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More than a quarter century after its initial identification,
human immunodeficiency virus (HIV), the primary cause

of AIDS,1 continues to be a major health concern. Current
estimates indicate 33 million people infected worldwide with
HIV, with more than 25 million having died as a result of
complications arising from AIDS.2 Recent data show little
slowing of this trend, with 2.7 million people becoming newly
infected with HIV and 2 million people dying from AIDS in
2007.2 Great advances have been made, however, including the
production of many drugs targeting the protease, reverse tran-
scriptase, and integrase functions of the enzymatic proteins
produced by HIV-l.3�6 These drugs, when taken together in
the form of highly active antiretroviral therapy (HAART), have
proven successful in delaying mortality while maintaining the
infection at very low viral loads.7�10 However, the ability of HIV
to develop resistance to these drugs is an ongoing and increas-
ingly concerning problem, particularly due to the prevalence of
multidrug-resistant mutants.11�15

In an attempt to address this problem, recent research has
focused on the -1 translational frameshift required by HIV during
its replication cycle.16�21 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.22,23

This frameshift site (FS) 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.24,25

As a result of the -1 translational frameshift, which occurs with
an efficiency of approximately 5%,22,26�31 the structural and
enzymatic proteins (encoded by the gag and pol genes, re-
spectively) are found in an approximately 20:1 molar ratio. 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.17,31,32

The requirement of -1 translational frameshifting for viral replica-
tion presents a putative drug target that several recent studies have
attempted to exploit.17�21,33 The first of these studies was carried out
more than a decade ago, where a smallmolecule identified as part of a
screen of 56,000 compounds was found to stimulate frameshifting in
HIV-1.17 This small molecule, 1,4-bis[N-(3-N,N-dimethylpro-
pyl)amidino]benzene tetrahydrochloride, was termed RG501 in
the screening study17 and named DB213 by its original synthesizers
(Arvind Kumar and David Boykin, Georgia State University).
Hereafter, we will use the name DB213. Although DB213 was
hypothesized to bind to the HIV-1 FS RNA,17 this has never been
demonstrated. The binding affinity of DB213 for RNA and its
specificity for the HIV-1 FS RNA were unknown.

Our lab has previously investigated the thermodynamics and
structure of the HIV-1 FS RNA.19,33�35 Here, we investigate
DB213 binding to the HIV-1 frameshift site RNA (Figure 1) and
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ABSTRACT: Programmed -1 translational frameshifting is an essential event in
the replication cycle of HIV. Frameshifting is required for expression of the viral
Pol proteins, and drug-like molecules that target this process may inhibit HIV
replication. A small molecule stimulator of HIV-1 frameshifting and inhibitor of
viral replication, DB213 (RG501), was previously discovered from a high-
throughput screen. However, the mechanistic basis for this compound’s effects
was unknown, and to date no structural information exists for small molecule
effectors of frameshifting. Here, we investigate the binding of DB213 to the
frameshift site RNA and have determined the structure of this complex byNMR.
Binding of DB213 stabilizes the RNA and increases its melting temperature by
10 �C. The ligand binds to a primary site on the RNA stem-loop, although nonspecific interactions are also detected. The compound
binds in the major groove and spans a distance of 9 base pairs. DB213 hydrogen bonds to phosphate groups on opposite sides of the
major groove and alters the conformation of a conserved GGA bulge in the RNA. This study may provide a starting point for
structure-based optimization of compounds targeting the HIV-1 frameshift site RNA.
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determine the NMR structure of the complex. This is the first
structure of a complex between the HIV-1 FS RNA and a small
molecule that targets frameshifting.

