
Fluorescence probing of T box antiterminator RNA: Insights into
riboswitch discernment of the tRNA discriminator base

John A. Means, Crystal M. Simson, Shu Zhou, Aaron A. Rachford, Jeffrey J. Rack, and
Jennifer V. Hines*
Department of Chemistry & Biochemistry, Ohio University, Athens, OH 45701, USA

Abstract
The T box transcription antitermination riboswitch is one of the main regulatory mechanisms utilized
by Gram-positive bacteria to regulate genes that are involved in amino acid metabolism. The details
of the antitermination event, including the role that Mg2+ plays, in this riboswitch have not been
completely elucidated. In these studies, details of the antitermination event were investigated utilizing
2-aminopurine to monitor structural changes of a model antiterminator RNA when it was bound to
model tRNA. Based on the results of these fluorescence studies, the model tRNA binds the model
antiterminator RNA via an induced fit. This binding is enhanced by the presence of Mg2+, facilitating
the complete base pairing of the model tRNA acceptor end with the complementary bases in the
model antiterminator bulge.
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The T box riboswitch is a transcriptional control mechanism found primarily in Gram-positive
bacteria [1–3], and its prevalence indicates that it is one of the main regulatory mechanisms
for genes involved in amino acid metabolism [4]. The 5′ untranslated leader region (5′-UTR)
of the T box genes is composed of a complex set of conserved primary sequence and secondary
structural elements that allow the nascent mRNA to sense the charging ratio of the gene’s
cognate tRNA [5,6]. Control of T box genes hinges on the formation of one of two mutually-
exclusive, competing structural elements – the terminator and the antiterminator [1–3]. The
uncharged cognate tRNA is capable of factor-independent binding with the mRNA via a two-
point interaction: the tRNA anticodon with the mRNA specifier sequence and the tRNA
acceptor end with the complementary bases in the antiterminator (Fig. 1A) [1,5,7–9]. The
stabilization of the antiterminator through this interaction allows transcription of the gene,
while the formation of the competing terminator (in the absence of uncharged, cognate tRNA)
results in transcription termination. The specificity of the interaction between the tRNA and
mRNA is dictated by the co-variation of the tRNA anticodon and the mRNA specifier sequence
[1] and by the co-variation of the tRNA discriminator base and the mRNA variable base, which
is located in the bulge of the antiterminator element [5].
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Interesting facets of this unique interaction between the 5′-UTR of the mRNA and the tRNA
have been elucidated via in vitro biochemical studies. In one study involving the B. subtilis
glyQS 5′-UTR, Mg2+ was implicated as an important requirement for efficient in vitro
antitermination [9,10]. Near maximal tRNA binding occurs with 5 mM Mg2+, but maximal
antitermination is not achieved until 15 mM Mg2+. In another in vitro study utilizing this same
model system, it was found that the tRNA is able to be competitively displaced prior to the
formation of the antiterminator. However, once the tRNA is bound to the mRNA at both points
of contact, the tRNA is resistant to competitive displacement [10].

The 2-aminopurine purine base analog (AP) provides local nucleic acid structural information
via steady-state [11–15] and time-resolved [16–19] fluorescence experiments. The fluorophore
senses local stacking and polarity changes, yielding changes in emission intensity and/or
emission wavelength [20–22]. In addition, AP is capable of base pairing with uracil in a manner
that is similar to that of adenine [23–25]. These characteristics of AP have allowed the
substitution of the fluorophore for a variety of nucleotides, especially guanine and adenine, to
monitor nucleic acid dynamics and interactions with minimal structural perturbation to double-
stranded motifs and a variety of single-stranded RNA motifs [11,13–18,21,24–27].

Past studies from this lab have raised some interesting hypotheses regarding the interaction
between the tRNA acceptor end and the antiterminator. The NMR solution structure of an
antiterminator model RNA, AM1A [28], revealed structural flexibility in the antiterminator
that was hypothesized to allow for tRNA binding via an induced-fit and/or tertiary structure
capture. A more recent study identified a preferred binding site for Mg2+ along helix A1 in
AM1A [29]. From this work, it was hypothesized that the Mg2+ binding at this site might
facilitate tRNA binding by reducing electrostatic repulsion. In the current work, AP was
utilized to probe structural changes in T box antiterminator model RNA upon its binding with
model tRNA. The results of these studies will provide evidence in support of the two hypotheses
presented above. In addition, while much work has been done to increase the general
understanding of the nature of AP in DNA dynamics, these studies will contribute to the
understanding of the nature of AP in RNA dynamics.

