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1. Introduction

The four major classes of protease enzymes!= (as-
partic, serine, cysteine, and metallo) selectively catalyze
the hydrolysis of polypeptide bonds. Their control over
protein synthesis, turnover, and function enables them
to regulate physiological processes such as digestion,
fertilization, growth, differentiation, cell signaling/
migration, immunological defense, wound healing, and
apoptosis. Proteases of these classes are also crucial for
disease propagation, and inhibitors of such proteases
are emerging with promising therapeutic uses®® in the
treatment of diseases (Table 1) such as cancers,6-8
parasitic, fungal, and viral infections (e.g. schistosomia-
sis, %10 malaria,!’1? C. albicans,314 HIV,15717 hepati-
tis, 1819 herpes?2921), and inflammatory, immunological,
respiratory,?>~25 cardiovascular,?® and neurodegenera-
tive disorders including Alzheimer’s disease.?” There are
now many designed potent and selective protease
inhibitors that slow or halt disease progression, inhibi-
tors of the human immunodeficiency virus protease
(HIV-1 protease) being notable for the speed with which
they became available to humans.1728-31 Tg be effective
as biological tools, protease inhibitors must be not only
very potent but also highly selective in binding to a
particular protease. As potential drugs, protease inhibi-
tors must in addition have appropriate pharmacokinetic
and pharmacodynamic properties.

Clues to how specific proteases selectively recognize
small molecules most often come from peptide sub-
strates for proteases. Although peptides display a
diverse range of biological properties, their use as drugs
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is however usually compromised by their instability, low
bioavailability, and poor pharmacological profiles. To be
effective drugs, protease inhibitors need to have mini-
mal peptide character, high stability to nonselective
proteolytic degradation, good membrane permeability,
long lifetimes in the bloodstream and in cells, low
susceptibility to elimination, high selectivity for a
protease, and good bioavailability (preferably by oral
delivery). These properties usually require the com-
pounds to have a low molecular weight (<1000 Da).3?

Protease inhibitors have been traditionally developed
by natural product screening for lead compounds with
subsequent optimization or by empirical substrate-based
methods,!” involving truncating polypeptide substrates
to short peptides (<10 amino acids), replacing the
cleavable amide bond by a noncleavable isostere, and
optimizing inhibitor potency through trial and error
structural modifications that progressively reduce the
peptide nature of the molecule. This substrate-based
drug design has been substantially improved in recent
years with the availability of three-dimensional struc-
tural information for proteases, permitting receptor-
based design. This involves using structural information
about the active site of the receptor (or protease) and
fitting into it selections of designed molecules with the
aid of computers. Combinatorial chemistry also presents
opportunities both to discover new molecular entities
for assaying and to optimize lead structures for develop-
ment of protease inhibitors.

Most proteases are sequence-specific, the size and
hydrophobicity/hydrophilicity of enzyme sites defining
possible binding amino acid side chains of polypeptide
substrates. The standard nomenclature3® used to des-
ignate substrate/inhibitor residues (e.g. P3, P2, P1, P1',
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Figure 1. Standard nomenclature for substrate residues and
their corresponding binding sites.33

P2', P3") that bind to corresponding enzyme subsites (S3,
S2, S1, S1', S2', S3') is shown in Figure 1.

Recently it has been convincingly demonstrated for a
wide range of proteases that aspartic, serine, cysteine,
and metallo proteases universally bind their inhibitors/
substrates in extended or g-strand conformations; that
is, the peptide backbone or equivalent is drawn out in
a linear arrangement.343% This common conformational
requirement for recognition by proteases suggests new
efforts to develop conformationally restricted inhibitors
that adopt receptor-binding conformations and thus are
entropically advantaged for binding to a protease. On
the other hand, most of the many thousands of protease
inhibitors that have been developed to date are rela-
tively flexible molecules that have to use energy to
rearrange into a protease-binding conformation. A pos-
sible trend in the development of more selective and
potent protease inhibitors may be the use of more
conformationally restricted molecules that are fixed in
the protease-binding conformation. We now describe
some of the better-studied small molecule inhibitors of
aspartic, serine, cysteine, and metallo proteases, il-
lustrate briefly how some of them bind to proteases,
report their inhibitor potencies, and comment upon their
pharmacological properties where available and their
clinical prospects (Table 1).

2. Aspartic Protease Inhibitors

Aspartic proteases®® generally bind 6—10 amino acid
regions of their polypeptide substrates which are typi-
cally processed with the aid of two catalytic aspartic acid
residues in the active site. Thus there is usually
considerable scope for building inhibitor specificity for
a particular aspartic protease by taking advantage of
the collective interactions between a putative inhibitor,
on both sides of its scissile amide bond, and a substan-
tial portion of the substrate-binding groove of the
enzyme. Some aspartic proteases also have one or more
flaps that close down on top of the inhibitor further
adding to inhibitor—protease interactions and increas-
ing the basis for selectivity. Figure 2 shows an example
of the hydrogen-bonding interactions made between an
aspartic protease (HIV-1 protease) and a selective cyclic
peptidic inhibitor (K; = 12 nM) as identified by an X-ray
crystal structure.3’

The general acid—base mechanism that is considered
most likely for polypeptide hydrolysis catalyzed by
aspartic proteases is depicted in Figure 3. The scissile
amide bond undergoes nucleophilic attack by a water
molecule which is itself partially activated by a depro-
tonated catalytic aspartic acid residue (Figure 3a). The
protonated aspartic acid donates a proton to the amide
bond nitrogen, generating a zwitterionic intermediate
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(Figure 3b) which collapses to the cleaved products
(Figure 3c). The water molecule that binds between the
enzyme (l1e50 and 11e150) and inhibitor is thought to
position a peptide substrate, stretching the peptide bond
out of planarity toward a tetrahedral transition state
that is stabilized by a second water molecule.38

Aspartic protease—inhibitor crystal structures are
currently available on the PDB database®® for viral
proteases (HIV-1, HIV-2, SIV, FIV), cathepsin D, renin,
renin/chymosin, penicillopepsin, secreted aspartic pro-
tease, pepsin, mucoropepsin, retropepsin, saccharopep-
sin, rhizopuspepsin, and plasmepsin I1I.

2.1. HIV-1 Protease. The protease of the human
immunodeficiency virus (HIV-1 protease) has proved to
be an attractive drug target due to its essential role in
the replicative cycle of HIV. Several low molecular
weight inhibitors of HIV-1 protease (MW < 1000 Da)
are now used in humans, including saquinavir (1), riton-
avir (2), indinavir (3), nelfinavir (4), and amprenavir
(5). These are among the first successful examples of
receptor/structure-based designer drugs and were de-
veloped using structures of compounds bound in the
active site of HIV-1 protease and with the knowledge
of inhibitors of other aspartic proteases (e.g. renin).2°

All HIV-1 protease inhibitors developed so far target
the active site substrate-binding groove of the ho-
modimeric enzyme, a long cylindrical cavity that binds
6—7 amino acids via ionic, van der Waals, or H-bonding
interactions.?® Two catalytic aspartates in the middle
of this cavity promote amide bond hydrolysis. Saquinavir
(1) became the first protease inhibitor designed from a
three-dimensional structure of a protease (structure-
based design) to be approved for human use in 1996,4041
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Table 1. Examples of Proteases, Inhibitors, and Their Clinical Status

protease

function

disease

inhibitor and status

HIV-1 protease
renin
thrombin

human neutrophil elastase
tryptases

C5/C3 convertases
cathepsin K

rhinovirus 3C protease
ACE

MMPs

neutral endoprotease

HIV replication
generation of angiotensin |
blood coagulation

cleavage of elastin phagocytosis
phagocytosis

complement activation

bone resorption

viral replication

generation of angiotensin 11

reconstruction of the cellullar
matrix
release of ANP

AIDS
hypertension
stroke, vascular clots,
coronary infarction
inflammation, pulmonary disease
asthma
inflammation
osteoporosis
common cold
hypertension

inflammation, cancer,
muscular dystophy

hypertension

arthritis, multiple sclerosis

crixivan; available
preclinical
argatroban; phase 111 (U.S.)

L-658,758; phase |
APC 366; phase 11
FUT-187; phase 11
APC 3328; preclinical
AG7088; preclinical
trandolapril, enalapril,
captopril; available
marimistat; phase 111

candoxatril; phase 111
preclinical

TACE release of TNF-a
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Figure 2. (a) Hydrogen-bonding interactions between a cyclic peptidomimetic inhibitor and HIV-1 protease.®’” The secondary
hydroxyl of the hydroxyethylamine transition-state isostere makes hydrogen-bonding contacts with both catalytic aspartates of
the enzyme. The water molecule that binds between the inhibitor and enzyme (11e50 and 11€150) is thought to position a peptide
substrate in the active site groove and to assist in stretching the peptide bond out of planarity, thus activating it for hydrolysis.
(b) X-ray structure of the same cyclic peptidomimetic inhibitor bound to HIV-1 protease (PDB: 1cpi). The enzyme active site is
delineated by a Connolly surface and can accommodate a heptapeptide. The inhibitor is totally encapsulated in the active site of
the enzyme. This view looks down from the flap region of the enzyme, the secondary hydroxyl which interacts with the catalytic
aspartates is pointing into the page, and the side chains can be seen to occupy six pockets (S3—S3') in the active site.
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Figure 3. Catalytic mechanism for substrate hydrolysis by aspartic proteases. Nucleophilic attack of an activated water molecule
on the scissile amide bond (a) and protonation of the amide nitrogen (b) give the zwitterionic intermediate (c) which collapses to
the cleaved products.

despite low oral bioavailability (1—-4%) due to poor
absorption and extensive first-pass degradation by
cytochrome P450 (CYP 3A4).%2 It is active in cell culture
against both HIV-1 and HIV-2 viruses (ECso = 1—30
nM), and combinations with ritonavir (2), an inhibitor
of cytochrome P450,%3 lead to greatly increased plasma

concentrations. Ritonavir is itself a potent inhibitor of
HIV-1 protease with high oral bioavailability (78% for
10 mg/kg po in rats, Cimax = 2.6 uM, Tmax = 2 h) and a
plasma half-life of 1.2 h after a 5 mg/kg iv dose.*
Indinavir or Crixivan (3) is another potent inhibitor of
HIV-1 (K = 0.52 nM) and HIV-2 (K; = 3.3 nM) proteases
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which halts the spread of HIV infection in MT4 lym-
phoid cells at 25—50 nM and is orally bioavailable (90%
in dogs). In humans, 3 is rapidly absorbed in a fasting
state (Tmax = 30—60 min), there is significant binding
to plasma proteins (60%) (800 mg po every 8 h gives a
Cmax of 12 uM), and the main degradation pathway is
via cytochrome P450.45* The mesylate salt of nelfinavir
(4, Agouron), approved for human use in 1997, is a
lipophilic (log P = 4.1) protease inhibitor (K;j = 2 nM)
with good oral bioavailability in rats (52%), dogs (31%),
and monkeys (34%).%6 Amprenavir (5, Ki = 0.6 nM) is a
water-soluble, orally bioavailable (> 70%) inhibitor with
plasma concentrations 20 times the ECgyo value after
900—1200 mg doses, and its long ty;, of 7—10 h allows
less frequent administration of drug thereby having the
potential for less side effects with respect to other
marketed HIV protease inhibitors described above.3247

Viral resistance to ‘monotherapy’ with any of these
drugs is a significant problem.3** Serial passages of
HIV-1 in vitro in the presence of increasing concentra-
tions of a protease inhibitor cause rapid emergence of
drug-resistant viral strains of HIV-1.%0 Resistance is due
to amino acid substitutions in the protease, either in
the inhibitor-binding active site or at remote residues
which influence catalytic or binding efficiency. Many of
the more common mutations (e.g. Gly48Val, Leu90Met
(saquinavir); Val82Phe, Ile84Val, Leu90Met (ritonavir);
Val82Phe, lle84Val, Leu90Met (indinavir); Asp30Asn
(nelfinavir); l1le50Val, 1le84Val (amprenavir)) are also
found in the clinic. However cross-resistance is not
always observed for inhibitor cocktails, so HIV patients
who experience clinical failure with one protease inhibi-
tor may still benefit from another protease inhibitor.
Thus new HIV protease inhibitors with different resis-
tance profiles are still being actively pursued.

A number of second-generation inhibitors have been
developed. ABT-378 (6) was designed to inhibit mutant
proteases produced in response to ritonavir. It is 10-
fold more potent against ritonavir-resistant strains (e.g.
Val82Phe, K;j = 1—4 pM; ECso = 0.1 uM in MT-4 cells)
and displays lower binding to serum proteins. Oral
bioavailability is very poor (Cmax < 0.1 ug/mL after 8 h)
but is enhanced 77-fold (Cmax = 5.5 ug/mL) when
administered with ritonavir and is in early phase Il
clinical trials.*®8 CGP-73547 (7) inhibits indinavir-
resistant (ICsp = 0.03—0.1 uM) and saquinavir-resistant
(ICsp = 0.004—0.1 uM) strains of HIV-1, is orally
bioavailable (20% in rats, Cmax = 90 min), and is in a
phase | clinical trial.*® One of the most promising
preclinical candidates for HIV protease inhibition is
palinavir (8). This compound is a very potent orally
active inhibitor of HIV-1 (K; = 31 pM) and HIV-2 (K; =
134 pM) proteases with high antiviral activity (ECso-
(HIV-1) = 0.5—-28 nM, ECso(HIV-2) = 4—30 nM), low
cytotoxicity (CCsp = 30-45 uM, TI > 1000), and reason-
able pharmacokinetics (rats: ti; = 0.7 h, Chax(5 mg/
kg) = 1.6 umol/L, F = 37%)%° but still leads to resistant
mutations predominantly Val32lle and lle84Ala.

2.2. Renin. The aspartic protease renin is involved
in the rate-limiting first step of the renin—angiotensin
(RAS) system, hydrolyzing the a,-globulin angiotensi-
nogen to release the 10-residue peptide angiotensin I.
Because of its specificity, renin inhibitors are antihy-
pertensive agents similar in action to ACE inhibitors
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and All antagonists but free of some side effects
associated with ACE inhibitor administration. For
example zankiren (A-72517) (9), the first peptidic renin
inhibitor with significant oral absorption (8% in monkey,
53% in dog, 24% in rat, 32% in ferret)®! is a potent
inhibitor (ICsp = 1.1 nM) of human plasma renin at pH
= 7.4. A 10 mg/kg intraduodenal dose in sodium-
depleted monkeys reduced mean arterial blood pressure
by 32 mmHg (37%) for 2 h. The compound has also been
administered to humans (Cmax = 0.43 and 1.15 uL/mL
after 125 and 259 mg doses, respectively) although
bioavailability has not been reported.>? Systolic blood
pressure and diastolic blood pressure were reduced by
16 and 8 mmHg after a 125 mg dose. Zankiren (9)
reduces the incidence of dry cough associated with ACE
treatment.53

Renin inhibitors have mainly been developed by
modifying substrate fragments from the angiotensino-
gen cleavage site,> but although several have entered
phase Il clinical trials, their clinical progress has been
hampered by their peptidic character which confers low
stability and poor oral bioavailability in humans (CGP
38 560 (10),% < 1%, K; = 0.7 nM; enalkiren (11),5* 0.5%,
Ki = 14 nM; remikiren (12),57 0.2%, K;j = 0.7 nM).
Another hurdle to the development of renin inhibitors
has been the high cost of production compared with
current antihypertensives such as ACE inhibitors and
All receptor antagonists such as losartan (Dup-753).
Renin inhibitors generally need to interact with five
subsites (S4—S1") of the enzyme to bind tightly and
selectively compared with only three for ACE inhibitors.
Consequently renin inhibitors tend to have a higher
molecular weight, have more stereocenters, and are thus
more expensive to manufacture.

