trypsin (orange), shown as a ribbon diagram bearing specific
amino acid side chains.
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active sites of tryptase and trypsin, a similar hydrogen-
bonding interaction would be possible in a complex
between 10 and tryptase.

In our thrombin inhibitor studies (vide supra), the
2-benzothiazole group conferred 10-fold greater potency
than the 2-thiazole group (cf. 6a and 7a). We suggested
that this result is derived in part from an aromatic
stacking interaction between the benzothiazole and the
indole of Trp-60D. For tryptase inhibition, benzothiazole
10 is 8 times more potent than the corresponding
thiazole 12, although tryptase does not possess an
insertion loop. (A similar 13-fold difference is observed
for inhibition of trypsin, which also does not possess an
insertion loop.) With tryptase, the benzothiazole group
may be more effective because of increased ketone
electrophilicity and/or increased electron density on the
ring nitrogen.36 The benzothiazole of 10 can also interact
with the Cys-42-Cys-58 disulfide bond in tryptase, as
observed especially in the X-ray structure of 9‚trypsin.38

However, the minimum interatomic distance between
the benzene ring of the benzothiazole of 10 and the Cys-

42-Cys-58 disulfide bond for 10‚trypsin is increased by
1.07 Å (to 5.37 from 4.30 Å), indicating a much weaker
van der Waals interaction in 10‚trypsin compared with
9‚trypsin.40 Considering this information, as well as the
observations for thrombin inhibitors, it is suggested that
electronic factors, rather than steric factors, contribute
principally to the better potency of 2-benzothiazolyl
ketones (i.e., increased ketone electrophilicity and/or
increased electron density on the ring nitrogen).

Compound 10 can easily suffer base-induced epimer-
ization because of its labile proton R to the keto group.
Stability studies on thrombin inhibitor 4 in rat and
rabbit plasma showed that the arginine R-proton is
completely equilibrated in 2 h under physiological
conditions (pH 7.4, 37 °C). For in vivo assessment, we
prepared a mixture of epimers by equilibrating 10 prior
to HPLC purification and HCl salt formation (1.2:1 2S/
2R ratio), which was used for antiasthma studies in
conscious, antigen-sensitized allergic sheep.40 We evalu-
ated 10, as a 2S/2R mixture (RWJ-58643), for in vivo
efficacy in the well-characterized sheep model of

Figure 8. Schematic that summarizes the interactions between 10 (gray) and trypsin (black) from the X-ray crystal structure.40

Figure 9. Schematic that summarizes the interactions between 10 (gray) and tryptase (black) from a computer-generated
structure.40
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asthma.40 The inhibitor was administered by aerosol as
a total dose of 9 mg twice a day for three consecutive
days and as a single, 9-mg dose on day 4, 2 h prior to
antigen challenge (Figure 10). Inhaled antigen alone
caused the expected airway responses under control
conditions (Figure 10A). There was a mean 300%
increase over baseline in specific lung resistance (SRL;
early-phase response), which returned to baseline be-
tween 2 and 6 h after challenge and increased again
between 6 and 8 h after challenge to 100% over baseline
(late-phase response). When these same sheep were
treated with the test compound, the early response was
inhibited by 70-75% and the late response was com-
pletely blocked. Twenty-four hours after antigen chal-
lenge, during carbachol administration, the sheep in the
control group developed airway hyper-responsiveness as
evidenced by the 2-fold decrease in the PC400, which
is the dose of carbachol needed to elicit a 400% increase
in SRL (Figure 10B). When these sheep were treated
with test compound, this airway hyper-responsiveness
was completely blocked, i.e., the postchallenge PC400
value was not different from the preantigen value.

RWJ-56423 (10) and the diastereomeric mixture
RWJ-58643 were advanced into preclinical development.
The scale-up synthesis and purification of 10 as a
crystalline acid addition salt was worked out. Following

favorable toxicological evaluation, 10 entered human
clinical trials under an inhalation protocol.

Inhibitors of Cathepsin G and Chymase

This excursion into tryptase inhibitors drew our
attention to drugs for pulmonary inflammation. Asthma
and chronic obstructive pulmonary disease (COPD) are
serious, unmet medical needs with a growing incidence
worldwide. In this regard, we became interested in the
serine protease cathepsin G (EC 3.4.21.20; Cat G), a
chymotrypsin-like enzyme that is stored in the azuro-
philic granules of neutrophils (polymorphonuclear leu-
kocytes) and released on degranulation.46 Macrophages
can also contain varying levels of Cat G. This protease
has been implicated in a variety of pathological condi-
tions associated mainly with inflammation.47 For ex-
ample, Cat G is involved in tissue remodeling at sites
of injury via the cleavage of matrix components, includ-
ing proteoglycans, collagen, fibronectin, and elastin.48

Cathepsin G plays a role in activating protease activated
receptor-4 (PAR-4), leading to platelet activation and
the release of mediators that could contribute to inflam-
matory responses.49 Although the endogenous protein
inhibitor R1-antichymotrypsin normally keeps Cat G in
check, an imbalance occurs under inflammatory condi-
tions, and there is a deficiency of this mediator. Thus,
inhibitors of Cat G have potential for treating asthma,
emphysema, reperfusion injury, psoriasis, and rheuma-
toid arthritis by reestablishing the balance.

