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ABSTRACT

Aminoglycosides are an important class of antibiotic
that selectively target RNA structural motifs. Recently
we have demonstrated copper derivatives of amino-
glycosides to be efficient cleavage agents for cognate
RNA motifs. To fully develop their potential as phar-
maceutical agents it is necessary to understand both
the structural mechanisms used by aminoglycosides
to target RNA, and the relative contributions of
hydrogen bonding and electrostatic interactions to
recognition selectivity. Herein we report results from
a calorimetric analysis of a stem–loop 23mer RNA
aptamer complexed to the aminoglycoside neomycin
B. Key thermodynamic parameters for complex
formation have been determined by isothermal titra-
tion calorimetry, and from the metal-ion dependence
of these binding parameters the relative contributions
of electrostatics and hydrogen bonding toward
binding affinity have been assessed. The principal
mechanism for recognition and binding of neomycin
B to the RNA major groove is mediated by hydrogen
bonding.

INTRODUCTION

Aminoglycosides are a large family of molecules that find
extensive clinical use in the treatment of Gram-negative
infections (1). The antibacterial activity of these molecules has
been attributed to binding to ribosomal RNA with inhibition of
protein translation. Recent reports have also demonstrated
selective and high affinity binding of aminoglycosides to a
variety of other RNA structural motifs (2–4), including 16S
rRNA (1,5), the Rev response element (RRE) (6), hammerhead
ribozymes (7), group I intron ribozymes (2) and TAR–RNA
(8). The molecular mechanisms through which neomycin B or
other aminoglycosides inhibit RNA functions are poorly
understood. Chemical modification studies have identified a
stem–loop structure as a common binding motif for neomycin
B (4), while NMR solution structures have now been reported
for a variety of RNA–aminoglycoside complexes (9–16).
Similar structural mechanisms for recognition and binding are
emerging for complexes with natural RNA motifs and RNAs
from combinatorial selection libraries.

More recently we have demonstrated copper derivatives of
aminoglycosides to be efficient cleavage agents for cognate
RNA motifs (17) and also to mediate cleavage of DNA (18).
To understand the origin of selectivity for the binding of
aminoglycosides to biologically relevant RNA targets, it is
necessary to evaluate the relative importance of hydrogen
bonding and electrostatic contributions to binding affinity.
Neomycin B (Fig. 1) carries six amine groups, is highly
charged (+6) at neutral pH and has many hydroxyl groups on
its sugar rings. It is expected, therefore, that there might be
strong electrostatic and hydrogen bonding interactions
between neomycin and the phosphate backbone or base/sugar
heteroatoms of a target RNA molecule. For example, paromo-
mycin, which differs from neomycin by a single amino to
hydroxyl substitution, shows a 100-fold lower affinity for the
RRE (6). No primary sequence homologies exist between all of
the neomycin-binding RNAs, suggesting that the recognition
process has a structural basis that can be fine-tuned by choice
of aminoglycoside and the stereochemistry of ring substituents.
Determination of the principal binding interactions that
promote high affinity recognition of ligands for cognate RNA
molecules will allow improvement of the binding affinity and
selectivity of the RNA–ligand contact, while also allowing an
opportunity to relate this thermodynamic data to specific
neomycin–RNA contacts. Recent reports have suggested a
strong electrostatic contribution to binding energy (7,19);
however, the data do not exclude the possibility of a dominant
hydrogen bonding term.

To evaluate the relative contributions of hydrogen bonding
and electrostatic attraction toward the thermodynamic binding
free energy, the metal-ion dependence of key thermodynamic
binding parameters for complex formation between neomycin
B and a cognate RNA motif has been analyzed in terms of a
polyelectrolyte theory that has previously been validated for
evaluation of ion, ligand and protein binding to both poly-
nucleotides and short oligonucleotides (20). The conclusions
from this analysis have been compared with the expected
binding mode determined by solution NMR studies (21).
Binding parameters were determined by use of isothermal
titration calorimetry, which provides direct experimental
values for the binding constant K, enthalpy change ∆H,
entropy change ∆S, as well as the number of binding sites. By
monitoring the variation of binding affinity with background
salt concentration, it is possible to separate the binding energy
into salt dependent and salt independent terms. The former is
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responsive to electrostatic interactions, while the latter reflects
hydrogen bonding interactions (22). In previous work we have
demonstrated that aminoglycoside binding of small molecule
anions, including adenosine di-, tri- and tetra-phosphates, is
dominated by electrostatic attraction of the positively charged
aminoglycosides for the anion, and can be treated in terms of
Debye–Huckel theory (18). We here demonstrate that this
contrasts markedly with binding to cognate RNA sequences
and indicates the origin of RNA recognition by such ligands.

