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The HIV-1 nucleocapsid protein (NCp7) is a small basic protein with two CysCysHisCys zinc-
binding domains that specifically recognizes the Ψ-site of the viral RNA. NCp7 plays a number
of crucial roles in the viral lifecycle, including reverse transcription and RNA encapsidation.
Several classes of potential anti-HIV compounds have been designed to inactivate NCp7 through
zinc ejection, including a special class of thioester compounds. We have investigated the
mechanism of action of two N-substituted-S-acyl-2-mercaptobenzamide compounds (compounds
1 and 2) that target NCp7. UV/Visible spectroscopy studies demonstrated that both thioesters
were able to eject metal from NCp7. NMR and mass spectroscopy studies showed that the
thioester compounds specifically ejected zinc from the carboxyl-terminal zinc-binding domain
of NCp7 by covalent modification of Cys39. Exposure of NCp7 to compounds 1 and 2 destroyed
its ability to specifically bind RNA, whereas NCp7 already bound to RNA was protected from
zinc ejection by the thioesters. The thiol component of the thioesters (compound 3, 2-mercap-
tobenzoyl-â-alaninamide) did not eject zinc from NCp7, but when compound 3 was incubated
with acetyl CoA prior to incubation with NCp7, we observed extensive metal ejection. Thus,
the thiol released by the reaction of compounds 1 and 2 could be re-acylated in vivo by acyl
CoA to form a new thioester compound that is able to react with NCp7. These studies provide
a better understanding of the mechanism of action of thioester compounds, which is important
for future design of anti-HIV-1 compounds that target NCp7.

Introduction
HIV-1 infection afflicts millions of people worldwide,

killing three million people in the last year alone
(www.unaids.org). Though much work has been done
to stop the progression of HIV-1 infection to AIDS,
several issues remain. Traditional combination thera-
pies do not completely eradicate the virus. Conse-
quently, long-term treatment is required, which is
complicated by problems of patient compliance and
metabolic side effects.1-4 Over the long course of com-
bination therapy, drug-resistant strains of HIV-1 often
arise. These resistant strains necessitate the continual
development of new antiviral drugs.

One potential target for antiviral therapy is the HIV-1
nucleocapsid protein (NCp7). NCp7 plays many crucial
roles throughout the retrovirus lifecycle as a general
nucleic acid binding protein. During reverse transcrip-
tion, NCp7 facilitates binding of the tRNA3

Lys to the
primer binding site and promotes strand annealing.5-7

In addition, NCp7 enhances the integration of viral
DNA into the host chromosome.8,9 It is also essential
for dimerization and packaging of full-length viral RNA
into the new virions.10-12

NCp7 is a small basic protein that contains two zinc-
binding domains (ZD1 and ZD2). The two zinc-binding
domains each chelate one zinc ion using three cysteine
and one histidine residues as ligands (Figure 1A). NMR
solution studies of NCp7 show that in the free protein,
the two zinc-binding domains form small globular
structures, whereas the amino and carboxyl termini of
the protein are disordered.13-15 The zinc-binding do-
mains and several basic amino acids at the amino
terminus of NCp7 are required for sequence-specific
RNA binding. The structure of the zinc-binding domains
and the mutationally nonpermissive nature of NCp7
suggest that HIV-1 strains resistant to drugs targeted
against this protein are unlikely to develop.10,16-19

Over the last several years, numerous studies have
been reported on compounds that were designed to
inhibit NCp7. Most of the compounds eject zinc from
NCp7 (zinc ejectors), destroying the structure of the
protein and preventing it from functioning. The first zinc
ejector was 3-nitrosobenzamide (NOBA), which showed
inhibition of HIV-1 replication, but was highly reactive,
and thus toxic.20 Compounds of this type lacked selec-
tivity, as they reacted indiscriminately with both zinc-
binding domains of NCp7 as well as with other zinc-
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binding domains present in cellular proteins. Further
studies led to the development of less toxic and more
selective compounds, such as the disulfide benzamide
(DIBA) and azodicarbonamide (ADA) compounds.21,22

Both the DIBA and ADA compounds inhibit HIV-1
replication and show a degree of specificity for NCp7.
For example, the carboxyl-terminal zinc-binding domain
(ZD2) of NCp7 was found to be more reactive with the
DIBA compounds than the amino-terminal zinc-binding
domain (ZD1).23 In addition, the DIBA compounds did
not inhibit the functional activity of cellular proteins
containing zinc-binding domains, including the poly-
(ADP ribose) polymerase and the Sp1 and GATA-1
transcription factors.24 Mass spectrometry demonstrated
that both Cys36 and Cys49 of ZD2 were covalently
modified by the DIBA compounds.23 Despite their
selectivity, the DIBA compounds had the disadvantage
that they contained an easily reduced disulfide bond
that severely limited the half-life of the compound.25

Among the most recent class of zinc ejectors to be
developed are the pyridinioalkanoyl thioesters.26 These
thioester compounds have high antiviral activity and
low cellular toxicity. They are water soluble and have
been shown to eject zinc from NCp7.26,27 Initial studies
demonstrated that silver ions had to be added to the
reaction in vitro to “activate” the thioester compounds;
no zinc ejection was observed with either silver ions
alone or the thioester compounds alone.28 Mass spec-
trometry revealed that these thioester compounds se-
lectively modified NCp7 in ZD2 as was seen with the
DIBA compounds.28 These thioester compounds were

also shown to have no effect on DNA binding by Sp1,
suggesting that they might not target other zinc-binding
domains in cellular proteins.26 Recently, the in vivo
antiviral activity of two S-acyl-2-mercaptobenzamide
thioesters (Figure 2, compounds 1 and 2) was de-
scribed.29 These compounds were shown to have anti-
viral activity in a murine model.29 Orally administered
compound 2 actually evoked an antiviral response
similar to that of the protease inhibitor indinavir.29

Though it is postulated that these new thioester com-
pounds have antiviral activity because they eject zinc
from NCp7, the exact mechanism of zinc ejection has
not been established. Understanding how these thioester
compounds function should be very useful for the design
of improved compounds to target NCp7.

Here, we have used UV/visible spectroscopy to evalu-
ate the ability of the thioester compounds 1 and 2 to
eject metal from purified, recombinant NCp7. NMR
spectroscopy and mass spectrometry were used to study
the structural interaction between the thioester com-
pounds and NCp7, as well as to determine if these
compounds covalently modify NCp7 and to identify any
reaction products. Finally, we used gel mobility shift
assay to study the ability of the thioester compounds to
disrupt NCp7’s function as an RNA-binding protein.
These studies provide a better understanding of the
mechanism of action of thioester compounds.

