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Abstract
Aminoglycoside antibiotics are small-molecule drugs that bind RNA. The affinity and specificity of
aminoglycoside binding to RNA can be increased through chemical modification, such as
guanidinylation. Here, we report the binding of guanidinoneomycin B (GNB) to an RNA helix from
the HIV-1 frameshift site. The binding of GNB increases the melting temperature (Tm) of the
frameshift-site RNA by at least 10°8C, to a point at which a melting transition is not even observed
in 2M urea. A structure of the complex was obtained by using multidimensional heteronuclear NMR
spectroscopic methods. We also used a novel paramagnetic-probe assay to identify the site of GNB
binding to the surface of the RNA. GNB makes major-groove contacts to two sets of Watson–Crick
bases and is in van der Waals contact with a highly structured ACAA tetraloop. Rings I and II of
GNB fit into the major groove and form the binding interface with the RNA, whereas rings III and
IV are exposed to the solvent and disordered. The binding of GNB causes a broadening of the major
groove across the binding site.
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Introduction
The expression of the enzymes of human immunodeficiency virus 1 (HIV-1) requires a
programmed —1 ribosomal frameshift between the gag and pol reading frames.[1] Without
the —1 frameshift, translation is terminated at a stop codon at the 3′ end of gag, and only the
Gag polyprotein, which contains structural proteins, is produced. The —1 frameshift allows
the translation of the pol genes, which are expressed in the form of a Gag-Pol fusion protein.
Upon proteolysis, Gag–Pol gives rise to the reverse transcriptase, protease, and integrase
enzymes in addition to the structural proteins contained in Gag. The frameshift occurs with 5–
10% efficiency; thus, a 20:1–10:1 ratio of Gag to Gag–Pol results.[1–4] The stoichiometry is
highly conserved among retroviruses and is important for viral-RNA dimerization and
propagation.[5] An increase or decrease in frameshift efficiency leads to a significant reduction
in the production of infective virus particles.[6,7]
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The frameshift event is induced by two RNA elements between the gag and pol genes in the
viral RNA: a heptanucleotide slippery sequence (UUUUUUA) within which the frameshift
occurs, and a highly conserved stem-loop structure immediately downstream from the slippery
site (Figure 1A).[1, 2, 8] We determined the structure of the stem loop of the HIV-1 frameshift
site by NMR spectroscopy[9, 10] (Figure 1A, B). The stem loop is highly thermostable, with
Tm>90°C.[10] The ribosomal frame-shifting efficiency for HIV-1 is directly correlated to the
thermal stability of the stem loop.[8,11] The precise mechanism by which the HIV-1 frameshift
site induces ribosomal frameshifting remains unknown. The stem loop may be a poor substrate
for the ribosomal helicase[12] or function as a thermodynamic obstacle to the translating
ribosome.[11]

Owing to its critical function and extremely high sequence conservation, the frameshift-site
stem loop is an attractive target for drug development.[6,13,14] Small molecules that bind the
frameshift site may alter its structure or stability and thereby affect frameshift efficiency. A
novel but toxic small molecule that increases the rate of frameshifting has been shown to inhibit
HIV-1 replication in vivo.[6]

The electrostatic surface of the frameshift-site stem-loop structure reveals a highly
electronegative pocket (Figure 1 B). Seven G–C pairs in the stem loop contribute to a
pronounced electronegative potential in the major groove. We hypothesized that this
electronegative pocket, which is capped by a structured ACAA tetraloop, would make an
attractive binding site for positively charged small molecules.

Aminoglycosides are a large family of naturally occurring cationic polyamines, which have
been reported to bind to a wide variety of RNA structures.[15–27] The binding affinity of this
class of molecules is driven by electrostatic interactions between the ammonium groups of the
aminoglycosides and the RNA;[28,29] hence, aminoglycosides with larger numbers of amino
groups are typically more potent RNA binders.[30] Aminoglycosides bind preferentially to
RNA over DNA and tend to bind in the major groove of RNA.[31,32] They bind to RNA sites
otherwise occupied by metal ions.[33–36] Shape complementarity between the covalently
linked ammonium groups and the negative electrostatic potential of the RNA is required for
specific binding.[29,37] Despite the ability of aminoglycosides to bind at specific sites of RNA,
the major contribution of electro static interactions to binding gives rise to a high degree of
promiscuity in RNA–aminoglycoside binding.[30] The synthetic modification of
aminoglycosides has been a major focus in the search for antiviral and antitumor agents.[38–
40]

Guanidinoglycosides are a synthetically produced family of small molecules in which the
ammonium groups of aminoglycosides have been replaced by guanidinium groups in an effort
to improve the RNA-binding affinity and specificity of aminoglycosides (Figure 1C).[41]
Guanidinoglycosides have been shown to bind RNA,[41] to enter cells efficiently,[42] and to
inhibit HIV-1 replication in vivo.[43] Like their aminoglycoside precursors,
guanidinoglycosides bind preferentially to RNA over DNA and show selectivity between RNA
molecules.[41] They were also shown to have a higher binding affinity and selectivity than
aminoglycosides by using the HIV-1 Rev-response-element RNA as a model system.[41]