MATERIALS AND METHODS

RNA synthesis and purification

R23 RNA was prepared by in vitro transcription (23) using T7
RNA polymerase (24). The DNA templates and the 18mer T7 pro-
moter were purchased from IDT. The sequences of the top-strand
and template-strand DNA molecules were: top, 5′-TAATACG-
ACTCACTATAG-3′; template, 3′-ATTATGGTGAGTGATA-
TCCGGACCCGCTCTTCAAATCCGG-5′. The T7 RNA poly-
merase was purified from an over-expressing strain of
Escherichia coli pAR1219 according to published methods (24).
Typical transcription reaction conditions were 40 mM Tris,
1 mM spermidine, 5 mM DTT, 0.01% Triton X-100, 80 mg/ml
PEG, 4 mM of each NTP (ATP, CTP, GTP, UTP), 0.4 mM top
and bottom strand DNA, 28 mM MgCl2 and T7 RNA polymerase
(A280 = 0.15). The transcription reaction was carried out at 37°C
for 4 h, and the formation of a white precipitate indicated that the
reaction was in progress. Finally, 50 mM EDTA was added to
terminate the reaction.

R23 RNA was ethanol precipitated, purified using PAGE
(20%) and then electroeluted from the gel. It was further
concentrated by ethanol precipitation and exchanged into the
desired NMR buffer (50 mM sodium chloride, 10 mM sodium
phosphate and 0.1 mM EDTA at pH 6.5) by centricon ultra-
filtration (Amicon, Centricon-3; Millipore, Bedford, MA).

RNA quantitation

RNA concentration was quantitatively determined by measure-
ment of the phosphorus concentration using inductively
coupled plasma-mass spectroscopy (ICP-MS) on a Perkin-Elmer
Sciex ELAN 6000 ICP-MS (Table 1) at the Microscopy and
Chemical Analysis Research Center at the Ohio State University.
Five microliters of the RNA solution which could be used
directly for the calorimetric measurements was diluted into
1 ml (total vol) of buffer [10 mM NaOH, 30 mM NaCl, pH 7.0
(adjusted by HEPES free acid)]. The concentration of phos-
phorus was estimated from the atomic absorption using the
calibration curve obtained from standard phosphorus solutions
of known concentration. The phosphorus concentration was
then converted into the molecular concentration of the RNA.
The extinction coefficient of the RNA in 10 mM NaOH,
30 mM NaCl, pH 7.0 (adjusted by HEPES free acid) is
146.10 cm–1 mM–1.

Calorimetry experiments

The reaction buffer for dissolution of the RNA was prepared in
a 50 ml tube. A 500 µl vol of 1.0 M NaOH was diluted with
15 ml of H2O. The pH was adjusted to 7.0 by adding 1 M
HEPES free acid (∼1.4 ml). Subsequently a volume of 1.0 M
NaCl was added to the required concentration, and finally the
solution was transferred to a volumetric flask and the volume
made up to 50 ml with dd-H2O. The buffered RNA solution
(0.035–0.050 mM) was loaded into the reaction cell.

The stock of neomycin B to be loaded into the syringe was
prepared as follows. To 5 ml of a 100 mM solution of
neomycin B (Sigma, St Louis, MO) was added 100 µl of 1 M
NaOH. Subsequently ∼70 µl of a 1 M HEPES solution was
added dropwise to adjust the pH to 7.0, and then a volume of
NaCl 1.0 M was added to adjust the ionic strength to the
required level. Finally, the solution was transferred into the
volumetric flask and the volume adjusted to 10 ml by addition
of dd-H2O.

Calorimetry experiments were carried out with a stirring
speed of 300 r.p.m. and the data collected at 25°C. The
neomycin B solution (1.5–3 mM) was injected (15 µl ×16
injections from a 250 µl syringe) over a 10-s time interval, with

Figure 1. Primary and secondary structure of the R23 RNA and the neomycin
B aminoglycoside ligand.

