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Identification of neomycin B-binding site in T box
antiterminator model RNA
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Abstract—The T box transcription antitermination mechanism regulates the expression of unique genes in many Gram-positive bac-
teria by responding, in a magnesium-dependent manner, to uncharged cognate tRNA base pairing with an antiterminator RNA
element and other regions of the 5 0-untranslated region. Model T box antiterminator RNA is known to bind aminoglycosides,
ligands that typically bind RNA in divalent metal ion-binding sites. In this study, enzymatic footprinting and spectroscopic assays
were used to identify and characterize the binding site of neomycin B to an antiterminator model RNA. Neomycin B binds the anti-
terminator bulge nucleotides in an electrostatic-dependent manner and displaces 3–4 monovalent cations, indicating that the anti-
terminator likely contains a divalent metal ion-binding site. Neomycin B facilitates rather than inhibits tRNA binding indicating
that bulge-targeted inhibitors that bind the antiterminator via non-electrostatic interactions may be the more optimal candidates
for antiterminator-targeted ligand design.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The T box genes are regulated by a common transcrip-
tion antitermination mechanism.1–3 This mechanism is
used in the regulation of many tRNA synthetase, amino
acid biosynthetic, and amino acid transport genes of
Gram-positive bacteria.4 With several hundred examples
identified5,6 and the biological importance of the genes
regulated by the T box mechanism, it is an intriguing po-
tential target for investigating small molecule-induced
disruption. The 5 0 untranslated region (5 0UTR) of the
T box family of genes is characterized by conserved pri-
mary and secondary structural elements, the most con-
served of which is the 14-nucleotide region called the
T box.7,8 The formation of two alternative secondary
structural elements, terminator and antiterminator, in
this region controls the expression of the gene. The for-
mation of the terminator halts transcription whereas the
formation of the antiterminator allows the transcription
of the complete gene message. The antiterminator, con-
taining the T box sequence, is thermodynamically less
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stable than the terminator,5 but is stabilized by base
pairing with the acceptor end nucleotides of cognate un-
charged tRNA.1 This base pairing occurs with the first
four bases at the 5 0 end of a seven nucleotide bulge in
the antiterminator and is critical for effecting antitermin-
ation.9 The anticodon of the uncharged cognate tRNA
also base pairs with a codon-like sequence in the ‘speci-
fier loop’ of stem 1, a structurally conserved region at
the beginning of the 5 0UTR.2,3 This base pairing pro-
vides the cognate specificity to the T box antitermina-
tion mechanism.1 While the binding of tRNA to the
5 0UTR occurs in the absence of additional cofac-
tors,10,11 antitermination requires a minimum threshold
of divalent metal ion (15 mM Mg2+).12

Mechanistically, the most intriguing interaction in this T
box riboswitch is the binding of the tRNA acceptor end
to the antiterminator. Functionally relevant model sys-
tems have been developed to better characterize the
molecular details of this interaction and to explore the
design of antiterminator-targeted small molecule inhibi-
tors.11 Recently, we reported that aminoglycosides bind
the T box antiterminator RNA with neomycin B having
the highest affinity (Kd = 8 lM).13 While the affinity is
weaker than some high-affinity aminoglycoside–rRNA
complexes,14 it is comparable to other specific aminogly-
coside–RNA complexes.15 The fluorescence resonance
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energy transfer (FRET)-binding assays indicated that
neomycin B altered the bend angle between the two heli-
ces of the antiterminator, strongly indicating that the
binding site might be in the bulge region of the antiter-
minator. Given the antitermination requirement for
divalent metal ion12 and the propensity for aminoglyco-
sides to bind in divalent metal ion-binding sites,16,17 it is
possible that the antiterminator contains a divalent me-
tal ion-binding site. Ionic effects on affinity and enzy-
matic probing were carried out in order to investigate
how neomycin B binds the antiterminator. The informa-
tion gained from these studies is important for a better
understanding of the T box antitermination mechanism
and for future ligand design for antiterminator-targeted
disruption of this biologically important riboswitch.
2. Results

2.1. Identification of neomycin-binding site

Enzymatic footprinting was used to locate the specific-
binding site of neomycin B. The addition of neomycin
B to AM1A (Fig. 1A) resulted in changes in the RNase
A cleavage patterns (Fig. 1B). The most significant pro-
tection occurred at nucleotides 6–8, located in the bulge
of the antiterminator model RNA and to a lesser extent,
C22.

