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Abstract—A new family of potent N-alkoxyvinylsulfonamide inhibitors of cruzain have been developed. Inhibitor 13 has a second
order inactivation rate constant of 6,480,000s~! M~! versus cruzain, and is also highly effective against Trypanosoma cruzi trypo-
mastigotes in a tissue culture assay. © 2001 Elsevier Science Ltd. All rights reserved.

Cysteine proteases are an important class of enzymes
involved in the degradative processing of peptides and
proteins.!? They are ubiquitous in nature and play vital
roles in numerous physiological processes including
arthritis, osteoporosis, Alzheimer’s disease, cancer cell
invasion, and apoptosis.!~> Cysteine proteases are also
essential to the life cycles of many pathogenic proto-
z0a.>® Consequently, considerable effort has been
devoted to the development of novel and selective inhi-
bitors of cysteine proteases.?°!!

Cruzain,'>!'3 the major cysteine protease of Trypano-
soma cruzi, has been identified as a potential therapeutic
target for treatment of Chagas’ disease.!>™'> The
McKerrow group has reported an experimental cure of
Chagas’ disease in a mouse model using the vinyl sulfone
inhibitors 1 and 2 (Fig. 1) which target cruzain.'® Similarly
falcipain,'” a cysteine protease isolated from Plasmodium
falciparum, one of the major malaria parasites, and the
cathepsin B-like cysteine protease from Leishmania
major,'® one of the parasites that causes leishmaniasis,
have also been identified as potential chemotherapeutic
targets.!$19

We recently described the synthesis of vinyl sulfonate

ester 3, which has a second order inactivation constant
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of >14,000,000s~!'M~! against cruzain.?® In compar-
ison, the phenyl vinyl sulfones 1 and 2 have second order
inactivation constants of 181,000-420,000s—!'M~—!.2!
Although the N-phenyl sulfonamide 4 also is a relatively
weak cruzain inhibitor (242,000s~!M~!), the benzyl
vinyl sulfone 5 proved to be quite potent versus cruzain
(1,400,000 s~ ! M~1).20-22 Unfortunately, all of the inhi-
bitors from this earlier study, including 3-5, were inac-
tive against 7. cruzi in tissue culture assays.

In view of these results, we sought to develop second
generation inhibitors with improved activity in in vitro
studies. Taking a lead from the success realized with 1
and 2,'® we decided to incorporate the P3 morpholinyl
and N-methylpiperazinyl urea residues in second gen-
eration inhibitors. These groups contributed greatly to
the increased in vivo activity of 1 and 2 as well as to the
oral bioavailability of 2, compared to the analogous
inhibitor containing a Cbz group.'® Accordingly, we
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initially targeted 6-11 (Fig. 2) which were prepared by
appropriate modifications of our syntheses of 3-5.

Second order rate constants>>2° for inactivation of
cruzain by inhibitors 1-11 are summarized in Table 1.
These data establish that the P; substituent has a sig-
nificant influence on the activity of these compounds.
For example, while the phenyl vinylsulfonates 3 and 6
are comparably active against cruzain, inhibitor 7 with a
terminal N-methylpiperazinyl unit is more than an order
of magnitude less potent. Similarly, the N-phenyl vinyl-
sulfonamide 4 with a terminal P; Cbz group is a rela-
tively weak inhibitor of cruzain, but compound 8 with a
P; morpholinyl urea residue is approximately 20-fold
more potent. Only for the benzyl sulfone inhibitors 5,
10, and 11 does the P; residue play an insignificant role
in the activity against the enzyme. Additional studies
designed to probe the P’ and P; structural requirements
of the vinyl sulfone, vinylsulfonamide and vinylsulfo-
nate ester cysteine protease inhibitors will be pursued
via a combinatorial strategy.

Results of assays of inhibitors 3-11 against 7. cruzi in
the J744 macrophage culture system!'® are summarized
in Table 2. Although very potent cruzain inhibitors
from three different structural classes (vinyl sulfonate
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Table 1. Second order inactivation constants for compounds 1-13
versus cruzain®®

Second order inactivation constants
(7'M

Compd

181,000+12,500
419,500 £87,500
16,800,000+340,000
242,000+ 84,000
1,400,000+225,000
10,200,000+4,320,000
720,000+ 120,000
4,920,000+ 660,000
1,260,000+ 190,000
10 1,670,000+360,000
11 3,850,0004930,000
12 2,270,0004230,000
13 6,480,000+ 1,680,000

XA AR WN =

2t was not possible to demonstrate saturation kinetics for these inhi-
bitors, owing to the range of inhibitor concentrations that could be
studied. Consequently, inactivation rate constants are reported as kg
values (see refs 23-25).

PResults reported here for 3-5 differ slightly compared to previously
published data; see ref 22.

esters, vinyl sulfonamides, and vinyl sulfones) were
examined, only one—benzyl vinyl sulfone 10—exhibited
significant activity in the cell culture assay. However, 10
still was not as effective as the original lead inhibitor 1.