’RESULTS AND DISCUSSION

Binding of DB213 to the HIV-1 RNA. To investigate whether
DB213 binds to the HIV-1 FS RNA, we used a stem-loop
construct that has been previously characterized by our
laboratory34,36 (Figure 1a). A water-ligand optimized gradient
spectroscopy (WaterLOGSY) NMR experiment37,38 was used to
investigate whether DB213 binds directly to the RNA (Figure 2).
This is a sensitive binding assay that has been used previously to

investigate small molecule binding to this33 and other RNAs.39

Previously, we found that the WaterLOGSY assay can be used to
distinguish between small molecules that bind to the RNA and
false positives obtained from a high-throughput screen.33 The
WaterLOGSY experiment detects binding as a change in sign of
the ligand resonances when the small molecule interacts with the
more slowly tumbling macromolecule. Indeed, this is what is
observed with DB213, indicating that it binds to the HIV-1 FS
RNA stem-loop (Figure 2). In contrast, a small molecule that
does not bind to the RNA (DSS, 2,2-dimethyl-2-silapentane-5-
sulfonic acid), has a peak that does not change sign in the
presence of RNA (Figure 2) and serves as a negative control.
DB213 Increases HIV-1 RNA Stability. To determine the

effect of DB213 addition on the RNA stability, UV-monitored
thermal denaturation of the RNA was performed in the presence
of varying concentrations of DB213. We found that DB213
stabilized both the lower helix (residues 8�14 and 46�52) and
the upper stem-loop (residues 16�41) of the RNA, with a
stability increase of approximately 10 �C at a concentration of
100 μM (Figure 3); higher concentrations could not be tested
due to the absorbance of the compound. An increase in stability
of the RNA is still observed in a buffer containing 100 mM KCl
(Supplementary Figure S1). Since DB213 is a tetracation at pH
7.0, we hypothesized that the increase in stability may reflect
electrostatic interactions between the ligand and the RNA rather
than binding per se. In fact, addition of 100 μM spermine
(a tetracation that can bind to RNA) into the RNA gave similar
results (data not shown). Therefore, the observed stability
increase upon DB213 binding is consistent with electrostatic
interactions between the ligand and the RNA; however, these
data do not address the issue of binding specificity.
NMR Investigation of the DB213-RNA Complex.NMR was

used to further investigate the interaction of DB213 with the
HIV-1 FS RNA. Titrations of DB213 into 13C/15N-labeled HIV-
1 FS RNA showed that a subset of residues experience chemical
shift changes upon addition of the ligand up to 1:1 stoichiometry
(Figure 4a). These chemical shift changes map to the center of
the RNA, including the GGA bulge. The magnitude of the
combined chemical shift changes for seven 1H�13C correlations
exhibiting a linear change in chemical shift indicative of two-state

Figure 1. Schematic diagrams of the HIV-1 RNA frameshift site stem-
loop and DB213. (a) HIV-1 frameshift site RNA stem-loop. Residues in
outline indicate where uridines commonly found at positions 47, 51, and
52 were changed to cytidines to stabilize the RNA and improve its
folding properties.35 The construct is numbered starting from the first
residue of the UUUUUUA slippery sequence (not shown), which is
immediately adjacent to the 50 end of the stem-loop. (b) Structure of
DB213 (1,4-bis[N-(3-N,N-dimethylpropyl)amidino]benzene tetra-
hydrochloride), with carbon atoms labeled according to their respective
positions relative to the central benzdiamidine.

Figure 2. NMR analysis of HIV-1 FS RNA and DB213. 1D reference
experiment (upper spectrum) and WaterLOGSY experiment (lower
spectrum). Both experiments were performed on a mixture of DB213
and RNA (10:1 molar ratio). 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. Residual water signal
(∼5 ppm) has been removed for clarity and DB213 peaks are indicated
and numbered, with Hbenz representing ambiguous hydrogens attached
to carbons in the benzdiamidine group, Hme representing ambiguous
hydrogens attached to the terminal methyls in the dimethyl ammonium
groups, and H3, H4, and H5 representing ambiguous hydrogens attached
to the symmetric carbons labeled as 3, 4, and 5 in Figure 1, respectively.

