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ABSTRACT: Rev is an essential HIV-1 regulatory protein that binds the Rev responsive element (RRE)
within the enV gene of the HIV-1 RNA genome and is involved in transport of unspliced or partially
spliced viral mRNA from the cell nucleus to the cytoplasm. Previous studies have shown that a short
R-helical peptide derived from Rev (Rev 34-50), and a truncated form of the RRE sequence provide a
useful in vitro system to study this interaction while still preserving the essential aspects of the native
complex. We have selectively incorporated the fluorescent probe 2-aminopurine 2′-O-methylriboside (2-
AP) into the RRE sequence in nonperturbing positions (A68 and U72) such that the binding of both Rev
peptide and aminoglycoside ligands could be characterized directly by fluorescence methods. Rev peptide
binding to the RRE-72AP variant resulted in a 2-fold fluorescence increase that provided a useful signal
to monitor this binding interaction (KD ) 20 ( 7 nM). Using stopped-flow kinetic measurements, we
have shown that specific Rev peptide binding occurs by a two-step process involving diffusion-controlled
encounter, followed by isomerization of the RNA. Using the RRE-68AP and -72AP constructs, three
classes of binding sites for the aminoglycoside neomycin were unambiguously detected. The first site is
noninhibitory to Rev binding (KD ) 0.24 ( 0.040 µM), the second site inhibited Rev binding in a
competitive fashion (KD ) 1.8 ( 0.8 µM), and the third much weaker site (or sites) is attributed to
nonspecific binding (KD g 40 µM). Complementary NMR measurements have shown that neomycin
forms both a specific binary complex with RRE and a specific ternary complex with RRE and Rev. NMR
data further suggest that neomycin occupies a similar high-affinity binding site in both the binary and
ternary complexes, and that this site is located in the lower stem region of RRE.

Rev is an important HIV-11 regulatory protein that binds
to part of theenV gene within the HIV-1 RNA genome, the
so-called Rev responsive element (1-5). Rev is involved in
the transport of unspliced and incompletely spliced viral
mRNAs, which encode the structural proteins essential for
viral replication, from the nucleus to the cytoplasm of the
host cell. Stem-loop IIB of RRE, which contains a purine-
rich internal bulge, has been identified as the high-affinity
Rev binding site (6, 7), and small peptides containing a 17
amino acid arginine-rich region of Rev (amino acids 34-

51) have been shown to bind this stem-loop specifically
(8-14). Since Rev protein binding to viral mRNA at the
RRE is essential for HIV replication, acting as a crucial
switch between viral latency and active viral replication, the
development of new drug therapies against HIV-1 infection
based on inhibitors of this essential interaction is desirable.

Members of the aminoglycoside family of antibiotics have
been shown to interact with a variety of RNA molecules,
including the RRE IIB stem-loop (15-19). In previous
studies, it has been demonstrated that certain aminoglycosides
compete with Rev peptides for binding to stem-loop IIB of
RRE in vitro, as well as interfere with Rev function in vivo
and thereby inhibit production of the HIV-1 virus (15). One
such aminoglycoside, neomycin, inhibited Rev binding to
RRE at a concentration∼10-fold lower than other aminogly-
cosides tested. Although neomycin and other cationic ami-
noglycosides are not viable drug candidates, understanding
the binding modes of these molecules to RRE, as well as
the mechanism for inhibition of Rev binding, could provide
the basis for a more targeted approach for developing drugs
based on aminoglycoside scaffolds (20-26). Previously,
direct binding measurements have reportedKD values in the
range 80-200 nM for the interaction of neomycin with RRE
in solution (17), while competition binding studies have
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indicated that neomycin is much more weakly inhibitory
toward Rev binding, with aKi in the low micromolar range
(15, 18, 19). It is not clear what the basis is for the large
differences between the equilibrium and inhibition constants,
but the possibility that the direct binding and competition
methods are measuring two different binding sites for
neomycin is suggested. This possibility is further suggested
by neomycin binding measurements performed by surface
plasmon resonance methods, which indicated a stoichiometry
of 3 neomycin molecules per RRE (16).

Here we report a new assay based upon 2-aminopurine
fluorescence that has allowed the detailed characterization
of the binding of both Rev peptide and aminoglycosides to
RRE stem-loop IIB. Previous studies have shown that 2-AP
can be used as a valuable probe of the structure and dynamics
of specific sites in DNA (27-29), as a monitor for enzyme-
DNA interactions (28, 30-32), and to study Mg2+-dependent
conformational changes in the hammerhead ribozyme (33).
The fluorescence of 2-AP is usually highly quenched when
it is stacked with other bases, but increases as much as 100-
fold when fully exposed to solvent (34). Thus, the quantum
yield of 2-AP is highly sensitive to changes in its microen-
vironment, which allows the detection of subtle conforma-
tional changes in the nucleic acid upon interaction with
ligands. In addition, 2-AP is a generally nonperturbing
substitution since it is similar in structure to adenine
(6-aminopurine) and will form a thermodynamically equiva-
lent wobble base pair with uridine (34). The availability of
a high-resolution structure of the RRE-Rev peptide complex
(12), as well as detailed mutagenesis studies (35, 36), guided
the positioning of the 2-AP probe at sites that were likely to
respond to ligand binding, without altering the native
interaction with Rev. The NMR structure of the Rev
peptide-RRE complex indicates that two bases, A68 and
U72, are flipped-out from the RNA helix upon Rev peptide
binding (12) (Figure 1). Since the substitution of 2-AP for
adenine at position 68 is conservative, and mutagenesis
studies indicated that substitutions could be made at positions
68 and 72 without affecting Rev binding (35, 36), these two
sites seemed good candidates for positioning a 2-AP probe
to monitor both peptide and neomycin binding.

The results described here show that the substitution of
2-AP at position 68 or 72 afforded RRE constructs that
retained the ability to bind Rev, while acting as informative
reporter groups for Rev and neomycin binding. This novel
fluorescence approach has revealed that Rev binding is a
two-step process involving structural isomerization of the
RNA, and that neomycin binds to both tight and weaker sites
on RRE, where one of the weaker sites is inhibitory to Rev
binding. On the basis of these findings and complementary
NMR measurements, we propose a detailed structural,
thermodynamic, and kinetic description of the interactions
of Rev and neomycin with RRE.

EXPERIMENTAL PROCEDURES 2

Materials. Neomycin B was purchased from Sigma (St.
Louis, MO) and used without further purification. Neomycin
phosphotransferase II was obtained from Eppendorf-5 Prime
Inc. (Boulder, CO). All other buffers and reagents were of
the highest quality commercially available and were used
without further purification.

