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ABSTRACT: The folding kinetics of G-quadruplex forming
sequences is critical to their capacity to influence biological
function. While G-quadruplex structure and stability have been
relatively well studied, little is known about the kinetics of their
folding. We employed a stopped-flow mixing technique to
systematically investigate the potassium-dependent folding
kinetics of telomeric RNA and DNA G-quadruplexes and RNA
G-quadruplexes containing only two G-quartets formed from
sequences r[(GGA)3GG] and r[(GGUUA)3GG]. Our findings
suggest a folding mechanism that involves two kinetic steps
with initial binding of a single K+, irrespective of the number of G-quartets involved or whether the G-quadruplex is formed from
RNA or DNA. The folding rates for telomeric RNA and DNA G-quadruplexes are comparable at near physiological [K+] (90
mM) (τ = ∼60 ms). The folding of a 2-quartet RNA G-quadruplex with single nucleotide A loops is considerably slower (τ =
∼700 ms), and we found that the time required to fold a UUA looped variant (τ > 100 s, 500 mM K+) exceeds the lifetimes of
some regulatory RNAs. We discuss the implications of these findings with respect to the fundamental properties of G-
quadruplexes and their potential functions in biology.

■ INTRODUCTION

G-quadruplex forming sequences have been identified through-
out both the genome1,2 and transcriptome,3,4 and various
studies have been conducted to elucidate the biological
functions of the G-quadruplex structures formed from these
sequences. The investigations have collectively led to the
description of G-quadruplexes as structural motifs that perform
a wide range of putative physiological functions. They have
been ascribed roles in the regulation of gene expression,5 DNA
recombination,6 and splicing7 through to neurite localization
signaling8 and mitochondrial transcription termination.9 The
effective use of small molecule tools to both identify cellular G-
quadruplexes10 and modulate their function11 have further
contributed to our understanding of the biology of G-
quadruplexes.
The human telomeres, which are involved in maintaining

genome stability and cell growth by protecting chromosome
ends,12 offer one of the best characterized and validated
examples of G-quadruplex involvement in a cellular process.13

The recent discovery that telomeric DNA is transcriptionally
active has further emphasized the importance of G-rich
telomeric sequences. The r[(GGGUUA)n] repeat transcripts
localize at the telomere14 and inhibit telomerase15 and also have
a propensity to form RNA G-quadruplex structures.16,17

The biophysical characterization of G-quadruplexes is
requisite for underpinning our understanding of their biological
relevance. Such measurements can be considered in relation to

the physical properties of well-understood cellular processes
that G-quadruplexes might partake in or compete with. While
the thermodynamic and structural properties of G-quadruplexes
have been well studied, there is considerably more to be
understood about the kinetic aspects of their folding and
unfolding. In particular, determining a kinetic mechanism for
G-quadruplex folding can answer critical questions about
whether the time scale of folding is biologically relevant and
about what molecular events take place along the folding
pathway.
Investigations into the cation-driven kinetics of intra-

molecular G-quadruplex folding have to date focused on
DNA. While telomeric DNA G-quadruplexes fold on the
millisecond to second time scale,18,19 the observed folding rates
and number of folding phases appear to depend on whether the
quadruplex-forming sequence has flanking nucleotides, the
cation and buffer conditions, and the probe that is used to
measure folding. Nonetheless, the observed multiphasic kinetics
has suggested that folding of DNA G-quadruplexes is likely to
involve intermediates.18−21 In contrast, little is known about the
folding process for RNA G-quadruplexes. Under equilibrium
conditions, it is well-known that the thermodynamic and
structural properties of RNA and DNA G-quadruplexes differ
markedly.22−24 RNA G-quadruplexes tend to be more stable
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than DNA G-quadruplexes of the same sequence. Conse-
quently, RNA G-quadruplexes formed from only two G-
quartets are still very stable25−27 and may possess a functional
role.27,28 RNA G-quadruplexes also show a preference for
parallel topologies in their final folded state, whereas DNA G-
quadruplexes are known to adopt multiple topologies.29 We
might therefore anticipate a difference in the kinetic folding
properties between RNA and DNA G-quadruplexes, and such
differences may provide insight into their utility as recognition
motifs and regulatory structures.
A stopped-flow device allows rapid mixing of reaction

components followed by direct observation of the kinetics of
the reaction at millisecond resolution. In this paper we describe
the use of stopped-flow mixing to determine the kinetics of the
folding reaction between G-quadruplex forming oligonucleo-
tides and K+. We used the RNA G-quadruplex formed from the
human telomeric repeat as a basis for comparison to its DNA
equivalent and to two RNA G-quadruplexes that each comprise
only two G-quartets. The measurements revealed comparable
time scales of folding for the telomeric RNA and DNA G-
quadruplexes, which were also within the time scales for
eukaryotic transcription and translation. While the 2-quartet
RNA G-quadruplex with single A loops folded with a similar
sequential kinetic mechanism to the 3-quartet G-quadruplexes,
the kinetic behavior of the UUA looped variant suggested
parallel folding pathways leading to a G-quadruplex and a
competing structure. Our findings suggest that thermodynami-
cally less stable versions of 2-quartet RNA G-quadruplexes (e.g.,
those with longer loops)22 may serve a better role as tunable
regulatory elements as long as they can still form within a
biologically relevant time scale.

■ MATERIALS AND METHODS
Oligonucleotides. DNA and RNA oligonucleotides used in this

study were purchased from Biomers (Germany) and used as supplied
(HPLC purified and lyophilized). The abbreviations and sequences of
the oligonucleotides are as follows: TERRA, (r[(GGGUUA)3GGG]);
hTelo, (d[(GGGTTA)3GGG]); G2A, (r[(GGA)3GG]); and G2UUA
(r[(GGUUA)3GG]). Stock solutions were prepared with nuclease free
water (Ambion Biosciences). Concentrations of single stranded
oligonucleotide were determined by UV absorption at 260 nm after
heating at 95 °C for 5 min, and molar extinction coefficients were
calculated using OligoAnalyzer version 3.1 (http://eu.idtdna.com/
analyzer/applications/oligoanalyzer/default.aspx). Molar extinction
coefficients used for the calculations were: hTelo, 215 000; TERRA,
223 400; G2A, 121 800; G2UUA, 183 000 L mol−1 cm−1.
UV Melting. UV melting curves were collected using a Cary 100

