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ABSTRACT: The HIV-1 nucleocapsid (NC) is a RNA/DNA binding
protein encoded within the Gag polyprotein, which is critical for the
selection and chaperoning of viral genomic RNA during virion assembly.
RNA/DNA binding occurs through a highly conserved zinc-knuckle motif
present in NC. Given the necessity of NC−viral RNA/DNA interaction
for viral replication, identification of compounds that disrupt the NC−
RNA/DNA interaction may have value as an antiviral strategy. To identify
small molecules that disrupt NC−viral RNA/DNA binding, a high-
throughput fluorescence polarization assay was developed and a library of
14 400 diverse, druglike compounds was screened. Compounds that
disrupted NC binding to a fluorescence-labeled DNA tracer were next
evaluated by differential scanning fluorimetry to identify compounds that
must bind to NC or Gag to impart their effects. Two compounds were
identified that inhibited NC−DNA interaction, specifically bound NC with nanomolar affinity, and showed modest anti-HIV-1
activity in ex vivo cell assays.

■ INTRODUCTION
The HIV-1 nucleocapsid (NC) protein is a small basic 7 kDa
protein encoded within the Gag polyprotein of the infected cell
and is cleaved from Gag by the viral protease during maturation
(for review, please see Muriaux and Darlix1). NC provides viral
genomic binding specificity allowing viral RNA selection from
among the cellular host RNAs, as well as the annealing of the
tRNAlys to the primer-binding site.2−5 The NC protein is also
required for proper dimer formation of genomic RNA in the
virus nucleocapsid and in later stages is critical for facilitating
reverse transcription.6,7 Moreover, it has been shown that
altered NC processing from the precursor Gag polyprotein by
the viral protease during maturation affects stability of the RNA
dimer and thus impairs infectivity of the virus.8

NC interacts with a 120 nt RNA segment via hydrophobic
and hydrophilic interactions, termed the ψ-site, which is located
between the viral 5′ long terminal repeat (LTR) and the gag
start codon in the genomic RNA.9 The structure of NC bound
to stem-loop 3 (SL-3), one of four stem-loops present in the ψ-
site, was solved and shown to be composed of two highly
conserved CCHC-type zinc knuckles (a Cys-Xaa2-Cys-Xaa4-
His-Xaa2-Cys motif) that directly interact with RNA/DNA.10,11

Although the NC protein binds RNA with high affinity, the NC
protein has been shown to bind a broad variety of nucleotide
sequences and synthetic oligonucleotides.1

Given the required role of NC in genomic RNA selection
and interaction during viral encapsidation, as well as early and
late postentry events, it is considered a potential antiviral target.
Moreover, the highly conserved NC zinc-knuckle motif, found
in all HIV-1 subtypes, is required for viral RNA interaction and
presumably has a low tolerance for drug-resistance muta-

tions.1,12 These biological properties of NC make it ideal for
small molecule targeting. Screening efforts to identify
compounds that directly disrupted NC−RNA interaction
were undertaken in the early 1990s, resulting in inhibitors
that promoted zinc ejection. Although these identified
compounds demonstrated antiviral effects, they had a number
of shortcomings, including NC specificity and cellular
toxicity.12−15 Newer reported compounds that disrupt NC−
RNA/DNA interaction include Trp-containing peptides,
nucleomimetics, RNA aptamers, and gallein-related com-
pounds.16−21 Interference of the NC−RNA/DNA binding
mechanism by targeting the SL-3 stem-loop, rather than the
NC protein, has also led to inhibitors that have not yet been
tested in antiviral assays.12,22 Recently, Shvadhak and colleagues
have focused on the inherent NC chaperone activity for RNA
and have identified five compounds that disrupt NC−cTAR
DNA interaction, a stem-loop sequence complementary to the
transactivation response element, without coordinating through
the zinc-knuckle/finger motifs.23 However, these compounds
have yet to be evaluated for anti-HIV-1 activity in cellular
assays.23 Chemotypes of N-substituted S-acyl-2-mercaptoben-
zamides (SAMTs) have been identified that disrupt NC zinc
coordination, resulting in NC protein aggregation and
diminished protease processing.24−26 Thus, NC inhibitors can
have a number of distinct modes of action.12,25 Despite the
significant screening efforts for identification of NC inhibitors,
the lack of compound specificity as well as cellular toxicity of
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compounds identified has hampered the progression of NC
antivirals to the clinic.
To identify compounds that disrupt NC−RNA/DNA

interaction, we developed a high-throughput screening (HTS)
platform utilizing fluorescence polarization (FP) as a primary
screen and differential scanning fluorimetry (DSF) as a
secondary screen. The combination and order of the assays
allowed us to first identify compounds that disrupted NC−
DNA interaction and then in the secondary screen determine
which of the compounds required NC binding for the
disruption effect. A total of 14 400 druglike compounds were
systematically screened. Five compounds were selected based
on their NC−DNA disruption and NC binding affinity profiles.
Of the five compounds selected, two demonstrated modest
anti-HIV-1 activity in tissue culture infection assays. These
compounds may provide a starting point for developing
molecules with potential anti-HIV-1 effects.