Figure 3. Effects of DB213 on RNA stability. First derivative plots of
UV-monitored thermal denaturation of RNA in the presence of 0 μM
DB213 (black circles) or 100 μM DB213 (gray circles). Data fitting
results are indicated by black and gray lines for 0 and 100 μM DB213,
respectively. At 0 μM DB213, the transition melting temperatures for
the lower helix (Tm1) and upper stem-loop (Tm2) are 70.9 ( 0.3 and
86.3 ( 0.3 �C, respectively, whereas at 100 μM DB213 these tempera-
tures are 80.3 ( 0.3 and 94.2 ( 0.3 �C, respectively.



859 dx.doi.org/10.1021/cb200082d |ACS Chem. Biol. 2011, 6, 857–864

ACS Chemical Biology ARTICLES

binding (U15 C6/H6, G42 C8/H8, G43 C8/H8, A44 C8/H8
and C2/H2, A45 C2/H2 and C8/H8) was plotted against
DB213 concentration and fit using the modified Hill equation40

to obtain an apparentKd of 360( 26 μMand aHill coefficient of
1.8 ( 0.2 (Figure 4a). Evidence for non-two-state binding
behavior is observed at one site (C16) (Figure 4a). This apparent
non-two-state behavior may reflect a conformational change
and/or additional binding events. Nonspecific interactions are
seen in NMR experiments at higher ligand concentrations. When
ligand is in excess of 1:1 stoichiometry, a second set of peaks
(corresponding to the lower helix residues 8�14 and 46�52)
start to display chemical shift changes and NOEs to the ligand,
indicating binding at a second site (data not shown). This is
consistent with the Hill coefficient of 1.8 obtained from fitting
the NMR data. Additionally, the apparent cooperativity reported
by the Hill coefficient could also arise from favorable electrostatic
contributions from the ligand. We conclude that DB213 has a
preferred binding site on the RNA (apparent Kd = 360 μM) but

also displays nonspecific interactions. It is likely that these
nonspecific interactions are a consequence of electrostatic inter-
actions between the DB213 tetracation and the RNA.
2D NOESY experiments were performed with an equimolar

ratio of DB213 to RNA (750 μM of each). A total of 42
intermolecular NOEs were observed (Figure 4b). These NOEs
are unambiguously intermolecular, since the RNA does not have
chemical shifts in the 2�3 ppm range. Although the complex is in
fast exchange with respect to the NMR time scale, the inter-
molecular NOEs report the bound conformation and are simul-
taneously satisfied by a single bound molecule of DB213 without
violation in all low energy structures. We note that due to the
rigid nature of the ligand, a second binding site would necessarily
result in additional NOEs that could not be satisfied by a single
bound orientation of the ligand. The structure of the DB213-
RNA complex was determined using HADDOCK 2.041�43 and
refined in implicit solvent using AMBER 9.44 The 10 lowest
energy structures are shown (Figure 5).

Figure 4. Localization and apparent affinity of DB213 binding to the HIV-1 FS RNA. (a) Three of seven selected peaks from a 2D 13C-TROSY-HSQC-
monitored titration of DB213 into the RNA (above). Resonances that display linear changes in 1H and 13C chemical shift indicative of two-state binding
behavior (corresponding to nucleotides U15, G42, G43, A44, and A45) were grouped and analyzed by nonlinear curve fitting to determine an apparent Kd

(below). The C16 C5�H5 resonance was omitted from the curve fit owing to apparent non-two-state behavior. Error bars indicate the SEM for each data
point. (b) Regions of 2D 1H�1HNOESY spectra (400msmixing time)whereNOEs betweenDB213 and theRNA are observed are shown, and resonance
assignments for RNA and DB213 are indicated as numbered in Figure 1, with ambiguous DB213 hydrogen resonances labeled as described in Figure 2.
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DB213 is positioned in the major groove of the upper stem-
loop (Figure 5a). In the majority of the structures in the
ensemble (6 out of 10), the complex is stabilized by two
hydrogen bonds between the amino groups of DB213 and the
phosphate oxygens of residues 17 and 34 on opposite sides of the
helix, across the major groove (Figure 5b). This is in agreement
with peaks observed in the complex that are consistent with

