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Abstract: The Boehringer Ingelheim compound collection was
screened for inhibitors of the ATPase activity of human
papillomavirus E1 helicase to develop antiviral agents that
inhibit human papillomavirus (HPV) DNA replication. This
screen led to the discovery of (biphenyl-4-sulfonyl)acetic acid
1, which inhibits the ATPase activity of HPV type 6 E1 helicase
with a low micromolar I1Cs value. A hit-to-lead exercise rapidly
converted 1 into a low nanomolar lead series.

Introduction. Papillomaviruses are small, non-
enveloped DNA viruses that infect and replicate in the
cutaneous or mucosal epithelia of human and other
mammals.! There are over 80 types of human papillo-
mavirus (HPV), which cause conditions ranging from
plantar (HPV1) and genital warts (HPV6 and -11) to
cervical cancer (HPV16, -18, and -31). HPV6 and -11
are also responsible for laryngeal papillomatosis, a rare
but very serious infection of the respiratory tract. HPV6
is responsible for the majority of cases of genital warts.?
Antiviral agents capable of specifically inhibiting PV
replication could play an important role in the treatment
of these diseases, but unfortunately no such antiviral
agent exists at the present time.

Despite the host and tissue specificity of PV types,
they all share a common genomic organization. The
circular DNA genome of ~8000 base pairs codes for only
10 proteins: eight early proteins termed E1—E8 and two
late proteins L1 and L2, which make up the viral capsid.
E1l, a DNA helicase, is the only PV protein that
possesses enzymatic activity® and is the most highly
conserved of the PV proteins. For these reasons, the E1
helicase has been considered the most attractive mo-
lecular target for the development of antiviral agents.

This paper reports the discovery of a small-molecule
series inhibiting the ATPase activity of HPV6-E1 heli-
case and the hit-to-lead exercise that was performed to
evaluate its value and potential for further optimization.

Results and Discussion. With the aim of discover-
ing anti-HPV agents, high-throughput screening of the
Boehringer Ingelheim compound collection was per-
formed using a novel scintillation proximity assay
measuring the ATPase activity of recombinant HPV6
E1l helicase.*®> This screen revealed a leadlike hit,®
(biphenyl-4-sulfonyl)acetic acid 1, which binds reversibly
to E1 through a hyperbolic competitive kinetic mecha-
nism?’ such that binding of the compound decreases the
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affinity of the enzyme for ATP but binding of the
inhibitor and ATP are not mutually exclusive. The
specificity of this hit was demonstrated by the fact that
it does not inhibit the ATPase activity of the unrelated
herpes simplex virus helicase primase® or the activities
of other unrelated enzymes (data not shown).

Unfortunately, to date, there are no structural data
available on HPV E1.° Therefore, to evaluate the
potential of 1 for further optimization, we decided to rely
on a two-step hit-to-lead exercise. The first step involved
making a minimal number of meaningful structural
modifications to prospect the entire structure. The
second step involved a more in-depth analysis of the
most permissive areas to reveal exploitable binding
pockets or sites for further optimization.

In the prospecting exercise (Table 1), we surveyed two
regions of 1: the sulfonylacetic acid (X) and the biphenyl
(Ar). Starting with the sulfonylacetic acid moiety,
truncation of the carboxyl group (2a, entry 2) or
replacement by a primary amide (2b, entry 3) sup-
pressed the activity. Replacement of the carboxylic
group by other isosters such as tetrazolyl (2c, entry 4),
nitro (2d, entry 5), sulfonate (2e, entry 6), or phospho-
nate (2f, entry 7) significantly reduced potency. The
sulfone moiety was found to be as important as the
carboxylic acid group. Altering the oxidation state at
sulfur was detrimental to potency; sulfoxide 2g and
thioether 2h analogues were both inactive (entries 8 and
9). Substitution at the a carbon with a fluoride (2i, entry
10) or a methyl group (2j, entry 11) reduced potency
while gem-dimethyl substitution gave an inactive ana-
logue (2k, entry 12). Spacing the sulfone and the
carboxylate group with an extra methylene (21, entry
13) also reduced potency. In summary, the sulfonylacetic
acid moiety was not tolerant to modifications and did
not offer the expected handle for further optimization.

Next, modification of the biphenyl system was un-
dertaken. Phenyl ring B was replaced by five-membered
heterocyclic rings such as 2- and 4-thiazolyl (3a and 3b,
entries 14 and 15), but these compounds had signifi-
cantly reduced potency. Spacing phenyl ring B with
various tethers disturbed binding to E1 significantly
(8c—f, entries 16—19). Changing the position of the
linkage of ring B to ring A was detrimental (3g, entry
20), and fusing the two rings into a 2-naphthyl (3h,
entry 21) also significantly reduced potency. Attempts
at replacing phenyl ring A with heterocycles were
unsuccessful because of the lability of the resulting
sulfonylacetic acid compounds.1® Conservative substitu-
tions of ring B such as those presented in 3i—I (entries
22—25) led to compounds that were more or less
equipotent to our initial hit and revealed an area in the
3' and 4' positions that was permissive to substitution
and may potentially lead to more interactions with E1.
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Table 1. Preliminary SAR Study
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At the completion of the first step of this hit-to-lead
exercise, preliminary SAR had been demonstrated and
the existence of permissive sites had been revealed by
the fact that substituents were tolerated at the 3' and
4' positions. In the second step, a parallel synthesis
approach was used to rapidly verify the presence of a
putative binding pocket with the hope of finding a more
potent lead series.

