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ABSTRACT: Stem-loop 3 RNA (SL3) in ψ-RNA is a highly conserved motif in different strains of HIV-1 and serves as a
principle determinant for viral packaging. Viral encapsulation is critical for viral replication, and disruption of the
nucleocapsid−ψ-RNA complex interferes with viral replication. We have used SL3 RNA as a target for identification of small
molecule inhibitors of the interactions of nucleocapsid protein (NCp7) and ψ-RNA. We report the use of computational and
high-throughput screening approaches to identify 16 compounds that bind SL3 RNA with micromolar affinities. Among the
identified ligands, two molecules, compounds 7 and 17, bind with higher affinity to SL3 RNA than to double- and single-stranded
RNAs. Four of the 16 SL3 RNA ligands inhibit interactions between SL3 RNA and NCp7 with micromolar inhibition constants.
In general, the identified SL3 ligands have simple molecular structures and low molecular weights and are, therefore, possible lead
compounds for the development of ligands that target the elements of ψ-RNA of HIV-1 with high affinity and specificity.

■ INTRODUCTION
The large number of RNA−protein interactions that have been
reported and the extensive, diverse functions and structures of
RNA molecules suggest RNA−protein complexes as powerful
therapeutic targets.2 RNA is characterized by regions of
unpaired bases or mismatched base pairs that allow the RNA
to fold into distinct, complex secondary and tertiary structures
that form unique pockets and deep grooves suitable for
interactions with other RNAs, proteins, and small molecules.3−8

Targeting such RNA structures in biologically relevant
ribonucleoprotein complexes provides opportunities for con-
trolling RNA function.
Although the usefulness of RNA as a small molecule target

has been demonstrated by various classes of antibiotics that
target specific regions of the prokaryotic ribosome1,9−12 and
many milestones have been accomplished in the past decade
toward targeting RNA with small molecules,13 there are few
examples of the identification of small RNA ligands that inhibit
RNA−protein interactions.14−30 In some cases, such efforts
have been hindered by the fact that RNA ligands that bind with
high affinity to RNA targets often do so without inhibiting
proteins from binding.19,26,30 Perhaps as a result, oligomers of

RNA binding molecules are often the focus of studies
identifying RNA ligands that disrupt RNA−protein com-
plexes.14−16,25 However, small molecule inhibitors of the HIV
Tat-TAR and Rev-RRE complexes and of the large binding
interface formed between an RRM of the U1A protein and
RNA have been identified.18−20,26,29 The inhibition of the
MBNL1-poly(CUG) complex by pentamidine and a triamino-
triazine−acridine conjugate is relevant to the investigations
reported here because MBNL1 is a zinc finger protein similar to
the nucleocapsid protein.23,24 Inhibition of RNA−protein
complexes by RNA ligands can be biologically effective. For
example, the destabilization of complexes formed between
proteins and RNA G-quadruplex structures by bisquinolino
derivatives inhibits translation,28 and the destabilization of the
IRE-IRP complex by yohimbine controls protein biosynthesis.17

The major packaging domain of HIV-1 retrovirus, called the
ψ-recognition element, is located at the 5′ untranslated region
of the unspliced HIV-1 genomic RNA and comprises four stem-
loops SL1−4 (Figure 1).31−33 Selective and efficient
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encapsulation of the viral genome results from specific
recognition of the highly structured ψ-recognition element by
the protein NCp7 using two zinc fingers.34−43 SL3, a GGAG
hairpin, is highly conserved among different strains of HIV-1,
specifically interacts with NCp7, and is a principle packaging
determinant.37 Inhibition of the interactions between NCp7
and ψ-RNA should interfere with viral replication. In fact,
antisense RNA targeted to ψ-RNA elements, ψ-RNA decoys,
and zinc ion ejection has been reported to demonstrate antiviral
activity.44−48 A recent study reported an optimized peptide
ligand of ψ-RNA that demonstrated antiviral activity in vivo.33