Experimental Section
Synthesis of Compounds. The preparation of compound

1 (N-[2-(5-pyridiniovaleroylthio) benzoyl]-â-alaninamide bro-
mide) and compound 3 (Nâ-(2-mercaptobenzoyl)-â-alanina-
mide) (Figure 2) were carried out as previously described.30

Compound 2 (N-[2-(nicotinoylthio)benzoyl]-â-alaninamide hy-
drochloride) was synthesized as outlined.26,30 The uncharged
compound 2 was prepared as described.31 Compound 4 (N-[2-
acetylthiobenzoyl]-â-alaninamide) (Figure 2) was synthesized
as described.31 Compound 3 and the thioester compounds were
lyophilized in 500 µL aliquots at a concentration of 1 mM and
stored at -20 °C.

Sample Preparation. The coding sequence for HIV-1
NCp7 (HXB2 isolate) was cloned into the Escherichia coli
vector pET11a and expressed in host strain Rosetta (DE3)
(Novagen, WI). Uniformly 15N-labeled or 13C/15N-labeled NCp7
was obtained by growing the cells in modified minimal media
containing 15N-labeled (>98%) ammonium chloride and/or 13C-
labeled (>99%) glucose as the sole nitrogen and carbon sources,
respectively. Cells were grown overnight at 37 °C, and protein
expression was induced for 4 h with 0.66 mM or 1 mM
isopropyl-â-D-thiogalactopyranoside (IPTG) for cultures grown
in minimal media or Luria Broth, respectively. The cells were
pelleted and resuspended in 25 mM Tris pH 8.0, 1 mM EDTA,
2 mM dithiothreitol (DTT), 6 mM benzamidine. The cells were
then lysed by French press and centrifuged at 100 000g for
45 min. The supernatant was applied to a DEAE-Sepharose
Fast Flow (Amersham Biosciences, NJ) column (300 mL bed
volume), equilibrated with Buffer A (25 mM Tris pH 8.0, 1
mM EDTA, 2 mM DTT), and eluted using a gradient (0-100%

Figure 1. (A) Amino acid sequence of NCp7 used in this
study, showing the zinc-coordinating residues highlighted in
boxes. (B) Nucleotide sequence and secondary structure of the
HIV-1 Ψ-site. Boxed sequences correspond to the sequences
of the ΨSL2 and ΨSL3 RNAs used in this study. Nucleotides
in lower case are nonnatural residues added for improved in
vitro transcription by T7 RNA polymerase.

Figure 2. Chemical structure of thioester compounds and
derivatives used in this study.

2848 Journal of Medicinal Chemistry, 2005, Vol. 48, No. 8 Miller Jenkins et al.



B over 1500 mL) of Buffer B (25 mM Tris pH 8.0, 1 mM EDTA,
2 mM DTT, 1 M NaCl). The pooled NCp7 fractions were then
applied to a SP-Sepharose Fast Flow (Amersham Biosciences,
NJ) column (300 mL bed volume), equilibrated with Buffer A
and eluted using a gradient (0-100% B over 1500 mL) of
Buffer B. The fractions containing NCp7 were pooled and
purified on a C-8 reverse phase (Vydac) high-performance
liquid chromatography (HPLC) column using a gradient of 10-
30% acetonitrile in 0.05% aqueous trifluoroacetic acid (TFA).
The purified NCp7 was flash frozen and lyophilized.

Purified NCp7 was refolded using the following procedure.
Lyophilized protein was first resuspended at a concentration
of ∼0.2 mM in 0.05% TFA. Five equivalents of ZnCl2 (zinc-
refolded NCp7) or CoCl2 (cobalt-refolded NCp7) were then
added to the NCp7 solution as 50 mM metal solutions in 0.05%
TFA. The solution was slowly titrated to pH 6.0 with 0.2 M
NaOH. The zinc-refolded NCp7 was flash frozen and lyophi-
lized. Prior to use, zinc-refolded NCp7 (1 mM) was resuspended
in NMR buffer A (20 mM sodium phosphate pH 7.0) in 90%
H2O/10% D2O. The buffer of the cobalt-refolded NCp7 was
adjusted to 20 mM sodium phosphate pH 7.0. The cobalt-
refolded NCp7 was used immediately after refolding.

ΨSL2 and ΨSL3 RNAs (Figure 1B) were transcribed in vitro
using T7 RNA polymerase, synthetic oligonucleotide templates,
and nucleoside triphosphates. The T7 RNA polymerase was
purified based upon a published procedure.32 The RNAs were
purified to single-nucleotide resolution by 20% denaturing
polyacrylamide gel electrophoresis. Each RNA was further
purified by DEAE-Sephacel chromatography (Amersham Bio-
sciences, NJ). The ΨSL2 and ΨSL3 RNAs were concentrated
with an Amicon Centricon-3 concentrator (Millipore, MA) and
exchanged into NMR buffer A. Prior to use, the RNA was
heated to 95 °C for 1 min and snap-cooled in ice water to
promote hairpin formation. For the gel mobility shift assay,
the ΨSL2 RNA was first dephosphorylated on the 5′-end with
calf alkaline phosphatase (Roche Molecular Biochemicals, IN)
and then 5′-end-labeled with γ-(32P) ATP (MP Biomedicals, CA)
using T4 polynucleotide kinase (New England Biolabs, MA)
according to the manufacturer’s instructions.

The complex of 15N-labeled NCp7 with ΨSL3 RNA was
prepared by titrating 15N-labeled NCp7 into ΨSL3 RNA in
NMR buffer B (20 mM sodium phosphate buffer pH 7.0, 25
mM NaCl) in 90% H2O/10% D2O. Complex formation was
monitored by 1D 15N-decoupled watergate33 and 2D 1H-15N
HSQC.34 Once a 1:1 complex was prepared, the sample was
flash frozen and lyophilized. The sample was then resuspended
to achieve a final buffer composition of 20 mM sodium
phosphate pH 7.0, 100 mM NaCl in 90% H2O/10% D2O.

UV/Visible Spectroscopy. For UV/visible spectroscopy
studies, cobalt-refolded NCp7 (150 µM) was incubated with
the appropriate thioester compound or compound 3 (150 µM
unless specified otherwise) at 25 °C. The UV/visible spectrum
was recorded from 220 to 800 nm every 0.5 h for 3 h using a
Shimadzu UV-1601 spectrophotometer equipped with PC
control via the UVPC software (Shimadzu Scientific Instru-
ments, MD). The tetrahedrally coordinated cobalt ions of NCp7
have absorption maxima at 642 and 698 nm. The absorbance
at these two wavelengths was specifically monitored and
compared against a control sample in which no thioester
compound was added. Experiments were repeated a minimum
of three times. Normalized absorbance values were calculated
by subtracting the absorbance monitored by that of the control
sample. The normalized absorbance at 642 and 698 nm was
plotted versus time, and the initial rate of absorbance loss (0-3
h) was obtained from the slope of the linear regression
analysis. In one set of experiments, compound 3 (150 µM) was
incubated with acetyl CoA (Sigma-Aldrich, St. Louis, MO) (150
µM) for 1 h prior to addition of NCp7 (150 µM). Once NCp7
was added, the UV/visible spectrum was monitored as de-
scribed above. The rate of absorbance loss was calculated as
described above using absorbance values normalized against
a control sample in which NCp7 was incubated with acetyl
CoA alone.