hydrogen-bonded amino protons on DB213 (Supplementary
Figure S2). Surprisingly, the central benzdiamidine ring does not
stack on the RNA bases but rather is positioned in the major
groove orthogonal to the bases and acts as a linker that positions
the amino groups toward the phosphate groups. Additionally,
most of the DB213 ligand, with the exception of the central
benzdiamidine ring, is buried in the major groove and in van der
Waals contact with the RNA (Figure 5c). A terminal methyl group
of DB213 stacks upon the C9-G34 base pair, and the dynamic
GGA bulge36 undergoes a conformational change upon ligand
binding by adopting a more compact structure. This is consistent
with the observed chemical shift changes upon DB213 binding,
since the bulge conformation is altered from that previously
observed in the free form of the RNA 36 (Supplementary Figure
S3). It is likely that the conformational change in the bulge
structure is transmitted through a change in geometry of the
flanking C9-G34 base pair, which is slightly buckled due to
accommodation of the ligand (Figure 5c). The more compact
bulge structure in turn provides a better stacking interface for the
lower helix (Supplementary Figure S4) andmay contribute (along
with favorable electrostatic effects) to the observed increase in
stability for the lower helix (Figure 3). Remarkably, the observed
DB213 ligand binding site spans a distance of 9 base pairs, from the
C9-G34 base pair to the C17-G26 base pair.
Based on these observations, we have several hypotheses

regarding the binding site selection of DB213 on the HIV FS
RNA. As DB213 spans a distance of 9 base-pairs in the major
groove, we hypothesize that a 9 bp helix is required for optimal
binding. This explains why DB213 is found bound to the 11 bp
upper stem-loop of the RNA and not to the 8 bp lower helix.
Additionally, the HIV FS RNA is exceptionally stable (Tm >
90 �C),36 which may facilitate DB213 binding, as helical fraying
may adversely affect binding. Finally, the exceptional stability of
the upper stem-loop is owed in part to the G-C rich nature of this
RNA, and helices rich in G-C pairs have more electronegative
major grooves than helices rich in A-U pairs.45 Therefore, the
highly electronegative major groove of the upper stem-loop
provides an ideal binding site for DB213.
Although we find that DB213 binds to theHIV-1 FSRNAwith

only modest affinity (Kd = 360 μM), these results are consistent
with the in vitro and cell culture results described in the initial
identification of DB213 as a frameshifting stimulator.17 These
studies showed that concentrations of 500 μg mL�1 (1.5 mM)
were required for the maximal inhibitory effect upon HIV-1
replication in cell culture. Although a high concentration of
DB213 was also found to have cytotoxic effects,17 the therapeutic
index (LD50/ED50) for a 50% decrease in viral replication in cell
culture was found to be >10, and some FDA approved drugs have
narrower therapeutic indices.
The RNA�ligand complex is stabilized by van der Waals

contacts in addition to two hydrogen bonds between the amino
groups of DB213 and the phosphate backbone of the RNA
(Figure 5). These relatively nonspecific interactions are consistent
with the observed frameshift-stimulating effects of DB213 on
several of the frameshift site RNAs previously tested.17 In accor-
dance with these results and our structural data, we hypothesize
that DB213 is capable of interactingwith any RNA that has amajor
groove spanning 9 base pairs. Indeed, DB213 binds to a stem-loop
fromU6 RNA that contains 11Watson�Crick pairs, as evidenced
byWaterLOGSY (data not shown). Therefore, specificity is likely
to be a major hurdle for the development of related compounds
that target HIV-1 RNA. For example, the human genome is