R
MeOOC— MeOOC—
AW,
0 0
4 R=COOH 6 R=COOH
5 R = CH,COOH 7 R= CH,COOH

In preparation for our library, various possible func-
tional groups for the 3' and 4' positions were considered.
We favored functional groups that could be introduced
via a short synthesis and for which the diversification
step would be late in the sequence of reactions. Ulti-
mately, we selected the 3'- and 4'-carboxamide and
acetamide functionalities. Amide bond formation is
easily amenable to parallel synthesis, and a large
number of structurally diverse amine building blocks
are readily available. A set of commercially available

diverse amines were selected.’* Four building blocks
bearing an acid function were prepared (4—7) and four
libraries of 25—50 amides were generated to provide
over 100 diverse analogues with ICso values ranging
from 0.04 to >80 uM. Table 2 shows a sample of the
results for each library. An increased potency was
achieved with many members of these prospecting
libraries. In general, amides derived from primary
amines bearing an aromatic lypophilic substituent such
as a phenyl or a benzyl group gave the best results. The
most potent analogues belonged to the 3'-substituted
series 6 and 7. The SAR observed within these two
series of compounds (entries 10—18), particularly where
enantiomers show striking differences in 1Cso (compare
6d, 6e, 7c, and 7d, entries 13, 14, 17, and 18), provided
a convincing argument in favor of the existence of a well-
defined binding pocket. To further follow-up on the best
results, an additional set of amine building blocks was
selected to make two focused libraries of about 75
members each in the 6 and 7 series. Most of the
inhibitors in these libraries had submicromolar 1Csg
values, a few of them being over 400-fold more potent
than 1 (Table 3). The most gratifying results were
obtained with the 3'-carboxamide series 6 where 1-(R)-
naphthalenylethyl 6f and N-1-naphthalenylmethyl 6g
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Table 2. Sample of Diverse Libraries
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had over a log reduction in ICsy compared to their
corresponding analogues 6d and 6c.

It was clear from these SAR results that this series
of inhibitors could be optimized for potency against the
in vitro ATPase activity of HPV6 E1. However, prior to
any further optimization in potency, we set out to
address two liabilities of this series that we associated
with the sulfonylacetic acid pharmacophore. The first
liability was the absence of activity in a cell-based assay
of HPV DNA replication.2 This is presumably in part
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Table 3. Best Results from Focused Libraries
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because of the highly polar negatively charged group
that could limit the permeability of these inhibitors.13
Alternatively or in addition, the lack of cellular activity
could also be attributed to a higher effective intracel-
lular concentration of ATP compared to that in the
ATPase assay.>’¢ The second liability that needed to be
addressed was the instability of the sulfonylacetic acid
group, which under certain conditions undergoes de-
carboxylation (see chemistry section of Supporting
Information) to afford the corresponding inactive methyl
sulfone (e.g., 2a (entry 2) in Table 1 and 8a (entry 2) in
Table 4). In the context of drug discovery, this last
finding seriously compromised the future of this series.
Therefore, a search for a more acceptable surrogate to
the sulfonylacetic acid group was initiated with the
primary goal of improving stability while maintaining
ICso values at the submicromolar level. We reasoned
that improvement in cellular permeability could be
achieved either by identifying a more cell-permeable
pharmacophore or later by subsequent modifications of
a polar but stable pharmacophore using a prodrug
approach.
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To replace the sulfonylacetic acid moiety, several
known carboxylate and phosphate isosteres were
screened. Two surrogates, ketodifluoromethylphospho-
nic acid derivative 8b and nitromethyl sulfone 8c,
exhibited the desired level of potency (Table 4, entries
3 and 4). One of the two, the nitromethyl sulfone 8c,
was moderately permeable!* but not potent enough to
show cell-based activity. Nevertheless, 8b and 8c con-
stitute excellent starting points for lead optimization.

Conclusion. The hit-to-lead exercise presented herein
led to the discovery of low nanomolar inhibitors of the
ATPase activity of HPV6 E1 helicase. Preliminary SAR
studies have revealed a permissive area of inhibitor 1,
which suggested the existence of an exploitable binding
site or pocket in HPV6 E1. Parallel synthesis of diverse
libraries produced analogues with improved potency
compared to the initial hit 1 supporting the hypothesis
of an additional binding site. Subsequent focused librar-
ies were generated, producing analogues such as 6g,
which is nearly 500-fold more potent than 1. In addition,
the sulfonacetic acid pharmacophore could be replaced
with more stable surrogates such as a ketodifluoro-
methylphosphonic acid or a nitromethyl sulfone. Future
work should focus on further optimization of the new
surrogates for binding to E1 and improvement of the
overall biopharmaceutical profile of this lead series.
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