■ RESULTS

Establishment and Validation of Screens for Com-
pounds That Disrupt Nucleocapsid−DNA Interaction. A

fluorescence polarization (FP)-based competitive equilibrium-
binding assay was utilized as the primary, high-throughput
screen (HTS) to identify small molecules (hits) from the
HitFinder library that disrupt HIV-1 nucleocapsid (NC)
protein−DNA interaction. The small molecule library
collection from Maybridge contains 14 400 selected com-
pounds with druglike diversity, which complies with Lipinski’s
rule of five. The FP-based HTS employed a simple one-step
“mix and measure” FP design, which was ideal for
miniaturization and HTS automation. A 6-carboxyfluorescein-
labeled SL-2 DNA (FSL-2), termed the tracer, was developed to
interact with the zinc-knuckle motifs present in a GST-p2-NC
fusion protein (NC′), termed the receptor (Figure 1A, B and
Supporting Information Figure 1A, B). The DNA bases
selected for FSL-2 correspond to the 12 RNA bases of the
viral SL-2 RNA, which provide for contact with the NC zinc-
knuckle motifs.27 Given that several studies have suggested that
the spacer peptide 1 (SP1 or p2) influences RNA packaging
and dimerization, the spacer was included in the GST-p2-NC
fusion protein reporter.28−30

Figure 1. Methodology for identifying compounds that disrupt nucleocapsid−RNA/DNA interaction. (A) Fluorescence polarization (FP) assay
components. Shown are the N-terminal GST-tagged Gag (Gag′) fusion protein and N-terminal GST-tagged receptor nucleocapsid (NC′) fusion
protein, containing the spacer peptide 1 (p2) and nucleocapsid domains. NC and Gag are from HIV-1NL4‑3. NC contains two zinc-knuckle motifs
that interact with viral DNA or RNA. The 3′-6-carboxyfluorescein-labeled SL-2 DNA (FSL-2) is a tracer molecule that interacts with the NC′ zinc-
knuckle motifs. (B) Electrophoresis mobility shift assay confirms interaction of FSL-2 with NC′ or full-length Gag′. Note that GST alone does not
shift FSl-2. (C) A fluorescence polarization binding study of FSL-2 and NC′ interaction revealed a Kd of 324 ± 6 nM (mean ± SEM). The data shown
represent the mean ± SEM of three independent experiments performed in duplicate. (D) Thermal protein denaturation of Gag′ or maturation
inhibitor bevirimat−Gag′ complex using differential scanning fluorometry (DSF). The maturation inhibitor bevirimat increased the thermal stability
of the Gag′ protein. The black line indicates a nonlinear curve fit based on the Boltzmann equation. The result shown is one representative
measurement from three independent experiments.
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SL-2 binding to NC′ and the Gag polyprotein (Gag′) was
first validated with an electrophoresis mobility shift assay
(EMSA) (Figure 1B), as well by native PAGE utilizing a
fluorescent protein fusion variation of NC′ (Supporting
Information Figure 1C). Importantly, FSL-2 binding to NC′
had a stabilizing effect resulting in a homogeneous protein form
rather than an oligomerized form, an often-reported problem
when using the disordered apo-form of zinc-knuckle/finger
proteins (Figure 1B and Supporting Information Figure 1C).1

The robust interaction of FSL-2 with NC′ revealed an 8-fold
change of fluorescence polarization which provided an excellent
signal-to-noise (S/N) ratio, high to low (H/L) signal ratio, and
a Z′ factor of 0.84 ± 0.02 (mean ± sd) (Supporting
Information Figure 1D,E).31 The NC′−FSL-2 dissociation
constant was determined to be 324 ± 6 nM (Figure 1C).
To ensure that we identified compounds that bound to NC

in the context of full-length Gag to disrupt FSL-2 interaction,
thereby potentially increasing in situ specificity, a differential
scanning fluorimetry (DSF) screen was established. The
rationale for the inclusion of this screen was to allow a rapid
throughput and determination if binding of the compound to
NC increased or decreased the melting temperature, thus
indicating that the Gag−compound complex was more
thermally stable than Gag alone. The feasibility of this
methodology was validated by denaturing the Gag′ protein in
the presence and absence of the HIV-1 maturation inhibitor
bevirimat (PA-457), which is reported to function in blocking
maturation via Gag interaction.32 As seen in Figure 1D, Gag′ in
complex with bevirimat has a higher melting temperature (Tm)
than Gag′ alone, consistent with the notion that bevirimat
interacts with Gag and increases its thermal stability. This
finding supports the use of the DSF assay for identifying
compounds (selected hits) that bind to and increase or
decrease NC′ and Gag′ stability. To place the screening and hit
validation strategy in a temporal perspective, a flowchart is

shown in Figure 2A, with Figure 2B providing an enumeration
of the successful hits identified during screening and the cellular
validation process.