Figure 5. Structure of the DB213-RNA molecular complex. RNA
structural elements are colored as follows: backbone and ribose rings
(gray), lower helix bases (blue), upper stem-loop bases (red), GGA
bulge bases and flanking base-pairs (violet). (a) Overlay of the 10 lowest
energy structures. DB213 is located in the major groove of the RNA and
spans from the U23-A34 to the U17-A40 base-pairs. (b) Potential
hydrogen bonds between the amino groups of DB213 and phosphate
oxygens on the RNA (green dashed lines connecting red and white
spheres). Only solvent-exchangable hydrogens on DB213 are shown
and the RNA is shown as a simple ladder model for clarity. One
hydrogen bond can be formed between an amino group on DB213
and one of the phosphate oxygens of A34, with an additional bond
formed between the other amino group and one of the phosphate
oxygens of U17. (c) Rotated views of the lowest energy structure
indicating van der Waals interactions between DB213 and the RNA
(shown as surface representations). van der Waals contacts are observed
between DB213 and the following: C16 (N4, H42, C4, C5), U17 (O4,
C5, H5, C4), G18 O6, G26 O6, A34 (N7, N6, H61), A35 (N6, H61), C39

(N4, H41), A40 (N6, H62), and G41 O6.
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predicted to encode for 9,404 potential RNA folds with helices
containing 15 or more base pairs.50 Therefore, the exact mode of
action of DB213 in stimulating frameshifting is still unclear, as it
could also more generally affect translation by binding to tRNA
or rRNA.
DB213 has interesting structural properties for an RNA-

binding ligand. The benzamidine groups on the central ring are
common substituents of nucleic acid ligands. For example, the
fluorescent stain 40,6-diamidino-2-phenylindole (DAPI) is a
benzamidine-containing compound that intercalates into DNA,
and derivatives of linked benzamidine compounds (diamidines)
have been produced that bind DNA selectively.46 Aromatic
diamidines are potent trypanocides and pentamidine has been
used for over 60 years to treat African trypanosomiasis (sleeping
sickness).47 New improved diamidines, such as the arylimida-
mides, have potent antileishmanial activity.48 Another interesting
feature of DB213 is its dimethylated quaternary ammonium
cations. A recently identified benzimadazole inhibitor of the
HCV IRES also binds RNA through an aromatic group sub-
stituted with two alkyl dimethylated quaternary ammonium
cations.49 Hence DB213 has molecular features that may be of
general importance for a variety of nucleic acid binding ligands.
It may be possible to optimize DB213, or derivatives of it, to

increase specificity and affinity for the HIV-1 FS RNA. One way
of accomplishing this is through a fragment-based drug discovery
approach.51 This approach has been successfully applied to
protein targets for many years but has only recently been applied
to RNA.52 The recent push to develop RNA-focused fragment
libraries may facilitate this approach.47 In this regard, DB213 or
its derivatives may be considered as RNA-focused fragments. For
instance, a molecule akin to DB213 might be linked to com-
pounds that bind the conserved ACAA tetraloop on the HIV-1
RNA, such as guanidinoneomycin B,19 or to compounds that
target the GGA bulge, such as doxorubicin.33 Linking these
molecules together may provide additional affinity and specificity
for theHIV-1 RNA and therefore lead to the development of lead
compounds that specifically target HIV-1 frameshifting.

’METHODS

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 ribonucleo-
tide triphosphates (Sigma-Aldrich) as described previously.53 Briefly,
RNA was purified by denaturing 10% polyacrylamide gel electrophor-
esis, recovered by diffusion into 0.3 M sodium acetate, precipitated with
ethanol, purified by anion exchange chromatography, again precipitated
with ethanol, and desalted. The purified RNA was lyophilized, resus-
pended in an appropriate buffer (10 mM HEPES or 10 mM d11-Tris),
and brought to pH 7.0 by the addition of 1 M KOH.
SynthesisofBis[N-(3-dimethylaminopropyl)amidino]benzene

Tetrahydrochloride (DB213). A stirred, cooled mixture of 6.4 g
(0.05mol) of 1,4-dicyanobenzene, 80mL ethanol, and 75mL dry chloroform
was prepared, and dry HCl gas was passed through it until saturation. The
mixture was allowed to stir at RT for 3�4 days until the reactionwas complete
(checked by IR for the disappearance of the C�N band). Upon dilution with
dry ether, awhite solid appeared.Thiswas filtered,washedwith ether, anddried
in vacuum at 35 �C for 6 h, resulting in a yield of ll.8 g (80.5% yield) of bis-
imidate ester hydrochloride. This ester was used directly without further
purification in thenext step.A1.46 g (0.05mol) portionof thebis-imidate ester
hydrochloride was dissolved in 25 mL of absolute ethanol and placed under
nitrogen, and 1.53 g (0.15mol) ofN,N-dimethylpropylamine was added. The

