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Abstract: The specificity of neomycin B and related aminoglycoside antibiotics in their interaction with the Rev
responsive element (RRE) of HIV-1 mRNA has been studied by directly observing the aminoglycoside-RNA
complexes using surface plasmon resonance. Several different RNA sequences, each with a biotin tag, have been
prepared using T7 RNA polymerase-catalyzed transcription of synthetic DNA templates and have been immobilized
on a streptavidin-coated surface for the binding study. The results indicate that neomycin B is not specific for the
G-rich bubble region in RRE. Rather, it appears to interact with three different sites, each with a submicromolar
dissociation constant, within the 67-nucleotide domain II of RRE. Further analysis of neomycin B binding with
three short synthetic RNA hairpins showed binding with submicromolar affinity and 1:1 stoichiometry in each case.
This suggests that neomycin B may generally bind with this affinity to regular A-form RNA or hairpin loops. The
approach described here is generally useful for understanding the fundamental interactions involved in the specific
recognition of nucleic acids by small molecules which is the basis of rational drug design.

Targeting specific RNA sequences with small-molecule drugs
is a potentially attractive approach to the therapy of many
diseases. Aminoglycosides (Figure 1) belong to the small group
of low molecular weight compounds known to date that bind
selectively to specific RNA sequences.1 Neomycin B and
related structures, for example, have been shown to bind two
important regulatory domains in HIV-1 mRNA, the Rev
responsive element (RRE),2 and thetrans-activation response
element (TAR),3 and to inhibit binding of their cognate proteins

Rev and Tat, respectively. By facilitating the nuclear export
and subsequent expression of unspliced or partially spliced
mRNAs, Rev acts as a crucial switch between viral latency and
active viral replication.4-6 We are interested in developing
inhibitors of the interaction between RRE and its cognate protein
Rev as potential therapeutics against HIV.7 However, despite
the promising activity of some aminoglycosides, little is known
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about the factors governing their affinity and specificity for
particular RNA structures, thus hindering rational drug develop-
ment.
A crucial element in understanding aminoglygcoside-RNA

recognition is the development of detailed structure-activity
relationships and the analysis of sequence specificity. Fre-
quently, protein binding to nucleic acids is evaluated by gel
mobility shift8 or filter binding9 assays. For small molecules,
however, complexes with RNA are often difficult to observe
directly. Instead, they are usually screened in a competition
assay in the presence of an RNA binding protein.In this type
of competition assay, howeVer, it is impossible to test for
specificity, i.e., the ability to discriminate between different RNA
sequences. Therefore, we have developed a novel assay based
on surface plasmon resonance (SPR) that allows the direct
observation of aminoglycoside-RNA interactions and is able
to test for specificity.
SPR is an optical phenomenon that can be used to detect

binding to ligands that are immobilized on special SPR
sensorchip surfaces. The observed SPR signal correlates to mass
concentration near the surface, allowing binding to immobilized
ligands to be monitored. Depending on the experimental design,
both thermodynamic and kinetic information can be derived.
SPR has been applied to the direct monitoring of a wide range
of macromolecular interactions,10 but only recently have techni-
cal improvements in the accuracy of detection put the analysis
of small-molecule binding within reach. We have developed a
general SPR-based method for monitoring small-molecule-
RNA interactions. Specifically, we have synthesized several
5′-biotinylated RNA transcripts and immobilized them on the
surface of streptavidin-coated sensorchips. Using this system,
we were able to study in detail the binding of aminoglycoside
antibiotics to these sequences (Figure 2). Analysis of the

binding data has allowed us to gain new insights into aminogly-
coside-RNA interactions.

Results

We have examined three different sequences related to RRE.
The first sequence is the wild type domain II of RRE (wt-RRE-
II) which contains the high-affinity Rev-protein-binding site of
RRE.11 The second sequence is the abbreviated 30-nucleotide
stem-loop RBE3,12 which still contains the essential elements
for Rev recognition13 and which has been shown to bind Rev-
derived peptides with high specificity. Its structure, both in
solution and in the peptide-complexed form, has been deter-
mined by NMR.14 The G-rich bubble which is partially closed
by the formation of purine-purine base pairs widens the major
groove enough to accommodate theR-helical RNA-binding
domain of Rev. On the basis of footprinting experiments, it
has been suggested that the G-rich bubble in this sequence is
also the binding site for neomycin B.2a The third RRE-related
sequence is a designed hairpin, RBE3-neg, where the Rev-
binding site has been disrupted by mutating the bubble region.
This was accomplished by deleting two looped out nucleotides,
A68 and U72 (wt-numbering), and changing the two purine-
purine base pairs, G47:A73 and G48:G71, to standard Watson-
Crick pairs. Finally, we have included Neo16bd, a neomycin
B binding sequence that is not related to RRE and consequently
is not expected to bind Rev. This sequence is derived from an
RNA-aptamer that was selected to bind neomycin B.15