NMR Spectroscopy. The zinc-refolded 15N-labeled NCp7
(1 mM) was incubated with an equimolar concentration of
thioester compound at 25 °C for 48 h in NMR buffer A and
90% H2O/10% D2O. The pH of the sample was checked both
before and after the incubation period to ensure that any
changes observed in the NMR spectra were not due to changes
in pH. The sample was analyzed on Varian Unity INOVA 500
or 600 MHz spectrometers equipped with HCN triple reso-
nance probes with actively shielded z-gradients. Three experi-
ments were recorded at various times: a 1D 15N-decoupled
watergate,33 a 1D difference water-sLED,35 and a 2D 1H-15N
HSQC.34 1D difference water-sLED experiments35 were re-
corded to detect the resonances of the faster diffusing compo-
nent(s) of the sample, the free thioester compounds and their
derivatives produced by incubation with NCp7. In this 1D
difference experiment, two water-sLED spectra, A and B, were
recorded. The only parameter that differs between these two
spectra is the strength of the encoding and decoding pulse-
field gradient pulses, 7 G/cm in spectrum A and 14 G/cm in
spectrum B. The duration of these pulses and the time delay
between these pulses was set to 0.007 and 1.7 s, respectively.
The 1D difference water-sLED spectrum was obtained by
Fourier transformation of [FID(A) - alphaFID(B)], where the
value of alpha was determined empirically to filter out the
resonances of the slowly diffusing component of the sample,
the NCp7 protein. The 2D 1H-15N HSQC spectra were
processed with NMRPipe36 and analyzed with PiPP.37 The
measured signal intensities of the HSQC signals were plotted
versus time (from 0 to 48 h), and the initial rate of signal
intensity loss from 0 to 24 h was obtained by linear regression.

1H, 15N, and13C backbone assignments for NCp7 in 90% H2O/
10% D2O at pH 6.0, 25 °C were obtained with a 13C/15N-labeled
sample from the following experiments: 2D 1H-15N HSQC,34

3D HNCO,38 3D HNCACB,39-41 and 3D (HB)CBCA(CO)-
NNH.39,41 1H and 15N chemical shift assignments for NCp7
complexed with ΨSL3 RNA were generously provided by Dr.
M. F. Summers (University of Maryland, Baltimore County).
1H chemical shift assignments for compound 1 were obtained
from the following experiments: 1D 1H watergate,33 2D 1H-
1H DQF-COSY and 2D 1H-1H NOESY. Partial 1H chemical
shift assignments for compound 2 were obtained by comparison
of the 1D 1H watergate spectrum of the thioester compound
with that of compound 1.

Mass Spectrometry. A 1 mM sample of zinc-refolded NCp7
was incubated for 48 h with 1 mM compound 1 or 2 at 25 °C.
Aliquots were taken immediately following thioester addition
and then after 1, 3, 5, 7, 9, 24, and 48 h. The samples were
promptly flash frozen in liquid nitrogen and lyophilized to stop
the thioester activity. Lyophilized samples were resuspended
in 0.05% TFA and separated on a C-18 reverse phase column
using a linear gradient (5-50%) of 90% acetonitrile containing
0.04% TFA. The lyophilized NCp7 was redissolved in 50%
methanol and 1% acetic acid. Samples were introduced into
an LCQ Classic ion trap mass spectrometer (Thermo Electron
Corp) fitted with an electrospray ionization (ESI) source.
Under acidic conditions, ESI produces multiple charge states
of the NCp7 protein within the range 0 to 2000 m/z. Spectra
were deconvoluted over the range of 5000 to 7500 Da using
Xcalibur Biomass software (Thermo Electron Corp). Peak
areas were calculated assuming Gaussian peak shape.

For ESI-MS studies, the lyophilized NCp7 was redissolved
in a minimal volume of 20 mM Tris pH 7.8, 5 mM CaCl2 and
2 mM DTT. Clostripain (Promega) was added at a ratio of 1:20
with NCp7 and incubated for 3 h at 37 °C. Mass spectrometric
data for the clostripain peptides were obtained from collision
induced dissociation (CID) spectra.28

For the identification of the site of NCp7 modification, 250
µM zinc-refolded chemically synthesized NCp7 was incubated
with equimolar concentration of compound 4 in 20 mM
phosphate buffer pH 7.0 in a total volume of 250 µL for 3 h at
25 °C (chemical synthesis was performed as described28). The
samples were purified on a C-18 reverse phase (Vydac) HPLC
column using a gradient of 5-30% acetonitrile in 0.05%
aqueous trifluoroacetic acid (TFA), and each peak was collected
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separately. These fractions were analyzed by MALDI-TOF and
lyophilized. The lyophilized acetylated fraction was incubated
for 1 h with N-ethylmaleimide (NEM) at a peptide:NEM molar
ratio of 1:150 in 20 mM phosphate buffer pH 7.0, 0.5 mM
EDTA at 30 °C. The modified peptide was then separated by
HPLC separation, followed by MALDI-TOF analysis. These
fractions were next subjected to clostripain digestion, HPLC
separation, and MALDI-TOF analysis. The fractions of interest
were further treated with chymotrypsin at 30 °C for 1 h in 10
mM Tris pH 7.0, 1.5 mM CaCl2, 1.5 mM EDTA. HPLC
separation, MALDI-TOF analysis, and finally ESI-MS/MS
were performed.

Gel Mobility Shift Assay. A 1 µM sample of zinc-refolded
NCp7 was incubated with 5.0 µM of either compound 1 or 2
in 50 mM Tris pH 7.5, 10% glycerol at 25 °C for 0 min, 5 h,
and 24 h. After each incubation period, a 5 µL aliquot was
removed and incubated with an equal volume of 5′-32P-labeled
ΨSL2 RNA (2.5 nM) in 50 mM Tris pH 7.5, 10% glycerol, 25
µg/mL yeast tRNA, 200 mM KCl, and 40 mM MgCl2 for 30
min at 25 °C. The binding reactions were analyzed on an 8%
native polyacrylamide gel in 50 mM Tris-Borate pH 8.0, and
1 mM EDTA at 200 V and 4 °C. The 5′-32P-labeled ΨSL2 RNA
was detected using a Storm PhosphorImager (Amersham
Biosciences, NJ).