UV−vis spectrophotometer (Agilent) by measuring absorbance at 295
nm as a function of the temperature. RNA oligonucleotide solutions
were prepared to a final concentration of 5 μM in 10 mM lithium
cacodylate buffer (pH 7.0) containing potassium chloride at specified
concentration. The melting experiments were performed in 10 mm
path length quartz cuvettes with 1 mL of buffered oligonucleotide
solution. A steady stream of nitrogen was applied to prevent
condensation at low temperatures, and the solutions were covered
with a layer of mineral oil to minimize evaporation. Temperature
ramps consisted of low → high → low → high cycles with a
temperature range of 10−90 °C. A ramp rate of 0.25 °C/min was
maintained for all experiments with data collection every °C. Melting
temperatures were determined as where fraction folded = 0.5.30

Circular Dichroism. Circular dichroism spectra were recorded on
a Chirascan spectropolarimeter (Applied Photophysics, Leatherhead,
U.K.) using a 1 mm path length quartz cuvette at an oligonucleotide
concentration of 10 μM in 10 mM Tris buffer (pH 7.0) containing
concentration of potassium chloride specified. Sample preparation
involved heating at 95 °C for 5 min followed by slow cooling to room

temperature. Scans were performed at 25 °C over a range of 220−340
nm, and each final spectrum is the average of four scans taken with a
step size of 1 nm, a time per point of 1 s, and a bandwidth of 0.5 nm. A
buffer only blank was subtracted from each spectrum, and data were
zero corrected at 340 nm.

Equilibrium Titration. UV absorption spectra were measured
from 220−340 nm after serial additions of concentrated potassium
chloride stock solution to 5 μM oligonucleotide solution in 10 mM
Tris (pH 7.0) at 25 °C on a Cary 100 UV−vis spectrophotometer
(Agilent). After each addition of potassium, the solution was mixed by
inversion and allowed to equilibrate for a minimum of 1 min before
recording the spectrum. Each spectrum was corrected for buffer and
salt absorbance and dilution. Difference spectra were generated by
subtracting the spectrum at [K+] = 0 mM from the spectrum at each
[K+] (ΔAi = Ai − A0), and the absorbance was converted to a
difference in molar extinction coefficient Δεi. To assess the
dependence of G-quadruplex folding on [K+], titration curves were
generated by plotting ΔAi/ΔAf at 295 nm for TERRA and hTelo (or
297 nm for G2A and G2UUA) against [K+]. ΔAf is the difference in
absorbance between [K+] = 0 mM and [K+] where 295/297 nm is
maximum, i.e., where G-quadruplex folding is complete. K0.5 and the
Hill coefficient (nH) were obtained by fitting the curve to eq 1, which
assumes two state folding:
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Kinetic Measurements. The kinetics of oligonucleotide folding
upon rapid mixing with potassium chloride was measured using a
SX20 stopped-flow device (Applied Photophysics, Leatherhead, U.K.).
G-quadruplex folding was monitored via absorbance changes at 295
nm as a function of time (path length 1 cm, bandwidth 4 nm).
Oligonucleotide solutions were prepared at a concentration of 10 μM
in 10 mM Tris (pH 7.0) and mixed 1:1 (v/v) with potassium chloride
in the same buffer, to give a final reacting oligonucleotide
concentration of 5 μM. Prior to each mixing experiment, the buffered
oligonucleotide solutions were heated at 95 °C for 5 min and slow
cooled to rt to ensure an equilibrium mixture of minimally structured
oligonucleotide (i.e., the starting state). A circulating water bath was
used to maintain constant temperature. Control mixing experiments of
buffer/buffer, buffer/buffered oligonucleotide, and buffer/buffered
potassium chloride did not show any significant changes in absorbance
at 295 nm over time. A minimum of five successive mixing reactions
was averaged for analysis (10 000 points, logarithmic scale), and each
experiment was performed in duplicate. Since [oligonucleotide] ≪
[K+], the conditions are pseudo-first order so the data were fitted to an
equation describing a double exponential using Origin 8.0 (OriginLab)
(eq 2):

= + +− −A A cAbs exp expk t k t
295nm 1 2

1 2 (2)

The data were fitted from 15 ms onward to eliminate mixing artifacts.
Reactions with double the oligonucleotide concentration (10 μM)
showed no change in rate (within error), demonstrating that the
folding process is intramolecular (TERRA k1 = 121.7 s−1, k2 = 20.4 s−1;
hTelo k1 = 159.5 s−1, k2 = 22.5 s−1).

ΔH‡ and ΔS‡ were determined from the linear form of the Eyring
equation:31
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where ΔH‡ is the enthalpy of activation and ΔS‡ is the entropy of
activation. An Eyring plot of In(kobs/T) vs 1/T gives slope = −ΔH‡

/RT and intercept = In(kB/h) + ΔS‡/RT.
Equation 4 was used to fit the data from plots of kobs vs [K
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where k1,max is the value of the observed rate constant k1 at saturating
[K+] and Keq = (krv + k1)/ kfw (kfw and krv are the forward and reverse
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rate constants for the pre-equilibrium, respectively). Keq is the [K
+] at

which k1 is at half-maximum and is an inverse measure of the affinity of
K+ for the starting state ensemble. Fixing n = 1 produced a better fit
than when the data was allowed to fit to a sigmoidal curve with
variable n. For reference, fitting to a sigmoidal dependence generated
the following values for n: TERRA, 1.1; hTelo, 1.1; and G2A, 1.2. In all
cases, the adjusted R2 value was higher for the hyperbolic fit than for
the sigmoidal fit, where a higher adjusted R2 indicates a better model.
The value is calculated based on the R2, which denotes the percentage
of variation in the dependent variable that can be explained by the
independent variables. The adjusted R2 is a better comparison between
models with different numbers of variables and different sample sizes
since it adjusts the R2 for the sample size and the number of variables
in the model.

