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Abstract—The T box transcription antitermination mechanism is found in many Gram-positive bacteria. The T box genes are typ-
ically tRNA synthetase, amino acid biosynthesis, and amino acid transport genes that have a common transcriptional control mech-
anism in which a unique RNA-RNA interaction occurs between an uncharged tRNA and the 5’ leader region of the nascent
mRNA, leading to antitermination of transcription. The tRNA binds the mRNA in at least two regions: the specifier sequence
and the antiterminator. If the latter interaction does not occur, then transcription is terminated. The binding of eight different
aminoglycosides to a model of the Bacillus subtilis tyrS T box antiterminator RNA has been studied using fluorescence resonance
energy transfer. The observed single-site binding dissociation constants were in the low to mid micromolar range. The structure—
activity relationship of aminoglycoside binding indicates that selective binding of small molecules to T box antiterminator RNA

can be achieved.
© 2005 Elsevier Ltd. All rights reserved.

The T box transcription antitermination system is pres-
ent in many amino acid biosynthesis, amino acid trans-
port, and tRNA synthetase genes in Gram-positive
bacteria.!> The regulatory system involves a complex
set of conserved structural and sequence elements in
the 5’ untranslated leader region of the regulated gene
mRNA transcript, with the highly conserved T box
sequence being located toward the 3’ end of this leader
region. Also toward the 3’ end of the mRNA leader
region, two mutually exclusive structures can form: the
thermodynamically favored terminator and the antiter-
minator, which incorporates the T box sequence (Fig.
la).? The antiterminator (see Fig. 1b for a model antiter-
minator RNA) contains two helical domains (Al and
A2) and a highly conserved seven-nucleotide bulge? that
causes a large kink between the helical domains.* To ef-
fect antitermination, two different interactions occur be-
tween the leader region of the mRNA and the cognate
tRNA: the anticodon loop of the cognate tRNA base
pairs with the specifier sequence of the leader region,
and the 3’ acceptor end of the uncharged cognate tRNA
base pairs with the first four bases of the antiterminator
bulge (Fig. 1a).> This interaction is presumed to prefer-
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Figure 1. (a) Schematic showing the mutually exclusive terminator and
tRNA-stabilized antiterminator structures in the 5’ leader region of the
mRNA; (b) structure of antiterminator model RNA 3’-FI-AM1A-
Rhd, illustrating bend that is imposed by the bulge between the two
helices—A1 and A2.

entially stabilize the antiterminator, thus precluding the
formation of the terminator.’

Given the unique structure of the antiterminator and the
critical role it plays in regulating many important genes
in Gram-positive bacteria, it is an intriguing target for
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small molecule ligands. The aminoglycosides are a class
of small molecules that are known to bind to various
RNAs, including ribosomal RNA;® the hammerhead
ribozyme;” the HDV ribozyme end;® group I introns;’
and the HIV-1 RRE transcriptional activator region.'”
The purpose of this work was to determine whether
any aminoglycosides would bind to antiterminator
model RNA.

Recently, functionally relevant in vitro RNA models for
the antiterminator, including AM1A, were reported.'!
The model bulge sequence is found in other T box genes,
and the entire AM1A sequence is functional in the B.
subtilis tyrS context in vivo.? Various fluorescent
measurement techniques have been employed to study
RNA-small molecule interactions.!?>"!” In preliminary
studies of the T box antiterminator RNA, a simple fluo-
rescence-quenching assay was employed to measure the
binding of the aminoglycosides with a 5'-fluorescein-la-
beled AMI1A antiterminator model. There was no
discernable change in the fluorescence spectra of the
labeled RNA (data not shown). Since the aminoglyco-
sides are so much smaller than the RNA, the binding
of these small molecules with AMIA may not have
caused a significant enough conformational change in
the RNA to alter the stacking at its 5’ end, which would
be needed to induce a change in the fluorescence of the
fluorescein. Therefore, fluorescence resonance energy
transfer (FRET) was enlisted to measure the aminogly-
coside binding with a second, double fluorescently
labeled AM1A (Fig. 1b). The nature of the FRET
phenomenon (i.e., the distance-dependent transfer of
energy from a donor fluorophore to an acceptor fluoro-
phore) potentially would be more sensitive to conforma-
tional changes within the antiterminator RNA than
would a simple fluorescence-quenching assay. Upon
the binding of the aminoglycoside with the AMIA,
any slight change in the bend angle or kink between
the two helices would potentially be detected by a
change in the efficiency of the energy transfer between
the donor and acceptor fluorophores.