Compounds That Disrupt Nucleocapsid−DNA Inter-
action. Use of the FP HTS for interrogating the 14 400-
compound HitFinder library, resulted in 101 hits that disrupted
NC′−FSL-2 interaction (Figure 2B). Hit identification was
based on two quantitative criteria: first, disruption of NC′−FSL-
2 interaction was required to be >50% at 10 μM, and second,
intrinsic compound fluorescence was negated by comparing FP
to total fluorescence (Supporting Information Figure 1D).33

Next, we determined whether the 101 hits identified were
functioning to disrupt NC′−FSL-2 by binding to NC′ in the
context of the polyprotein Gag and forming a stable complex.
Of the 101 compounds, 36 displayed ΔTm > 2 °C when
analyzed by DSF, the criterion established for selection, but
only 18 of the 36 compounds also demonstrated inhibition of
NC′−FSL-2 interaction by more than 60% (Supporting
Information Figure 2A). These 18 compounds were selected
for further analyses (Figure 2).
To determine if the 18 selected hits were promiscuous

inhibitors, two enzymes, β-galactosidase and chymotrypsin
commonly used to uncover compounds that bind promiscu-
ously and inhibit enzymatic function, were used for
evaluation.34 Of the 18 selected hits, 8 were eliminated, since
they demonstrated >10% inhibition of these enzymes at 10 μM
(Supporting Information Figure 2B). The remaining 10
compounds were selected for further evaluation (Figure 2).

Biochemical Profiling: Affinity and Specificity Evalua-
tion of the 10 Selected Compounds. In order to quantify
the inhibitor−activity relationship of the 10 compounds, the Ki
values were determined using the FP assay (see the
Experimental Section for details).35 Newly synthesized
compounds from Maybridge (see the Experimental Section
for details) were utilized to avoid storage-associated effects. All

Figure 2. Overview of the strategy for identifying compounds that disrupt HIV-1 nucleocapsid/RNA interaction. (A) Outline of the experimental
procedure. (B) Enumeration of hits during library screening. By use of a fluorescence polarization assay to detect small molecule displacement of 3′-
6-carboxyfluorescein-labeled SL-2 DNA (FSL-2) from binding to the nucleocapsid (NC′) protein, 14 400 compounds were screened and 101
compounds (hits) were identified as displacing FSL-2. The 101 hits were retested for NC′−FSL-2 displacement, and 65 did not show activity or
demonstrated <60% FSL-2 displacement activity and were eliminated from further study. Of the remaining 36 compounds (selected hits), 18 failed
to show a significant shift in thermal stability when the compound−Gag complexes were evaluated by differential scanning fluorometry assay, 8
displayed promiscuous β-galactosidase inhibition, and 5 were excluded because of low affinity binding to NC′. Of the five remaining selected hits,
three hits showed cellular toxicity at higher compound concentrations, whereas two compounds demonstrated both low cellular toxicity and
inhibition of HIV-1 replication in CD4+ T cells.
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10 compounds were found to have Ki values in the nanomolar
range (Figure 3A,B). Moreover, the order of addition of
compounds, NC′, or FSL-2 did not alter compound effects or Ki
(data not shown). To determine potential promiscuous activity,
the 10 selected compounds were evaluated at higher
concentrations, utilizing DSF as well as the galactosidase and
chymotrypsin enzymatic activity assays (data not shown). Five
of the 10 compounds, 2, 3, 4, 6, and 7, displayed weaker affinity
(Ki ≥ 100 nM), thermal stability (ΔTm ≤ 2 °C), and
nonspecific effects at higher concentrations (Figure 3), thus
eliminating these compounds from further studies.
The remaining five compounds, 1, 5, 8, 9, and 10, were next

evaluated by EMSA for their ability to disrupt the NC′−FSL-2
complex. The preformed NC′−FSL-2 complex was incubated
with the compounds, separated by native PAGE, and the FSL-2
intensity was evaluated by fluorescence scanning. All com-
pounds displaced FSL-2, confirming their disruption of the
NC′−FSL-2 interaction (Figure 4A). Furthermore, studies
indicated that the order of NC′, FSL-2, or compounds to the
reaction mixture did alter the capacity of any of the five
compounds to disrupt the NC′−FSL-2 complex (data not
shown). This suggests that the compounds do not require
prebinding to NC′ to impart their SL-2 inhibitory affect.
To determine NC′−compound stoichiometry, all five

compounds were evaluated by a resonant waveguide-grating-
based assay employing SRU BIND technology.36 Resonant
waveguide-grating-based assessment has been useful for the
evaluation of protein−drug interaction, protein−DNA inhib-
itors, as well as the identification of promiscuous binders to
proteins.36 To evaluate the five compounds, we immobilized
NC′ on an optical biosensor, then monitored compound
binding by measuring the peak wavelength value shift over
time. The plateauing of NC′−compound binding kinetics
implies a specific binding mode for compounds 1, 5, 8, and 10,
with the NC′−compound stoichiometry determined to be
approximately 1:1 (Figure 4B). Although compound 9
displayed a plateauing of NC′−compound binding kinetics,
the stoichiometry was determined to be approximately 1:2.

