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Abstract
HIV-1 requires a −1 translational frameshift to properly synthesize the viral enzymes required for
replication. The frameshift mechanism is dependent upon two RNA elements, a seven-nucleotide
slippery sequence (UUUUUUA) and a downstream RNA structure. Frameshifting occurs with a
frequency of ~5%, and increasing or decreasing this frequency may result in a decrease in viral
replication. Here, we report the results of a high-throughput screen designed to find small molecules
that bind to the HIV-1 frameshift site RNA. Out of 34,500 compounds screened, 202 were identified
as positive hits. We show that one of these compounds, doxorubicin, binds the HIV-1 RNA with low
micromolar affinity (Kd = 2.8 μM). This binding was confirmed and localized to the RNA using
NMR. Further analysis revealed that this compound increased the RNA stability by approximately
5 °C and decreased translational frameshifting by 28% (±14%), as measured in vitro.

Twenty-five years after its initial identification, human immunodeficiency virus type 1 (HIV-1)
continues to be a major health concern across much of the world. Although many anti-HIV-1
drugs have been developed, the virus is often able to evade these therapies owing to its high
mutation rate. In addition to new classes of drugs being designed against the traditional targets
(protease and reverse transcriptase) (1,2), recent research has focused on targeting the −1
programmed translational frameshift that occurs between the gag and pol reading frames
(3-8). This frameshift allows for translation of the pol genes (encoding the protease, reverse
transcriptase, and integrase enzymes) in the form of a Gag-Pol fusion polyprotein via the
evasion of a stop codon located at the end of the gag gene. Without this frameshift, only the
Gag polyprotein (matrix, capsid, nucleocapsid, and p6 structural proteins) will be produced.
The structural and enzymatic proteins are found in approximately a 20:1 molar ratio as a result
of a frameshift efficiency of approximately 5% (9-15). This stoichiometry is required for
appropriate packaging of virus particles, and an increase or decrease in the frameshift efficiency
has been found to significantly decrease the production of infectious virions (4,15,16).

The frameshift event is programmed by two cis-acting RNA elements between the gag and
pol genes: a seven-nucleotide slippery sequence (UUUUUUA) and a highly conserved stem-
loop structure immediately downstream (9,17). This stem-loop structure has been shown to
induce ribosomal pausing, which is required for frameshifting, and its stability has been
correlated with the efficiency of ribosomal frameshifting (18,19). At the base of the stem-loop,
the frameshift site RNA contains a conserved GGA bulge. This sequence has been hypothesized
to interact with the translational machinery during frameshifting (20), by virtue of its predicted
positioning near the mRNA entrance channel, which is located 13–15 nucleotides of the P site
codon (21). Due to the distance the mRNA must traverse through the ribosome and the fact

© 2009 American Chemical Society
*Corresponding author, butcher@biochem.wisc.edu..
Supporting Information Available: This material is available free of charge via the Internet at http://pubs.acs.org.

NIH Public Access
Author Manuscript
ACS Chem Biol. Author manuscript; available in PMC 2009 December 11.

Published in final edited form as:
ACS Chem Biol. 2009 October 16; 4(10): 844–854. doi:10.1021/cb900167m.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://pubs.acs.org


that the mRNA entrance channel is too narrow to fit a duplex, the lower helix must be denatured
during frameshifting, and it is likely that the GGA sequence is positioned within the mRNA
entrance channel during this time. Therefore, it is possible that small molecules that bind tightly
to this sequence may interfere with the ribosome's ability to engage the stable upper stem-loop
during frameshifting. Thus, the frameshift site RNA is an attractive target for drug development
(4,5,7,22).