A screen of known RNA ligands showed that some of those
that bind SL1−4 of ψ-RNA are able to destabilize the complex
formed between NCp7 and RNA.30 SL3 RNA is not a target of
current anti-HIV therapeutics, and thus, new small molecule
ligands that target SL3 and disrupt interactions with NCp7
protein could act as lead compounds for novel anti-HIV agents.
We previously used computational docking strategies to

identify new RNA ligands that bind to GNRA and GGAG
tetraloops.49,50 Experimental characterization of the identified
compounds revealed nine RNA ligands that bound the GGAG
stem loop in SL3 RNA of ψ-RNA with micromolar affinities.49

Here we report the use of virtual and high-throughput
screening strategies to identify 16 additional small molecules
that bind to SL3 RNA with micromolar affinities. Two of the
newly identified ligands selectively bind to SL3 RNA compared
to either double- or single-stranded RNA. All of the small
molecules from these two studies have been evaluated as
inhibitors of the interactions between SL3 RNA and NCp7
protein, and four of the molecules identified by computational
screening are effective inhibitors of the interactions between
SL3 and NCp7. Thus, computational screening has successfully
identified four molecules, previously not known to be RNA
ligands, that bind to SL3 RNA and destabilize the SL3 RNA−
NCp7 complex with micromolar inhibition constants.

■ RESULTS AND DISCUSSION
Screening SL3 Ligands for Inhibition of the NCp7−

SL3 RNA Complex. We previously reported the identification
of 27 potential ligands for SL3 RNA by computational docking
the NCI diversity set library to SL3 RNA.49 In our current

studies, we screened these molecules for their ability to
destabilize the complex formed between NCp7 protein and SL3
RNA. The equilibrium dissociation constant of the NCp7−SL3
RNA complex was determined to be 36 ± 11 nM using gel
mobility shift assays, which is consistent with a previous report
(Figures 2 and 3).43 Each of the 27 ligands from the NCI

diversity set library was added to a final concentration of 1 mM
to the NCp7−SL3 RNA complex, incubated for 1 h, and
evaluated using gel mobility shift assays (Figure 3). These
studies revealed two compounds, 1 and 2, that inhibit NCp7−
SL3 RNA interactions (Figure 4). Unfortunately the identity of
2, obtained from the NCI diversity set, could not be confirmed
by mass spectrometry or NMR spectroscopy. Therefore, we
performed a virtual similarity screening search, described in the
next section, to identify structurally similar compounds that

Figure 1. Sequence of HIV-1 genomic RNA packaging signal (ψ-
RNA) with its characteristic stem-loop structures abbreviated SL1
through SL4. Shown is the amino acid sequence of nucleocapsid
domain (NCp7) of HIV-1 Gag, including its two CCHC-zinc finger
structures. Aromatic amino acids within the zinc fingers (bold) make
specific interactions with ψ-RNA particularly with the GGAG tetraloop
of SL3.

Figure 2. (A) NMR structure of SL3 RNA in complex with
nucleocapsid protein (PDB code 1A1T). RNA is in blue, and protein
backbone is in red.59 The positions of the zinc atoms in the NCp7 zinc
knuckles are represented by yellow spheres. Phe16 and Trp37 residues
that mediate specific interactions with the elements of ψ-RNA are
highlighted in purple and green, respectively. (B) Docking site (red
box) on SL3 RNA (blue) depicting the site where compounds were
docked in the virtual screening process. Parts C, D, and E are 5′-
fluorescein labeled sequences of SL3, single-stranded RNA, and
double-stranded RNA, respectively, used in the binding studies.

Figure 3. Electrophoretic gel mobility shift assay for the measurement
of the equilibrium dissociation constant of NCp7 to SL3 RNA and
initial inhibition screening results for identification of inhibitors 1 and
2. (a) Representative gel showing binding of NCp7 to SL3 RNA. The
concentration of NCp7 protein was varied from 1.5 nM to 12.5 μM.
(b) Representative binding curve derived from plotting the fraction
RNA bound as a function of NCp7 protein concentration. (c) Initial
inhibition screening results for the identification of compounds 1 and
2 as inhibitors of SL3−NCp7 interactions.
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may also have affinity for SL3 RNA and inhibit NCp7−SL3
RNA interactions.
Identification of SL3 Ligands Using Computational