Results
Thioester Compounds 1 and 2 Cause Loss of

Metal Coordination by NCp7. The ability of com-
pounds 1 and 2 (Figure 2) to eject metal from NCp7 was
initially studied by UV/visible spectroscopy. In these
experiments, apo-NCp7 was refolded with the spectro-
scopically active metal Co2+ rather than the spectro-
scopically inactive metal Zn2+. Whereas zinc has a full
outer shell, cobalt does not, allowing d-d transitions
that absorb in the UV/visible region of the spectrum.
The cobalt-refolded NCp7 was incubated with various
concentrations of each thioester compound, and the
cobalt ejection was monitored. NCp7 refolded with Co2+

has two absorption maxima in the visible range: one
at 642 nm and one at 698 nm.42 These two absorption
maxima correlate with the two different d-d transitions
characteristic of tetrahedral geometry in which the
ligands are three cysteines and one histidine.43 If cobalt
is ejected from NCp7 in the presence of the thioester
compounds, a reduction in absorbance at 642 and 698
nm will be observed. Because both cobalt-bound zinc-
binding domains absorb at these wavelengths, it was

not possible using this assay to determine if the metal
is ejected from both metal-binding domains or selec-
tively from a single one.

Both compounds 1 and 2 cause a loss of absorbance
over time at 642 and 698 nm (Figure 3), indicating that
cobalt is no longer tetrahedrally coordinated by NCp7,
and most likely ejected. On the basis of these results, it
is clear that both thioester compounds are capable of
ejecting metal from NCp7, and this process does not
require activation with silver ions. Reduced absorption
at 642 and 698 nm was tabulated at various times and
used to calculate the initial rate of cobalt ejection from
the zinc-binding domains. The absorbance at these two
wavelengths decreased linearly over the period studied
(0-3 h). The total absorbance loss was never more than
20% of the original absorbance. The rate of absorbance
loss can therefore be considered as initial rates of metal
ejection. These rates of absorbance loss were also
calculated at various concentrations of compounds 1 and
2 (Figure 3). The observed rate of absorbance loss
increases linearly with thioester concentration from 0.15
µM to 1500 µM for compound 2 and from 0.15 µM to
500 µM for compound 1 (Figure 3). Compound 1 and
compound 2 show very different reaction rates from one
another. At equimolar concentrations with NCp7 (150
µM), compound 2 reacts nine times more rapidly with
cobalt-bound NCp7 than does compound 1 (Figure 3 and
Table 1).

Thioester Compounds Show Specificity in the
Reactivity with the Zinc-Binding Domains of NCp7.
From the UV/visible spectroscopy experiments, it is
evident that both compound 1 and compound 2 eject
cobalt from NCp7. However, as previously mentioned,
whether one or both zinc-binding domains are being
affected cannot be determined using this experimental

Figure 3. Rate of absorbance loss from the UV/visible spectra recorded of cobalt- refolded NCp7 incubated with either compound
1 (A) or compound 2 (B). In all experiments, the cobalt-refolded NCp7 was kept at a constant concentration (150 µM), whereas
the thioester concentration was varied from 0.15 to 1500 µM. In each figure, 4 is the rate of absorbance loss at 642 nm and 2 is
the rate of absorbance loss at 698 nm. Rates were calculated as described in Materials and Methods.

Table 1. Rate of UV/Visible Absorbance Loss at 642 nm Due
to Interaction of Various Compounds With NCp7

compound rate (mAU/h)

1 3.9 ( 1.3
2 36 ( 3.7
3 0.4 ( 0.1
4 29.6 ( 2.0
3 + acetyl CoA 5.1 ( 1.6
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technique. Thus, NMR spectroscopy was used to gain a
more detailed understanding of the mechanism of metal
ejection. Equimolar amounts of zinc-refolded 15N-labeled
NCp7 and compound 1 were mixed, and 2D 1H-15N
HSQC experiments were used to observe changes in the
1H-15N correlations of the 15N-labeled NCp7 over a
period of 48 h. Immediately after the addition of
compound 1, there was no change in the 2D 1H-15N
HSQC spectrum of NCp7 (Figure 1A in Supporting
Information). This demonstrates that NCp7 did not
undergo a structural change when the thioester com-
pound was added and that no stable interaction was
formed between NCp7 and compound 1. Indeed, chemi-
cal shift changes would have been expected if NCp7
were making a stable complex with the thioester
compound. The primary change observed in the 2D 1H-
15N HSQC spectrum over 48 h was a loss of signal
intensity for several signals (Figure 1B in Supporting
Information). Loss of NCp7 signal intensity in the 2D
1H-15N HSQC spectrum was significantly greater for
residues in ZD2 than for residues in ZD1. After 24 h,
Cys36 and Cys39 in ZD2 retained only 40% of their
original signal intensity, whereas Cys15 and Cys28 in
ZD1 retained 85% of their original signal intensity
(Figure 4A). When the change in signal intensity of zinc-
binding residues is plotted over time, the distinction
between the two zinc-binding domains is clear (Figure
4A). The 1H-15N correlations of the ZD1 zinc-coordinat-
ing residues Cys15, His23, and Cys28 show only a small
overall change in signal intensity over 48 h. However,
the 1H-15N correlations of the ZD2 zinc-coordinating
residues Cys36, Cys39, His44, and Cys49 lose at least 50%
of their signal intensity. The initial rate of signal
intensity loss is on average 10 times faster for residues
in ZD2 than for residues in ZD1 (Table 2). The disparity
in the signal intensity changes between residues in ZD1
and residues in ZD2 clearly indicates that compound 1
preferentially reacts with ZD2 over ZD1.

The signals for a few residues in ZD1 did undergo
amide chemical shift changes during the incubation

with compound 1 (Figure 1B in Supporting Informa-
tion). We observed that both the amide 1H and 15N
chemical shifts changed by at least 0.2 ppm for Phe16,
Asn17, Cys18, and Ala25 in ZD1. Similar amide chemical
shift changes have been reported for Asn17 for NCp7
with no zinc coordinated in ZD2.23 Over the course of
the assay, the intensity in these shifted signals in-
creased. Interestingly, we observed that the rate of
chemical shift change for these signals is similar to the
rate of disappearance of signals in ZD2 (data not
shown). It therefore appears that unfolding ZD2 by
compound 1 correlates with small chemical shift changes
in residues located in ZD1. The fact that residues in ZD1
are affected by unfolding of ZD2 is not surprising; a
dynamic interaction between the two zinc-binding do-
mains has been reported by others.14,28,44

The NMR results obtained when compound 2 was
incubated with NCp7 were similar to those obtained
with compound 1. The 2D 1H-15N HSQC spectrum does
not change much immediately following compound 2
addition (Figure 2A in Supporting Information), indicat-
ing that the NCp7 structure remains intact. Over time,
most amide signals lose intensity rather than undergo
chemical shift changes (Figure 2B in Supporting Infor-
mation). After 24 h, signals that correspond to residues
in ZD2 lost more intensity than those from ZD1 (Figure
4B). Signals for Cys36 and Cys39 disappeared within 24
h of addition of compound 2. His44 and Cys49 signals
retained less than 25% of their original intensity by 24
h. In contrast, ZD1 residues Cys15, His23, and Cys28
retained at least 80% of their original intensity even
after 48 h of incubation. Like compound 1, compound 2
shows a clear specificity for ZD2. However, the reaction
of compound 2 with ZD2 is three times faster than that
of compound 1 (Table 2). This general trend agrees with
that observed in the UV/visible experiments with cobalt-
refolded NCp7. The overall rate of change was, however,
faster with cobalt-refolded NCp7 than with zinc-refolded
NCp7. This difference likely reflects the different af-
finities of NCp7 for the two metals. As zinc is coordi-
nated by NCp7 with a 103 lower KD than cobalt,45 it is
expected that the ejection of zinc would take longer than
that of cobalt. The specificity toward ZD2 is also more
clearly observed with compound 2 than compound 1
(Figure 4). The more pronounced specificity of compound
2 is likely a result of the higher activity of this thioester
compared to compound 1.