Enzymatic probing results with RNase T1, an alterna-
tive single-strand specific RNase, showed neomycin-in-
duced protection in similar regions of the
antiterminator as was observed with RNase A (nucleo-
tides 7–10) along with G2–G3 in helix A1. There was
also a slight enhancement of enzymatic cleavage in the
middle of helix A2 at G15.

2.2. Structural effects of neomycin binding

Circular dichroism was used to monitor the possible
secondary structural effects of neomycin B binding
to antiterminator model RNA AM1A. In the presence
of increasing concentrations of neomycin B (0–
200 lm), there is only a slight shift (2 nm at 200 lm
neomycin B) to longer wavelengths in the region of
235–260 nm (Fig. 2A). There are no significant differ-
ences in the maximal molar elipticity observed at
either 209 nm or 268 nm (regions affected by signifi-
cant changes in phosphate backbone and base stack-
ing, respectively).

2.3. Ionic effects on neomycin–antiterminator affinity

The binding of neomycin B to AM1A was monitored in
the presence of varying concentrations of monovalent
cation to investigate ionic effects. Using methods derived
from a FRET AM1A-binding assay,13 the Kd values for
neomycin B-binding 3 0-Fl-18-Rh-AM1A were deter-
mined for five different concentrations ranging from 55
to 100 mM Na+. The replicate data were analyzed simi-
lar to that described previously.13 A linear analysis of
the �logKa versus log [Na+] plot (Fig. 2B) resulted in
a slope = 2.6 ± 0.5.
2.4. Neomycin effects on tRNA–antiterminator affinity

Binding studies in the presence of an excess of neomycin
B were conducted to determine if neomycin B disrupted
cognate tRNA-UCCA18 (Fig. 3A) binding to the anti-
terminator. The large excess of neomycin B (200 lM,
25 times the FRET-derived13 Kd value of 8 lM) was
used to ensure complete saturation of the antiterminator
neomycin B-binding site. It is important to note that
while neomycin B induced changes in the FRET of the
di-fluorescently labeled antiterminator model (attributed
to altering the bend angle between helix A1 and A213),
neomycin B induced no significant change in the fluores-
cence when added to mono labeled 5 0-Fl-AM1A alone
(0–200 lM neomycin B titration data not shown and
Fig. 3B). The tRNA-binding isotherms in the presence
and absence of neomycin B were determined using a pre-
viously reported method.18

The presence of neomycin B (200 lM) enhanced the
fluorescence of the antiterminator–tRNA complex
approximately twofold (Fig. 3B), but did not signifi-
cantly alter the Kd value for tRNA binding the antiter-
minator (Fig. 3C, Kd = 0.3 ± 0.2 lM with neomycin B
versus Kd = 0.1 ± 0.05 lM without neomycin B).
3. Discussion

Aminoglycoside ligands have been extensively studied for
their ability to bind RNA.19,20 This class of compounds
binds a variety of RNA targets including the 16S rRNA,21

HIV viral RNA22 and ribozymes.23 The aminoglycosides
are believed to bind RNA at two different types of sites.
The first type consists of a helical domain with a widened
major groove while the second type consists of a complex
metal ion-containing pocket.24 In previous FRET moni-
tored ligand-binding studies, aminoglycosides were found
to bind antiterminator model RNA in a structurally spe-
cific manner based on the core structure of the aminogly-
coside.13 In addition, the affinity increased with increasing
number of nitrogens indicating that electrostatics played
a significant role in binding. Since the solution structure
of the antiterminator model RNA AM1A had character-
istics of both types of aminoglycoside-binding sites
(a deformed helical structure in stem A2 and bulge nucle-
otides that formed, along with the stems, an extra-helical
pocket),25 we undertook to definitively identify and
characterize the neomycin B-binding site in AM1A. The
neomycin-induced FRET change previously observed in
the aminoglycoside-binding assays was attributed to a
change in the bend angle between helix A1 and A2 most
likely from neomycin binding in the bulge region.13 How-
ever, changes in the FRET would also be expected if
neomycin bound helix A2 and further deformed the
helical structure of this region. The binding site of neomy-
cin B was characterized to distinguish between these two
possibilities in order to gain better insight into the system
for future antiterminator-targeted small molecule inhibi-
tion of T box transcription antitermination.