Docking. We performed two similarity screens to identify
molecules similar to 2. First, we used SciFinder Scholar to
search for compounds that had ≥95% similarity to 2 and were
commercially available. From this approach, we identified 3
(Figure 4). In a second similarity screen (Supporting
Information Figure 1a), we utilized the ChemBridge library of
700 000 compounds because it is large, contains compounds
with high molecular structural diversity, and hit compounds can
be purchased in pure form for experimental evaluation. This
approach led to the identification of 62 compounds with 50%
or greater similarity to 2 based on a Tanimoto score that is
obtained from a set of structural descriptors defined by the
program.
Because previous studies from our group and others have

suggested that the use of molecular docking can be a useful
predictor of RNA−ligand interactions,49−57 we used the
program AutoDock to evaluate the binding to SL3 RNA of 3
and the 62 selected compounds identified in the similarity
searches. AutoDock uses a Lamarckian genetic search algorithm
and employs an exhaustive scoring function that includes
desolvation, hydrogen bonding, ligand torsional, van der Waals,
and electrostatic energies.58 The structure of the SL3 RNA
bound to the NCp7 protein was chosen as the target for
computational docking (Figure 2).59 We used the same docking
site as we used in our previously reported screen of the NCI
diversity set.49 This docking site was defined as the major
groove region proximal to the flexible loop area, which is the

site of interaction of a 310 helix of NCp7 and is proximal to the
binding site of the N-terminal zinc knuckle of the NCp7.59

The analysis of the docking results revealed 18 compounds
(17 compounds from the ChemBridge library and compound 3
from Scientific Exchange, Inc.) that were predicted to bind SL3
RNA with binding energies of ≤−7.0 kcal mol−1. Because of the
importance of water solubility, the six compounds (3−8, Figure
4) with log P(O/W) ≤ 1 were selected for experimental
evaluation. The structures predicted by AutoDock of the
complexes formed between SL3 RNA and 1 and 3−8 are
shown in Figure 5. Compounds 1, 5, 7, and 8 are predicted to
interact with the junction region between the loop and the
major groove of SL3 RNA, the binding site of the N-terminus
310 helix of NCp7. In contrast to 1, 5, 7, and 8, compounds 3
and 4 were predicted to bind to the loop region of the RNA.

Identification of SL3 Ligands by High-Throughput
Screening. In addition to the computational screening strategy
described above, we performed a high-throughput screen to
identify ligands for SL3 RNA in the 150 000-compound
ChemBridge library. The compounds in this library were
selected using over 60 computational methods at ChemBridge
to ensure structural diversity and druglikeness. The high-
throughput screening process used in these studies is outlined
in Supporting Information Figure 1b. SL3 RNA was 5′-end
labeled with fluorescein. The compounds were screened for
binding to SL3 RNA by monitoring the change in fluorescence
signal (490 nm excitation, 515 nm emission) upon addition of
each compound to a final concentration of 1 mM. To remove
false hits from the identified compounds, a repeat screen was
performed on the selected hit compounds, followed by

Figure 4. Chemical structures of hit molecules. Compounds 1−8 (blue) were identified through computational screening processes (Supporting
Information Figure 1a), while compounds 9−21 (black) were identified through the high-throughput screening (Supporting Information Figure 1b).
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screening of the resulting hit molecules against a solution
containing fluorescein alone. By use of this procedure, 95
compounds were identified as potential SL3 binders. We
further limited the selected molecules by considering only
molecules with log P(O/W) ≤ 3. By use of this criterion, 13
compounds were retained (Figure 4, compounds 9−21).
Binding Affinity of Selected Ligands for SL3 RNA. The

equilibrium binding affinities of ligands identified by computa-
tional docking and high-throughput screening to SL3 RNA

were determined by monitoring changes of the fluorescence
intensity of 5′-fluoroscein-labeled SL3 RNA as a function of
ligand concentration. Each assay was accompanied by a control
experiment in which the ligand was titrated into a fluorescein
solution in order to exclude the possibility of signal changes
resulting from the ligand interacting directly with fluorescein or
from ligand precipitation. A representative plot of the
fluorescence of the labeled RNA as a function of ligand
concentration is shown in Figure 6a. In these experiments, the

Figure 5. Best binding poses predicted by AutoDock for the seven molecules (1 and 3−8) identified by computational methods as ligands for SL3
RNA. The small molecules are represented with sticks, while the RNA is displayed with balls and sticks (orange). Intermolecular hydrogen bond
interactions are shown with dashed green lines.