RNA and Peptide Synthesis.The 34mer RRE RNA hairpin
(Figure 1A) containing the high-affinity Rev binding site was
prepared by in vitro T7 polymerase runoff transcription using
a synthetic DNA oligonucleotide template using the method
of Milligan and Uhlenbeck (37, 38). DNA templates were
purchased from Integrated DNA Technologies (Coralville,
IA) and purified using preparative-scale denaturing poly-
acrylamide gel electrophoresis. 2-Aminopurine 2′-O-meth-
ylriboside-containing RNA oligonucleotides were synthesized
on an Applied Biosystems 390 synthesizer (Perkin-Elmer,
Forest City, CA) using standard phosphoramidite chemistry
(39). The nucleoside phophoramidites were purchased from
Glen Research (Sterling, VA). All RNA oligonucleotides
were purified using preparative-scale denaturing polyacryl-
amide gel electrophoresis and recovered by electrophoretic
elution. RNA samples were desalted by extensive dialysis
against DEPC-treated ddH2O using a microdialysis system.
RNA concentrations were determined by measuring the
absorbance at 260 nm using an extinction coefficient of 322.9
mM-1 cm-1.

The 22 amino acid (Suc-TRQARRNRRRRWRERQRA-
AAAK) arginine-rich peptide used in this study was derived
from the Rev protein and previously shown to interact with
high affinity to RRE stem-loop IIB (9, 11-14). The peptide
was synthesized by Bio Synthesis, Inc. (Lewisville, TX), and
purified using C-18 reversed-phase HPLC to a final purity
of greater than 95%. MALDI-TOF (Perseptive Biosystems,
Framington, MA) analysis gave a MW [MH+] ) 2950.2,
which agrees well with the theoretical mass of 2950.3.
Circular dichroism spectra of the peptide obtained on a Jasco
J-720 spectropolarimeter (Japan, Spectroscopic, Tokyo,
Japan) at 4°C in a buffer containing 100 mM NaF and 10
mM sodium phosphate (pH 6.5) showed 28%R-helical
content, which is consistent with previous reports (9, 10).
The Rev concentration was determined from its extinction
coefficient at 280 nm (5.6 mM-1 cm-1). Amino-terminal
fluorescein-labeled Rev was purchased from QCB Inc.
(Hopkinton, MA), and its concentration was determined
spectroscopically at 492 nm using an extinction coefficient
of 78 mM-1 cm-1.

Steady-State Fluorescence Measurements of ReV Peptide
and Aminoglycoside Binding to RRE Constructs.The fluo-
rescence of RNA oligonucleotide samples (150µL) selec-
tively labeled with 2-aminopurine was measured at 10°C
on a SPEX Fluoromax-2 spectrofluorometer (Instruments SA,
Edison, NJ) using a 0.3 cm square cuvette. Emission spectra
were recorded over the wavelength range of 330-450 nm
with an excitation wavelength of 310 nm. The spectral band-
pass was 5 nm for all spectra. The dissociation constant for
Rev binding to RRE-72AP was determined by following the
increase in fluorescence at 370 nm as a fixed concentration
of the fluorescent RNA was titrated with increasing amounts
of Rev. Similarly, the binding of aminoglycosides was
followed by monitoring the change in 2-AP fluorescence as
a fixed concentration of RRE-72AP or RRE-68AP was
titrated with increasing amounts of the aminoglycoside.

2 Certain commercial equipment, instruments, and materials are
identified in this paper in order to specify the experimental procedure.
Such identification does not imply recommendation or endorsement
by the National Institute of Standards and Technology, nor does it imply
that the material or equipment identified is necessarily the best available
for the purpose.
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Single-site binding of Rev or aminoglycoside was fitted to
eq 1:

where Fo and Ff are the initial and final fluorescence
intensities, respectively, [RRE]tot is the total RRE concentra-
tion, and [L]tot is the total concentration of Rev or aminogly-
coside. Aminoglycoside binding to multiple sites on RRE
was modeled using the computer programDynafit (40).
Competitive displacement assays were performed to deter-
mine which aminoglycoside binding sites were inhibitory to
Rev binding. For these experiments, a solution of 2-AP-
labeled RRE was incubated with a fixed concentration of
neomycin (or Rev peptide), and the fluorescence change was
followed as increasing amounts of competing Rev peptide
(or neomycin) were added to the solution. The fluorescence
emission intensities at 370 nm as a function of total added
ligand concentration were fitted to a given molecular
mechanism by nonlinear least-squares regression using the
computer programDynaFit (40). This program determines
the composition of complex mixtures at equilibrium by
simultaneously solving the nonlinear equations for mass
balance of the component species. Thus, the observed
fluorescence changes may be easily fit to a variety of user-
defined models to allow the determination of the best-fit
model for a given system. The details of the individual
displacement experiments are described in the figure legends
and under Results.

Binding Measurements Using Equilibrium Ultrafiltration.
The ultrafiltration procedure previously described by Wer-
stuck et al. (17) was used to confirm the fluorescence
measurements for neomycin binding to RRE. Briefly, binding
reactions (250µL) containing 200 nM RRE-68AP and 0-1
µM neomycin were incubated at 10°C for 15 min in standard
buffer. Free and RRE-bound neomycin were separated by
spinning the solution for 30 s in a Microcon 3 filter (Amicon,
Beverly, MA). Five microliters of the flow-through and
retentate was32P-labeled for 15 min at 37°C using [γ-32P]-
ATP (0.5 µM) in the presence of neomycin phosphotrans-
ferase II. The reactions were terminated by incubation at 90
°C for 5 min, and 5µL of the aqueous phase was spotted
onto Whatman P81 paper. The papers were washed with 90
°C water for 5 min, and then 3 times with water at room
temperature. The radioactivity was quantified by phosphor-
imaging using a Storm 840 (Molecular Dynamics, Sunnyvale,
CA). A linear calibration plot of counts against total
neomycin concentration was used to convert counts to free
and bound neomycin concentration. The binding constant
and stoichiometry were then determined using eq 2, where
[Neo]b and [Neo]f are the concentrations of free and bound
neomycin:

The displacement of Fl-Rev from RRE-68AP by neomycin
was followed by a similar ultrafiltration experiment. Nine
binding reactions (500µL) containing 500 nM RRE-68AP,
450 nM Fl-Rev, and 0-200 µM neomycin were incubated

at 10°C for 15 min in standard buffer. Free and RRE-bound
Fl-Rev were separated by spinning the solution for 6 min at
12000g using a Microcon-10 filter (Amicon, Beverly, MA)
such that about 170µL of the solution passed through the
membrane. One hundred and fifty microliters of the filtrate
was removed, and the fluorescence at 525 nm due to free
Fl-Rev was measured using 490 nm excitation, and excitation
and emission slit widths of 0.5 and 4 nm, respectively. Since
the fluorescence of free Fl-Rev is quenched∼35% as the
neomycin concentration is increased from 0 to 200µM, a
standard neomycin quench curve was generated to allow
correction for this effect. The corrected fluorescence mea-
surements were then plotted against the total neomycin
concentration, and were fitted using the programDynafit (40)
to a two-site model in which neomycin binds to one site,
and then competes with Fl-Rev for binding to a second site
on RRE.

