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RNA folding is central to diverse biological and chemical
processes, including gene regulation and biosensing. Cooper-
ativity is a key feature of RNA folding, and critical to the
folding of small and large RNAs[1] alike and to the response of
naturally occurring riboswitches.[2] Some biological RNAs
fold with little or no cooperativity, whereas others exhibit high
cooperativity (i.e., steep folding transitions).[2, 3] Concerning
biosensing, conventional or “classical” biosensors without
cooperative behavior bind an analyte with a responsive range
of approximately 100-fold in analyte concentration, using 10–
90% of the maximal signal. When the analyte concentration is
above or below this range, however, “dead zones” are found
wherein the sensor will not work;[4] as such, biosensors with
extended dynamic ranges are needed. Integrating negative
(or “anti-”) cooperativity into RNA folding provides one way
of achieving this outcome. The goals of our study were to gain
new fundamental insights into the folding of biological RNAs
and to aid the development of biosensors with diverse
response ranges through the development of a series of
RNA scaffolds with tunable cooperativity.

Several types of biopolymers that show a broad response
to their ligands have been reported. Broad-response detection
of pH and ionic strength were attained by coupling signal
output to a one-state downhill-folding protein scaffold.[5]

Broad-response sensing was also achieved by mixing together
three (or more) biosensors that differ in Kd of the analyte by
approximately one to two orders of magnitude.[6] Using such
an approach, broad-response sensors were prepared that
detect changes in pH value[6b] or in DNA[6a] or protein[6c]

concentration.
Herein, we developed a simpler approach to broad-range

folding and sensing, which we link to anticooperative RNA
folding. We use just one rationally designed RNA sequence as
a scaffold for ligand detection. Our strategy exploits the
deliberate population of intermediates along both the RNA-

folding and analyte-binding pathways (Figure 1B). We used
a G-quadruplex sequence (GQS) to explore the relationship
between RNA sequence and anticooperative RNA folding.
Analyte sensing and riboswitching were demonstrated by
monitoring the concentration of K+ ions with the fraction of
folded GQS RNA as the read out, which was determined
using either circular dichroism (CD) or fluorescence spec-
troscopy.

A G-quadruplex is a nucleic acid motif formed by
guanine-rich RNA or DNA sequences of the pattern
GxLaGxLbGxLcGx, where x is the number of guanine residues
that are involved in G-quartet formation, and La, Lb, and Lc

are the loops between the four G-strands that can be of the
same or different length and sequence;[7] such a sequence is
referred to herein as a “GX” GQS. A GQS generally consists
of two or more stacked quartet planes, with a K+ ion between
the planes, which stabilizes the quadruplex.[8] Extensive
studies on DNA and RNA GQSs in different sequence
contexts have revealed that GQSs bind K+ ions selectively

Figure 1. Two approaches to achieve broad-response sensing.
A) Mixing of different sensors, as previously reported.[6a] Mixing
together three different G2 GQS sequences with a DKd of approxi-
mately 200-fold (G2w2, G2m1, and G2s2). The K+ ion binding affinity
(10–90% response range) towards individual GQS is represented by
the color-coded bars above the plot: red = strong, blue = medium, and
green = weak binders. The black curve simulates the response of
a 1:1:1 mixture of the three G2 GQSs. B) Extending the length of the
G-stretch of a GQS developed herein. Shown here is the G6 GQS.
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over other types of metal ions.[9] In addition, GQSs have been
used as biosensors to determine K+ ion concentration, in
cells[10] and other samples.

RNA GQSs predominately form a parallel topology upon
addition of K+ ions.[11] This topology leads to an increase in
ellipticity at approximately 260 nm. CD spectroscopy has
been used extensively to study the folding of other G-
quadruplexes.[9b, 12] More recently, it has been reported that
DNA G-quadruplexes are intrinsically fluorescent.[13] To
detect GQS formation herein, we used both CD and
fluorescence spectroscopy to monitor the change in folding
upon K+ ion addition (see Supporting Information). In
addition, we show for the first time that RNA GQSs are
intrinsically fluorescent and that the fluorescence signal
responds to K+ ion concentration in a fashion similar to the
CD signal.