Figure 6. (a) Representative graph of decreasing fluorescence intensity of fluorescein-labeled SL3 RNA (25 nM) upon addition of increasing
concentrations (10−100 μM) of 7. The initial fluorescence emission spectrum of the RNA is in red. (b) Representative plot of the fraction of SL3
RNA bound as a function of the concentration of 7. The data were fit with eq 1 to determine the apparent dissociation constant assuming 1:1
binding of the ligand to SL3 RNA.
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fluorescein-labeled RNA was excited at 490 nm and emission
was monitored from 505 to 530 nm. The emission at 517 nm
was used to calculate dissociation constants (KD). For all
ligands, the fraction of RNA bound was calculated by dividing
the difference between the sample and initial fluorescence
intensities by the difference between the final and initial
fluorescence intensities. The fraction of RNA bound was then
plotted against the concentration of each ligand as shown in
Figure 6b. The data of most compounds were fit using eq 1,60,61

which assumes a 1:1 binding stoichiometry. Because the data
obtained from 1 binding to RNA were not fit well with a 1:1
binding model, these data were fit using eq 2, which assumes a
2:1 cooperative model (Table 1).

− − = +F F F F a K( )/( ) ( [ligand])/( [ligand])0 f 0 D (1)

− − = +F F F F K K( )/( ) [ligand] /(1 [ligand] )0 f 0
2 2

(2)

F is the fluorescence intensity of the sample. F0 is the initial
fluorescence intensity. Ff is the final fluorescence intensity. a is
the asymptotic limit. KD is the apparent dissociation constant,
and K is the apparent binding association constant. It is not
unusual to observe binding of more than one ligand to RNA
targets, especially in cases in which the small molecule binds
with high micromolar Kd.

62−65 This general method for
determining binding affinity, in which a change in the
conformation of the RNA upon ligand binding results in a
change in the fluorescence signal, has been well-estab-
lished.13,49,61,66,67 Although some binding events may not be
detected by this method, those KD values that are determined
are similar to those measured using other methods. However,
the titration of SL3 RNA with six of the molecules, compounds

3, 8 and 18−21, led to no appreciable change in fluorescence
signal. Of these six compounds, four (18−21) were not
investigated further because of their low solubility in water,
while the KD values of the complexes formed between SL3
RNA and compounds 3 and 8 were measured using isothermal
titration calorimetry (ITC). The ITC data for the binding of
compounds 3 and 8 to SL3 RNA were fit to a sequential two-
site binding model (Figure 7). The first and second binding
dissociation constants calculated from the ITC data for
compound 3 were 11 μM and 11 mM, and for compound 8
they were 68 and 488 μM (Table 1).

Specificity of Identified SL3 Ligands. The specificities of
the identified ligands for SL3 RNA over both double- and
single-stranded RNAs were determined using fluorescence
methods and ITC (Figure 2, Table 2). In the fluorescence
studies, both double- and single-stranded RNAs were labeled
with fluorescein at the 5′-end and titrated with ligands using
procedures similar to those used to measure binding to SL3
RNA. The data were fit to eq 1 assuming 1:1 ligand to RNA
binding stoichiometries to determine apparent dissociation
constants. Because the addition of 7 to either labeled double- or
single-stranded RNA did not lead to significant changes of the
fluorescence signal, ITC was used to measure binding. The ITC
data for the binding of compound 7 to each of the RNAs were
fit to a sequential two-site model. The first and second KD
values calculated from the ITC data for 7 were 189 ± 6 μM and
2.4 ± 2.2 mM for double-stranded RNA and 280 ± 10 μM and
12 ± 2 mM for single-stranded RNA. Titration of 1 and 8 into
either double- or single-stranded RNA led to insignificant
fluorescence signal changes, and titration of 3 into a solution
containing fluorescein alone led to significant signal quenching
in a concentration dependent manner. All three compounds
have limited solubility at the high concentrations required for
ITC assays, and therefore, their binding affinities for double-
and single-stranded RNA were not determined.
Among the identified ligands, compounds 7 and 17 are

selective for SL3 tetraloop RNA over both double- and single-
stranded RNAs. Compound 7 is the most specific and binds 13-
and 19-fold better to SL3 RNA than to double- and single-
stranded RNAs, respectively. Compound 17 binds >12- and
>7-fold better to SL3 RNA than to double- and single-stranded
RNAs, respectively. Compounds 14−16 bind with similar weak
affinity to SL3 RNA and single- and double-stranded RNA and
are not included in the table.