Materials and methods
Model RNAs

Local environmental changes within the structure of the antiterminator model RNA, AM1A,
were monitored using the 2-aminopurine fluorescent purine base analog (AP). The AM1A
model RNA motif has been demonstrated, both in vitro and in vivo, to be structurally and
functionally relevant [28]. Four different AP-labeled AM1As (Figs. 1B-E) were designed to
monitor changes in the A1 helix, the bulge, and the hinge region. In the A1 helix, AP was
substituted for the adenine at position 2 (2-AP-AM1A). For probing the bulge, AP was
substituted for the adenines at positions 9 and 10 (9-AP-AM1A [26,30] and 10-AP-AM1A,
respectively). Finally, AP was substituted for the guanine at position 13 in the hinge region
(13-AP-AM1A). Purified, fluorescently-labeled RNAs were obtained from Dharmacon
Research, Inc.

An unlabeled model tRNA [28] (tRNA-UCCA, Fig. 1F) and two unlabeled tRNA acceptor
stem/end microhelix model RNAs [28] (mh-UCCA and mh-ACCA, Fig. 1G) were bound with
the AP-AM1A RNAs in titration and fluorescence decay experiments. The mh-UCCA and
tRNA-UCCA have an acceptor end sequence that is fully complementary to the four bases at
the 5′ end of the AM1A bulge. The mh-ACCA model is the single base mismatch analog, in
which the discriminator base is not complementary to the AM1A variable base. All of these
model tRNAs, whose functional relevance were previously demonstrated [26,28], were
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synthesized via in vitro transcription with T7 RNA polymerase [31–33], followed by
purification with denaturing gel electrophoresis and electroelution.

All RNAs were dialyzed into 10 mM sodium phosphate pH 6.5, 0.01 mM EDTA and were
renatured prior to use. In addition, all RNA stock solutions were stored in standard
microcentrifuge tubes, as opposed to low-binding microcentrifuge tubes. During this
investigation, it was discovered that previously reported preliminary results [26] were
contaminated by trace impurities that resulted from the use of low-binding microcentrifuge
tubes for RNA stock solution storage (data not shown). Due to the large amount of the unlabeled
microhelix RNAs that was necessary for those previously reported fluorescence titration
studies, an emission band at 394 nm was observed upon excitation of these trace impurities at
310 nm. The absence of the trace impurities in the RNA stock solutions for the current studies
was verified by obtaining the fluorescence emission profiles of all unlabeled RNAs (data not
shown). In light of the results from the current work, the previous trace impurities did not affect
the binding of the model antiterminator and model tRNAs in the previous work.

Steady-State Fluorescence
The steady-state fluorescence spectra were obtained by titrating 400 μL of 100 nM AP-RNA
(50 mM sodium phosphate pH 6.5, 0.01 mM EDTA, 50 mM NaCl, 15 mM or 5 mM MgCl2)
with 2 μL aliquots (up to 20 μL total) of the model tRNA or either of the microhelix model
tRNAs. The experiments were performed with a JY Horiba Spex Fluoromax-3, which was
equipped with a temperature-controlled sample holder that was set to 20 °C. The labeled RNAs
were excited at 310 nm (5 nm slit width), and the fluorescence emission was monitored over
the range of 330 to 600 nm (5 nm slit width). Spectra were obtained for the unbound, labeled
RNAs and after each successive addition of the model tRNAs. The buffer background was
subtracted from each spectrum to remove the water Raman signal at 347 nm.

