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ABSTRACT

Cation-induced folding into quadruplex structures
for three model human telomeric oligonucleotides,
d[AGGG(TTAGGG)3], d[TTGGG(TTAGGG)3A] and
d[TTGGG(TTAGGG)3], was characterized by equili-
brium titrations with KCl and NaCl and by multiwa-
velength stopped flow kinetics. Cation binding was
cooperative with Hill coefficients of 1.5–2.2 in K+ and
2.4–2.9 in Na+ with half-saturation concentrations of
0.5–1 mM for K+ and 4–13 mM for Na+ depending
on the oligonucleotide sequence. Oligonucleotide
folding in 50 mM KCl at 258C consisted of single
exponential processes with relaxation times q of
20–60ms depending on the sequence. In contrast,
folding in100 mM NaCl consisted of three exponen-
tials with q-values of 40–85ms, 250–950ms and
1.5–10.5 s. The folding rate constants approached
limiting values with increasing cation concentra-
tion; in addition, the rates of folding decreased
with increasing temperature over the range
15–458C. Taken together, these results suggest
that folding of G-rich oligonucleotides into quadru-
plex structures proceeds via kinetically significant
intermediates. These intermediates may consist
of antiparallel hairpins in rapid equilibrium with
less ordered structures. The hairpins may
subsequently form nascent G-quartets stabilized
by H-bonding and cation binding followed by
relatively slow strand rearrangements to form
the final completely folded topologies. Fewer
kinetic intermediates were evident with K+ than
Na+, suggesting a simpler folding pathway in K+

solutions.

INTRODUCTION

Guanine-rich segments of DNA can associate into four-
stranded structures known as G-quadruplexes that are
characterized by stacked arrays of four guanine bases
(1–5). Interest in G-quadruplexes has been stimulated by
an emerging appreciation of their role in biological regu-
lation as well as their potential to serve as novel drugs and
drug targets. G-rich sequences have been found in eukar-
yotic telomeres, where they help maintain chromosomal
integrity by preventing erosion of chromosomal ends
during DNA replication (6). G-rich sequences are also
present in the promoter regions of a number of genes,
including oncogenes such as c-myc where they may regu-
late transcription (7,8). In addition, G-quadruplexes
may also regulate immunoglobin switching (9). Synthetic
G-quadruplex oligonucleotides (aptamers) currently are
candidate drugs for treating cancer (3,10–17), prevention
of thrombosis (18) and inhibition of HIV replication (19).
In addition, drugs that bind to specific quadruplex DNAs
may be useful in treating a variety of pathological condi-
tions including cancer (20).
Structural determinations by X-ray crystallography and

NMR have shown that the fundamental building block of
G-quadruplexes is the G-tetrad, a planar arrangement of
four guanines H-bonded to each other that form a cyclic
structure with a central cavity (3,5,21). In addition to
H-bonding forces, G-quadruplexes are stabilized by non-
polar interactions between stacked tetrads, electrostatic
interactions involving monovalent cation binding to the
O6 carbonyls of guanines within a quartet and by hydra-
tion effects (22). In addition to specific cation binding,
nonspecific polyelectrolyte cation interactions (23) are
also likely to be important for quadruplex stabilization.
A variety of molecular topologies have been found for

G-quadruplex structures owing to the conformational
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plasticity of oligonucleotides (3,5,21). The stereochemistry
of the glycosidic bonds (anti or syn), strand polarity (par-
allel or antiparallel), molecularity (mono-, bi- or tetra-
molecular), the sequence and topology of the loops
connecting the G-quartets and the nature of the sequences
flanking the G-stacks combine to generate many different
3D shapes. For example, one of the oligonucleotides in
this study, d[AGGG(TTAGGG)3] (ODN1), a model of
the human telomere sequence, forms a unimolecular
G-quadruplex in solutions containing K+ or Na+.
NMR studies (24) have shown that ODN1 in Na+