Inhibition of SL3−NCp7 Complex Interactions. The
ability of the identified SL3 ligands to destabilize the complex
formed between SL3 RNA and NCp7 protein was determined
using gel mobility shift assays (Figure 8). The data from these
assays were fit using eq 3 to determine the IC50 values of the
NCp7−SL3 complex.

= + − +B B B B( )/(1 ([ligand]/IC ) )d
final initial final 50 (3)

B is the radioactivity (cpm) of the bound RNA observed in the
gel, and d is the Hill slope. The apparent inhibition constant
(Ki) was calculated from measured IC50 values using the
following equation:

= +K P KIC /(1 [ ]/ )i 50 T D (4)

By use of the data discussed above, the inhibition constants
(Ki) of compounds 1, 3, 4, and 8 were calculated to be 110 ±
60 μM, 20 ± 10 μM, 200 ± 100 μM, and 40 ± 1 μM,
respectively (Table 3). The observed Ki values of compounds 1,

Table 1. Summary of the Experimentally Determined
Apparent Dissociation Constants of the Complexes Formed
between SL3 RNA and Compounds Identified through Both
the Computational and High-Throughput Screening
Strategiesa

compd KD (μM)

1 163 ± 2
3 11 ± 5b

4 1.1 ± 0.1
5 3.5 ± 0.3
6 5.0 ± 0.3
7 10 ± 5
8 68b

9 1.7 ± 0.2
10 4.5 ± 0.9
11 11 ± 2
12 11.1 ± 0.1
13 13.2 ± 0.3
14 33 ± 3
15 44 ± 6
16 51
17 90 ± 10
18−21 no binding

aDissociation constants were determined from fluorescence binding
measurements except where otherwise noted. Errors are the standard
deviation of at least three independent measurements. bDissociation
constants were determined using ITC, and errors are the standard
deviation of two measurements. Only the dissociation constants for
the strongest binding sites are listed.
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3, and 8 are consistent with their respective KD values for the
RNA (Table 1). In contrast, the observed Ki for compound 4
was greater than the KD of the complex with SL3. This
difference between Ki and KD may be because the
destabilization of the NCp7−SL3 RNA complex may require
binding of 4 to a second binding site for which it has low
affinity or the affinity of 4 for SL3 RNA may be diminished by
differences between the buffers used for binding and inhibition
assays.

■ CONCLUSION
By use of both computational and high-throughput screening
strategies, 16 compounds that bind SL3 RNA with micromolar
affinities have been identified. Ligands 3−8 were identified in a

similarity search to compound 2 and thus share many structural
characteristics. The compounds identified by high throughput
screening, compounds 9−17, also share structural character-
istics with each other and compounds 3−8, including having
conjugated aromatic and heteroaromatic rings linked to
functional groups able to participate in hydrogen bonding
interactions. Two compounds, 7 and 17, bind specifically to
SL3 RNA compared to single- and double-stranded sequences.
The 20-fold specificity exhibited by compound 7 and the
greater than 7-fold specificity exhibited by compound 17 are
comparable to or better than those of compounds we
previously reported.49 Thus, when taken together with the
previous report, we have identified five compounds that bind
selectively to SL3 RNA compared to single- or double-stranded
RNA. Four of these compounds were identified using
computational screening and one by high throughput screening.
Evaluation of all of the SL3 RNA binders identified in this

study and the previous report revealed four inhibitors of the
SL3−NCp7 complex, 1, 3, 4 and 8, which disrupt the
interactions between SL3 RNA and NCp7 protein with 110,
20, 200, and 40 μM inhibition constants, respectively. It is clear
that a precise orientation or structural effect on the RNA is
required for complex destabilization because most of the
compounds that bind the RNA target, even with low
micromolar KD values, do not disrupt the binding of the
NCp7 protein. The predicted structures from AutoDock
(Figure 5) are consistent with compounds 1, 3, 4, and 8 acting
as inhibitors because their predicted binding sites overlap with
that of the NCp7 protein. Similarly, the observation that
compound 6 does not act as an inhibitor is consistent with its
predicted minor groove binding site, which is distant from the
binding site of NCp7. However, it is not clear from the
modeling why ligands 5 and 7 do not destabilize the complex.
Although the high throughput screen identified SL3 RNA
binders, no inhibitors of the SL3−NCp7 complex were