■ RESULTS AND DISCUSSION

Experimental Design. A panel of four G-quadruplex
forming oligonucleotides were selected for this study: TERRA
(r[(GGGUUA)3GGG]), hTelo (d[(GGGTTA)3GGG]), G2A
(r[(GGA)3GG]) and G2UUA (r[(GGUUA)3GG]).. TERRA
and hTelo were chosen to enable a direct comparison between
RNA and DNA G-quadruplexes of the same sequence, while
G2A and G2UUA were chosen to represent RNA G-
quadruplexes that contain only two G-quartets. It was recently

reported that 2-quartet RNA G-quadruplexes fold with a
stronger positive cooperativity than 3-quartet RNA G-
quadruplexes, suggesting a lack of populated intermediates
during folding.27 G2UUA offers a direct comparison to TERRA
since they have the same loop nucleotides. G2A was originally
identified as an RNA aptamer against bovine prion protein26

and was chosen for this study because it is already well
characterized.32,33 The folding of each quadruplex-forming
oligonucleotide was initially characterized under equilibrium
conditions in order to establish the expected changes in
absorption upon folding and to determine the minimal K+

concentrations necessary to induce complete folding in the
kinetics experiments. Folding reactions of each quadruplex-
forming oligonucleotide were then initiated upon rapid mixing
with K+ using a stopped-flow instrument, and the progress of
each folding reaction was followed by monitoring absorbance
changes at 295 nm.34 The design of these experiments is such
that they primarily report on G-quartet formation and stacking
as the G-quadruplex folds.34

Folding Equilibria. Oligonucleotides Demonstrate Dis-
tinct Spectral Responses During K+ Titration. UV difference
spectra (Figure 1) report on the extent of oligonucleotide
folding at each potassium concentration during a titration and

Figure 1. UV difference spectra for the quadruplex-forming oligonucleotides used in this study. The spectra were generated from serial titrations of
buffered KCl into 5 μM oligonucleotide in 10 mM Tris buffer (pH 7.0) at 20 °C. The arrows indicate the direction of peak growth. The asterisked
arrow on G2UUA plot denotes the region of unique spectral behavior among the oligonucleotides.
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can offer clues about the level of complexity of the folding
process. Each oligonucleotide produced a distinct set of
difference spectra, indicative of variations in structural
sensitivity to a given [K+]. The spectral changes were consistent
with G-quadruplex folding,18 whereby the difference spectra
gradually adopt sets of increasingly more intense minima near
260 and 295 nm and maxima near 240 and 275 nm during the
titration. For TERRA, hTelo, and G2A, these changes were
complete in the presence of 0.3, 12, and 100 mM KCl,
respectively. In the case of G2UUA, the titration revealed that
G-quadruplex formation occurred over a much larger range of
[K+] (10−300 mM KCl) and was preceded by an additional set
of unique spectral changes at low [K+] (<0.5 mM) that was not
observed with the other oligonucleotides.
G2A was the only oligonucleotide to give rise to difference

spectra with isosbestic wavelengths (226, 252, 273, 288 nm,
Figure S1) in the G-quadruplex forming range of ∼0.3−12 mM
KCl, supporting the notion that some 2-quartet RNA G-
quadruplexes may be two-state folders.27 In contrast, the
folding of TERRA, hTelo, and G2UUA proceeded without
isosbestic points. This is consistent with the presence of
spectroscopically distinct folding intermediates.18

Ability of K+ to Induce G-quadruplex Folding Does Not
Correlate with the Thermal Stability of the K+-bound G-
quadruplex Structure. Absorbance changes at 295 nm (for
hTelo and TERRA) and 297 nm (for G2A and G2UUA) were
then used to extract titration curves for each oligonucleotide
(Figure 2) by fitting the data to eq 1. The best-fit parameters

for K0.5 ([K+] needed to fold half the oligonucleotide when
measured at 295 nm) and nH are presented in Table 1. The
values obtained from the fitted curves are empirical descriptions
of the coupling between K+ binding and oligonucleotide
folding, rather than pure binding constants or equilibrium
folding constants.35

The midpoint of K+ induced folding (K0.5) of TERRA (0.03
mM K+) and hTelo (0.12 mM K+) occurred in the micromolar
[K+] range, while folding of G2A (1.8 mM K+) and G2UUA
(85 mM K+) was only achieved much later in the titration,
approaching physiological [K+] in the case of G2UUA. It is
interesting to note that TERRA and G2A both have a melting

temperature of 75 °C (100 mM KCl), but there is a >80-fold
difference in their sensitivity to K+.

Hill Coefficients Reveal Higher Folding Cooperativity for
RNA G-quadruplexes and Infer Folding Intermediates for
TERRA and hTelo. The Hill coefficient (nH) has traditionally
served two main purposes: as a convenient measure of the
extent of cooperativity between multiple binding sites and as an
estimate of the stoichiometry of ligation (n). While the specific
conditions under which nH gives an accurate n are considered
physically impossible (i.e., all-or-nothing binding arising from
absolute cooperativity),36 it is still useful to compare nH to the
known binding stoichiometry since non-theoretical values of nH
can indicate departures from the two-state folding that is
assumed by the Hill equation.
The values for nH were in the order hTelo (0.9) < G2A (1.5),

TERRA (1.8) < G2UUA (2.9). Consistent with previous
reports,27 the 2-quartet RNA G-quadruplexes G2A and
G2UUA demonstrated strong positive folding cooperativity
with respect to [K+], and the non-unity nH values possibly
suggest a higher stoichiometry of binding between K+ and the
oligonucleotide than is accounted for by assumed interstitial
binding of one K+ alone. While the Hill coefficient for TERRA
also indicated positive folding cooperativity, both of the 3-
quartet G-quadruplexes demonstrated lower values for nH than
the theoretical value expected from binding of two interstitial
K+. Herschlag and colleagues have shown that heterogeneity
can distort the cooperativity measured in bulk from the actual
cooperativity of individual molecules,37 whereby the observed
cooperativity derived from the ensemble curve becomes smaller
as heterogeneity increases. Therefore a possible interpretation
of the departure from theoretical values of nH for TERRA and
hTelo folding is that stable folding intermediates contribute to
sample heterogeneity leading to a shallower slope in the
titration curve and smaller nH. Additionally, the lower value for
hTelo may reflect multiple final folded conformations that
include a subpopulation of basket-type topologies that contain
only two G-quartets and therefore only one interstitial binding
site.38

G2UUA Behaves Differently. The difference spectra for
G2UUA and the derived titration curves revealed that this
oligonucleotide has a different response to K+ compared to the
other oligonucleotides. In addition to the unique spectral
changes at low [K+] that may account for initial secondary
structure formation, the minimum peak near 260 nm also
evolved differently. Specifically, the peak became more positive
with increasing [K+]; the opposite of what was observed for
TERRA, hTelo, and G2A (Figure 1). This may suggest the
presence of non-quadruplex structure that is also spectrally

Figure 2. Titration curves derived from absorbance changes at
wavelength used to monitor G-quadruplex folding. The slope of the
curve indicates the degree of cooperativity with respect to [K+].