Table 1. Phosphate analysis: determination of RNA extinction coefficient

aBackground [Na+] concentration.
bOD at 260 nm.
cConcentration of phosphorus determined by ICP-MS.
dConcentration of RNA determined by ICP-MS, assuming a molecular weight
for RNA of 7105.
eThe extinction coefficient determined from the data in columns 2 and 4.

[Na+]a (mM) OD260 nm
b [P]c (µΜ) [RNA]d (mΜ) εe (cm–1 mM–1)

10 8.94 26.8 0.05826 153.45

20 7.59 25.9 0.05630 134.80

40 6.54 18.8 0.04870 134.29

80 6.18 19.1 0.04152 148.84

160 6.02 18.6 0.04044 144.88

320 6.22 18.3 0.03978 156.35
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7 min between injections to allow complete equilibration and
baseline recovery. The concentration of Na+ varied from 10 to
320 mM. Approximately 320 mM of Na+ was found to be the
maximum limit for measurement.

Theoretical models

Polyelectrolyte theory. Binding constants can be analyzed in
terms of polyelectrolyte theory according to equation 1
(25,26):

ln Keff = ln Kt° + Z·ζ–1 (ln (γ± δ)) + Z·ψ (ln [M+]) 1

where Z is the charge on the cation, ψ is the fraction of ions
associated with each phosphate, Keff is the effective binding
constant for a monovalent cation concentration [M+], Kt° is the
‘thermodynamic’ binding constant, γ± is the mean activity
coefficient at a cation concentration [M+], and terms ζ and δ
are numerical constants for RNA. Parameter Kt° reflects the
contribution of non-electrostatic interactions to the binding of
a ligand to a polyanion. In our case this can be ascribed to
hydrogen bonding, an estimate of which can be made using
equation 1, and from this ∆Gt° = –RT ln Kt° can be calculated.
We have used this approach previously in a detailed analysis of
electrostatic and hydrogen bonding contributions for metal
binding to RNA and DNA (22). The work of Epstein has
demonstrated that the theory holds up well even for short
oligonucleotides of only six bases in length, or longer (20). A
systematic study of the variation of salt dependence with
apparent binding affinity, K, will therefore provide the relative
contributions from electrostatic and non-electrostatic binding
interactions, which can then be further analyzed in terms of the
structural model based on solution NMR studies from this
laboratory and others (21).

Debye–Huckel theory. The salt dependence of binding events
that are both dominated by electrostatic interactions and
approximate to the interaction of spherical charged species can
often be described in terms of the Debye–Huckel formalism
(27). Considering the association between two ions, A+ and B–,
the following relationship holds:

∆G = –RT ln K0 – RT(z+|z–|CI1/2) 2

where K0 = [AB]/[A][B], neglecting non-ideal behavior, and
C = (2πNAρA)1/2(e2/4πε0εr,AkT), where I is the ionic strength,
NA is the Avogadro constant, k is Boltzmann’s constant, e is
the proton charge, ε0 is the permittivity of vacuum, ρA is the
solvent density and εr,A is the solvent dielectric constant.
Therefore, ∆G (or K) versus I1/2 plot yields a straight line.

Structure calculations

A complete description of the structural determination of the
R23–neomycin B complex will be published elsewhere;
however, a brief summary of how the structure illustrated in
Figure 6 was generated is described here. A total of 326
restraints were used for molecular modeling, of which 244
were for R23, 52 for neomycin B and 20 for intermolecular
NOEs between R23 and neomycin B. The hydrogen-bonding
patterns of the base pairs were determined from analysis of
NOESY spectra in H2O. Structure calculations were performed
by use of the X-PLOR program. The starting structure of
neomycin B was generated by use of the INSIGHT program.
The charge on each atom of neomycin B was calculated using

an AM3 force field with the MOPAC program, and the charge
values were used in the structure calculations. The force field
for neomycin B was adopted from the ‘topam3.cho’ force field
in X-PLOR. The starting structure of R23 was also generated
in an A-form using the INSIGHT program. Watson–Crick base
pairing was maintained in the (G1–C9)·(G15–C23) stem
region. The neomycin B molecule was placed in a randomized
orientation in the major groove of R23, guided by the intra-
molecular NOE peaks. To completely randomize the starting
structure of the complex, a random seed was given to each
starting structure to generate initial velocities of all atoms. In
this way 40 starting structures were created. Restrained molecular
dynamics calculations were performed on the R23–neomycin B
complex using a simulated annealing protocol in vacuo with a
distance-dependent dielectric constant using the X-PLOR
program. The starting structures were first minimized over 200
steps to avoid severe steric repulsion. The dynamics simulations
were then performed at 1000 K over a period of 3 ps, during
which time all of the distance restraints were added in a
gradual manner. The simulated annealing protocol was
continued by cooling from 1000 to 100 K over 100 ps,
followed by Powell minimization. The structures were
analyzed for NOE violations and covalent geometry. More
than 50% of the structures were selected in this manner. A
representative structure of R23 bound to neomycin B is shown
in Figure 6, which is consistent with that of a recently
published complex with an RNA analog of R23 (21).