Here, we report the results of a high-throughput screen for small molecules that bind the
conserved GGA sequence at the base of the HIV-1 frameshift site stem-loop (Figure 1).
Previously, our lab investigated the thermodynamics and determined the NMR structure of the
stable HIV-1 frameshift site stem-loop RNA (23), as well as a longer RNA including the
conserved GGA sequence (24) (Figure 1, panel a). The latter structure revealed a dynamic
central guanosine in the GGA bulge (24), which is frequently mutated to an adenosine but
never a pyrimidine (http://www.hiv.lanl.gov,Supplementary Figure 1). On the basis of these
observations, the predicted location of the GGA sequence at the mRNA entrance channel
during frameshifting, and prior studies showing that substitution of the three purines with
pyrimidines reduces frameshift efficiency (13,22), we reasoned that this would be an attractive
site to target with small, drug-like molecules as an initial step toward development of
compounds that affect the frameshifting efficiency of HIV-1. To do this, we substituted the
dynamic central guanosine with a fluorescent nucleotide analogue, 2-aminopurine (Figure 1,
panel b), to serve as a reporter of compounds that bind at this site. 2-Aminopurine will fluoresce
when un-stacked, but its fluorescence is quenched upon stacking with other bases (25-30). This
property of 2-aminopurine provides a readout of the local RNA bulge structure and was adapted
for use in screening for small molecules that bind to this site on the RNA. Molecules that altered
the 2-aminopurine fluorescence were then tested for binding specificity and effects on
frameshifting in vitro.

RESULTS
Screening for Compounds Affecting the HIV-1 Bulge

The RNA sequence chosen for screening corresponds to the consensus sequence of 619 HIV-1
group M subtype B isolates (http://www.hiv.lanl.gov, Supplementary Figure 1). In order to
minimize cost and prevent compounds from binding the distal ACAA tetraloop, the
exceptionally stable stem-loop (23) was truncated and capped with a stable UUCG tetraloop
(Figure 1, panel b). The RNA was substituted with a 2-aminopurine in place of the dynamic
central guanosine in the conserved GGA sequence for use as a fluorescent readout of local
structure (HIV-1screen, Figure 1, panel b). Additional RNA constructs used in this study
included a control without the modified nucleotide (HIV-1wtbulge, Figure 1, panel c) and a GGA
bulge deletion for testing the specificity of binding (HIV-1Δbulge, Figure 1, panel d). Based
upon the fact that 2-aminopurine is a sensitive reporter of local structure (25-30), a high-
throughput screen was designed using a fluorescence increase or decrease as an indicator of
compounds that affect the local RNA structure upon binding.

Approximately 34,500 small molecule compounds were screened. Of these, 531 compounds
showed an increase in fluorescence of between 170% and 230% of the intrinsic RNA
fluorescence measured in the compound solvent control (2% DMSO) or a decrease in
fluorescence to less than 35% of the control and were picked as initial hits. Repeated testing
for compounds that have a high degree of autofluorescence, where compounds were tested for
fluorescence under the same conditions with no RNA present, resulted in 202 compounds
remaining. Twenty of these compounds (Supplementary Figure 2) were selected on the basis
of their favorable spectroscopic properties, including lack of detectable autofluorescence at
360 nm and low intrinsic UV260 absorbance, to continue with follow-up studies. Compounds
were titrated into 1 μM HIV-1screen RNA from 10−9 to 10−3 M final compound concentration
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in order to monitor dose response (Supplementary Figure 3). On the basis of the observed dose
responses, four compounds were selected for further examination (Figure 1, panels e–h).

Characterization of Compound–RNA Interaction
Compound affinities for RNA were measured by titration of compounds into a solution
containing 2 μM HIV-1screen. Doxorubicin and idarubicin were found to decrease fluorescence
as the titration progressed, whereas butamben and cinchonidine increased fluorescence. Data
are plotted as magnitude change in fluorescence for clarity (Figure 2, panel a). Results show
that the compounds doxorubicin, idarubicin, butamben, and cinchonidine have apparent Kd
values of 2.8 ± 0.4, 9.1 ± 1.3, 39.4 ± 7.0, and 193.2 ± 21.3 μM, respectively (Table 1). Hill
coefficients for these compounds ranged from 1.0 to 1.7 (Table 1).