The enzymatic cleavage assays localized the neomycin-
binding site to the 5 0 end of the antiterminator bulge



Figure 1. (A) Antiterminator model RNA AM1A. (B) RNase A footprinting of AM1A and AM1A–neomycin B complex. Lane 1, alkaline

hydrolysis ladder; lane 2, hydrolysis control; lane 3, RNase A control; lane 4, AM1A; lanes 5–10, AM1A with increasing concentrations of neomycin

B (10, 20, 40, 80, 100, and 200 lM). (C) RNase T1 footprinting of AM1A and AM1A–neomycin B complex. Lane 1, alkaline hydrolysis ladder; lane

2, hydrolysis control; lane 3, RNase T1 control; lane 4, AM1A; lane 5, AM1A with neomycin B (100 lM).

Figure 2. (A) Circular dichroism spectrum of AM1A with increasing concentration of neomycin B ranging from 0 to 200 lM in 20 lM increments.

(B) Salt dependence of neomycin B binding to AM1A.
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since this is the region where the greatest protection in
the presence of neomycin was observed for both en-
zymes. There were only minimal changes in enzymatic
cleavage in helix A2. The data indicate that it is not
likely that neomycin B is binding in the helix A2 region,
but rather that binding in the bulge leads to a slight
change in helix A2 (e.g., slight enhancement of RNase
T1 cleavage at G15). This is consistent with the unre-
strained molecular dynamics studies of randomly
docked neomycin–antiterminator RNA complexes
where neomycin also localized at the 5 0 end of the bulge
(R. Anupam, J. Hines, unpublished results). The CD
spectra of AM1A indicated that there was no significant
change in the stacking of the antiterminator RNA sec-
ondary structure upon addition of neomycin B, but
there were changes to the phosphate backbone. The data
support the initial hypothesis that neomycin B binds the
bulge nucleotides leading to a small structural change in
helix A2 and possibly a change in the bend angle be-
tween the two helices.

The ionic strength dependence of binding was analyzed
using polyelectrolyte theory26 as has been used to ana-
lyze other aminoglycoside–RNA interactions.15 The
slope of the logKa versus �log[Na+] plot is equal to
mW, where m is the number of ions displaced from the
nucleic acid by the ligand and W is the fractional prob-
ability that a counterion is thermodynamically associ-
ated with each phosphate group on the nucleic acid
(estimates range from 0.68 to 0.89).27 In the case of neo-
mycin B-binding AM1A, the slope of the ionic effect on
Ka plot (Fig. 2B) was 2.6 ± 0.5, indicating that 3–4
monovalent cations are displaced by neomycin B upon
binding to the antiterminator model. Other aminoglyco-



Figure 3. (A) Secondary structure of cognate tRNA-UCCA. (B) Fluorescence emission spectra of 5 0-Fl-AM1A (100 nM) in the presence of neomycin

B (200 lM) or tRNA-UCCA (1 lM) or both as indicated. (C) Binding of tRNA-UCCA to AM1A in the absence (dashed line, open triangles) and in

the presence (solid line, solid triangle) of neomycin B (200 lM).
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side–RNA complexes result in displacement of a similar
number of monovalent cations.28 Since aminoglycosides
typically bind in divalent metal ion-binding sties (of
both high and moderate affinity),16,17 the data indicate
that a divalent metal ion-binding site may exist in the
bulge region of the antiterminator. This is consistent
with in vitro transcription antitermination results where
a high concentration of Mg2+ was not required for the
tRNA anticodon to bind the T box leader at the ‘speci-
fier sequence’, but was required to effect antitermina-
tion, thus implying that the tRNA acceptor end
binding to the antiterminator is affected by the
Mg2+.12,29 The divalent cation may structurally organize
the antiterminator to facilitate-binding tRNA.

Due to the ability of aminoglycosides to inhibit other
RNA processes,30 the effect of neomycin B on formation
of the tRNA–antiterminator RNA complex was investi-
gated. There was no significant change in the affinity for
tRNA-binding antiterminator RNA. Instead, based on
the dramatic change in the fluorescence of the tRNA–
antiterminator–neomycin complex compared to the
tRNA–antiterminator complex, there was a structural
change in the tRNA–antiterminator complex induced
by neomycin B. Even with the large excess of neomycin
B used in the disruption assay, it is reasonable that neo-
mycin B did not inhibit the tRNA binding given the sig-
nificantly higher affinity of tRNA for AM1A18

compared to that of neomycin B for AM1A.13 In addi-
tion, the change in the fluorescence of the tRNA–anti-
terminator complex in the presence of neomycin
indicates that a new aminoglycoside-binding site is
forming in the context of the complex.
4. Conclusions