RESULTS

Ligand binding stoichiometry

Figure 2 (top) shows a typical calorimetric profile for
neomycin binding to R23, obtained at low ionic strength
(10 mM Tris, 10 mM NaCl). The endothermic component at
the end of the titration arises from the dilution effect of
neomycin B. All data sets were satisfactorily fit after subtraction
of the control data to correct for dilution effects. Under low salt
conditions a two-site model was required for fitting. Although
the high affinity class was populated by one neomycin ligand
(∆H1 = –21.6 kcal mol–1 and K1 = 1.78 × 106 M–1 in 10 mM
NaCl), fitting of the weaker class of sites required a stoichiometry
of two ligands, with measured ∆H2 = –19.4 kcal mol–1 and K2
= 7.8 × 104 M–1 in 10 mM NaCl. Under low salt conditions
there apparently exists one tightly bound neomycin and two
more weakly bound ligands of similar binding affinity.
Increasing ionic strength washes out the two weakly bound
ligands, and so with higher salt concentrations (>60 mM NaCl)
the data was readily fit to a single site model with a stoichio-
metry of one (Fig. 2, bottom), with measured ∆H1 = –11.0 kcal
mol–1 and K1 = 9.4 × 104 M–1 in 80 mM NaCl.

Binding parameters for the high affinity site

Binding affinities (K1) vary from 1.45 × 106 M–1 in 10 mM
NaCl to 3.3 × 103 M–1 at 320 mM NaCl (Table 2A) and are
enthalpically driven over this concentration range, although
the entropic contribution becomes more important in the high
salt range. The ∆H1 drops from –21.6 kcal mol–1 in 10 mM Na+ to
–4.8 kcal mol–1 in 320 mM Na+, while ∆S1 varies from –44 cal
K–1 mol–1 to ∼0 cal K–1 mol–1 over the same range. These
parameters show a linear relationship with ln [Na+], including
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ln K1 (Fig. 3) ∆H1 and ∆S1 (Figs 4 and 5). By contrast, no
relationship between these parameters and [Na+]1/2 is found
that is consistent with the Debye–Huckel theory (no plot
shown).

Binding parameters for the low affinity site

The calorimetric response from the two weak sites became
immeasurably small above 40 mM Na+ (Table 2B). At lower

ionic strength, binding parameters could be determined,
although the error was higher relative to the tight binding case.
Binding affinities (K2) vary from 7.8 × 104 M–1 in 10 mM NaCl
to 2.36 × 104 M–1 in 40 mM NaCl. Similar to the situation for
the high affinity site, over this concentration range the binding
reaction is enthalpically driven, with an increasingly less
favorable entropic component. Similar to the high affinity sites
described immediately above, the data shows a variation with
ln [Na+] that is consistent with polyelectrolyte theory (Figs 3–5),
but not the Debye–Huckel theory.

DISCUSSION

Our studies have focused on the complex between neomycin B
and a cognate RNA aptamer, R23. A solution structure has

Figure 2. (Top) Calorimetric trace of aminoglycoside binding to a cognate
23mer RNA sequence, obtained at low ionic strength. A solution of RNA in a
buffer (35 mM HEPES, 10 mM NaCl, pH 7) was titrated with aliquots of
neomycin B in the same buffer. Calorimetry experiments were carried out with
a stirring speed of 300 r.p.m. and the data were collected at 25°C. The neo-
mycin B solution (2 mM) was injected (15 µl ×16 injections) from a 250 µl
syringe over a 10-s time interval, with 7 min between injections to allow com-
plete equilibration and baseline recovery. A two-site model was required to
obtain a good fit to the data (χ2 = 214). A single site model showed significant
deviations (χ 2 = 2.1 × 105). (Bottom) Calorimetric trace obtained at high ionic
strength (320 mM Na+). Other solution conditions were similar to those
reported above.

