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AbstractÐAminoglycoside antibiotics have recently been found to bind to a variety of unrelated RNA molecules, including
sequences that are important for retroviral replication. We report the binding of neomycin B, kanamycin A, and Neo±Neo (a syn-
thetic neomycin±neomycin dimer) to tRNAPhe. Using thermal denaturation studies, ¯uorescence spectroscopy, Pb2+-mediated
tRNAPhe cleavage, and gel mobility shift assays, we have established that aminoglycosides interact with yeast tRNAPhe and are
likely to induce a conformational change. Thermal denaturation studies revealed that aminoglycosides have a substantial stabilizing
e�ect on tRNAPhe secondary and tertiary structures, much greater than the stabilization e�ect of spermine, an unstructured poly-
amine. Aminoglycoside-induced inhibition of Pb2+-mediated tRNAPhe cleavage yielded IC50 values of: 5 mM for Neo±Neo, 100 mM
for neomycin B, >1mM for kanamycin A, and >10mM for spermine. Enzymatic and chemical footprinting indicate that the
anticodon stem as well as the junction of the TcC and D loops are preferred aminoglycoside binding sites.# Elsevier Science Ltd.
All rights reserved. # 1999 Elsevier Science Ltd. All rights reserved.

Introduction

RNA molecules are functionally sophisticated and play
key roles in essential biological processes such as protein
biosynthesis, transcriptional regulation, and retroviral
replication. This functional diversity is intimately asso-
ciated with the ability of RNA sequences to form com-
plex three-dimensional structures. These intricate folds
project multiple functional groups capable of both bind-
ing other biomolecules and generating potential binding
pockets for metal ions and small molecules. Consequently,
RNA molecules are attractive targets for therapeutic
intervention.1,2 The design of small molecular e�ectors
that speci®cally target RNA presents, however, an unu-
sual challenge that requires an intimate knowledge of
RNA structure, folding, and recognition. Currently,
designing speci®c RNA binders is an empirical task and
fundamental aspects of RNA±small molecule recognition
remain elusive.3

Aminoglycoside antibiotics, a family of polycationic
pseudo-oligosaccharides, have recently emerged as an
intriguing family of RNA binders.3 These highly
charged molecules contain a 2-deoxystreptamine core
that is typically glycosylated at either the four and ®ve
hydroxyls or the four and six hydroxyls with amino sugars

(see Fig. 1). Their well-established interference with
protein biosynthesis via their speci®c binding to pro-
karyotic 16S ribosomal RNA4 triggered an extensive
search for other potential RNA targets. Aminoglyco-
sides have since been shown to bind and inhibit the self-
splicing of group I introns,5±7 the hammerhead ribo-
zyme,8,9 and hepatitis delta virus ribozyme.10,11 They
have also been shown to block the binding of the Rev
protein12 and the Tat peptide13 to their viral RNA tar-
gets. While it appears that these antibiotics interact with
seemingly unrelated RNA targets, it is likely that they
recognize similar structural motifs within the folded
RNA structures. Electrostatic interactions have been
demonstrated to be critical in RNA±aminoglycoside
binding,9 and a dynamic recognition model emphasizing
structural electrostatic complementarity has been pro-
posed.14±16 In vitro selection experiments17±19 and high
resolution NMR studies20±23 have begun to reveal the
elements involved in RNA±aminoglycoside binding.

While aminoglycoside antibiotics provide a useful lead
for the design of new RNA binders,3 their promiscuous
binding to numerous RNA targets raises concerns
regarding their binding speci®city.24±26 Since RNA
recognition is likely to be `shape-speci®c' rather than
sequence-speci®c, multiple targets for a given binder
may coexist. High concentration of competing RNA
targets might therefore result in scavenging of the bin-
der. Approximately 80±85% of the total cellular RNA is
present as rRNA, while 10±15% is tRNA, and the
remaining 2±5% is mRNA.27 Since mRNA is rather
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short-lived and rRNA is complexed to ribosomal proteins,
tRNA comprises the majority of the soluble cytoplasmic
RNA. Therefore, it is critically important to evaluate
whether tRNA can bind aminoglycoside antibiotics.

To shed light on the interactions between aminoglyco-
side antibiotics and tRNA, we examine the binding of
natural and synthetic aminoglycosides to phenylalanine-
speci®c tRNA (tRNAPhe). tRNAPhe is one of the most
thoroughly studied natural RNA molecules.28,29 Its
three-dimensional structure has been revealed by high-
resolution X-ray crystallography,30 and its solution
properties have been characterized by numerous bio-
physical techniques.31 The three dimensional structure
of tRNAPhe encompasses many structural motifs. Due
to well-de®ned tertiary interactions (Fig. 2), folded
tRNAPhe contains several distinct environments that can
serve as binding sites for small molecules. The binding of
Mg2+ and other metal ions has been extensively studied,
and binding sites for the polycationic spermine have been
revealed.28,32±36 The similarity in folding patterns of
most tRNA molecules makes tRNAPhe a valuable nat-
ural biopolymer for investigating RNA±small molecule
recognition.

Figure 1 shows the aminoglycosides studied: neomycin
B, kanamycin A, and neomycin±neomycin dimer (Neo±
Neo). Kanamycin A has four amino groups and is a
strong inhibitor of translation and a weak inhibitor of
self-splicing.5 Neomycin B contains six amino groups
which are predominantly protonated at physiological
pH,37 and is among the strongest inhibitors of in vitro
translation and group I intron self-splicing.5 Neo±Neo,
a synthetic dimer of neomycin B containing 12 amino
groups, was designed to be a potent RNA binder with a
high number of positive charges and potential binding to
multiple sites.38 Neo±Neo was found to be approximately
sixfold more e�ective at inhibiting the self-splicing of the

hammerhead ribozyme,38 and about 20-fold more e�ec-
tive at inhibiting the self-splicing of the Tetrahymena
ribozyme39 than its monomeric parent compound, neo-
mycin B. Spermine was included in this study because it is
a non-aminoglycoside simple polyamine that is known to
bind tRNAPhe.32,33,36 With spermine as a control com-
pound, it is possible to assess whether any e�ects observed
in the presence of aminoglycosides are merely due to
`nonspeci®c' electrostatic interactions or if a signi®cant
role is played by the three-dimensional representation of
the ammonium groups on the aminoglycosides.

Figure 1. Structure of natural aminoglycoside antibiotics (kanamycin A, neomycin B), a synthetic aminoglycoside dimer (Neo±Neo) and an
unstructured polyamine (spermine).