Disappearance of Free Thioester Compounds
upon Incubation with NCp7. The 1D difference
water-sLED spectrum was used to monitor changes in
compound 1 and compound 2 when they were mixed
with equimolar concentrations of 15N-labeled NCp7. The
difference water-sLED spectrum collected immediately
after addition of compound 1 to NCp7 (Figure 5A) is
identical to the spectrum of the free thioester compound

Figure 4. Change in 2D 1H-15N HSQC signal intensity of
NCp7 zinc-coordinating residues after addition of compound
1 (A) and compound 2 (B). In each plot, [ is Cys15, 2 is His23,
b is Cys28, ] is Cys36, 0 is Cys39, 4 is His44, O is Cys49. The
signal intensity of the ZD1 zinc-coordinating residue Cys18 was
not monitored because its chemical shift changes during the
course of the incubation with thioester compounds 1 and 2.

Table 2. Average Rate of Loss of 2D 1H-15N HSQC Signal
Intensity for Zinc-Coordinating Residues in NCp7

rate (% intensity/h)

thioester NCp7 state ZD1 ZD2

1 free 0.11 ( 0.18 1.20 ( 0.10
complex 0.27 ( 0.22 0.34 ( 0.21

2 free 0.33 ( 0.18 3.70 ( 0.40
complex 0.01 ( 0.05 0.21 ( 0.01

3 free 0.08 ( 0.01 0.45 ( 0.04
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(data not shown). Over time, all compound 1 signals
decreased in intensity, and by 48 h the signals are
generally indistinguishable from subtraction artifacts
(Figure 5A). To ensure that the decrease in signal
intensity in the difference water-sLED spectrum was
not due to the natural instability of compound 1, we
incubated the thioester compound in NMR buffer over
48 h. After 48 h, there was no change in the 1D 1H
spectrum of compound 1 (data not shown). This indi-
cates that the loss of signal intensity seen in the
difference water-sLED spectra is due to either the
interaction of compound 1 with NCp7 or chemical
reactivity due to the presence of NCp7. In the case of
compound 2, we also did not see any change im-
mediately after addition of the thioester compound to
NCp7 (data not shown). Over time, the difference water-
sLED spectra show that some peaks from compound 2
disappear, whereas others decrease in intensity, but
never completely disappear (Figure 5B). After only 6 h,
three peaks between 8.1 and 9.4 ppm have completely
disappeared. These peaks correspond to protons in the
nicotinoyl moiety unique to compound 2 (Figure 2).
Peaks from the 2-mercaptobenzamide portion of com-
pound 2 decrease in intensity, but do not disappear
completely. This suggests that the nicotinoyl moiety is
rapidly binding and/or reacting with NCp7, whereas the
2-mercaptobenzamide moiety undergoes a slower un-
characterized secondary binding event and/or reaction.

Thioester Compounds Covalently Modify NCp7.
From the UV/visible and NMR spectroscopy experi-
ments, it was shown that compounds 1 and 2 specifically
react with ZD2 of NCp7, eject coordinated metal from
the protein, and cause unfolding of ZD2. Based on these
results, we hypothesized that the thioester compounds
are modifying cysteine residues in ZD2, leading to zinc
ejection. To test this hypothesis, we used mass spec-
trometry to identify any modifications to NCp7 following
addition of compound 1. Equimolar amounts of zinc-
refolded NCp7 and each thioester compound were
incubated for up to 48 h. The ESI-MS spectrum of an
aliquot removed 1 h after the addition of compound 1
shows an envelope of peaks corresponding to multiple
charge states of unmodified NCp7 with an additional,
lower-intensity envelope of higher-mass peaks (Figure
3A in Supporting Information). The deconvoluted mass
spectrum (Figure 3B in Supporting Information) con-
tained two peaks, one at 6425 ( 1 Da, corresponding to
intact NCp7, and one at 6587 ( 1 Da, corresponding to
a modified form. The net difference between the two
masses results from the loss of a proton and addition of

a modification with a mass of 163 Da, consistent with
the pyridinioylalkanoyl moiety of compound 1. During
the initial 7 h of incubation, the amount of singly
modified species increases while the unmodified form
decreases (Figure 6). The deconvoluted mass spectra of
aliquots taken at later times contain peaks of higher
mass that are consistent with NCp7 being modified with
two or three similar adducts.

Reactivity of NCp7 with the Free Thiol. The mass
spectral analysis raises a new question: What happens
to the thiol group if only the acyl moiety is found
attached to NCp7? The 1D difference water-sLED
spectra show that all of the protons from compound 1
eventually disappear (Figure 5A). The difference water-
sLED spectra from the experiments with compound 2
also show large loss of signal intensity from protons in
the thiol moiety (Figure 5B). Thus, the NMR experi-
ments suggest that something does happen to the thiol
moiety.

To determine the effect of the thiol group on NCp7,
we studied the interaction of NCp7 with the free thiol
formed after thioester cleavage (compound 3, Figure 2).
The activity of compound 3 was analyzed first by UV/
visible spectroscopy experiments with cobalt-refolded
NCp7 in a sealed cuvette with degassed buffer to
prevent oxidation (data not shown). Over a period of 3
h, there was no significant change in absorbance at 642
nm compared to a control sample (Table 1). Thus, in
this assay, compound 3 was at least 9.8 times slower
than compound 1 and 90 times slower than compound
2 at ejecting the bound cobalt from NCp7.

Figure 5. 1D difference water-sLED spectra of NCp7 incubated with compound 1 (A) or compound 2 (B). In both A and B,
spectra are shown after 0, 24, and 48 h.

Figure 6. Mass spectrometry analysis of NCp7 modifications
by compound 1 at various times. The relative amount of NCp7
with no modification is shown in black, one modification in
light gray, two modifications in dark gray, or three modifica-
tions in white.
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NMR experiments were next performed with com-
pound 3 using degassed NMR buffer in a sealed NMR
tube. The difference water-sLED spectra for compound
3 did not change over the entire incubation period (data
not shown). There was a small loss of NCp7 signal
intensity in the 2D 1H-15N HSQC spectra for residues
in ZD2 when incubated with compound 3 (Figure 7,
Table 2). After 48 h, the signals for zinc-coordinating
residues in ZD2 retained 71-78% of their original
intensity, whereas the corresponding signals in ZD1
retained 85-100% of their original intensity (Figure 7).
The average rate of signal intensity loss in ZD2 due to
compound 3 is 2.5 times lower than that seen with
compound 1 (Table 2). Like the active thioester com-
pounds, the activity of compound 3 seems to be specific
for ZD2, but its overall activity is very low.