Figure 3. Plots of ln K versus ln [Na+] for the high affinity binding site (closed
circles) and the low affinity binding sites (open circles).

Table 2. Salt dependence of binding parameters for neomycin B complexed to
R23 RNA

Calorimetric data for aminoglycoside binding to a cognate 23mer RNA
sequence. A solution of RNA in a buffer (35 mM HEPES, pH 7, with varying
NaCl) was titrated with aliquots of neomycin B in the same buffer.

Na+

(mM)
ln K ∆H

(kcal mol–1)
∆S
(cal K–1 mol–1)

–T∆S
(kcal mol–1)

(A) High affinity site

10 14.39 ± 0.1 –21.6 –44 13.1

20 13.26 ± 0.1 –19.3 –39 11.6

40 11.54 ± 0.08 –13.4 –22 6.6

80 10.50 ± 0.06 –11.0 –16 4.8

160 9.61 ± 0.06 –9.0 –12 3.5

320 8.12 ± 0.05 –4.8 0 0

(B) Low affinity site

10 11.27 ± 0.2 –19.4 –43 12.8

20 10.80 ± 0.2 –17.2 –23 6.9

40 10.07 ± 0.18 –11.7 –19 5.7
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recently been published for a complex of neomycin B with a
closely related aptamer (21). This structure is very similar to
that determined independently in this laboratory for the
complex with R23, and so the bonding patterns shown in
Figure 6 have been independently verified.

Binding constants and ligand stoichiometry

The calorimetric data show that three neomycin B molecules
bind to the 23mer RNA at low background salt concentration
and only one neomycin B binds to R23 RNA at high back-
ground salt concentration. It has already been established that
neomycin B binds to R23 RNA with low selectivity at low salt
concentration, and a 1:1 stoichiometry is reported at high salt
concentration (∼300 mM) (4,28,29), while Famulok and
Huttenhofer (29) have reported Kd values 0.5–1000 µM for
neomycin B binding to various RNAs from analytical affinity
chromatography measurements. Although the experimental

conditions were not the same, and no direct comparison is
possible, our value of K1 ∼8 × 104 M–1 is reasonably close to
their results. Binding data has also been determined by surface
plasmon resonance (28); however, this analysis was based on
the use of Scatchard plots which typically yield inaccurate
results (especially if the ligand–macromolecule stoichiometry
exceeds 1:1) and provides no additional thermodynamic
information. Also, the conditions of highest stringency used in
the latter study included a relatively high concentration of
NaCl (150 mM): conditions under which weakly bound
aminoglycosides would readily dissociate and escape detection.
Our results are consistent with the scope of previous findings,
suggest a 3:1 binding ratio at lower background salt concentration
and provide additional insight on the thermodynamic parameters
and bonding mechanisms that promote recognition for target
RNAs. An analysis of the parameters obtained for the well-
defined tight binding site is presented below.

Hydrogen bonding and electrostatic contributions to
binding energy

Aminoglycosides are highly charged at neutral pH, with the
potential for strong electrostatic and hydrogen bonding
interactions with the phosphate backbone of RNA, and base/
sugar heteroatoms of the target RNA. Both types of inter-
actions are experimentally observed in the solution structure
shown previously in Figure 6, although the structure per se
does not provide any insight on their relative magnitudes. The
experimental results reported herein provide a direct measure of
HB and ES contributions by examination of the salt dependence
of K1, since only electrostatic contacts are competed for by
increasing salt concentration.

According to polyelectrolyte theory, ln K1 versus ln [M+]
yields a straight line and the slope of the plot, δlnK1/δln[M+], is
equal to –m′ψ (equation 1). Since we do not know the exact
value of ψ for the 23mer RNA, we have used the values for
double-strand poly(A)·poly(U) (ψ = 0.89) (25), and for single-
strand poly(A) and poly(U) (ψ = 0.78 and 0.68, respectively),
for comparative purposes. Using ψ = 0.89 and –δlnK1/δln[M+]
= 1.9 (Fig. 3) gives an m′ value of 2.1, while ψ = 0.68 gives m′
= 2.8, and so a reasonable range for m′ is 2.1–2.8 and is
consistent with the structural model shown for the high affinity
site in Figure 6, which predicts from two to three electrostatic
contacts. The K1 value at [Na+] = 1 M, which accounts for the
hydrogen bond interactions, is K1

0 = 5.9 × 103 M–1.