Figure 2. Sequence and secondary structure of tRNAPhe. Base pairing
is indicated by dots, and lines indicate tertiary interactions formed
upon proper folding.
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Using thermal denaturation studies, ¯uorescence spectro-
scopy, Pb2+-mediated tRNAPhe cleavage, gel mobility
shift assays, as well as enzymatic and chemical footprint-
ing, we have established that aminoglycosides interact
with yeast tRNAPhe and are likely to induce a conforma-
tional change. We propose multiple binding sites for ami-
noglycosides on tRNAPhe and discuss the implications of
this recognition event on the design of RNA binders.

Results

Thermal denaturation studies

Spermine, kanamycin A and Mg2+ are individually
added to tRNAPhe (0.38 mM) in a 50mM Tris±HCl
bu�er (pH 7.0) containing NaCl (100mM). The change
in absorbance of each sample is measured at 260 nm as a
function of temperature. Melting temperature (Tm)
values are obtained by calculating the ®rst derivative of
the resulting melting curves. In the absence of any
additives, tRNAPhe shows a broad melting curve with a
Tm at 65�C (Fig. 3). Addition of either kanamycin A
(1mM) or Mg2+ (2mM) to tRNAPhe results in a sub-
stantial increase in the melting temperature
(�Tm=10�C) while the �Tm obtained for spermine
(1mM) is only 6�C (Fig. 3(a)). Melting curves measured
in the presence of Mg2+ are generally much steeper
than curves obtained with either spermine or kanamycin
A. Upon addition of neomycin B (10 mM) to tRNAPhe

(0.38 mM), a �Tm of 14�C is determined, with a very
steep curve which resembles the curve obtained in the
presence of Mg2+ (Fig. 3(a)). Neomycin B is by far the
most e�ective ligand for stabilizing tRNAPhe against
unfolding.40 The e�ect of spermine, kanamycin A, or
neomycin B on tRNAPhe stability is also measured in
the presence of MgCl2 (1mM). A slight shift to higher
temperatures is observed upon addition of all poly-
amines (same concentrations as above). In the case of
spermine and kanamycin A, steeper curves are observed
which resemble the melting curve of tRNAPhe in the
presence of Mg2+ or neomycin B (Fig. 3(b)).

Fluorescence spectroscopy

The ¯uorescence spectrum of tRNAPhe in 50mM Tris±
HCl (pH 7.0) is taken upon excitation at 318 nm. The
emission of the Y base at 437 nm is enhanced in the
presence of increasing concentration of Mg2+, sper-
mine, kanamycin A, neomycin B, and Neo±Neo. When
added to tRNAPhe (0.6 mM), either Neo±Neo or Mg2+

cause the largest enhancement of Y base ¯uorescence
followed by neomycin B, kanamycin A, and ®nally
spermine (Fig. 4).

In the presence of Mg2+, a 4 nm red-shift in the emis-
sion wavelength is observed as the intensity of the Y
base is enhanced. This shift is not observed in the pre-
sence of the other ligands. The ¯uorescence enhance-
ment is less steep than in the presence of spermine but
the maximum intensity of the Y base in the presence of
Mg2+ (1mM) is 2.6-fold higher than in the presence of
spermine (1mM). Neomycin B yields a maximum

intensity that is intermediate between those with kana-
mycin A and Mg2+ (Fig. 4). The concentration of ligand
needed to double the Y base ¯uorescence is approxi-
mately 0.9mM for spermine, 0.5mM for kanamycin A,
90 mM for neomycin B, 5 mM for Neo±Neo, and 45 mM
for Mg2+. At saturation either Neo±Neo or Mg2+en-
hance ¯uorescence by 3.6 times, neomycin B by 2.5 times
while kanamycin A and spermine double initial Y base
¯uorescence.

When complexed to tRNAPhe (0.2mM), ethidium bromide
(EB) (4mM) emits at 598 nm upon excitation at 546nm.

Figure 3. (a) Thermal denaturation curves of 0.38 mM tRNAPhe in the
absence (*) and in the presence of: 2mM MgCl2 (&), 1mM spermine
(*). 1mM kanamycin A (�), and 10mM neomycin B (^). (b) Themal
denaturation curves of 0.38mM tRNAPhe in the presence of: 1mM
MgCl2 (&), 1mM spermine + 1mM MgCl2 (*), 1mM kanamycin A
+ 1mM MgCl2 (�), 2mM MgCl2 (&), and 10mM neomycin B +
1mM MgCl2 (^).
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The emission is diminished upon increasing the con-
centrations of spermine, Mg2+, and aminoglycosides
(Fig. 5). Neomycin B and Neo±Neo decrease ¯uorescence
intensity by about 70% of the initial emission of EB and
tRNAPhe, while kanamycin B, spermine, and Mg2+

decrease EB emission by about 30, 15, and 10%,
respectively.41

In the presence of Mg2+ (1mM), tRNAPhe solutions
containing EB display weaker ¯uorescence. Upon addi-
tion of polyamines, the quenching trend remains the
same as described above, but the overall change in
¯uorescence intensity is smaller. Increasing concentra-
tions of neomycin B, kanamycin A, and spermine
diminish ¯uorescence by >60, 10 and 10%, respectively
(Fig. 5). Aminoglycosides or spermine added to a solu-
tion of EB in the absence of tRNAPhe do not a�ect its
¯uorescence.

Pb2+-mediated tRNAPhe cleavage

Aminoglycoside antibiotics are titrated into a bu�ered
solution of tRNAPhe (2 mM) with traces of 50- or 30-
labeled tRNAPhe in 50mM Tris±HCl (pH 7.0) con-
taining MgCl2 (10mM) and NaCl (100mM). Aliquots
of a Pb(OAc)2 solution (2mM) are added to a ®nal
concentration of 200 mM. The cleavage reaction mix-
tures are equilibrated for 15min at room tempera-
ture. They are resolved by gel electrophoresis,
analyzed, and quanti®ed. As Neo±Neo, neomycin B,
kanamycin A and spermine are titrated into the clea-
vage reaction mixture, the Pb2+-induced cleavage of
tRNAPhe diminishes (Fig. 6). Inhibition curves yield
IC50 values as follows: 5 mM for Neo±Neo, 100 mM for
neomycin B, >1mM for kanamycin A, and >10mM
for spermine.

Figure 6. Cleavage of native tRNAPhe by Pb(OAc)2. All lanes con-
tained 2mM tRNAPhe with trace 30-32P labeled tRNAPhe. Lane 1,
control; lane 2, 1mM spermine; lane 3, 1mM kanamycin A; lane 4,
100mM neomycin B; lane 5, 10 mM Neo±Neo. Lanes 6±18 contain
200mM, Pb(OAc)2, lanes 7±9, 100mM, 1mM, 10mM spermine,
respectively; lanes 10±12, 100mM, 1mM, 10mM kanamycin A,
respectively; lanes 13±15, 10mM, 100mM, 1mM neomycin B, respec-
tively; lanes 16±18, 1, 10, 100mM Neo±Neo, respectively.

