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Abstract—A potent and selective anthrax LF inhibitor 40, (2R)-2-[(4-fluoro-3-methylphenyl)sulfonylamino]-N-hydroxy-2-(tetra-
hydro-2 H-pyran-4-yl)acetamide, was identified through SAR study of a high throughput screen lead. It has an ICsy of 54 nM in
the enzyme assay and an ICsq of 210 nM in the macrophage cytotoxicity assay. Compound 40 is also effective in vivo in several

animal model studies.
© 2005 Elsevier Ltd. All rights reserved.

Anthrax, caused by Bacillus anthracis spores, poses a
significant threat to the public as a bioterrorist weapon.
Current antibiotic treatment is less than optimal because
it must be given early when symptoms are nonspecific
and diagnosis is difficult." At later stages of infection
when large amounts of toxin are present, antibiotics
are of less value because they have no effect on the toxin
itself. There is an urgent need for an anthrax antitoxin
for use in combination with antibiotics to provide im-
proved therapy for anthrax.

Anthrax toxin consists of three proteins® secreted during
vegetative growth, protective antigen (PA), edema factor
(EF), and lethal factor (LF). PA facilitates the entry of
EF and LF into target cells.®> EF is a calmodulin-depen-
dent adenylate cyclase and it raises the cellular cAMP
level that results in edema. LF is a zinc-dependent metal-
loprotease and it cleaves, among other possible targets,
several MAP kinase kinases,* disrupting the signaling
pathway mediated by MAPKKSs. Exactly how this
MAPKK cleavage contributes to anthrax pathology is
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not understood, but it is clear that LF plays a critical
role in all stages of anthrax infection. In the early stages,
LF helps the bacteria evade the host immune system,
promoting its survival and release from macrophages
where the spores germinate.’ Later when the infection
becomes systemic, LF targets the endothelial cells>®
and causes vascular barrier dysfunction. B. anthracis
strains with LF deletion are much less virulent than
EF deletion or wild type in mice.” The combination of
LF/PA is lethal when administered to mice, rats, and
rabbits.® Infusion of purified LF/PA in rats caused
symptoms’ such as circulatory shock, pleural effusions,
and hemorrhages, some of which are seen in late stage
inhalational anthrax in humans.!® Given the critical
roles of LF in anthrax pathogenesis, a small molecule
inhibitor of LF would be invaluable in combating the
lethal toxin. Such an inhibitor may increase the survival
rate of patients by reducing or preventing the damage to
vascular circulation, winning precious time for the anti-
biotics to clear the bacteria. An LF inhibitor given pro-
phylactically may even prevent anthrax by helping the
host innate immune system to clear the infection at an
early stage.

LF is an enzyme of 776 amino acid residues, with a
typical zinc metalloprotease catalytic HExxH motif.
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The crystal structure of LF, and its complex with a 16-
residue peptide from MAPKK-2 N-terminus (in the ab-
sence of zinc metal) were reported.!! A higher resolution
crystal structure of LF complexes with short peptides
and small molecule inhibitors was reported more recent-
ly.'2 Our work started in earnest in late 2001 with the
development of a high throughput fluorescence reso-
nance energy transfer assay!? (FRET) and a macro-
phage cytotoxicity assay'* (MACK) using a murine
J774A.1 cell line. We identified a potent and selective
LF inhibitor 40 with good pharmacokinetic properties.
This compound also proved to be efficacious in several
animal models against anthrax spores.!> In this letter,
we report our medicinal chemistry effort in the discovery
of the LF inhibitor 40.

Targeted screening of known Zn-metalloprotease inhib-
itors'® from Merck sample collections produced com-
pound 1 as a lead. This compound is a potent
inhibitor of stromelysin (ICsy 43 nM), and was devel-
oped as a treatment for osteoarthritis.!” Compound 1
has broad activities against matrix metalloproteases
(ICso values: MMP-1, 33 nM, MMP-2, 20 nM, and
MMP-9 8 nM). Against LF, it shows low micromolar
enzyme inhibition and 12 uM ICs, in the macrophage
assay (see Table 1).