Here, we describe our investigations into the 1:1 binding of guanidinoneomycin B (GNB) to
the HIV-1 frameshift site. The solution structure of the complex was determined by using
multidimensional heteronuclear NMR spectroscopic methods. We present the first structural
view of HIV-1 frameshift-site RNA in a complex with a small molecule.
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Results
Several different aminoglycoside drugs and their derivatives were screened for their ability to
stabilize the frameshift-site RNA by UV spectrophotometric analysis of thermodynamic
melting profiles (data not shown). The guanidinoglycoside derivative of neomycin B, GNB,
[43] was the most stabilizing of all compounds tested. No RNA melting transition was observed
in the presence of 2.5 µm GNB, even when 2m urea was added as a denaturant (Figure 2). We
reasoned that the lack of an observable melting transition was due to a very high thermodynamic
stability induced by GNB binding. In 5 M urea, the free RNA exhibits a single melting transition
centered at 83°C. This thermal stability is consistent with the results of previous studies.[10]
The addition of GNB increases the melting transition to at least 93°C, although the large
increase in the stability of the complex does not allow visualization of the entire melting curve
(Figure 2). Therefore, we conclude that GNB binds the HIV-1 stem loop and is capable of
increasing significantly its already considerable thermodynamic stability.

NMR spectroscopic analysis of the RNA–GNB complex
GNB binding to the frameshift-site stem loop was monitored by 2D 1H,1H TOCSY (Figure 3).
The 2D TOCSY fingerprint of a well-folded RNA molecule contains a single correlation for
each pyrimidine base in the molecule and provides a simple diagnostic for both the folding of
RNA and its interactions with ligands.[44] The 2D TOCSY spectrum of the frameshift-site
stem-loop RNA contains 10 well-dispersed peaks, one for each pyrimidine base (Figure 3A).
Upon the addition of a sub-stoichiometric amount of GNB (0.6:1), a second set of 10 peaks,
which correspond to the bound RNA conformation, was observed (Figure 3B). The presence
of two complete sets of peaks indicates slow exchange from the bound to the unbound
conformation. At a GNB–RNA stoichiometry of 1.25:1, only peaks corresponding to the bound
conformation were observed (Figure 3C); this indicates that the RNA is completely bound by
GNB. The single set of ten peaks for the bound conformation indicates that the RNA adopts a
single, well-defined conformation upon GNB binding.

Chemical-shift-mapping experiments revealed significant chemical-shift changes throughout
the RNA molecule upon GNB binding, except at the 5′ and 3′ ends. This observation is
consistent with a Coulombic end effect, which suggests that the binding of cationic ligands to
the ends of nucleic acids is less favorable than binding at central locations.[45] Significant
chemical-shift perturbations were observed primarily in the major groove (data not shown).
Therefore, the major groove is the likely binding region. The distribution of chemical-shift
changes throughout the length of the RNA major groove made it impossible to characterize
the GNB-binding site more precisely by this method.

Intermolecular interactions between GNB and the RNA were identified by a combination of
standard 2D 1H,1H NOESY experiments and filtered, edited NOESY experiments
of 13C/15N-labeled RNA and unlabeled GNB. Only intermolecular NOEs were observed in
the filtered and edited NOESY experiments.[46] Four intermolecular NOEs were observed
between rings I and II of GNB and the frameshift-site stem loop RNA. An intermolecular NOE
to G16 is shown as an example (Figure 4). No intermolecular NOEs were observed between
rings III and IV of GNB and the RNA.

In contrast to the small number of intermolecular NOEs, the conformation of the GNB molecule
was defined relatively well by 66 intramolecular NOEs and six residual dipolar couplings
(RDCs). Intramolecular NOEs for GNB were observed between all of the rings, except between
rings I and IV (Figure 1C; data not shown). Thus, rings I and IV appear to be distant from one
another in the structure. Intramolecular NOEs between rings II and IV indicate that GNB folds
upon binding to bring rings II and IV into close proximity.
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As only a limited number of intermolecular NOEs were observed, we sought to develop a
different method for determining the location of GNB binding to the RNA. We reasoned that
a small paramagnetic probe could be used to investigate the surface accessibility of the free
and bound frameshift-site stem-loop RNA, and that GNB binding should “protect” the RNA
from the probe. Tempol, a small paramagnetic molecule with a radius of 3.7 Ǻ, is an effective
probe of the molecular-surface accessibility of proteins.[47,48] However, to our knowledge,
this method has not been used to investigate the surface accessibility of RNA. Tempol causes
distance-dependent paramagnetic-relaxation enhancement, which is observed as an attenuation
of the NMR signal. The extent of attenuation depends upon the specific accessibility of the
observed nuclei.[49] Higher surface exposure results in higher degrees of tempol-induced
attenuation.