Figure 7. Representative ITC profiles for the titration of (a) 3 and (b) 7 into SL3 RNA. Each heat burst (upper curve) is the result of a 10 μL
injection of 1 mM ligand into 20 μM SL3 RNA in 10 mM phosphate buffer, pH 7.4, at 25 °C. The corrected injection heats (bottom curves) were
determined from integration of the corresponding heat bursts followed by subtraction of the corresponding dilution heats from control titrations of
each ligand into buffer only (data not shown). The data points in the bottom curve are the corrected experimental injection heats, while the
continuous line is the calculated fit of the data using a model for two sequential binding sites.

Table 2. Summary of the Apparent Dissociation Constants of
the Complexes of Ligands with Different RNA Motifsa

KD (μM)

compd SL3 RNA double-stranded RNA single-stranded RNA

4 1.1 ± 0.1 3.2 ± 0.5 2.2
5 3.5 ± 0.3 8.2 ± 0.9 9.5 ± 0.1
6 5.0 ± 0.3 8.3 ± 0.3 11.8 ± 0.3
7b 14.5 ± 0.4 189 ± 6 280 ± 10
9 1.7 ± 0.2 2.19 ± 0.01 2.0 ± 0.5
10 4.5 ± 0.9 5.1 ± 0.9 4.1
11 11 ± 2 11.2 ± 0.8 8.9 ± 0.4
12 11.1 ± 0.1 8.4 ± 0.8 14 ± 2
13 13.2 ± 0.3 12 ± 1 7.5 ± 0.1
17 90 ± 10 >1109 >604

aApparent dissociation constants were determined from fluorescence
binding measurements. Errors are standard deviation of at least three
independent measurements. bDissociation constants determined by
ITC. Only dissociation constants for the highest affinity sites from ITC
are listed.
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identified with the high throughput screen. It is possible that
inhibitors would have been identified if a direct screen of
complex destabilization had been performed. However, a direct
screen was difficult because many molecules have low solubility
under the conditions required for specific binding of the NCp7
protein. Overall, the results suggest that targeted computational
docking is an effective method for identifying inhibitors of
RNA−protein complexes.
The SL3 ligands identified in this work have not previously

been identified as RNA binding compounds and have simple
molecular structural identity and low molecular weights,
making them ideal for further optimization for the challenging

development of high affinity specific ligands for targeting the
elements of ψ-RNA of HIV-1. Such compounds have potential
applications as anti-HIV-1 agents targeting viral packaging, a
critical step in the replication cycle of HIV-1 virus. More
generally, these compounds join a small existing pool of small
molecule RNA ligands that are able to destabilize RNA−
protein complexes.

■ EXPERIMENTAL SECTION
RNA Sample Preparation. RNA sequences were obtained from

Dharmacon Research Inc. (Lafayette, CO). RNA sequences were
deprotected and lyophilized following the procedure provided by
Dharmacon. The lyophilized RNA samples were desalted by standard
ethanol precipitation procedures and their molecular weights
confirmed by MALDI mass spectrometry. Before any experiment,
the RNA samples were heated at 90−95 °C for 3 min and cooled in
ice.

Ligand Samples. All compounds were obtained/purchased in
their purest form and confirmed to be >95% pure by HPLC and their
identity was confirmed by ESI mass spectrometry unless stated
otherwise in the manuscript. Compounds 1 and 2 (Figure 4) were
obtained free of charge from the Drug Synthesis and Chemistry
Branch, Development Therapeutics Program, Division of Cancer
Treatment and Diagnosis, National Cancer Institute (Bethesda, MD).
Compound 3 was purchased from Scientific Exchange Inc. (Center
Ossipee, NH). Compounds 4−21 were purchased from ChemBridge
Corporation (San Diego, CA). Ligand stock solutions (10 mM) were
prepared in DMSO and diluted in the appropriate buffer for
experiments.