Several renin inhibitors with low molecular weight,
less peptidic character, and improved oral bicavailability
have emerged recently. CP-108,671 (13) was designed
from the cleavage site of angiotensinogen and the
structure of the general aspartic protease inhibitor
pepstatin.®® It uses a cyclohexylnorstatine transition-
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state analogue, a (R)-benzylsuccinate, at P3 for chymot-
rypsin stability and is a potent inhibitor of human
plasma renin (ICso = 4 nM). It is orally bioavailable
(60% in dogs, 59% in marmosets, >27% in cynomolgus
monkeys) with a half-life in dogs of 2.4 h after iv
administration and lowers mean arterial blood pressure
in sodium-depleted marmosets by 25 mmHg for at least
5 h after a 3 mg/kg oral dose. It is highly selective over
most aspartic proteases (ICso(porcine pepsin) = 2100
nM) but does weakly inhibit cathepsin D (ICso = 550
nM). BILA 2157 BS (14) is another potent renin inhibi-
tor (ICsp = 1.4 nM, pH = 6.0) with some selectivity (I1Cso-
(cathepsin D) = 550 nM) and oral activity (40% in
cynomolgus monkeys after 3 mg/kg).5® The P2—P3
amide bond has been replaced in this compound by a
2-substituted butanediamide moiety, the (2-amino-4-
thiazolyl)methyl group at P2 and N-methyl-N-2-(2-
pyridinyl)ethyl moiety at P4 are needed for oral activity,
and there is only one stereogenic center and only one
amino acid residue (glycinamide) left in the molecule.
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A combination of the X-ray crystal structure of
CGP38560 (9) bound to renin® and previous deduc-
tions®! that the S3 subsite can be accessed by extending
the P1 residue of an inhibitor has led to inhibitor 15
(ICso = 13 nM)82 which lacks the P2—P4 amide back-
bone of CGP38560 yet retains good activity and specific-
ity. Compound 16 (ICso = 37 nM) is representative of a
series of nonpeptidic piperidine-based inhibitors of
human plasma renin.®3 It has a low molecular weight
(517 Da), is membrane-permeable (log D = 1.9, pH 7.4)
and is orally active in sodium-depleted marmosets with
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a maximal decrease in mean arterial blood pressure of
19 mmHg at 8.5 h after a 3 mg/kg dose. These com-
pounds bind very differently to renin than most other
inhibitors. An X-ray crystal structure of 17 shows that
the protonated nitrogen of the piperidine ring is located
between the two active site aspartic acid residues
forming one hydrogen bond to each, thus fulfilling the
function of the transition-state isosteres present in other
inhibitors.5* The naphthyl residue occupies the large
hydrophobic S1/S3 subsite of renin, while the 4-phenyl
ring of the inhibitor and the attached lipophilic tail
disrupt a hydrogen bond between Tyr75 and Trp39 of
the enzyme, lifting a portion of the flap region from
Thr72 to Ser81. This binding induces the formation of
a new hydrophobic pocket in the enzyme to accom-
modate the lipophilic tail and terminal phenyl group.
Nonpeptidic, low molecular weight compounds such as
15 and 17 represent excellent progress toward the
necessary features (oral bioavailability and economic
production) for a renin-inhibiting drug but may need
to be more selective.

2.3. Plasmepsins. Plasmepsins | and 11, found in the
malarial parasite Plasmodium falciparum, are aspartic
proteases that are believed to be essential for degrada-
tion of its major food source, human hemoglobin. Inhibi-
tion of these enzymes, which have 73% and 35%
sequence homology with human cathepsin D, is there-
fore considered to be a viable therapeutic strategy for
the treatment of malaria. Both plasmepsin | and Il are
believed to initially cleave the Phe33—Leu34 peptide
bond of the a-chain of hemoglobin, followed by cleavage
of the polypeptides into smaller fragments which are
subsequently processed by the cysteine protease falci-
pain.®> SC-5003 (18), the first peptidomimetic inhibitor
reported to selectively inhibit plasmepsin | (ICso = 500
nM; plasmepsin I, 22% at 10 uM), was active in vitro
against the live parasite (ICso = 2—5 uM) preventing
hemoglobin degradation.6® An X-ray crystal structure
of plasmepsin 11 complexed to pepstatin A was used to
develop peptidic inhibitors such as 19 (ICso = 0.56 nM)
which starves the live parasite in vitro (54% at 20 uM)
as well as inhibits human cathepsin D (ICsp = 21 nM).1!

Combinatorial synthesis is currently being used to
generate inhibitor libraries for these enzymes. For
example, the peptidic inhibitor 20 (ICso(plasmepsin 11)
= 50 nM, ICsp(cathepsin D) = 320 nM) was developed
from a 13000-compound library based on a statine
transition-state isostere core. The library generated
compounds with 31 different amino acids at the P2
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position and 20 different capping groups at P3, as well
as explored conformational space at the P2' position
with a further eight groups.®” Only two amide bonds
remain in inhibitor 21 which was also developed using
a combinatorial approach based on the hydroxyethy-
lamine isosteric core. Inhibitor 21 (K; = 4.3 nM) has a
molecular weight of 594 Da with log P of 3.71, suggest-
ing potential bioavailability, and a 10-fold selectivity
over human cathepsin D (K; = 63 nM).®8 While no data
has been provided on the selectivity of 19, 20, or 21
against plasmepsin | as compared to plasmepsin IlI,
given the similarity of the enzymes it is expected that
these inhibitors can substantially inhibit plasmepsin |
as well. All compounds developed to date are potent
inhibitors of human cathepsin D, so better selectivity
needs to be attained in orally active inhibitors of these
enzymes. Interestingly, a combination of cysteine and
aspartic protease inhibitors was recently found to be
more effective than either compound alone in inhibiting
Plasmodium-mediated hemoglobin degradation in both
culture and a murine malaria model.%° This synergy
suggests that combination therapy may be a viable
strategy for antimalarial treatment regimes of the
future.

Cl
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2.4. Cathepsin D. Human cathepsin D is an intra-
cellular aspartic protease mainly found in lysosomes.
It has a number of ‘house-keeping‘ functions including
degradation of cellular or phagocytosed proteins for
reprocessing. The enzyme may be involved in a variety
of disease states, including cancer and Alzheimer’s
disease. Clinical studies have shown that cathepsin D
is overexpressed in breast cancer cells, and this seems
to be associated with an increased risk of metastasis
due to enhanced cell growth.”® Cathepsin D or a similar
aspartic protease is also thought to be involved in
formation of p-amyloid peptide in Alzheimer's dis-
ease.”>72 The availability of selective and potent inhibi-
tors will help to further define the role of cathepsin D

in disease and possibly lead to therapeutic agents.
Relatively few inhibitors of cathepsin D have been
reported, partly because of its uncertain role as a viable
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target for therapeutic intervention. Human cathepsin
D was cocrystallized with pepstatin A in 1993, and its
structure’® has promoted some inhibitor studies. One
study suggests that entropy and solvation effects are
key determinants of high affinity for pepstatin—cathe-
psin D binding.” Although a general inhibitor of as-
partic proteases, pepstatin A (22) remains the most
potent inhibitor known for human cathepsin D (K; =
0.01 nM). The cyclic inhibitor 23 (K; = 1.4 nM) is one of
a series of inhibitors whose design is based on the X-ray
structure and uses the fact that the enzyme-bound
conformation of the P2 and P3' residues of pepstatin are
in close proximity to each other.!! This allows cyclization
of the inhibitor thereby increasing the proteolytic stabil-
ity of the three amide bonds in the cycle. Compound 23
is only a weak inhibitor of plasmepsin Il (ICso = 1500
nM) due to an unfavorable interaction of the P2—P3'
linker with the flap of the enzyme.1!

The benzophenone derivative 24 (ICsp = 210 nM) was
developed from a lead obtained from compound library
screening.”> SAR studies showed that the hydroxyl,
n-propyl, and rhodanine groups are important for good
activity. No data was presented on specificity of 24 with
respect to other aspartic proteases. Compound 25,
discovered from the statine-based combinatorial library
developed for the inhibition of plasmepsin 11, selectively
inhibits cathepsin D (ICsp = 110 nM) over plasmepsin
11 (ICso = 5800 nM).%7 Recently, another combinatorial
approach based on the hydroxyethylamine transition-
state isostere gave a series of potent and nonpeptidic
inhibitors of cathepsin D; two examples are 26 (K; = 9
nM)76 and 27 (K; = 0.7 nM).”7 The inhibitors were
generated to prove the methodology but were not
optimized for specificity against other aspartic proteases
using combinatorial approaches.

2.5. Secreted Aspartic Protease. The Candida
yeast strains C. albicans, C. tropicalis, and C. parap-
silosis exist in small quantities in a healthy intestinal
tract but become a health problem when the immune
system is compromised. Such opportunistic infections
arise in AIDS patients where C. albicans is a serious
pathogen of the mucous membranes.” It is also the
major cause of vaginitis’ and has been implicated in
liver toxicity and in development of multiple chemical
allergies. C. tropicalis is the predominant cause of
fungal infections in neutropenic cancer patients. These
organisms have the ability to secrete into the host8°
several aspartic proteases (SAP, secreted aspartic pro-
tease) of broad specificity. These proteases are thought
to be linked to the virulent effects of Candida strains
in humans as protease-deficient mutants reduce viru-
lence.81.82

The HIV-1 protease inhibitor indinavir (3) is a weak
but specific inhibitor of SAP and greatly reduces the
viability and growth of C. albicans.” These enzymes are
therefore becoming attractive targets for therapeutic
attack. Nine SAPs have been identified in the genome
of C. albicans to date (SAP1-—9).83 From mutation
experiments, SAP2 seems to be the dominant isoenzyme
for the normal progression of systematic infection, while
SAP1,3 are also important for overall virulence of C.
albicans.8! SAP4—6 appear to play a role in the process
of induction of SAP2.82 X-ray crystal structures have
been determined for SAP2 complexed to pepstatin,
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A-70450 (28),8* a close homologue SAP2X bound to the
same inhibitor,’* and a SAP enzyme of C. tropicalis.8®

Very little inhibitor design has been reported for
SAP2. A-70450 (28) was originally designed to inhibit
renin and later found to be a nonselective inhibitor of
the SAP of C. albicans (ICso(SAP) = 1.4 nM, 1Cso(renin)
= 7.1 nM, ICsp(cathepsin D) = 770 nM). This inhibitor
incorporates the (S)-hydroxyethylene isostere with the
hydroxyl group positioned in the crystal structure
between the two catalytic aspartate residues. Interest-
ingly, the terminal methylpiperazine ring of A-70450
is found to be in a boat conformation and occupies the
S3 subsite of the enzyme together with the benzyl group
of the ketopiperazine ring. The large S3 subsite is not
found in other aspartic proteases, and this difference
could be exploited to develop selective inhibitors for
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SAP2. A limited structure—activity study, where P2’
substituents were varied, gave inhibitor 29 with much
improved selectivity for SAP2 compared to renin or
cathepsin D (ICso(SAP) = 6.2 nM, ICsp(renin) > 100 nM,
ICso(cathepsin D) = 58000 nM.!3

2.6. Summary. Most aspartic protease inhibitors that
have been developed to date bind to their target enzyme
through noncovalent interactions (i.e. hydrogen bonds,
ionic or van der Waal’s contacts). These compounds are
therefore reversible inhibitors of proteases, and effective
inhibition relies on the enzyme having very much higher
affinity for the inhibitor than its natural substrate. High
affinity for any particular aspartic protease has been
achieved by trying to maximize the number of nonco-
valent interactions that the inhibitor makes with the
enzyme. One approach that has proved very successful
in this regard is the incorporation of a transition-state
isostere into designed inhibitors. A transition-state
isostere is defined as a functional group that can mimic
the tetrahedral transition-state of amide bond hydroly-
sis (Figure 3b can be regarded as a very rough ap-
proximation of the transition state) but cannot itself be
hydrolyzed by the enzyme. It has been hypothesized
that stable structures which can resemble the transition
state for an enzyme reaction will be bound more tightly
than the substrate for the enzyme-catalyzed reaction.
Studies on the general aspartic protease inhibitor
pepstatin (which incorporates the statine transition-
state isostere) suggest that this increased affinity, which
can be as great as a 10*-fold, is not only due to mimicry
of the transition state of amide bond hydrolysis but also
due to the displacement of the catalytic water molecule
hydrogen bonded to the catalytic aspartates.8®6 Some
transition-state isosteres that have been used for the
design of aspartic protease inhibitors are depicted in
Figure 4, and examples of their use can be seen in all
the inhibitors described above.

3. Serine Protease Inhibitors

Serine proteases-87~89 are classified by their substrate
specificity, particularly by the type of residue found at
P1, as either trypsin-like (positively charged residues
Lys/Arg preferred at P1), elastase-like (small hydropho-
bic residues Ala/Val at P1), or chymotrypsin-like (large
hydrophobic residues Phe/Tyr/Leu at P1). The active site
of these enzymes consists of a catalytic triad of Ser195,
His57, and Asp102 residues (chymotrypsin numbering
system) and an oxyanion hole. The substrate binds in
the active site forming a Michaelis complex, exposing
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Figure 4. Structure of some of the most common transition-state isosteres that have been used to replace scissile amide bonds

in the development of aspartic protease inhibitors.

ok
N Pi,, _NH
Ser g5 ?/\ ;
H
! HN \D_«»H*N Ser 195
- . \
N N
| \> Py H Oxyanion Hole
N N
His 57 H ! Gly 1g3
‘ o
e
Asp 102
(a)
OY%
Pi,, _NH
PN ~H—N/Sel’
Ser 195 O/ o~ N
H
/“H/O\H \/N/
N Gly 193
>
ws N
S 57 | + Py
0. 0 R
° wy
o]
Asp 102
(©

OYE
Py,
Ser 195/\OXENH
m ‘?) ---H—N Ser1g5
H 0 ©
N\® ﬁ/kpf H,
oY R
N Gl
His o5 H Y 193
5. 0
®O
Asp 102
(b)
OYE
P, _NH
Sefws/\o‘_&» -H—N_Ser 195
HO o
H\
N/
H
NO { Gly 193
| D
N
His 57 H
50~ 0
ASp 102
(d)

Figure 5. General catalytic mechanism for serine proteases. (a) Hydrogen-bonding interactions with histidine and aspartate
residues of the catalytic triad activate the serine hydroxyl for nucleophilic attack of the scissile amide bond, forming the first
hemiacetal tetrahedral intermediate. (b) Proton transfer from His57 to the amine of the tetrahedral intermediate facilitates
expulsion of the C-terminal fragment of the substrate to give the covalent acyl complex. (c) Water attacks the complex to form the
second tetrahedral intermediate (d) which collapses via acid-assisted catalysis by His57 to regenerate Ser195 and the N-terminal

fragment of the cleaved substrate.

the carbonyl group of the scissile amide bond to nucleo-
philic attack by the active site serine hydroxyl, under
base catalysis by the imidazole side chain of His57
(Figure 5a). The resulting tetrahedral intermediate is
stabilized by hydrogen bonding to the backbone NH of
Ser195 and Gly193, which form the oxyanion hole.
Proton transfer from His57 to the amine of the tetra-
hedral intermediate facilitates expulsion of the amine
fragment as leaving group (Figure 5b). The covalent

acyl—enzyme complex is attacked by water, with forma-
tion of a new tetrahedral intermediate (Figure 5c¢) which
subsequently breaks down via acid-assisted catalysis by
His57 to form the carboxyl fragment of the cleaved
substrate and regenerate Ser195 (Figure 5d).