Table 1. Melting Temperatures and Equilibrium Binding
Parametersa

oligo Tm (°C) K0.5 (mM) nH

TERRA 75 0.03 ± 0.005 1.8 ± 0.1
hTelo 70 0.12 ± 0.02 0.9 ± 0.1
G2A 75 1.8 ± 0.2 1.5 ± 0.1
G2UUA 42 85 ± 7 2.6 ± 0.3

aTm were determined as where fraction folded = 0.5, and are accurate
to ±1 °C. For the case of G2UUA, the quoted Tm is for the melting
transition. During annealing, the transition occurred at 32 °C. Buffer =
10 mM lithium cacodylate (pH 7.0) containing 100 mM KCl. Buffer
=10 mM Tris (pH 7.0).
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sensitive to 260 nm, for example, the stacking of Watson−Crick
paired bases.
While the 1H NMR spectrum of G2UUA in 100 mM KCl

shows that the equilibrium mixture of structures is likely to
include a G-quadruplex structure, the circular dichroism (CD),
electrophoretic, and UV melting data suggest that the
concomitant existence of a competing structure is probable
(Figure S2). CD signals (minimum at 240 nm, maximum at
260 nm) that are consistent with the formation of known
parallel G-quadruplex structures39 were detectable in 100 mM
KCl, but a dominant minimum near 270 nm becomes more
apparent as [K+] is increased. The non-denaturing gel
electrophoresis of the folded G2UUA oligonucleotide showed
two distinct species and provided further evidence for at least
two different classes of folded structure, while multimerization
was ruled out due to the absence of a slow migrating band in
the gel. The UV thermal melting and annealing curves for
G2UUA in 100 mM KCl were also non-superimposable, which
could support the presence of multiple species. Collectively,
these results suggest that the G2UUA oligonucleotide possesses
the ability to fold into more than one structure.

The trinucleotide repeat (UUA)17 forms semistable hairpins
existing as three conformers.33 It is therefore conceivable that
the additional structure formed from the G2UUA oligonucleo-
tide may be due to a hairpin with non-canonical G:U or G:G
base pairing. Interestingly, it was observed that loop variants
G2UAU and G2AUU also showed multiple species in non-
denaturing gels, while G2AAU, G2AUA, and G2UAA migrated
as single bands (Figure S2). This suggests that having two Us in
each loop brings about the structural polymorphism within the
affected sequences, and it appears that the specific sequence of
the loops may be responsible for the properties of the G2UUA
sequence.
Collectively, the data for G2UUA may hint at a departure

from the pathway to folded structures followed by the other
quadruplex-forming sequences, suggesting it would be of
particular interest to see if such differences manifest in the
stopped-flow kinetics conditions.

Folding Kinetics. TERRA and hTelo Demonstrate Similar
Folding Time Scales, and 3-Quartet G-quadruplexes Fold
Faster than 2-Quartet G-quadruplexes. Folding reactions
were performed by rapid mixing of oligonucleotide in buffer
with potassium chloride in buffer at 25 °C in a stopped-flow

Figure 3. Representative kinetics traces for folding reactions between the quadruplex-forming oligonucleotides and K+
fit to single or double

exponential processes. Residual plots [blue dots (single), red dots (double)] show deviations between experimental and fitted curves.
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device to give final reaction concentrations of 5 μM
oligonucleotide and 90 mM KCl (buffer = 10 mM Tris, pH
7.0). The progress of each folding reaction was followed over
time by recording the UV absorbance signal at 295 nm, which is
a measure of G-quartet stacking and therefore G-quadruplex
structure formation.34 The quadruplex-forming oligonucleo-
tides were allowed to fold until the absorbance signal
approached a constant value, signifying that the G-quadruplex
folding reaction had reached equilibrium.
Kinetics traces showing changes at 295 nm as a function of

time for hTelo, TERRA, G2A, and G2UUA are presented in
Figure 3. The folding reactions for hTelo and TERRA were
complete within 400 ms after mixing, whereas the folding of
G2A required an appreciably longer time frame of ∼5 s. In the
case of G2UUA, the mixing reactions were conducted with a
higher concentration of 500 mM KCl to ensure that the
experiments allowed for measurement of G-quadruplex folding.
Under these conditions the absorbance changes required a
much longer time of 800 s to reach completion.
Folding Involves Two Kinetically Resolvable Steps. The

pseudo-first order conditions (oligonucleotide ≪ [K+])
allowed us to fit the kinetic traces to eq 2, which describes a
sum of exponentials with observable rate constants. For all the
quadruplex-forming oligonucleotides, curve fitting of the kinetic
traces indicated that two exponential processes optimally
described the folding reactions (adjusted R2 > 0.995). Fitting
the kinetics data to a single exponential equation consistently
led to noticeable deviations of the fitted curve from the
experimental data. Residual plots for both single and double
exponential fits are included in Figure 3 for comparison.
For folding in the presence of 90 mM KCl, the observed rate

constants, denoted k1 and k2 (Table 2), were similar for
TERRA (124.2 ± 9.6, 18.0 ± 1.8 s−1) and hTelo (148.1 ± 13.3,
25.1 ± 3.2 s−1), while G2A was >15-fold slower (7.6 ± 0.7, 1.4
± 0.03 s−1). Despite the higher [K+] of 500 mM, k1 and k2 for
G2UUA (0.05 ± 0.0.1, 0.009 ± 0.0004 s−1) were 3 orders of
magnitude slower compared to TERRA.
The biphasic character of the folding reactions may have

several origins (Figure 4). If the starting state (S) ensemble
consists of two kinetically distinct populations separated by
significant energy barriers (i.e., their interchange is slow with
respect to the time resolution of the analytical method, such
that both populations are detectable), then parallel pathways

may account for the two rate constants observed in this study.
This scenario could have states S1 and S2 converting to the
same final folded state (F) (Figure 4a) or converting to two
distinct folded states (F1 and F2) (Figure 4b). On the other
hand, the biphasic character may point to a folding intermediate
(I) that is kinetically distinct from the starting and folded states.
In this scenario, the intermediate is obligatory along a
sequential folding pathway and is likely to represent an
ensemble of metastable, partially folded structures (Figure 4c).
A kinetically homogeneous starting state could also branch off
into two different folded states (F1 and F2) (Figure 4d).
Under the initial conditions of our study (10 mM Tris, pH