In the cellular environment, there are many potential
reactions that a free thiol, such as compound 3, can
undergo. For example, the thiol can react with glu-
tathione or be acylated by acyl CoA derivatives. To test
the potential reactivity of one reaction product of
compound 3, we used UV/visible spectroscopy to analyze
the effect of compound 3 incubated with acetyl CoA and
the effect of the acetylated form of the thiol (compound
4). When we first incubated compound 3 with acetyl CoA
and then with cobalt-refolded NCp7, we observed a loss
of cobalt absorbance (Table 1). We also incubated cobalt-
refolded NCp7 with preformed acetylated-compound 3,
compound 4 (Figure 2). With compound 4, we also
observed a loss of cobalt absorbance (Table 1). The rate
of absorbance loss for compound 4 was similar to that
observed for compound 2, demonstrating high reactivity
of this compound toward cobalt-refolded NCp7. How-
ever, the lower rate observed for thiol mixed with acetyl
CoA suggests that the transfer of acetyl group from CoA
to thiol may have been incomplete under the conditions
of the experiment.

We further characterized the interaction of compound
4 with NCp7 by NMR spectroscopy. As with compounds
1 and 2, we incubated equimolar concentrations of
compound 4 with NCp7 and monitored changes in NCp7

by 2D 1H-15N HSQC spectra. There was no change in
the 2D HSQC spectrum of NCp7 immediately following
the addition of compound 4, indicating that there was
no conformational change in NCp7 upon mixing with
the thioester compound (data not shown). After 48 h of
incubation with compound 4, we observed loss of signal
intensity for residues of ZD2 (data not shown). These
changes are the same as those seen upon NCp7 incuba-
tion with compounds 1 and 2. This indicates that
compound 4 interacts with NCp7 in a similar manner
as the other thioester compounds that we have ana-
lyzed. These results suggest that the thiols freed by
reaction of the thioester compounds with NCp7, or by
enzyme-promoted hydrolysis, could be re-acylated in-
tracellularly by acyl CoA derivatives. The newly formed
thioester would then be available to interact with
additional NCp7 molecules.

Thioester Reaction with NCp7 Occurs First with
Cys39. Mass spectrometry was next used to determine
which residues of NCp7 are the first to interact with
the thioester compounds. Following incubation of com-
pound 4 with NCp7, samples were subjected to tandem
mass spectral analysis of constituent peptides (see
methods) to identify residues of NCp7 that had reacted.
This analysis revealed that the first modification of
NCp7 occurred primarily on Cys39, with a minor popu-
lation with modification to Cys49 (data not shown). As
NMR spectroscopy analysis showed that compound 4
interacts with NCp7 in a similar manner as compounds
1 and 2, it is likely that the modification on Cys39 is a
typical feature of thioester interaction with NCp7.

Nucleic Acid Binding Both Inhibits and Is In-
hibited by Thioester Compound Interaction. Since
NCp7 has nucleic acid binding activity in vivo, it is
important to analyze the effect of thioester compounds
not just on the free protein, but also on NCp7 complexed
with nucleic acid. We made a complex between NCp7
and the third stem-loop (ΨSL3) from the Ψ-region at
the 5′-end of the HIV-1 viral RNA (Figure 1B). NCp7
has been shown to bind ΨSL3 with a Kd ) 28 nM,46

and the three-dimensional structure of the NCp7/ΨSL3
RNA complex has been determined by NMR spectro-
scopy.47 We first determined that compound 1 did not
have an effect on the free ΨSL3 RNA (data not shown).
Then, the zinc-refolded NCp7/ΨSL3 complex was incu-
bated with an equimolar concentration of either com-
pound 1 or compound 2. The effect of the thioester
compound with the complex was analyzed using NMR
spectroscopy over a period of 48 h.

The difference water-sLED spectrum recorded im-
mediately after addition of compound 1 to the complex
showed no changes in the thioester compound (data not
shown). Likewise, the 2D 1H-15N HQSC spectrum
recorded immediately after compound 1 addition shows
no chemical shift changes in the complexed protein.
Together these two observations indicate that neither
the protein/RNA complex nor compound 1 undergo any
change upon mixing.

Over time, the difference water-sLED spectra show
only minor changes in compound 1 (data not shown).
There is a small amount (<10%) of signal intensity loss
after 48 h. This result is very different from what was
seen with the uncomplexed protein, where all of the
compound 1 signals disappeared by 48 h. This suggests

Figure 7. Change in 2D 1H-15N HSQC signal intensity of
zinc-coordinating residues after compound 3 addition to NCp7.
In the plot, [ is Cys15, 2 is His23, b is Cys28, ] is Cys36, 0 is
Cys39, 4 is His44, O is Cys49.
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that the compound 1 does not interact with the NCp7/
RNA complex, as its diffusion rate does not change over
48 h. The 2D 1H-15N HSQC spectra of complexed NCp7
also reveal only a small loss of signal intensity in both
zinc-binding domains over the period of the incubation
(Figure 8A, Table 2). After 48 h, the zinc-coordinating
residues of both ZD1 and ZD2 had lost 10% of their
signal intensity (Figure 8A). The overall reactivity of
compound 1 toward ΨSL3-bound NCp7 is greatly
reduced compared with the reactivity toward free NCp7.
The rate of signal intensity loss of ZD2 with free NCp7
is 3.5-4 times faster than that of ΨSL3-bound NCp7
(Table 2).

The effect of compound 2 on the ΨSL3-bound NCp7
is similar to that of compound 1. The difference water-
sLED spectra recorded during the incubation with
compound 2 do not change over 48 h (data not shown).
There is no change in signal intensity and chemical
shift. As with compound 1, there is no evidence from
the 1D difference water-sLED experiments that com-
pound 2 interacts with NCp7 bound to ΨSL3 RNA. The
2D 1H-15N HSQC spectra also remain the same through-
out the incubation. There is essentially no change in
signal intensity and chemical shift for any residues in
NCp7 (Figure 8B, Table 2). Thus, interaction with the
HIV-1 ΨSL3 RNA protects the zinc-coordinating resi-
dues of NCp7 from reacting with these two thioester
compounds.

Gel mobility shift assays were used to investigate the
effect of the thioester compounds on the nucleic acid
binding properties of NCp7. Zinc-refolded NCp7 was
incubated with either compound 1 or compound 2 and
then mixed with the second stem loop (ΨSL2) from the
HIV-1 Ψ site (Kd ) 23 nM46). Addition of NCp7 to ΨSL2
RNA caused a gel mobility shift of the 32P-labeled RNA
(Figure 9, lanes 1, 2, and 5). The presence of a gel
mobility shift in samples where NCp7, ΨSL2 RNA, and
thioester compounds were briefly mixed indicates that
neither compound 1 nor compound 2 immediately affects
the RNA binding properties of NCp7 (Figure 9, lanes 3
and 4). However, after 24 h of NCp7 and thioester
incubation, NCp7 no longer caused retardation of ΨSL2
RNA in the native gel (Figure 9, lanes 6 and 7). Since
the ejection of zinc from NCp7 by compound 1 or

compound 2 causes a loss of the structural integrity of
ZD2, NCp7 likely loses its affinity for ΨSL2 RNA after
reaction with the thioester compounds.