The specificity of binding was investigated for the two molecules with the highest binding
affinities, doxorubicin and idarubicin, using competition experiments. Solubility limits
prevented the accurate assessment of binding specificity for butamben and cinchonidine.
Specificity was measured by performing the titrations in the presence of either a 10-fold molar
excess of nonspecific (helical) RNA (HIV-1Δbulge) or a 10-fold molar excess of competitor
RNA (HIV-1wtbulge) (Figure 2, panel b, Table 1). Upon challenge with HIV-1Δbulge, the
apparent Kd values increased slightly, to 8.4 ± 0.9 and 17.6 ± 2.4 μM for doxorubicin and
idarubicin, respectively, indicating some degree of nonspecific RNA interaction(s). However,
the observed interactions are not completely nonspecific, as a proportional (10-fold) increase
in apparent Kd was not observed upon challenge with the nonspecific RNA. The degree of
nonspecificity was quantified by calculating the fractional increase in apparent Kd relative to
the amount of HIV-1Δbulge added (Table 1). Conversely, upon challenge with HIV-1wtbulge,
the apparent Kd values did increase approximately 10-fold (Table 1). Note that since the
competitor RNA has a guanine in place of 2-aminopurine, this result indicates that the
compounds are largely unable to discriminate between 2-aminopurine and guanine. The degree
of direct competition by the competitor RNA is quantified (Table 1). Comparison of the degree
of direct competition for the bulge and the degree of nonspecificity indicates that the
compounds bind between 2.8- and 4.7-fold more specifically to the GGA bulge-containing
RNA than to the RNA with the GGA deletion (Table 1).

A water-ligand optimized gradient spectroscopy (WaterLOGSY) NMR experiment (31,32)
was used to directly monitor compound binding to the unmodified RNA (HIV-1wtbulge). The
WaterLOGSY experiment monitors changes in the sign of the nuclear Overhauser effect (NOE)
transfer of magnetization for a rapidly tumbling free ligand versus a slowly tumbling ligand
interacting with a macromolecule. Previously, the WaterLOGSY experiment has been useful
for investigating small molecule binding to RNA (33). The data show that all of the selected
compounds except butamben bind the HIV-1wtbulge RNA, as evidenced by the change in sign
of the compound peaks relative to the DSS internal control (Figure 3). This may indicate that,
unlike the other 3 compounds, butamben does not bind the unmodified RNA and may require
2-aminopurine in place of guanine for it to bind. Therefore, butamben was not investigated
further.

Doxorubicin Affects –1 Translational Frameshifting in Vitro
The three remaining compounds (doxorubicin, idarubicin, and cinchonidine) were tested for
effects on −1 translational frameshifting using an in vitro assay system (34). Results represent
an average of 10 independent experiments, with the SEM indicated. The addition of
doxorubicin showed a general trend of decreasing frameshifting with increasing compound
concentration, with a 28% (±14%) decrease in frameshifting observed at 50 μM compound
(Figure 4). This decrease is significantly different from the level of frame-shifting in the
untreated control (p < 0.05). Idarubicin showed a similar trend of decreasing frameshifting,
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although the data were not statistically significant, and cinchonidine did not have an effect on
frameshifting (data not shown).

Addition of doxorubicin was also observed to decrease overall translation by approximately
60% at 50 μM, as measured by a change in Renilla luciferase luminescence (data not shown).
Doxorubicin is therefore likely to have a general inhibitory effect on translation. This inhibition
is likely due to interactions with rRNA as a consequence of the modest 2.8-fold specificity for
the HIV-1 RNA bulge over the control RNA (Table 1). In this respect, the action of doxorubicin
may be similar to anisomycin, which also affects frameshifting efficiency (35). Further study
must be done to better clarify the role of doxorubicin in translational inhibition.