7.0), the starting ensemble is expected to possess secondary
structure since the high ionic strength of the buffer will induce
the rapid collapse transitions from the fully denatured state that
characterize the early phase of nucleic acid folding.40 Given that
multiple conformations of folded G-quadruplex structures can
coexist at equilibrium, at least in the case of structures formed
from DNA, there is potential for this stabilized starting
ensemble to also consist of the multiple populations. If
interconversion between such populations is slow relative to
folding, then the kinetically distinct populations in the starting
state ensemble required by Figure 4a and 4b can arise.
However, it has already been demonstrated that multiple G-
quadruplex conformations in the equilibrium folded state may
not necessarily lead to multiphasic kinetics.18 Both d[TTGGG-
(TTAGGG)3A] and d[AGGG(TTAGGG)3] have been shown
to fold with monophasic kinetics in the presence of K+ (UV
detection), even though the former forms a hybrid topology,41

and the latter forms a mixture of G-quadruplex conforma-
tions.38 Figure 4d can be ruled out by taking into account that
TERRA, G2A, and hTelo all demonstrated biphasic kinetics in
folding. If conformational heterogeneity in the folded hTelo G-
quadruplex (multiple hybrid topologies)38 was to dictate a
branched folding pathway, then less complex folding kinetics
for the all parallel TERRA17 and G2A42 G-quadruplexes might
have been expected. This suggests that a mixture of completely
folded G-quadruplex topologies can appear as one kinetic
species and that the energetic barriers between conformers are
not sufficient to make them kinetically distinguishable.
Therefore for the TERRA, hTelo, and G2A oligonucleotides,

the analysis suggests that a sequential folding mechanism is the
most plausible, although the design of our experiments does

Table 2. Kinetic Parametersa for K+-Initiated Folding of G-Quadruplex Forming Sequences

oligo k1 (s
−1) k2 (s

−1) τ1
c (ms) τ2

c (ms) k1,max (s
−1) Keq (mM)

TERRA 124.2 ± 9.6 18.0 ± 1.8 5 55 187 39
hTelo 148.1 ± 13.3 25.1 ± 3.2 7 40 425 127
G2A 7.6 ± 0.7 1.4 ± 0.03 131 714 13 82
G2UUAb 0.05 ± 0.0.1 0.009 ± 0.0004 20 × 103 111 × 103 − −

aDetermined by stopped-flow rapid mixing with folding reaction concentrations of 5 μM oligonucleotide and 90 mM KCl in 10 mM Tris (pH 7) at
25 °C. bConditions as above except for 500 mM KCl concentration. cWhere τ is the relaxation time constant.

Figure 4. Possible mechanistic interpretations for the observed biphasic kinetics in the folding reactions of TERRA, hTelo, and G2A G-quadruplexes.
S, I, and F represent starting, intermediate, and final folding states, respectively.
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not allow non-sequential pathways to be absolutely ruled out.
Our conclusion of a sequential folding mechanism is consistent
with observations made by others.19,43 The biphasic kinetics
observed for G2UUA, on the other hand, is more likely to be
attributed to a nonsequential pathway since the evidence
supports an equilibrium mixture of a G-quadruplex with
nonquadruplex structures.
G-quadruplex Folding is Dominated by Entropy at

Physiological Temperature. A common property of biomo-
lecular folding pathways is that a higher temperature does not
necessarily lead to a faster reaction, resulting in a deviation from
the Arrhenius44/Eyring31 type kinetics usually associated with
simple reactions.45 To investigate whether G-quadruplex
folding is consistent with the folding of complex biomolecules,
folding reactions for hTelo and TERRA were performed
between 5 and 45 °C to characterize the temperature
dependence of the rate constants. The trend for both
TERRA and hTelo G-quadruplex folding was nonlinear,
where a maximum in k1 and k2 was reached near 25 °C before
decreasing ∼3-fold between 25 and 45 °C (Figure S3).
Curvatures in Arrhenius and Eyring plots are a hallmark of
protein45 and peptide46 folding as well as DNA47 and RNA48

hairpin loop closures and indicate that folding is dominated by
enthalpy at low temperatures and entropy at high temper-
atures.49 Anomalous Eyring plots have also been observed for
DNA G-quadruplex folding.18

Here, linear regression fits of the low (5−25 °C, 1/T >
0.00335) and high (25−45 °C, 1/T < 0.00335) temperature
regions of the Eyring plot (Figure 5) for k1 was performed to
estimate ΔH‡ and ΔS‡ (Table S1), which collectively describe
the thermodynamic quasi-equilibrium between the ground and
transition states.31 The fitting highlighted the existence of
negative activation enthalpies of folding (ΔH‡) for temper-
atures above 25 °C (ΔH‡

(k1,TERRA) = −33.0 kJ mol−1;

ΔH‡
(k1,hTelo) = −38.9 kJ mol−1). An observation of ΔH‡ < 0

may have implications for the folding mechanism of G-
quadruplexes, especially if G-quadruplexes are to be considered
as an assembly of hairpins which in themselves are known to
fold with non-Arrhenius kinetics.47,48

K+ Binding is Prerequisite for Folding and K+ Stabilizes
Folding Steps. In this study, K+ is expected to both promote
the folding of the G-quadruplex and to bind to the folded
structure, so the role it plays in the kinetic mechanism should
be considered. Folding reactions for TERRA, hTelo, and G2A
were performed with [K+] from 5 to 500 mM to examine the
rate dependence of G-quadruplex folding on potassium. Both k1
and k2 increased with greater [K+] and reached saturating rates
at high [K+] (∼200−500 mM, depending on oligonucleotide)
(Figure 6). Cations (Na+ and K+) bound by G-quartets in the
[d(G3T4G3)]2 dimeric G-quadruplex have been found to
exchange with ions in the bulk solution at a rate greater than
103 s−1.50 Since this is at least an order of magnitude faster than
the fastest rate constant observed here (i.e., k1), we would not
expect the dynamics of cation exchange to influence the
observed rates unless the exchange process significantly differs
for intramolecular G-quadruplexes. The observation of a rate
dependence on [K+] does, however, imply that K+ affects the
free energy of the transition states involved in the two kinetic
steps associated with k1 and k2.