Stopped-Flow Fluorescence Measurements.Stopped-flow
fluorescence experiments were performed at 10°C in the
standard buffer solution containing 140 mM NaCl, 5 mM
KCl, 1 mM MgCl2, 1 mM CaCl2, and 20 mM HEPES (pH
7.4) using a Stop-Flow device from Applied Photophysics
(Surray, U.K.) in the two-syringe mode (dead time) 1.1
ms). The kinetics of Rev peptide association with the RRE-
72AP construct were followed using pseudo-first-order
conditions, where the peptide was present at a concentration
at least 5-fold greater than the RNA. The time course of the
increase in 2-AP fluorescence (Ft) as a result of peptide
binding showed two kinetic phases and was fit to the double
exponential expression:Ft ) F1 exp(-k1t) + F2 exp(-k2t)
+ C, whereF1, F2 and k1, k2 are the amplitudes and rate
constants for the first and second kinetic phases, respectively,
and C is a constant offset. The kinetics of dissociation of
the Rev peptide from the RNA were studied using irrevers-
ible conditions by following the decrease in 2-AP fluores-
cence as the Rev peptide dissociates. The reaction was made
irreversible by trapping the free RNA with excess neomycin,
thereby preventing rebinding of the dissociated peptide. The
time course was fit to a single-exponential decay:Ft ) F1

exp(-k1t) + C, where k1 is the observed off-rate of the
peptide. In these experiments, 2-AP-containing RNA was
excited at 310 nm, and the fluorescence was monitored using
a 360 nm cut-on filter. Specifics of the individual experiments
are described in the figure legends and text.

The concentration dependence of the observed rates of
binding was fit to eq 3, which describes the two-step binding
mechanism of eq 4.

The curve-fitting programGraFit 4.0 (Erithacus Software)
was used to obtain the observed on-rate [kon ) k1kmax/(k-1

+ kmax)] and to estimate the observed off-rate [koff ) k-1k-2/
(kmax + k-1)] and the maximal rate (kmax ) k2 + k-2). In
addition, to ensure that a realistic model of the kinetic data
was arrived at by the analytical solution to eq 2, the
amplitudes and rates of the raw kinetic traces, and the
concentration dependence of the kinetic data, were simulated

F ) -{(Fo - Ff)/2[RRE]tot} ×

{b - x(b2 - 4[L] tot[RRE]tot) } + Fo (1)

b ) Kd + [L] tot + [RRE]tot

[Neo]b ) [Neo]f[RRE]tot/([Neo]f + KD) (2)

kobsd)
k1[Rev](k-2 + k2) + k-1k-2

k1[Rev] + k-1 + k-2 + k-2

(3)

Rev+ RREy\z
k1

k-1
Rev‚RREy\z

k2

k-2
Rev‚RRE* (4)
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by numerical integration using the programs Kinsim and
Fitsim (41). The reported uncertainties in the microscopic
kinetic constants are estimated maximum errors obtained
from trial and error simulations of the individual kinetic
traces, and the best-fit values from curve fitting to eq 3.

NMR Spectroscopy.NMR samples were prepared to
contain between 0.5 and 1.0 mM RRE in NMR buffer [25
mM NaCl, 1 mM cacodylate (pH 6.5), and 90% H2O/10%
D2O]. A 1:1 complex of RRE with Rev peptide was formed
by adding equal molar amounts of peptide from a concen-
trated stock (3.15 mM) to a prepared RRE NMR sample.
Shigemi (Shigemi, Inc., Allison, PA) limited-volume NMR
tubes were used with a final total volume of∼250 µL for
each sample. The neomycin-RRE complex was formed by
titration of a concentrated stock of neomycin (10 mM) with
a prepared RNA sample. The ternary neomycin-RRE-Rev
complex was formed in two ways: either by titration of a
concentrated stock of neomycin to the prepared RRE-Rev
NMR sample or by titration of a concentrated stock of
peptide to the prepared neomycin-RRE NMR sample. The
formation of both the binary and the ternary complex was
monitored by observation of one-dimensional imino proton
NMR spectra at 15°C.

All NMR spectra were recorded on either a Bruker
AVANCE 600 MHz or a Bruker AVANCE 500 MHz
spectrometer (Bruker Instruments, Billerica, MA), each
equipped with a triple-resonance1H, 13C, 15N triple-axis
gradient probe and processed using a Silicon Graphics O2
workstation. One-dimensional proton spectra were collected
at 15°C using a water flip-back Watergate pulse sequence
(42, 43) with a sweep width of 12 000 Hz, 4K complex
points, and 256 scans and processed using 5 Hz line-

broadening in XWINNMR 2.6 software (Bruker Instru-
ments). Two-dimensional NOESY spectra were recorded at
15 °C, using water flip-back Watergate water suppression
(43). NOESY spectra were collected with a mixing time of
150 ms and sweep widths of 12 000 Hz in both dimensions,
4K by 256 complex data points int2 and t1, respectively,
and 64 scans per increment. Two-dimensional data were
processed using NMRPipe (44) software. 2D NOESY spectra
were apodized using 60° and 90° shifted sine bell functions
over 512 and 256 complex points in thet2 andt1 dimensions,
respectively, and zero-filled to 2048 real points in both
dimensions.

Error Analysis. The reported errors are the standard
uncertainties of the data from the best-fit theoretical curves.
This method assumes that the standard uncertainty of the
measurement is approximated by the standard deviation of
the points from the fitted curve (45).