Serine proteases for which protease—inhibitor X-ray
crystal structural data is available on the PDB data-
base® include trypsin, a-chymotrypsin, v-chymotrypsin,
human neutrophil elastase, a-lytic protease, thrombin,
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subtilisin, human cytomegalovirus, proteinase A, ach-
romobacter, human cathepsin G, glutamic acid-specific
protease, carboxypeptidase D, blood coagulation factor
Vlla, porcine factor 1XA, mesentericopeptidase, HCV
protease, and thermitase.

3.1. Thrombin. Thrombin is a trypsin-like serine
protease that plays a central role in hemostasis and
induces platelet aggregation and secretion.®°! It is a
member of the trypsin family of serine proteases and
the final enzyme in the blood coagulation cascade.
Thrombin hydrolyzes factors V, VIII, and XIIl and
fibrinogen, releasing fibrinopeptides A and B, which
generate fibrin. The polymerization of fibrin produces
the core of a blood clot. The substrate pocket S1 of
thrombin is optimized to recognize an arginine side
chain, while the S2 and S3 subsites are hydrophobic in
contrast to trypsin. The S2 subsite is smaller than the
S3, typically accommodating a proline residue or a small
hydrophobic unit, while the S3 subsite can bind larger
residues (e.g. b-Phe). Thousands of thrombin inhibitors
have been discovered over the last 20 years, some of
which are orally active and under clinical evaluation.®?
A natural product isolated from the medicinal leech
called hirudin (66 amino acids) and its analogue hirulog
(20 amino acids) are polypeptides that have been under
clinical scrutiny as thrombin inhibitors.%° Both peptides
bind tightly to thrombin (Kg=2 x 107*and 2.3 x 10~°
M, respectively), penetrate the thrombus, and neutralize
thrombin bound to fibrin thereby reducing platelet
deposition and thrombus growth. Hirulog (tmax = 15—
19 min, typ, = 0.18-0.55 h, Cnax = dose-dependent)
combines a fragment of the C-terminus of hirudin with
an N-terminal fragment p-Phe-Pro-Arg-Pro(Gly) that
interacts with the catalytic site of thrombin. This b-Phe-
Pro-Arg-Pro unit has been the basis for numerous small
molecule active-site-directed competitive inhibitors of
thrombin, including argatroban (MD-805, 30), napsa-
gatran (RO46-6240, 31), inogatran (32), efegatran (LY
294468, 33), CVS-1123 (34), DuP714 (35), UK156406
(37), and melagatran (42).

Argatroban (Novastan, MD-805) (30) is a potent
arginine derivative (K; = 39 nM) which inhibits platelet
aggregation by clot-associated thrombin. It is a 64:36
mixture of 21(R) and 21(S) diastereomers, with the
latter being twice as potent as the former in an in vitro
coagulation assay but also less soluble in aqueous
buffer.?® Argatroban monohydrate is in phase 111 clinical
trials in the United States and is approved for iv use in
Japan for treating peripheral arterial occlusive dis-
ease.% It lacks oral bioavailability and has a short
duration of action (ty; = 40 min) in humans. Another
inhibitor in clinical trials is napsagatran (31), a potent
and reversible inhibitor that is 6000 times more selec-
tive for thrombin (K; = 0.3 nM) than trypsin (K;j = 1.9
uM) and significantly decreases the intracoronary throm-
bus at low dose.®®* This compound has similar anti-
thrombotic effects to heparin, one of the most widely
used anticoagulants.%°7 Inogatran (32) is a selective
and competitive inhibitor of thrombin (K; = 15 nM),%
occupying S1—S3 enzyme subsites and inhibiting plate-
let aggregation (ICsp = 17 nM) without interacting
directly with the nucleophilic serine of thrombin.®® It is
a synthetic peptidomimetic with good pharmacokinetic
properties for iv administration in clinical trials.1%0

Journal of Medicinal Chemistry, 2000, Vol. 43, No. 3 313

NH
e n_« OgN._COOH
2 NH, 0\\3//0

. SN
1 O )
I _N CHs
S—N
0 H v
° © oo )\
HNZ N,
30 31
_Me
HN
N
o N N nw
" 0 XN 2 o NH
o H
HOOC._N O NH \_.\<(o
H
Q
Ny N
32 o
NH,
33
O & I
CcHO . o~
HO N7 ONH
N N~/ 2
% 0y _NH
o o
Me0,C 8
60, \H NN \ﬂ/
o HN N
>:NH
HN
34 35

42

Efegatran (LY 294468, 33) is a tripeptidic argininal
inhibitor of thrombin that is clinically well-tolerated and
displays dose-dependent anticoagulant activity above
0.63 mg/kg/h.%° It has been developed as a parenteral
anticoagulant for the treatment of acute coronary
syndromes. Efegatran has undergone phase Il clinical
trials in unstable angina and acute myocardial infarc-
tion patients.’®® Another argininal inhibitor which has
entered clinical trials as an orally administered drug is
CVS-1123 (34). It was recently reported to prevent
arterial and venous thrombosis after iv administration
in dogs and also prevented coronary artery thrombosis
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after oral administration.02.103 Similarly, DuP714 (35)
is a boroarginine tripeptide containing bp-Phe-Pro-
Arg,10419 which binds to thrombin with high affinity
(Kg = 4.1 x 1071 M) and inhibits thrombin-mediated
platelet activation and fibrinogen cleavage (K;(thrombin)
= 40 pM) but is not selective (Kj(trypsin) = 45 pM).
Clinical studies were not undertaken due to liver
toxicity.?0 To reduce the peptidic nature of DuP714 (35),
various biaryl-substituted akylboronate esters 36 (K;-
(thrombin) = 0.21 nM, K;(trypsin) = 0.70 nM) were
synthesized as potent thrombin inhibitors.10

UK156406 (37) is another peptidomimetic currently
in clinical trials (K; = 0.46 nM); however, it is only
moderately selective against trypsin and anticoagulant
parameters returned to baseline within 8 h.92197 |t has
oral bioavailability in dogs of 45% and a relatively short
plasma half-life of 48 min. Compound 38 (K; = 56 pM)
is 2100-fold more selective for thrombin than trypsin
and 90% orally bioavailable in dogs; it suffers in vivo
from high protein binding.1°8 Compound L-372,460 (39)
is selective for thrombin (K; = 1.5 nM) over trypsin (K;
= 860 nM) and efficacious in a rat model of arterial
thrombosis at an infusion rate of 10 ug/kg/min.1% It is
orally bioavailable in dogs (74%) and monkeys (39%)
with a serum half-life of 4 h and is a clinical candidate
for the treatment of thrombogenic disorders. BMS-
189090 (40) is also selective for thrombin (K; = 3.6 nM)
over trypsin and other serine proteases and has an
X-ray crystal structure similar to PPACK (p-Phe-Pro-
Arg-CH,CI) bound to thrombin.11°

LY178550 (41) has a basic amidine which forms a salt
bridge with Asp189 within the active site of thrombin,
while the 4-benzylpiperidine interacts with the S2 and
S3 binding sites via hydrophobic interactions.''? The
indole NH of the inhibitor forms a hydrogen bond with
the y-oxygen of the active site Ser195. This compound
has a high Kass 0of 2 x 108 M~1, which indicates strong
interaction between inhibitor and enzyme. Unfortu-
nately, this compound is not selective over trypsin but
has good selectivity toward other serine proteases.
Melagatran (42) is a potent orally active inhibitor of
thrombin (Ki = 2 nM),'*2 which prevents or delays
formation of electrically induced occlusive thrombus in
the canine coronary artery and prolongs clotting time
to twice the control value in coagulation assays at low
concentrations.'31 While thrombin inhibitors are
excellent anticoagulants, their action on platelet func-
tion disposes individuals to excessive bleeding. Other
compounds with antithrombotic activity but without this
side effect are more desirable for clinical use and are
actively being sought.

3.2. Factor Xa. Factor Xa is another trypsin-like
serine protease present in the prothrombinase complex
and is responsible for cleaving prothrombin to form
thrombin.11> At the site of injury, the prothrombinase
complex is unaffected by thrombin inhibitors, therefore
maintaining a prothrombotic state by producing throm-
bin continuously. A number of natural product inhibi-
tors of factor Xa have been reported such as TAP (tick
anticoagulant peptide), antistasin, and ecotin. Com-
pared to thrombin inhibitors, there are relatively few
reports of small molecule inhibitors of factor Xa.

DX-9065a (43) (Kij = 41 nM) is an inhibitor of factor
Xa. It is an amidinonaphthalene derivative which is
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orally active and highly selective over other serine
proteases (e.g. Kij(thrombin) > 2000 uM, Kj(chymot-
rypsin) > 2000 uM, Kj(trypsin) = 0.62 xM).116117 It does
not affect platelet aggregation, has prolonged antifactor
Xa activity and inhibition of thrombin generation,
causes a reduction in tissue factor-induced mortality in
mice (EDsp = 56 mg/kg), and inhibits stasis-induced
thrombosis in rabbits (EDs(iv) = 0.03 mg/kg, EDs(sc)
= 0.3 mg/kg, EDso(po) = 50.5 mg/kg).}® Computer
models!1®120 and an X-ray crystal structure!?! of 43
bound to the enzyme have been reported. The naphtha-
midine group was predicted by modeling to be fixed in
the S1 pocket via a salt bridge to Asp189, which was
confirmed by the crystal structure. Hydrophobic inter-
actions around the pocket also contribute to the high
binding affinity, while the pyrrolidine ring binds to the
other major interaction site at S4. DX-9065a is a
promising candidate in the treatment and prevention
of thrombotic disease.!??
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A similar naphthamidine derivative is YM-60828 (44),
which is selective, potent, and bioavailable (K;(factor Xa)
= 1.3 nM, Kj(thrombin) > 100 M) and inhibits the
enzyme in the prothrombinase complex with an I1Csg of
7.7 nM.128 It is orally active, significantly reduces the
incidence of occlusion, and improves carotid arterial
potency at 30 mg/kg po in an electrically induced artery
thrombosis model in rats.'?* This compound also exerted
antithrombotic effects in a dose-dependent manner in
a venous thrombosis and an arteriovenous shunt model
in rats with IDsg of 0.081 and 0.010 mg/kg, respec-
tively.125

ZK-807191 (45) is a potent (K; = 0.1 nM) and selective
inhibitor of factor Xa (3200-fold over trypsin) and is
orally active (20% bioavailability) in dogs and monkeys.
Substitution at the 4-position and a phenol group
opposite the amidine function contribute to the selectiv-
ity and potency of this molecule.?? Other selective
submicromolar inhibitors of factor Xa reported recently
are FX-2212 (46, 1Csp = 0.27 uM),'?6 S-alanine deriva-
tives 47 (ICsp = 0.03 uM),*?” and amidinotetrahydroiso-
quinoline derivatives 48 (K; = 0.026 uM).'?8 To date no
factor Xa inhibitors have been developed as therapeutic
agents, but they could conceivably become valuable
anticoagulants in the future since they demonstrate
good antithrombotic activity without the bleeding com-
plications associated with thrombin inhibitors.

3.3. Elastase. Elastase (EC 3.4.21.37) is a serine
protease implicated in adult respiratory distress syn-
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drome (ARDS), rheumatoid arthritis, pulmonary em-
physema, cystic fibrosis, and chronic bronchitis. Human
neutrophil elastase is released from human polymor-
phonuclear leukocytes in response to inflammatory
stimuli and is responsible for the degradation of con-
nective tissue proteins such as collagen, elastin, laminin,
fibronectin, and proteoglycan. Normally elastase activity
is tightly regulated by endogenous inhibitors such as
secretory leukocyte protease inhibitors and al-protease
inhibitors, but an imbalance between proteases and
antiproteases can lead to degradation of healthy tissue
and disease development.

Numerous inhibitors of elastase have been reported
during the past decade.’® Although no elastase inhibi-
tors have been approved for commercial use, various
electrophilic carbonyl derivatives (ICI-200800 (49),
MR889 (50), MDL101,146 (53), ZD8321 (54)) and het-
erocyclic derivatives (L-658,758 (52)) have been inves-
tigated and are currently undergoing clinical trials for
emphysema and other pulmonary diseases. Inhibitors
such as IC1-200880 (49)130 and ICI-200355131:132 gre
acylsulfonamide trifluoromethyl ketone derivatives of
a Val-Pro-Val template, (Kij = 0.5 and 0.6 nM, respec-
tively). The Val-Pro-Val residues bind to the S1—S3 sites
of the enzyme, while the electrophilic ketone interacts
with the catalytic serine nucleophile in the active site
to form a hemiketal adduct. Both compounds signifi-
cantly reduce elastase-induced lung hemorrhage when
administered intratracheally at 0.3 umol/animal up to
36 h prior to elastase installation.’®3 Although ICI-
200880 has undergone human trials, it has low oral
bioavailability and is limited to intratracheal adminis-
tration. In a recent article, clinical trials for this
compound were reported to have been discontinued.134

The cyclic thiol MR889 (50) is in clinical evaluation
for the treatment of chronic obstructive pulmonary
disease (COPD).1% It is a reversible, slow-binding
inhibitor (K; = 1.38 uM) with good Kinetic properties,
and it may be given to COPD patients at 500 mg b.i.d.
safely for a period of 4 weeks with no major side
effects.136.137 ONO-5046 (51) is a competitive inhibitor
(Kij = 0.2 uM, 1C5p = 0.044 uM) which also suppresses
lung damage induced in hamsters by elastase admin-
istered intratracheally (IDsp = 82 ug/kg).'®® Interest-
ingly, when this drug was injected (100 mg/kg/day)
intraperitoneally to arthritic rats, it was found to protect
cartilage from degradation and reduce the incidence and
severity of collagen-induced arthritis.13%140 This com-
pound has also been investigated as a chemotherapeutic
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agent for lung cancer!*! and idiopathic interstitial
pneumonia.l*2 With its low toxicity and good in vivo
properties, it may soon enter human trials.143