This finding is consistent with two molecules of compound 9
binding to NC. In summary, these findings indicate that the five
selected compounds had Ki ≤ 100 nM, disrupted FSL-2 binding
to NC′, and recognized the NC domain in the Gag polyprotein
and that four of the five compounds demonstrated 1:1
stoichiometry for NC′−compound interaction. Table 1
summarizes the chemical and biochemical findings for the
five compounds.

Biological Profiling: Cellular Toxicity and Anti-HIV-1
Activity of Compounds 1, 5, 8, 9, and 10. The cellular
toxicity of compounds 1, 5, 8, 9, and 10 were evaluated at 0.1
and 10 μM at 3 and 7 days after addition to SupT1 T cells, a
CD4+ T cell line (Figure 5A,B). At 10 μM, compounds 5, 8, 9,

Figure 3. Biochemical characterization of 10 compounds selected by fluorescence polarization and differential scanning fluorometry assays. (A)
Correlation of DSF-based thermal stability versus FP-based Ki values of resynthesized compounds. Only compounds with ΔTm ≥ 2 °C and Ki ≤ 100
nM were selected for further evaluation. (B) Binding curve of compound 1 with NC′ in FP-based displacement experiment reveals a high affinity (Ki
= 18 ± 14 nM). Shown is the mean ± sd of a representative experiment from three experiments. (C) DSF-based stability analysis of the 1−Gag′
complex. Compound 1 enhances the stability of Gag′ by ΔTm = 5.7 ± 1.0 °C (gray circles = control; black open circles = Gag′ + 1; nonlinear fit =
black line).

Figure 4. Biochemical characterization of five selected compounds.
(A) EMSA-based analyses of the binding of 1, 5, 8, 9, or 10 to NC′
showing the displacement of FSL-2 from the NC′− FSL-2 complex or
the internal control utilizing 10 μM unlabeled SL-2 DNA. (B)
Resonant waveguide-grating-based analyses of the binding of 1, 5, 8, 9,
or 10 to immobilized NC′. Real-time kinetics of compound binding
was monitored by peak wavelength value shifts over time.
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and 10 exhibited >90% cytotoxicity at 7 days (Figure 5A). At
30 μM compound 1 demonstrated >70% toxicity within 6 days
(not shown). At the lower concentration of 0.1 μM, 1, 5, 8, 9,
and 10 demonstrated 0−38% cell toxicity within 7 days (Figure
5A), whereas at 1 μM, 5, 9, and 10 compound demonstrated
>70% cell toxicity (not shown). In contrast to compounds 5, 9,
and 10, compounds 1 and 8 evaluated at 0.1 or 1 μM exhibited
<3% cell toxicity within 7 days (Figure 5A). Similar cellular
toxicity patterns were seen with the HeLa cell line, as well as
with activated, primary CD4+ T cells (not shown).
We next evaluated anti-HIV-1 activity of the five selected

compounds on activated, primary CD4+ T cells. A concen-
tration of 0.2 μM compounds was evaluated based on
compound−NC′ affinity (Figure 3A) and the range of cellular
toxicity (Figure 5A). Activated, primary CD4+ T cells were
cultured for 3 days in the presence of compounds 1, 5, 8, 9, and
10 and then infected with 100 ng of p24 of HIVLAI. After 9 days
the level of HIV-1 infection in CD4+ T cells was enumerated
through detection of infected, intracellular p24 positive T cells
present in the culture (Figure 5B). Relative to the control
cultures, compound 10 did not exhibit a viral inhibitory affect.
In contrast, compounds 1, 5, 8, and 9 modestly reduced T cell
infections from 18% to 50%, with compounds 1 (43 ± 8% viral
inhibition), 5 (33 ± 10% viral inhibition), and 8 (50 ± 12%
viral inhibition) showing the greatest anti-HIV affect (Figure 5B
and Table 1).
Compounds 1 and 8 were selected for further anti-HIV-1

evaluation given their slightly better antiviral activity than
compounds 5, 9, and 10. Moreover, the toxicity of 5, 9, and 10
precluded additional cell-based studies. The viral spreading
assay used for the studies shown in Figure 5B allows all steps of
viral replication to be targeted by an inhibitory compound. To
determine inhibitory EC50 values for compounds 1 and 8, we
utilized a HIV DNA transient transfection assay to produce
virus from HeLa cells in the presence or absence of each
compound. This procedure bypasses the early stages of the viral
replication cycle and provides information on compound
activity in later stages of viral replication (ie, after integration).
Viral production was quantified by determining p24 amounts.

When this assay was utilized, the EC50 for compound 1 was
determined to be 3.5 μM, whereas for compound 8 the EC50
was 0.32 μM (Figure 5C).