The aminoglycosides (neomycin B, kanamycin A, kana-
mycin B, amikacin, tobramycin, paromomycin, genta-
micin C, and streptomycin; Fig. 2) were obtained from
Sigma, and each was dissolved in ultrapurified water
to a concentration of 50 mg/mL and used immediately.
The 3’-FI-AM1A-Rhd model (Fig. 1b) was made by
labeling 3’-F1-18-(2’-amino)-AM1A (Dharmacon) with
the N-hydroxysuccinimide ester of carboxytetramethyl-
rhodamine using an established procedure.!® The
labeled RNA was dialyzed into 10 mM sodium
phosphate pH 6.5, 0.01 mM EDTA prior to use. Bind-
ing mixtures consisted of 400 nM 3’-FI-AMI1A-Rhd
and a serial dilution of one of the aminoglycosides
(range of 0 to 12.5 mg/mL) in 50 mM sodium phosphate
pH 6.5, 0.0l mM EDTA, 50 mM NacCl, 5mM MgCl,.
The corresponding background spectra (i.e., reaction
mixtures without the labeled RNA) were also obtained.
After incubation at 25 °C for 10 min, fluorescence mea-
surements were obtained, using a Molecular Devices
FlexStation 96-well plate reader. The 3'-FI-AMIA-
Rhd was excited at 490 nm with a 515 nm cutoff filter,
while the emission spectra were obtained for each
mixture over the range of 515-640 nm.' Fluorescence
spectra were obtained at 10, 70, and 130 min.

The intensity data at 585 nm were plotted versus ligand
concentration. The fluorescent intensities were corrected
for any background fluorescence by the respective
aminoglycosides. The normalized relative fluorescent
intensities for each experiment were calculated as
Fie1 = |F — Fy|lFy, where F is the fluorescent intensity
of the 3’-FI-AM1A-Rhd, and Fj is the intensity of the
3’-FI-AM1A-Rhd with no aminoglycoside present.
Using GraphPad Prism v.4, replicate data sets for each
aminoglycoside were averaged, plotted against the con-
centration of each aminoglycoside in uM, and analyzed
using a one-site binding model. Binding trends were sim-
ilar at all time points, with data scatter decreasing over
time. Representative binding curves for the 130-min
data are shown in Figure 3, and binding data are sum-
marized in Table 1. The gentamicin C was supplied as
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Figure 2. Structures of aminoglycosides used in study. Aminoglycosides are organized by common core structures (from left to right):

4,5-disubstituted, 4,6-disubstituted, gentamicin C, and streptomycin.
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Figure 3. Representative binding curves for aminoglycoside interac-
tions with 3’-FI-AM1A-Rhd; see text for definition of F,.. The data
points and fitted curve, respectively, for neomycin B are the filled
square and solid line; for gentamicin C, filled triangles and dashed line;
and for streptomycin, filled diamonds and dotted line. (Inset)
Rescaling of the data shows the curves at the lower aminoglycoside
concentrations. Error bars represent the standard deviation of repli-
cate measurements for each data point.

a mixture of three components. Therefore, for conver-
sion from mg/mL to uM, the molecular weight for gen-
tamicin was calculated as a weighted average of each of
the three components, based on information from the
vendor.

Of the eight aminoglycosides tested, neomycin had the
lowest dissociation constant. This is consistent with pre-
vious RNA-aminoglycoside studies where neomycin has
typically exhibited the best binding of the monomeric
aminoglycosides.!®2%23 The trend for the dissociation
constants of the aminoglycosides tested correlates well
with the number of amines. Consequently, the amino-
glycosides most likely are interacting with the antitermi-
nator model RNA via, in part, electrostatic interactions,
similar to how aminoglycosides bind other RNA mo-
tifs.2%-22-24 For paromomycin, gentamicin C, and kana-

Table 1. Single-site binding data for aminoglycoside binding with 3’-
FI-AM1A-Rhd

Aminoglycosides No. of amines

Kd (HM)(l Max. F‘relb

Neomycin B 6 8.5%£2.1(0.82) 0.46+0.02
Tobramycin 5 38+9.0 (0.89) 0.33+0.01
Paromomycin 5 50+9.4(0.92) 0.41+0.01
Gentamicin C 5 120 £19 (0.95)  0.80 £0.03
Kanamycin B 5 150 £27 (0.94) 0.38 £0.01
Kanamycin A 4 210 £ 87 (0.67)  0.21 £0.02
Amikacin 4 760 =270 (0.73) 0.29 +0.03
Streptomycin 1 790 + 310 (0.68) 0.34 £0.03

