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Targeting a Dark Excited State of HIV-1 Nucleocapsid by
Antiretroviral Thioesters Revealed by NMR Spectroscopy
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HIV-1 nucleocapsid (NCp7) is a two Cys2HisCys
zinc knuckle (N-Zn and C-Zn) protein that plays a key role in
viral replication. NCp7 conformational dynamics is characterized by NMR relaxation dispersion and chemical exchange
saturation transfer measurements. While the N-Zn knuckle is
conformationally stable, the C-Zn knuckle interconverts on the
millisecond timescale between the major state, in which the zinc
is coordinated by three cysteines and a histidine, and two folded
minor species (with populations around 1 %) in which one of
the coordination bonds (Cys413-Sg-Zn or His421-Ne2-Zn) is
hydrolyzed. These findings explain why antiretroviral thioesters specifically disrupt the C-Zn knuckle by initial acylation
of Cys413, and show that transient, sparsely-populated
(“dark”), excited states of proteins can present effective targets
for rational drug design.

HIV-1 nucleocapsid (NCp7) plays a central role in the viral

replication cycle, including RNA packaging, viral assembly
and release, integration, and reverse transcription.[1] NCp7
contains two zinc knuckles of the Cys-X2-Cys-X4-His-X4-Cys
variety with 55 % sequence identity between them (Figure 1 A), and essentially identical three-dimensional structures.[2] NCp7 is conserved in all viral strains and is therefore
a potential target for next-generation anti-HIV therapy.[3]
Inhibition of NCp7 results in the production of immature,
non-infectious virions that are unable to infect the host.[3]
Mercaptobenzamide thioesters have been shown to specifically target the C-terminal zinc (C-Zn) knuckle of NCp7[4] by
initial acylation of Cys413,[5] but the reason for the susceptibility of the C-Zn knuckle rather than the N-terminal (N-Zn)
one is not clear. Mercaptobenzamide thioesters display low
cellular toxicity and inhibit viral activity at concentrations less
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Figure 1. Mercaptobenzamide thioesters specifically target the C-Zn
knuckle of NCp7. A) HIV-1 NCp7. Numbering is based on the Gag
polyprotein precursor from strain HXB2. B) Three regions of the 1H15
N correlation spectrum of 50 m NCp7 alone (green), and 3 (red)
and 6 hours (blue) after addition of a 20-fold molar excess of
mercaptobenzamide-1 at 35 8C and pH 6.5. Cross-peaks of the C-Zn
are encircled and labeled in black, while those of the N-Zn knuckle are
labeled in gray. The chemical structure of S-(2-((3-amino-3-oxopropyl)carbamoyl)phenyl)pent-4-ynethioate (referred to as mercaptobenzamide-1) is shown as an inset. C) Time course of the cumulative
normalized cross-peak heights and volumes for the N-Zn (blue,
residues 390–405) and C-Zn (red, residues 413–428) knuckles following addition of mercaptobenzamide-1.

than 50 nm, suggesting that they may provide a useful avenue
for anti-HIV-1 drug design.[6]
NCp7 is expressed as part of the Gag polyprotein and
subsequently released during retroviral maturation by proteolytic cleavage. During the course of our previous work on
the kinetics of the interactions of HIV-1 protease with Gag by
relaxation-based NMR methods,[7] including Carr–Purcell–
Meiboom–Gill (CPMG) dispersion[8] and chemical exchange
saturation transfer (CEST),[9] we noticed that the C-Zn
knuckle undergoes exchange dynamics independent of the
presence of protease. Here we investigate in detail the
conformational dynamics within the C-Zn knuckle of NCp7
by 15N-CPMG and 15N- and 13C’-CEST experiments.
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