RESULTS

Binding of ReV Peptide to 2-AP-Labeled RRE.The binding
of Rev peptide and neomycin B to RRE was directly
monitored by incorporating the fluorescent nucleotide probe
2-aminopurine 2′-O-methylriboside (2-AP) in positions 68
and 72 of the RNA sequence (Figure 1A,B). In Figure 2A,B,
it is shown that the intensity of the 2-AP emission spectrum
of RRE-72AP increases in a saturable fashion as the
concentration of Rev peptide is increased, with a maximal
increase of about 2-fold. The direction of this fluorescence
change indicates that the 72AP base becomes on average
less stacked upon Rev peptide binding, which is consistent
with the exposed position of U72 in the NMR structure of

FIGURE 1: RRE RNA sequences and structure of the RRE-Rev complex. (A) Sequence of the truncated 34mer RNA hairpin derived from
the RRE IIB hairpin that is used in the fluorescence and NMR studies described here. Nucleotides identified as important for Rev binding
by chemical modification interference and in vitro selection data are circled. Nucleotide positions A68 and U72, which were substituted
with the fluorescent probe 2-aminopurine-2′-O-methyl riboside (2-AP), are boxed. (B) NMR-derived structure of the RRE-Rev peptide
interaction (12). RRE is shown in stick representation and the Rev peptide as a ribbon trace. Residues A68 and U72, which were substituted
with 2-AP, are bolded. (C) Structure of the aminoglycoside neomycin B.
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the complex (Figure 1B). By fitting the data shown in Figure
2 to eq 1, aKD ) 13 ( 2 nM for Rev peptide binding at 10
°C was calculated. In additional measurements in which the
RRE-72AP concentration was varied from 30 to 100 nM (n
) 3), an averageKD value of 20( 7 nM for Rev binding
was determined. This average value agrees well with theKD

) 15 ( 5 nM that was previously measured at 15°C by
following fluorescence anisotropy changes of fluorescein-
labeled Rev peptide upon binding to the native RRE sequence
(18). Thus, these similar results, which were obtained using
the same solution conditions and nearly identical RNA and
peptide constructs, demonstrate that the 72AP probe does
not significantly affect Rev affinity for RRE.

In contrast with the 72AP label, Rev titration of RRE-
68AP produced no fluorescence change (Figure 2B), sug-
gesting that the environment of the 68AP label does not
change upon Rev binding. The alternative explanation that
the 68AP label has a deleterious effect on Rev binding is
excluded by the competition binding experiment in Figure
5C (see below), as well as electrophoretic mobility shift
experiments which showed that the native RRE and the two
2-AP constructs were shifted in the same concentration range
of Rev (data not shown).

Stopped-Flow Kinetic Analysis of ReV Peptide Binding.
Stopped-flow kinetic experiments indicate that Rev binding
to RRE-72AP occurs in two kinetic phases, which suggests
a two-step binding mechanism (Figure 3A). The first faster
kinetic phase is found to be linearly dependent on Rev
concentration, while the second slower phase follows ap-
proximately a hyperbolic dependence on Rev concentration
(Figure 3B). For this type of mechanism (eqs 3 and 4), the
slope of the linear phase is equal to the observed on-rate
(k1[Rev] + k-1 + k2 + k-2), and they-intercept is equal to

the sum ofk-1 + k2 + k-2 (46). For the hyperbolically
dependent phase, the asymptotic rate is equal to the sumk2

+ k-2, and they-intercept provides a crude estimate of the
off-rate. The four microscopic rate constants describing this
mechanism were partially illuminated by curve fitting to eq
3, which allows direct determination ofk1 andk-1, and the
sumsk2 + k-2 andk-1 + k2 + k-2.

To determine the remaining rate constants,k2 andk-2, a
better estimate of the off-rate was made using a trapping
experiment. In this experiment (Figure 3C), a complex
between Rev and RRE-72AP was rapidly mixed with a large
excess of neomycin, such that peptide dissociation was made
irreversible. Thus, a single-exponential rate of peptide
dissociation is observed with a rate constantkoff ) k-1k-2/
(k-1 + k2 + k-2) ) 1.7 ( 0.1 s-1. This measurement, in
conjunction with the known sumk-1 + k2 + k-2, allowed
calculation of the productk-1k-2, which along with the
known sumk2 + k-2 allowed calculation of the individual
rate constantsk2 andk-2. The calculated rate constants for
this two-step mechanism are reported in Table 1. The overall
KD ) 16 ( 5 nM for Rev binding that is calculated from
the microscopic rate constants agrees well with theKD )
20 nM determined from the equilibrium measurements. Thus,
the two-step mechanism is consistent with the thermody-
namic measurements on this system.

Aminoglycosides Bind to Multiple Sites on RRE.To test
whether the same fluorescent probes might be used to directly
detect aminoglycoside binding to RRE, titration experiments
with RRE-68AP and RRE-72AP were performed (Figure 4).
As shown in Figure 4A, titration of RRE-68AP with
neomycin results in a fluorescence change that occurs in two
phases. In the first phase, a 1.3-fold increase in the
fluorescence signal occurs, which plateaus at a neomycin

FIGURE 2: Fluorescence changes accompanying titration of 2-AP-labeled RRE with Rev peptide. (A) Titration of 100 nM RRE-72AP with
increasing concentrations of Rev peptide. (B) Plot of the relative fluorescence increase at 370 nm as a function of total Rev concentration.
The solid curve is a fit to eq 1 (KD ) 13 ( 2 nM). A similar titration of the RRE-68AP with Rev produced no significant change in
fluorescence (dashed line).

Table 1: Thermodynamic and Kinetic Parameters for Rev and Neomycin Binding to RRE RNAa

components KD (µM) KD2
b (µM) k1 (µM-1 s-1) k-1 (s-1) k2 (s-1) k-2 (s-1) KD

calc c (µM)

RRE-72AP+ Rev 0.020( 0.007 140( 15 8( 4 11( 1 3 ( 1 0.016( 0.005
RRE+ Neo 0.25( 0.05 1.9( 0.6
a Measurements were made in the high ionic strength standard buffer at 10°C. The thermodynamic parameters represent average values from

different experiments, and the errors are standard uncertainties. The kinetic constants correspond to the two-step binding mechanism in eqs 3 and
4. b This dissociation constant corresponds to the competitive binding site for Rev and is the average value from the experiments in Figure 5B,C;
additional weaker neomycin binding sites withKD values in the high micromolar to millimolar range were also detected (see text).c This dissociation
constant for Rev binding to RRE-72AP was calculated from the kinetic constants (i.e.,KD

calc ) k-1k-2/k1k2).
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concentration of approximately 1µM. Continued titration
with neomycin over the range 10-100 µM results in an
overall 50% decrease in the original RRE-68AP fluorescence
signal. When these data were fit by computer simulation to
the simplest model involving neomycin binding to two
noninteracting sites on RRE-68AP (see curve in Figure 4A),
KD values of 230( 30 nM and 41( 6 µM were calculated.
As shown below, a moderate affinity binding site for
neomycin is revealed in competitive binding experiments
with the Rev peptide (KD ) 1.9 µM), but this site is not
detected in these direct neomycin binding experiments using
either the 72AP or the 68AP probes. For simplicity, we have
not included this moderate affinity site in the analysis of the
data in Figure 4 because inclusion of this “transparent”
binding event has little effect on the apparentKD values for
the observed tight and weak sites (not shown).