Time-Resolved Fluorescence
Fluorescence decay spectra were obtained with a PTI LaserStrobe spectrofluorometer that was
equipped with a PTI GL-3300 nitrogen laser as its light source. The 2-aminopurine fluorophore
was excited at 337 nm, utilizing a frequency of 10 Hz and 5 laser shots per time point.
Fluorescence emission decays were obtained at 370 nm for 1 μM free 2-aminopurine
deoxyribonucleoside (APdNS) and at both 370 nm and 420 nm for 1 μM 9-AP-AM1A by itself
and a 99% bound complex of 9-AP-AM1A and mh-UCCA. The concentration of mh-UCCA
that was needed to achieve the 99% (1521 μM) bound state was calculated based on the
previously reported Kd of 16 μM for 5′-Fl-AM1A and mh-UCCA [26]. All RNA solutions had
a volume of 400 μL and contained 50 mM sodium phosphate pH 6.5, 0.01 mM EDTA, 50 mM
NaCl, 15 mM MgCl2. The decay spectra were collected with start and end delays of 50 and
100 ns, respectively. The data points were obtained with an integration time of 1000 μs and
were an average of 7 reads over 200 channels. The excitation and emission slit widths were
adjusted to maximize the intensity of the 9-AP-AM1A fluorescence intensity at 370 nm. The
instrument response function was collected at 337 nm, utilizing an empty cuvette and a neutral
density filter in the emission path.

Decays were deconvoluted with the TimeMaster software (PTI, Inc.), and the goodness of fit
was based on the reduced χ2 and the randomness of the autocorrelation function of the weighted
residuals. The time-resolved fluorescence spectra were fit to the following decay function:
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where I(t) is the fluorescence intensity as a function of time, αi is the amplitude for each
component, t is the time, τi is the fluorescence lifetime of each component, and N is the number
of components. In order to determine the minimum number of components that were required
to fit each of the decay spectra, each spectrum was fit utilizing N = 1, 2, 3, and 4.

Results
Steady-state fluorescence

Addition of mh-UCCA in the presence of 15 mM MgCl2 led to strong fluorescence
enhancements for the antiterminator model RNAs 2-AP-AM1A, 10-AP-AM1A, and 13-AP-
AM1A (Figs. 2A, 2E, 2G). An enhancement of the fluorescence intensity likely indicates a
destabilization of the stacking around the fluorophore, since stacking quenches fluorescence
[34–36]. When each of these AP-AM1As was titrated with mh-ACCA, similar results were
observed; however, the intensity enhancements were less pronounced (Figs. 2B, 2F, 2H). The
titrations of 2-AP-AM1A and 10-AP-AM1A with either of the microhelix RNAs yielded no
significant emission wavelength shift, but a 6 nm bathochromic shift was observed when 13-
AP-AM1A was titrated with either mh-UCCA or mh-ACCA.

The titration experiments involving 9-AP-AM1A were intriguingly different from the other
AP-labeled antiterminator model RNAs. When 9-AP-AM1A was titrated with mh-UCCA at
15 mM MgCl2, no net intensity enhancement was observed (Fig. 2C). Instead, the increasing
concentrations of mh-UCCA induced a 12 nm bathochromic shift of the emission wavelength
and a broadening of the emission peak. Comparable results were observed when 9-AP-AM1A
was titrated with tRNA-UCCA in the presence of 15 mM MgCl2. Namely, no net intensity
enhancement, a broadening of the emission peak, and a 6 nm bathochromic shift of the emission
wavelength were observed (Fig. 2K). As with the other three AP-AM1A titration experiments,
titration of 9-AP-AM1A with the mismatched mh-ACCA at 15 mM MgCl2 (Fig. 2D) yielded
effects that were similar to those of mh-UCCA, but were less pronounced.

The microhelix titrations of 9-AP-AM1A were also performed at 5 mM MgCl2. In contrast to
all the spectra with 15 mM MgCl2, the spectra from mh-UCCA and mh-ACCA titrations of 9-
AP-AM1A at 5 mM MgCl2 exhibited similar intensity enhancements for mh-UCCA compared
to enhancements for mh-ACCA, while there was no shift of the emission wavelength induced
by either microhelix (Figs. 2I–J).