The degree of attenuation can be described by an attenuation index (Ai), which is determined
from the integration of peak volumes. The Ai values can be compared to the atomic-depth index
(Di), which is a quantitative description of the proximity of an atom to the molecular surface.
[50] The tempol-induced attenuation pattern for the free RNA correlates well with the
previously determined structure.[9] The greatest signal attenuation is observed for the 5′ and
3′ termini of the RNA and for the apical tetraloop, which are the most solvent accessible and
dynamic regions of the molecule (data not shown).

Tempol probing of the complex between the frameshift-site stem loop and GNB (Figure 5A,
B) yielded differential changes in the attenuation pattern relative to those observed with the
free RNA. A plot of Ai versus Di shows a rough correlation between these two parameters
(anomalous Ai values are addressed in the Discussion). For example, the most exposed atoms
belong to residues near the ends of the molecule (G1, A12, C11, A13, and C22). These atoms
have the highest Di values, and, as expected, the corresponding signals show the greatest
attenuation by the probe (highest Ai values; Figure 5 C). In contrast, atoms that are stacked in
the helix generally have low Di values and Ai values between 0.6 and 1. However, U6 and C7
have much lower Ai values (0.25 and 0.26, respectively) than would be predicted on the basis
of their atomic depth in the structure of the free RNA (Figure 5 C). These data suggest that U6
and C7 are shielded from tempol-induced attenuation, either directly or indirectly, by GNB
binding. Indeed, tempol probing revealed that the U6 and C7 Ai values are on average twice
as high for the free RNA. This result is consistent with the conferral of protection from the
paramagnetic probe by the ligand. The mapping of the Ai values to the surface of the molecule
provides a visual indication of where GNB may interact with the RNA (Figure 5D).
Interestingly, C7 and G16 form a base pair in the upper middle portion of the RNA helix. Both
the attenuation and NOE data indicate binding to this region.

Solution structure
The NMR spectroscopic data were sufficient to derive well-defined structures for both the
RNA and the GNB molecule (Table 1). The structure of GNB is defined by 66 intramolecular
NOEs (16.5 per glycosidic ring) and six RDCs. Similarly, the conformation of the RNA is
defined well by the NMR spectroscopic data. The relatively small number of intermolecular
NOEs was sufficient, in conjunction with the RDCs, to orient the two –molecules in a complex.

Structures of the RNA–GNB complex were calculated from a total of 446 NOE-derived
distance restraints and 23 RDCs, as well as backbone-torsion-angle and hydrogen-bond
restraints for the Watson–Crick pairs in the helical portion of the RNA (Table 1). The structures
converge to a root-mean-square distance (rmsd) over all heavy atoms in the complex of 1.61
Ǻ (Figure 6A). Within this ensemble, GNB has an rmsd of 2.49 Ǻ over all heavy atoms. As a
result of overlap and broadening of the peaks, restraints could not be determined for the GNB
guanidinium groups; hence, these groups are poorly defined in the structure. The rmsd for GNB
improves to 1.18 Ǻ when only the rings (and not the guanidinium groups) are considered.
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A significant bend at ring I causes GNB to adopt an L-shaped conformation upon binding the
RNA, which brings rings II and IV into close proximity (Figure 7A). This bend is well defined
by the 66 intramolecular NOEs observed for GNB. The glycosidic rings of GNB adopt chair
conformations, with the guanidinium groups in equatorial positions, as expected. Rings I and
II of GNB form the binding surface and adopt a well-defined conformation in the complex
with the frameshift-site stem loop (Figure 7 B–D). Rings III and IV of GNB are distal to the
binding interface and disordered in the structure (Figure 7 B). GNB interacts most directly with
nucleotides C7, C8, and G16 (Figure 7D). The guanidinium groups may be capable of
interacting with phosphate groups on neighboring nucleotides (Figure 7C, D), but their precise
positions cannot be ascertained from the available data.

The major groove of the frameshift-site stem loop is widened slightly upon GNB binding
(Figure 8), with an average distance increase of 4 Ǻ. The increase in the width of the major
groove correlates to the positioning of GNB. The only other major structural change to the
RNA upon GNB binding is a repositioning of the tetraloop (Figure 8). The ACAA tetraloop
in the complex is well defined with a local rmsd of 0.52 Ǻ and adopts a fold that is similar to
that observed in the free RNA. A12 is stacked upon A13; A10 and A13 are in close enough
proximity to form a sheared AA pair within the loop; and the turn in the tetraloop occurs
between A10 and C11 (Figure 6C). Although the overall tetraloop fold is unchanged, there is
an rmsd of 2.78 Ǻ for the tetraloop in the free and bound conformations. A10 and C11 are
better stacked in the structure of the RNA–GNB complex, with A10 positioned over the GNB
ligand in the complex.