forms a basket structure characterized by antiparallel
strands, two lateral loops and one diagonal loop (see the
schematic diagram in Figure 1A).
Quadruplex conformations in K+ are of particular

interest because the relatively higher intracellular
concentration of this cation suggests that K+-bound
structures predominate under physiological conditions.
A novel structure for ODN1 described as a parallel-
stranded propeller characterized by three double-chain
reversal loops was found in the presence of K+ ions by
X-ray crystallography (25). However, biophysical studies
showed that the propeller structure is not the predominant
form in K+ solution and that this structure may have been
preferentially stabilized by the macromolecular crowding
conditions necessary for crystal growth (26). NMR data
indicate that ODN1 in K+ solutions probably exists as an
equilibrium mixture of more than one conformer (27).
Luu et al. (28) recently published an NMR-derived

solution structure of d[TTGGG(TTAGGG)3A] (ODN2)
in K+. This structure (shown in Figure 1B) exhibits a
‘hybrid’ fold consisting of a mixture of three parallel
strands and one antiparallel strand connected by loops
located on edges (28). In addition, Yang and colleagues
have recently characterized G-quadruplex structures in
K+ solution (29–31). A similar structure based on circular
dichroism using oligonucleotides containing brominated
bases has been proposed (32).

A characteristic feature of biological polymers is their
ability under physiological conditions to fold into specific
3D structures that are functionally definitive. Characteri-
zation of the kinetics of folding is essential for providing
insight into potential pathways of folding (33). For exam-
ple, kinetic analysis can reveal the presence of folding
intermediates as well as define the number and nature of
rate-limiting, high-energy intermediates (e.g. the transition
state). Considerable progress has been made in under-
standing mechanisms of polypeptide folding; however,
delineating pathways of oligonucleotide folding has
received less attention (34) possibly because of the richness
of the folding landscape for DNA has not been appre-
ciated as functionally important until recently. For exam-
ple, recent kinetic studies have provided insight into the
mechanism of DNA and RNA hairpin formation (35,36)
as well as folding pathways for complex structures such as
ribozymes (37,38) and riboswitches (39).

The kinetics of formation of monomolecular
G-quadruplexes has not been extensively characterized
(40). In one recent study, Zhao et al. (15) investigated
the folding and unfolding kinetics of telomeric oligonu-
cleotides using surface plasmon resonance to detect
unfolded structures by trapping them with a complemen-
tary oligonucleotide. The kinetic constants resulting from
this study did not agree well with thermodynamic analyses
of quadruplex folding, possibly because of difficulties in
interpreting solid/liquid phase kinetics (40) as well as
daunting numerical problems associated with fitting com-
plex coupled rate equations to obtain rate constants.
Defining the unfolding kinetics of telomeric structures
has however been more amenable to experimental analy-
sis. Balasubramanian et al. for example utilized fluores-
cence resonance energy transfer to determine unfolding
rates of single molecules of human telomeric G quadru-
plexes (41–43). In addition, the kinetics of multimolecular
strand association has also been investigated; as expected
of multibody collisional reactions, tetramer formation is
extremely slow, with half times of days at 378C (40,44–47).

The purpose of the present study was to characterize the
kinetics of folding of simple monomolecular G-quadru-
plexes in homogeneous solution and to use the kinetic
information to suggest folding pathways consistent with
the kinetic data. To accomplish this aim, we used stopped
flow mixing coupled with rapid wavelength scanning
to detect quadruplex formation from its spectroscopic sig-
nature: an increase in absorbance at �295 nm (48).
G-quadruplex folding provides an especially convenient
system for studying polynucleotide folding because fold-
ing to a well-defined state can be driven simply by addition
of a suitable cation. In the current study, we investigated
K+ and Na+-driven folding of three oligonucleotides
models of the human telomere, two of which (ODN1
and ODN2) have well-defined solution structures.
ODN1 is a 22-nt model of the human telomere sequence
d[AGGG(TTAGGG)3]; ODN2 is a 24-nt oligonucleotide
in which the 50A of 143D is replaced with TT along with
the addition of a 30A. We also characterized a truncated
23-nt version of ODN2 (designated ODN3) in which A24
located at the 30-terminus was deleted. The NMR struc-
ture of ODN2 shows that access to the cation binding