Mapping of Doxorubicin Interactions with the HIV-18-52 RNA
Titration of doxorubicin into 13C/15N-labeled HIV-18-52 RNA (Figure 1, panel a) from a molar
ratio of 0:1 to 10:1 compound:RNA was monitored by NMR using 2D 1H–13C-TROSY-HSQC
(Figure 5, panel a) and 2D TOCSY (Figure 5, panel b) experiments. As the compound is titrated
into the RNA, a subset of the peaks become selectively broadened beyond detection. This line
broadening can be attributed to binding kinetics occurring on a similar time scale as the NMR
experiment (a process termed intermediate exchange). This is consistent with the observed
apparent Kd of 2.8 μM. These residues involved in binding doxorubicin were mapped to the
HIV-1 structure (24) (Figure 5, panel c, red). A second subset of peaks showed changes in
chemical shift, indicative of weaker binding involving kinetics in fast exchange relative to the
time scale of the NMR experiment. Residues experiencing this fast exchange are located at the
termini of the molecule (Figure 5, panel c, gray).

Thermodynamic Stability of HIV-1 RNA Is Increased by Doxorubicin Binding
The effects of doxorubicin on RNA stability were assayed by performing UV-monitored RNA
thermal denaturation experiments at varying compound concentrations (Figure 6, Table 2).
The contribution of doxorubicin to the overall UV260 absorbance was less than 30% of the
RNA contribution, and no temperature-dependent change in absorbance was observed for
doxorubicin alone (data not shown). This allowed the overall UV260 absorbance to be corrected
for the doxorubicin contribution. Results show that adding doxorubicin produces a significantly
(p < 0.001) larger hyperchromic effect than is observed when just DMSO is added (Table 2).
This suggests that the addition of doxorubicin increases the number and/or quality of base
stacking in the RNA. The observed decrease in HIV-1screen fluorescence upon compound
binding (described earlier), indicative of increased 2-aminopurine base stacking, is consistent
with this suggestion. In accordance with this observation, doxorubicin increases the stability
of the lower helix of the RNA by up to 5 °C at 50 μM (Figure 6, panel b, Table 2); however,
it does not appear to have any effect on the melting transition of the upper stem-loop.

Other Uses of Doxorubicin
In addition to the effects of doxorubicin on RNA reported here, doxorubicin is an U.S. Food
and Drug Administration-approved chemotherapy drug used for the treatment of several
cancers (36,37). It is believed to act by intercalating into DNA (38,39) and has been observed
to do so via crystallography (40). The affinity of doxorubicin for DNA is approximately 40
nM (41), which is significantly better than the affinity for the HIV-1 RNA observed in this
study. Additionally, doxorubicin has been shown to bind the Iron-Responsive Element RNA
with a similar affinity as observed for the HIV-1 RNA (42). This may indicate an approximate
affinity of 1 μM for the interaction of doxorubicin with ideal sites on RNA molecules, such as
internal bulges, loops, and U-G wobble pairs (42).

Doxorubicin has also been shown to inhibit HIV replication in monocyte-macrophage cells,
although this effect was limited to inhibition of initial infection rather than decreased viral
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replication in chronically infected cells (43). Therefore, it is likely that doxorubicin has some
effect on the HIV-1 reverse-transcribed DNA integration into the cellular genome, as suggested
by the authors (43), rather than having a downstream effect on the viral replication cycle at the
doses tested. It should be noted, however, that since the levels of the protease, reverse
transcriptase, and integrase proteins were not measured relative to the levels of p24 (capsid
protein), a direct effect of doxorubicin on frameshifting in monocyte-macrophage cells has not
been demonstrated.

The high affinity of doxorubicin for DNA, in combination with limited RNA specificity, poses
a significant challenge for the further optimization of this compound as a possible RNA-
targeting therapeutic; however, several analogues of doxorubicin have only a moderate affinity
for DNA (10–50 μM) (41). It is possible that chemical modification of doxorubicin or its
analogues may confer additional specificity and affinity for the HIV-1 RNA, and efforts to
examine the structure–function relationships of doxorubicin analogues are ongoing.