Discussion
GNB binds the frameshift-site stem-loop RNA to form a 1:1 complex. The preferred binding
location of GNB on the RNA was determined by the identification of intermolecular NOEs
between the RNA and the ligand (Figure 4) and paramagnetic attenuation experiments (Figure
5). We attempted to measure the dissociation constant for the complex between GNB and the
RNA frameshift-site stem loop by isothermal titration calorimetry experiments. However, the
observation of only small changes in enthalpy associated with binding precluded the
determination of a binding constant by this method. It is possible that the binding of GNB could
be driven entropically through the release of ordered water molecules that surround GNB and
the RNA. Nevertheless, the presence of two complete sets of peaks in the NMR spectroscopic
data for the free and bound conformations indicates that GNB is bound tightly to the RNA and
does not dissociate on the NMR timescale (250 ms). Ligands that undergo such slow exchange
on the NMR timescale typically have dissociation constants of 10−8

M or less and are
characterized by a diffusion-controlled on rate.[51] A slow off rate is also consistent with the
large thermodynamic effect of binding at low micromolar concentrations of RNA and GNB
(Figure 2).

Only four intermolecular NOEs were detected between GNB and the RNA. However, the
chemical-shift data indicate that the complex forms a single, well-defined structure (Figure 3).
There are few nonexchangeable hydrogen atoms on the GNB molecule, as it is highly
substituted with guanidinium and hydroxy groups (Figure 1 C). The signals for the guanidinium
and hydroxy groups are line broadened as a result of exchange with the solvent, which suggests
that their contacts to the RNA are transient. The structure reveals that there are only five
nonexchangeable hydrogen atoms on GNB within 6 Ǻ of the RNA. The distances between four
of these five atoms and the RNA correspond to the assigned NOEs; this supports the hypothesis
that only few intermolecular NOEs are observed as a result of the low number of
nonexchangeable hydrogen atoms located close enough to the RNA for NOEs to occur.
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The probing experiment with tempol is a new method for detecting the interaction of a ligand
with RNA. In analogy to “footprinting” experiments in molecular biology, ligand binding
results in the protection of a region of the RNA from the paramagnetic effects of the tempol
probe. There is a correlation between the tempol attenuation data and the structures of the free
and bound forms of the RNA. The most pronounced difference in attenuation is observed at
U6 and C7; these nucleotides are at the GNB-binding site. C8 is also contacted directly by
GNB; however, its aromatic H6 resonance unfortunately occurs in a region of spectral overlap
in the paramagnetic sample. Therefore, the corresponding peak could not be integrated reliably.

Besides the identification of ligand-interaction sites, the tempol attenuation experiment may
identify regions of the molecule that are dynamic and exposed transiently to solvent. The
observed attenuation for A13, G14, and G15 (Figure 5 C), which form the 3′ side of the
conserved ACAA tetraloop and adjacent stem, suggests that these residues may experience
dynamic motions that allow them greater access to the tempol probe. Their attenuation (Ai)
values are greater than would be predicted from their position relative to the surface of the
molecule (Di values). Other shape-dependent factors, such as the motion of solvent molecules
at the RNA surface, could also justify the anomalous probing data.[47, 52]

In the bound state, GNB adopts an L-shaped conformation through a significant bend at ring
I (Figure 7 A). The pronounced bend at ring I is also observed for paromomycin bound to rRNA
[21, 53] and thus may be a preferred conformation for aminoglycosides and
guanidinoglycosides when bound to RNA. (Note that the nomenclature for ring I is not always
consistent, and this ring is also referred to as ring II). Rings I and II of GNB fit snugly into the
major groove of the RNA and contact the U6, C7, C8, and G16 bases (Figure 7 B–D). Four of
the six guanidinium groups are attached to rings I and II, which probably explains why the
contact of this portion of the ligand with the RNA is preferred (Figure 7C, D). Interestingly,
rings I and II of the neomycin class of aminoglycosides are sufficient to confer binding
specificity to a model ribosomal-A-site RNA molecule.[19, 21] A comparison of our GNB
structure determined by NMR spectroscopy with the X-ray crystal structure at a resolution of
2.4 Ǻ of neomycin B bound to RNA[54] reveals interesting differences. Rings I and III of the
structures can be superimposed with an rmsd of 1.0 Ǻ, but rings II and IV of GNB are each
rotated by approximately 6 Ǻ relative to those of neomycin B (Figure 9). The conformational
differences between the RNA-bound forms of neomycin B and GNB may be due to the
guanidinium groups, as the pattern and distribution of equatorial substituent groups are known
to modulate the structure and dynamics of aminoglycosides.[55]