■ DISCUSSION

The primary role of NC during viral replication and its inability
to tolerate mutations make it an ideal target for small molecule
interaction to disrupt HIV-1 replication.37 Moreover, a 20−30%
reduction in Gag processing results in a 3 log decrease in viral
production.38 We have identified two compounds that
interfered with NC′−DNA and Gag′−DNA interactions in
biochemical assays and viral replication in primary CD4+ T
cells. A simple series of assays were developed that required
compounds to disrupt NC′−DNA interaction for positive
selection and a secondary screen to identify compounds that
bound to NC′ to impart their disruptive affect. This second
screen ensured that the mode of action of the compound
requires NC′ binding and is not simply the result of compound
interacting with DNA. Moreover, the use of the Gag
polyprotein for later compound assessment takes into account
the knowledge that NC domain and viral RNA interaction takes
place in the context of the Gag polyprotein in host cells. The
use of the 14 400 druglike, small molecule HitFinder library for
screening may have increased the probability for identifying
compounds with favorable biological and chemical activities, as
well as possibly reducing cellular toxicity and promiscuous
inhibitory activities. Compounds 1, 5, 8, 9, and 10 formed
stable complexes with NC′ (Figure 3A and Table 1) and, except
for compound 9, demonstrated NC′−compound binding
stoichiometries of 1:1 (Table 1).
Of the five compounds selected for biological evaluation,

compounds 1 and 8, which demonstrated modest anti-HIV
affect in primary CD4+ T cells at 200 nM (1, 43 ± 8% viral
inhibition; 8, 50 ± 12% viral inhibition), had the lowest FP Ki,
values, with no overt promiscuous activity (Figure 5 and Table
1). The inhibitory evaluation of compounds 1 and 8, the least
toxic of the five compounds, in the viral packaging assay yielded
EC50 of 3.5 μM for compound 1 and 32 nM for compound 8.
Interestingly, although compound 8 showed comparable

Table 1. Summary of the Biochemical and Biological Characterization of Compounds 1, 5, 8, 9, and 10a

anp = nonpromiscuous binder.
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inhibitory activity in both the viral spreading assay (Figure 5B)
and the viral production assay (Figure 5C), compound 1 did
not show comparable inhibitory activity in the two assays.
Whether the differences in the inhibitory activity of compound
1 reflect targeting of earlier stages of viral replication or cell-
based mechanisms supporting viral replication, in addition to
the later stages of viral replication, is unclear at the current time
and is the subject of investigation. Nonetheless, both
compounds exhibited modest antiviral activity.
SMAT-based NCp7 inhibitors have been shown to disrupt

protease processing of Gag as the result of compound−NC
interaction, followed by inhibitor-mediated NC aggregation
resulting in decreased HIV-1 replication in cell culture.25 To
evaluate whether the binding of compounds 1 and 8 to NC
interfered with Gag polyprotein processing, we monitored p2/
NC and NC/p1 cleavage in the presence and absence of both
compounds utilizing the cleavage enzyme-cytometric bead
array, a Gag-specific cleavage assay (data not shown).39 Our
results revealed that compounds 1 and 8 did not interfere with
HIV protease enzymatic function or block Gag cleavage. Thus,
the inhibitory mechanism of compounds 1 and 8 in cell culture
was most likely not the result of either compound interfering
with Gag cleavage. Furthermore, and in contrast to the gallein-
based inhibitors, compounds 1 and 8 inhibited NC′−DNA
interaction independent of the order of addition of the
compounds or DNA in the FP assay. The gallein-based NC
inhibitors require binding to free NC′ before the addition of
DNA to impart their inhibitory affect.21 On the basis of the
differing NC binding requirements for gallein-based and
compounds 1 and 8 for inhibitory function, our findings
might suggest that compounds 1 and 8 bind to different NC
locations than the gallein-based inhibitors to impart their anti-
HIV effects.
Evident in all compounds obtained are similar chemical

motifs, an electron-rich aromatic ring structure in conjugation
with an electron-withdrawing nitro substituent or an electron-
poor heterocycle (Table 1). A closer evaluation of the five
compounds revealed nitroalkenes in compounds 8 and 9,
rhodanine in compound 10, and isoxazolone in compound 5,
features suggestive of pan assay interference compounds, which
can correlate with undesirable chemical properties.40 However,
the behavior of the five compounds in the resonant waveguide-
grating assessment was inconsistent with either reactivity or
aggregation (Figure 4B). Moreover, mass spectrometry analysis
did not reveal covalent binding between NC′ and any of the
compounds (Supporting Information Table 1). We next
searched the PubChem compound database to determine if
screening information was available on any of the five
compounds identified.41 The search indicated that compounds
1, 5, and 8 were not active in seven or more assays against
various protein targets, whereas compound 10 were found to be
active in one out of seven assays (Supporting Information
Table 2). Compound 9 demonstrated promiscuous behavior in
some assays, showing activity in 13 of 78 assays, albeit mostly
from a related group of anticancer screens. Although the
perusal of the PubChem compound database was suggestive of
limited protein reactivity, compounds 5, 9, and 10 were cell
toxic at moderate compound concentrations. Given the
potentially undesirable chemical properties of compounds 5,
9, and 10, as discussed, further assays are required to fully
evaluate potential off-target effects.