Figure 5. Bottom: Relative ¯uorescence intensity of ethidium bromide
(4mM) bound to tRNAPhe (0.2mM) in the presence of increasing con-
centration of: MgCl2 (&), spermine (*), kanamycin A (�), neomycin
B (^), and Neo±Neo (r). Relative intensity of ethidium bromide
(4mM) bound to tRNAPhe (0.2 mM) preincubated with MgCl2 (1mM)
and in the presence of: spermine (*), kanamycin A (~), and neomy-
cin B (^). The ethidium bromide was exited at 546 nm and the emis-
sion was monitored at 598 nm. Top: expansion of bottom graph, same
symbols.

Figure 4. Fluorescence intensity of Y37 of tRNAPhe (0.6mM) in the
presence of increasing concentrations of: spermine (*), kanamycin A
(�), neomycin B (^), Neo±Neo(r) and MgCl2 (&). The Y base was
exited at 318 nm and the emission was monitored at 437 nm.
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Gel mobility shift assay

tRNAPhe (2mM) containing trace 50-32P tRNAPhe is incu-
bated with increasing concentrations of either Neo±Neo
or neomycin B in 50mM Tris±acetate (pH 6.8), NaCl
(20mM), and MgCl2 (10mM). The preincubated mix-
tures are resolved on a native 12% polyacrylamide gel
at room temperature (Fig. 7). A mobility shift ®rst
appears at 5 mM Neo±Neo (Fig. 7). Fifty percent of
tRNAPhe is complexed at approximately 30 mM Neo±
Neo. In contrast, no gel shift is observed in the presence
of increasing concentrations of neomycin B up to
10mM (Fig. 7).

Aminoglycoside-induced tRNAPhe cleavage

In the absence of any enzymes or other cleaving agents,
strand scission at two sites (Y37 and m7G46) is
observed as tRNAPhe is incubated with aminoglycoside
antibiotics (Fig. 8). Cleavage at these sites appears at
concentrations as low as 1mM Neo±Neo, 10 mM neomy-
cin B and 1mM kanamycin A in the presence of 2 mM
tRNAPhe. The total amount of cleavage is 1±2% after 1 h
at pH 7.0. Kanamycin A displays a slightly greater clea-
vage intensity at m7G46 over Y37, Neo±Neo follows the
opposite trend, and neomycin B yields equal intensity at
both cleavage sites. In addition, spermine, a known
tRNAPhe binder, at concentrations ranging up to 10mM,

shows no cleavage above background at sites Y37 and
m7G46. Suppression in cleavage is observed at inherently
sensitive sites C28, C56, C61, and C63 (Fig. 8).42 Ami-
noglycoside induced hydrolysis of tRNAPhe is observed
in all experiments under a variety of conditions.

Enzymatic footprinting

Three ribonucleases are utilized to probe the recognition
sites of aminoglycosides on tRNAPhe. RNase T1, which
primarily cleaves single stranded RNA at GpN after the
30 phosphate, reveals protection by aminoglycosides and
spermine at nucleotides G18, G19, G20, G30, G42,
G43, G51, G53 and G57 (underlining indicates protec-
tion to a larger extent; see Figure 9). RNase A cleaves
single stranded PypN after the 30 phosphate. In the
presence of aminoglycosides and RNase A, nucleosides
C28, U41, c55, C56 are identi®ed as sites with major
protection while U59, C60, and C61 reveal minor pro-
tection by aminoglycosides and spermine. RNase V1
cleaves double stranded regions indiscriminately after
the 30 hydroxyl group. Sites C27, C28, A29, and U41 are
protected from cleavage in the presence of aminoglyco-
sides and spermine.

All the aminoglycosides, in addition to spermine, show
protection at the same sites but to varying degrees.
Neo±Neo o�ers the greatest protection at bases G20,
C27, C28, A29, G30, U41, G42, G43, and G51 with
minor protection at bases G18, G19, c55, C56, G57,
U59, C60 and C61. No protection was observed at G53.
Neomycin B and kanamycin A, to a lesser extent, elicit
protection at bases G18, G19, G20, C27, C28, G30,
G42, G43, G51, G53, c55, C56, and G57 as well as
inferior protection at bases U33, Gm34, U41, U59, C60,
and C61. Spermine o�ers the greatest protection from
cleavage at bases C27, C28, G30, U41, G42, G43, G51,
G53, c55, and C56 and weaker protection at G18, G19,
G20, U33, Gm34, G57, U59, C60, and C61. Footprint-
ing sites are localized in two major regions: the anti-
codon stem and the junction of the TcC and D loops
(Fig. 2).

Fe(II)±EDTA footprinting

Fe(II)±EDTA is a nonspeci®c cleaving agent used to
identify tRNAPhe sites that are accessible to hydroxyl
radicals.43,44 tRNAPhe regions that are protected from
cleavage, either due to folding or ligand binding, are
observed as footprinting. In the presence of increasing
concentrations of Neo±Neo and neomycin B, cleavage
at nucleosides A14, G15, U16, G20, A21, G22, A23,
m5C40, and G42 is suppressed (Fig. 10), localizing the
footprinting sites in the D stem and loop as well as the
anticodon stem (Fig. 2).

Discussion

Thermal denaturation studies

Thermal denaturation studies are a useful tool for
examining the structural stability of nucleic acids and

Figure 7. Gel mobility shift of tRNAPhe in the presence of increasing
concentrations of Neo±Neo or neomycin B. All lanes contained 2mM
tRNAPhe with trace 50-32P labeled tRNAPhe. Lane 1, control; lanes 2±
8, 1, 5, 10, 15, 30, 50, 100mM Neo±Neo, respectively; lanes 9±13, 100,
500mM, 1, 5, 10mM neomycin B, respectively.

Figure 8. Aminoglycoside-induced cleavage of tRNAPhe at sites Y37
and m7G46. All lanes contained 2mM tRNAPhe with trace 50-32P
labeled tRNAPhe. Lane 1, control; lanes 2±9, 0.025, 1, 3, 5, 7, 10, 15,
50mM Neo±Neo, respectively; lanes 10±16, 0.01, 0.1, 1, 10, 100mM, 1,
10mM neomycin B, respectively.
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other biomolecules. Any change which alters the stabi-
lity of tRNA is demonstrated by a shift in the heat
necessary to denature its complex tertiary and second-
ary structures. Upon binding of metal ions or other
polycationic species to the polyanionic tRNAPhe, an
increased melting temperature is likely to be observed.
Previous studies have shown that, in the presence of
Mg2+, melting curves are shifted to higher tempera-
tures.45 Thermal denaturation studies are therefore
employed to measure changes in the structural stability
of tRNAPhe in the presence of kanamycin A and neo-
mycin B. Mg2+ and spermine (an unstructured poly-
amine) are utilized as control ligands.