51 In protein folding studies,
saturation kinetics can be indicative of conformational selection
mechanisms whereby the ligand ‘selects’ a conformation close
to that of the bound form, from the ensemble of conformations

populated.52,53 Our data could therefore be consistent with G-
quadruplex folding whereby early on K+ binds to a fraction of
molecules within the starting ensemble that are suitably
preorganized for ligand binding.
We found that the saturation behavior between k1 and K+

was best described by a hyperbolic relationship where n in eq 4
was fixed at 1. Such a hyperbolic dependence has previously
been mechanistically interpreted as a rapid, cation-dependent
pre-equilibration step where a complex between the oligonu-
cleotide and a single K+ is formed, before folding begins.18

Here, it can be considered as the formation of the first
potassium-bound species, SK−K+, which is the starting point for
G-quadruplex folding under the experimental conditions:

+ −+ +H IooS K S K
K

K
eq

(5)

The parameters describing the pre-equilibrium are shown in
Table 2. TERRA shows the greatest affinity for K+ (Keq = 39
mM), followed by G2A (Keq = 82 mM), and then hTelo (Keq =
127 mM). It is interesting to note while a higher [K+] was
required to fold G2A compared to hTelo during the
equilibrium titration (i.e., K0.5,G2A[1.8 mM] > K0.5,hTelo[0.12

Figure 5. Eyring plots for k1 and k2 for folding of TERRA and hTelo.
For the k1 data set, separate linear regressions were fit to the low- and
high-temperature regions. For the k2 data set, the lines connect the
data points only. Error bars are given as the standard deviation of two
measurements.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja309851t | J. Am. Chem. Soc. 2012, 134, 19297−1930819303



mM]), the reverse was true for establishing the pre-equilibrium
in the kinetics experiments (Keq,G2A[82 mM] < Keq,hTelo[127
mM]). On the other hand, TERRA demonstrated the lowest
Keq[39 mM] and K0.5[0.03 mM] among the oligonucleotides.
The trends indicate that: (a) the binding affinity of the first K+

to partially folded G-quadruplexes to establish the pre-
equilibirum is higher for RNA than for DNA, irrespective of
how many G-quartets the RNA G-quadruplex will ultimately
adopt; and (b) this information is obscured in measurements
made at thermodynamic equilibrium, since overall folding and
ligation is achieved at a lower [K+] for 3-quartet G-
quadruplexes than for 2-quartet G-quadruplexes, irrespective
of whether they are formed from RNA or DNA. Furthermore,
the highest value for k1,max was achieved by hTelo,
demonstrating that binding affinity of K+ to the starting
ensemble is not correlated to the kinetics of the first folding
step.
Minimal Kinetic Mechanism. The analysis so far suggests

that the kinetic folding mechanism for the G-quadruplexes
formed from the TERRA, hTelo, and G2A oligonucleotides
follows a multistep sequential pathway involving at least one
folding intermediate and two kinetic steps, which is preceded
by a pre-equilibration step where K+ binding takes place.

Taking these components into account, a minimal kinetic
mechanism that is consistent with the analysis is presented in
eq 6:

+ − ⎯ →⎯⎯⎯ − → −+ + + +H Ioo nS K S K I K F K
K k k

K
eq 1,max 2

(6)

where the observed rate constant k1 comprises the first kinetic
step (the formation of I) described by k1,max and Keq. The
second kinetic step is described by the observed rate constant,
k2. It should be noted that the absolute assignment of the faster
observed rate constant to the first step and the slower observed
rate constant to the second step would require the
concentration of the I species to be monitored over time. An
accumulation of the I species would support the fast first step/
slow second step case, while we would expect a very low steady-
state concentration of I to be established in the slow first step/
fast second step case.54 In the limiting case of k1 ≪ k2, the
relaxation process would manifest as a single exponential, since
I would transition to F as soon as I was formed, which was not
observed here. Although our experiments do not provide
concentration profiles of each species over time, our assignment
of a fast first step and slow second step in the kinetic
mechanism is consistent with our observation of a transient
maximum in the refolding probability timecourse for an
intermediate species in single-molecule studies of TERRA
folding (Shi et al., to be submitted for publication).
Furthermore, in thermal unfolding studies of the telomeric
DNA G-quadruplex, intermediates were sufficiently populated
for optical detection by Gray et al.43 Finally, n represents the
number of specifically bound K+ (assumed n = 1 (G2A) and n =
2 (TERRA, hTelo)).
Our kinetic mechanism implies folding intermediates.

Evidence for stable folding intermediates from telomeric
DNA sequences has been provided under thermodynamic
conditions by calorimetric measurements55 and singular value
decomposition analyses of optical spectra vs temperature
matrices.43 Using a molecular dynamics approach, Mashimo
et al. demonstrated that triple-stranded helical structures are
energetically feasible intermediates along the telomeric DNA
G-quadruplex folding pathway.56 Triplexes formed from three
telomeric DNA repeats have subsequently been experimentally
observed as a mechanically stable species in single-molecule
optical tweezer experiments, and the species also coexists with
the fully folded G-quadruplex.57

Proposed Folding Pathway. We now propose a folding
pathway that is consistent with the kinetic mechanism and
considers possible structures within each kinetic state (Figure
7). The first event could involve the binding of K+ to collapsed
structures within the starting ensemble, perhaps selecting for
suitably preorganized conformations, such as hairpins. As
implicated by the hyperbolic dependence of the folding rate on
[K+], such a binding event would result in oligonucleotides
complexed with a single K+. This is significant because the
triplex intermediates proposed by Mashimo et al.56 were
initially derived from GG base paired hairpin structures that are
also stabilized by one K+. The structures in the SK−K+ kinetic
state could therefore potentially take the form of cation-
stabilized hairpins, which could then rapidly fold into more
stable triplex intermediates to give I−K+. The rate-limiting
second kinetic step could then represent the formation of G-
quartets and slow conformational rearrangements to give the
final folded G-quadruplex. For the RNA G-quadruplexes
TERRA and G2A, the rearrangements could, for example,

Figure 6. Observed rate constants k1 and k2 as a function of [K+]
concentration for folding of TERRA, hTelo, and G2A. Using eq 4, k1
data points were fit to a hyperbolic function. For the k2 plot, the lines
connect the data points only. Error bars are given as the standard
deviation of two measurements.
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involve the formation of double chain reversal loops. For hTelo,
the final step could account for the final mixture of hybrid
topologies (types 1−3) expected in K+ solution.38 The
observation of accelerated folding rates with increasing [K+]
suggests that K+-stabilized structural changes feature in each
folding step.
Although triplex folding intermediates were originally