High-Throughput Screening. High-throughput screens were
performed in the High-Throughput Screening Facility housed in the
Department of Chemistry of the University of Illinois. Assays were
performed at room temperature. 5′-Fluorescein-labeled SL3 RNA in
binding buffer (10 mM Tris-HCl, pH 7.4) was first added to the plates
to a final concentration of 10 nM. The initial fluorescence was
recorded followed by addition of the small molecules to a final
concentration of 1 mM. After incubation for 30 min, the fluorescence
was recorded. Molecules that yielded the largest change in
fluorescence signal (either increase or decrease) were selected.

Nucleocapsid (NCp7) Sample Preparation. The expression
plasmid containing the gene for the NCp7 protein of HIV-1 NL4-3
strain (GenBank accession code AF324493) was a gift from Robert J.
Gorelick, AIDS Vaccine Program, SAIC-Frederick, Inc. Plasmid
transformation, protein expression in Escherichia coli BL21 (DE3)
cells, and protein purification followed published procedures.68 The
correct molecular weight of the purified protein was confirmed by
MALDI mass spectrometry. The concentration of the protein sample
was determined from the UV absorbance at 280 nm using a molar
extinction coefficient (ε) of 6050 M−1 cm−1.69 Protein samples were
determined to be greater than 95% pure by SDS polyacrylamide gel
electrophoresis. Chemically synthesized NCp7 was purchased from
GenScript Corp. (Piscataway, NJ). The binding affinity for SL3 RNA
of the expressed and the chemically synthesized NCp7 was similar. For
both the expressed and chemically synthesized NCp7 samples 1 mM
β-mercaptoethanol (BME) and 1 equiv of zinc chloride per Zn2+ finger
were added. Protein samples were lyophilized and stored at −80 °C.
NCp7 protein stock solutions (12 μM) used in the assays were freshly
prepared from the lyophilized aliquots in 10 mM Tris-HCl (pH 8.0),
25 mM NaCl, 5 mM MgCl2, 1 mM ZnCl2, 1 mM BME, and 0.01%
polyethylene glycol (PEG) buffer, stored at 4 °C and used within 3
days.

Computational Studies. AutoDock4 and AutoDock Tools
(ADT) were both obtained from the Molecular Graphics Laboratory
of the Scripps Research Institute.58 Molecular Operating Environment
(MOE) from Chemical Computing Group was used to prepare the
ligands and to generate their corresponding Protein Data Bank (PDB)
file formats. ADT was used for the remainder of the RNA and ligand
preparation procedures, including the addition of Gasteiger atomic
partial charges. ADT was also used to prepare the input files for both

Figure 8. Representative results from gel electrophoresis mobility shift
assays showing the displacement of NCp7 from its complex with SL3
RNA by increasing concentrations (left to right) of compounds (A) 1,
(B) 3, (C) 4, and (D) 8. Plots of bound RNA as a function of the
concentration of compounds 1, 3, 4, and 8 are shown below each gel
mobility shift assay. The data were fit with eq 3 to determine the IC50
values.

Table 3. Apparent IC50 and Ki for Inhibition of the SL3
RNA−NCp7 Complex by Selected Compoundsa

compd IC50 (μM) Ki (μM)

1 340 ± 80 110 ± 60
3 70 ± 30 20 ± 10
4 700 ± 350 200 ± 100
8 123 ± 3 40 ± 1

aIC50 and Ki values were determined from electrophoresis mobility
shift assay experiments. Errors are the standard deviation of at least
three independent experiments.
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the AutoGrid and AutoDock programs and for the analysis of the
docking results. Virtual molecular dynamics (VMD) was used to
visualize the docked structures. All computational procedures
involving MOE, AutoDock, ADT, and VMD programs were
performed on a desktop PC with a Pentium 4 processor, 3.00 GHz
CPU, and 2.00 GB of RAM running Windows XP Professional
operating system. The docking site was defined using the program
AutoGrid with a grid box of 22.5 Å × 30.0 Å × 26.25 Å (x, y, z)
centered at 9.939 Å (x), −5.037 Å (y), and −8.846 Å (z).
Fluorescence Experiments. Fluorescence experiments were