In the absence of polyamines or metal ions, tRNAPhe

adopts a rather ¯exible structure as evidenced by the
shallow denaturation curve (Fig. 3). Magnesium ions
are essential for the formation of a stable tRNAPhe

structure, as illustrated by their important role in the
crystallization of tRNAPhe.30 The steeper melting curve
obtained in the presence of Mg2+ suggest a higher
cooperativity of the melting process.46 In general, upon
introduction of each ligand, a shift in the Tm to higher
temperatures is observed, suggesting either a greater
structural stability of tRNAPhe or a more compact

folding. Aminoglycosides are found to be far more
e�ective at stabilizing the three-dimensional folding of
tRNAPhe than spermine, with neomycin B having the
greatest e�ect (Fig. 3). These trends cannot be fully
explained by exclusively considering the overall charge of
the ligands. The three dimensional projection of positive
charges by the ligands must also play a role in RNA
binding. For example, spermine is more basic than

Figure 9. Enzymatic cleavage of tRNAPhe by ribonuclease T1, ribonuclease A, and ribonuclease V1. All lanes contained 2 mM tRNAPhe with trace
50-32P labeled tRNAPhe. Lane 1, control; lane 2, 10mM spermine; lane 3, 1mM kanamycin A; lane 4, 100mM neomycin B; lane 5, 10 mM Neo±Neo;
lane 6, base-generated ladder. Lanes 7±11 contain 100 units ribonuclease T1; lane 8, 10mM spermine; lane 9, 1mM kanamycin A; lane 10, 100mM
neomycin B; lane 11, 10mM Neo±Neo. Lanes 12±16 contain 1�10ÿ6 units ribonuclease A; lane 13, 10mM spermine; lane 14, 1mM kanamycin A;
lane 15, 100mM neomycin B; lane 16, 10 mM Neo±Neo. Lanes 17±21 contain 2.5 units ribonclease V1; lane 18, 10mM spermine; lane 19, 1mM
kanamycin A; lane 20, 100mM neomycin B; lane 21, 10mM Neo±Neo; lane 22, base generated ladder.

Figure 10. Bar graph indicating normalized footprinting (negative
values) and enhanced cleavage (positive values) of tRNAPhe in the pre-
sence of Fe(II)±EDTA and Neo±Neo (see Experimental for conditions).
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kanamycin A and is likely to have a greater overall posi-
tive charge at physiological pH.47,48 Yet, kanamycin A
stabilizes tRNAPhe to a greater extent than spermine.
The higher overall charge of neomycin B as compared to
spermine or kanamycin A may result in a tighter binding
to tRNAPhe which causes the three-dimensional struc-
ture to denature in a cooperative fashion at a higher
temperature.

Crystallographic studies have shown that spermine
spans phosphate residues of complementary strands in
the major groove of the anticodon loop.32,33 It is likely
that aminoglycosides recognize a similar structural
motif. Through interactions with the bases or phos-
phates, aminoglycosides may form bridges between
individual strands in the stem region. Such stabilization
results in a higher melting temperature.

Aminoglycosides may stabilize tertiary interactions as
well as secondary interactions by tightening folding at
the junction of the TcC and D loops. Base pairs are
formed between G18 and c55 as well as G19 and C56
upon folding into the correct tertiary structure (Fig. 2).
Spermine has been identi®ed to bind in this region sug-
gesting that this site may be a negatively charged
pocket.36 Upon aminoglycoside binding the interaction
between the TcC and D loops may be strengthened. An
enhanced interaction between the two loops would lead
to a steeper melting curve as observed. It is worth not-
ing that tobramycin, an aminoglycoside similar to
kanamycin A, has been shown to bind to a three-residue
turn, similar to the TcC loop, of an RNA aptamer.20,23

Fluorescence spectroscopy

tRNAPhe contains a ¯uorescent Y base located near the
anticodon stem at position 37.49 Ligand binding at the
anticodon stem or remote sites may induce a con-
formational change which could alter its photophysical
properties. It has previously been shown that ¯uores-
cence is enhanced in the presence of Mg2+ due to a
conformational change that shields the Y base from
solvent.49 Spermine has also been shown to enhance
¯uorescence of the Y base but to a much lesser extent.50

Neomycin B or kanamycin A induce ¯uorescence
enhancement that is intermediate between the enhance-
ment caused by spermine and Mg2+. Neo±Neo, when
titrated into solution, enhances Y base ¯uorescence to
the same degree as Mg2+. As evident from Figure 4,
there is a correlation between the number of potential
positive charges and aminoglycoside e�ectiveness at
enhancing ¯uorescence. Neo±Neo is by far the most
e�ective at enhancing ¯uorescence followed by neomy-
cin B and kanamycin A.

Fluorescence enhancement can be caused by either
direct interaction with the Y base or by distant binding
that induces a conformational change. Both can poten-
tially in¯uence the immediate environment of the Y
base. Mg2+ acts as a point charge and has been shown
to directly interact with the Y base.34 The red-shift in Y
base ¯uorescence in the presence of Mg2+ also suggests
direct binding. It is therefore not surprising that Mg2+

yields the largest e�ect on ¯uorescence enhancement.
Both spermine and the aminoglycosides have positive
charges that are spread out and are likely to interact
with a pocket of negative charge density. Given the
positions identi®ed for spermine binding32,33,36 it is
likely that spermine and the aminoglycosides bind at a
distant region, such as the anticodon stem, and induce a
conformational change which a�ects the Y base envir-
onment.51 The greatest conformational change is
induced by Neo±Neo due to its larger size and abun-
dance of positive charge.