Structural insight on hydrogen bonding and electrostatic
stabilization of neomycin B binding to R23

Our low resolution solution structure of the neomycin B–R23
RNA complex (Fig. 6) shows that neomycin B at the high
affinity site binds in the major groove at the top of the stem,
and in close proximity to the loop. This structure shows excellent
accord with a published structure for neomycin B complexed
to an analog of R23 (21). The presence of G–U base pairs
facilitate widening of the major groove and promotes binding
of neomycin B to R23. The binding of neomycin B to the RNA
major groove is not only mediated by electrostatic contacts
from positively charged ammonium sites on the aminoglyco-
side to the negatively charged phosphates on the RNA back-
bone, but also by favorable hydrogen bonding from rings A
and B of neomycin B to base residues in the RNA major
groove (Fig. 6). We have quantitated the relative magnitudes

Figure 4. Plots of ∆H versus ln [Na+] for the high affinity binding site (closed
circles) and the low affinity binding sites (open circles).

Figure 5. Plots of –T∆S versus ln [Na+] for the high affinity binding site
(closed circles) and the low affinity binding sites (open circles).
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of each binding component as described earlier. Figure 6
shows that only two phosphates form electrostatic contacts to,
at most, three amino groups of neomycin B, and so an m′ value
(equation 1) of ~2–3 is expected, and is consistent with the
experimentally determined value of 2.1. The neomycin B
binding pocket contains negatively charged phosphate
oxygens from bases 4 and 15 that are clustered around the
opening of the major groove and are within range for both
hydrogen bonding and electrostatic contacts with amines on
rings A and D (Fig. 6). Apparently most of the protonated
amines of neomycin B located on rings A and B bind via
hydrogen bonding.

Both rings A and B of neomycin are required for recognition
of R23 and are buried inside the major groove, while ring C is
positioned in the middle of the groove and ring D is located at
the outer surface. In particular, the amino group on ring A
seems to be a key structural feature that promotes recognition
of R23, since alteration of the amino group on ring A (Fig. 1)
abolishes binding (12,13).

There have been several previous efforts to predict both the
conformations of RNA-bound aminoglycosides, and the
factors contributing to the binding energies. These have
included both computational studies (30) and evaluation of the
binding affinities of derivative aminoglycoside ligands
(7,19,31–33). It is important to note that the approach that we
have used to distinguish H-bonding and electrostatic contributions
avoids the use of aminoglycoside derivatives that may either
bind to a target RNA in a distinct fashion, or perturb the RNA
tertiary structure. Similarly, the use of chemical interference
studies to investigate which nucleotides are important for
aminoglycoside binding may result in changes in the tertiary
structure of the RNA and thereby perturb the binding mode of
the ligand.

In a previous report on neomycin B binding to the hammer-
head ribozyme the importance of ionic contacts between the
charged amino groups of the aminoglycoside and the phosphate
backbone of the RNA was emphasized (7,33). However, the data
reported are also consistent with the dominance of H-bonding, as
described in this work. Rando and coworkers (31) have also

Figure 6. (Left) Illustration of the complex of R23 and neomycin B. Base A13 flips out of the loop and appears to form a latch across the groove where the
aminoglycoside sits. This structural model is very similar to that of a complex with an RNA analog of R23 (21). (Right) Summary of key electrostatic contacts
formed between the proximal phosphate groups and protonated amines. The other amines are shown explicitly as not-protonated for reason of clarity only.
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demonstrated the lack of significant ionic contacts for RNA
aptamers that bind to tobramycin by use of ethylation interference
experiments and Ce(III)-mediated footprinting experiments. In
general, the use of activity as a monitor of aminoglycoside
binding to ribozymal RNA may afford binding constants, but
does not discriminate electrostatic from hydrogen-bonding
contributions as suggested in several recent reports (7,19,33).

Finally, in a crystallographic study of aminoglycoside
binding to hammerhead RNA (34), it was observed that the
intramolecular ammonium distances of the aminoglycoside
span ranges similar to the interionic distances between crystallo-
graphically defined Mg2+ ions. Inasmuch as these displaced
Mg2+ ions are hexahydrated and interact with the RNA in an
outer sphere fashion by hydrogen bonding through the waters
of hydration, this supports the notion that hydrogen bonding is
a critical and most likely dominant contributor to binding free
energy and recognition.