Although the rmsd of GNB is only 2.5 Ǻ (Table 1), the positions of rings I and II are well
defined relative to the RNA and therefore limit the conformational space occupied by the
guanidinium groups. Within the ensemble of the NMR-derived structures, the guanidinium
groups are generally oriented towards the RNA phosphate backbone, as well as towards the
bases U6, C7, and C8 (Figure 7C, D). Potential ionic interaction sites for the GNB guanidinium
groups include the phosphate groups of U6, C7, and G15. The preferred binding site contains
tandem C–G pairs, which present multiple hydrogen-bond acceptors in the major groove.
Tandem C–G pairs are electrostatic hot spots for the interaction of magnesium ions with the
RNA major groove.[56] It is therefore not surprising that GNB, which has a charge of +6, binds
to the C–G pairs within the accessible electronegative major groove. Furthermore, the
structured ACAA tetraloop provides an overhanging “shelflike” surface that is within van der
Waals contact of GNB (Figure 6). However, the apparent lack of specific contacts to the
tetraloop suggests that GNB could bind to the major groove of many RNA structures. Indeed,
GNB can displace competitively a Rev peptide bound to the HIV-1 Rev-response-element
RNA.[41] As rings I and II are the only parts of GNB in contact with the RNA, the structure
also suggests that the removal of rings III and IV should have little effect upon binding and
might help reduce nonspecific interactions with RNA.
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GNB binding stabilizes significantly the already highly stable frameshift-site stem loop. HIV-1
frameshift efficiency is related directly to the stability of this stem loop, and mutations that
increase or decrease the stability of the stem loop lead to corresponding decreases in frameshift
efficiency in vivo.[11] Moreover, changes in frameshift efficiency diminish significantly
HIV-1 replication.[6,7] The increase in thermodynamic stability observed upon the binding of
GNB may be sufficient to alter frameshift efficiency and decrease the rate of viral replication.
However, GNB is probably capable of binding to many RNA sequences and motifs. For the
frameshift site to be targeted with a small-molecule drug, greater specificity for this site would
be required. Nevertheless, we have demonstrated that a small molecule can bind to a
preferential location on the HIV-1 frameshift site and perturb the RNA structure and stability.
It may be possible to use the structural and thermodynamic information derived from this study
to engineer new compounds capable of targeting the HIV-1 frameshift site with improved
properties.

Experimental Section
RNA synthesis and purification

The sequence investigated corresponds to the most frequently occurring isolate among natural
variants circulating in plasma (group M, subtype B; strain NL4-3), and begins at a naturally
occurring GG dinucleotide, which facilitated large-scale in vitro RNA production with T7 RNA
polymerase. RNA was transcribed in vitro by using purified His6-tagged T7 RNA polymerase
and synthetic DNA oligonucleotides (Integrated DNA Technologies), as previously described.
[9,57–59] RNA was purified by denaturing 20% polyacrylamide gel electrophoresis, identified
by UV absorption, and excised from the gel. The RNA was recovered by diffusion into 0.3M

sodium acetate (pH 5.2) and precipitation with ethanol, then purified on a 6-mL DEAE
(diethylaminoethyl) anion-exchange column. It was again precipitated with ethanol and then
desalted on a 15-mL sephadex G-25 gel filtration column. The purified RNA was lyophilized,
resuspended in water, and brought to pH 6.8 by the addition of 1 M NaOH. All NMR samples
were 1 mM in RNA and 50 mM in NaCl. Fully 13C/15N-labeled RNA samples for NMR
spectroscopy were prepared by using 13C/15N-labeled ribo-nucleotide triphosphates (rNTPs;
Cambridge Isotope Laboratories). For the partial alignment of the complexes for RDC
measurements, the filamentous bacteriophage Pf1 (17 mg/mL; ASLA, Riga, Latvia) was added
to the 13C/15N-labeled samples.[60]

GNB synthesis and purification
GNB was synthesized and purified as described previously.[43] In brief, chloroform (3 mL),
triethylamine (100 mL), and N,N′-bis(tert-butoxycarbonyl)-N′-triflylguanidine (300 mg;
prepared according to ref. [61]) were added to a solution of neomycin sulfate (30 mg) in
methanol (1 mL). The reaction mixture was stirred vigorously for 24 h until the multiple
products observed by TLC (7% methanol in dichloromethane) converged into the fastest
moving major spot and one minor spot. All volatiles were removed in vacuo. Flash
chromatography (2–4% methanol in dichloromethane) afforded the desired product (46 mg,
22.4 mmol, 70%) as an off-white solid. The product was submitted directly to deprotection
without further purification.

Trifluoroacetic acid (5 mL) and triisopropylsilane (50 µL) were added to a solution of tert-
butoxycarbonyl-protected guanidinoneomycin B (45 mg) in dichloromethane (5 mL). The
reaction mixture was stirred vigorously at room temperature for 3 h until TLC (12% methanol
in chloroform) showed that all starting material had been consumed and the presence of one
baseline spot. Water (25 mL) was added, and the resulting mixture was washed with chloroform
(2 × 15 mL) and diethyl ether (2 × 15 mL). The aqueous layer was evaporated in vacuo to yield
the desired product as a white solid, which was dissolved in 0.1% TFA/water (1 mL) and
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lyophilized to dryness. Analytical reversed-phase HPLC (C-18, 5–20% acetonitrile−0.1%
TFA/water−0.1% TFA, 30 min) showed one major peak. Purification by HPLC (C-18, 5–20%
acetonitrile−0.1% TFA/water−0.1% TFA, 30 min) yielded the desired product (18 mg, 20.7
µmol, 95%) as a white solid. MS: m/z calculated for C29H58N18O13 : 866.44; found: 434.28
[M+2H]2+, 867.27 [M+H]+.