EB is known to intercalate into tRNAPhe.52 Upon
intercalation, EB's ¯uorescence is greatly enhanced. It
has been determined that approximately ten molecules
of EB are bound to a single tRNA molecule, yet only
three molecules of EB are bound in sites that facilitate
EB ¯uorescence.53 A single strong EB binding site is
located adjacent to the sixth base pair of the acceptor
stem in tRNAPhe.54

Upon ligand binding, EB ¯uorescence is diminished
(Fig. 5). Neomycin B and Neo±Neo are the best
quenchers followed by kanamycin A, spermine, and
Mg2+. Kanamycin A behaves similarly to spermine
while Neo±Neo and neomycin B are signi®cantly better
at diminishing ¯uorescence. Quenching may be due to
direct displacement of EB by the ligand or a ligand-
induced structural change that alters EB binding. There
appears to be a correlation between the number of
potential charges and the ligand's ability to displace EB.
However, neomycin B and Neo±Neo both diminish
¯uorescence intensity to the same extent, suggesting a
possible saturation of e�ective positive charges. The size
of a molecule may also play a role in a ligand's ability to
displace EB. Although there is never a complete dis-
placement of EB, maximum quenching by neomycin B
is much greater than that obtained by Mg2+. Mg2+ may
competitively remove less speci®c binders because it is not
large enough to fully displace EB. In contrast, neomycin
B has an extended array of charges that might not allow
for simultaneous binding of both neomycin B and EB.

Pb2+-mediated tRNAPhe cleavage

Aminoglycoside binding to tRNAPhe is further investi-
gated by examining its e�ect on the Pb2+-mediated
cleavage reaction. Pb2+ is known to coordinate to the
heterocyclic bases of C60 and U59 in the TcC loop of
tRNAPhe.34,55,56 Upon folding into the proper tertiary
structure, the TcC loop is brought into contact with the
D loop, positioning an aquo Pb2+ ion in close proxi-
mity to the 20 hydroxyl of nucleotide D17. This activa-
tion of the 20 hydroxyl leads to hydrolysis of the
phosphodiester bond between nucleotides D17 and
G18.34,55 The cleavage e�ciency has been found to be
very sensitive to the structural integrity and folding of
tRNAPhe, and even slight perturbations of the tertiary
structure alter the extent and pattern of the Pb2+-
mediated cleavage.56±58

There is a correlation between the number of amino groups
on the aminoglycosides and inhibition of Pb2+-mediated
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tRNAPhe cleavage. For example, Neo±Neo is the best
inhibitor of cleavage while kanamycin A is the least
e�ective aminoglycoside (Fig. 6). However, the total
positive charge is only one factor in the ability of ami-
noglycosides to inhibit Pb2+-mediated cleavage. For
instance, Neo±Neo is 20 times more e�ective than neo-
mycin B at inhibiting Pb2+-mediated cleavage even
though it has only twice the number of amino groups.
In addition, spermine contains the same number of
amino groups as kanamycin A, but is tenfold less potent
as a Pb2+-mediated cleavage inhibitor (Fig. 6). This
indicates that the three-dimensional array of charges,
the microscopic pKas on the individual amino groups,
and/or the degree of hydration may be important for
aminoglycoside±RNA binding. Since spermine is more
basic and thus likely to be more highly charged at phy-
siological pH than kanamycin A, electrostatic recogni-
tion and placement of the amino groups must be a key
factor in RNA binding of the aminoglycosides.15,16

Several possibilities may explain the diminished Pb2+-
induced cleavage of tRNAPhe observed in the presence
of aminoglycosides. The drugs may: (1) coordinate to
the Pb2+ ion, (2) competitively bind tRNAPhe and dis-
place Pb2+, or (3) bind at a distant region and disrupt
the tertiary structure. In principle, aminoglycosides
could chelate Pb2+ through their amino alcohol func-
tionalities; however, due to their overall positive charge
at neutral pH, it is highly unlikely that aminoglycosides
have any substantial a�nity for Pb2+ under our
experimental conditions. Furthermore, experimental
evidence shows that aminoglycosides do not inhibit the
Pb2+-mediated cleavage of RNA aptamers59 or human
delta virus ribozyme.10

Pb2+ is known to bind tRNAPhe at three distinct sites:
Pb(1)±U59, C60, Pb(2)±G45, and Pb(3)±Y37.34 In the
crystal structure of tRNAPhe, Mg2+ is shown to bind
near the Pb(1) site, the binding site responsible for
tRNAPhe cleavage, such that the two metals cannot bind
simultaneously.34,35,57 In solution, Pb2+ binding does
not appear to be disrupted by the presence of Mg2+.
Rather, cleavage is reduced due to the structural rigidity
of the tRNAPhe induced at high salt concentrations.60

Because metal ion binding sites are likely to have high
negative charge density, it is probable that the positively
charged aminoglycosides also bind at these regions.16

They can act similarly to Mg2+ by competing with
Pb2+ for a binding site and reducing cleavage through
displacement of the Pb2+ ion. Spermine, Sm3+ and
Lu3+ have been shown to bind at the Pb(2) site and
Mg2+ at the Pb(3) site.34 Aminoglycosides bound in
these regions might inhibit the Pb2+-induced cleavage
of tRNAPhe by inducing a conformational change that
disrupts the proper tertiary structure. Taking into con-
sideration the thermal denaturation studies discussed
above and the inhibition of Pb2+-induced cleavage, it
is likely that aminoglycosides bind tRNAPhe at the
Pb(1) site and displace the Pb2+ ion and/or bind at an
entirely di�erent region thus inducing a conformational
change. Both binding modes may disrupt the tertiary
structure and lead to lower Pb2+-induced tRNAPhe

cleavage.

Gel mobility shift assay

Analysis of the gel mobility shift assay and the Pb2+-
induced cleavage assay indicate that Neo±Neo has the
greatest a�nity for tRNAPhe among the aminoglycoside
derivatives tested. Unlike the other ligands studied,
Neo±Neo forms a strong complex with tRNAPhe which
remains intact under the conditions utilized for the gel
shift assay (Fig. 7). The binding of neomycin B to
tRNAPhe may su�er from a high o�-rate resulting in the
formation of a short-lived complex that cannot be
observed by a gel mobility shift assay (Fig. 7).61 Because
thermal denaturation studies and the inhibition of
Pb2+-mediated cleavage provide evidence that both
neomycin B and kanamycin A bind to tRNAPhe, we can
deduce that Neo±Neo has a much lower dissociation
rate when compared to the monomeric aminoglycosides
tested.39

Aminoglycoside-induced hydrolysis

tRNAPhe hydrolysis has been previously observed at pH
7.5 in a solution containing MgCl2 (10mM) in the
absence of any chemical probes or enzymes.42 Cleavage
occurs between nucleotides U8-A9, C13-A14, C28-A29,
Y37-A38, C56-G57, C61-A62, and C63-A64. A metal
ion, such as Mg2+ or Pb2+, can catalyze hydrolysis
under neutral conditions in several ways: (1) it can
position water molecules as nucleophiles attacking the
phosphodiester bond, (2) it can activate a water mole-
cule to abstract a proton from the ribose 20-hydroxyl
thus increasing its nucleophilicity, or (3) it can directly
coordinate to the phosphate group, thereby increasing
its electrophilicity. In addition, tRNAPhe has to be ¯ex-
ible enough to allow the phosphodiester group to adopt
the proper transition state necessary for hydrolytic
cleavage.42