Figure 5. Cellular toxicity and anti-HIV-1 evaluation of five selected
compounds. (A) Cellular toxicity evaluation of 1, 5, 8, 9, or 10.
Cellular viability over time of SupT1 T-cells was evaluated in the
presence of 0.1 or 10 μM each of the five compounds using a
fluorescence-based cytotoxicity assay. No compound control cultures
contained 0.2% DMSO, the diluent for the compounds, for
comparison. (B) Inhibition of HIVLAI replication in primary CD4+ T
cells. Cells were cultured with 0.2 μM 1, 5, 8, 9, or 10 for 3 days before
exposure to 100 ng of p24 of HIVLAI. Nine days after HIV-1 exposure,
cells were evaluated for infection by flow cytometry to determine
cellular viral p24, and results were plotted as mean ± sd of %
inhibition. 0.2 μM amprenavir, a protease inhibitor, was used at 5-fold
over EC50 as a known inhibitor of viral replication and was found to
inhibit viral replication 98% (data not shown). All assays were in
triplicate, and shown is one of two replicate experiments. (C)
Compounds 1 and 8 disrupt HIV-1 production. The EC50 values of
compounds 1 and 8 were determined utilizing a HeLa cell line
transiently transfected with plasmid HIVNL4‑3 DNA in the absence or
presence of increasing concentrations of each compound. HeLa cell
culture controls contained 1% DMSO (v/v), the diluent used for the
compounds. Viral production was determined by measuring p24
production. Results are shown as relative viral packaging in the
presence of compounds as compared to DMSO controls. All points are
the result of three independent transient transfections, and results are
shown as the mean ± sd of relative viral packaging. EC50 values were
determined using nonlinear regression analysis in Prism 5.0d to fit a
three-parameter dose−response curve to normalized p24 values.
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Interestingly, compounds 1, 5, 8, and 9 have some chemical
similarities to E03 and H04, two compounds identified by
Shvadchak and colleagues as NC polyprotein binders capable of
disrupting DNA binding (Supporting Information Figure 3).23

However, anti-HIV activities of those two compounds were not
evaluated. Both compounds display similar structural features as
compounds 8 and 9 regarding the benzene ring structure but
have branching oxygen and/or hydroxyl groups in contrast to
the pendent nitro groups present on compounds 8 and 9
(Supporting Information Figure 3). In the case of the
compounds identified by Shvadchak and colleagues, the oxygen
and/or hydroxyl groups likely have a role in NC binding.
Moreover, their studies indicated that activity was not
coordinated through interaction or zinc ejection but possibly
through competition with DNA binding to NC.23 Given similar
chemical structural features of these compounds and the
compounds identified in our screen, it is tempting to speculate
that our compounds may function to compete with DNA
binding to NC.
In conclusion, development and implementation of our

screen have resulted in the identification of five compounds
that are capable of disrupting p2-NC and Gag polyprotein
interaction with SL-2 DNA. Of the five compounds, two were
not overtly toxic to primary CD4+ T cells and both had modest
effects on disrupting HIV-1 spread in tissue culture. Although
NC binding is required for the inhibitory effect of the
compounds, whether the compounds’ activity was due to
DNA binding competition resulting from direct inhibition of
the zinc knuckle motifs or resulting from disruption of DNA
binding caused by allosteric changes due to a distal NC binding
site is currently unknown. Efforts are planned to structurally
define the NC binding sites of compounds 1 and 8 to provide
rational insights for improving new compounds to enhance
anti-HIV-1 efficacy. Lastly, given the high-throughput capacity
of the FP-based NC′ binding assay and the relative ease of use,
it will be informative to screen a larger and more diverse
chemical library to identify compounds that may have antiviral
activity.

■ EXPERIMENTAL SECTION
Cloning and Recombinant Protein Synthesis. The HIV-1

NL4-3 p2-nc gene was cloned into the pGex4T2 vector (GE
Healthcare) vector using BamHI and XhoI restriction to generate
GST-p2-NC (NC′), transformed into BL21DE3(pLysS) (Invitrogen),
inoculated into 1−6 L (depending on need) of LB medium with
ampicillin (100 μg/mL), and maintained at 28 °C for 16 h. At 0.8
OD600nm, expression was induced with 0.5 mM isopropyl-β-D-
thiogalactospyranosid. After 16 h, the cells were harvested by
centrifugation (6000g, 15 min) and washed with buffer A (20 mM
Tris-HCl, pH 8.0, 500 mM NaCl, 0.5 mM DTT, and 0.5% NP40).
Cells were then lysed by the addition of lysozyme and the use of a
French press. To avoid bacterial protease activity, a protease inhibitor
mix (Complete-Mini protease inhibitor tablets, Roche) and pepstatin
A (Sigma-Aldrich) were added. DNA was removed from the lysate by
adding 0.04 mg/mL DNase I for 1 h. After separation by
centrifugation (30000g, 45 min), the supernatant was loaded onto a
GSH column (GE Healthcare) and washed with 20 column volumes
of buffer A. The protein was eluted by addition of 20 mM GSH in
buffer A and the purity verified by SDS−PAGE. The protein was
concentrated using Amicon Ultra-15 filter devices (Millipore). The
protein size was confirmed by MALDI MS. All purification steps were
conducted at 4 °C. GST-Gag (termed Gag′) was produced as reported
previously.39

Electrophoretic Mobility Shift Assay (EMSA). 15 μM NC′ or
Gag′ was incubated with 0.5 μM FSL-2 in PBS with 10 nM ZnCl2. For

the electrophoretic analysis, 15 μL samples were loaded on a
NativePAGE Novex Bis-Tris gel (Invitogen), run, and fluorescence
was measured by a Typhoon Trio fluorescence gel scanner (GE
Healthcare).