Time-resolved fluorescence
Time-resolved fluorescence measurements were employed to better understand the nature of
the peak broadening and the 12 nm bathochromic shift of the 9-AP-AM1A emission at 15 mM
MgCl2 with mh-UCCA. The time-resolved fluorescence data are summarized in Table 2 and
the decay spectra can be found in Supplementary data. The decay spectra for APdNS were best
fit with a monoexponential function, yielding a decay lifetime of 8.4 ns. This is similar to
previously-reported decay lifetimes for various free AP species [17, 37–39]. The spectrum for
9-AP-AM1A was best fit with a biexponential function at 370 nm. For 9-AP-AM1A, the shorter
of the two decay lifetimes was in the range of 2 ns, while the longer of the two lifetimes was
in the range of 7.6–9.5 ns. At 420 nm, the decay profile of the 99% complex was best fit with
a monoexponential function, and that single lifetime (2.7 ns) was comparable to the shorter
lifetime of the 9-AP-AM1A at 370 nm. The decay lifetimes that corresponded to 9-AP-AM1A
at 420 nm, as well as for the 99% complex at 370 nm, were disregarded due to the potentially
inaccurate nature of the data that resulted from their very low fluorescence intensities.
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Discussion
Induced-fit binding

For each AP-labeled antiterminator model RNA, greater fluorescence enhancements or λmax
shifts were observed when titrated with mh-UCCA, compared to titration with the mismatched
mh-ACCA. These results indicate that base pairing of the tRNA discriminator and
antiterminator variable bases induces a structural change throughout the antiterminator. The
most dramatic differences were with 2-AP-AM1A and 9-AP-AM1A. In the case of 9-AP-
AM1A, structural studies of uncomplexed AM1A indicated that A9 is stacked in a hydrophobic
pocket with the Watson-Crick face not readily accessible for base pairing [40]. The more
significant λmax shift in 9-AP-AM1A that was induced by the matched discriminator base (mh-
UCCA), as compared with the shift induced by the mismatched discriminator base (mh-
ACCA), is consistent with a structural rearrangement involving A9 (the variable base). This
rearrangement can be correlated to the identity of the discriminator base and may be necessary
to accommodate the base pairing of the variable base with the model tRNA discriminator base.
In the case of 2-AP-AM1A, previous studies have shown that the phylogenetically-conserved
5′-side of helix A1 is a diffuse Mg2+ binding site that may facilitate tRNA binding [29]. The
more significant enhancement of 2-AP-AM1A fluorescence in the presence of the matched
discriminator base, as opposed to the mismatched discriminator base, and the data indicating
that the discriminator base-variable base pair formation in 9-AP-AM1A is facilitated by higher
Mg2+ concentrations are both consistent with a structural change occurring in the region of the
second nucleotide in the diffuse Mg2+ binding site of helix A1 to facilitate tRNA binding.

Mg2+ facilitation of binding
The data indicate that Mg2+ likely plays a role in facilitating complete base pairing of model
tRNA with AM1A (including the discriminator base-variable base pairing). The titration of 9-
AP-AM1A with mh-UCCA at 5 mM MgCl2 led to a simple fluorescence intensity
enhancement. This is in marked contrast to the bathochromic shift of the emission band
observed for the same titration at 15 mM MgCl2. A proposed model of these different binding
modes is shown in Fig. 3.

The results of the steady-state fluorescence titration studies at 5 mM MgCl2 may arise from
incomplete binding of the mh-UCCA with 9-AP-AM1A (II in Fig. 3). This is supported by the
steady-state fluorescence data comparing the mh-UCCA-induced emission effects with the
mh-ACCA-induced emission effects. The fact that the mh-ACCA-induced effects were not
dissimilar from the mh-UCCA-induced effects likely indicates incomplete binding, as opposed
to a lack of binding.

The steady-state fluorescence data and the time-resolved fluorescence data at 15 mM MgCl2
indicate that mh-UCCA is possibly binding AM1A differently than it does at 5 mM MgCl2.
The structural change that is likely induced throughout the antiterminator, as was intimated
from the steady-state fluorescence data involving the four different AP-AM1A models, may
be indicative of a more complete binding event than is observed at 5 mM MgCl2 (III in Fig.
3). The apparent peak broadening and bathochromic shift of the emission wavelength that was
observed for the titration of 9-AP-AM1A with mh-UCCA at 15 mM MgCl2 more closely
resembled the appearance of a long wavelength emission band (~420 nm), coupled with the
disappearance of the typical AP emission band at 370 nm. The fluorescence decay profile
differences for the emission bands at 370 nm (9-AP-AM1A) and 420 nm (99% complex)
support the hypothesis that the emission bands are likely arising from two different emitting
conformational species.