Discussion
Our studies demonstrate that the new thioesters

(compounds 1 and 2) are able to eject coordinated metals
from the zinc-binding domains of NCp7. The new
compounds appear to be more reactive than earlier
thioesters, as they did not require the addition of silver
ions to activate metal ejection from NCp7. Like the
DIBA compounds and earlier thioester compounds, both
compound 1 and compound 2 showed specificity for ZD2
of NCp7.23,25,26,28,48,49 From NMR experiments, we ob-
served that compound 2 completely unfolded ZD2,
whereas ZD1 was essentially unaffected. Clearly, even
though the two zinc-binding domains of NCp7 are
structurally alike and contain similar amino acid com-
position,50 there is a large variation in their reactivity.
The surrounding residues in each zinc-binding domain
must make a significant contribution to the overall
reactivity and/or accessibility of each zinc-binding do-
main.

With the combined information from the UV/visible
spectroscopy, NMR spectroscopy, and mass spectrom-
etry, we can propose a reaction mechanism for the
interaction of the thioester compounds 1 and 2 with
NCp7 (Figure 10). The sulfhydryl group of Cys39 makes

Figure 8. Change in 2D 1H-15N HSQC signal intensity of zinc-coordinating residues after addition of compound 1 (A) or compound
2 (B) to an NCp7/ΨSL3 RNA complex. In each plot [ is Cys15, 9 is Cys18, 2 is His23, b is Cys28, ] is Cys36, 0 is Cys39, 4 is His44,
O is Cys49.

Figure 9. Gel mobility shift assay to study the effect of
thioester compounds on binding of NCp7 to ΨSL2 RNA. NCp7
was incubated without (lanes 2 and 5) or with a thioester
compound [compound 1 (lanes 3 and 6) or compound 2 (lanes
4 and 7)] for 30 s or 24 h. Except for the control lane 1, 32P-
labeled ΨSL2 RNA was then added and incubated for 30 min
at 25 °C before being run on the 8% native gel.
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a nucleophilic attack on the carbonyl carbon of the
thioester compound, leading to a covalent modification
of the sulfhydryl group (acyl transfer). This results in a
covalently modified cysteine in NCp7 and release of a
free thiol from the thioester (compound 3). In this
process, a new thioester bond is formed between the
cysteine sulfur in NCp7 and the pyridinioalkanoyl
moiety of compound 1 or the nicotinoyl moiety of
compound 2. Loss of zinc coordination by Cys39 makes
the other cysteine residues in the zinc-binding domain
more susceptible to subsequent reaction with the
thioester compound or the free thiol. At some point, zinc
is ejected from the zinc-binding domain causing a loss
of the ZD2 fold. Once ZD2 is unfolded, ZD1 is likely
destabilized and also undergoes a structural change. As
we have shown, NCp7 is then no longer able to bind to
nucleic acids. The loss of structure prevents the protein
from fulfilling its numerous functions associated with
its ability to specifically bind RNA.

In all of our experiments, compound 2 was more
reactive than compound 1. In the UV/visible spectro-
scopy experiments, the rate of absorbance loss for
compound 2 was ∼10 times faster than that calculated
for compound 1 (Figure 3, Table 1). Likewise, compound
2 caused 3 times faster loss of signal intensity than
compound 1 for signals of residues in ZD2 in the 2D
1H-15N HSQC spectra. Interestingly, compound 4 ejected
metal from cobalt-refolded NCp7 at approximately the
same rate as compound 2 in the UV/visible spectroscopy
experiments. Compounds 1, 2, and 4 all contain the
same 2-mercaptobenzamide thiol group (Figure 2).
Thus, the variation in the activity of the three thioester
compounds must be due to inherent differences between
the pyridinioalkanoyl moiety of compound 1, the nico-
tinoyl moiety of compound 2, and the acetyl moiety of
compound 4. The acetyl and nicotinoyl groups have
smaller electron donating effects on the carbonyl carbon
of the thioester, which could make the nucleophilic
reaction with Cys39 proceed faster with compound 2 or
4 than with compound 1 (Table 1).

A similar study to that reported here was conducted
with DIBA compounds, in which it was found that the
compound reacted primarily with ZD2.23 The proposed
reaction mechanism of the DIBA compounds in vitro is
dissimilar to the mechanism we propose for the thio-
esters: whereas thioester compounds transfer their acyl
group initially to Cys39, there is a thiol-disulfide
interchange between the DIBA compound and NCp7 at
Cys36 and Cys49.23 Modifications by both the thioester
and DIBA compounds lead to loss of zinc coordination.

Additionally, the study of NCp7 reactivity with NEM
found Cys49 to be the first site of reaction with this
alkylating agent.49 In the 2D 1H-15N HSQC experi-
ments with compounds 1 and 2, Cys49 showed the lowest
loss of signal intensity compared with the other zinc-
coordinating residues in ZD2. After 48 h of incubation
with compound 2, the signal for Cys49 retained 25% of
its original signal intensity, whereas the signal for Cys39
had completely disappeared after by 24 h. Our experi-
ments show that Cys49 is not affected structurally as
much as Cys39 by the interaction with the thioester
compounds. The different sites of the first reaction
between the DIBA compound and the thioester com-
pounds studied here could reflect a distinction in the
binding site of the two types of compounds. When
various electrophiles were docked to NCp7, it was
observed that the most productive docking occurred in
a pocket adjacent to Cys39 and Cys49.51 The DIBA
compounds may interact in an orientation with easier
access to Cys49 and the thioester compounds may more
readily approach Cys39. However, stable complexes
between the thioester compounds and NCp7 could not
be demonstrated by NMR spectroscopy.