The cephalosporin derivative L-658,758 (52), which
is a potent and irreversible inhibitor of elastase (Kops/
[11=3800 M~1s71, EDso = 5 ug/animal, ty, = 21 h),144.145
has been investigated as a topical aerosol for the
treatment of pulmonary diseases. While intratracheal
administration of drugs may be the preferred method
for the treatment of pulmonary diseases, other elastase-
induced inflammatory and nonpulmonary disorders
such as rheumatoid arthritis and atherosclerosis require
orally bioavailable remedies. Various heterocyclic de-
rivatives such as penicillins, 146147 penems,#® S-lac-
tams,149150  jsocoumarins,’®  benzisothiazolones,52
WING63759 (55), alkylazetidinones (56), and many others
have been shown to be potent elastase inhibitors. In
particular, elastase inhibitors such as WIN63759 (K; =
0.013 nM) have good pharmacokinetic properties in dogs
when administered orally and can be detected in the
lung (Cmax = 0.47 ug/mL).153 Similarly, compound 56
(Kobs/[1]1 = 91000 M~ s71) is an orally active heterocyclic
derivative causing 98% inhibition 30 min after 30 mg/
kg was administered to hamsters. Even after 5 h, there
was still 51% inhibition (EDsp = 3.7 mg/kg, ty» = 5 h).154
Another heterocyclic inhibitor disclosed recently is
DMP-777 (57), an orally active pyrrolidine trans-lactam
which has entered phase 11 clinical trials for inflamma-
tory-related disorders. 134155
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Many inhibitors which have been developed have been
based on the Val-Pro-Val template such as 1C1-200880,
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MDL101,146 (53), and ZD8321 (54). Although peptidic
inhibitors have generally been demonstrated to have
poor oral bioavailability characteristics, 53 is an orally
active pentafluoroethyl ketone inhibitor (K; = 20 nM,
EDsp = 15 mg/kg) which has recently entered human
trials.®® This compound inhibited lung hemorrhage in
rats and hamsters by 69% and 74% by oral administra-
tion of 50 and 25 mg/kg, respectively.’®>” An enol actate
prodrug of MDL101,146 showed improved oral bioavail-
ability with an EDsg of 9 mg/kg.1%8

The trifluoromethyl ketone derivative ZD8321 (54)
has also been shown to display oral activity (K;j = 13
nM). It is a potent inhibitor with excellent in vivo
activity (EDso(iv) = 0.51 mg/kg, EDsp(oral) = 2.0 mg/
kg) including oral bioavailability of 75%, 84%, and 70%
in hamsters, rats, and dogs, respectively.1>® Various
trifluoromethyl ketone!® analogues have been synthe-
sized with different nonpeptidic structures, including
pyrimidone 58, pyridone 59, f-carbolinone 60, and
pyridopyrimidine 61. The pyridone analogue 59 was
found to possess excellent intratracheal activity (K; =
9.4 nM, EDso = 2 nmol/animal),'6? while the S-carboli-
none 60 displayed significant in vitro potency (K; = 6.1
nM) but was not orally active.’®2 Pyrimidone 58 (K; =
101 nM, EDsg(oral) = 7.5 mg/kg)63164 and pyridopyri-
midine 61 (K;j = 0.95 nM) have more promising oral
bioavailability.16> Another interesting nonpeptide de-
rivative CE-1037 (62) is a potent inhibitor (K; = 0.45
nM) which has undergone phase Il clinical trials as a
therapeutic for cystic fibrosis.134
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In a recent report, it was demonstrated that the
destructive potential of elastase in the lung was en-
hanced by reactive oxygen radical species. A perhy-
droindole derivative with an antioxidant moiety at-
tached (63, ICsp = 26 nM) was found to reduce
hemorrhage by 50% when given 72 h prior to elastase
challenge (15 nmol/animal it). This compound had
excellent stability and retention in the lung as compared
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to 18 h for 1CI1-200880.1%6 Novel pharmacophores such
as trans-lactams, trans-lactones,!*® thienooxazinones,6’
thiadiazolidinone dioxides,%8 and hydrazinopeptides®®
have also been reported in the literature as potent
elastase inhibitors worthy of further investigation.

3.4. Tryptase. Tryptase (EC 3.4.21.59) is a trypsin-
like serine protease that is the major secretory product
of human mast cells. This enzyme is released in
response to mast cell activators along with histamine,
heparin, and other mast cell proteases.'’%171 Tryptase
has been implicated as an inflammatory mediator in
different inflammatory and allergic conditions such as
conjuctivitis, rhinitis, and especially asthma. The S1
pocket is large enough to accommodate a range of simple
P1 nitrogen bases (e.g. Arg, Lys). Homology models!’?
and the crystal structurel’® of the enzyme have indi-
cated preference for simple aromatic and aliphatic
nitrogen bases at P1.

Three types of synthetic tryptase inhibitors have been
reviewed,’* including peptidic inhibitors such as APC-
366 (64, K; = 0.84 uM), which is currently in phase Il
clinical trials for the treatment of asthma,® dibasic
inhibitors (65), and Zn2* binding inhibitors BABIM
(66).175 The arginine residue on APC-366 is proposed
to bind in the S1 pocket, with flanking residues occupy-
ing prime and nonprime sides of the active site. It is a
time-dependent irreversible inhibitor where presumably
the active site serine nucleophile attacks the hydrox-
ynaphthoyl ring leading to the acylated enzyme. Treat-
ment of allergic sheep with APC-366 by inhalation
abolished airway hyperresponsiveness caused by
tryptase, while intradermal tryptase administration also
induced a dose-dependent cutaneous response in allergic
sheep.176177 In a clinical trial, 32% reduction of the early
response asthma reaction was achieved and over 60%
of the late response; thus it was concluded that the
effects of APC-366 found in sheep were reflected in the
clinical trial as well.178
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A glycine derivative (65) is very selective and potent
for tryptase (Ki(tryptase) = 0.6 nM, K;(trypsin) = 84
uM). These dibasic benzylamine inhibitors are Cp-
symmetric, one end of the molecule fitting the S1 pocket
or the acidic surface of the enzyme while the other end
interacts with either the S1 pocket or the acidic region
on a second monomer. This is made possible by the
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pseudosymmetry of the active tryptase tetramer, which
places the individual active sites within reasonable
distance of one another.174

The discovery of zinc-mediated inhibitors was recently
reported,1”® in which Zn2?* coordinates between the two
catalytic residues (Ser195, His57) and the nitrogens of
the inhibitor. Zn2?" itself inhibits some enzymes such as
cytomegalovirus protease, cysteine protease, and HIV-1
protease by binding at their active sites. The presence
of the ion enhances the activity of the inhibitors, as in
the case of BABIM (66); however, this zinc-mediated
inhibition is suppressed by metal-chelating agents such
as EDTA. Therefore, K; is 50 nM for 66 in the presence
of zinc but only 2.5 uM in the additional presence of
EDTA.

Most recently, 1,2-benzisothiazol-3-one 1,1-dioxide
inhibitors were reported. These inhibitors show good
selectivity for tryptase over elastase and trypsin. In a
delayed-type hypersensitivity mouse model of skin
inflammation, a 5% solution of compound 67 was found
to reduce edema by 69% compared to control animals.
This compound was also found to reduce myeloperoxi-
dase content, an enzyme marker of polymorphonuclear
leukoyte infiltration, by 96%.17°

3.5. Complement Convertases. C3 and C5 conver-
tases respectively process the third and fifth plasma
proteins of the human complement system, which
becomes activated during the immune response to
infection or injury.18%181 These proteases are essential
for complement activation via both classical (antibody-
dependent) and alternate (antibody-independent) path-
ways. Their inhibition down-regulates the complement
cascade and the generation of potent pro inflammatory
proteins C3al82 and C5a,'8 which are overexpressed in
chronic inflammatory conditions such as rheumatoid
arthritis, pancreatitis, Crohn’'s disease, ARDS, sepsis,
and Alzheimer’s disease.
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Sepimostat mesylate (FUT-187, 68) is an orally active
serine protease inhibitor with potent inhibitory activity
against enzymes involved in the pathogenesis of pan-
creatitis as well as displaying anticomplement activ-
ity.184 The autodigestive process starts with the activa-
tion of trypsin, which in turn activates other enzymes
such as elastase and phospholipase A2. These enzymes
are associated with the pathogenesis of pancreatitis,
while complement has also been suggested to play a role
in the development of pancreatitis. K; values for sepi-
mostat mesylate against trypsin, pancreatic kallikrein,
plasma kallikrein, plasma thrombin, factor Xa, and C1r
were 0.097, 0.029, 0.61, 0.57, 2.5, 20.4, and 6.4 uM,
respectively. Sepimostat mesylate also inhibited comple-
ment-mediated hemolyses in classical and alternative
pathways, ICso = 0.17 and 3.5 uM, respectively.18 On
the central and peripheral nervous systems, no serious
side effects were observed for sepimostat mesylate in a
general pharmacology study in mice and rats. In a
similar study, no adverse effects on the cardiovascular
and respiratory systems were observed in dogs.186
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Several reported studies have evaluated sepimostat
mesylate in patients with postgastrectomy reflux esoph-
agitis. Patients were given 100, 200, or 300 mg/day po
for 4 weeks in a double-blind phase 11 study in order to
determine the clinical effect and optimum dose of the
compound for this condition.'87:188 |mprovement of en-
doscopic findings were obtained at the higher doses. In
another 4-week study, 78% of patients reported a
reduction in chief subjective symptoms. Sepimostat
mesylate was found to display a wide margin of safety,
with no adverse reactions accompanying excellent thera-
peutic results.189

A closely related naphthamidine derivative, nafamo-
stat mesylate (FUT-175, 69),19 is another synthetic
protease inhibitor widely used for the treatment of acute
pancreatitis and disseminated intravascular coagulation
in Japan. FUT-175 caused 50% inhibition of the produc-
tion of C3a and Cbha generated by C3/C5 convertase
activity at 4.0 uM.1®1 Compound 69 can also exert
beneficial effects on glomerulonephritis with hypo-
complementemia by inhibiting complement activa-
tion.1°2 This compound is even more potent than ga-
bexate mesylate in its inhibitory effect on other proteases
(ICso(thrombin) = 1.9 uM, ICsp(plasmin) = 2.9 uM, 1Csp-
(collagenase) = 0.42 mM, ICsp(cathepsin D) > 1 mM,
ICso(factor Xa) = 2.1 uM). However, it has been reported
to cause hyperkalemia because of reduced urinary
excretion of potassium.1%3

3.6. Hepatitis C—NS3 Protease. Chronic infection
by the hepatitis C virus can lead to progressive liver
injury, cirrhosis, and liver cancer. A serine protease
known as NS3 protease, a flavivirus protease, is thought
to be essential for viral replication and has become a
target for anti-HCV drugs.*® The X-ray crystal structure
of the NS3 protease shows it to be monomeric with two
domains: a trypsin-like fold and a structural zinc-
binding site.19194.19 |ts substrate specificity is however
different from that of cellular serine proteases with a
cysteine residue in the P1 position of peptide sub-
strates.1%6:197 NS3 protease is becoming the most studied
target for the development of anti-HCV therapeutics.
Numerous nonpeptidic compounds have been reported
to inhibit the protease at micromolar concentrations,
including thiazolidine derivatives RD4-6204 (70) and
RD4-6205 (71), which exhibit moderate selectivity to-
ward other serine proteases (70, 1Cso(HCV) = 9.7 ug/
mL, 1Cso(chymotrypsin) = 10.8 ug/mL, 1Cso(trypsin) =
12.6 ug/mL, 1Cso(plasmin) > 50 ug/mL, I1Cso(elastase)
= 21.6 ug/mL; 71, I1C5(HCV) = 6.4 ug/mL, I1Cso-
(chymotrypsin) = 15.6 ug/mL, ICso(trypsin) = 18.3 ug/
mL, ICso(plasmin) > 50 ug/mL, ICso(elastase) > 50 ug/
mL).1%8 A chemical library of 2000 compounds was
screened for HCV inhibition, and a number of com-
pounds, 72—74 (ICso = 3.2, 6.5, and 6.2 uM, respec-
tively), were active against NS3 protease. These com-
pounds were however not selective for NS3 over other
serine proteases such as chymotrypsin.1®°

A number of peptidic inhibitors have been reported
with submicromolar activity. These compounds were
designed from the substrate sequences and so were
expected to exhibit better selectivity than the nonpep-
tidic inhibitors discussed above. Hexapeptides based on
the cleavage sites NS4A—NS4B (75) and NS5A—NS5B
(76) were found to be effective inhibitors of the enzyme
(Ki = 0.6 uM, ICsp = 28 uM, respectively).200201 A



318 Journal of Medicinal Chemistry, 2000, Vol. 43, No. 3

OH S
OH S

OTN

0,
TA :
N S
)J\S N\ Br - s>§s
[}
) \ O,N S Cl
SV -
[} o
70 71

c c
73 74

p-amino acid scan of peptide 75 gave rise to a potent
inhibitor 77 (1ICso = 4 uM).2°1 This peptide was further
optimized where the cysteine residue was replaced by
norvaline and the carboxylic acid moiety was replaced
by an activated carbonyl group, resulting in the sub-
micromolar inhibitor 78 (ICsq = 0.64 uM).2%2 Similarly,
replacing the P2 and P4 residues of 76 with unnatural
amino acids gave 79 which was even more potent (1Csg
= 0.05 uM).2%® Like most peptidic inhibitors, these
compounds will likely suffer from poor bioavailability.1”
However the major unsolved problem in this field is the
lack of good cellular and in vivo models for HCV
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infection, and this is in part responsible for the fact that
there are currently no HCV-NS3 protease inhibitors
approved for the treatment of HCV infection. With the
crystal structure of HCV-NS3 protease and related viral
proteases now available, this field should grow rapidly
in the next few years with new inhibitors being devel-
oped through a combination of structure-based, substrate-
based, analogue-based drug design methods perhaps
using lead molecules developed through combinatorial
chemistry approaches.

