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S-Acyl Mercaptobenzamide Thioesters:
Novel Inhibitors of the HIV{
Nucleocapsid Protein @l (NCpJ)

John K. Inman

Ettore Appella

All known retroviruses, except spumaviruses,
contain nucleocapsid proteins with one or two zinc
fingers that share a common motif with the
sequence,[] Cys-Xaa,-Cys-Xaas-His-Xaas-Cys (“CCHC”
motif). HIVE] possesses two such zinc fingers in its
nucleocapsid protein (NCpJ) wherein this motif and
specific residues surrounding it are conserved or
highly restricted. These zinc fingers participate in a
number of early and late events in the HIV
replication cycle and are especially important for
selection and packaging of the viral RNA. Intensive
efforts by several laboratories have failed to induce
specific viral resistance to early representatives of
NCPJ inhibitors. Thus, the NCpJ zinc finger inhibitors
meet two important criteria for new anti-HIV drugs:
novelty of target and low potential for engendering
resistant strains.

Earlier studies have identified a class of
compounds known as [OI’-dithiobis (benzamide)
disulfides (DIBAs) that inactivate NCgl in witro
through a thiol-disulfide interchange with zinc-finger
cysteines'. However, these compounds on standing,
often cyclize to the somewhat less active and more
toxic benzisothiazolone derivatives. In wvivo, they
showed reactivity with various free thiols in the host
circulation and intracellular spaces. During the last
few years, we explored other sulfhydryl-reactive
functional groups for attachment to the same O-
mercaptobenzamide scaffold, leading to the discovery
of antiretroviral compounds containing acylthiol
groups and specifically the representative thioester
chemotype. Initially, these chemotypes included the
pyridinioalkanoyl thioesters (PATEs)’. However, PATEs

are charged species, and as such are quite
hygroscopic. This makes isolation and purification
difficult. More importantly, the formal charge
markedly increases hydrophilicity, so that uptake
would be inhibited (shown with oral administration
in mice) and excretion would be accelerated. Other
acylthiol chemotypes, such as thiolcarbamates and
thiolcarbonates®, proved to be too reactive and too
unstable toward hydrolysis in normal serum.
Recently, we have succeeded in designing and
testing a series of neutral, N-substituted [J-mercapto-
benzamide thioesters possessing good antiviral potency
toward HIVO®. These thioesters are uncharged at
neutral pH and promise, a priori, to offer greater
oral bioavailability and cell membrane permeability.
Unlike PATEs, most of these uncharged thioesters
are readily crystallized solids. A library of [OI11
thioesters was recently assembled for a study of
structure-activity relationships. Our quest has been
to find suitable S-acyl O-mercaptobenzamide deriva-
tives that are poor substrates for serum carboxyes-
terases (thioesterases), yet retain good antiviral
activity. So far, we have explored this possibility by
introducing a variety of acyl groups and placing
substituents on the benzamide ring structure that
modify the reactivity of the thioester bond through
electronic influences and steric hindrance to the
approach of enzymes. Several new compounds have
been identified with high potency and long half life.
With the thioester chemotype, we have shown
that this activity can involve an acyl transfer from
the thioester to a target cysteine sulfur atom and
would not require an oxidative step as with the
above-mentioned disulfide compounds®’. By comparing
the rates of zinc ejection using Trp [1J fluorescence
(an indicator of carboxyl-terminal zinc ejection) and
zinc-specific fluorophores (indicator of zinc ejection
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from both fingers), it has been postulated that
carboxyl-terminal zinc is released prior to amino-
terminal zinc. Our results with both the PATEs and
the uncharged thioesters have provided direct
evidence of this differential zinc ejection. The
greater reactivity of the carboxyl-terminal zinc finger
toward attack by a variety of electrophiles is due to
a combination of steric factors and differences in
nucleophilicity of the cysteines. Loss of cysteine
coordination results in the release of zinc from the
carboxyl-terminal finger facilitating a rapid attack by
another molecule of compound at a neighboring
cysteine. This process 1is followed by a slow
structural collapse of NCpJ that is accompanied by
release of zinc from the amino-terminal finger, a
process that is independent of concentration of
compound. It should be noted that the NCpI used
in these studies is a purified protein and is devoid
of viral RNA normally associated with it. Under
more native, iz vivo conditions, the initial recognition
step may be enhanced and may result in greater
reactivity of the thioester through well positioned
amino acid side chains of NCpJ with consequent
acceleration of the transacylation reaction. Finally, a
major concern with the utilization of NCpJ zinc
fingers as anti-HIV targets has been the issue of
selectivity of compounds for the intended target.
The thioesters were designed with this issue in
mind, such that the compounds were selected for
minimal chemical reactivity while maintaining anti-
HIV activity. Furthermore, they react with only one
of the two highly similar zinc finger domains of the
NCHJ protein. These findings clearly illustrate that
zinc fingers exhibit differential susceptibility to
chemical entities.

The in wvivo behavior of this chemotype in the
circulation, interstitial fluids and intracellular environ-
ment is a property of great importance when one
considers thioesters as acting directly on the NCpJ
target by S-acyl transfer (to a zinc finger cysteine)
or serving as a prodrug for delivery of active
thiolate species to target proximity. We measured
pKa values for various thiols by a spectrophotomet-
ric method and obtained values between OII and
0. These low values are typical for aromatic thiols.
Thus, at physiological pH they exist almost entirely
as negatively charged anionic (thiolate) species.
Their charge may impede absorption and passive
membrane transmission. In addition, aromatic thiolates
are highly nucleophilic and potentially reactive
toward disulfide bonds and other electrophilic
structures. For example, they can be employed in
catalytic re-scrambling of mismatched cystines in
proteins, much in the same manner as protein
disulfide isomerase (PDI) which likewise possesses a
low pKa thiol (a special cysteine side chain) in its
active site’. We have taken the position that a
thioester, in addition to being an active species in its

own right, can serve effectively as a prodrug for
delivering aromatic thiolate to the cytosol of HIV-
infected cells, providing it is stable enough to reach
these target locations. Should the drug release a
thiolate near or within an infected cell, this molecule
can be regarded as challenging and displacing
cysteine ligands in the NCpJ zinc fingers due to its
substantially lower pKa and higher nucleophilicity.
This dispacement, though seemingly minor, can have
a major effect on nucleocapsid function’.

It now becomes possible to choose, from the
mature chemical library of zinc finger inhibitors,
candidates to undergo optimization for translation to
therapeutic usage. The thioesters could be very
useful for the large-scale practical synthesis of HIV
inhibitors, because these compounds can be prepared
by using inexpensive starting materials and facile
reactions. Thus, it opens the possibility that an
effective drug treatment for HIV could be made
available to much larger populations than is now the
case. Although the special chemistry of this class of
compounds, via its potentially reactive thiols, allows
not only a unique approach to prevention of
retrovirus replication, it may also pose specific
problems with classical pharmacological and toxicologi-
cal approaches that could eliminate these compounds
as candidates based on inappropriate drug screening
criteria.  Optimization and advancement of lead
compounds through synthesis and further in wvitro
and small animal studies in mice and non-human
primates will be the focus of our future work.
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