proposed for the folding of telomeric DNA sequences, the ab
initio calculations of the stabilization energies from which the
triplexes were hypothesized were performed on guanines
only.56 Therefore the finding that the stabilization energy of a
G-triplet (−50.6 kcal mol−1) is higher than a GG-pair (−18.4
kcal mol−1) and comparable to a G-quartet (−67.8 kcal mol−1)
may also support the formation of triplex intermediates during
RNA G-quadruplex folding. A difference, however, is that RNA
G-quadruplexes are well-known to adopt parallel topologies
with double chain reversal loops. This means that all of the
glycosylic conformations are of the anti form, in contrast to the
mixture of anti and syn glycosylic conformations that feature in
the hairpins and triplexes proposed by Mashimo et al.56 The
anti glycosylic conformation is generally preferred in structured
nucleic acids due to the lower steric clash between the base and
the sugar, and this effect is enhanced in RNA because of the
additional presence of a 2′-OH on the sugar. However, it is
possible for the base to be in the less preferred syn
conformation if constrained by the surrounding structure.
The mixture of glycosylic conformations in the hairpin and
triplex structures proposed by Mashimo et al. therefore arises
from the nature of the loops that connect the G-tracts in these
structures. These loops ultimately map directly to the two

lateral loops that comprise the final hybrid type-1 and -2 G-
quadruplex topologies for which the folding pathway was
originally proposed.
If the folding of RNA G-quadruplexes were to also pass

through a triple stranded intermediate, then it is conceivable
that the energetically preferred anti glycosylic conformations
may be present from early on in the folding process, in which
case the hairpins and/or triplexes will possess folded back loop
regions that are consistent with the double chain reversal loops
found in the final parallel G-quadruplex structures. Alter-
natively, the anti conformations may potentially be attained via
a rearrangement of the triplex intermediates of the type
hypothesized for the telomeric DNA sequences.

Comparisons Between Different G-quadruplexes. The
design of the oligonucleotides allows a direct comparison
between: (a) a RNA and DNA G-quadruplex of the same
sequence (TERRA vs hTelo); (b) a 2-quartet RNA G-
quadruplex and a 3-quartet RNA G-quadruplex (TERRA vs
G2A); and (c) 2-quartet RNA G-quadruplexes with different
loop lengths (G2A vs G2UUA).

TERRA vs hTelo. Since the rate-limiting step characterized by
k2 is similar for both TERRA and hTelo, the largest difference
between the folding of these two G-quadruplexes is in the
nature of the initial K+ binding event and subsequent
isomerization to the I intermediate. The >3-fold lower Keq
for TERRA over hTelo suggests that the affinity of K+ for RNA
G-quadruplexes is greater than for DNA G-quadruplexes of the
same sequence. The consequence is that k1,max is attainable at a
lower [K+] for TERRA than hTelo. However, this does not
necessarily lead to a faster rate of formation of I since k1,max is

Figure 7. Proposed pathway for K+-initiated G-quadruplex folding featuring hairpin and triplex intermediates in 90 mM KCl. Each kinetic species (S,
SK, I, F) is an ensemble of structures. The actual structures presented here are possible structures within the ensemble. The dashed lines in the S state
signify that the collapsed oligonucleotides possess secondary structure. The dashed lines in the SK and I states outline the G-quartet framework and
do not indicate interactions between bases. The large blue spheres represent K+, while the small green spheres indicate guanines involved in G-
quartet formation.
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noticeably higher for hTelo (425 s−1) than for TERRA (187
s−1). This suggests that K+ contributes more to the cation-
stablilized structural changes that take place between the SK
(e.g., hairpin) and the I (e.g., triplex) kinetic species during the
folding of the DNA G-quadruplex compared to the RNA G-
quadruplex. The observation that k1,max is reached for TERRA
(and G2A) at a lower [K+] than hTelo is consistent with
previous findings that the 2′-OH in RNA G-quadruplexes can
partake in stabilizing intramolecular interactions.58 This is not
possible in hTelo so the ability of K+ to facilitate folding of this
sequence is more pronounced (i.e., higher observed rate
constant as [K+] increases).
The kinetic distinction could additionally arise from

differences in properties of the nucleic acid (sugar moiety, T
vs U) and/or the conformational properties of each kinetic
species (anti vs syn glycosylic conformations and resulting loop
orientations). Taking into account that the property measured
in the folding experiments is the rate of G-quartet formation,
conformations that encourage the most stable base stacking
interactions in the transition state linking SK and I are likely to
promote the fastest folding reaction. Although the anti
glycosylic conformation is preferred between a sugar and its
base, the energetics of base stacking favors an anti:syn
arrangement between adjacent nucleotides over anti:anti.56

This suggests that the first kinetic step along the hTelo folding
pathway involves the creation of a greater proportion of anti:syn
stacking interactions in the triplex (I state) intermediate
compared to TERRA, resulting in a higher value for k1,max. The
triplex intermediates proposed by Mashimo et al. for telomeric
DNA sequences maximize anti:syn stacking between the 5 anti
and 4 syn glycoylic conformations.56 On the other hand, triplex
intermediates formed from the TERRA oligonucleotide might
contain more (or only) anti:anti stacking interactions. This
would be consistent with a lower k1,max value and lends support
to the hypothesis that the double chain reversal loops found in
the final parallel TERRA G-quadruplex are already in the
triplex.
To achieve the final folded G-quadruplex structure, folding

back of the final G-tract and binding of a second K+ needs to
take place. The comparable k2 values observed for TERRA and
hTelo suggest that a common folding event occurs during this
kinetic step for both G-quadruplexes. Such a folding event
might be expected to involve the formation of the final loop in a
double chain reversal orientation to account for the parallel
topology of the TERRA G-quadruplex and the hybrid (3 + 1)
topologies of the hTelo G-quadruplex. For hTelo, it has been
reported that the addition of a double chain reversal loop to a
triplex intermediate is preferred over a lateral loop since it
minimizes steric hindrance with the central lateral loop.56,59

TERRA vs G2A. The observation of a >15-fold difference in
folding rates between TERRA and G2A at 90 mM KCl suggests
that the number of G-quartets involved in K+-initiated
quadruplex formation can dictate the rate of folding.
Specifically, the result suggests that events which encourage
the stacking of G-quartets (or partially formed G-quartets)
during folding have the ability to lower activation energies of
folding, such that a higher number of G-quartets involved in G-
quadruplex formation will favor a faster folding reaction. This is
not surprising since the stacking of two G-quartets has been
calculated to contribute an average of −2.2 kcal mol−1 toward
the free energy of (DNA) G-quadruplex formation, compared
to only −0.2 kcal mol−1 from loops.60 This may explain the
slower, and more complex, folding of telomeric DNA

quadruplexes previously observed by Gray and Chaires with
Na+ compared to K+,18 since K+ can facilitate the association of
neighboring G-quartets due to its ability to bind interstitially.
Such assistance from the cation is not available with Na+ since it
coordinates to the center of a G-quartet owing to its smaller
size.
It is also notable that the “two-state” folding character that

was apparent in the equilibrium titration of G2A did not
translate into a single exponential kinetic folding process.
Indeed, it has previously been observed that the number of
phases in a folding reaction need not correlate between
equilibrium and kinetic folding conditions. Gray and Chaires18

observed monophasic kinetics for the sequence d[AGGG-
(GGGTTA)3)], despite equilibrium data supporting the
presence of stable populated intermediate states characteristic
of multiphasic folding.