Synthesis and Immobilization of RNAs. Biotin-RNA
conjugates were prepared as shown in Scheme 1.In Vitro
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Figure 1. Structure of aminoglycosides. The neomycin family is
characterized by a 2-deoxystreptamine-cyclitol core. Streptomycin
belongs to a different family of aminoglyosides and is characterized
by its guanidinium groups.

Figure 2. SPR sensorchip surface presenting immobilized RNA
hairpins. Streptavidin is covalently attached to the carboxymethyl
dextran matrixVia amide linkages. RNA sequences are then non-
covalently immobilized through their 5′-biotin termini.
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transcription of a DNA template in the presence of guanosine-
5′-monophosphorothioate (GMPS), catalyzed by T7 RNA
polymerase,16 produced a 5′-phosphorothioate-RNA oligo-
nucleotide. Subsequent modification with an extended biotin-
iodoacetamide reagent gave the desired 5′-biotinylated RNA.
As shown in Figure 3A for the case of RBE3, 5′-phosphoro-
thioate oligonucleotides are quantitatively modified with biotin,
while 5′-phosphates are unreactive, demonstrating selective
reaction at the single sulfur atom. This approach should be
generally useful for the preparation of a wide range of
specifically modified RNA sequences.
When streptavidin-coated sensorchips were exposed to solu-

tions of gel-purified, biotinylated RNA oligomers, time-depend-
ent stable immobilization was observed (Figure 3B). Rigorous
purification of the 5′-biotinylated RNAs by gel electrophoresis
to remove excess biotinylation reagent was critical for successful
immobilization. Simple ethanol precipitation was not sufficient
for this purpose and resulted in low levels of captured RNA.
During the optimization of the immobilization parameters to
reduce consumption of the RNA conjugates, we found that
lowering the pH from 7.4 to 6.8 resulted in substantially higher
levels of immobilization. This is presumably due to improved
preconcentration of the negatively charged biotin-RNA con-
jugates at the streptavidin-coated surface (pI 5-6). The
immobilization was specific for biotinylated sequences, as
unbiotinylated RBE3-5′-phosphorothioate did not lead to any

appreciable capture of RNA ligand (<5 RU, lower trace in
Figure 3B). Immediately following exposure to the unbiotin-
ylated RNA, biotinylated RBE3 was injected into the same flow
cell, resulting in the usual level of functionalization (ca. 580
RU, upper trace in Figure 3B). Furthermore, immobilization
is dependent on the level of streptavidin loading. In a gradient
sensorchip having four different levels of streptavidin loading,
the amount of captured biotin-RNA was proportional to the
streptavidin loading levels (data not shown). Taken together,
these observations clearly demonstrate that biotin-RNA con-
jugates are specifically immobilized on the surface through the
streptavidin linker.
Binding of RNAs to Rev Peptide. To establish that the