Combining High-Throughput Screening and
Structure-Based Design. Our initial approach to
finding lead Cat G inhibitors relied on high-throughput
screening of diverse compounds in the Johnson &
Johnson library by using a chromogenic assay for Cat
G inhibition. From our testing of nearly 250 000 com-
pounds, we identified RWJ-48435 (13), which had an
IC50 value of 4.1 ( 0.3 µM (N ) 6) on follow-up
evaluation. Although this compound shows just moder-
ate potency, it is suitable for supporting an analogue
study. Our interest in 13 as a prototype structure was
driven by three noteworthy aspects. First, its non-
peptide structure is rare among inhibitors of Cat G.50,51

Second, 13 is a reversible inhibitor, whereas many
reported inhibitors operate through an irreversible
mechanism.50,51 Third, the â-ketophosphonic acid group
represents, to our knowledge, a novel serine protease
inhibitor motif.

Given the reported 1.8 Å crystal structure of Cat G
complexed with Suc-Val-Pro-PheP(OPh)2,51 it is possible
to apply structure-based drug design to improve on 13.
To obtain more potent Cat G inhibitors, we embarked
on a two-prong approach in parallel, one involving the
synthesis and testing of close analogues of 13 and the
other involving X-ray diffraction of a cocrystal of 13 with

Figure 10. Administration of test compound to conscious
allergic sheep by aerosol in a multiple-dosing protocol, as
described in the text. (A) Increase in specific lung resistance
(SRL): (O) control animals; (9) animals treated with 6 (RWJ-
58643). (B) Change in airway responsiveness at baseline (BSL)
and 24 h following antigen challenge (postantigen): (open bar)
control animals; (filled bar) drug-treated animals. Values are
given as the mean ( standard error for N ) 4.
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human Cat G. The latter approach was enabled through
our collaboration with Prof. Debashish Chattopadhyay
(University of AlabamasBirmingham). Of course, the
crystallization experiments would be a key rate-
determining step for the second prong, and there was
no guarantee of success.

We synthesized numerous analogues of 13 with
alterations of the aromatic rings and the ketone unit
(Figure 11).52 Cat G inhibition was completely destroyed
by replacing either naphthyl with phenyl, changing the
position of substitution for each naphthyl, adding a
methyl group R to phosphorus, and substituting the
carbonyl with CHOH, CH2, SO2, or CH2C(O). Placement
of Me or OMe groups on the 2-naphthyl at the 6-position
or 8-position was tolerated, but this change afforded no
increase in potency.

In the meantime, we were successful in growing
diffractable crystals of 13‚Cat G and in determining the
X-ray structure to a resolution of 3.0 Å.52 Although this
level of resolution is not optimal (2.5 Å or less is
preferable), it is still useful for establishing the struc-
tural features of the complex. The bottom line in this
case is that the X-ray structure, which is only the second
X-ray structure reported for Cat G, reveals how 13 is
bound within the active site and how the ligand can be
optimized for greater potency.52

There are two ligand/protein complexes in the asym-
metric unit that are essentially the same when super-
imposed except for the Ile-35/Arg-41 loop in the S1′
region, which has two distinctly different conformations.
One of the complexes is presented in Figure 12. The
ligand in the active site of Cat G is the R-enantiomer of
13, with its 2-naphthyl group in the hydrophobic S1
specificity pocket and its 1-naphthyl group in the S2
region (Figure 13). The distal benzene ring of the
1-naphthyl appears to participate in a π-stacking in-
teraction with the imidazole ring of His-57 (nearly
parallel planes with closest approach of 3.6 Å). The
phosphonic acid is strategically deployed, with one
oxygen atom hydrogen-bonded to Nε of His-57,53 another
residing in the “oxyanion hole” with hydrogen bonding
to NR of Gly-193, and a third hydrogen-bonded to Nε of
Lys-192 (Figure 14). The unenolized ketone of 13 is
hydrogen-bonded to Nε of Lys-192. Notably, this struc-
ture reveals a vacant S3/S4 domain in the active-site
cleft, which offers an opportunity for occupation by a
suitable appendage to enhance the potency (Figures 13

and 14B). The hydrophobic surfaces provided by the side
chains of Ile-99, Phe-172, and Tyr-215 are attractive for
additional ligand interactions.