`Hypercleavage' is designated as the strand scission
observed in the presence of aminoglycosides under a
variety of experimental conditions (Fig. 8). The tRNAPhe

hypercleavage we observe may be a result of direct par-
ticipation of the aminoglycosides in the hydrolysis
reaction. Alternatively, the aminoglycoside may induce
a conformational change, thus facilitating tRNAPhe

hydrolysis by an activated water molecule.62 Spermine's
inability to accelerate tRNAPhe hydrolysis suggests that
the aminoglycosides' unique structure is essential for
RNA cleavage. We have previously demonstrated that
neomycin B is capable of hydrolyzing adenylyl (30±50)-
adenosine to its degradation products.63 It is plausible
that cleavage is induced by direct interaction of the
aminoglycosides with regions of the phosphate back-
bone near binding sites, although other explanations
cannot be excluded. Further support for direct partici-
pation of the aminoglycosides in tRNAPhe hydrolysis is
the location of the hypercleavage sites at regions of
higher negative charge density as illustrated by Mg2+,
Pb2+ and spermine binding at these sites.34 We observe
diminished cleavage at sites C28, C56, C61, and C63,
known to be inherently prone to hydrolysis.36 This is
most likely due to the rigidity of tRNAPhe in the presence
of aminoglycosides.
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Protection from enzymatic and chemical cleavage

To identify the aminoglycoside binding site(s), enzy-
matic protection assays are employed (Fig. 9). Nucleo-
tides protected from enzymatic cleavage are grouped
into two major regions: nucleotides 27±30 and 41±43,
located in the anticodon stem, and nucleotides 18±20
and 51±61, located at the junction of the TcC and D
loops (Fig. 11). This suggests that aminoglycoside
binding is taking place at double stranded regions next
to the anticodon and D loops.

Fe(II)±EDTA cleaves tRNAPhe through the employment
of hydroxyl radicals with little or no sequence speci®city.
tRNAPhe cleavage in the presence of aminoglycosides
leads to footprinting at nucleotides A14, G15, U16, G20,
A21, G22, A23 located in the D loop and stem regions
and m5C40 and G42 located in the anticodon stem (Fig.
11). Spermine, included in these studies as a control,
binds to the major groove of the anticodon stem on
tRNAPhe as established by X-ray crystallography32 and
the junction of TcC and D loops as established by NMR
spectroscopy.36

Aminoglycosides have been shown to bind pre-
dominantly in the major groove of RNA.64 There has
been only one reported example of possible minor
groove binding.65 It has also been shown that neomycin
B, spermine, and Co(NH3)6

3+ can e�ectively convert B-
DNA to A-DNA.66 The RNA duplex regions are similar
to A-form DNA which has a wide major groove that is
associated with a much higher negative potential than the
minor groove.67,68 Due to the polycationic nature of the
aminoglycosides, it is anticipated that they bind in the
major grooves of tRNAPhe and neutralize the negatively
charged surfaces created by the RNA fold.64

The major groove of the D stem extending down into
the anticodon stem has been recognized as a negatively
charged pocket suitable for aminoglycoside binding.69

In addition, the aminoglycosides are likely to have a
¯exible conformation and dynamic binding15 which
may lead to footprinting in various positions. Although

the enzymatic and chemical footprinting results di�er
slightly, it is conceivable that some of the protection
sites observed may be indirect and result from a rigidity
of the molecule due to a big `counterion' binding.
Fe(II)±EDTA and the RNases have distinct modes of
cleavage that could lead to footprinting at di�erent
sites.

The inhibition of Pb2+-meditated cleavage supports
binding in the TcC and D loop. Important contacts are
made in the tertiary structure between bases G18-c55
and G19-C56. The ®delity of their base pairing is
essential for e�cient Pb2+-induced cleavage.57 Protec-
tion from enzymatic and chemical cleavage in these
regions indicate that aminoglycoside binding is likely
to perturb the tertiary structure of tRNAPhe. This
perturbation of the three dimensional folding reduces
Pb2+-mediated cleavage. Notably, a hairpin loop, simi-
lar to both the anticodon and the TcC loops, has been
identi®ed as a tobramycin binding site on an RNA
aptamer.20,23

In addition, minor protection from ribonucleases is
observed at bases U59, C60, and C61, indicating that
direct displacement of Pb2+ by aminoglycosides may
also occur. Both the change in ¯uorescence and the
location of the hypercleavage site at the Y base suggest
that aminoglycosides bind at or near the anticodon
stem. The shift in the melting curves also provides sup-
port for `non-covalent cross-linking' of the duplex
regions, as well as stabilization of the tertiary interac-
tions. The enzymatic and chemical footprinting results,
combined with the other reported studies, suggest that
aminoglycosides recognize the tRNAPhe double stran-
ded and distorted loop regions. The anticodon stem as
well as the junction of TcC and D loop appear to be the
preferred recognition sites (Fig. 11).

Spermine has 3±4 binding sites in yeast tRNAPhe as
established by X-ray crystallography and equilibrium
dialysis.32 Intramolecular contacts have been observed
at the junction of the TcC and D loop through NMR
studies,36 and the anticodon stem and D stem extending
into the variable loop (9±11, 45±47), as seen in crystal-
lography studies.32 Kanamycin A is likely to bind more
strongly at the anticodon stem than at the junction of
the TcC and D loops. This is suggested by its larger
relative e�ect on increasing Y base ¯uorescence than on
Pb2+-mediated tRNAPhe cleavage. Additionally, the
presence of a hypercleavage site at m7G46 suggests a
possible third binding site at the D stem.