NMR spectroscopy
All NMR spectra were obtained on Varian Inova and Bruker DMX spectrometers at the
National Magnetic Resonance Facility at Madison (NMRFAM). Spectrometers used for data
collection were equipped with a cryogenically cooled proton, carbon, nitrogen (HCN) probe
with a single z-axis gradient or a conventional HCN triple-resonance probe.

Exchangeable resonances were assigned by 2D NOESY (mixing time: 150 ms; samples in 90%
H2O/10% D2O, 283 K) and reference to previous chemical-shift assignments.[9] A 1-1 spin-
echo or water-gate pulse sequence was used for water suppression for samples in 90% H2O/
10% D2O. For experiments in 99.99% D2O, the residual HDO resonance was suppressed with
a low-power presaturation pulse. Nonexchangeable resonances were assigned by reference to
2D NOESY spectra (mixing times: 50, 100, 200, 300, 400 ms), 2D TOCSY spectra, and
2D 1H,13C HSQC spectra of the RNA in 99.99% D2O at 303 K, as described previously.[57–
59] GNB resonances were assigned by 2D 1H,13C HSQC and HMBC at natural 13C abundance,
2D 1H,15N HSQC at natural 15N abundance, 2D 1H,1H TOCSY, and NOESY, and reference
to previous chemical-shift assignments for neomycin B.[19] 13C-filtered and edited NOESY
experiments of fully 13C/15N-labeled RNA samples complexed with unlabeled GNB were
performed as described previously.[46] Data were processed by using XWINNMR or
NMRPipe software.[62] Resonance assignments were completed by using the program Sparky
(http://www.cgl.ucsf.edu/home/sparky/).

Interproton distances—NOE distances were measured semiquantitatively from NOESY
spectra. Intense NOEs observable at short mixing times (50 ms) were assigned as strong (1.8–
3.6 Ǻ), medium-intensity NOEs were grouped as medium (1.8–5 Ǻ), and low-intensity NOEs
observable only at long mixing times (200–400 ms) were grouped as weak (3–7 Ǻ).

Torsion-angle constraints—The backbone torsion angles (α, β, χ, δ, ε, and η) of the
nucleotides in the stem (G1–C9, G14–C22) were restrained to A-form values, which were
consistent with NOESY and RDC data. The backbone torsion angles of the tetraloop (A10–
A13) were left unrestrained. 1H,1H TOCSY with a mixing time of 40 ms was used to analyze
sugar-pucker conformations. Nucleotides with strong H1′–H2′ and H1′–H3′ cross peaks (C11,
A12) were restrained to the C2′-endo range; nucleotides within the stem did not have H1′–H2′
cross peaks and were thus restrained to the C3′-endo range. The nucleotide A13 displayed an
intermediate H1′–H2′ coupling indicative of an averaging of sugar puckers, and its sugar pucker
was therefore left unrestrained. Analysis of the peak volumes of intranucleotide and
internucleotide H1′(aromatic) and H2′- (aromatic) NOEs revealed that all nucleotides are in
the anti range, and thus the torsion angle χ was restrained to 160 ± 15°. No torsion-angle
constraints were used for GNB.

Analysis of residual dipolar coupling—The 1JC,H values were measured by 1H,13C
HSQC experiments with unlabeled samples in 90% H2O/10% D2O at 303 K for both isotropic
and partially oriented samples. RDCs were measured by determining the difference between
the 1JC,H values for isotropic and partially aligned samples. PALES software
(http://spin,niddk.nih.gov/bax/software/PALES) was used to estimate the values for the axial
(Da) and rhombic (R) components of the alignment tensor from converged, low-energy
structures calculated in the absence of RDCs. Structure calculations were made with Xplor-
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NIH[63] with a grid-search procedure[64] to obtain the optimal Da (−14.1) and R (0.19) values,
whereby lowest overall energies were used as the targets.