In contrast with RRE-68AP, the 72AP construct shows a
monotonic 15% decrease in fluorescence intensity over the

neomycin concentration range 0-2 µM (Figure 4B). Using
eq 1, aKD value of 290( 70 nM for neomycin binding to
RRE-72AP was determined, which is nearly identical to the
KD determined for the higher affinity site using the 68AP
label. For the RRE-72AP construct, a further 10% linear
decrease in fluorescence was observed as the neomycin
concentration was increased from 10 to 200µM. This
decrease is most likely attributable to binding to very weak
sites with binding constants in the low millimolar range, and
was not analyzed further. These results, using two different
reporter groups, suggest that neomycin binds to a tight site
on RRE RNA (KD ∼ 250 nM), as well as a weaker site (or
sites) withKD values in the high micromolar to millimolar
range.

Since the 2-AP fluorescence assay for neomycin binding
only detectsboundligand, we sought to confirm the presence
of the tight neomycin binding site by an equilibrium
ultrafiltration method in whichfree neomycin is directly
measured (Figure 4C). In this centrifugal filtration procedure
(17), a membrane retains neomycin that is bound to RRE-
68AP, while free neomycin passes through the membrane.

FIGURE 3: Stopped-flow kinetic measurements of Rev binding to
RRE-72AP RNA. (A) Fluorescence change upon rapid mixing of
RRE-72AP with Rev (final concentrations of 100 and 500 nM,
respectively). The trace was fit to a double exponential equation
(k1 ) 87 s-1, k2 ) 11 s-1). The inset shows data obtained at 20 nM
RRE-72AP and 90 nM Rev concentration (k1 ) 24 s-1, k2 ) 0.94
s-1). (B) Concentration dependence of the two kinetic phases of
Rev binding. (C) Determination of the Rev off-rate from RRE-
72AP using neomycin as a irreversible trap for the free RNA. A
complex consisting of 100 nM each RRE-72AP and Rev was
rapidly mixed with a solution of 100µM neomycin. Akoff of 1.7
s-1 for Rev was determined from this experiment.

FIGURE 4: Fluorescence changes accompanying titration of 2-AP-
labeled RRE with neomycin. (A) Titration of 100 nM RRE-68AP
with increasing concentrations of neomycin. The relative fluores-
cence increase at 370 nm as a function of total neomycin
concentration is plotted. The best-fit curve to a two-site binding
model is shown (KD1 ) 0.23( 0.03µM, KD2 ) 41 ( 6 µM). (B)
Relative fluorescence changes at 370 nm for the RRE-72AP
construct as a function of total neomycin concentration. The data
are fitted to eq 1 with aKD ) 0.29 ( 0.07 µM. (C) Binding of
neomycin to RRE-68AP as determined by equilibrium ultrafiltration
measurements. The curve is a fit to eq 2 (KD ) 0.29( 0.04µM).
The species that is directly detected in each experiment is marked
with a box in each panel.
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The neomycin in the filtrate and retentate may then be
quantified by post-labeling with32P using [γ-32P]ATP and
the enzyme neomycin phosphotransferase II. The dissociation
constant for neomycin binding to its tight site determined
using this procedure is indistinguishable from that found
using the fluorescence assay (KD ) 290 ( 38 nM), which
unambiguously establishes the presence of this tight site for
neomycin binding to RRE. Since the ultrafiltration assay is
not well suited for determining neomycin binding to weaker
sites on RRE, only the tighter site was investigated using
this procedure.

Occupation of the Tight Neomycin Binding Site Is Not
Inhibitory to ReV Peptide Binding.To determine which
neomycin binding site was inhibitory to Rev binding, three
different competition binding experiments were performed
(Figure 5). In the first experiment (Figure 5A), a RRE-
72AP-neomycin complex was titrated with increasing
concentrations of Rev. In this experiment, the neomycin
concentration was fixed at 990 nM so that the tight neomycin
binding site was 80% occupied, and the weakest site detected
in the direct neomycin binding experiments of Figure 4A
was less than 1% occupied (KD ) 41 µM). Thus, if
occupation of the tighter site affects Rev binding, a higher
apparentKD value for Rev binding should be measured under
these conditions. When Rev binds to the RRE-72AP-
neomycin complex, a 2.2-fold fluorescence increase is
observed which is indistinguishable from that seen in the
absence of neomycin (compare Figures 5A and 2B). Fitting
the data of Figure 5A to a model in which neomycin does
not perturb the interaction of Rev with its site (eq 1) yielded
an apparentKD of 28 ( 11 nM for Rev (see solid curve in
Figure 5A), which is only slightly greater than the value
measured in the absence of neomycin (see curve with short
dashes in Figure 5A;KD ) 20 nM). In contrast, if neomycin
binding to its tight site were directly competitive with Rev
binding, the expected Rev binding curve would deviate
considerably from the observed data (see theoretical curve
with long dashed lines in Figure 5A). Thus, these results
are consistent with the proposal that occupation of the tight
neomycin binding site is not inhibitory to Rev binding. As
confirmed in the following experiments, the slightly weaker
apparentKD value for Rev under these conditions suggests
that partial occupation of another weaker neomycin binding
site is inhibitory to Rev binding.

In a second complementary experiment, we asked if Rev
binding to its site on RRE affected the affinity of neomycin
for its tighter site. Thus, a competitive binding experiment
was performed in which a RRE-72AP-Rev complex was
titrated with increasing concentrations of neomycin (Figure
5B). In this experiment, two distinct fluorescent phases were
observed. In the first phase, a 15% decrease in fluorescence
was observed as the neomycin concentration was increased
from 0 to 2µM. The amplitude of this initial fluorescence
drop is similar to that shown in Figure 4B when free RRE-
72AP is titrated with neomycin, again suggesting that the
tight neomycin site is occupied independently from Rev. As
the neomycin concentration was increased further, the
fluorescence continued to drop to a plateau level about 3.2-
fold less than that of the initial RRE-72AP-Rev complex.
This is close to the expected change if the fluorescence
decrease due to neomycin binding to its tight site and the
decrease due to the displacement of Rev from its site are

additive.3 From the data in Figure 5B, aKD of 2.0 ( 0.6
µM for neomycin binding to the competitive site was
calculated employing the simplest model in which neomycin
binds to a tight site (KD ) 250 nM), and then a second
neomycin binds competitively with Rev for a second weaker
site. In this fitting procedure, theKD values for the neomycin

3 The observed fluorescence decrease is attributed solely to the release
of Rev, and cannot be attributed to direct fluorescence quenching by
neomycin binding to the competitive site, because control experiments
showed a linear decrease of only 10% when the neomycin concentration
was varied in the range 10-200µM, and this effect is corrected for in
the experiment shown in Figure 5B.