immobilized RNA was properly folded, we investigated the
binding of the four RNA sequences to Rev27 (Figure 4). This
synthetic peptide contains theR-helical RNA-binding domain
of Rev protein (Rev34-50)17 which contacts the major groove
of the bubble region. The flanking alanine residues were
designed to increaseR-helical content, and theN-terminal
cysteine was included to allow future modifications. Closely
related peptides have previously been shown to bind with high
specificity to short model RNA sequences18 incorporating the
Rev-binding domain of RRE. When solutions of Rev27 were
injected under conditions of high stringency (10°C, pH 7.4,
150 mM NaCl, 150 mM Na2SO4), selective formation of a 1:1
complex was observed for wt-RRE-II (Kd ) 215 ( 10 nM)
and RBE3 (Kd ) 490 ( 30 nM), but not for RBE3-neg or
Neo16-bd (Figure 4A,B). Under less stringent buffer conditions
(10 °C, pH 7.4, 300 mM NaCl) the binding strength is
significantly increased while the selectivity remains high.
However, under these conditions only an upper limit can be
derived for the dissociation constant (Kd < 10 nM at 5°C) due
to surface transport limitations.19 At higher concentration
nonspecific binding is observed to all three sequences. The
binding strength and selectivity20 are somewhat higher at lower
temperature (Figure 4C). This trend is consistent with previous
observations by gel-shift experiments and can be explained by
the higherR-helical content of the peptide at lower temperature.
The CD spectrum of Rev27 at 5°C has two minima at 222 and
210 nm characteristic of anR-helical structure. From the molar
ellipticity at 222 nm anR-helical content of 64% at 5°C was
determined.21 Raising the temperature gradually unfolds the
helix, and at 30°C theR-helical content is reduced to 29%.
Binding of Aminoglycosides. Figure 5A shows the titration

curve of neomycin B with wt-RRE-II, RBE3, and RBE3-neg.
Binding of the aminoglycoside to all three RNA oligonucleotides
is observed starting in the low nanomolar concentration range
and is nonsaturable over the concentration range investigated.
No significant changes to the binding isotherm were observed
in the presence of 2 mM Mg2+, suggesting that the binding and
the structure of the RNA hairpin are not influenced by divalent
metals. The high degree of nonspecific binding is not surprising
considering that aminoglycosides are highly charged polycations
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Scheme 1.Synthesis of RNA-5′-Phosphorothioates byin
Vitro Transcription with T7 RNA Polymerase in the
Presence of GMPS, Followed by Biotinylation with a
Biotin-Iodoacetamide Derivative That Allows Specific
Immobilization
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that tend to associate nonspecifically with the polyanionic
phosphate backbone of RNA. A Scatchard plot of the data is
shown in Figure 5B. The initial part of the plot reveals the
presence of surface transport limitations at very low concentra-
tions of neomycin B, which prevent reaching the equilibrium.
This results in data points that lie systematically to the lower
left of the true equilibrium curve. Data points corresponding
to 0.5 equiv or more of neomycin B represent equilibrium values

and can be analyzed with respect to stoichiometry and affinity
of aminoglycoside binding. Interestingly, there is no signficant
difference in the binding of neomycin B to RBE3Vs RBE3-
neg. Both sequences bind one molecule of neomycin B with
submicromolar affinity followed by weaker association with
several additional equivalents of the antibiotic. This clearly
shows that, while the G-rich bubble region is essential for Rev
binding, it is not a determining factor for binding of neomycin

Figure 3. Biotinylation and immobilization of RBE3 RNA. (A) Storage phosphor autoradiogram of a 20% denaturing polyacrylamide gel used to
separate products of biotinylation reactions on32P-labeled RBE3-5′-phosphate and RBE3-5′-phosphorothioate (RBE3-5′-ps). Only the
5′-phosphorothioate containing RNA (lanes 3 and 4) is biotinylated. (B) Superposition of the injection traces for RBE3-5′-ps and RBE3-5′-biotin.
Only the biotinylated RNA is successfully immobilized on the streptavidin-coated sensorchip surface.

Figure 4. Binding selectivity for Rev27. (A) Titration curve under stringent conditions (pH 7.4, 10 mM HEPES, 3.4 mM EDTA, 5 mM DTT, 150
mM NaCl, 150 mM Na2SO4; Kd(wt-RRE-II) ) 200 nM,Kd(RBE3)) 430 nM). (B) Scatchard plot of the data in (A). (C) Titration under lower
stringency conditions at 5°C (solid lines) and 25°C (dashed lines) (pH 7.4, 10 mM HEPES, 3.4 mM EDTA, 5 mM DTT, 300 mM NaCl).
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B. Neomycin B either binds to a set of nucleotides within
regular A-form RNA that is conserved between RBE3 and
RBE3-neg or binds to the UUCG tetraloop that is not part of
the wt-RRE sequence. In support of the latter possibility,
selection experiments with RNA aptamers have established that
aminoglycosides have a general affinity for stem loops,22 and
these selection experiments have failed to identify any ami-
noglycoside-binding motif within regular double-stranded A-
form RNA. However, recent footprinting experiments on
comparable RNA hairpins have yielded no evidence of direct
association to the UUCG tetraloop.
For wt-RRE-II, three molecules of neomycin B are bound