Means et al. Page 5

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 November 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Peak broadening and long-wavelength shifts have been observed previously in DNA [34,41–
43]. From recent studies with AP-labeled single-stranded and duplex DNA, the emission at the
longer wavelength was proposed to result from the formation of a highly-stacked nucleodimer
between AP and its neighboring base [20]. A similar conclusion was reached in base flipping
studies involving the EcoKI and the M. TaqI methyltransferases [20,43,44]. In these studies,
the longer wavelength fluorescence of AP was correlated with the stacking of the extrahelical
fluorophore with an aromatic sidechain within the enzyme. In light of these other studies, the
long wavelength emission band that arises from the titration of 9-AP-AM1A with mh-UCCA
at 15 mM MgCl2 could indicate that AP is assuming a highly-stacked arrangement in the
complex.

Conclusions
These studies provide insight into the mechanistic details of how the T box riboswitch
antiterminator RNA structurally responds to base pairing with the tRNA acceptor end and of
the discernment of the tRNA discriminator base by the antiterminator element. The
magnesium-dependent results are consistent with the B. subtilis glyQS 5′-UTR in vitro studies
in which 5 mM MgCl2 was sufficient to promote the proper folding and binding of the tRNA
with the leader sequence, but a minimum of 15 mM MgCl2 was necessary for maximum
efficient transcription antitermination [9]. The results of this investigation also support the
hypothesis that binding of the mh-UCCA with AM1A involves an induced-fit structural
rearrangement of the antiterminator model RNA. This structural change accompanies the
Mg2+-facilitated base pairing of the antiterminator variable base with the tRNA discriminator
base. The induced-fit may play a role in the tRNA-induced stabilization of the antiterminator
and the previously-observed resistance of bound tRNA to displacement.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) Schematic of T box gene mRNA leader region with cognate uncharged tRNA. The tRNA
binds to the leader region via two points of contact: 1) tRNA anticodon with the specifier
sequence in Stem 1 of the leader region [1], and 2) tRNA acceptor end with the complementary
bases in the 5′ end of the antiterminator bulge [5]. (A1 and A2 refer to the helical regions in the
antiterminator). Antiterminator and tRNA model RNAs. (B) 2-AP-AM1A; (C) 9-AP-AM1A
[30]; (D) 10-AP-AM1A; (E) 13-AP-AM1A; (F) tRNA-UCCA [28]; (G) mh-UCCA [28] and
mh-ACCA [28].
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Fig. 2.
Fluorescence spectra for titrations of AP-AM1A with tRNA model RNAs in 50 mM sodium
phosphate pH 6.5, 0.01 mM EDTA, 50 mM NaCl, 15 mM MgCl2 (except where noted). (A)
2-AP-AM1A with mh-UCCA, (B) 2-AP-AM1A with mh-ACCA, and (C) 9-AP-AM1A with
mh-UCCA; (D) 9-AP-AM1A with mh-ACCA; (E) 10-AP-AM1A with mh-UCCA; (F) 10-AP-
AM1A with mh-ACCA; (G) 13-AP-AM1A with mh-UCCA; (H) 13-AP-AM1A with mh-
ACCA; (I) 9-AP-AM1A with mh-UCCA in 5 mM MgCl2; (J) 9-AP-AM1A with mh-ACCA
in 5 mM MgCl2; and (K) 9-AP-AM1A with tRNA-UCCA. With the exception of 13-AP-
AM1A with mh-ACCA, all observed enhancements were more significant than the respective
buffer control enhancements.

Means et al. Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2010 November 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Proposed binding model for formation of tRNA-antiterminator RNA complex. In the presence
of low concentrations of Mg2+, unbound antiterminator RNA (I) binds the 5′-CCA-3′ acceptor
end nucleotides of tRNA to form II. In the presence of high concentrations of Mg2+, unbound
antiterminator RNA (I) binds the entire 5′-UCCA-3′ acceptor end nucleotides of tRNA to form
III.
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