Structure calculations—CNS 1.1[65] was used to calculate starting RNA structures in the
absence of GNB from NOE distance and dihedral restraints. The structure calculations
followed closely the default values for the NMR spectroscopic structure determination of
nucleic acids with CNS 1.1. First, an extended (completely unfolded) structure was generated,
from which 100 structures were calculated from random initial velocities. The structures were
subjected to 60 ps (in 15-fs time steps) of restrained molecular dynamics in torsion-angle space,
followed by 90 ps of slow cooling and 30 ps (in 5-fs time steps) of restrained molecular
dynamics in Cartesian coordinate space. Only very weak (10 kcalmol−1 Ǻ −2) planarity
restraints between Watson–Crick-paired bases were enforced during the CNS calculations, and
hydrogen bonds were maintained by distance restraints. The RNA structures derived from the
CNS calculations were refined against 1H,13C RDCs (aromatic and ribose H1′) with Xplor-
NIH[63] by using identical distance and torsion-angle restraints. GNB was introduced into the
structure calculations at random orientations during the Xplor-NIH calculations.[66] Angle
and bond parameters as well as atomic charges for rings I–IV of GNB (Figure 1C) were
calculated by using the software Gaussian version 03 (http://www.gaussian.com) at the
Hartree–Fock level with the 6-31G* basis set. Restrained electrostatic potential (RESP) atomic
charges were derived by applying the RESP module of the AMBER 7.0 package[67] to the
Gaussian electrostatic potential (ESP) charges. Parameters for the acetalic functions were taken
from GLYCAM.[68] Finally, the 20 lowest-energy structures were subjected to a final round
of refinement by using an implicit solvent in AMBER 9.0. In all AMBER calculations, the
AMBER99 force field[69] was used along with the generalized Born model[70] to mimic
solvent. The salt concentration was fixed at 0.05m. A 50-ps simulated-annealing protocol was
used for the RNA–GNB complex. The complex was refined by using NOE-derived distances,
hydrogen-bond restraints for the Watson–Crick pairs, and torsion angles, as summarized in
Table 1. RDCs were not used during the AMBER refinement. Square-well penalty functions
were used for all NMR restraints with the force constants 32 kcal mol−1 Ǻ−2, 62 kcal
mol−1 Ǻ−2, and 32 kcal mol−1 rad−2 for NOEs, hydrogen bonds, and torsion angles, respectively.
A 0.5-fs time step was used for the integration of the Newton motion equations, and a 15-Ǻ
cutoff was used for nonbonded atoms. The relative weights of the valence-angle energy, van
der Waals terms, torsion energy, and improper torsional terms were increased gradually during
the simulated annealing to maintain the planarity of the aromatic rings and proper local
geometries. Structures were viewed and analyzed by using MOL-MOL.[71] The structures in
the figures were produced by using PyMOL (http://www.pymol.org).

Tempol attenuation experiments—NMR samples of the free and GNB-bound frameshift-
site stem-loop RNA were prepared as described above. Paramagnetic NMR samples contained
tempol (20 mM) and were prepared by adding a solution of tempol (2M; 4-hydroxy-2,2,6,6-
tetramethyl-piperidine 1-oxyl; Sigma–Aldrich) directly to the sample in the NMR tube. Two-
dimensional 1H,13C HSQC spectra at natural 13C abundance were acquired on a 600-MHz
Bruker DMX spectrometer. Cross-peak volumes were measured with a greater than 90%
confidence level by using the Sparky integration tool. The cross-peak volumes were autoscaled

according to Equation (1),[48] in which  is the autoscaled volume of peak i from the

paramagnetic or diamagnetic spectra,  is the measured peak volume from the paramagnetic
or diamagnetic spectra, and n is the number of peaks measured.

(1)
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Hence, the autoscaled volume is equal to the measured volume divided by a scaling factor that
corresponds to the mean cross-peak volume over n molecular locations. Paramagnetic
attenuations, Ai, were calculated from the autoscaled diamagnetic and paramagnetic peak
volumes, υd and υp, respectively, according to Equation (2):

(2)

The structure with the surface colored according to the degree of attenuation (Ai) in the presence
of tempol (Figure 5D) was displayed by using the program MOLMOL.[71]

The 3D atom depths, reported as depth indexes, Di, were calculated by using the SADIC
software[50] for all aromatic carbon atoms analyzed by NMR spectroscopy. Di is defined
according to Equation (3), in which Vi,r is the exposed volume of a sphere of radius r (sampling
radius) centered on atom i, and V0,r is the total volume of the same sphere.

(3)

The sampling radius was set to 10 Ǻ. The probe radius, used for the computation of the
macromolecular surface, was set to 3.7 Ǻ, which corresponds to the molecular radius of tempol
(calculated with the MOLMOL software package).[71]

UV spectroscopy
Thermal-stability studies were conducted on purified RNAs by using a Cary Model 100 Bio
UV/Visible spectrophotometer equipped with a Peltier heating accessory and temperature
probe. All free RNA samples contained sodium phosphate buffer (10 mM, pH 7.0), RNA (10
µM), KCl (200 mM), and urea at the specified concentration. All samples of the GNB–RNA
complex contained a preformed complex of RNA (2 µM) and GNB (3 µM), sodium phosphate
buffer (10 µM, pH 7.0), RNA (10 µM), KCl (200 mM), and urea at the specified concentration.
Samples were heated from 25 to 90°C at a rate of 1° min−1, and absorption data were collected
at 260 nm in increments of 1 °C. Thermodynamic values and transition temperatures (Tm) were
calculated from normalized data by using SigmaPlot version 8.0 (SPSS Science) when
appropriate. For the process of unfolding (F→U), when ΔCp=0, Equation (4) and Equation (5)
apply, in which Θ is the fraction of RNA in the unfolded state, R is the gas constant, and T is
the temperature in Kelvin.