3.7. Broad-Spectrum Serine Protease Inhibitors.
Aprotinin,2%4205 3 naturally occurring broad-spectrum
proteinaceous serine protease inhibitor isolated from
bovine lung tissue, inhibits kallikrein and plasmin. The
use of aprotinin to reduce blood loss during and after
cardiac operations was reported in the literature more
than 20 years ago. Aprotinin has several possible mech-
anisms of action, including inhibition of the inflamma-
tory cascades activated by contact with the foreign
surface of the bypass machine. This contact triggers the
generation of plasmin and kallikrein. Aprotinin inhibits
these serine proteases, affecting fibrinolysis, reducing
the inflammatory actions of kallikrein and the subse-
guent involvement of complement and immune cell
activation.2% Clinical trials have proven that high-dose
aprotinin is effective in reducing blood loss and transfu-
sion requirements associated with primary cardiac
procedures such as coronary artery bypass graft (CABG)
or heart valve replacement surgery.2%4

Aprotinin was also found to have no adverse effects
in pediatric cardiac surgery?%” and is well-tolerated with
minor allergic reactions being the most frequently
reported adverse effect in other uses.2® However there
is a possibility that aprotinin could create a prothrombic
state leading to early graft occlusion and formation of
microthrombi in renal and coronary vasculatures.?®®
Aprotinin therapy has other major pharmacologic ac-
tions to reduce the inflammatory response to the period
of extracorporeal circulation and operation, incidence
and severity of pulmonary hypertension, and inflamma-
tory actions on the heart and brain.2%° Aprotinin admin-
istration has important clinical benefits in patients
undergoing reoperation, arterial switch procedures,
heart, lung, and orthotopic liver transplantation.210.211

Gabexate mesylate (FOY-305, 80) is a potent small
molecule (MW 417 Da) serine protease inhibitor, which
blocks clotting activity by thrombin but is inactivated
rapidly by plasma esterases. It also inhibits trypsin,
kallikrein, plasmin, C1 esterase, phospholipase A2, and
prostaglandin synthesis. Gabexate has been used for
several years in clinical therapy of acute pancreatitis
and disseminated intravascular coagulation.?’? Re-
cently, it has also been reported that gabexate modu-
lates the immune response in the experimental model
of lung injury by acute pancreatitis in rats.?'3 Early
administration of 80 significantly improved mortality
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in severe pancreatitis and achieved significantly earlier
recovery of abdominal pain, hyperamylasmia and leu-
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Figure 6. (a) Hydrogen-bonding interactions between H-p-Phe-Pro-boroPhe(m-CN)-OH and the serine protease trypsin. The
inhibitor is covalently bound to the enzyme via the active site serine which forms a tetrahedral complex with the boronic acid
group. The m-cyano function makes a hydrogen-bonding interaction with the backbone nitrogen of Gly219. This interaction gives
enhanced binding affinity (10—100 times) to this inhibitor with respect to H-b-Phe-Pro-boroPhe-OH for thrombin, factor Xa, and
trypsin.?6 (b) X-ray crystal structure of the inhibitor bound to trypsin. The active site of this enzyme (PDB: 1lauj), as for most
other serine proteases, consists of a shallow groove that is relatively exposed to solvent and can accommodate 3—5 amino acids.

kocytosis in mild to moderate pancreatitis.’®3 In a pilot
clinical trial where the effect of gabexate mesylate on
blood loss in cardiac valve replacement surgery was
assessed, it was concluded that this compound may be
a promising alternative to aprotinin.?14 As gabexate
mesylate is a synthetic serine protease inhibitor, it has
advantages over aprotinin which has other biological
characteristics leading to allergic or anaphylactoid
adverse reactions. The effects of gabexate mesylate and
nafamostat mesylate on the postischemic recovery of
function and enzyme leakage were also investigated.
Nafamostat mesylate and gabexate mesylate, at 5 and
100 uM, respectively, have myocardial protective effects,
suggesting that serine proteases play an important role
in the progress of myocardial damage during is-
chemia.?1®

3.8. Summary. Typically serine proteases have active
site clefts that are relatively exposed to solvent, often
permitting access to polypeptide loops of putative
substrates or inhibitors (e.g. endogenous proteinaceous
inhibitors such as serpins) which nevertheless present
their protease-binding domains in an extended strand
conformation.3435 Frequently serine protease inhibitors
have only 3—5 amino acid residues or their equivalent
and thus interact with only a small region of the
enzyme. This leads to one of the major problems with
designing inhibitors for serine proteases — obtaining
selectivity. For example considerable effort had to be
expended in developing thrombin inhibitors because of
the similarity of the active site for other serine pro-
teases, notably trypsin. Figure 6 highlights the hydro-
gen bonds made between one thrombin inhibitor and
the enzyme trypsin as determined from an X-ray crystal
structure,?1® and receptor-based design of protease
inhibitors is becoming increasingly valuable for dif-
ferentiating inhibitor selectivity.

The thousands of small molecule serine protease
inhibitors that have been designed to date can be

broadly categorized as either reversible or irreversible.
Briefly, irreversible inhibitors usually are substrate-like
and possess an electrophilic functional group capable
of reacting with the active site serine or histidine
residues to form a covalent bond between enzyme and
inhibitor. Many such inhibitors have been described
with terminal electrophilic groups such as alkyl fluo-
rophosphates, chloromethyl ketones, and sulfonyl fluo-
rides, the latter being used extensively as affinity labels
in enzymology. Most reversible inhibitors that have been
described make hydrogen bonds and ionic and van der
Waal'’s interactions with the subsites of the enzyme as
well as form reversible tetrahedral transition-state-like
complexes with the catalytic serine hydroxyl of the
enzyme. Reversible transition-state analogues usually
possess an electrophilic functional group (isostere)
located at the C-terminus of the P1 residue. A few
examples are aldehydes such as 33, boronic acids or
their esters such as 35 and 36, and activated ketones
such as the trifluoromethyl ketone 49.87.129 As these
compounds mimic the transition state of amide bond
hydrolysis when bound to the active site of the enzyme,
they generally display much greater binding affinity
(10—1000-fold) than inhibitors that do not possess an
electrophilic isostere.

For the development of therapeutically useful serine
protease inhibitors with good pharmacological charac-
teristics, it has generally been accepted that reversible
inhibitors are preferred over irreversible ones. Irrevers-
ible inhibitors would be expected to covalently bind with
many nucleophiles en route to the intended target most
likely resulting in toxic side effects. In addition, an
irreversible inhibitor would be required to have a high
degree of selectivity for its target enzyme; otherwise it
could inactivate other serine proteases with concomitant
side effects. The greatest effort has therefore been
directed to the development of reversible inhibitors and,
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Figure 7. Proposed catalytic mechanism for cysteine proteases. (a) The thiol group of the active site cysteine and the imidazole
ring of histidine are believed to exist as a thiolate/imidazolium ion pair. The thiolate anion is therefore highly nucleophilic and
readily attacks the scissile amide bond. (b) The tetrahedral intermediate produced is stabilized by the oxyanion hole. This
intermediate collapses, via acid-assisted catalysis, to the thioester intermediate (c) with release of the C-terminal substrate
fragment. (d) Water hydrolysis gives the regenerated active site and the N-terminal substrate fragment.

in particular, those possessing an electrophilic isostere
in order to achieve greater affinity for the intended
target.

The presence of a reactive electrophilic site in many
of these reversible inhibitors can however be expected
to lead to many pharmacological problems when these
compounds are administered in humans or mammmals.
Aldehydes for example are easily oxidized to the corre-
sponding carboxylic acids and are prone to racemization
in the presence of acid or base if a chiral center is
present at the a-carbon of the P1 residue. Inhibitors
possessing this isostere would be expected to display
poor bioavailability, and it will be interesting to see if
any clinical candidates such as the thrombin inhibitor
efegatran (33) are successful drugs.

After many years of intensive research aimed at the
development of thrombin inhibitors with good selectivity
and pharmacokinetic properties, it seems that the best
strategy is to remove the electrophilic isostere alto-
gether.2'” Nine out of the 13 inhibitors (30—42) shown
for thrombin are not transition-state analogues and rely
solely on ionic interactions at P1 with guanidine or
amidine functional groups with hydrogen-bonding and
hydrophobic contacts to other parts of the binding
groove of the enzyme. Indeed, the trans-aminocyclo-
hexylglycine inhibitor 39 was developed from a transi-
tion-state analogue that contained a trans-aminocyclo-
hexylglycine ketoamide at the P1 position. The a-keto-
amide isostere was removed due to concerns of stability,
toxicity, and difficulty of synthesis. The activity of the
compound decreased from K; = 90 pM to K; = 5 nM,
but selectivity for thrombin over trypsin (~2000-fold)
was retained and the compound exhibited a better
pharmacokinetic profile. This strategy has also been
used for the deveopment of inhibitors of factor Xa and
tryptase. These researchers have also shown that basic

groups such as amines, amidines, and guanidines are
not needed in the P1 position.218219 The introduction of
a hydrophobic group such as 2,5-dichlorobenzyl was also
found to lead to low nanomolar and subnanomolar
inhibitors of thrombin with greater than a 1000-fold
selectivity over trypsin. This latter result suggests that
inhibitors which lack the electrophilic isostere can also
be designed for chymotrypsin-like and elastase-like
enzymes.

4. Cysteine Protease Inhibitors

Cysteine (thiol) proteases*220-222 gxist in three struc-
turally distinct classes which are either papain-like (e.g.
cathepsins), ICE-like (caspases), or picorna-viral (simi-
lar to serine proteases with cysteine replacing serine).
The papain group of cysteine proteases has been the
most studied until recently. The active site of papain
contains a catalytic triad of Cys25, His159, and Asn175.
However, it is debatable whether the catalytic dyad of
Cys and His is sufficient for full catalytic activity.
Asnl175 has been proposed to orientate His159, so that
the imidazole group of His159 polarizes the thiol group
of Cys25, allowing deprotonation even at neutral to
weakly acidic pH, and the resulting thiolate/imidazo-
lium ion pair is highly nucleophilic.

Cysteine proteases hydrolyze amide bonds in much
the same manner as serine proteases. A noncovalent
Michaelis complex is formed upon substrate binding.
The thiolate anion then attacks the carbonyl carbon of
the scissile amide bond (Figure 7a). A tetrahedral
intermediate is produced which is stabilized by the
oxyanion hole (Figure 7b). This is followed by the
acylation of the enzyme and the liberation of the first
product. Hydrolysis of the acyl—enzyme leads to the
formation of the second tetrahedral intermediate (Fig-
ure 7¢). Following the collapse of the second intermedi-
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Figure 8. (a) Hydrogen-bonding interactions between Ac-Asp-Glu-Val-Asp-CHO and the cysteine protease caspase-3.28 The
enzyme forms a covalent hemithioketal complex with the aldehyde function of the inhibitor and forms an extensive hydrogen-
bonding network to all other residues of the inhibitor including the amide backbone. The large number of hydrogen-bonding and
ionic interactions with the P1 aspartate makes it easy to see why caspases in general have an absolute requirement for aspartic
acid as the P1 residue in substrate hydrolysis. (b) X-ray structure of the inhibitor bound to caspase-3 showing the extended

conformation of the inhibitor in the active site (PDB: 1pau).

ate, the product acid is released and the free enzyme is
regenerated (Figure 7d).

The biggest problem in designing inhibitors for cys-
teine proteases is the similarity in their substrate
affinities and proteolytic mechanisms with serine pro-
teases, particularly the common requirement of an
electrophilic isostere that reacts selectively, and prefer-
ably reversibly, with the catalytic nucleophile (cysteine
thiolate versus serine hydroxyl). Although the spatial
configurations of the catalytic triads of serine and
cysteine proteases are quite similar, it appears that the
oxyanion hole and the negatively charged tetrahedral
intermediate are the central features of the catalytic
mechanisms of serine proteases, while cysteine pro-
teases stabilize the later more neutral acyl intermediate.
The development of potent, reversible, and selective
transition-state analogues could potentially take ad-
vantage of this mechanistic difference.

Like serine proteases, cysteine proteases tend to have
relatively shallow, solvent-exposed active sites that can
accommodate short substrate/inhibitor segments of
protein loops (e.g. from endogenous inhibitors such as
cystatins) or strands. Most inhibitors developed to date
tend to be 2—4 amino acids or their equivalent in length,
interacting with the nonprime subsites of the enzymes
and terminating with various electrophilic isosteres.
Figure 8 shows the hydrogen-bonding pattern of a
tetrapeptide—aldehyde inhibitor (Ac-Asp-Glu-Val-Asp-
CHO) binding to a cysteine protease from the caspase
family (caspase-3).223

Protease—inhibitor X-ray crystal structures are also
available from the PDB database®® for cysteine pro-
teases such as papain, cathepsin B, ICE, actinidin,
glycyl endopeptidase, cruzain, and calpain.

4.1. Cathepsin K. A large number of cathepsins are
intracellular cysteine proteases of the papain super-
family, usually but not exclusively found in lysosomes,
and are active at acidic to neutral pH. Cathepsin K is
selectively expressed in osteoclasts and has been pro-

posed to play an important role in osteoclast-mediated
bone resorption.?24225 Cathepsin K inhibitors are prom-
ising therapeutics for the treatment of diseases char-
acterized by excessive bone loss such as osteoporosis.®
A leupeptin analogue Cbz-Leu-Leu-Leu-CHO (81) has
been fundamental in the development of cathepsin K
inhibitors. This peptidic aldehyde is a potent inhibitor
of cathepsin K (Kiapp = 1.4 nM), inhibits parathyroid
hormone (PTH)-stimulated resorption, and, when ad-
ministered at 30 mg/kg ip, significantly reduces bone
loss and hind paw edema in an adjuvant arthritic rat
model.?%5

o] M o o o )\ o

82

81
o N o HJ\ o] o N o /]\ o
snoJ\u ON\EXH’N‘I?HJ\OB” Bno)j\n ON‘HJ\E‘?/\;:J\OB(\
83 84

[¢]

Based on the observation that leupeptin and Chz-Leu-
Leu-Leu-CHO bind to the active site of papain in
opposite directions, a 1,3-bis(acylamino)-2-propanone
inhibitor (82) was generated and developed from the
superposition of the two bound structures which span
the whole active site. This compound is selective over
the related cysteine proteases such as cathepsins B and
L and papain (K; app(cathepsin K) = 22 nM, K; app(papain)
> 10 uM, K;j app(cathepsin L) = 0.34 uM, K; app(cathepsin
B) = 1.3 uM).?26 Other developed inhibitors which span
the whole active site are 1,5-diacylcarbohydrazide de-
rivatives such as 83.227 These compounds are potent,
selective, and kinetically irreversible inhibitors (K;app
= 0.7 nM, Kaps/[1] = 3.1 x 10® M~1 s71), where X-ray
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crystal structure analysis indicated the addition of the
catalytic cysteine residue to the central urea carbonyl.
A similar diacylhydrazine analogue 84, containing a
thiazole amide bond isostere, is also a potent and
selective inhibitor (K;app(cathepsin K) = 10 nM, Kj app-
(cathepsin L) = 0.7 uM, K;app(cathepsin B) = 5.2 uM,
Kiapp(cathepsin S) > 1 uM).2?"
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A potent peptidomimetic inhibitor 85 based on the
1,3-bis(acylamino)-2-propanone scaffold has been de-
veloped (Kjapp(cathepsin K) = 1.4 nM, K; app(cathepsin
L) > 1 uM, K;app(cathepsin B) > 10 uM, K; app(cathepsin
S) = 0.91 uM). The Cbz-Leu moieties in the molecule
were replaced by 3-biphenylyl and 4-(phenoxyphenyl)-
sufonyl groups resulting in 500-fold selectivity over
human cathepsins B, L, and S.2?® Another subnanomo-
lar peptidomimetic inhibitor 86 was developed by the
incorporation of a sulfonamide moiety into a conforma-
tionally constrained 1,3-diamino ketone inhibitor. The
design of this compound removed most of the structural
liabilities associated with a peptidic amide (K;app-
(cathepsin K) = 0.5 nM, K;gapp(cathepsin L) > 1 uM,
Kiapp(cathepsin B) > 1 uM).22°

Based on the success of vinyl sulfones?30 as cysteine
protease inhibitors, the irreversible inhibitor APC-3328
(87) was developed (Kseconda = 5.7 x 108 M~ s71). The
crystal structure of human cathepsin K complexed to
APC-3328 revealed that the inhibitor closely mimics
substrate binding from P1 to P3 and extends to the S1’
side of the binding cleft.?31 This compound is currently
in preclinical development and may lead to clinical
candidates for osteoporosis.

4.2. Cathepsin B. Cathepsin B8 is a lysosomal
cysteine protease, which plays various digestive and
processing roles inside cells to maintain normal cellular
metabolism. However, when overexpressed, it has been
associated with several pathophysiological conditions
such as tumor metastasis, inflammation, bone resorp-
tion, and myocardial infarction. Cathepsin B can facili-
tate tumor progession through direct degradation of the
extracellular matrix and membrane components and
indirectly through the cascade activation of other pro-
teases such as MMPs, cathepsins D and L, and serine
proteases such as plasmin.