with submicromolar affinity. Following the reasoning outlined
above, it is possible that two of these molecules bind at the
two hairpin loops present. The third equivalent might bind at
the three-helix junction, overlapping with the binding site for
the intact protein. This would be consistent with both the
inhibitory effect of neomycin B on Rev-RRE binding and the
reported footprinting data for binding of neomycin B in that
region.
Paromomycin Binding. Another aminoglycoside that is

closely related to neomycin B in structure but which has been
reported to have virtually no inhibitory effect on the Rev-RRE
binding is paromomycin (see Figure 1). The only difference
between the two molecules lies in the replacement of neomycin’s
6′-amino function with a hydroxyl group in paromomycin. As
shown in Figure 6, equilibrium binding measurements did indeed
show that paromomycin has approximately 15-fold lower
affinity for wt-RRE-II, RBE3 and RBE3-neg compared to
neomycin B. However, the relative affinity for the three
sequences is unchanged, and the curves of the respective

semilogarithmic plots are superimposable when shifted hori-
zontally. This indicates that the specificity of binding is
unchanged.
The difference in equilibrium binding affinity between

neomycin B and paromomycin is too small to account for the
extremely large reported inhibition differences observed in gel-
shift assays (>100-fold). However, careful examination of the
dissociation phase revealed profoundly different dissociation
kinetics for the two compounds. Data taken at different time
points after switching from injecting aminoglycoside-containing
buffer to aminoglycoside-free buffer represent time slices
through the dissociation phase. Figure 7 shows the results
obtained for wt-RRE-II after 1 min. The curve for neomycin
B has the shape of an apparent 1:1 binding isotherm, contrasting
with the shape of the equilibrium curve. This is due to the

(22) (a) Wang, Y.; Rando, R. R.Chem Biol.1995, 2, 281. (b) Lato, S.
M.; Boles, A. R.; Ellington, A. D.Chem. Biol.1995, 2, 291. (c) Wang, Y.;
Killian, J.; Hamasaki, K.; Rando, R. R.Biochemistry1996, 35, 12338.

Figure 5. Neomycin B binding to RBE3, RBE3-neg, and wt-RRE-II.
(A) Semilogarithmic plot. (B) Scatchard plot; (x-axis intercepts, 0.98
(RBE3-neg), 1.01 (RBE3);Kd values calculated from the slope, 160
nM (RBE3-neg), 210 nM (RBE3)). Conditions: pH 7.4, 10 mM
HEPES, 150 mM NaCl, 3.4 mM EDTA, 25°C.

Figure 6. Paromomycin binding to RBE3, RBE3-neg, and wt-RRE-
II. (A) Semilogarithmic plot. The dashed line indicates the binding of
neomycin B to wt-RRE-II for comparison. (B) Scatchard plot. The
dotted line represents the binding of neomycin B to RBE3; (x-axis
intercepts, 1.05 (RBE3-neg), 1.04 (RBE3);Kd calculated from the slope,
3.1 mM (RBE3-neg), 2.8 mM (RBE3)). Conditions: pH 7.4, 10 mM
HEPES, 150 mM NaCl, 3.4 mM EDTA, 25°C.

Figure 7. Kinetic stability of wt-RRE-II complexes with neomycin B
Vs paromomycin. Equilibrium was reached at the indicated concentra-
tions of aminoglycoside, and then dissociation was effected by injecting
aminoglycoside-free buffer (10 mM HEPES, pH 7.4, 150 mM NaCl,
3.4 mM EDTA). Data points were taken after 1 min of dissociation.
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different dissociation rates for specific and nonspecific binding,
with nonspecifically bound molecules dissociating much faster.
Even more interesting is the difference between the two
aminoglycosides: No apparent 1:1 binding isotherm is discern-
ible for paromomycin, implying that the high-affinity binding
sites for paromomycin within RRE are characterized by off-
rates that are at least as fast as those of nonspecifically bound
molecules. The same trend shown here for wt-RRE-II was also
observed for RBE3 and RBE3-neg. Thus, it is apparent that
while the equilibrium binding values do not reflect a large
difference between these two closely related aminoglycosides,
their dissociation kinetics are very different and may account
for the large difference in inhibitory potency that has been
observed by gel shift. Interestingly, these observations are also
consistent with our previous finding in model systems that the
1,3-hydroxyamine substructure of thegluco-ring is an effective
recognition element for phosphodiesters.23 Altering this sub-
structure may therefore change binding.
Other Aminoglycosides. We have examined a number of