The functions of NCp7 in the HIV-1 lifecycle revolve
around the ability of the protein to bind nucleic acids.
Thus, it was important to study the effect of the
thioester compounds not only on the free protein, but
also on RNA-bound NCp7. We showed that NCp7 is
resistant to reaction with the thioester compounds when
complexed to RNA. In the bound state, the zinc-
coordinating residues are not solvent-accessible, and the
RNA is able to protect the protein.47,52 Thus, NCp7 is
mostly susceptible to reactions with the thioester com-
pounds when it is not bound to RNA. Once NCp7 has
reacted with the thioester compounds, however, it loses
its structure and is no longer able to bind RNA.
Throughout the HIV-1 lifecycle, NCp7 binds to several
different nucleic acids: for example, the tRNA3

Lys

primer, the reverse transcribed cDNA, and the Ψ-site
RNA. As these different nucleic acids show a large
variation in sequence, secondary structure, and NCp7
binding affinity, there is likely also a range of suscep-
tibilities of these NCp7/nucleic acid complexes from
reaction with the thioester compounds. Additionally, it
is unlikely that the conformation of NCp7 in the
complex with each of these nucleic acids is exactly the
same. The solution structure of NCp7 bound to ΨSL2
RNA is different from the solution structure of NCp7
bound to ΨSL3 RNA even though both RNAs form a
stem-loop structure and have similar loop sequences.47,52

Figure 10. Schematic of the proposed thioester reaction mechanism. Cys39 in ZD2 makes a nucleophilic attack on the carbonyl
carbon of the thioester compound. This results in loss of zinc coordination by Cys39 and destruction of the thioester bond of the
thioester compound. A new thioester linkage is formed between the R1 moiety and Cys39. Once zinc coordination is destabilized,
other cysteine residues in the zinc-binding domain become more susceptible to thioester reaction. Eventually, the zinc is ejected
from the zinc-binding domain, which leads to loss of structure.
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A previous study with N-ethylmaleimide (NEM) showed
a range of reactivity when NCp7 was complexed with
short DNA molecules of different sequences.49 Thus, it
is possible that when bound to different nucleic acid
sequences, NCp7 will be differentially susceptible to
reaction with the thioester compounds.

We propose that compound 3 is acylated, possibly by
acyl CoA’s, in vivo, producing new thioester compounds.
This means that the thiol group produced upon cleavage
of the thioester bond could be re-acylated and available
for a second reaction with NCp7. The ability of the
reaction product to undergo subsequent reactions in vivo
appears to make the thioester compounds unique among
zinc-ejecting compounds designed to target NCp7. For
example, ADA is converted into biurea in vivo, which
has no antiviral effect.53 Interestingly, in aqueous
conditions, many disulfide compounds rapidly cyclize to
form a somewhat less reactive benzisothiazolone deriva-
tive and an aromatic thiol compound.23,54-56 The aro-
matic thiol groups released from the DIBA compounds
by glutathione reduction may behave like compound 3,
as they do not function as zinc ejectors in vitro.55

However, it is conceivable that the DIBA-released thiols
are acylated in vivo by acyl CoA to form an active
thioester as we are predicting for compound 3. Thus,
the antiviral activity associated with the DIBA com-
pounds might be due in part to their ability to form
reactive thioester compounds following reduction.

The experiments shown here demonstrate that the
thioester compounds 1 and 2 are able to eject coordi-
nated zinc from NCp7 through covalent modification of
Cys39. The covalent modification of Cys39 following
reaction with compounds 1 and 2 leads to structural
changes that prevent NCp7 from binding to nucleic
acids. In addition to modifying Cys39, the reaction of
compounds 1 and 2 with NCp7 results in the release of
the 2-mercaptobenzoyl-â-alanamide, compound 3. Al-
though compound 3 itself has very little intrinsic
reactivity toward NCp7, we have demonstrated that this
thiol could be acylated in vitro by acetyl CoA to form a
new thioester, compound 4, which is capable of ejecting
zinc from NCp7 by acylating Cys39. These results
suggest that the thiol formed from reaction of the
thioester compounds 1 and 2 with NCp7 could be
acylated in vivo by acetyl CoA or other acyl transfer
agents to form a new thioester, which is able to undergo
a second reaction with NCp7. This may explain the in
vivo reactivity of these thioester compounds, which have
the potential to be reactivated.

One feature of the thioester compounds that may be
important for antiviral activity is the stability of these
compounds, which is much higher in general than that
of the DIBA compounds. In a recent study, the antiviral
activity and the stability of a number of thioester
compounds were evaluated.31 This study demonstrated
that hydrolytic cleavage of the thioester bond in human
serum varied considerably depending on the structure
of the S-acyl group.31 For example, compound 1 [t1/2 )
156 min (unpublished data)] is more stable than com-
pound 2 (t1/2 ) 49 min31) and compound 4 [t1/2 ) 19 min
(unpublished data)] in 10% human serum. The higher
stability of compound 1 does not correlate with a higher
in vitro reactivity for this compound, since we have
shown here that compounds 2 and 4 reacted faster than

compound 1 with NCp7. Furthermore, thorough analy-
sis of the hundreds of compounds tested failed to
establish a correlation between hydrolytic stability and
antiviral potency.31 One possible explanation is that the
free thiols produced by hydrolytic degradation may be
converted in vivo into other thioester compounds at
different rates and, as a result, possess considerably
different levels of antiviral activities. The same process
could explain the antiviral activity of DIBA compounds,
which can be reduced in solution to produce free thiols.
Through these studies, we have gained a more detailed
understanding of the mechanism of action of the thioester
compounds, which is important for future design of
compounds that target NCp7. Interestingly, our NMR
results clearly demonstrate that neither the 2-mercap-
tobenzoyl-â-alanamide nor the S-acyl moieties have
intrinsic binding activity toward NCp7. These results
suggest that it might be possible to design thioesters
with improved affinity and selectivity for NCp7 by
altering the framework of the thioester compounds,
especially the thiol component, so that they would be
capable of specifically interacting with amino acid
residues in NCp7 that are in proximity to Cys39. One
potential amino acid target is Trp37, which is close in
space to the reactive cysteine and is relatively well
exposed to the solvent. Therefore, it might be possible
to design thioester compounds that both interact with
Trp37 and acylate Cys39, and such compounds may
possess enhanced specificity and affinity for NCp7
relative to the thioester compounds studied here. To
understand the specificity of the thioesters compounds
studied here, as well as those that will be designed in
the future, it is crucial to investigate their effect on
cellular zinc-binding proteins. Studies similar to the one
presented here are currently underway to examine the
mechanism of action of the thioester compounds with
cellular proteins containing a variety of zinc-binding
motifs.
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Appendix

Abbreviations: ADA, azodicarbonamide; CID, colli-
sion-induced dissociation; DIBA, disulfide benzamide;
DTT, dithiothreitol; ESI, electrospray ionization; HPLC,
high-performance liquid chromatography; IPTG, isopro-
pyl-â-D-thiogalactopyranoside; NCp7, nucleocapsid pro-
tein; NEM, N-ethylmaleimide; NOBA, 3-nitrosobenza-
mide; TFA, trifluoroacetic acid; water-sLED, water-
suppressed longitudinal encode-decode; ZD1, amino-
terminal zinc-binding domain; ZD2, carboxyl-terminal
zinc-binding domain.

Supporting Information Available: Figure 1 shows
superposition of 2D 1H-15N spectra of NCp7 free and after
addition of compound 1 (at 0 and 48 h). Figure 2 shows
superposition of 2D 1H-15N spectra of NCp7 free and after
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addition of compound 2 (at 0 and 48 h). Figure 3 shows
electrospray ionization and deconvoluted mass spectra of NCp7
following addition of compound 1 (at 1 h). This material is
available free of charge via the Internet at http://pubs.acs.org.
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