2 Goodness-of-fit values (R?) in parentheses.
®See text for definition of Fre.

mycin B, the fit to a single-site binding model is very
good. In contrast, the fit for kanamycin A and strepto-
mycin is poor. When the data were fit using two-site and
higher order binding models, the Ky errors increased
substantially, indicating that none of these alternate
models entirely explain the data. In addition, when the
fits for single-site (hyperbolic) binding versus nonspecific
(linear) binding were compared, the single-site binding
was better as determined by the F-test (P = 0.05). One
possible explanation for these fit observations is that
there is a mixture of specific and non-specific binding.
Another possibility is that the observed binding curve
may be an average of multiple-site binding in fast ex-
change. Finally, it is also possible that there may be ami-
noglycoside binding modes that do not directly result in
a significant change in the FRET and are, therefore,
silent in this assay.

Another observation from the data is that the maximal
F values (Table 1) are similar for each of the aminogly-
coside molecules within a common core structure set,
and the maximal F,q varies between different core struc-
ture sets (see Fig. 2 for groupings). Since the F,. ulti-
mately reflects the ligand-induced change in the
distance between the donor and acceptor fluorophores,
this correlation strongly suggests a structure-specific
conformational change in the RNA upon binding of
each of the related groups of aminoglycosides. The max-
imal F, of the 4,5-disubstituted derivatives (neomycin
B, paromomycin) is between 0.41 and 0.46, while that
of the 4,6-disubstituted derivatives (tobramycin, kana-
mycin B, kanamycin A, amikacin) is between 0.21 and
0.38. Even though the basic structure of gentamicin C
(Fre1 = 0.80) is similar to the structure of the latter
grouping, it is more hydrophobic; therefore, it would
not necessarily affect the RNA conformation in the same
manner. Similar core structure-activity relationships
have been seen in other fluorescent RNA-aminoglyco-
side binding studies.??

In addition to the maximal F,. trends discussed above,
the corrected rhodamine fluorescent intensities de-
creased as the aminoglycoside concentrations increased.
This implies that the antiterminator RNA structure is
undergoing a conformational change that results in a
less efficient transfer of energy between the fluorescent
moieties upon the binding of an aminoglycoside. One
possibility would be an alteration of the bend angle be-
tween helix Al and helix A2, resulting in a change in dis-
tance/orientation between the donor—acceptor pair.
Previous structural studies of AMIA indicated a bend
angle of 56°, where the kink was induced by extensive
base stacking at the 3’ end of the seven-nucleotide
bulge.* Any change in the structure of the bulge nucleo-
tides (e.g., due to aminoglycoside binding) would most
likely affect the bend angle between the two helices. In
an alternative antiterminator model RNA, where a sin-
gle fluorescent label (2-aminopurine)' 2329 is introduced
in the bulge at position 9, fluorescence quenching occurs
upon addition of the aminoglycosides, consistent with
the interpretation that the aminoglycosides are binding
in the region of the bulge nucleotides (J. Means, J.
Hines, unpublished results).
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Extensive research with other RNA motifs, including
small bulges (TAR)? and internal loops (RRE)?*® have
shown that aminoglycosides bind readily to bulged
bases and RNA pockets, especially divalent metal ion
binding sites. The 93-fold selectivity difference between
the tightest-binding aminoglycoside (neomycin B) and
the weakest (streptomycin), as well as the four-fold
selectivity difference between tobramycin and kanamy-
cin B (each containing five amines), indicate that the
antiterminator RNA is most likely forming a unique
RNA pocket amenable to selective, small molecule bind-
ing. This pocket may also be a divalent metal ion bind-
ing site. This notion is consistent with UV thermal
denaturation studies that show a saturable magne-
sium-specific binding trend in 7}, melting temperatures
(K. Jack and J. Hines, unpublished results).

In this paper, fluorescence resonance energy transfer
spectroscopy was used to study the binding of aminogly-
cosides with a model of the T box antiterminator RNA.
This is the first literature example of small ligands specif-
ically binding the biologically significant regulatory T
box antiterminator RNA. Further studies are on-going
to determine the exact aminoglycoside binding mode
and location within the antiterminator, as well as to uti-
lize the aminoglycoside binding data for targeted ligand
design with the ultimate goal of disruption of the
tRNA-antiterminator complex.
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