The specific localization of the neomycin B-binding site
to the 5 0 end of the bulge in T box antiterminator RNA
indicates that a ligand-binding pocket is formed by the
bulge nucleotides that may also be a divalent metal
ion-binding site. Significantly, while electrostatic inter-
actions enhance ligand affinity, electrostatic attraction
alone, in the vicinity of the antiterminator nucleotides
that base pair with the tRNA, is not sufficient to inhibit
tRNA binding. Consequently, a focus on bulge-targeted
ligands that bind the antiterminator via non-electro-
static interactions is likely the best approach for future
antiterminator-targeted ligand design.
5. Experimental

5.1. RNA preparation

The AM1A and tRNA-UCCA were synthesized from
DNA templates using T7 polymerase.31,32 The single-
stranded template for AM1A was obtained from Inte-
grated DNA Technologies, Inc. The DNA template
for tRNA-UCCA was PCR amplified from a plasmid
construct.33 All RNAs were gel purified on 20% dena-
turing polyacrylamide (19:1 acrylamide/bisacrylamide)
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gels. Fluorescently labeled RNAs were obtained from
Dharmacon, Inc. All RNAs were dialyzed against
10 mM sodium phosphate, pH 6.5, 0.01 mM EDTA
prior to use.

5.2. Enzymatic footprinting

AM1A was 32P 5 0 end-labeled using Kinase Max (Ambi-
on). Each footprinting reaction (10 ll) consisted of
10 mM Tris buffer, pH 7, 100 mM KCl, 10 mM MgCl2,
250 nM of labeled AM1A, and 3 lg of yeast RNA. Neo-
mycin B was added to each reaction mixture as indicated
in Figure 1. The labeled AM1A was pre-incubated with
neomycin B for 15 min at room temperature. The reac-
tion was then incubated with 0.01 U of RNase A or
RNase T1 for 15 min and the reaction stopped by add-
ing an equal volume of gel loading buffer containing 8 M
urea. The reaction was resolved on 20 % denaturing
polyacrylamide gel (19:1 acrylamide/bisacrylamide),
visualized using autoradiography and the band intensi-
ties were measured using Bio-Rad Quantity One v.4.
Each band was normalized by the total intensities of
its respective lane.

5.3. Circular dichroism

The CD spectra (200–300 nm) were acquired on a JAS-
CO model J-715 spectrometer at 4 �C in 50 mM sodium
phosphate, pH 6.5, 5 mM MgCl2, 50 mM NaCl,
0.01 mM EDTA. Aliquots (2 ll) of neomycin B were
added to 100 ll of 10 lM AM1A in 20 lM increments
from 0 to 200 lM final concentration of neomycin B.
Similar addition of neomycin B to 100 ll of buffer with
no RNA present resulted in no change in the CD spec-
trum (data not shown).

5.4. Salt-dependence neomycin-binding assays (3 0-Fl-18-
Rh-AM1A monitored binding)

The labeled material and general procedure were the
same as those used previously for monitoring aminogly-
coside binding to FRET-labeled AM1A.13 Each Kd

value was determined from the average of replicate-
binding isotherms at a set total Na+ concentration. Indi-
vidual-binding mixtures (100 ll) for each isotherm
consisted of NaCl (fixed amount of 5–50 mM), 50 mM
sodium phosphate buffer, pH 6.5, 5 mM Mg2+ and
0.01 mM EDTA and neomycin B ranging from 0 to
14 mM with 100 nM 3 0-Fl-18-Rh-AM1A. The FRET
was measured and the Kd determined as previously
described.13

5.5. tRNA-binding assays (50-Fl-AM1A monitored binding)

The labeled material and general procedure were similar
to those previously described for monitoring tRNA
binding to 5 0-Fl-AM1A.18 Assays involved a set of serial
dilutions of tRNA-UCCA with 5 0-Fl-AM1A (100 nM)
in 50 mM sodium phosphate, pH 6.5, 0.01 mM EDTA,
50 mM NaCl, 5 mM MgCl2, with or without 200 lM of
neomycin B at 25 �C. The relative normalized fluores-
cence was measured after incubation (60 min) and the
Kd determined as previously described.18
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