Neomycin B appears to have a comparable a�nity for
the anticodon stem and the junction of the TcC and D
loops. IC50 values for Pb

2+-mediated tRNAPhe cleavage
(100 mM), and the concentration needed to induce a
doubling of Y base ¯uorescence (90 mM) correlate well.
Neo±Neo occupies the same sites as neomycin B, but it
is unlikely that two neomycin B molecules bind at the
site of one dimer. Neo±Neo has a much greater a�nity
for the anticodon stem, but there is less evidence for tight
binding at the junction of the TcC and D loop. The lar-
ger size of the dimer may inhibit binding at the second

Figure 11. Space-®lling model of tRNAPhe (orthographic projection)
illustrating hypercleavage sites (light gray) as well as strong (black),
medium (dark gray), and weak (gray) protection of nucleotides from
enzymatic and chemical cleavage. Figure generated on RasMol using a
tRNAPhe pdb ®le (1tra).
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site. This may occur by either blocking the second site or
inducing a structural change that alters the rigidity of the
molecule. Although site-selectivity may vary, the ami-
noglycosides studied seem to bind in the major groove
and distorted loop regions of tRNAPhe. The three
dimensional array of ammonium groups on the ami-
noglycosides appear to promote binding to sites of high
negative charge density on tRNAPhe. Since aminoglyco-
sides have an apparent a�nity for known metal and
spermine binding sites, electrostatic interactions are
likely to play a dominant role in aminoglycoside±RNA
binding.

Since all known transfer RNA molecules fold into the
same cloverleaf secondary structure, the binding of
aminoglycosides to tRNAPhe may be a good model for
aminoglycoside binding to other tRNAs.29 The sec-
ondary and tertiary structure of tRNA contain diverse
structural motifs which can serve as binding sites for
small molecules. For small molecules to serve as e�ec-
tive antibacterial and antiviral drugs in vivo, a high
a�nity and selectivity for a speci®c RNA site must be
achieved. Drugs lacking speci®city are likely to be
scavenged by tRNA present in the cytoplasm. Our
results support the compelling need for the develop-
ment of potential drugs which bind at speci®c RNA
sites.

Aminoglycoside antibiotics have been shown to bind
numerous RNA sequences with little speci®city.24±26

However, it is interesting to note the apparent speci®city
of aminoglycosides for the rRNA A-site in translational
misreading. We speculate that aminoglycosides are cap-
able of simultaneously binding both rRNA and tRNA.
The formation of a ternary complex between rRNA,
aminoglycoside, and tRNA cannot be excluded. This
interaction may constitute an alternative mechanistic
explanation for the bactericidal e�ect of aminoglycoside
antibiotics.

Conclusion

Aminoglycoside antibiotics bind to tRNAPhe and are
likely to induce a global conformational change. Our data
suggest that aminoglycosides bind in double stranded
regions adjacent to distorted loops as well as the loops
themselves of tRNAPhe and, in particular, the anticodon
stem in addition to the junction of TcC and D loops.

Experimental

Materials

Brewers Yeast tRNAPhe, spermine (free base), kanamy-
cin A.H2SO4 (containing ca. 5% kanamycin B), and
neomycin B.3H2SO4 (containing max 15% neomycin C)
were purchased from Sigma. Neomycin B.3H2SO4 and
kanamycin A.H2SO4 as well as Neo±Neo38,39 were con-
verted into their free base form by treatment with
Amberlite IRA-400 resin (OHÿ form). Stock solutions
(10�) of the aminoglycosides were prepared in auto-

claved diethyl pyrocarbonate (DEPC) treated H2O. It
was necessary to adjust the pH of aminoglycoside solu-
tions greater than 1mM with Tris±HCl to ensure pH
7.0. Calf intestinal alkaline phosphatase was purchased
from Gibco BRL, dithiothreitol and ribonuclease A
from Sigma, bovine serum albumin and ribonuclease T1
from Boehringer Mannheim, adenine triphosphate and
ribonuclease V1 from Pharmacia, and T4 polynucleo-
tide kinase and T4 RNA ligase from New England
Biolabs. [g-32P]ATP and [50-32P]pCp were purchased
from NEN1.

Instrumentation

Absorption spectra were taken on a Hewlett±Packard
8452A diode array spectrophotometer. A Varian Cary
1E spectrophotometer with a Cary temperature con-
troller was used for all thermal denaturation studies and
a Perkin±Elmer LS50B Luminescence Spectrometer was
used for all ¯uorescence measurements. Gel bands were
quanti®ed on a Molecular Dynamics Phosphorimager2

445 SI and analyzed with Imagequant2 software
(Molecular Dynamics).

tRNAPhe labeling

tRNAPhe was dephosphorylated with alkaline phospha-
tase and 50-32P labeled with [g-32P]ATP and T4 poly-
nucleotide kinase.70 Labeled material was puri®ed by
gel electrophoresis on 15% polyacrylamide/7 M urea
gels, extracted with 200mM KOAc, 1mM EDTA (pH
5.45) for 24 h at 4�C, and ethanol precipitated in the
presence of glycogen as a carrier. tRNAPhe was 30-32P
labeled with [50-32P]pCp and T4 RNA ligase,71 gel pur-
i®ed and recovered as described above.

Folding of tRNAPhe

Solutions of tRNAPhe were heated to 75�C for 3min
and then slowly (1 h) cooled to room temperature before
the addition of ligands.

Thermal denaturation studies

MgCl2 (50 mM±2mM), neomycin B (0.5 mM±100 mM),
kanamycin A (15 mM±1mM) or spermine (15 mM±
1mM) were added to individual tubes of tRNAPhe

(0.38 mM) in 50mM Tris±HCl (pH 7.0) and 100mM
NaCl to a total volume of 1mL and incubated for 1 h.
The concentrations of each ligand were chosen to com-
pensate for the di�erence in charges. Thermal dena-
turation curves were determined by following the OD at
260 nm and performed by heating from 20 to 90�C and
cooling back to 20�C at 0.5�C/min. Tm values were
determined as the maximum of the ®rst derivative of the
melting curves.

Fluorescence studies

Solutions of tRNAPhe (0.6 mM) in 50mM Tris±HCl (pH
7.0) were ®ltered with Schleicher and Schull Centrex1

MF 0.45 mm cellulose acetate sterile centrifugal micro-
®lters upon renaturation and the absorbance at 260 nm
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was measured to verify the concentration. Fluorescence
of the Y base was measured by exciting tRNAPhe solu-
tions at 318 nm and monitoring the emission at 437 nm.
Fluorescence emission spectra were averaged over three
scans from 410±460 nm at a scan speed of 400 nm/min.
MgCl2, spermine, kanamycin A, and neomycin B (see
Fig. 3 for concentrations) were titrated into solution
1 mL at a time to a 2500 mL volume sample (no more
than 15 mL total were added to one sample) and
¯uorescence was measured after a minimum of 10min
incubation with each addition.