other aminoglycosides belonging to the neomycin family, as
well as streptomycin, an unrelated aminoglycoside antibiotic
(Figure 1). Substantial differences exist with respect to their
binding affinity for wt-RRE-II, spanning from neomycin B,
which has the highest affinity, to streptomycin, which is weakest
(Figure 8). All show nonsaturable binding in the micromolar
concentration range. The same trend that was observed for wt-
RRE-II was seen with RBE3 and RBE3-neg. The observed
affinities for different aminoglycosides largely correlate with
the total number of amines on the molecule and therefore with
the overall charge.
Influence of Competing Ions. The binding of aminogly-

cosides to RNA is likely to involve substantial ionic contribu-
tions and therefore should be strongly influenced by competing
buffer ions. In agreement with this notion, the inhibitory effects
of aminoglycosides on ribosomal protein synthesisin Vitro
decrease with higher ionic strength of the medium.24 Likewise,
a strong salt dependence has been found for the inhibitory
activity of neomycin B on hammerhead ribozyme activity. We
studied the salt dependence of neomycin B binding to RBE3,
RBE3-neg, and Neo16-bd (Figure 9) by varying the concentra-
tion of NaCl included in the injection buffer (10 mM HEPES,
pH 7.4, 0.1 mM EDTA). At low concentrations of NaCl (100
or 50 mM) an increase in the amount of nonspecific binding
was observed. However, at low ionic strength mass transport
to the surface became an association rate limiting factor and at
low concentrations of neomycin B equilibrium could not be

reached during the usual length of the association phase (10-
20 min). At higher salt concentrations (200 and 250 mM)
binding was sharply reduced for both RBE3 and RBE3-neg.
The behavior of Neo16-bd under these conditions is especially
interesting. This neomycin binding motif was obtained byin
Vitro selection under conditions of high ionic strength. At 250
mM NaCl Neo16-bd still shows strong binding to neomycin B.
Under these conditions the selectivity for binding Neo16-bdVs
RBE3 or RBE3-neg is approximately 100-fold. Interestingly,
this advantage of Neo16-bd does not exist under less stringent
salt conditions. Rather, it seems that specific binding to Neo16-
bd is insensitive to ionic competition, whereas the binding to
RBE3 and RBE3-neg is competed off by buffer salts. The
nonspecific binding is sensitive to increasing ionic strength in
both cases.

Discussion

Although it has long been known that aminoglycosides have
a general affinity for RNA, much remains uncertain about their
mechanism of action.25 Their bactericidal effects are thought
to be due to interference with the proper functioning of the
prokaryotic ribosome. Several antibiotic binding sites have been
identified by footprinting on theE. coli 16S ribosomal RNA.26

Aminoglycosides of the neomycin family bind to the A-site of
the ribosomal decoding region and induce translational misread-
ing.27 Very recently an NMR structure of the complex of
paromomycin with an A-site analog RNA hairpin has been
reported.28 Paromomycin sits in a pocket created by a bulged
residue and a noncanonical A:A base pair, stacking against the
underside of another base pair. Specific contacts are formed
to hydrogen bond acceptors in the RNA major groove and
certain phosphates, including the apparent tridentate interaction
of one amine and two hydroxyl groups with a particular
phosphodiester oxygen. A few other naturally occurring ami-
noglycoside-binding sites have also been discovered. In addition
to the HIV regulatory sequences RRE and TAR, these include
the group I intron29 and hammerhead ribozyme,30 both of which
interact most strongly with neomycin B. Other aminoglycoside-
binding RNA sequences have been derived byin Vitro selection,
stimulated in part by the hypothesis that antibiotics may have
played a role in the evolution of an RNA world as so-called
low-molecular-weight effectors.31