CONCLUSION
In this study, we have screened approximately 34,500 compounds for binding to the conserved
three-purine bulge of the HIV-1 frameshift-inducing RNA. A total of 202 compounds were
identified, representing a diverse set of chemical structures that share the common properties
of aromaticity and capacity to form hydrogen bonds, as would be expected for molecules that
bind RNA. These compounds were grouped into 20 structurally similar classes (Supplementary
Figure 4), in addition to 148 compounds that were not sufficiently similar to be clustered into
representative classes. These classes may represent compounds that can bind to RNA and
provide an array of structural scaffolds upon which more specific RNA-binding molecules
could potentially be designed.

Doxorubicin, a representative of one of these classes, has been shown to bind to the HIV-1
frameshift-inducing RNA with low micromolar affinity. This affinity is comparable to the best
binder selected from an 11,325-member combinatorial library (5). Fluorescence and
thermodynamic data suggest that the compound may stabilize the lower helix of the RNA by
intercalating into the bulge and altering its structure. The observed decrease in fluorescence
upon doxorubicin titration indicates a stabilization of a stacked conformation for the central
base in the bulge. This increased stacking is also observed in UV-monitored RNA denaturation
experiments by an increase in overall hyperchromicity when doxorubicin is present, as well as
by the increase in lower helix stability. NMR data indicated that doxorubicin binding is
primarily localized to the three-purine GGA bulge and also interacts weakly with the helical
termini. On the basis of these data, we generated a structural model for the interaction of
doxorubicin with the HIV-1 frameshift site RNA (Supplementary Figure 5). This model is
consistent with the observed chemical shift changes and suggests several testable hypotheses
regarding the binding mode of doxorubicin to the HIV-1 RNA, which are in the process of
being examined. For example, modification of the amino group on doxorubicin into a more
extended guanidinium group may allow for more hydrogen bonds to other nucleoside bases in
the bulge, or to the phosphate backbone itself, which may increase the affinity and specificity
of the small molecule–RNA complex. Additionally, modification of the hydroxyethanone into
a more cationic, longer chain (such as a linkage to arginine) could allow more contacts with
the lower helix of the RNA.

Doxorubicin-induced alterations in the stability and structure of the RNA may contribute to
the observed decrease in frameshifting in vitro. However, we cannot rule out the possibility
that the compound may exert this effect through other interactions (e.g., with rRNA). We do,
however, find that doxorubicin is modestly (approximately 3-fold) more specific for the GGA
sequence than for the rest of the RNA. Efforts to improve upon the specificity and affinity of
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binding of doxorubicin to the HIV-1 RNA via investigation and chemical modification of the
drug and its analogues are ongoing.

METHODS
High-Throughput Screening

Screening was performed at the Keck-UW Comprehensive Cancer Center Small Molecule
Screening Facility, utilizing a Tecan Safire II plate reader to measure fluorescence and a
BioMek FK robot for liquid handling. Approximately 34,500 small molecule compounds from
the Chem-bridge DIVERSet, Maybridge HitFinder, Prestwick Chemical Library, Microsource
SPECTRUM Collection, and Sigma LOPAC1280 commercially available libraries were
screened in 384- and 1536-well formats. Screening samples were 500 nM (final concentration)
HIV-1screen RNA (Dharmacon, Inc.) in 10 mM HEPES (pH 7.0). The HIV-1screen RNA
sequence is shown in Figure 1. Compounds were added to a final concentration of 20 μM from
1 mM compound stocks in dimethyl sulfoxide (DMSO). Plates were then placed at 30 °C for
5 min prior to measurement.

Fluorescence measurements were performed by excitation of the 2-aminopurine at 309 nm and
measuring emission at 363 nm. Plates contained a minimum of 4 replicates of a compound
solvent control (DMSO) at 2% final concentration. This control was used as a reference to
identify changes in fluorescence due to ligand binding. Initial lead compounds were tested for
autofluorescence at 363 nm and UV absorbance at 260 nm in 10 mM HEPES (pH 7.0) without
RNA added, and the initial assay was repeated to reduce false-positives. Compounds identified
as hits were obtained (Ryan Scientific, Inc., Sigma-Aldrich) and dissolved to stock
concentrations of 100 mM in either 2H2O or d6-DMSO.