Fluorescence studies with EB complexed to tRNAPhe

were executed by excitation at 546 nm and following the
emission at 598 nm. tRNAPhe (0.2 mM) in 50mM Tris±
HCl (pH 7.0) and 100mM NaCl was folded both in the
presence and absence of 1mM MgCl2. EB was added to
each sample and equilibrated for 30min at room tem-
perature. Solutions were ®ltered (as described above)
and the absorbance at 260 nm was measured. Fluores-
cence emission was averaged over three scans from 570
to 700 nm at a scan speed of 400 nm/min. MgCl2, sper-
mine, kanamycin A, neomycin B, and Neo±Neo (see
Figure 4 for concentrations) were titrated into solution
1 mL at a time to a 2500 mL volume sample (no more
than 10 mL total were added to one sample) and ¯uo-
rescence was measured after a minimum of 10min
incubation with each addition.

Pb2+-mediated cleavage of tRNAPhe

The degree of Pb2+-mediated tRNAPhe cleavage was
determined using 50- or 30-32P labeled tRNAPhe. Neo±
Neo (0.025 mM±50 mM), neomycin B (0.01 mM±10mM),
kanamycin A (1 mM±10mM) or spermine (1 mM±
10mM) were added to individual tubes of folded
tRNAPhe (2 mM with trace radiolabeled tRNAPhe) in
50mM Tris±HCl (pH 7.0), 100mM NaCl, 0.01% Non-
idet P-40, and 10mM MgCl2 and incubated for 1 h.
Aliquots of Pb(OAc)2 were added to the ®nal reaction
solution (10 mL) at a concentration of 200 mM. After
15min at room temperature the reaction mixture was
quenched with an equal volume of loading bu�er (8 M
urea, 50mM EDTA, 0.1�Tris±Borate±EDTA (TBE),
0.14 nM bromophenol blue, and 0.19 nM xylene cyanol
FF). The tubes were heated to 75�C for 3min and loa-
ded on a 15% polyacrylamide/7 M urea gel. Individual
bands were quanti®ed using a Phosphorimager and
Imagequant2 software. Semilogarithmic plots of the
ratio of full-length tRNAPhe to cleavage product versus
ligand concentration gave sigmoidal inhibition curves.
Each data point x (obtained as a percentage of tRNAPhe

cleavage) was normalized to give relative inhibition by
calculating 1ÿ[(xÿxlow)/(xhighÿxlow)]. The values for
xhigh and xlow correspond to the baseline and the pla-
teau of the sigmoidal curve. The empirical function
f=(x/IC50)

n/[1+(x/IC50)
n] derived from the Hill Equa-

tion was applied for curve ®tting (x=ligand concentra-
tion, n=Hill Coe�cient). The concentrations at
in¯ection points yield IC50 values. A false point was
added in the curve obtained for spermine since full
inhibition was never reached at concentrations up to
10mM.

Gel mobility shift assay

Neo±Neo and neomycin B (see Figure 6 for concentra-
tions) were added to individual tubes of tRNAPhe (2 mM
with trace 50-32P labeled tRNAPhe) in 50mM Tris±ace-
tate (pH 6.8), 20mM NaCl, 0.01% Nonidet P-40, and
10mM MgCl2 and incubated for 1 h. Loading bu�er
(30% glycerol with 0.14 nM bromophenol blue, and
0.19 nM xylene cyanol FF) was added, and samples
were loaded on a 12% native polyacrylamide gel and
run at room temperature in a 1�running bu�er (50mM
Tris±acetate (pH 6.8), 20mM NaCl, and 10mM
MgCl2).

Aminoglycoside-induced tRNAPhe cleavage

Aminoglycoside-induced cleavage of tRNAPhe has been
observed under a variety of conditions including the
presence and absence of MgCl2. A representative proce-
dure is outlined below. Neo±Neo (0.025 mM±50 mM) and
neomycin B (0.01 mM±10mM) were added to individual
tubes of folded tRNAPhe (2 mM with trace radiolabeled
tRNAPhe) in 50mM Tris±HCl (pH 7.0), 100mM NaCl,
0.01% Nonidet P-40, and 10mM MgCl2 (10 mL total
volume), and incubated for 1 h. An equal volume of
loading bu�er (8 M urea, 50mM EDTA, 0.1�TBE,
0.14 nM bromophenol blue, and 0.19 nM xylene cyanol
FF) was added to each tube after incubation. The tubes
were heated to 75�C for 3min and loaded on a 15%
polyacrylamide/7 M urea gel. Individual bands were
quanti®ed using a Phosphorimager and Imagequant2

software.

Enzymatic footprinting of tRNAPhe

Neo±Neo (10 mM), neomycin B (100 mM), kanamycin A
(1mM) or spermine (10mM) were added to individual
tubes of folded tRNAPhe (2 mM with trace 50- or 30-32P
labeled tRNAPhe) in 50mM Tris±HCl (pH 7.0), 100mM
NaCl, 0.01% Nonidet P-40, and 10mM MgCl2, and
incubated for 1 h. RNases were added to a ®nal volume
of 10 mL and the solutions were incubated for 20min at
37�C and then quenched on ice with an equal volume of
loading bu�er (8 M urea, 50mM EDTA, 0.1�TBE,
0.14 nM bromophenol blue, and 0.19 nM xylene cyanol
FF). The tubes were heated to 75�C for 3min and loa-
ded on a 15% polyacrylamide/7 M urea gel. Enzymes
used include 100 units/mL RNase T1 (cleaves primarily
single stranded GpN after the 30 phosphate), 2.5 units/
mL RNase V1 (cleaves indiscriminately double stranded
regions after the 30 hydroxyl group) or 1�10ÿ6 units/mL
RNase A (cleaves single stranded PypN after the 30
phosphate).

Fe(II)-EDTA footprinting of tRNAPhe

Neo±Neo and neomycin B were added to individual
tubes of tRNAPhe (2 mM with trace 50- or 30-32P labeled
tRNAPhe) in 50mM Tris±HCl (pH 7.0), 100mM NaCl,
0.01% Nonidet P-40, and 10mM MgCl2, and incubated
for 1 h. Freshly prepared Fe(II)±EDTA and sodium
ascorbate/H2O2 solutions were then added to give a
®nal concentration of 1mM Fe(II), 2mM EDTA,
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0.35% H2O2, and 1mM sodium ascorbate in a ®nal
reaction volume of 10 mL. Tubes were mixed thoroughly
and heated to 37�C for 1 h and quenched with an equal
volume of thiourea-containing loading bu�er (1 M
thiourea, 7 M urea, 50mM EDTA, 0.1�TBE, 0.14 nM
bromophenol blue, and 0.19 nM xylene cyanol FF). The
tubes were heated to 75�C for 3min and loaded on a 15%
polyacrylamide/7 M urea gel. Levels of footprinting and
enhanced cleavage were normalized by calculating
[(intensity of tRNAPhe w/ Neo±Neo)/(intensity of
tRNAPhe alone)�100]ÿ100.
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