We began by systematically changing various parts of
compound 1. Figure 1 lists a few of the compounds rep-
resenting the structural modifications. First, we found
that the hydroxyamic acid group is essential for LF inhi-
bition, and any minor changes in this part of the mole-
cule were not tolerated. Corresponding carboxylic acids
were not active (data not shown) and compound 5 in
Figure 1, for example, is totally inactive. The arylsulfo-
nyl group is also crucial for the LF inhibition. Replace-
ment of the arylsulfonyl group with alkyl sulfonyl
groups or acyl groups (compounds 3 and 6, for example)
completely eliminated LF binding activity. On the other
hand, removal of the substitution at sulfonamide-N po-
sition, such as in compound 2, leads to a slightly higher
affinity for LF. Other neutral substitutions at the N po-
sition (7, 8, and 9 in Table 2 and other benzyl, alkyl
substituted compounds, data not shown) do not increase
the potency compared with the unsubstituted 2. The ab-
sence of substitution at N* also renders the molecule
more water soluble, which is important for intravenous
formulation of this emergency rescue medicine.

Our effort was then focused on optimizing the sulfon-

amide 1 and especially 2 for its better physical proper-
ties. A solid-phase synthesis of a-sulfonamido

Table 1. Structural modification of compound 1

Compound FRET assay MACK assay
1 1.2 12

2 0.9 7.3

3 >40 >20

4 — 17

5 >40 >40

6 >40 >40
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Figure 1.

N-hydroxy-carboxamide was developed based on modi-
fied published procedures,'® Scheme 1. All compounds
made from solid-phase synthesis were purified with
semi-automated reverse-phase HPLC. We found that
selective N* alkylation (vs the hydroxyamic acid nitro-
gen) was only successful by using a bulky 2-chlorotrityl
resin'® as solid support. This solid-phase route allowed
rapid syntheses of analogs of compounds 1 and 2, where
both the arylsulfonyl groups and amino acid side chain
were varied. Compounds listed in Table 2 demonstrate a
clear SAR surrounding the aryl sulfonamide group.

Anthrax LF cleaves MKK-1 and -2 at the Pro site near
the N-termini. Substrate specificity study'? using mixed
short peptides revealed a strong preference at the S1’ site
for hydrophobic amino acids like Ile and Tyr. The a-sul-
fonamido hydroxamic acid compounds, such as 1, inhib-
it zinc metalloproteases by tying up of the zinc atom at
the catalytic center with the hydroxamic acid group.?°
The aryl group interacts with the S1’ pocket of the en-
zyme. This interaction confers the selectivity of the
inhibitors against various enzymes. We found that LF
strongly favors small aromatic groups at the S1’ site.
Small para and meta substitution groups (methyl, halo-
gens) at the benzene ring enhance binding, while ortho
substitution disrupts enzyme binding. Unlike the matrix
metalloproteases,'” the binding pocket at the S1’ site is
small and tight. Compounds with larger substitutions
at the benzene ring, such as 21-24, are inactive against
LF. Inserting flexible methylene groups between the
benzene and sulfur atom, such as in compounds 19
and 20, or removing the benzene ring, like in compound
6, also completely abrogates the LF inhibition. The tight
interaction of the aromatic group with the enzyme is
clearly reflected in the progressive increase in activity
from compound 13 to 15, and to 16, with the optimum
group being the 4-fluoro-3-methylbenzene. The dramat-
ic decrease in activity on exchanging positions of the
fluorine and methyl groups (compounds 16 and 18) fur-
ther illustrates the tight fit of 4-fluoro-3-methylbenzene
in LF S1’ pocket.