Enthalpic and entropic terms

Both ∆H1 and ∆S1 are negative and become less negative with
increasing monovalent salt concentration, and so formation of
the aminoglycoside–RNA complex is enthalpically driven.
With increasing background salt concentration, the binding
becomes less enthalpically favorable and more entropically
driven, since δ∆H1/δ[M+] and δ∆S1/δ[M+] are positive. At 1 M
of Na+ concentration, ∆H1

0 = –0.7 kcal mol–1 and ∆S1
0 = +73 cal

K–1 mol–1. Thus, the contribution from hydrogen bonding is
enthalpically and entropically driven, while the electrostatic
interaction is enthalpically driven in the experimental back-
ground salt concentration range. The more positive ∆H1 found
with increasing monovalent cation concentration reflects
weaker interactions between the RNA and neomycin B. The
more positive ∆S1 with increase of monovalent cation is due to
the disturbance of the solvent sphere between the RNA and
neomycin B.

Implications for drug design

The dominance of hydrogen bonding provides a satisfactory
explanation for the recognition of cognate RNA motifs by
aminoglycosides. The directional characteristics of the H-bond
convey a dependence on the stereochemistry and positions of -NH2
and -OH functional groups on the aminoglycoside rings, and
provides an explanation for the dramatic variations of binding
affinity with subtle changes in stereochemistry experimentally
observed (6,30–32,35). Such variation is not readily accounted
for by electrostatics. In this context, it is significant that
capreomycin and viomycin, which are more positively charged
than neomycin B, failed to interact with the RRE and inhibit
the Rev binding function (6), supporting an important role for
directed hydrogen bond formation in promoting strong and
selective binding. A comparative study of various neomycin B
derivatives (neamine, paromomycin and ribostamycin) with
the A-site of 16S rRNA has been carried out by Fourmy et al.
(12,13). Their studies have indicated that rings A and B are
critical for neomycin B–RNA recognition, and that these two
rings are again engaged in significant hydrogen bonding
interactions with conserved base residues in the A-site of 16S
rRNA. Efforts to form metal derivatives of aminoglycosides
should therefore focus on the non-essential rings and preserve
the binding core of rings A and B.

CONCLUSIONS

Molecular recognition of nucleic acids can arise by virtue of
binding specificity at the level of primary and secondary
structure; however, it is at the level of tertiary structure that the
highest level of selectivity with non-nucleotide ligands should
be achieved. Retroviruses contain single strands of RNA that
are folded into complex secondary and tertiary conformations,
including local regions of duplex structure, that may distort as
a result of base mismatches, bulges, pseudoknots and hairpins.
Few non-nucleotide ligands possess secondary structural
specificity; however, recognition at the level of tertiary structure
is particularly relevant for structured RNA motifs. Accord-
ingly, compounds capable of specific binding to RNA over
DNA are attractive targets for development of anti-viral drugs.
Structural elucidation of the R23 RNA–aminoglycoside
complex has allowed us to explore and detail the structural
factors that are responsible for the specificity of the interaction,
and to relate these to a detailed consideration of thermo-
dynamic binding parameters. In particular, the principal mecha-
nism for recognition and binding of neomycin B to the RNA
major groove is mediated by hydrogen bonding. At physiolog-
ical ionic strengths ~80% of the binding energy derives from
hydrogen bonding from rings A and B. In addition to this
unique high affinity site (K1 = 1.78 × 106 M–1 in 10 mM NaCl),
two weakly bound aminoglycosides are detected calori-
metrically (K2 = 7.8 × 104 M–1 in 10 mM NaCl) under condi-
tions of low, non-physiological ionic strength. For both the
high and low affinity sites, binding is enthalpically driven (∆H1
= –21.6 kcal mol–1, –T∆S1 = 13.1 kcal mol–1, in 10 mM NaCl,
and ∆H2 = –19.4 kcal mol–1, –T∆S1 = 12.8 kcal mol–1, in 10 mM
NaCl). The dominance of hydrogen bonding provides a satisfac-
tory explanation for the recognition of cognate RNA motifs by
aminoglycosides. The directional characteristics of the H-bond
convey a dependence on the stereochemistry and positions of
-NH2 and -OH functional groups on the aminoglycoside rings,
and provides an explanation for the dramatic variations of
binding affinity with subtle changes in stereochemistry experi-
mentally observed. Such variation is not readily accounted for
by electrostatics.
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