A number of different methods have been employed for
studying the interaction of aminoglycoside antibiotics with their
RNA targets. These can be divided into two categories: (1)
indirect observation through inhibition of protein binding or
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Figure 8. Comparison of equilibrium binding to wt-RRE-II for various
aminoglycosides.
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catalytic activity and (2) direct binding assays. While indirect
assays are usually reliable and sensitive, they cannot probe for
specificity. A direct technique that has been frequently applied
is chemical modification/protection using primer extension to
detect the sites of interaction. This technique has the advantage
of yielding some structural information. Its drawbacks lie in
the limited choice of experimental conditions, use of radioac-
tively labeled RNA, and number of experimental steps involved
in each assay. Methods based on radioactively or fluorescently
labeled aminoglycosides introduce a modification into the
molecule that may affect its binding properties. With molecules
as small as the aminoglycosides this is a serious concern. The
same is true for experiments that require immobilization of the
aminoglycoside on a column.
Other direct binding assays have been reported based on the

separation of free RNA from aminoglycoside-RNA complexes
using either polyacrylamide gel electrophoresis or ultrafiltration.
Both methods rely on the kinetic stability of the aminoglycoside
RNA complex over the time period that it takes to separate them.
Using our SPR system, we have investigated the time course
of RNA aminoglycoside dissociation and have found that a
significant degree of dissociation can be observed in as little as
30 s.
Comparing the direct observation of aminoglycoside binding

through SPR to the above-mentioned techniques, a number of
advantages can be identified. The assay is operationally simple
and can easily be automated to ensure good reproducibility. It
yields direct information on the stoichiometry of ligand binding,
and it is generally applicable to any kind of ligand without the
need for labeling or modification. A wide variety of solution
conditions can be employed. However, a number of limitations
exist. Specific immobilization of the RNAVia modification of
the 5′-phosphorothioate requires an additional synthetic step in
the preparation of the RNA. In principle, the immobilization
matrix including the streptavidin-biotin complex may interfere
with ligand binding, although no such difficulties were encoun-
tered in this study. Furthermore, kinetic limitations at low ligand
concentrations, through either interaction kinetics or surface
transport kinetics, may prevent the attainment of equilibrium
in a reasonable time frame. Fortunately, the interaction kinetics
of aminoglycosides are generally quite fast in the concentration
range of interest (>100 nM), and if equilibrium is not reached,
it can be detected and taken into account. Analysis of the
equilibrium response data through Scatchard plots seems
particularly useful for both the simple detection of nonequilib-

rium data points and the determination of binding constants and
stoichiometry.
Analysis of binding curves obtained with aminoglycosides

reveals the presence of nonsaturable binding in the micromolar
range for all RNA sequences studied. These results make
intuitive sense given the polyionic character of these molecules.
Similarly, a large number of nonspecific aminoglycoside binding
sites has been found by equilibrium dialysis measurements on
intact ribosomes.32 High-affinity binding with defined stoichi-
ometry was found in the nanomolar range for all sequences.
No significant difference exists in the binding of neomycin B
to RBE3 and RBE3-neg. This contrasts sharply with the high
selectivity of Rev-peptide binding to the same sequences, ruling
out a specific recognition of the G-rich bubble region of RRE
by neomycin. Taken together with the fact that up to three
molecules of neomycin B are bound to the longer wt-RRE-II
at submicromolar aminoglycoside concentrations, the results
suggest that neomycin B may generally bind with this affinity
to regular A-form duplex RNA or hairpin loops.
The relative lack of specificitiy for the interaction between

neomycin B and wt-RRE-II, RBE3, or RBE3-neg is not
surprising considering that neomycin B has not been produced
in nature for the purpose of binding to RNA sequences in HIV.
Any inhibitory effect is therefore likely to be accidental and
not a specific, optimized recognition event. In this regard, the
comparison of the RRE-related sequences and Neo16-bd is
instructive. The latter RNA hairpin has evolved in the labora-
tory to bind neomycin B under conditions of high salt. In
accordance with this selection pressure, Neo16-bd has an
evolved binding site that is largely insensitive to competing ions.
This is in contrast to the RRE-related sequences, for which
binding decreases strongly with increasing ionic strength.
An interesting aspect of aminoglycoside binding to RNA

which can be readily studied by our method is the substantial
difference in dissociation kinetics between neomycin B and
paromomycin. Whether these differences are functionally
significant for the activity of aminoglycoside antibiotics remains
to be seen and will be the subject of future studies.