Fluorescence Polarization (FP). The binding reaction was carried
out in 384-well, low volume plates (Greiner) using 2.5−10000 nM
NC′ in PBS, 10 nM ZnCl2, 0.1% pluronic F127 (Sigma), and 10 nM 3′
fluorescein-labeled SL-2 DNA, GGGGCGACTGGTGAG-
TACGCCCC (Integrated DNA Technologies). The millipolarization
(mP) units were calculated using
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The Kd was calculated using the least-squares fit to the following
equation:

= + − + +

− + + −

{
}

P L K

P K L L P P

FP FP (FP FP ) ( )
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min max min 0 0 d

0 d 0
2

0 0 0

where P0 is the total receptor concentration, L0 is total ligand
concentration, Kd is the binding constant, and FP is the fluorescence
polarization.

IC50 and Ki Determination by FP. The Ki was determined by a
compound series dilution into 5 μM NC′ and 10 nM 6-
carboxyfluorescein-labeled SL-2 DNA in PBS, 10 nM ZnCl2, and
0.1% Pluronic F127. All experiments were in triplicate. The NC′
concentration was chosen such that 90% of tracer was bound. Since
the concentration of free tracer was not equal to the concentration of
total tracer, the Cheng−Prusoff equation could not be used. The IC50
value was calculated using a four-parameter logistic model, and the Ki
was determined as established by Kenakin 1993:35

=
+ − − + −

K
L K

L R L R L L K
( )(IC )( )

( )( ) ( )i
b 50 d

0 0 b 0 0 b d

where R0 is the total receptor concentration, L0 is the total tracer
concentration, Lb is the bound tracer fraction, and Kd is the
dissociation constant.

Small-Compound Library and High-Throughput Screening.
The HitFinder library collection from Maybridge contains 14 400
compounds with druglike diversity, and the compounds conform to
Lipinski’s rule of five with purity of >90% based on mass spectrometry
and NMR by the vendor (http://www.maybridge.com/portal/alias__
Rainbow/lang__en/tabID__229/DesktopDefault.aspx). For single
compounds used for biochemical and biological profiling a purity of
>95% was confirmed by HPLC.

The binding reaction was carried out in 384-well low volume plates
(Greiner) using 5 μM (tracer bound to receptor, >80%) NC′ in PBS,
10 nM ZnCl2, 0.1% Pluronic F127 (Sigma), and 10 nM of the tracer 6-
FAM-labeled SL-2 DNA. The compounds were dissolved in DMSO
and used in a final concentration of 10 μM at room temperature.
Dispensing and readout were executed using automated liquid
handling systems (dispenser Aurora, liquid robot BiomekFX Beckman
Coulter) and an EnVision 2104 (PerkinElmer) fluorescence plate
reader. NC′ and compounds were preincubated at room temperature
for 15 min in a volume of 10 μL before 10 nM tracer was added to the
solution. The mix was allowed to establish equilibrium, followed by FP
readout 15 min later. The plate layout provided for 16 positive
controls (tracer without NC′) and 16 negative controls (tracer with
NC′) per plate. The Z′-factor was calculated using the equation
established by Zhang and colleagues.31

Differential Scanning Fluorimetry (DSF). The melting temper-
atures of protein−compound complexes were determined using
differential scanning fluorimetry. An amount of 5 μM Gag′ protein
was incubated with 5× SYPRO Orange (Invitrogen) and 5 μM
compound in 5 mM HEPES, pH 7.5, with 150 mM NaCl.
Fluorescence values were monitored in a LightCycler 480 II
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(Roche) instrument with temperature increasing at 1 °C/min from 35
to 94 °C. The data were fitted to a Boltzmann sigmoid curve function,
and the Tm was obtained as described by Vedadi et al.,42 using
GraphPad Prism. A shift of 2 °C corresponds to a 4-fold change of the
standard deviation and was considered to be a hit.
β-Galactosidase Assay. To determine off-target hit inhibition, the

conversion of 0.2 mM ONPG (Sigma) by 0.5 U/mL β-galactosidase
(Sigma) was monitored in the presence or absence of 10 μM selected
hit. The reactions were established in PBS with 1% DMSO at 25 °C.
The absorption at 420 nm was followed over time using an μQuant
800 microplate reader (Biotek). The rate was calculated from the
initial linear phase of the enzyme reaction, and the normalized
inhibition was calculated relative to the rate of the DMSO control
reaction.
Chymotrypsin Assay. An amount of 0.5 U/mL chymotrypsin