Among the earliest reported inhibitors are peptidic
diazomethyl ketones and aldehydes. Diazomethyl ke-
tones inactivate cathepsin B by alkylation of the active
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site cysteine residue. For example Cbhz-Phe-Ala-CHN,
has been reported to inactivate cathepsin B (Kinact = 6.8
x 10* M~1 s71) and cathepsin L effectively. The closely
related cathepsin L inhibitor Cbz-Phe-Phe-CHN: is less
effective in inhibiting cathepsin B (Kinaet = 2.1 x 10* M1
s71), indicating that bulky hydrophobic residues are not
well-tolerated in the S1 pocket of cathepsin B. However,
an O-benzylthreonine replacement at P1 yielded a more
effective inhibitor 88 (Kinact = 1.8 x 107 M™1 s71),
indicating that the phenyl ring can occupy more remote
space.?%?
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Peptidyl (acyloxy)methyl ketone derivatives have been
reported to be potent and selective cathepsin B inhibi-
tors.233.23¢ Compound 89 was shown to be effective in
vivo, with potent inhibition against the liver enzyme by
three different routes of administration (EDso(po) = 18
mg/kg, EDso(ip) = 5.0 mg/kg, EDso(sc) = 2.4 mg/kg).?%
Other peptidic inhibitors of great interest are epoxysuc-
cinyl derivatives such as E-64 (93), isolated from
cultures of Aspergillus japonicus, that alkylate the
active site residue of cysteine proteases. E-64 is a broad-
spectrum inhibitor which also effectively inhibits cathe-
psin L and calpain.236:237 More selective derivatives have
been developed such as 90 (Ksecond = 8.7 x 103 M~1 s71)238
and CA-074 (91).

CA-074 in particular was reported to rescue 67% of
monkey hippocampal cornuammonis 1 (CA1) neurons
from delayed neuronal death on day 5 after ischemia,
when administered intravenously immediately after the
ischemia insult.239:240 The methyl ester prodrug of 91,
on the other hand, was reported to inhibit both stimu-
lated and basal bone resorption in vitro. This compound
also inhibited the resorptive activity of isolated rat
osteoclast cultured on bone slices with a maximal effect
at 50 uM.2*1 These encouraging in vivo results suggest
that selective and potent cathepsin B inhibitors may
become important clinical therapeutics.

4.3. Cathepsin L. Cathepsin L, a lysosomal cysteine
protease secreted by osteoclasts, participates in bone
resorption by degrading extracellular matrix proteins
such as collagen. Osteoporosis is characterized by low
bone mass, most often caused by the increase of bone
resorption over bone formation. Therefore, selective
cathepsin L inhibitors may be good candidates as
antiosteoporotic agents. Aldehyde (Cbz-Phe-Phe-CHO,
ICso = 0.74 nM)242 and diazomethy! ketone (Cbz-Phe-
Phe-CHNg, I1Csp = 50 nM) derivatives have been re-
ported to be selective inhibitors of cathepsin L.243244 In
a recent report, an analogue Chz-Phe-Tyr-CHO proved
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to be a selective inhibitor (ICso(cathepsin L) = 0.85 nM,
ICsp(cathepsin B) = 85.1 nM, ICsp(calpain 11) = 184 nM,
1Cso(a-chymotrypsin) > 1000 ng/mL), and ip adminis-
tration (5—10 mg/kg/day) to ovariectomized mice, a
model of osteoporosis, for 4 weeks suppressed bone
weight loss in a dose-dependent manner. Another al-
dehyde derivative 92 was reported to be the first
example of an orally active cathepsin L inhibitor. It is
a potent, selective, and reversible inhibitor (ICso = 1.9
nM). At an oral dose of 50 mg/kg, this compound
inhibited the release of calcium ions and hydroxyproline
from bone in vitro and prevented bone loss in ovariec-
tomized mice.?4®
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Cathepsin L has also been implicated in tumor
metastasis, the process where tumor cells detach from
the primary lesion and migrate through lymph or blood
vessels to form new foci at distant sites. Lewis lung
carcinoma H-59 cell line, which is highly invasive and
preferentially metastatic to the liver, expresses high
levels of cathepsin L but lower levels of cathepsin B.
Treatment with E-64 (93) at 100 ug/mL inhibited forma-
tion of experimental liver metastases by up to 90%.237
These results warrant further development of cathepsin
L inhibitors as potential therapeutics for the treatment
of osteoporosis and also as antimetastatic agents.

4.4. Caspases. Caspase is a new term given to ICE-
like cysteine proteases with absolute specificity for
aspartic acid at P1 in their substrates.?46-249 Interleu-
kin-1 converting enzyme (ICE) (EC 3.4.22.36), now
renamed caspase-1,20 hydrolyzes the 31-kDa pro-IL-1
in monocytes to the active 17-kDa cytokine IL-10.
Among many functions, this cytokine is a key inflam-
matory mediator, and ICE inhibitors are promising
therapeutic candidates for the treatment of inflamma-
tory diseases.?51252 The structure of ICE shows that it
is quite different from the papain family. It is a
heterodimer with an active site consisting of a catalytic
dyad of Cys285 and His237. Numerous peptidyl inhibi-
tors of ICE are known, and X-ray crystal structures have
been reported for ICE complexed to two potent tet-
rapeptide—aldehyde inhibitors, Ac-Tyr-Val-Ala-Asp-
CHO and Ac-Trp-Glu-His-Asp-CHO, which show an
extended inhibitor conformation bound in the active
site.?53 Ac-Tyr-Val-Ala-Asp-CHO (K; = 760 pM),%%* a
peptide based on the substrate sequence, forms the basis
of subsequent inhibitor design, while the more potent
Ac-Trp-Glu-His-Asp-CHO (K = 56 pM) was discovered
to be the optimal tetrapeptide sequence for ICE using
a positive scanning peptide substrate library.?5> An
N-methyl scan of the tripeptide backbone of a broad-
spectrum caspase inhibitor, Cbz-Val-Ala-Asp-CHO, was
conducted to investigate the hydrogen-bonding pattern
of ICE. The results indicated that the P1 and P3 amide
hydrogens were required for high-affinity binding, so
P2 and P3 residues were replaced for the development
of peptidomimetics.256
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The first demonstration of an effective ICE inhibitor
in a chronic disease model was the prodrug VE-13045
(94). The aspartyl side chain ester in the compound is
rapidly hydrolyzed in vivo, yielding a bioactive molecule
based on the Cbz-Val-Ala-Asp template. Inhibition of
ICE activity blocks secretion of both IL-15 and IL-1q,
and compound 94 was shown to reduce inflammation
and progression of arthritis when administered to mice
with established disease. In a DBA/1J mouse model of
type 11 collagen-induced arthritis, prophylactic treat-
ment with VE-13045 (50 and 100 mg/kg/day) signifi-
cantly delayed the onset of inflammation, with a 60%
overall reduction in disease severity.?” In another
report, this compound was also observed to decrease
pancreatitis severity when administered before the
induction of pancreatitis by feeding a choline-deficient,
methionine-supplemented diet.258
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To increase bioavailability, peptidomimetic inhibitors
of ICE were developed. The first examples were 5-ami-
nopyrimidin-6-one derivatives such as 95 (Kos/[l] =
272000 Mt s71).25° Based on the success of such
derivatives, structure—activity relationships were ex-
plored for the S2 pocket to yield a potent peptidic
aldehyde inhibitor with the 3-aminopyrid-2-one moiety
(96, K; = 54 nM).260 Other pyridone-based peptidomi-
metics with different activated carbonyl moieties such
as phenyl ketomethyl ether 97 and aminomethylene
ketone 98 have also been reported to be extremely
potent ICE inhibitors (Ki = 1.3 and 0.37 nM, respec-
tively).261262
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Bicyclic peptidomimetics such as pyridazinodiazepine
derivatives have been shown to be potent inhibitors of
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ICE. In particular, compound 99 is a potent inhibitor
(Ki = 5 nM) and was selected as a candidate for oral
administration to dogs. This compound was stable in
ex vivo liver slice assays, and it was found to be 12—
17% orally bioavailable in the standard iv/po dog
model.?63 Most recently, conformationally constrained
bicyclic caspase inhibitors 100 and 101 were reported.264
Caspase-3 (apopain or CPP32), which is believed to be
a key executioner in apoptosis, has been implicated in
neurodegenerative diseases such as Alzheimer’s
disease.?52265-267 The three-dimensional structure (Fig-
ure 8) of caspase-3 complexed with a substrate-based
tetrapeptide—aldehyde inhibitor, Ac-Asp-Glu-Val-Asp-
CHO (K; = 0.35 nM),%%8 revealed an extended conforma-
tion within the active site with alternating side chains
projecting on the same face of the inhibitor.223.269 The
major difference between ICE and caspase-3 is the S4
pocket of the enzyme. An aspartyl residue in the P4
position is crucial for potent caspase-3 inhibition, the
acidic residue interacting with the positively charged
S4 pocket while a bulky hydrophobic residue is preferred
in P4 for ICE. Compound 100 is a bicyclic derivative
which is selective for ICE (ICso(ICE) = 36 nM, ICsp-
(caspase-3) > 10 uM) due to the bulky Cbz group in P4,
while compound 101 is a selective caspase-3 inhibitor
(ICso(caspase-3) = 18 nM, ICso(ICE) = 10.4 uM) due to

the aspartic acid moiety at P4.264
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4.5. Rhinovirus 3C Protease. Human rhinoviruses
(HRV) are small icosahedral RNA viruses which are
responsible for the common cold. Since they occur in
over a hundred serotypes, the development of a vaccine
seems unlikely, whereas the inhibition of their compo-
nent cysteine proteases 2A and 3C, which are essential
for replication as they produce both structural and
enzymatic viral proteins, represents a possible thera-
peutic strategy against the cold.?’9=272 Rhinovirus 3C
protease is a 20-kDa picorna-viral protease with high
sequence and backbone structural homology with trypsin-
like serine proteases, but with an active site cysteine
instead of serine nucleophile that selectively catalyzes
hydrolysis of glutamine—glycine peptide bonds.273.274
Substrate processing studies have revealed that Leu-
Phe-GIn-Gly-Pro is the consensus sequence required for
recognition by the protease.

Numerous peptidic and nonpeptidic inhibitors have
been reported as rhinovirus 3C protease inhibitors.*°
The peptidic aldehyde based on the substrate sequence
102 is a moderately active inhibitor (K; = 3.6 uM, ECsg
= 66 uM, TCso = 398 uM), while the P1 isosteric
replacement for glutamine improved the activity of
another peptidic aldehyde 103 (K; = 5 nM, EC5p = 1.3
UM, TCsp = 63 uM).?75 In a recent review, AG6084 (104,
Ki = 6 nM), another peptidyl aldehyde inhibitor, was
reported to inhibit the replication of different HRV
serotypes and related piocornaviruses Coxsackie viruses
A21 and B3, enterovirus 70, and echovirus 11. This
compound was able to reduce the levels of infectious
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virus, even when administered late in the HRV life
cycle. Such broad-spectrum antiviral activity may make
it a potential clinical candidate.*°
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On the other hand, nonpeptidic 1,5-disubstituted
isatins 105 (K; = 2 nM) were found to have excellent
selectivity for HRV-14 3C protease. Unfortunately, these
compounds were either relatively inactive or did not
display efficacy below their toxic concentrations (105,
ECso > 5.6 uM, TCso = 5.6 uM) when evaulated in
cultured cells infected by HRV.276

Other peptidic derivatives such as halomethyl ke-
tones,?’” azapeptides,?’® and bromomethyl ketone hy-
drazides?’® have also been reported as good 3C protease
inhibitors. Tripeptides which contain various Michael
acceptor moieties have been demonstrated previously
to be excellent cysteine protease inhibitors. Michael
acceptor analogues?89281 pased on the substrate se-
guence of Cbz-Leu-Phe-GIn give reasonably potent
inhibitors.?82 However when the Cbz moiety and the P2
and P3 residues were modified, the resulting inhibitor
106 displayed potent irreversible inhibition and potent
antiviral activity (Keps/[1] = 800000 M~1 s71, ECs9 = 56
nM).28s

Most recently, peptidomimetics containing a ketom-
ethylene replacement and an ethyl propenoate Michael
acceptor moiety have been synthesized and evaluated.?%*
One of the most potent analogues, AG7088 (107), has
demonstrated excellent selectivity and antirhinoviral
activity (Kops/[1] = 1090000 M~ s71, ECso = 5 nM).285
This compound is the result of structure-assisted design
where the P1 glutamine was replaced by a lactam
moiety and the backbone amide between the P2 and P3
residues was replaced by the ketomethylene mimetic.
This compound is reported to have entered clinical
trials.286v287

4.6. Calpains. Calpains (EC 3.4.22.17) comprise a
family of cytosolic cysteine proteases consisting of at
least six distinct members. These neutral enzymes are
calcium-activated and are ubiquitously distributed in
various cells. Although the precise functions of calpains
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are yet to be elucidated, they have been postulated to
be involved in protein turnover, protein kinase C
activation, and cytoskeleton and cell membrane orga-
nization and also to interact with various membrane
receptors and calmodulin-binding proteins.28 Calpains
are believed to play key roles in the pathology of
disorders such as stroke, Alzheimer’s disease, muscular
dystrophy, cataract, and arthritis.?8® Most of the re-
ported inhibitors in the literature are active-site-
directed peptidic compounds, and they have been used
widely in studies to determine the role of calpains.
However, their lack of selectivity poses major problems
for the development therapeutics.290:291

Numerous peptidic aldehydes have been synthesized
and tested as calpain inhibitors,292 for example Cbz-Val-
Phe-CHO and calpeptin (108). Calpain has been found
to accommodate a range of amino acids at P1, while Leu
and Val appeared to be most common at the P2 position.
Cbz-Val-Phe-CHO is a potent inhibitor of calpain (K; =
7 nM) that is reported to protect rat erythrocyte
membrane-associated cyoskeletal proteins from degra-
dation (1Cso = 1 £M).29 Calpeptin is a cell-penetrating
calpain inhibitor (IDsg(calpain I in platelets) = 0.04 uM)
which completely abolished calpain activity in platelets
after a 30-min incubation.2%32%4 Among the many pep-
tidic aldehydes synthesized, an interesting N-arylsul-
fonylproline analogue 109 was recently reported. This
compound incorporated a substituted proline at P2 and
was found to be potent and very selective toward
calpains (ICsp(calpain) = 28 nM, ICsp(cathepsin B) > 10
uM).2%
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Potent carbonyl derivatives such as fluoromethyl
ketones, Cbz-Leu-Leu-Tyr-CH,F and Cbz-Leu-Tyr-
CH2F, have been reported to inactivate calpain; how-
ever, these compounds also inhibit cathepsin L.296.297 On
the other hand, compound 110 is a potent and selective
fluoromethyl ketone inhibitor, having a tetrahydroiso-
quinoline-containing urea motif as N-terminal capping
group (Kops/[1] = 276000 M~ s71) that is selective over
cathespins B and L by 36- and 4-fold, respectively.2%
Another calpain inhibitor of interest is an a-ketoamide
derivative 111. With the activated carbonyl moiety
located in the center of the molecule, this compound is
able to span both sides of the scissile amide bond.
Although this compound displayed only a moderate K;
of 41 uM, postocclusion administration at 3 mg/kg gave
a dose-dependent neuroprotective effect (32% reduction
in infarct volume) after focal brain ischemia in rats.299:3%

4.7. Summary. To date there are few electrophilic
isosteres appropriate for developing selective, reversible
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inhibitors of cysteine proteases.??! This may partly
explain why very few cysteine protease inhibitors have
advanced to early clinical trials.28¢ So far, C-terminal
aldehydes and ketones, which react with the active site
cysteine to form reversible thioacetal transition-state
analogues, are the most used isosteres for developing
reversible cysteine protease inhibitors. As discussed in
the serine protease section, incorporation of aldehyde
isosteres into designed inhibitors is expected to lead to
poor pharmacokinetic properties and possible lack of
selectivity over similar cysteine or serine proteases in
the body. Certain activated ketones have been found to
be much more selective for cysteine over serine pro-
teases and have the added advantage of permitting
access to the S1'—S3' subsites of an enzyme leading to
greater selectivity.* This isostere and prime side exten-
sion have been used to great effect for the development
of inhibitors of cathepsin K with enhanced selectivity
over similar proteases such as cathepsins B, L, and S.
Peptidyl nitriles show some selectivity for cysteine over
serine proteases, with the protein—nitrile adduct re-
sembling the neutral acyl intermediate, but incorpora-
tion of this isostere generally leads to reversible inhibi-
tors of low potency for any particular enzyme as
compared to aldehydes or ketones.