FIGURE 5: Dual binding of neomycin and Rev to RRE-72AP. (A)
Titration of a complex between RRE-72AP ([RRE]tot ) 100 nM)
and neomycin ([Neo]tot ) 990 nM) with Rev peptide. The solid
curve is a best fit to eq 1, which yields aKD of 29 ( 10 nM for
Rev binding when the tight neomycin site is 81% occupied. The
short and long dashed curves are the calculated binding isotherms
if Rev peptide binding is independent or competitive with occupa-
tion of the tight neomycin binding site, respectively. The similarity
of the solid and short dashed-line curves indicates that neomycin
binding to its tight site does not affect Rev binding to its site. (B)
Titration of a complex between RRE-72AP ([RRE]tot ) 200 nM)
and Rev ([Rev]tot ) 500 nM) with neomycin. The curve was
calculated using the programDynafit (40) using a model in which
neomycin binds independently to a tight site (KD ) 0.23µM), and
then competitively with Rev for a second site (KD ) 1.9 ( 0.6
µM). (C) Displacement of Fl-Rev (450 nM) from RRE-68AP (500
nM) by neomycin as determined in an equilibrium ultrafiltration
experiment. The curve was calculated using the programDynafit
(40) employing a model in which neomycin binds independently
to a tight site (KD ) 0.23 µM), and then competitively with Rev
for a second site (KD ) 1.8( 0.8µM). The species that is directly
detected in each experiment is marked with a box in each panel.
In the analysis of panels B and C, neomycin binding to weaker
sites (KD > 40 µM) was not included because such events are 20-
fold weaker than neomycin binding to the inhibitory site.
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tight site and the Rev binding site were held fixed at their
average values of 250 and 20 nM, respectively, while the
KD for the second competitive neomycin site and the
fluorescence amplitudes were allowed to vary.

Finally, to establish that occupation of the tighter neomycin
binding site is not inhibitory to Rev binding and to confirm
the presence of a neomycin-Rev-RRE ternary complex,
we performed an equilibrium ultrafiltration experiment with
amino-terminal fluorescein-labeled Rev (Fl-Rev). This Rev
peptide construct has been previously shown to bind to RRE
with the same affinity and specificity as the native Rev
peptide (18), and allows sensitive fluorescence measurements
of the peptide to be performed. In this experiment (Figure
5C), a complex between Fl-Rev and RRE-68AP was
competed with increasing concentrations of neomycin. Since
free Fl-Rev passes through the membrane filter, while the
larger Fl-Rev-RRE complex is retained, this approach
allows a direct determination offreeFl-Rev as a function of
total neomycin concentration. Curve fitting the data as
described above using the simplest model in which neomycin
binds to a tight site (KD ) 250 nM), and then Fl-Rev and
neomycin compete for a second binding site, yields aKD of
1.8 ( 0.6 µM for neomycin binding to the inhibitory site.
ThisKD is in excellent agreement with the value determined
in Figure 5B using 2-AP fluorescence changes, and estab-
lishes that the tight and inhibitory neomycin binding sites
aredistinct. We point out here that the inhibitory site detected
in these competition assays isnot the same weak site that is
detected in the direct neomycin binding assay (Figure 4A,
KD ) 41µM). We therefore conclude that neomycin binding
to the inhibitory site is silent with respect to the 68AP and
72AP probes, and is only detected in competition experiments
with Rev.

NMR EVidence for an RRE-Neomycin Complex and an
RRE-ReV-Neomycin Ternary Complex.The formation of
the binary neomycin-RRE complex was followed by
monitoring changes in the imino proton spectrum of RRE
upon titration with neomycin (Figure 6A). The imino proton
chemical shift assignments for free RRE were made by
inspection of 2D NOESY spectra (data not shown), and were
found to match those determined previously (11). Upon
addition of neomycin to free RRE, obvious perturbations are
observed for a subset of imino proton resonances. By
inspection of the 2D NOESY spectrum of the RRE-
neomycin complex in Figure 6B, the imino protons that shift
(G42, G46, G67, and G77), broaden (U45 and U43), and
sharpen (G46) upon titration can be unambiguously assigned
(see figure legend for details). By inspection of the RRE
secondary structure in Figure 1A, it may be concluded that
all of the perturbed residues, with the exception of G67, are
located in thelower stemof RRE. The chemical shift
perturbation of G67, which forms a base pair with C49 at
the upper stem-bulge junction, is most simply accounted
for by an indirect allosteric effect of neomycin binding to
the lower stem. This NMR result is in accord with the
observation that neomycin binding perturbs the fluorescence
of the adjacent bulge residue, 68AP (Figure 4A).

To monitor the course of the neomycin titration of RRE,
we followed the chemical shift changes for residue G77
because these changes are clearly followed in the 1D spectra
(Figure 6A). Before addition of neomycin, the imino proton
of G77 shows a single resonance. Upon addition of 0.65

equiv of neomycin, the single resonance for G77 is split into
two resonances with nearly equal intensity. This behavior
indicates that free neomycin and bound neomycin are in slow
exchange on the chemical shift time scale. Consistent with
this interpretation, when a slight molar excess of neomycin
is added, a single resonance is once again observed for G77
that has the same chemical shift of the second resonance
that appeared at the substoichiometric neomycin concentra-
tion. We point out that under the conditions of the NMR
titration experiments only the tightest neomycin site is
significantly occupied, because affinity for this site isg8

FIGURE 6: Titration of RRE with neomycin resulting in the
formation of a specific binary neomycin-RNA complex. (A) 1D
proton spectra of the imino region of free RRE (lower spectrum),
and RRE in the presence of 0.65 and 1.3 molar equiv of neomycin.
Assignments for free RRE are shown (11). Imino protons that show
chemical shift perturbations upon addition of neomycin are boxed.
The free and bound imino resonances of G77 are indicated with
dashed lines. (B) Imino-aromatic proton region of NOESY spectra
of the neomycin-RNA binary complex at 15°C in 90% H2O/10%
D2O showing the chemical shift changes observed in this region
of the spectra upon binding of neomycin. The resonances that
change in the 1D spectra may be assigned in this 2D spectrum.
Cross-peaks are labeled by imino proton assignments. Open circles
indicate the position of imino to aromatic/amino correlated cross-
peaks before addition of neomycin, and the curved arrows indicate
the direction of the chemical shift change. The positions of cross-
peaks in the free RRE that are observed to broaden upon neomycin
binding are boxed.
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times greater than the second site detected in fluorescence
titration experiments using identical conditions (data not
shown).