mixture was stirred at RT for 12 h, where the volume was reduced to 10 mL.
After cooling, the white solid which formed was filtered, washed with (1:1)
ether/ethanol, washed again with ether, and dried under vacuum for 3 h. The
white solid was dissolved in 10 mL ethanol, treated with 15 mL of saturated
ethanolic HCl and stirred at 60 �C for 3 h. The solvent was removed, and the
compound was dried under vacuum at 70 �C for 24 h, to give 0.86 g (33%
yield) of white solid, mp 278�289 �C dec. 1H NMR (at 60 �C in D2O/d6-
DMSO): δ, 7.9 (s, 4H), 3.6 (t, J 7.8 Hz, 4H), 3.28�3.22 (m, 4H), 2.86 (s,
12H), 2.2�2.1 (m, 4H). 13C NMR (at 60 �C in D2O/d6-DMSO): δ, 164.8,
134.2, 129.9, 56.1, 44.2, 41.3, 23.6. Anal. Calcd for C18H32N6 34(HCl) 3H2O:
C, 43.55; H, 7.71; N, 16.93. Found: C, 43.53; H, 7.48; N, 16.72. Elemental
analysis was performed by Atlantic Microlab Inc. (Norcross, GA).
UV Spectroscopy. Thermal denaturation of the HIV-1 FS RNA was

performed in the presence of varying concentrations of DB213 or spermine
using a Cary Model 100 Bio UV�vis spectrophotometer equipped with a
Peltier heating accessory and temperature probe. All samples contained
10mMHEPES (pH 7.6�6.4 over the range of the assay), 20mMKCl, and
5 μM RNA in a volume of 1 mL. Prior to data collection, samples were
heated to ∼95 �C and quickly cooled to ensure homogeneous folding.
DB213 or spermine was then added, and samples were heated from 20 to
95 �C at a rate of 1 �Cmin�1, with absorbance data collected at 270 nm in
0.5 �C increments. A minimum of three replicates were acquired for each
compound concentration. The data were corrected for compound con-
tributions to UV270 absorbance, normalized at 20 �C, derivatized, and fit
using a nonlinear least-squares fit to solve for Tm as previously described.54

Data analysis was performed using Prism 4.3 (GraphPad).
NMR Spectroscopy. All NMR spectra were obtained on Varian

Inova (900 MHz) and Bruker Avance DMX (600 and 750 MHz) spectro-
meters at the National Magnetic Resonance Facility at Madison
(NMRFAM). The spectrometers at NMRFAM were equipped with single
z-axis gradient proton, carbon, nitrogen cryogenically cooled probes.
Exchangeable resonances were assigned by reference to 2D NOESY (150
and 400 ms mixing times) spectra of the RNA-ligand complex collected in
90% H2O/10%

2H2O, 10 mM d11-Tris (temperature-corrected pH 7.3) at
283 K. Water suppression for these experiments was achieved by using a
WATERGATE pulse sequence.55 Nonexchangeable resonances were as-
signed by reference to 2DNOESY (50, 250, and 400msmixing times) and
2D 1H�1H TOCSY spectra of the RNA-ligand complex collected in 100%
2H2O, 10 mM d11-Tris (temperature-corrected pH 6.6) at 308 K.

Confirmation of ligand binding to RNA was performed in 90%H2O/
10% 2H2O, 10 mM d11-Tris (temperature-corrected pH 7.3) at 283 K
using the water-ligand optimized gradient spectroscopy experiment
(WaterLOGSY)37,38 in conjunction with acquisition of 1D reference
spectra of the RNA-ligand mixture. Water suppression for these experi-
ments was achieved using aWATERGATEwater suppression scheme.55

WaterLOGSY spectra were collected as previously described.33 All
spectra were referenced to a 2,2-dimethyl-2-silapentane-5-sulfonic acid
(DSS, Sigma) internal control.