First, we investigated the folding of three G2 GQSs
termed G2w1, G2m1, and G2s1, where w = weak, m =

medium, and s = strong binding of K+ ions, using CD
signal.[14] These sequences have positive or neutral coopera-
tivity and are related to those from our recent report.[12b]

Binding strength was controlled by the sequence and length of
the loops. K+

1/2 values (the concentration of K+ ions at which
half the GQSs were folded) were determined as 410� 70 mm,
14� 1 mm, and 2.2� 0.5 mm, respectively (Table 1). We then
identified a second set of G2 GQSs (G2w2, G2m2, and G2s2)
having a higher A-content in the loops, which led to similar
K+ ion binding profiles, and somewhat higher Hill coefficients
(n ; Table 1).[12b] Folding transitions for all six G2 GQSs are
provided in Figure 2. The G2 GQSs were then classified as
having either a classical response (approximately two orders
of magnitude) or digital response (less than two orders of
magnitude) depending on whether their n values were
approximately one or two, respectively.[15]

To determine the effective dynamic range of response
possible by using the previously published approach of mixing

probes,[6] we selected G2w2, G2m1 and G2s2 GQSs, which
vary by approximately two orders of magnitude in K+

1/2 value.
We simulated a linear broad-response signal (Supporting
Information, Equation S4) and fit the resulting response with
Equation S1 (Figure 1A, black line). This gave an apparent
K+

1/2 value of 12 mm and an apparent Hill coefficient of 0.6.
This mixing approach was thus expected to widen the 10–90%
response range to approximately three orders of magnitude in
K+ concentration, as represented by the black bar above
Figure 1A.

We next sought to attain broad-response sensing of K+

ions by deliberately populating intermediates. To do so, we
took advantage of our previous observation that a G2 GQS
generally has a higher Hill coefficient and thus a steeper (i.e.
more digital) response to K+ concentration than an otherwise
similar G3 GQS.[12b] We had attributed this trend to G2
sequences having poorly populated folding and binding
intermediates—a phenomenon that generally enhances fold-
ing cooperativity.[16] Fewer populated intermediates in G2
sequences was attributed to fewer ways to assemble the
quartets incorrectly, and to the presence of just one K+ ion
binding site, which precludes ion–ion interactions.[12b] We then
reasoned that the inverse may hold: that is, increasing the
length of the G-stretches in a single sequence might enhance
the number and population of folding and binding inter-
mediates, thereby lessening folding and binding cooperativity
and broadening the response to analyte concentration (Fig-
ure 1B).

To test this idea, we selected G2m1—which has the
sequence G2UAG2UAG2CG2 and a conventional two orders
of magnitude response—as our model GQS and systemati-
cally extended the length of the G-stretch, giving G3m1–
G6m1, where G6m1 has the sequence G6UAG6UAG6CG6 (all
sequences are shown in Table S1). Fitting of K+ ion titrations
determined by CD spectroscopy for G3m1 and G4m1
revealed a distinctly three-state folding behavior (Figure 3,
green and magenta lines)—a conclusion that was further
supported by plots of the residuals (Figure S8 and S10).
Notably, each of the two transitions for G3m1 and G4m1 have
a Hill coefficient of around one (Table 1), which gives well-
separated transitions and a well-populated folding intermedi-

Table 1: GQS folding parameters.

GQS motif[a] Fitting[b] n[b,d] K+
1/2 [mm][b,d]

G2w1 2-state 2.2�0.3 410�70
G2m1 2-state 1.2�0.1 14�1
G2s1 2-state 1.2�0.1 2.2�0.5
G2w2[e] 2-state 2.7�0.1 117�28
G2m2[e] 2-state 2.5�0.4 14�1
G2s2[e] 2-state 1.7�0.4 0.8�0.2
G3m1 2-state 0.5�0.1 0.7�0.2
G3m1 (tr1)[c] 3-state 1.5�0.1 0.06�0.01
G3m1 (tr2)[c] 3-state 1.3�0.2 6.4�2.8
G4m1 2-state 0.5�0.1 2.7�2.2
G4m1 (tr1)[c] 3-state 1.2�0.2 0.06�0.06
G4m1 (tr2)[c] 3-state 1.2�0.1 12�1
G5m1 2-state 0.7�0.1 3.7�0.7
G6m1 2-state 0.5�0.1 12�2

[a] Full sequences are provided in Table S1. [b] GQS folding parameters
were obtained from fitting CD titration experiments using a two-state
model (Equation S1). [c] In several cases (“tr1” and “tr2” for transi-
tions 1 and 2), two distinct transitions were observed and a three-state
fitting was performed (Equation S2). [d] Values are an average� stan-
dard deviation, obtained from three separate experiments. [e] Values are
from Ref. [12b].