In contrast to the paucity of reversible isosteres for
cysteine protease inhibitor development, a great number
of functional groups capable of irreversibly alkylating
the active site cysteine have been incorporated into
peptides including: fluoromethyl ketones, epoxides,
diazomethyl ketones, acyloxymethyl ketones, Michael
acceptors (a,B-unsaturated carbonyl compounds, vinyl
sulfones), and ketomethylsulfonium salts to mention a
few.220 These functional groups are activated electro-
philes that take advantage of the greater nucleophilic
character of the active site cysteine and are generally
quite selective for cysteine versus serine proteases.
Unfortunately they are still highly reactive to numerous
other nucleophiles in the body especially other thiols.
These concerns have severely limited the development
of such irreversible inhibitors as therapeutic agents. A
recent report?3° however has shown that cysteine pro-
tease inhibitors containing a vinyl sulfone electrophile
are unreactive to thiols such as glutathione and can be
considered to be effectively inert in the absence of an
enzyme’s catalytic machinery. It remains to be seen
whether vinyl sulfone electrophiles will provide ir-
reversible inhibitors with the pharmacokinetic and
pharmacological profiles required of therapeutic agents
in the future.

5. Metalloprotease Inhibitors

All known metalloproteases use a zinc atom to effect
amide bond hydrolysis. Figure 9 depicts the currently
accepted catalytic mechanism for amide bond hydrolysis
by matrix metalloproteases (MMPs). The Zn?* ion is
generally tetrahedrally coordinated to three donor
groups from the enzyme and a water molecule. The
water is also hydrogen-bonded to the carboxylate side
chain of a glutamic acid and is therefore activated for
nucleophilic attack (Figure 9a). Coordination by the
carbonyl group of the scissile amide bond to zinc is
presumably followed by nucleophilic attack of the zinc-
bound water with simultaneous proton transfer to the
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Figure 9. Catalytic mechanism for MMPs. (a) The catalytic water molecule is hydrogen-bonded to the zinc atom and the carboxylate
side chain of a glutamic acid residue and is therefore activated for nucleophilic attack. (b) Coordination of the carbonyl carbon of
the amide bond is followed by nucleophilic attack of the zinc-bound water to give the tetrahedral intermediate (c) which collapses

via acid-mediated catalysis to products.
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(a) Hydrogen-bonding interactions between an N-carboxyalkyl peptide inhibitor and stromelysin-1 (MMP-3). A

carboxylate is the zinc-binding group in this case, with a homophenylalanine residue making hydrophobic contacts with the
extraordinarily large S1' subsite of this enzyme, as can be seen from the X-ray structure (b) (PDB: 1sIn).3?° The primed side of
the active site of most MMPs consists of a depression flanked by two protein segments: the bulge-forming segment and the
wall-forming segment. Peptidic inhibitors or substrates can insert between the two segments and form extensive hydrogen-

bonding interactions with the enzyme via their amide backbone.

carboxylate giving the zinc-complexed tetrahedral in-
termediate (Figure 9b). Transfer of a proton from the
glutamic acid to the amide nitrogen is followed by the
collapse of the tetrahedral intermediate with the gen-
eration of a salt bridge between glutamic acid and free
amine of the cleaved substrate (Figure 9c). The N-
carboxyalkyl inhibitor (Figure 10a) is a typical example
of a metalloprotease inhibitor and is shown bound to
stromelysin-1 (MMP-3) in Figure 10.

Metalloproteases for which inhibitor—protease crystal
structures are available on the PDB database include
thermolysin, matrilysin, neutrophil collagenase, inter-
stitial collagenase, atrolysin C, stromelysin, carbox-
ypeptidase A, and TNF-a convertase.

5.1. Angiotensin-Converting Enzyme. Angiotensin-
converting enzyme (ACE) is a zinc metalloprotease
responsible for the formation of the octapeptide angio-
tensin 11 by cleaving two amino acids off the C-terminal
end of its precursor decapeptide angiotensin I. Angio-
tensin Il stimulates G protein-coupled angiotensin 11
(type 1) receptors causing potent vasoconstriction. In-

hibition of ACE decreases levels of angiotensin Il in the
body leading to a decrease in blood pressure. ACE is
one of the most studied drug design targets, and
inhibitor development has been extensively described
in numerous reviews.31302 Ten ACE inhibitors are
approved by the FDA for therapeutic use including
captopril (112) (ICsp = 23 nM), enalapril (113) and
enalaprilat (the diacid metabolite of enalapril) (ICso =
4.5 nM), lisinopril (ICso = 4.7 nM), benazepril (IC5 =
1.7 nM), moexipril (114)3% (1Csq = 2.6 nM), trandolapril
(115)3%4 (ICs = 0.93 nM), fosinopril (116) (ICso = 1 NM),
ramipril (ICso = 4 nM), and quinapril (ICso = 8.3 nM).
The 1Csg values shown are for deesterified active
metabolites. Zofenopril (117) (ICso = 0.4 nM) is currently
in phase 11l clinical trials and may be commercially
available soon.3%5

These drugs are useful not only for the treatment of
hypertension but also for hypertensive crises, endothe-
lial dysfunction, myocardial infarction, congestive heart
failure, and renal protection.3% The inhibitors are small,
low molecular weight compounds that generally occupy
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only the S1, S1', and S2' subsites of ACE, all employing
a chelating group that binds to the active site zinc,
resulting in high inhibitor potency and selectivity.
Captopril (112) was the first compound of this class to
be developed and the only one apart from zofenopril
(117) which employs a thiol group as the zinc ligand.
Fosinopril (116) is the only agent which employs a
phosphinic acid, while all others can be considered to
be derivatives of enalapril which use a carboxyl group
to interact with the zinc atom of ACE.

The success of enalapril initiated the development of
a series of homophenylalanine derivatives with a long
duration of action (>24 h) of which moexipril (114) and
trandolapril (115) are the most recent to be approved
for human use (1996). With the exception of captopril
(duration of action is 6—10 h) all ACE inhibitors can be
dosed once per day. All compounds except for captopril
and lisinopril need to be administered as ester prodrugs
for good oral bioavailability, the ester group being
rapidly cleaved by the liver to generate active drug.
Enalaprilat, the diacid of enalapril, is the only com-
pound available for iv administration in cases of exten-
sive liver damage. Oral bioavailability in humans for
all compounds except enalprilat is typically high, rang-
ing from 50—80%.

ACE is a nonspecific enzyme which cleaves not only
angiotensin | but also bradykinin, substance P, and
other peptide hormones. Inhibition of ACE leads to side
effects such as cough, skin rash, and angioneurotic
edema. These side effects seem to be associated with a
build-up of bradykinin in the body. In the past few years
a number of angiotensin Il receptor antagonists such
as losartan (118),3%7 irbesartan (119),3% and candersar-
tan cilexitil (120)3% have emerged from clinical trials.
These low molecular weight compounds are lipophilic,
potent, and inexpensive to manufacture. Losartan (MW
422 Da, IC5p = 19 nM) and irbesartan have oral
bioavailabilities in humans of 33% and 60—90%, re-
spectively.31® These drugs are as effective as ACE
inhibitors for the treatment of hypertension but do not
affect levels of bradykinin in the body and are devoid
of side effects such as cough and angioneurotic edema.311
They may have the potential to compete effectively with
ACE inhibitors as drugs of choice for the treatment of
hypertension in the marketplace.
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5.2. Neutral Endopeptidase. The neutral endopep-
tidase (NEP) like ACE is a zinc metalloprotease. It also
has been shown to be the main protagonist in the
breakdown of the atrial natriuretic peptide (ANP),
which is secreted by the heart into the circulation to
decrease blood pressure, raise the urinary excretion of
water and sodium, and lower plasma renin and aldos-
terone levels. The enzyme also cleaves endogenous
enkephalins in the brain.?12 The therapeutic potential
of inhibitors for this enzyme may be in analgesia and
for the treatment of hypertension.313

The design of selective inhibitors of NEP has es-
sentially mirrored the development of ACE inhibitors,
since both enzymes have similar active site topology.
Thus small peptide mimics that can occupy the S1, S1',
and S2' subsites of the enzyme display good potency.
Thiorphan (121) was the first potent NEP inhibitor
described (ICsp = 4 nM for both R and S diastereomers)
and was found to substantially inhibit ACE (ICso(R) =
860 nM, ICso(S) = 140 nM). Specificity for NEP can be
improved substantially by exploiting differences in the
size of the S1 and S1' subsites. For example, the
homotyrosine moiety of SCH39370 (122) which interacts
with the S1 subsite together with the s-hydroxy GABA
residue at the C-terminal end of the molecule (location
of the terminal carboxyl in NEP has been found to be
less critical than for ACE) makes it highly specific for
NEP (ICsp = 11 nM) over ACE (ICs; > 10000 nM).
Orally bioavailable ester prodrugs of both compounds
121 and 122 have been synthesized together with
hundreds of other inhibitors over the years. Since 1980
these compounds have been used as biological probes
to establish the pharmacological role of NEP, but none
have as yet progressed through clinical trials. The most
likely drug for human use is possibly candoxatril
(123),314 (Pfizer) an ester prodrug of UK-69578 (can-
doxatrilat) (ICso = 28 nM), which is currently in late-
stage phase Il clinical trials for the treatment of
conjestive heart failure.

0<__OH
OH
w 9 R _o
HS. N\¢JKOH ﬁ \w/\77
(o] OH
o
121 122
meo” NN
oY

5.3. Dual Angiotensin-Converting Enzyme/Neu-
tral Endopeptidase Inhibitors. The success of ACE
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inhibitor therapy is dependent on several factors, in-
cluding the severity of hypertension, the plasma renin
activity, and the sodium status of the patient. ACE
inhibitor therapy is only effective in 40—50% of people
suffering from hypertension, usually those with high
renin activity, and is enhanced by coadministration of
diuretics. Such coadministration can lead to side effects
such as depletion of potassium in the body. Selective
NEP inhibitors show significant diuresis and naturesis
in humans without potassium loss and have been shown
to produce this effect in low-renin animal models.31%
These observations and the fact that the inhibition of
ACE or NEP can lead to a reduction in blood pressure
by reducing levels of angiotensin Il or increasing levels
of ANP have led to the development of broader-spectrum
inhibitors that potently inhibit both enzymes and are
thus more effective for the treatment of hypertension.
Such dual inhibitors have been shown to possess
synergistic effects which are more beneficial than mono-
therapy with ACE or NEP inhibitors alone.316

The structure—activity data needed for the design of
dual inhibitors has largely come from the development
of specific inhibitors of NEP. A large number of com-
pounds in these studies were found to potently inhibit
both ACE and NEP. The first rationally designed
compound however was fasidotril (124),317 obtained by
the sequential modification of thiorphan (121). Based
on stereochemical preferences, the methylenedioxy-
substituted phenyl ring of 121 was proposed to bind to
the S1 subsite of ACE and the S1' subsite of NEP,
thereby giving potent inhibition for both enzymes. The
biologically active metabolite fasidotrilat (with free acid
and thiol functions present) is a potent inhibitor of ACE
(Kij = 9.8 nM) and NEP (K; = 5.6 nM). Fasidotril (124)
has high oral activity against both enzymes in vivo
(EDsp = 0.2—0.5 mg/kg mouse) and was found to display
a combination of biological effects due to the inhibition
of either ACE or NEP. A recent study3!® has shown the
potential usefulness of fasidotril and other NEP/ACE
inhibitors in pathological disorders associated with
sodium retention such as congestive heart failure (CHF).
Fasidotril is currently in phase Il clinical trials.
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Other clinical candidates being assessed presently
include CGS 30440 (125), sampatrilat,3® omapatrilat
(126) (ICso(ACE) = 5 nM, 1Cso(NEP) = 8 nM),320-322gn(
the derivative 127 (ICso(ACE) = 12 nM, ICso(NEP) =
63 NM).323 Omaprilat (126) is the most advanced inhibi-
tor, being in phase 111 clinical trials, effectively inhibits
both enzymes in vivo at 0.1 umol/kg, and is long-acting.
A single dose of 12 mg/kg in rats decreased mean
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arterial blood pressure by approximately 40 mmHg for
24 h and seems to be at least as effective as fosinopril
(116) as an ACE inhibitor.

5.4. Matrix Metalloprotease Inhibitors. The MMPs
are a family of structurally related zinc metalloproteases
that degrade and remodel structural proteins in the
extracellular matrix, such as membrane collagens,
aggrecan, fibronectin, and laminin. They have been
implicated in tissue remodeling at various stages of
human development, wound healing, and disease. Al-
though inhibited naturally by endogenous tissue inhibi-
tors of metalloproteases (TIMPs), an imbalance caused
by overexpression and activation of MMPs results in
tissue degradation. It is thought that MMPs are impor-
tant in the growth and spread of malignant tumors and
development of chronic diseases such as multiple scle-
rosis, arthritis, fibrosis, and other inflammatory condi-
tions.32° For these reasons MMPs are considered to be
attractive targets for inhibitor development and treat-
ment of these disorders.