The ligand-binding site on the RNAwasmapped bymonitoring chemical
shift perturbations upon titration of ligand into RNA using 2D 1H�13C
TROSY-HSQC (Supplementary Figure S5) experiments at 308 K. 100 μM
13C/15N-labeled HIV-1 FS RNA in 100% 2H2O, 10 mM d11-Tris (pH 6.6)
was used for these experiments, and ligand was titrated from a 0:1 to a 64:1
molar ratio of ligand:RNA. Spectral data were normalized to levels equal to
10 times the estimated experimental noise for each experiment.

Changes in chemical shift in the 1H and 13Cdimensionswere normalized
to their respective gyromagnetic ratios and combined (ΔδH,C). Residues
most affected by ligand addition were then fit to the equation:

ΔδH;C ¼ Δδmax
2R

ðRþ Lþ KdÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRþ Lþ KdÞ2 � 4RL

q� �
ð1Þ

where Δδmax is a scaling parameter representing the response at maximal
binding, R is the total concentration of RNA, L is the total concentration of
ligand, and Kd is the apparent dissociation constant. Results for individual
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residueswere normalized to their respectiveΔδmax values, combined, and fit
to the modified Hill equation:40

fB ¼ Δδmax

1þ Kd

Lfree

� �nH ð2Þ

where fB is the fraction of RNA bound by the small molecule (equivalent
toΔδH,C above), nH is theHill coefficient, Lfree is the concentration of free
ligand, andΔδmax andKd are as described above. Fitting the chemical shift
changes to eq 1 yields aKd = 399( 55 μM,whereas fitting to eq 2 yields a
Kd = 360( 26 μM.TheseKd values are not statistically different, although
a better fit was obtained with the Hill equation and a coefficient = 1.8.

Dipolar coupling datawere acquired at 308Kusing an equimolarmixture
of 1.5 mM RNA and DB213 at natural abundance 13C (1.1%) using a 2D
1H�13CTROSY-HSQCpulse sequence similar to the one discussed above
(Supplementary Figure S5), with the differences discussed in the Support-
ing Information. Isotropic coupling data was collected in 100% 2H2O,
10 mM d11-Tris (pH 6.6). After collection, Pf1 filamentous bacteriophage
(ASLALtd., Riga, Latvia) was added to afinal concentration of 15mgmL�1

to induce partial sample alignment, and anisotropic dipolar couplingswere
collected. Residual dipolar couplings (RDCs) were then calculated as the
difference between dipolar coupling values for isotropic and partially
aligned samples. PALES software (http://spin.niddk.nih.gov/bax/soft-
ware/PALES)56 was used to estimate the values for the axial (Da) and
rhombic (R) components of the alignment tensor from converged, low
energy structures calculated using HADDOCK 2.041�43 in the absence
and presence of RDCs. After multiple rounds of structure calculations and
refinement of the alignment tensor, the optimal Da and R values were
found to be �34.0 Hz and 0.207, respectively.

All data were processed using XwinNMR (Bruker) or NMRPipe57

software, and assignments were made using Sparky (http://www.cgl.
ucsf.edu/home/sparky/).
Structure Calculations. NOE distance restraints were categorized