Figure 2. Graph of the fraction of G2 GQSs folded at different K+ ion
concentrations. Data at 262 nm were well fit by a two-state Hill
equation (Equation S1). n and K+

1/2 values are provided in Table 1. See
Figures S1–S6 for full CD spectra and individual fits.

.Angewandte
Communications

684 www.angewandte.org � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 683 –686

http://www.angewandte.org


ate as well as agreeing with the three-state model shown in
Equation S2. This intermediate may represent slipped quar-
tets (i.e. with X-1 or X-2 quartets), and/or weakened binding
of the second or third K+ ion in G3m1 and G4m1,
respectively, owing to ion–ion repulsion (see below). On
one hand, population of the folding intermediate broadened
the response, as anticipated; but, on the other hand, the
response was no longer linear and instead had a prominent
dead zone in the center of the graph (Figure 3, green and
magenta lines).[17] Nonetheless, intermediates clearly became
populated as the number of quartets increased, which
motivated us to examine longer GQSs.

Potassium ion titrations of the G5m1 and G6m1 sequences
are provided in Figure 3 (gold and purple lines, respectively)
and are largely linear in the 10–90% transition region (i.e.
there is no significant dead zone like in G3m1 and G4m1) and
broad in their response. Given such behavior, these traces
could be fit to Equation S1 for an apparent two-state
transition (Figure S11,S12), which gave apparent Hill coef-
ficients of just 0.7� 0.1 and 0.5� 0.1, respectively (Table 1).
Reversion to apparent two-state behavior for G5m1 and
G6m1 is due to the presence and population of many folding
and binding intermediates, so many that the multiple
transitions blur into one very broad transition. This idea is
supported by the trends shown above and the fractional Hill
coefficients. Such intermediates may represent an ensemble
of states containing slipped quartet registers, and/or weak-
ened binding of the fourth and fifth K+ ions, owing to
repulsion from the other bound K+ ions (see below). Overall,
G5m1 and G6m1 have astonishingly wide linear responses to
K+ ion concentration, spanning approximately 3–4.5 orders of
magnitude as compared to just two for G2m1 (Figure 3).
Indeed, these response ranges are similar to, or exceed, those
extrapolated from the above G2 sequence mixtures (Fig-
ure 1A).

Next, we explored fluorescence as an alternative method
of monitoring GQS folding. As mentioned above, it was

recently shown that the intrinsic fluorescence of DNA G-
quadruplexes increases upon quadruplex formation;[13] more-
over, fluorescence is often used in developing biosensors. The
same potassium titrations described above for CD detection
were performed on unlabeled G2m1 and G6m1 and moni-
tored with fluorescence detection. We found that these RNA
G-quadruplexes, like their DNA counterparts, exhibit an
increase in fluorescence intensity upon folding when excited
at 270 nm (Figure S13, S14). The emission intensity increased
upon addition of K+ ions, with an emission maximum of
approximately 360 nm. Titration curves showing the fraction
of folded G-quadruplexes were produced using the data at
360 nm (Figure 4), and they were compared to the results
from CD spectroscopy experiments. The G6m1 data were
again fit to an apparent two-state model, owing to the
presence of multiple intermediate states. The K+

1/2 values and
Hill coefficients between the two methods agree within the
standard deviation of each other (Figure 4), making both
methods equally useful in GQS detection. The intrinsic
fluorescence of the G-quadruplexes is valuable not only
because fluorescence is a convenient way to monitor folding
and binding, but also because it can be used on unmodified
oligonucleotides and thus avoids potentially perturbing the
interaction.

To ensure the signal changes were due to intramolecular
and not intermolecular GQS folding, concentration-depen-
dent thermal denaturation experiments using UV spectros-
copy (295 nm) were conducted, focusing on G2m1 and G6m1.
The melting temperature (Tm) was found to be independent
of the RNA concentration over the concentration range used
in the CD and fluorescence measurments (Figure S15),
indicating that intramolecular GQS folding was being moni-
tored during the K+ ion titrations.