We employed computer-assisted molecular modeling
to test different ideas for substituting 13 with probes
of the hydrophobic S3 and S4 subsites of Cat G. Sub-
stituents on the 1-naphthyl ring in S2 were considered
to have difficulty in reaching the S3/S4 area because
access is impeded by Ile-99. Our analysis indicated that
attachment to the 3-position of the 2-naphthyl ring
would be favorable. Thus, we designed versions of 13
with a carboxamide group located on the 2-naphthyl
ring to anchor a substituent that could nestle comfort-
ably in the S3/S4 region, and planned to use phosphonate
14 and 2,3-naphthalic anhydride (15) as building blocks
(Scheme 4).54 Since our modeling gave priority to
structures containing an aromatic group tethered by
6-8 Å to the 3-carboxyl, we incorporated arene-bearing
amines of varying chain lengths to obtain target ligands
of general type 16.52

Cat G inhibition data for carboxamide derivatives
17a-e are given in Table 2. Analogue 17c, with an
acyclic extension, exhibits an 8-fold increase in potency
over 13, demonstrating that added hydrophobicity can
enhance affinity. There was a notable 80-fold improve-
ment over 13 with the aromatic moiety attached via a
cyclic tether, as in 17d. Presumably, the conformational
constraint imparted by the piperidine ring favorably
orients the phenyl portion of the ligand within Cat G’s
cleft. The 15-fold weaker potency of acyclic variant 17e,
compared with 17d, supports this view. Compound 17f,
with a sizable 2-naphthyl group projecting into the
hydrophobic S3/S4 pocket, was one of the more potent
analogues (Ki ) 38 nM). The importance of three
available oxygen atoms on phosphorus was tested with
17f by replacing one of its P-OH groups with OMe
(monoester) and Me (phosphinic acid).55 Both of these
analogues resulted in a significant loss of Cat G inhibi-
tory potency, by a factor of ca. 10.55

For additional insight, we carried out a simulated
annealing experiment (with AMBER, version 5.0) in
which 17d was docked into the active site of Cat G
(Figure 15). The interactions in the S1, S2, and catalytic
regions of this model are similar to those in the X-ray

Figure 11. Some initial analogues of RWJ-48345 (13). NA )
not active (<50% inhibition of Cat G at 100 µM).

Figure 12. Structure of 13 (magenta) complexed with Cat G
(green), shown as a ribbon diagram, with some key side chains
(blue).52
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Figure 13. View of 13 (magenta), shown as a stick model, in the active site of Cat G (green), shown as a Connolly surface. The
vacant S3/S4 pocket, on the left side, is labeled.52

Figure 14. (A) Stereoview of the interactions of 13 (green), shown as a stick model with the heteroatoms represented by standard
color coding, with Cat G.52 Hydrogen bonds are indicated by the broken red lines. (B) Schematic summarizing the interactions of
13 with Cat G.

Scheme 4. Synthesis of Carboxamide Analogues of 13
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crystal structure of 13‚Cat G (Figure 13). However, the
piperidine ring (chair form) positions the phenyl ring
of 17d in the S3 pocket such that it makes hydrophobic
contacts with the side chains of Phe-172, Tyr-215, and
Ile-99. X-ray structural work on complexes between Cat
G and inhibitor molecules is in progress.

Dual Cat G/Chymase Inhibition. Compound 17d
shows reversible, competitive inhibition with IC50 and
Ki values of 53 ( 12 (N ) 10) and 63 ( 14 nM (N ) 5),
respectively. Another attribute of 17d relates to its
selectivity vs other serine proteases. It moderately
inhibits chymotrypsin (Ki ) 0.5 µM) and poorly inhibits
(<50% inhibition at 100 µM) thrombin, factor Xa, factor
IXa, plasmin, trypsin, tryptase, proteinase 3, and hu-
man leukocyte elastase.52 Surprisingly, 17d is a potent

inhibitor of chymase with an IC50 value of 17 ( 5 (N )
3); thus, it is a dual inhibitor of Cat G and chymase.