Next we began the optimization of the amino acid side-
chain group (R? in Table 3) of the lead structure. The
favorable interaction of 4-fluoro-3-methylbenzene with
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Table 2. LF inhibition: varying R! and R?
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Table 2 (continued)

Compound R? 1Cso (uM)

FRET MACK

24 H >40 >20

R!
F
25 ! H 0.46 2.76

OH
26 /@[ H 164 >20
Me
F
27 H 060 3.74
OH

E
28 /(?/ H 1.31 >20

OH
29 /@\u H 1.31 6.45
S
N
30 |\ /','\l H 0.81 10.20
S S~

—, Compounds not assayed in MACK.

LF is maintained with selected few groups as R> (data
not shown), so we are comfortable with holding 4-fluo-
ro-3-methylbenzene constant in probing SAR around
the R® position. Table 3 lists the compounds selected
to present the SAR around the R? site.

There is a strict preference for (R) configuration at the
a-carbon and di-substitution at this a-carbon is not
tolerated. Small hydrophobic groups are preferred at
R?, but the role of the R* group seems to pre-organize
the inhibitor to the favored configuration, rather than
to make a strong attractive interaction with the enzyme.
Within certain limit, many of the small hydrophobic side
chains confer the same level of activity to the inhibitor.
Compounds with cyclic groups showed higher activities
due to the favorable entropic effect. Cyclic ethers fared
almost the same as their alkane analogs (compounds
38 and 40; and 37 and 41). The binding pocket around
the R® group is very flexible, capable of accommodating
various different groups. The pairs of diastereomeric
compounds, 42 and 43, and close analogs 44, and 45,
all had similar activities.

The two known substrates of LF, MKK-1 and MKK-
2, all have several basic amino acids (Lys and Arg)
two to three residues to the left of the scissile bond.
The available X-ray structure also indicated a strongly
acidic region of the protein surface making up the
substrate binding area.'® The side-chain group (R?),
as in many metalloprotease inhibitors, interacts with
the unprimed side of the site of cleavage. Thus, a side
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Scheme 1. Reagents and conditions: (a) DIEA/DCM:DMF (2:1), 15 h; (b) N,H4/THF, 6 h; (c) Fmoc-AA-OH (3 equiv), DIC (1.5 equiv)/DMF, 4 h;
(d) 25% piperidine/DMF, 30 min; (¢) R2SO,Cl (3 equiv), DIEA (6 equiv), DMAP (cat.) DCM-THF (1:1), 4 h; (f) R*0OH (6 equiv), TMAD (5 equiv),
BusP (5 equiv), DCM-THF, 15 h; (g) 5% TFA/DCM, 30 min.

Table 3. LF inhibition: varying R*

o f 0

/, W
k 300
Compound R3 ICso (UM)
FRET  MACK
31 Me 0.130 2.10
32 Et 0.100 0.49
16 i-Pr 0.130 0.12
33 n-Bu 0.070 0.41
34 t-Bu 0.300 2.30
35 ¢-Pr 0.120 0.73
36 ¢-Bu 0.130 0.67
37 c-Pent 0.064 0.17
38 ¢-Hex 0.042 0.19
39 Ph . 0.050 0.37
40 0.054 0.21
D s
41° OQ/ 0.120 045
2 \)\ 0.067 0.23
43 \) 0.067  0.13
44 0.051 0.13
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1 »
.
48 HaN 0.057 8.70
3 ?%LN/\/
H
40 H ﬁ/\/o\/‘% 0.048 3.50
3
Mol N %
50 3 N ~NS 0.040 1.70
NH
i
51° HN. S 0.075 2.80
\=NH

# Diastereomeric mixture.
® Racemic.

chain carrying a positive charge properly disposed is
likely to interact with the acid region of LF binding
area.