Herein, we examined the cooperativity of RNA folding by
deliberately populating folding intermediates. A broad-range
response was achieved with G5 and G6 GQS RNAs whereas
only a narrow-range was acheived with G2 GQS RNAs, which
do not populate folding intermediates.[12b] K+ ion binding was
monitored by both CD and fluorescence spectroscopy.
Although K+ ion sensing has been shown previously, this
was done with attached fluorophores and produced a steep-

Figure 3. Graph of the fraction of G2m1–G6m1 GQSs folded at
262 nm by CD spectroscopy. G3m1 and G4m1 were fit to a three-state
equation (Equation S2), while G2m1, G5m1, and G6m1 were fit to
a two-state equation (Equation S1). The response range for each GQS
is defined from 10–90% folded and is depicted with bars of matching
color above the panel. The K+

1/2 and n values are in Table 1. See
Figure S2 and S7–S12 for full CD spectra and individual fits.

Figure 4. Comparison of K+ ion titrations of GQSs monitored by either
CD or fluorescence spectroscopy. CD detected at 262 nm and fluores-
cence emission detected at 360 nm. A) Graph of the fraction of G2m1
folded at different K+ ion concentrations, fit to a two-state equation
(Equation S1). B) Graph of the fraction of G6m1 folded at different K+

ion concentrations, fit to a two-state equation (Equation S1). See
Figures S13 and S14 for full fluorescence spectra and individual fits.
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response curve. This is the first time that a broad response has
been achieved by a single sequence rather than a mixture of
sequences. While established approach of mixing biosensors
can provide a broadened response range of three to four
orders of magnitude,[6] this approach has severe limitations:
multiple biosensors with well-controlled Kd values must be
designed and prepared and accurate concentration determi-
nation and mixing of each probe is needed to ensure
consistency in the response profile. Moreover, such sensors
could interfere with each other through intermolecular base-
pairing or by ion-induced aggregation.

As an alternative, we introduced the concept of inten-
tionally populating folding and binding intermediates in
a single RNA sequence as a means to broadening the linear
response range. Extension of the G-stretch is a simple and
robust strategy and should be applicable to DNA G-quad-
ruplexes. It requires no mixing of multiple probes and
achieves a similar or even better dynamic range of response
to K+ concentration. Moreover, it is much simpler to
introduce single nucleic acid probes in vivo, rather than
multiple probes. We clearly detected a folding intermediate
for the G3 and G4 GQSs. Such an intermediate could include
“slipped” GQS registers and/or through-space electrostatic
repulsion of the adjacent K+ ions. A similar phenomenon of
weak association of the “later-binding ions” has been
reported for K+ ion binding in membrane ion channels.[18]

The longer G-stretches of G5 and G6 sequences allow more
G-quartets to form and therefore have more folding and
binding intermediates. Broadening of the response with the
number of quartets is most evident in a graph of apparent Hill
coefficients versus number of quartets (Figure S16).

One unique feature of this study is the intrinsic fluores-
cence of the RNA GQSs. Although the fluorescence is
somewhat weak, we found that it can be enhanced by altering
the loop size, loop sequence, RNA topology, and ionic
conditions (unpublished results). In addition, tandem GQSs
could be introduced to multiply the fluorescence signal, as
shown for related systems.[19] Coupling of GQS folding with
ligand detection would then allow a unique read out of ligand
binding, which circumvents the need for the introduction of
synthetic fluorophores, such as FRET pairs or fluorophore-
quencher pairs.

In summary, we have shown that the cooperativity of
RNA folding can be tuned by adjusting the number of G-
quartets present. Although the GQS biosensor developed in
this study senses only K+ ions, our approach to broad-
response sensing is potentially applicable to other RNA or
DNA aptamer systems[20] in which folding intermediates can
be added to the system, for example through alternative folds
or overlapping binding sites.
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[12] a) V. V�glaský, K. Tlučkov�, L. Bauer, Eur. Biophys. J. 2011, 40,
29 – 37; b) M. A. Mullen, S. M. Assmann, P. C. Bevilacqua, J.
Am. Chem. Soc. 2012, 134, 812 – 815; c) M. Vorl�čkov�, I.
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