Experimental Section

General Procedures. Surface plasmon resonance measurements
were performed using a BIAcore 2000 system from Pharmacia
Biosensor AB. Circular dichroism spectra were measured on an AVIV

(32) LeGoffic, F.; Capmau, M.-L.; Tangy, F.; Baillarge, M.Eur. J.
Biochem.1979, 102, 73.

Figure 9. Influence of ionic strength on binding of neomycin B to RBE3, RBE3-neg, and Neo16-bd. Conditions: 10 mM HEPES (pH 7.4), 0.1
mM EDTA and NaCl as indicated.
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Model 62DS spectropolarimeter. UV spectra were taken on a Beckman
DU650 spectrophotometer.
Synthesis of Biotinylated RNA.In Vitro transcription reactions were

performed according to the general procedure reported by Uhlenbeck
and co-workers.16 The DNA templates (for wt-RRE-II, 5′-GCA CTA
TAC CAG ACA ATA ATT GTC TGG CCT GTA CCG TCA GCG
TCA TTG ACG CTG CGC CCA TAG TGC CTA TAG TGA GTC
GTA TTA-3′; for RBE3, 5′-GGT GTA CCG TCA GCC GAA GCT
GCG CCC ACC TAT AGT GAG TCG TAT TA; for RBE3-neg, GGT
GTC CGC AGC CGA AGC TGC GGA CAC CTA TAG TGA GTC
GTA TTA; for Neo16-bd, GGC GTC CTA AAC TTC TCG CCC AGG
ACG CCT ATA GTG AGT CGT ATT A) were annealed to a 2-fold
excess of 18-mer T7 promoter (TAA TAC GAC TCA CTA TAG) in
H2O by heating to 65°C and slow cooling to below 37°C. The 5′-
phosphorothioate transcripts were generated by incubating the annealed
templates (0.2µM) in 50 mM Tris (pH 7.5), 15 mM MgCl2, 2 mM
spermidine, 5 mM DTT, 2 mM ATP, 2 mM CTP, 2 mM UTP, 0.2
mM GTP, and 4 mM guanosine-5′-monophosphorothioate (5′-GMPS)
with 5 U/µL T7 RNA polymerase and 0.001 U/µL inorganic pyro-
phosphatase for 2 h at 37°C in a total volume of 100µL. Additional
1 µL aliquots of 20 mM GTP were added at 20 min intervals, and 500
U of T7 RNA polymerase was added after 1 h. Reactions were
quenched by addition of EDTA, extracted with phenol, and precipitated
with ethanol. Electrophoresis was carried out on 20% denaturing
polyacrylamide gels. Full-length transcripts were excised from the gel
and eluted into 200 mM NaCl, 10 mM Tris (pH 7.5), and 0.5 mM
EDTA and desalted on a Nensorb column (DuPont/NEN). Typically,
a 100µL transcription reaction produced 150-500 pmol of RNA-5′-
phosphorothioate. The purified RNA transcripts were resuspended in
18 µL of 100 mM NaH2PO4 (pH 8.0) containing 1 mM EDTA and
were treated with 2µL of 20 mM biotin-iodoacetamide in DMF (USB).
After 2 h atroom temperature, an additional 2µL of the biotinylation
reagent was added and incubation was continued for 1 h. The RNA
was ethanol precipitated in the presence of glycogen, gel purified, and
desalted as described above. The RNA oligonucleotides for the gel in
Figure 2 were body labeled by incorporation of [R-32P]ATP (0.4µCi/
µL) in the transcription reactions containing either 5′-GMP or 5′-GMPS.
Immobilization of Biotinylated RNAs on the Sensorchip.Strepta-

vidin-functionalized BIAcore sensorchips were either obtained directly
from Pharmacia Biosensor AB (sensorchip SA5) or prepared from
carboxymethylated sensorchips (CM5) by EDC activation followed by
injection of streptavidin (Pierce, immunopure grade) in acetate buffer
(10 mM, pH 5) over all four flow cells according to the manufacturer’s
recommendations. Prior to immobilization, frozen solutions of bioti-
nylated RNA (1-10 pmol) in 80µL of buffer (10 mM HEPES, 0.1
mM EDTA, 100 mM NaCl, pH 6.8) were renatured by heating to 80
°C for 2 min followed by slow cooling to room temperature. Typically,
individual flow cells were functionalized by injecting 60µL of RNA
buffer using the QUICKINJECT command at a flow rate of 2µL/min,
followed by injection of running buffer. Three flow cells were used
to immobilize RNA while the fourth remained unmodified to serve as
a blank control for matrix affects. Levels of RNA capture and ligand
binding were calculated by subtracting response units of the blank flow
cell from response units in the RNA functionalized flow cells.
General Procedures for SPR Binding Studies.Samples were