RNA Synthesis and Purification
Milligram quantities of RNA suitable for NMR and UV spectroscopy methods were transcribed
in vitro using purified His6-tagged T7 RNA polymerase, synthetic DNA oligonucleotides
(Integrated DNA Technologies, Inc.), and ribonucleotide triphosphates (Sigma-Aldrich) as
described previously (44). Briefly, RNA was purified by denaturing 20% (w/v)
(HIV-1Δbulge), 15% (HIV-1wtbulge), or 10% (HIV-18-52) polyacrylamide gel electrophoresis,
recovered by diffusion into 0.3 M sodium acetate, precipitated with ethanol, purified by anion
exchange chromatography, again precipitated with ethanol, and desalted. RNA modified with
2-aminopurine (HIV-1screen) waspurchased from Dharmacon, deprotected according to the
protocol provided, and desalted. The purified RNA was lyophilized, resuspended in water, and
brought to pH 7.0 by the addition of 1 M NaOH or by solvent exchange using Amicon spin-
filters (Millipore) into a buffer containing either 10 mM HEPES (pH 7.0 or 7.4) or 10 mM
d11-Tris (pH 6.9).

Fluorescence-Monitored Titrations
Fluorescence measurements were performed using a QuantaMaster Model C-60/2000
spectrofluorimeter (Bioinstrumentation Facility, UW-Madison). A 160 μL sample cell was
used, and fluorescence was measured for 10 s at 30 °C for each sample. Fluorescence was
measured at 360 nm after excitation of the 2-aminopurine of HIV-1screen at 309 nm.
Compounds were titrated in triplicate from 10−9 to 10−3 M into 1–2 μM HIV-1screen in 10 mM
HEPES (pH 7.0). Competition titrations in identical conditions were also performed in the
presence of either 20 μM HIV-1Δbulge or 20 μM HIV-1wtbulge.

Data were initially fit to the quadratic solution to the law of mass action (eq 1)
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(1)

using Prism 4.3 (GraphPad), where fB is the fraction of RNA bound by the small molecule,
Bmax is a scaling parameter representing the response at maximal binding, [R]tot is the total
concentration of RNA molecules, [X] is the concentration of compound, and Kd is the
dissociation constant for the small molecule-RNA complex. Data were then normalized to the
initial Bmax fits and fit to eq 1 again. Normalized data were also fit to the modified Hill equation
(45) (eq 2)

(2)

where nH is the Hill coefficient, and fB, Bmax, Kd, and [X] are as described above.

Data derived from competition experiments were analyzed as degree of nonspecificity, degree
of direct competition, and relative specificity for the GGA bulge. The degree of nonspecificity
(degns) is defined as

(3)

where 11 represents the fold increase of RNA upon addition of 10 equiv of competitor RNA
(HIV-1Δbulge) to 1 equiv of HIV-1screen, and Δ(fold)Kd represents the ratio of apparent Kd with
HIV-1Δbulge to Kd without competitor. The degree of direct competition (degdc) is defined as
in eq 3, except the competitor RNA is HIV-1wtbulge and Δ(fold)Kd represents the ratio of
apparent Kd with HIV-1wtbulge to Kd without competitor. The relative specificity for the bulge
is defined as the ratio of the degree of direct competition to the degree of nonspecificity. Results
are reported in Table 1.

Statistical Analyses
See Supporting Information online.