To ascertain whether we could detect a ternary complex
between neomycin, RRE, and the Rev peptide using NMR
methods, we titrated the binary RRE-Rev complex with
neomycin (Figure 7A). The imino proton chemical shift
assignments for the RRE-Rev complex were made by
inspection of 2D NOESY spectra (data not shown), and were
found to match those previously determined (11). The

titration of the RRE-Rev complex with neomycin (Figure
7A,B) results in shift changes or broadenings for the same
residues in the lower stem that were affected in the neomycin
titration of the free RNA (i.e., G42, G46, U43, and G77),
suggesting that neomycin binds in an indistinguishable
fashion to the lower stem in both free RRE and the RRE-
Rev complex. As observed for the neomycin titration of RRE,
neomycin titration of the RRE-Rev complex again indicates
that free neomycin and bound neomycin are in slow exchange
on the chemical shift time scale (Figure 7A) as judged by
the chemical shift changes for residue G77. Moreover,
addition of 1.3 equiv of neomycin to the RRE-Rev complex
does not significantly perturb the imino proton chemical
shifts for the bulge base pairs that are stabilized upon Rev
binding, providing strong evidence that the peptide remains
bound and unchanged in its interaction with RRE in the
presence of 1 equiv of neomycin.

In addition to the common residues that were perturbed
in the free RNA, neomycin titration of the RRE-Rev
complex also resulted in chemical shift perturbations for the
imino proton resonances of G76 and U45, located in the
lower stem, and a significant broadening of the imino proton
resonance of U66, located in the upper stem. Since the
noninhibitory tight binding site for neomycin is suggested
to be in the lower stem region, the changes observed for
U66 must be explained by a long-range allosteric effect of
neomycin binding on the RNA conformation or dynamics,
as was observed for residues G67 and 68AP in free RRE
(see above). In summary, these NMR spectra provide strong
support for a single neomycin binding site that is not
competitive with Rev, and suggest that this same neomycin
binding site, located in the lower stem region of RRE by
chemical shift perturbation data, exists in both the free RNA
and the RNA-peptide complex.

DISCUSSION

Mechanism of Specific ReV Peptide Binding to RRE. The
intact HIV-1 Rev protein is a 16 kDa RNA-binding protein
that cooperatively binds the 244-nucleotide full-length RRE
with a stoichiometry of 4 Rev monomers per RRE (47). The
mechanism of RRE binding by the Rev protein has been
studied using surface plasmon resonance methods, and is
thought to occur by the initial binding of a Rev monomer to
the high-affinity stem-loop region of RRE, followed by
oligomerization of Rev mediated by protein-protein contacts
(47). The short R-helical peptide corresponding to the
arginine-rich RNA binding domain of Rev binds specifically
to the stem-loop IIB of RRE, providing a good model
system to study the initial process of monomer recognition
of the stem-loop, without complications from protein
oligomerization (8-14). In addition, a high-resolution NMR
structure of the Rev peptide bound to RRE has been solved
(12), which provides a structural framework from which to
interpret the binding process.

We have shown here that Rev peptide binding to RRE
occurs in two steps: an initial encounter followed by
isomerization of the RNA (Figure 3, Table 1). The initial
encounter step is very rapid, occurring with a second-order
rate constant of∼108 M-1 s-1 that is in the range of values
expected for diffusion-controlled encounter of molecules of
this size. The large value of this rate constant for formation

FIGURE 7: Titration of the RRE-Rev complex with neomycin
resulting in the formation of a specific ternary neomycin-RNA-
peptide complex. (A) 1D proton spectra of the imino region of the
RRE-Rev complex (lower spectrum), and the complex in the
presence of 0.65 and 1.3 molar equiv of neomycin. Assignments
for the RRE-Rev complex are shown (11). Imino protons that show
chemical shift perturbations upon addition of neomycin are boxed.
The free and bound imino resonances of G77 are indicated with
dashed lines. (B) Imino-aromatic proton region of NOESY spectra
of the neomycin-RRE-Rev ternary complex at 15°C in 90% H2O/
10% D2O showing the chemical shift changes observed in this
region of the spectra upon binding of neomycin. The resonances
that change in the 1D spectra may be assigned in this 2D spectrum.
Cross-peaks are labeled by imino proton assignments. Open circles
indicate the position of imino to aromatic/amino correlated cross-
peaks before addition of neomycin, and the curved arrows indicate
the direction of the chemical shift change. The positions of cross-
peaks in the RRE-Rev complex that are observed to broaden upon
neomycin binding are boxed.
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of the encounter complex suggests that both the free peptide
and free RNA are in the correct conformation to bind, and
that any reorganization of the RNA or peptide that occurs
during formation of this initial encounter complex is
extremely rapid. The lowKD value for the Rev peptide is
largely the result of this diffusion-controlled on-rate, as the
off-rate is fairly fast (1.7 s-1, Table 1).

The significant increase in fluorescence that occurs upon
forming the initial complex with RRE-72AP suggests that
the 72AP base becomes more exposed (less stacked) upon
peptide binding. This result is consistent with the NMR
structure of the Rev peptide-RRE complex, which shows
that the bulge residue U72 is flipped-out of the A-helix, and
that a critical purine-purine base pair is formed between
G71 and G48 (Figure 1A). This new base pair acts to widen
the RNA major groove by 5 Å, allowing deep penetration
of the peptide and the formation of key hydrogen-bonding
or electrostatic interactions with the arginine-rich motif of
Rev (12). The second slower kinetic transient, which has a
smaller amplitude, may represent a final docking step in
which the RNA and peptide isomerize into the final
conformation. This docking step contributes only 3-fold to
the total free energy of binding (i.e.,k2/k-2 ) K2 ) 3, Table
1). Thus, the bulk of the interaction energy between the
peptide and RNA has been realized in the initial encounter
complex.