During the course of these studies, X-ray structures of
inhibitors 1, 5, and the p-nitrophenyl sulfonate ester
analogue of 3 (and ultimately also of 13) covalently
bound in the active site of cruzain were solved.?® These
structures established the mechanism of action of these
inhibitors as Michael acceptors for the active site
cysteine, and also show that one of the sulfonyl oxygen
atoms participates in a hydrogen bond with the indole
N-H of tryptophan-177, which defines the floor of the
S\-S,’ region of the active site. Reasoning that the
electron density at sulfonyl oxygen contributes to the
strength of this hydrogen bond, and also that the partial
positive character at the sulfonyl sulfur atom con-
tributes to the reactivity of these inhibitors as Michael
acceptors for the active site thiol (Cys-25), we suspected
that the aryl sulfonate esters represented by 3, 6, and 7
would be better Michael acceptors than the N-phenyl
sulfonamides (4, 8, and 9), whereas the N-aryl sulfon-
amides should be better hydrogen bond acceptors than
the sulfonate esters. Because both properties—binding
constant and reactivity as Michael acceptors—pre-
sumably contribute to the potency of these compounds
as enzyme inhibitors, we targeted several additional
structures whose electronic properties at the sulfonyl
group would be intermediate between those of the sul-
fonate esters and sulfonamides. Specifically, we identi-
fied the N-sulfonyl hydroxylamine derivatives 12 and 13
as potential inhibitor structures. The possibility that the
N-sulfonyl hydroxylamine unit might be partially
ionized at physiological pH,?’ leading to improved
solubility characteristics, was viewed as another poten-
tial advantage to this structural motif. N-Alkoxy-
sulfonamides have found application in herbicides,

Table 2. Results of in vitro assays of inhibitors versus 7. cruzi

Survival of T. cruzi treated J744 macrophage®®
(days)

one 6 (control)
>24
>24
Toxic
6
6
Toxic
9
9
9
10 20
11 13
12 >24
13 >24

Compd
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“Effect of inhibitors on survival of J744 macrophages infected with 7.
cruzi trypomastigotes, treated daily with a solution of inhibitor
(10 uM). Survival time is defined as the time before the cell monolayer
is destroyed by the infection.'® Untreated cells are completely
destroyed after 6 days in this assay.

®Inhibitors 3 (30 uM) and 6 had no effect on the survival of the para-
site-treated J744 cells. Control experiments established that 3 and 6 are
not soluble under the assay conditions and that the insoluble inhibitor
suspension is toxic to J744 cells.
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antibiotics,?® enzyme inhibitors, and receptor ago-
nists,>® and the patent literature reveals a growing
number of applications of this functional group in pep-
tidomimetic enzyme inhibitors.3! However, to the best
of our knowledge, this is the first application of the N-
alkoxy sulfonamide unit in an active site targeted,
mechanism-based inhibitor design strategy.3?

Inhibitors 12-13 were synthesized as summarized in
Figure 3. Horner—-Wadsworth—-Emmons olefination of
N-Boc-L-homophenylalanal (14) with phosphonate
153334 using NaH in THF provided vinyl sulfonate 16
in 65-87% yield, an improvement over the 59% yield
previously obtained using BuLi in THF for this HWE
reaction.?® Exposure of 16 to n-BuyNI in acetone3* fol-
lowed by treatment of the tetrabutylammonium sulfo-
nate salt with triphosgene and catalytic DMF in CH,Cl,
provided the vinylsulfonyl chloride 17 in 70-78%
yield.?*> Sulfonyl chloride 17 was then converted to the
vinyl N-sulfonyl hydroxylamine derivative 18 in 67%
yield by treatment with O-benzylhydroxylamine and
2,6-lutidine in CH,Cl,. The efficiency of this step was
compromised by the propensity of 17 to undergo com-
petitive Michael addition of the hydroxylamine prior to
acylation. Finally, deprotection of the Boc group and
coupling of the resulting amine with phenylalanine
derivatives 19-20 provided inhibitors 12 and 13.
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Figure 4.

Enzyme inhibition studies established that the dipepti-
dyl vinyl N-sulfonyl hydroxylamines 12-13 are potent,
irreversible inhibitors of cruzain (see Table 1). Com-
pound 12 is also potent inhibitor of the cathepsin B-like
cysteine protease from L. major,’® and 13 is an excep-
tionally potent inhibitor of rhodesain, the major
cysteine protease isolated from Trypanosoma brucei
rhodesiense, the causative agent of African sleeping
sickness.?” Two additional analogues in this series (21
and 22) are potent inhibitors of falcipain, a cysteine
protease isolated from P. falciparum (Fig. 4).38

Significantly, N-alkoxy vinylsulfonamides 12 and 13 are
excellent inhibitors of T. cruzi in the J744 macrophage
cell culture assay system (Table 2). The results of this
assay showed that at 10 uM concentration, inhibitors 12
and 13 were as effective as the reference compound 1 in
inhibiting the growth of T. cruzi, as evidenced by the
survival of the macrophages through the end of the
experiment. One difference, however, is that parasites
reappeared in the J744 cultures 4 days after the treat-
ment with 12 and 13 was terminated, whereas no para-
sites reappeared in cultures treated with 1.

In summary, we have established that the N-alkoxy
vinylsulfonamides 12 and 13 are novel, potent, and
highly effective inhibitors of cruzain, with significant
activity in tissue culture experiments. Studies of 12 and
13 in mouse models of Chagas’ disease are in progress,
and additional congeners in the N-alkoxy vinylsulfona-
mides series are being examined as potential chemo-
therapeutic agents targeting 7. cruzi, T. brucei, and P.

falciparum. The results of these efforts will be reported

in due course.
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