G2A vs G2UUA. Despite the higher [K+] of 500 mM, folding
for G2UUA was 2 orders of magnitude slower than G2A (and 3
orders of magnitude slower compared to TERRA). While the
longer folding time is consistent with the observation that 2-
quartet G-quadruplexes fold slower than 3-quartet G-
quadruplexes, the equilibrium observation of an uncharacteristic
spectral response to increasing [K+] and multiple classes of
structure points to more complicated folding dynamics that
may additionally contribute to the long folding time. Whereas
the high stability of 2-quartet RNA G-quadruplexes with
shorter loop lengths, such as in G2A, favors the adoption of a
G-quadruplex fold, the combination of only two G-quartets and
longer loop length in G2UUA appears to render it less able to
compete effectively against alternatively folded structures.
Consistent with this observation, a Van’t Hoff treatment of
the 295 nm annealing curve in 100 mM [K+] gave a free energy
of formation of only −0.8 kcal mol−1 at 310 K.

Biological Implications. The kinetic constants for the rate-
limiting steps of G-quadruplex folding obtained in in 90 mM
[K+] convert to relaxation times of 55, 60, and 700 ms (hTelo,
TERRA, and G2A, respectively). Since these values are within
the region of rates of eukaryotic DNA replication (∼20 ms/
nucleotide) and transcription (∼200 ms/nucleotide),61 there
exists the possibility that partially synthesized G-quadruplex
sequences may participate in folding events concurrent with
DNA and RNA synthesis. Programs, such as Kinefold,62

attempt to address this by predicting cotranscriptional folding
pathways of RNA molecules, however the algorithms do not yet
consider G-quadruplex structure. Recently, we showed that the
telomeric repeat binding factor 263 (TRF2) protein binds
telomeric RNA only when it adopts the G-quadruplex structure
and not as the single stranded nucleic acid.64 TRF2 is an
essential component of the shelterin complex that protects
telomere ends.65 The potential shown here for cotranscriptional
folding of a telomeric RNA G-quadruplex suggests that the G-
quadruplex-dependent binding mechanism of TRF2 has a
temporal as well as physical basis.
Given the similar time scales of folding for TERRA and

hTelo in the presence of near physiological [K+], an interesting
consideration is the formation of hybrid G-quadruplexes with
contributions from both DNA and RNA telomeric repeats. It is
known that telomeric RNA colocalizes at the telomere,14,66 and
it has been proposed that TERRA regulates telomere function
by sequestering telomeric DNA (the substrate for telomer-
ase).67 One hypothesis for telomere regulation is through the
formation of intermolecular DNA−RNA hybrid G-quadru-
plexes. These have been observed in vitro,68 and model hybrid
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systems have been shown to provide a protective effect for
telomere ends in cells.69 Such hybrids have also been shown to
bind to the TRF2 protein with nanomolar affinity.64 The
similar limiting rate measurements made here for the folding of
the TERRA and hTelo G-quadruplexes arguably support the
association of newly synthesized telomeric RNA repeats with
locally unwound single stranded telomeric DNA repeats behind
the RNA polymerase and support a potential regulatory
mechanism of telomeric function that implicates the formation
of hybrid G-quadruplexes. The formation of hybrid G-
quadruplexes from nascent RNA and nontemplate DNA has
also been implicated in regulating the initiation of DNA
replication in human mitochondria.70

The capacity of DNA and RNA G-quadruplexes to rapidly
adopt structure is likely to be central to their ability to regulate
biological function. This may be especially true for RNA G-
quadruplexes since regulatory mRNAs and regulatory non-
coding RNA tend to have much shorter half-lives (<4 h, some
as short as 1 min) than those encoding housekeeping genes
(typically >4 h).71 While 3-quartet RNA G-quadruplexes are
generally considered as inhibitory structures due to their high
stability, the diverse folding times observed in this study among
2-quartet RNA G-quadruplexes coupled with their generally
lower stability25,72 raise the potential for alternative roles.
There are now an increasing number of examples of 2-

quartet RNA G-quadruplexes being reported with putative
function,25,28,72 with the emerging theme being that these G-
quadruplexes can serve as switchable and tunable motifs. For
example, the activity of gene reporter constructs with inserted
2-quartet RNA G-quadruplexes has been shown to change in
response to temperature in a fashion that correlates with G-
quadruplex stability, leading to their description as artificial
thermoswitches.25 In contrast, equivalent constructs with 3-
quartet G-quadruplexes maintained the same activity irrespec-
tive of temperature.
The G-rich segment GGAGGAGGGGGAGGAGGA from

the internal ribosome entry site (IRES) of vascular endothelial
growth factor (VEGF) mRNA28 provides a naturally occurring
example. This sequence can potentially form >20 different 2-
quartet RNA quadruplexes of varying loop lengths and was
found to be essential for initiation of cap-independent
translation. It was proposed that the sequence redundancy
enables the IRES to fine-tune its activity via utilization of
different subsets of G-quadruplexes that support translation
initiation to varying degrees. Which subset of G-quadruplexes is
used will depend on the demands for the VEGF protein at the
time. It is anticipated that a criterion for such a regulation
mechanism will be the ability of the 2-quartet RNA G-
quadruplexes to form within a biologically meaningful time yet
not be of such high stability that G-quadruplex structure
persists beyond the time it is required. Sequences possessing
complex folding behaviors similar to G2UUA may therefore
still be of biological relevance, where the combination of
moderately fast folding kinetics, conformational diversity, and
mild thermodynamic stability can be exploited as advantageous
design elements in systems that require complex regulation.

■ CONCLUSIONS
The equilibrium and kinetics data for K+-dependent G-
quadruplex folding suggest complex folding mechanisms
involving partially liganded (K+) intermediate states. The
time scales of folding for TERRA and hTelo are comparable to
rates associated with DNA replication and transcription, raising

the possibility for coreplicative and cotranscriptional folding. By
way of example, this specifically lends support for a quadruplex-
dependent hypothesis for telomere regulation. The sharp
contrast in folding behavior between G2A and G2UUA
suggests that any biological roles for 2-quartet RNA G-
quadruplexes will be very sequence dependent.
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