Currently, there are 17 known human MMP enzymes,
all sharing significant sequence homology. The ones of
current therapeutic interest are fibroblast collagenase
(MMP-1), neutrophil collagenase (MMP-8), collagena-
se-3 (MMP-13), gelatinase A (MMP-2), gelatinase B
(MMP-9), stromelysin-1 (MMP-3), stromelysin-2 (MMP-
10), matrilysin (MMP-7), membrane-type-1-MMP (MT1-
MMP), and aggrecanase.324325 Although inhibitor de-
velopment has been the subject of much research since
the early 1980s, three-dimensional crystal and solution
structures of inhibitors bound to MMP-1,3,7,8 and MT1-
MMP have come only recently (since 1994),326 and this
structural data has greatly accelerated research. There
are numerous reviews on metalloprotease inhibitor
development now available.16:326-328

At least 10 MMP inhibitors are undergoing evaluation
in clinical trials for the treatment of cancer, arthritis,
and multiple sclerosis.327 Of these marimastat (128) is
the most notably advanced. This peptidomimetic is the
end result of years of substrate-based inhibitor design,
based on the Gly-lle and Gly-Leu collagenase (MMP-1)
cleavage sites. It has characteristic features which are
common to most of the hundreds of substrate-based
inhibitors described so far. The most important feature
of these inhibitors is the zinc-binding component, a
terminal hydroxamate proving to be the most effective
ligand for enhancing the potency of inhibitors for MMPs.
SAR studies of these inhibitors have been used to
determine a ranking with respect to the zinc-binding




Perspective

Table 2. Inhibitor Potencies of MMP Inhibitors
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compound MMP-1 MMP-2 MMP-3 MMP-7 MMP-8 MMP-9 MMP-13
marimastat? (128) 5 6 200 20 2 3
Bay-12-9566° (129) 5000 11 143 301 1470
AG 3340 (130) 8.2 0.083 0.038
CGS-27023AP (131) 33 20 8
RS-130830° (132) 590 0.22 . 1200 0.58 0.52
R0-3203555P (133) 3 154 527 4 59 3
134k 24 30 2.7
135P <1 3
136° >30000
137° 3000
138b 2000 10 500

a]Csp values (nM). P K; values (nM).

group for the inhibition of fibroblast collagenase (MMP-
1): hydroxamate > formylhydroxylamine > sulfydryl
> phosphinate > aminocarboxylate > carboxylate.®

In general, like ACE and NEP, the greatest potency
can be obtained by designing inhibitors to interact with
at least the S1, S1', and S2' subsites of the enzymes.
SAR studies have also shown that the S1' subsite differs
most among the MMPs and a certain degree of specific-
ity can be achieved by varying the P1' residue of the
inhibitor. Introduction of larger P1' substituents gener-
ally gives greater specificity for MMP-2,9,3%2° at the
expense of MMP-1,7. Oral bioavailability has been the
greatest stumbling block for these substrate-based
inhibitors. Fortuitously, it was found that the combina-
tion of a-hydroxy and P2’ tert-butyl groups of marim-
astat gives the inhibitor high oral bioavailability (20—
50%). Marimistat (128) is a broad-spectrum MMP
inhibitor having a low nanomolar (ICsp ~ 2—20 nM)
activity against MMP-1,2,7,8,9 and 1Csp of 200 nM for
MMP-3 (Table 2). It is currently in phase Il clinical
trials and is being evaluated for the treatment of
invasive cancers and metastasis.®?® After a 50 mg oral
dose to healthy volunteers, a Cpax of 192 ug/L, Tmax Of
1.9 h, and ty;; of 7—10 h were observed.

Due to the difficulty of developing orally bioavailable
inhibitors via the substrate-based approach, synthetic
and natural product libraries have also been screened
in order to obtain leads for the design of nonpeptidic
MMP inhibitors with better bioavailability. Bay-12-9566
(129)330 and CGS-27023A (131)33! are two orally bio-
available inhibitors developed by optimization of lead
compounds found by this strategy. Bay-12-9566 (129)
is selective for MMP-2 and is currently in phase 111 clin-

ical trials, while CGS-27023A (131) is a broad-spectrum
inhibitor undergoing phase I clinical evaluation.

In recent years receptor-based drug design strategies
have begun to dominate inhibitor development for
MMPs. X-ray crystal structures have been determined
for the orally active compounds 130 (phase 111),332 131
(phase 1),3%3 and 133 (phase 1),334 all developed via this
strategy. By exploiting differences in the active site of
the MMPs, the compounds are generally much more
potent and specific for particular members of the MMP
family, though lack of selectivity is still an important
issue for most MMP inhibitors. Inhibitors 134—138 were
reported in the first 6 months of 1999. A series of bis-
sulfonamides was described by researchers at Procter
and Gamble with a view to developing simple achiral
MMP inhibitors. The best compound 134 was a good
inhibitor of MMP-1,3,7,9 (ICso = 2—30 nM). An X-ray
structure of 134 bound to stromelysin showed that one
of the p-methoxyphenyl groups binds in the S1' subsite
while the other binds in the S1/S2 pocket.33> Workers
at DuPont have reported further work on macrocyclic
MMP inhibitors (e.g. 135) which can be considered to
be derivatives of marimastat. The macrocyclic linkage
is directed away from the active site into solvent and
was thought to provide a means of altering the physical
properties of the compounds without affecting the
binding affinity. Compound 135 is generally representa-
tive of the activity of these derivatives with low nano-
molar activity for MMP-1,3,9.336
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Researchers at Pfizer have reported a series of phos-

phinate-based inhibitors that occupy S2 and S1'—-S3'
subsites of MMP-1,13. They found that an inhibitor
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capable of interacting with the S2 subsite could impart
greater selectivity for particular MMPs. Compound 136
is >1000-fold more selective for MMP-13 than MMP-
1.3%7 pharmacia and Upjohn researchers have reported
a series of thiadiazole urea inhibitors that are selective
for stromelysin (MMP-3), the best being 137 which
inhibits MMP-3 with a K; = 18 nM and gelatinase
(MMP-2) with a K; = 3000 nM. The compound does not
inhibit any of the collagenases. When 137 was cocrys-
tallized with stromelysin it was found that, contrary to
the expected binding mode, the inhibitor bound to the
S1-S3 subsites with the exocylic sulfur interacting with
the active site zinc. It was reasoned that the unprimed
subsites of MMPs in general vary greatly between
members of the family as compared to the primed
subsites and could explain the specificity of 137.338
Rhone-Poulenc has recently disclosed a series of dual
inhibitors of phosphodiesterase type-4 (PDE4) and
MMPs. PDE4 inhibitors have been shown to be useful
for the treatment of inflammatory diseases (arthritis,
multiple sclerosis, atopic dermatitis, psoriasis; a number
of inhibitors are currently in clinical development339)
where MMP inhibitors are also effective. Compound 138
is the best of the series and inhibits PDE4 (K; = 30 nM)
as well as MMP-1 (K; = 2 uM), MMP-2 (K; = 10 nM),
and MMP-3 (K; = 500 nM).340

5.5. Tumor Necrosis Factor-a-Converting En-
zyme. The zinc metalloenzyme tumor necrosis factor-o
convertase (TACE) cleaves a membrane-bound protein
(pro-TNF-0) releasing to the circulation a 17-kDa proin-
flammatory and immunomodulatory cytokine, tumor
necrosis factor-o (TNF-a).341 TNF-a plays an important
signaling role in inflammatory diseases such as rheu-
matoid arthritis (RA), multiple sclerosis, and Crohn’s
disease3*? and is involved in the recruitment and
retention of inflammatory cells and the production and
regulation of inflammatory mediators such as prostag-
landins and leukotrienes.®*® Recent studies demon-
strated that TNF-o and its receptors are overexpressed
in the synovium and cartilage—pannus junction of RA
joints®4* and that monoclonal antibodies against TNF-o
are antiinflammatory in patients with RA.344345 How-
ever the therapeutic effects of anti-TNF-a antibodies
only last a short time due to their inappropriate phar-
macokinetic profiles.

A number of strategies for inhibiting the formation
of TNF-a are currently being investigated for the
treatment of inflammatory disorders, and a recent
review has been published on the subject.?*® One at-
tractive strategy is the development of low molecular
weight inhibitors of TACE. The enzyme was purified
and cloned in 1997 and a crystal structure determined
in 1998.347 One study has also established that only the
single proteinase TACE is required for the shedding of
TNF-a from T-cells and myeloid cells.348 So far TACE
inhibitor development has evolved from MMP inhibitor
design programs, two early studies showing that hy-
droxamate-based broad-spectrum MMP inhibitors (139)
and (140) could also reduce the production of TNF-o by
inhibiting TACE.3493%0 Since then a handful of other
MMP inhibitors have also been shown to inhibit TA-
CE,%* reflecting structural similarities between the
active sites of MMPs and TACE. .3

Very few studies directed to specific inhibitors of
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TACE have been reported to date. Of note however is a
series of compounds that are the subject of a patent
application.®® Compound 141 is claimed to be an
inhibitor of TNF-a formation and soluble CD23, a
protein that is associated with autoimmune disease and
allergy. The compound presumably inhibits TACE and
a similar metalloprotease responsible for the production
of CD23. Compound 141 inhibits TNF formation by 83%
at 1 uM in human monocytes and has also been shown
to be specific for TACE with respect to MMP-1 (ICso >
10 uM).

5.6. Summary. Low potency has generally been
observed for inhibitors designed to interact only with
the nonprime side subsites of metalloproteases. It has
been suggested that weak binding at these nonprime
side subsites is desirable for normal substrate process-
ing; otherwise the carboxylic acid product could also
effectively inhibit the enzyme. Inhibitor design for most
metalloproteases therefore has focused on small inhibi-
tors capable of interacting with the prime side pockets
and incorporating a zinc-binding ligand. The general
strategy of incorporating a zinc-binding ligand, such as
a carboxylic acid, sulfhydryl, phosphinate, hydroxamate,
or formylhydroxylamine, for the designed inhibitors has
proven to be highly successful. The ACE inhibitors for
example were the first protease inhibitors to reach the
marketplace in the early 1980s. The design of inhibitors
which can interact principally with the prime side
subsites of metalloproteases has led to selectivity prob-
lems especially in the design of MMP inhibitors. It is
now becoming apparent that increased selectivity be-
tween the members of the MMP family can be achieved
by designing molecules that can make noncovalent
interactions at the S2 and S1 subsites as well as at the
usual S1'—S3' subsites.

6. Future Prospects

Protease inhibitor discovery began with natural prod-
uct screening and substrate-derived analogue-based
drug design, then progressed with incorporation of
mechanism-based drug design strategies, and more
recently has advanced further using computer-assisted
structure-based inhibitor design using three-dimen-
sional structures of proteases determined by X-ray
crystallography and NMR spectroscopy. Today the
design of protease inhibitors involves a powerful com-
bination of all of these traditional drug discovery
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approaches, supplemented by de novo drug design,
combinatorial chemistry, and phage display techniques
and supported by rapid robotic assay methods to find
or optimize inhibitor leads from vast chemical libraries.
These techniques are currently being refined and ex-
panded to accelerate the discovery process for new
protease inhibitors. Coupled with advances in molecular
and cellular biology, protein chemistry, microbiology,
structural biology, and molecular pharmacology, there
can be little doubt that the next decades will see
identification of many new proteases as targets for
inhibitor development.

For example, genomic and biochemical comparisons
will increasingly be made between normal and diseased
cells, between host and pathogen (e.g. human/virus,
animal/parasite), and between healthy and unhealthy
individuals, and from these studies new or overex-
pressed proteases will be identified. These proteases will
need to be sequenced, synthesized in milligram quanti-
ties by expression, structurally characterized and their
enzymology characterized. Small molecule inhibitors of
these proteases will also need to be designed, synthe-
sized, and tested for activity and especially selectivity
against both disease-related and normal proteases, cells,
animals, and humans. On the basis of what is il-
lustrated in this article, it does not take much imagina-
tion to anticipate that protease inhibitors will increas-
ingly become valuable molecular probes for improving
our understanding of biological processes as well as
commercially valuable drug candidates for treating
diseases.

This compilation has assembled some important facts
for several hundred of the most extensively reported
inhibitors of over 30 proteolytic enzymes from the
aspartic, serine, cysteine, and metallo classes of pro-
teases. A key conformational requirement of all these
proteases is their universal recognition of peptides,
substrate analogues, and inhibitors in an extended
backbone conformation.®43> This structural motif is
unlike all other elements of secondary structure in pro-
viding maximum separation and exposure of all compo-
nent amino acids for interaction with solvent or pro-
tease. By contrast, the side chains of helices, turns, and
sheets shelter most of their peptide backbone amides
which tend to adopt intramolecular hydrogen-bonded
arrangements. It follows that folding into secondary and
tertiary structures protects polypeptides from recogni-
tion and degradation by proteolytic enzymes, and there
is ample evidence that protein denaturation does indeed
accelerate degradation by proteases.

In the face of this common conformational require-
ment for recognition by a protease, it is surprising that
the vast majority of protease inhibitors developed to
date are quite flexible molecules. This flexibility is
expected to raise the entropic barrier for protease
binding, and it would seem advantageous to examine
prospective inhibitors that are more restrained to a
protease-binding conformation and thus need not reor-
ganize prior to binding with a protease. Alternatively,
the energetic barrier for inhibitor—protease interactions
could be reduced by designing compounds that minimize
their degree of solvation by water, thus reducing the
penalty for their desolvation. A third approach is to
design compounds that replace key water molecules in
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the active site of the enzyme, a strategy that has been
notably employed with success for cyclic urea and other
inhibitors of HIV-1 protease.352:353

A key mechanistic feature of many protease inhibitors
is the presence of a transition-state isostere that simu-
lates to some extent the transition state of amide bond
hydrolysis. The incorporation of such amide bond sur-
rogates has proven to be a very successful strategy for
rapidly converting protease substrates into inhibitors,
another benefit being increased affinity by 10—104-fold
of a peptide for a protease. Although quite a few
transition-state isosteres are already known, it seems
reasonable to think that further advances can be made
in more closely approaching the transition state and
thereby further increasing inhibitor affinity for a pro-
tease active site. As more is learned through structural
insights about the detailed mechanisms of protease-
mediated cleavage, it may also be possible to better
design protease inhibitors to make specific interactions
with active site residues near the catalytic site and so
interfere more effectively with cooperative interactions
that comprise catalytic mechanisms. This might involve
inhibiting conformational changes needed by the pro-
tease for substrate processing, such as blocking the
movements of active site residues, flaps, cofactor bind-
ing, and other distortions within the substrate-binding
groove. Some proteases require more than one polypep-
tide subunit for creation of an active site, so compounds
that interfere with association of subunits could be
effective protease inhibitors. To date this approach has
not been effective due to the need for extremely high-
affinity molecules for competing with subunits.

Inhibitor composition has been an important feature
of protease inhibitor design to date. As drugs, protease
inhibitors need, on the one hand, to be designed to adopt
an extended conformation and make hydrogen bonds to,
and/or interact through hydrophobic effects with, spe-
cific proteases while at the same time avoiding degrada-
tion en route to the desired protease through interac-
tions with numerous other proteases in the digestive
tract, in plasma, and inside cells. This problem is
compounded by the fact that natural peptide substrates
for proteases, while providing clues to molecular inter-
actions with proteases and thus to inhibitor design, are
very susceptible to such degradation and, as well, suffer
from other major delivery problems such as low mem-
brane permeability, rapid elimination from plasma, high
first-pass metabolism, and very low oral bioavailability.
Thus for oral and systemic delivery to humans and
animals, the most successful drugs based upon protease
inhibition have tended to be small organic molecules
(MW < 300-500 Da) with few or no peptide bonds,
significant lipophilicity (usually 100x water solubility),
and high selectivity for both the specific protease and
the clinical indication being targeted. Selectivity is still
an outstanding issue to be resolved for most protease
inhibitors, and it is very likely that this requirement
will see more complexity added by way of additional
appendages to lead compounds, raising the likely mo-
lecular weights of future generations of protease inhibi-
tors to 600—1000 Da. Compromises between increased
complexity, pharmacokinetic profiles, and drug afford-
ability will challenge medicinal chemists to find new
general methods for the simple creation of new small
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molecules which are potent, selective, and bioavailable
protease inhibitors or to find better methods for efficient
delivery of peptidic or protein inhibitors to proteases.
It is hoped that this review can help stimulate new
efforts toward achieving such goals.
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