Frameshifting Assay
RNA samples were translated in vitro using the Flexi Rabbit Reticulocyte Lysate System
(Promega). Translation reactions were conducted in 96-well plates (Costar) and contained 1.5
μg of RNA per reaction mixture (12.5 μL total volume), 1–2 mM Mg2+, 70 mM KCl, and 20
μM of each amino acid except methionine and leucine (10 μM each). Compounds (0.5 μL
well−1) were added to both the experimental and positive control reactions at varying
concentrations, and reactions were incubated at 37 °C for 90 min. The DMSO concentration
was kept under 1% for all reactions. For each compound concentration, a minimum of 10
replicates each of the experimental and positive control reactions were assayed using the Dual-
Luciferase Reporter Assay System (Promega). Luminescence was measured and frameshifting
efficiencies were calculated as previously described (44). For additional method information
see Supporting Information.
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UV Spectroscopy
Thermal denaturation of HIV-1wtbulge RNA was performed in the presence and absence of
small molecule compounds using a Cary Model 100 Bio UV–visible spectrophotometer
equipped with a Peltier heating accessory and temperature probe. All samples contained 10
mM HEPES (pH 7.6–6.4 over the range of the assay), 20 mM KCl, 0.4% DMSO, and 2 μM
HIV-1wtbulge RNA in a volume of 1 mL. Prior to data collection, samples were heated to 95 °
C and cooled to 10 °C to ensure homogeneous folding. Compound was then added, samples
were mixed and then heated from 10 to 95 °C at a rate of 1 °C min−1, and absorbance data were
collected at 260 nm in 0.5 °C increments. A minimum of five replicates were acquired for each
compound concentration. The data were corrected for compound contributions to UV260
absorbance, normalized at 20 °C, derivatized, and fit using a nonlinear least-squares fit to solve
for Tm as previously described (46). Data analysis was performed using Prism 4.3 (GraphPad)
and thermodynamic parameters for each compound concentration are reported (Table 2).

NMR Spectroscopy
All NMR spectra were obtained on a Bruker Avance DMX 750 MHz spectrometer at the
National Magnetic Resonance Facility at Madison (NMRFAM). The spectrometer was
equipped with a single z-axis gradient proton, carbon, nitrogen cryogenically cooled probe.
Spectra were acquired in 90% H2O/10% 2H2O, 10 mM d11-Tris (temperature-corrected pH
7.3) at 283 K or in 100% 2H2O, 10 mM d11-Tris (temperature-corrected pH 6.7) at 303 K.

Secondary screening of small molecule binding to RNA was performed in 90% H2O/
10% 2H2O, 10 mM d11-Tris (temperature-corrected pH 7.3) at 283 K using a water-ligand
optimized gradient spectroscopy experiment (WaterLOGSY) (31,32) in conjunction with
acquisition of 1D reference spectra of the RNA-compound mixtures. Water suppression for
these experiments was achieved using a WATERGATE water suppression scheme (47).
WaterLOGSY spectra were collected with 1 s mixing time, 48.7 ms acquisition time, 1 s recycle
delay, 14 ppm sweep width and 1024 scans. All spectra were referenced to a 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS, Sigma) internal control.

Chemical shift mapping of small molecule interactions with RNA was performed by
monitoring compound titrations with 2D TOCSY and TROSY-modified 2D 1H–13C HSQC
spectra at 303 K; 100 μM 13C/15N-labeled HIV-18-52 in 100% 2H2O, 10 mM d11-Tris (pH 6.7)
was used for these experiments, and compound was titrated from a 0:1 to a 10:1 molar ratio of
compound:RNA. Spectral data were normalized to levels that were equal to 10 times the
estimated experimental noise for each experiment.