Chymase (EC 3.4.21.39) is a chymotrypsin-like serine
protease that is present mainly in the secretory granules
of mast cells and is released on degranulation.56 Chy-
mase, like Cat G, cleaves extracellular matrix compo-
nents. Moreover, this enzyme plays a role in the
initiation of inflammatory responses that affect the
formation of chemokines and possibly cytokines, which
then stimulate the infiltration of secondary inflamma-
tory cells, such as neutrophils. In a different vein,
chymase can convert angiotensin-I to angiotensin-II to
stimulate vascular permeability. Both chymase and Cat
G are postulated to have effects on tissue remodeling
in the blood vessel wall, heart, and lungs. R1-Antichy-
motrypsin and R1-proteinase inhibitor are endogenous
protein inhibitors that normally keep chymase in check.
However, under inflammatory conditions an imbalance
can occur between the levels of these mediators and
chymase, with there being a deficiency of the inhibitors.
Thus, synthetic inhibitors of chymase have potential for
treating inflammatory disorders such as asthma, rep-
erfusion injury, and psoriasis.57,58

It appears that a dual inhibitor of Cat G and chymase
would have significant potential as an antiinflammatory
agent, and we set out to demonstrate that fact with
suitable pharmacological models. An excellent response
was found for 17f in the standard sheep model of
asthma, as described in our published patent.55 As
shown in Figure 16, the early-phase asthmatic response
is significantly blunted and the late-phase asthmatic
response is completely ablated. Also, we observed
interesting antiinflammatory activity for a dual inhibi-
tor in a rat peritonitis model. Glycogen-induced pero-
tonitis was inhibited as determined by a reduction in
neutrophil influx into the peritoneal fluid and a reduc-
tion in the levels of the neutrophil chemokines IL-1R,
IL-1â, and MCP-1.59 Studies in other animal models of
inflammation have also delivered positive findings.59

Such results reflect favorably on the potential of a dual
Cat G/chymase inhibitor for the treatment of inflam-
matory disorders in humans.

Novel Serine Protease Inhibitor Motif. There are
known serine protease inhibitors that possess phospho-

Figure 15. Model of 17d‚Cat G complex with labeling of the S3 and S4 domains. View of 17d (white), shown as a stick model
with the heteroatoms represented by standard color coding, bound to Cat G (green), shown as a Connolly surface.

Table 2. Cathepsin G Inhibition for Selected Carboxamide
Derivatives

a 2Np ) 2-naphthyl. b N ) number of experiments; SEM )
standard error of the mean.
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nate or phosphinate groups, which can occupy the active
site in the vicinity of the catalytic residues Ser-195 and
His-57.51,60-62 However, such inhibitors have generally
been P-ester forms, especially diphenyl phosphonates,
and they operate by slow-tight or irreversible bind-
ing.51,60,61 Indeed, the formation of a covalent bond with
Oγ of Ser-195 has been confirmed by three different
X-ray studies.51,61e,g In reports concerning serine pro-
tease inhibitors bearing a free phosphonic or phosphinic
acid end-group, the compounds of interest also have an
acylamino group on the carbon R to phosphorus.62a-c,63

The known phosphonate and phosphinate ester inhibi-
tors also usually possess this structural element.60 In
this regard, such inhibitors can be viewed as surrogates
for, or mimics of, R-amino acid residues in a peptide
fragment. Our case is quite different. We have identified
non-peptide inhibitors with a novel â-ketophosphonic
acid core structure, which represents a new serine
protease inhibitor motif. The phosphonic acid supplies
three oxygen atoms in the binding to the enzyme, and
the ketone â to phosphorus also plays an important role
in binding (Figure 14). This â-ketophosphonic acid core
structure has the potential for wider applicability in the
design of serine protease inhibitors. One can imagine
potent inhibitors for other types of serine proteases that
incorporate structural features for favorable interactions
within the relevant S1-S3 subsites.

Epilogue
Over the past 15 years or so, structure-based drug

discovery has taken over the practice of medicinal
chemistry by a storm. We began our efforts in 1991,
when the technique was still in its inchoative period,
with the design of novel inhibitors of thrombin. Subse-
quently, we extended our work with serine proteases
to inhibitors of tryptase/trypsin and cathepsin G/chy-
mase. Potent enzyme inhibitors with significant efficacy
in preclinical models of disease were obtained in each
class, and at least one new chemical entity was ad-
vanced into human clinical study. In the case of Cat G,
we capitalized on the marriage of high-throughput
screening and structure-based drug design to convert a
lead with modest potency into an inhibitor with a 100-
fold potency improvement. Thus, we reached a reason-
able potency level to allow for meaningful pharmaco-
logical studies. In the process, we were fortunate to

discover even better potency for the inhibition of chy-
mase, giving rise to a novel family of dual Cat G/chy-
mase inhibitors. This odyssey has been very intellectu-
ally satisfying. However, looking back, it is clear that
successful structure-based drug discovery not only
requires considerable intellectual input but also requires
considerable insight and intuition, and good luck. These
qualities are basically no different from those needed
for the success of any type of modern medicinal-
chemistry-driven project.
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