(Sigma) was mixed with 0.2 mM S-2586 (DiaPharma) and 10 μM
selected compounds in 20 mM Tris-HCl, pH 8.3, 200 mM NaCl, 1
mM CaCl2, and 1% DMSO, all at 25 °C. Absorption at 420 nm was
followed over time using a μQuant 800 microplate reader (Biotek).
The initial phase was fitted with a linear regression and the relative rate
calculated for each compound.
Resonant Waveguide Grating-Based Assay. To evaluate label-

free interaction between NC′ and selected compounds, the SRU BIND
system (SRU Biosystems) was utilized. An amount of 5 μM NC′
protein was immobilized on the wells of an aldehyde activated
biosensor surface 384-well GA3 aldehyde plate (SRU Biosystems).
Selected compounds at 25 μM in PBS with 1% DMSO were added to
plated wells. The peak wavelength value (PWV) shift was monitored
over time at room temperature in a BIND SCREENER reader (SRU
Biosystems). The stoichiometry was calculated according to the
vendor’s manual using the following equation:

=
⎛
⎝
⎜⎜

⎞
⎠
⎟⎟ n zPWV

MW

MW
(PWV )( )( )ligand(expected)

ligand

receptor
target

where n is the stoichiometry and z is the target activity in %.
Cellular Toxicity Assay. The SupT1 T cell line or human CD4+ T

cells were cultured in RPMI1640, containing 10% fetal bovine serum
(FBS), 2 mM L-glutamine, 0.1 mM nonessential amino acids (NEAA),
1 mM sodium pyruvate, 100 U/mL penicillin, and 100 μg/mL
streptomycin for all studies (see below for methodology for T cell
isolation). Cells were maintained in a 37 °C humidified incubator
containing 5% CO2. Viability of the cells in the presence of selected
compounds was measured either by the conversion of the oxidation−
reduction indicator resazurin (Alamar Blue) (Invitrogen) to
resorufin43,44 or by enumerating dead vs viable cells by Trypan Blue
dye exclusion by cell counting utilizing a microscope. The 15 000
SupT1 cells were cultured over 7 days with a series of selected
compounds (0.01−10 μM) in 1% DMSO, and the viability was
determined in the presence of Alamar Blue according to the
manufacturer’s protocol. The 585 nm fluorescence value was
normalized to a DMSO control. Primary T cells were isolated from
blood cells, and in some cases Sup T1 T cells were cultured in the
presence of selected compounds (0.01−10 μM). Viability was
determined at days 3 and 6 or 7 by Trypan Blue dye exclusion.
Determination of Compound Anti-HIV-1 Activity. After

approval from The Scripps Research Institute (TSRI) Institutional
Review Board (documentation is on file), La Jolla, CA, U.S., human
blood was obtained from healthy donors from the Normal Blood
Donation Center at TSRI. PBMCs were isolated from blood via
density gradient centrifugation. Isolation of highly pure CD4+ T cells
was achieved by depletion using Miltenyi products (Miltenyi Biotech).
CD4+ T cell purity, >95%, was determined by flow cytometry with
appropriate reagents. CD4+ T cells were maintained in RPMI1640
medium, supplemented with 10% FBS (HyClone), 100 U/mL IL-2, 2
mM L-glutamine, 0.1 mM NEAA, 1 mM sodium pyruvate, 100 U/mL
penicillin, and 100 μg/mL streptomycin in a 37 °C humidified
incubator containing 5% CO2. After a 1-day stimulation with anti-
CD3/CD28 beads (Dynabeads human T-activator CD3/CD28,
Invitrogen), 0.2 μM selected compounds in 1% (w/v/) DMSO was

added for 3 days. Then 1 × 105 CD4+ T cells were infected with 100
ng of p24 HIV-1LAI virus. Cultures were maintained for 9 days, and
infection was determined by p24 flow cytometry analysis. Briefly, HIV-
1 infected CD4+ T cells were permeabilized and fixed with Cytofix/
Cytoperm buffer, followed by addition of PE-conjugated HIV p24
antibody (Beckman Coulter) to a final 1:200 dilution. Data were
acquired on Becton Dickinson FACScalibur using CELLQUEST
software and analyzed with FlowJo (TreeStar) software. The FDA
approved protease inhibitor amprenavir was used as a positive
inhibitor of viral replication (data not shown). The significance of
the difference between the DMSO control and a test compound was
determined using a two-tailed t test.

To determine the effective dose of compound to inhibit viral
packaging in HeLa cells, a viral packaging assay was utilized. Selected
compounds were added to 2 × 105 HeLa cells in 1 mL of Opti-MEM
(Invitrogen) in 12-well plates. After 2 days, cells were transiently
transfected with 1 μg of plasmid DNA of the pNL4-3 infectious
molecular clone using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s instructions. Cell-free viral supernatants were
collected 2 days after transfection and p24 determined by CFAR at the
University of California, San Diego, CA, utilizing a commercial p24
ELISA (http://cfar.ucsd.edu/core-facilities/translational-virology-
core).
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