All data were processed using XwinNMR (Bruker) software, and assignments were made using
Sparky (http://www.cgl.ucsf. edu/home/sparky/).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RNA constructs and selected compounds used in this study. a) HIV-1 frameshift site RNA
stem-loop. Boxes indicate where the native uridines at positions 47, 51, and 52 have been
changed to cytidines for NMR studies (HIV-18-52). The construct is numbered starting from
the first residue of the UUUUUUA slippery sequence (not shown), which is immediately
adjacent to the 5′ end of the stem-loop. b) Frameshift site RNA with a truncated upper stem, a
native lower helix, and a 2-aminopurine substituted for the central guanosine in the three-purine
bulge (HIV-1screen). c) Sequence as in panel b, except the central guanosine remains unaltered
(HIV-1wtbulge). d) Sequence as in panel c, except the three-purine bulge has been deleted
(HIV-1Δbulge). e) Cinchonidine. f) Butamben. g) Idarubicin. h) Doxorubicin.
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Figure 2.
Fluorescence-monitored titrations of compounds with HIV-1screen RNA. Titrations are plotted
as the normalized change in fluorescence versus compound concentration. Data represent an
average of 3 titrations, with the SEM indicated. a) Doxorubicin, red squares; idarubicin, violet
triangles; butamben, green circles; and cinchonidine, blue diamonds. b) Representative data
from doxorubicin competition titrations. Data from titrations into HIV-1screen alone,
HIV-1screen in competition with 10-fold molar excess HIV-1Δbulge, and HIV-1screen in
competition with 10-fold molar excess HIV-1wtbulge are shown as red squares, pink circles,
and dark red triangles, respectively.
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Figure 3.
NMR analysis of compound binding to RNA by WaterLOGSY. 1D reference experiments
(upper spectra) and WaterLOGSY experiments (lower spectra) are grouped according to
compound. The 0 ppm internal reference standard is indicated (DSS), which also serves as a
control small molecule that does not bind RNA. The DSS signal is phased to be positive in
both the 1D reference and the WaterLOGSY experiments. Selected peaks that are specific to
each compound are indicated by asterisks.
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Figure 4.
In vitro –1 translational frameshifting efficiency as a function of doxorubicin concentration.
Frameshifting efficiencies at each compound concentration were determined by an average of
at least 10 independent experiments. Data were fit to a linear regression line with a best-fit
slope of −0.0256, an ordinate-intercept of 4.63 and an overall r2 value of 0.787. Error bars
indicate the SEM for each data point.
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Figure 5.
Localization of doxorubicin to the HIV-18-52 RNA by NMR. Peaks are labeled by residue
number, as in Figure 1, panel a. Peaks labeled in red are selectively line broadened by
doxorubicin, and peaks in gray show chemical shift changes. a) Region of the TROSY-
modified 2D 1H–13C HSQC spectra acquired showing the C8–H8 and C2–H2 correlations of
purines. b) Region of the 2D TOCSY spectra showing the H5–H6 correlations of pyrimidines.
c) HIV-1 RNA structure as in Figure 1, panel a, with residues selectively line broadened by
doxorubicin indicated in red, residues experiencing chemical shift changes indicated in gray,
and residues not affected shown in black.
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Figure 6.
UV-monitored thermal denaturation profiles for HIV-1wtbulge in the presence of varying
concentration of doxorubicin. Molar ratios of doxorubicin:RNA of 0:1, 1:1, 5:1, and 10:1 are
indicated as red, orange, blue, and violet circles and lines, respectively. Data points represent
the average of 5 independent replicates, and error bars correspond to the SEM. a) Data are
plotted as fractional hyperchromicity relative to the absorbance at 20 °C at 260 nm. Error bars
have been omitted for clarity. b) First-derivative plot of data in panel a, with fitted curves
showing the deconvoluted transitions as solid lines.
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TABLE 2

Thermodynamic effects of doxorubicin binding on HIV-1posctrlRNAa

Ratio of compound to RNA Tm1 (°C) Tm2 (°C) Hyperchromicity increase (%)b

0:1 36.1 ± 0.3 82.0 ± 0.3 21.3 ± 0.6
1:1 37.1 ± 0.3 82.1 ± 0.3 26.0 ± 0.7
5:1 39.3 ± 0.3 82.5 ± 0.3 26.4 ± 0.4
10:1 41.0 ± 0.3 83.0 ± 0.3 28.2 ± 1.0

a
Values listed represent the best-fit solutions to the van't Hoff equation. Fitting errors for Tm were less than the nominal error of the temperature probe

(0.3 °C, Varian); therefore all Tm errors were set to 0.3 °C.

b
Percentage increase in UV absorbance observed at 260 nm from 20 to 95 °C.
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