as strong (2.25�3.75 Å), medium (2.5�4.5 Å), or weak (3.0�7.0 Å) on
the basis of the integrated peak volumes obtained from 2D NOESY
spectra (50, 250, and 400 ms mixing times). Intermolecular NOEs were
grouped into two categories:medium(2.0�6.0 Å) andweak (2.5�6.5 Å).
To account for possible spin diffusion effects, only intermolecular NOEs
that could be observed at 250 ms mixing time were used. Torsion angle
restraints (anglesR, β, γ, δ, ε, ζ, ν1, ν2, and χ) for residues 8�14, 16�26,
31�41, and 46�52 were constrained to A-form values58�60 ((15�),
which were consistent with NOESY and TOCSY data. Additionally,
A-form phosphate backbone restraints for these regions were incorpo-
rated as previously described.61 Torsion angles for residues in the ACAA
tetraloop (residues 27�30) and around the GGA bulge (residues 15 and
42�45) were left unrestrained, with the exception of experimentally
validated glycosidic (χ) and sugar pucker angles (ν1, ν2). Residues with
strong H10-H20 and H10-H30 cross-peaks (C28) in 2D 1H�1H TOCSY
(40 ms mixing time) spectra were restrained to the C20-endo range (ν1 =
35( 15�, ν2 =�35( 15�), residues without H10-H20 cross-peaks (A27,
G41) were restrained to the C30-endo range (ν1 =�25( 15�, ν2 = 36(
15�), and residues which displayed an intermediate H10-H20 cross-peak
(U15, A29, A30, G42, G43, A44, A45), indicative of an averaging of sugar
puckers, were left unrestrained. Glycosidic torsion angles were assigned by
reference to the 50 ms mixing time NOESY spectra. Residues with
medium to weak H10-H6/H8 NOEs and strong H20-H6/H8 NOEs were
considered to be in the anti conformation. All helical residues were
determined to be in the anti range and were restrained to χ = �158 (
15�. Residues with an indeterminate sugar pucker were very loosely
restrained to the anti range χ = �180 ( 90�, while C28 has a C20-endo
sugar pucker that in turn influences the range of available χ angles. TheC28
χ angle was restrained to χC20-endo =�125( 30� as previously described.53
Hydrogen-bond distance restraints were used for all base pairs identified by

NOESY experiments. Weak planarity restraints were used to enforce base
pairing during initial generation of structures as previously described,53 but
these restraints were removed during structure refinement. Due to the fast
exchange of the ligand, the symmetry of the unbound state is maintained as
evidenced by degenerate chemical shifts. Therefore, partially ambiguous
restraints were used for all intermolecular NOEs. To account for possible
spin diffusion effects, only intermolecular NOEs that could be observed at
250 ms mixing time were used.

HADDOCK 2.041�43 was used to combine the previously determined
HIV-1 FS RNA structure36 (PDB 1Z2J) with DB213 using a rigid-body
docking procedure. The starting conformation of DB213 was generated
using SYBYL 7.3 and energy-minimized. Docked structures were then
subjected to 8 ps of restrained molecular dynamics in torsion angle space,
8 ps of slow cooling, and 14.5 ps of restrained molecular dynamics in
Cartesian coordinate space. During the final phase of the restrained
molecular dynamics refinement, force constants of 85 kcal mol�1 Å�2,
200 kcal mol�1 rad�2, 100 kcal mol�1 rad�2, and 0.5 kcal mol�1 Hz�2

were used for distance, dihedral, planarity and RDC restraints, respec-
tively. Parameter and topology files for DB213 were created using
XPLO2D.62�67 Charges for DB213 were assigned by reference to the
CHARMM general force field for drug-like molecules (CGenFF)68 and
incorporated into the topology file. Parameter and topology files are
included in Supporting Information.

Docked structures were refined for 50 ps by using a generalized Born
implicit solvent model69 in AMBER 9.44 In all AMBER calculations, the
amber99 forcefield70was usedwith force constants of 50 kcalmol�1Å�2 for
distance restraints and 200 kcalmol�1 rad�2 for angle restraints. Charges for
DB213 were calculated using the generalized AMBER force field (GAFF)71

in AMBER 944 and used during refinement. All other parameters were as
previously described.72 Final structures were accepted based on criteria of
lack of NOE violations >0.5 Å, lack of dihedral violations >5�, and lowest
overall energy. These structures were used to back-calculate RDC values
using PALES,56 resulting in a Q-value of 0.158, an r2 value of 0.973, and a
rmsd for observed versus back-calculated RDCs of 4.1 Hz (Supplementary
Figure S6). Structures were viewed and analyzed using MOLMOL,73 and
figures were created using PyMol (http://www.pymol.org). Structural
statistics are presented in Supplementary Table S1.
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