It is of interest to note that the 68AP label, which is at the
junction of the bulge and upper stem, shows no fluorescence
change upon Rev peptide binding. Residue A68 is proposed
to be stacked below residue G67 of the upper stem of free
RRE on the basis of G67H8-A68H8 and G67H1′-A68H8
NOEs (11), but is completely flipped-out in the NMR
structure of the complex (12). Thus, this type of environment
change would be expected to result in a significant increase
in 2-AP fluorescence. The absence of a detectable increase
in 68AP fluorescence and its relatively high initial fluores-
cence, as observed in Figure 2, suggest that 68AP is also
highly exposed in the free RNA, and that a smaller change
in its environment occurs upon Rev peptide binding. These
apparent differences may reflect dynamic behavior at the
junction between the bulge and upper stem, or weak stacking
between A68 and G67 in the free RNA that does not lead to
strong quenching of the 2-AP fluorescence.

Where Does Neomycin Bind on RRE?Although aminogly-
cosides have a general affinity for RNA, and operate as
potent antibacterial agents by binding to specific regions of
rRNA in prokaryotes (48), little is known about the structural
features in RNA that are essential for specific aminoglycoside
binding. It has been suggested on the basis of chemical
modification and protection experiments, as well as muta-
tional studies (15, 17), that neomycin B binding to RRE is
favored in nonhelical regions, with a distinct preference for
the internal purine-rich bulge. In fact, the general proposal
has been made that aminoglycosides bind preferentially to
regions where structural perturbations have widened the RNA
major groove (18, 49-54). However, these conclusions are
inconsistent with SPR measurements of neomycin binding
to RRE, and a variant of RRE in which the bulge region
was replaced with canonical base pairs (16), where no
difference was observed in the binding affinity of neomycin
in the absence and presence of the bulge. In addition, there
appears to be at least one exception to the general rule that

aminoglycosides bind preferentially to the RNA major
groove. In studies of neomycin binding to the TAR element
of HIV-1 RNA, it was found that inosine substitutions in
the lower stem decreased neomycin binding by 100-fold,
suggesting that the aminoglycoside is bound in the minor
groove of the lower stem in TAR (55).

The present results indicate that neomycin B binds to RRE
with a stoichiometry of 3 neomycins for each RNA in the
concentration range investigated. The tightest site (KD ) 250
nM) is not inhibitory to Rev binding. The intermediate
affinity site inhibits Rev binding in a competitive fashion
(KD ) 1.9 µM), and the third very weak site(s) is (are)
attributed to nonspecific binding (KD ) 41 µM). The
observation of a three-site stoichiometry for neomycin
binding to RRE, with a specific high-affinity neomycin
binding site that is noninhibitory to Rev binding, is in contrast
with previous published neomycin binding data determined
using competitive binding assays (18, 19). However, the
three-site stoichiometry is very similar to that observed by
Hendrix et al., who used SPR methods to study these
complexes (16). Since both the present 2-AP fluorescence
study and previous SPR study monitor neomycin binding
events directly, it clearly appears that these methods are able
to detect binding events that escaped detection in competitive
binding assays.

NMR chemical shift perturbations suggest that the high-
affinity site for neomycin is located on the lower stem of
free RRE and the RRE-Rev complex. One possible model
is that the aminoglycoside binds in the broad and shallow
minor groove of the lower stem, in a fashion similar to that
observed for neomycin binding to TAR. Such a model could
explain why neomycin binding to the tight site has no
significant effect on Rev peptide binding to the major groove
of RRE, which is widened by the formation of purine-purine
base pairs in the bulge. We could not obtain evidence to
confirm or dispel this model using 2D1H NMR methods,
because unambiguous intermolecular NOEs between neo-
mycin and RRE were obscured by severe overlap of proton
resonances. Therefore, further characterization of neomycin
binding to RRE and RRE-Rev will require isotope labeling
of the RNA and peptide (12, 56, 57).

Long-Range Effects of Neomycin Binding.The above
conclusion that the tight noninhibitory neomycin binding site
is located on the lower stem is surprising because the 68AP
and 72AP fluorescent reporter groups used to detect neo-
mycin binding in this study are located in the bulge region
of free RRE (Figure 8A). These results suggest that neomycin
binding to the lower stem alters the environment of the 72AP
and 68AP bases through an allosteric mechanism. Such
allosteric effects need not cause a large change in the average
conformation of the RNA because in the steady-state
fluorescence experiments used here, the observed spectra are
the weighted average of the populations and lifetimes of all
the states that are present. Therefore, the neomycin-induced
changes in the 68AP and 72AP fluorescence intensities could
simply result from a small change in the population of a
state with a significantly different fluorescence lifetime (27).
The effects of neomycin binding on the chemical shift of
the upper stem residue G67 in free RRE, and the imino
proton line width of the adjacent residue U66 in the RRE-
Rev complex, also suggest long-range allosteric effects of
neomycin binding to its tight site. The subtle changes in the
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environment of these residues upon neomycin binding in the
lower stem could reflect the highly dynamic and flexible
nature of the bulge region, which allows upper stem residues
that border the bulge to “feel” binding events in the lower
stem. We note that an allosteric mechanism involving a
transient ternary complex has been invoked in the Tat-Tar
system to explain how binding of neomycin in the lower
stem prevents Tat peptide binding to the bulge region of Tar
RNA (55). The present case differs, however, because the
allosteric effects of neomycin binding to the stem have no
discernible effect on peptide binding to the bulge. We
speculate that such long-range effects of aminoglycoside
binding to RNA may be more common than previously
thought, and may be a general feature of their mode of ac-
tion.

The tight neomycin site detected here using 2-AP fluo-
rescence would have eluded detection in previous chemical
modification studies that used single-strand-specific reagents
(15, 17). However, this lower stem site probably represents
the tight neomycin binding site that was detected in several
previous binding studies. In this previous work from several
groups, similar lowKD values for neomycin binding of 82
nM (17), 150 nM (19), and 210 nM (16) were reported. These
KD values were always significantly less than the measured
Ki values of 1-2 µM for neomycin inhibition of Rev binding,

suggesting the existence of multiple neomycin binding sites
on RRE (15, 18). The present results with respect to
neomycin inhibition of Rev binding are consistent with these
previous studies, and suggest that the inhibitory and nonin-
hibitory sites are located in the bulge and lower stem regions,
respectively (Figure 8). These results suggest a strategy for
drug development in which the tight site may be converted
into an inhibitory site through appropriate chemical modi-
fications of the aminoglycoside (20-26).
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