performed on a FluoroMax-3 fluorescence spectrometer (Horiba
Jobin Yvon). In a standard experiment, 5′-fluorescein-labeled RNA (25
nM) was prepared in fluorescence binding buffer (10 mM Tris-HCl
(pH 7.4) and 25 mM NaCl). The RNA sample was excited at 490 nm
with a 3 nm band-pass, and the emission fluorescence signal was
monitored at 505−530 nm with an 8 nm emission band-pass, while
emission at 517 nm was used to determine the KD. Aliquots (1 μL) of
a stock solution of the ligand were sequentially added to the RNA
sample at 25 °C until there was no further change in fluorescence
signal, allowing 3−5 min for equilibration after each addition.
Fluorescence titration data for all compounds were fit to a 1:1
binding model of RNA to ligand using eq 1 except for 1. Titration data
for 1 were fit to a 1:2 binding model of RNA to ligand using eq 2 to
calculate the apparent dissociation constants (Tables 1 and 2). Each
binding assay was accompanied by a control experiment in which the
ligand was titrated into free fluorescein solution. This was performed
to exclude the possibility of fluorescence signal changes resulting from
the ligand interacting directly with the fluorophore. In addition, a
control experiment was performed in which DMSO was added to the
RNA solution and no change of the fluorescence signal was observed.
Isothermal Titration Calorimetry (ITC) Assays. In a standard

ITC experiment, aliquots of the ligand (10 μL, 1 mM) in 10 mM
sodium phosphate (pH 7.4), 10% DMSO buffer were added to the
sample cell that contained the RNA (20 μM, 1.42 mL) in the same
buffer at 25 °C using a 250 μL rotating syringe (300 rpm). Each
experiment was accompanied by a control experiment in which
aliquots of the ligand were titrated into buffer alone at 25 °C. The
duration of each injection was 24 s, and the spacing between two
consecutive injections was 240 s. The initial delay before the first
injection was 60 s. Heat absorbed or released for each injection
(μcal·s−1) was measured by determining the area above or under the
curve using Origin 5.0 software (MicroCal, Inc., Northampton, MA).
The heat of ligand binding for each injection was determined by
subtracting ligand-buffer solvation from the heat associated with the
corresponding ligand−RNA injection. Dissociation constants were
determined by fitting data from plots of heat of ligand binding as a
function of ligand−RNA molar ratio to a sequential two-site binding
model.
Gel Mobility Shift Assays. Equilibrium dissociation and inhibition

constants were measured by gel electrophoresis mobility shift assays.
In binding assays, 32P-labeled SL3 RNA (25 pM) was incubated with
varying amounts of NCp7 at 25 °C for 1 h in buffer containing 50 mM
Tris-HCl (pH 7.4), 40 mM MgCl2, 200 mM NaCl, 0.1 mM ZnCl2, 5%
glycerol, and 1% (v/v) BME. The bound and free RNAs were
separated using a 6% polyacrylamide gel in 50 mM Tris-borate, pH
8.0, and 0.1% Triton-X 100 for 1 h at 300 V at 4 °C. Gels were
visualized on a Molecular Dynamics Storm imager. Fraction of RNA
bound versus protein concentration was plotted, and the data were fit
using the equation y = 1/(1 + KD/[P]T) in which y is the fraction of
RNA bound, KD is the equilibrium dissociation constant, and [P]T is
the total protein concentration. All binding measurements were
performed with greater than 10-fold excess of protein over RNA so
that [P] was approximately equal to [P]T.
In inhibition assays, the RNA−protein complex was preformed by

incubating 32P-labeled SL3 RNA (25 pM) with NCp7 (75 nM) at 25
°C for 1 h in binding buffer as described above. The ligand from the
stock solution was added, and the solution was incubated for an
additional 1 h. Each inhibition experiment was accompanied by a
control experiment in which DMSO equal to the highest
concentration used in inhibition assays was added into the RNA−

protein complex. The samples were loaded onto a 6% polyacrylamide
gel for separation as described for the binding assays. The data were fit
using eq 3 to determine the IC50 values and eq 4 to calculate the
inhibition constants. Representative gel shift mobility assays and plots
are shown in Figure 8. Inhibition constants are listed in Table 3.
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