(4)

(5)

To fit a curve to the absorption data, the pretransitional and post-transitional baselines were
determined by linear curve fitting.[72] These baselines were used to find the fraction of
unfolded RNA as a function of temperature and subsequently values of ΔH, ΔS, and Tm.[72]

Coordinates
Structure coordinates have been deposited with the Protein Data Bank (accession code: 2JUK).
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Figure 1.
HIV-1 frameshift site and guanidinoneomycin B. A) Sequence and secondary structure of the
stem-loop RNA of the HIV-1 frameshift site. The numbering for the stem-loop RNA construct
begins with the 5′ guanosine residue as 1. B) Electrostatic surface potential of the frameshift-
site stem loop. Electrostatic potential is indicated by color (red = −4 kT/e, white = 0 kT/e, blue
= +4 kT/e). C) Chemical structure of guanidinoneomycin B. The numbering of the individual
glycosidic rings is indicated with Roman numerals. Guanidinium groups are in blue.

Staple et al. Page 14

Chembiochem. Author manuscript; available in PMC 2009 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Thermodynamic denaturation profiles of the HIV-1 frameshift-site RNA with and without
GNB at varying concentrations of urea. UV absorbance at 260 nm is plotted versus temperature
for the frameshift-site stem-loop RNA (2 µM) in the absence of GNB with urea at a concentration
of 2 M (▲) or 5 M ( ). The sample of the GNB-bound RNA contained RNA (2 µM) in the presence
of GNB (2.5 µM) with urea at a concentration of 2M (●) or 5 M ( ). The RNA–GNB complex
was formed at high concentration (1.2 mM RNA+1.5 mM GNB) and diluted immediately prior
to analysis. The low-temperature baseline absorbance was normalized to 1 for all samples.
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Figure 3.
Monitoring of GNB binding to the frameshift-site stem-loop RNA by 1H,1H TOCSY (750
MHz). A) The frameshift-site stem loop (RNA: 1.2 mM) in the absence of GNB. B) The
frameshift-site stem loop (RNA: 1.2 mM) with GNB (0.75 mM). Peaks from the bound
conformation are indicated with circles. C) The frameshift-site stem loop (RNA: 1.2 mM) with
GNB (1.5 mM). All cross-peaks shown correspond to H5–H6 correlations of pyrimidine
residues.
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Figure 4.
1H,1H NOESY (750 MHz) of the RNA–GNB complex. An intramolecular NOE between H1
and H1′ of GNB and an intermolecular NOE between H1 of GNB and H8 of G16 of the RNA
are observed (black contours). An f1-filtered/f2-edited 1H,1H NOESY spectrum is overlayed
(red contours). Only intermolecular NOEs are observed in such an f1-filtered/f2-edited
spectrum.
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Figure 5.
Measurement of surface accessibility through paramagnetic probing. A) 1H,13C HSQC
spectrum of the RNA–GNB complex. B) 1H,13C HSQC spectrum of the RNA–GNB complex
in the presence of tempol (20 mM). C) Attenuation (Ai) versus atom-depth index (Di) for the
complex of the frameshift-site stem loop with GNB. Di values were calculated from the
structure of the free RNA. D) Surface representation of the structure of the frameshift-site stem
loop. The RNA is colored according to the degree of attenuation (Ai) in the presence of tempol
(20 mM). Regions not investigated by paramagnetic probing are indicated in gray.
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Figure 6.
Structure derived by NMR spectroscopy of the HIV-1 frameshift-site stem-loop RNA
complexed with GNB. The RNA is green, and rings I, II, III, and IV of GNB are colored orange,
red, pale orange, and yellow, respectively. The view is into the major groove of the GNB-
binding site of the RNA. A) Superimposition of the 20 lowest-energy structures over all heavy
atoms. B) Superimposition of the 20 lowest-energy structures over all heavy atoms of the RNA
and only the rings of GNB. The unrestrained guanidinium groups are omitted for clarity. C)
Lowest-energy structure of the complex between the frameshift-site stem loop and GNB.
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Figure 7.
GNB complexed with the HIV-1 frameshift-site stem loop. A) Superimposition of the lowest-
energy structures of GNB in the complex over all heavy atoms in the rings of GNB. The
guanidinium groups are omitted for clarity. B) Superimposition of the lowest-energy structures
of the complex over all heavy atoms of rings I and II of GNB, and U6–C8 and G15–A17 of
the RNA. C) Single representative structure showing the potential orientation of guanidinium
groups. D) Structure in (C) rotated forward by 90°.
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Figure 8.
Comparison of the free and bound RNA structures. The bound RNA structure is colored as in
Figure 6. The free frameshift-site stem loop RNA (1PJY) is overlayed and shown in gray.
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Figure 9.
Overlay of the RNA-bound GNB structures with the X-ray crystal structure (at a resolution of
2.4 Ǻ) of neomycin B bound to RNA (PDB ID: 2et4). The structures were superimposed over
the common heavy atoms of the central rings (I and III) only.
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Table 1

Structural statistics for the 20 lowest-energy structures of the 100 structures calculated.
NOE-derived distance restraints 446
   RNA (intramolecular) 380
   GNB (intramolecular) 62
dihedral restraints 181
hydrogen-bond restraints 25
rmsd (all heavy atoms) [Ǻ] 1.61
   RNA only [Ǻ] 0.99
   GNB only [Ǻ] 2.49
average NOE rmsd [Ǻ] 0.019
average dihedral rmsd [°] 2.14
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