We synthesmed a series of compounds incorporating ba-
sic groups in the side chain R* to pick up additional
interaction with some acidic element around the SI site.
Indeed, these compounds (46-51) were very potent in
the enzyme assay. We found that the optimum distance
between the hydroxyamic acid carbonyl and the basic
nitrogen is about 6-7 bonds length. Compound 46 is
the most active inhibitor in our enzyme assay. But these
compounds all showed much reduced activities in the
cell based assay, perhaps due to their poor cell penetra-
tion. Addition of one or two methyl groups adjacent to
the basic nitrogen (as in compounds 47 and 48), a very
effective approach to attenuate the basicity and hydro-
philicity in the design of enalapril,?! did not make much
difference here. Even the compound with a weakly basic
imidazole group, 51, is only weakly active in the macro-
phage assay.

The flexible nature of the binding pocket around R af-
fords us certain freedom to choose a group that confers
balanced overall properties to the LF inhibitor. Com-
pound 40 is potent, has good water solubility (2.5 mg/
ml), and shows an excellent selectivity profile against
other MMPs and a wider array of enzyme and receptor
targets. Table 4 shows the counterscreen results against
a panel of relevant zinc metalloproteases. The highest
inhibition besides LF is an ICsq of 1.4 uM for stromely-
sin (MMP-3), which is the target enzyme for the lead
compound 1. No other off-target activities were ob-
served in a wider screening.

Table 4. Selectivity of 40 against other metalloproteases

Enzymes ICsp (uM) or % inhibition
LF 0.054 uM
ACE <10%@10 yM
ECE <10%@10 M
NEP 9.4 M
TACE 4.3 uM
MMP-1 2.2 uM
MMP-2 2.0 uM
MMP-3 1.4 M
MMP-9 2.0 uyM
MMP-14 6.5 uM

ACE, angiotensin converting enzyme; ECE, endothelin converting
enzyme; NEP, neutrophil endopeptidase; TACE, TNF-a converting
enzyme; MMP: matrix metalloproteinase.



968

Table 5. Pharmacokinetic parameters of 40 in preclinical species

Y. Xiong et al. | Bioorg. Med. Chem. Lett. 16 (2006) 964-968

Parameter” Mouse Rat Guinea pig Rabbit Dog Monkey
Cl, (mL/min/kg) 72 80 24 14(35) 15 23

V4 (Likg) 1.0 3.9 1.1 1.5(3.8) 24 3.3

Ty (h) 0.4 1.4 12 2.0(2.5) 4.7 2.4
Conax (WM/mpk) 0.12 0.24 0.25 0.012 0.73 0.12
Tnax (h) 0.3 0.3 0.8 0.3 0.8 1.3

Fora (%)P 20 51 22 ND 57 ND
Forar (%)° ND 71 ND 0.5 ND 16

ND, not determined.

#The iv and oral doses were 10 mg/kg in female Balb/c mice, 1 and 2 mg/kg, respectively, in male Sprague-Dawley rats and male Guinea pigs, 1 mg/
kg in male Beagle dogs and male rhesus monkeys, and 2 and 5 mg/kg, respectively, in male Dutch Belted or New Zealand White (data in

pareretheses) rabbits.

® The formulation was 1 mg/ml in ethanol/PEG400/water (20/25/55, vIvIv).

“The formulation was 2 mg/ml in 0.5% methylcellulose.

Our objective was to find an LF inhibitor for emergen-
cy room use in IV formulation, but the pharmacokinet-
ic properties of compound 40, Table 5, indicate that it
might be orally available as well. Compound 40 has
oral bioavailability (F%) of 57% in the dog and about
16% in the rhesus monkey. Its half-life (7 ,,) is less than
half hour in mouse and about 5 h in dog. Compound 40
is cleared mostly as its glucuronidation conjugate at the
hydroxyamic acid site, accompanied by a minor degree
of hydrolysis of the hydroxamic acid group.

Due to its excellent overall properties, compound 40 has
been extensively tested in pharmacological and animal
model studies.”> When compared to antibiotic mono-
therapy, 40 in combination with ciprofloxacin significant-
ly increases the survival rate of mice and rabbits treated
with anthrax.'® It is even effective prophylactically in
preventing anthrax infection in spore challenges without
antibiotics. Accordingly compound 40 has been selected
as a candidate for clinical studies and drug development.
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