prepared by serial dilutions from stock solutions in RNase free
microfuge tubes (Ambion) and were centrifuged at 14 000 rpm for
degassing. Buffers were filtered through sterile 0.2µm nylon
membranes (Nalgene) under vacuum, except for BIA- certified HBS
buffer (Pharmacia Biosensor AB) which was used as obtained. All
procedures for binding studies were automated as methods using
repetitive cycles of sample injection and regeneration. Typically, buffer
was injected in the first two cycles to establish a stable baseline value.
Samples were injected at a flowrate of 5-10 µL/min using either the
KINJECT or the COINJECT command. All aminoglycoside and Rev27

samples were injected from autoclaved 7 mm plastic vials that were
capped with pierceable plastic crimp caps. To minimize carryover,
samples were injected in order of increasing concentration. The running
buffer was identical to the injection buffer, except for the salt
dependence study where a single running buffer was used for all
injections. Expected values for the equilibrium response of 1 equiv of
analyte were calculated from the relative molecular weight of the analyte
and the immobilized RNA ligand in each flow cell. These values were
adjusted by multiplying with a factor of 0.8 or 0.57 for Rev27 or
aminoglycosides, respectively. These factors arise from the different
molar refractive indices of RNA and the analyte which translate into a
different SPR response per unit concentration change. The factors were
determined from the Scatchard plotx-axis intercepts of the 1:1 binding
isotherms for Rev27 and neomycin B. The values of the factors reflect
the order of molar refractive indices of RNA> peptide> aminogly-
coside and are in line with expectations.33

Binding Studies with Rev 27.Rev27 was obtained from QCB Inc.
(Hopkinton, MA). Analytical data (HPLC, capillary electrophoresis,
MS) were in agreement with the structure and indicated a purity of
>95%. Aliquots of a stock solution of Rev27 (100µM) in injection
buffer (10 mM HEPES, pH 7.4, 150 mM NaCl, 3.4 mM EDTA, 5
mM DTT) were stored frozen (-30 °C) until used, and samples were
made up freshly by serial dilution in injection buffer. Data points were
taken after an association phase of 20 min. A 3 min regeneration pulse
of 300 mM Na2SO4 in injection buffer was used between injections.
Binding constants for RBE3 and wt-RRE-II were from nonlinear curve
fitting to the equation Resp) Respmax[Rev27]/([Rev27]+ Kd) wherein
Resp is the observed response and Respmax is the response of 1 equiv
of Rev27 bound.
CD Spectra of Rev27. Samples were made up freshly from stock

solutions of Rev27 (0.1 mM) in CD buffer (10 mM potassium
phosphate, pH 7.5, 100 mM KF) using a 1 cmpath length quartz
cuvette. The signal was averaged over 30 s, and 5 scans of the full
spectrum were averaged. The concentration of Rev27 was determined
from its UV spectrum using the absorption at 279.8 nm due to the
single tryptophan residue. The helical content was calculated from
the mean residue ellipticity at 222 nm relative to the expected value at
full R-helicity (35 740 (deg•cm2)/dmol for a 27-mer).
Binding Studies with Aminoglycosides. Neomycin B sulfate

(Fluka) was converted to the free base by passing it through Amberlite
IRA 400 (OH- form) and purified by ion exchange chromatography
on Dowex 1-X2 100 to remove neomycin C;34 the purity of neomycin
B was verified by NMR in D2O. Paromomycin sulfate was obtained
from Sigma and used as received. Samples were prepared by dilution
from 10 mM stock solutions in injection buffer (10 mM HEPES, pH
7.4, 150 mM NaCl, 3.4 mM EDTA). Data points were taken after an
association phase of 30 min. A 2 min regeneration pulse of 150 mM
Na2SO4 in injection buffer was used between injections. Binding
constants for RBE3 and RBE3-neg were obtained by fitting the linear
part of the Scatchard plot to a straight line (slope) -1/Kd).
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