Figure 1. Cartoon showing the folding topology of ODN1 in Na+

[G3(T2AG3)3, PDB id 143D, (A)] and ODN1 [T2G3(T2AG3)3A, PDB
id 2GKU] in K+ (B). Bases are shown as slabs in which blue, T; red,
A; green, G. The figures were drawn using the molecular graphics
program Chimera (65) from NMR-derived coordinates for the first
conformer listed in pdb files 143D (24) and 2GKU (28).
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channel may be hindered by A24. Removal of this base
might be expected to influence cation binding.

The results of our investigation show that cation-driven
G-quadruplex formation in these model systems is a
multistep process in which a rapidly formed cation–
oligonucleotide complex converts by one or more slower
rearrangements to give the final equilibrium product. Our
results indicate that K+-driven folding requires two
kinetic steps to arrive at the final folded product, while
Na+-dependent folding occurs in four kinetic steps. We
also found that removal of the 30A from ODN2 results in
both an increase in cation affinity compared to ODN2 as
well an increase in folding rate, suggesting that accessibil-
ity of cations to the interior of partially folded intermedi-
ates may be an important determinant of folding rate.

MATERIALS AND METHODS

Oligonucleotides

Desalted oligonucleotides were obtained from Integrated
DNA Technologies (Coralville, IA, USA). They were dis-
solved in folding buffer (10 mM tetrabutylammonium
phosphate, 1 mM EDTA, pH 7.0) as 500–900mM stock
solutions and stored at 48C. This buffer system was chosen
because the relatively large size of the tetrabutylammo-
nium cation precludes its ability to stabilize quadruplex
structures. Oligonucleotide concentrations were estimated
from the absorbance at 260 nm determined at room
temperature with a JASCO V-550 spectrophoto-
meter using "=228.5mM�1 cm�1, 230.6mM�1 cm�1

and 244.3mM�1 cm�1 for the unfolded forms of ODN1,
ODN2 and ODN3, respectively (49).

Other reagents

Monobasic tetrabutylammonium phosphate (Fluka),
ethylenediamine tetraacetic acid (ACS reagent) and KCl
(Fluka) were obtained from Sigma Chemical Co.
(St Louis, MO, USA). NaCl (ACS reagent) was from
J.T. Baker (Phillipsburg, NJ, USA). Folding buffer was
prepared by titration to the desired pH with tetrabutylam-
monium hydroxide (40% w:v in water, Sigma).

Equilibrium titrations

The extent of folding was assessed by measuring changes
in oligonucletodide UV absorbance as a function of added
KCl or NaCl. Not only are these experiments of intrinsic
interest, but also are required as a prelude to the stopped
flow mixing experiments to establish the expected changes
in absorption and to determine minimal cation concentra-
tions necessary to induce complete folding. Absorption
spectra were measured at 1 nm intervals from 220 to
340 nm after serial additions of either KCl or NaCl with
a JASCO V-550 spectrophotometer equipped with a mag-
netic stirrer and a peltier-thermostatted cuvette holder
maintained at 258C. Equal volumes of KCl or NaCl in
folding buffer were added to sample and reference cuvettes
that contained either the oligonucleotide in folding buffer
or folding buffer alone. Final oligonucleotide concentra-
tions were in the range 6–10 mM. The spectra were

corrected for oligonucleotide dilution (<6%) resulting
from the addition of the cation solution. Difference spec-
tra �A� ¼ A�

U � A�
F were generated by subtracting the

absorption spectrum obtained after each addition of
cation from the spectrum of the fully unfolded oligonucleo-
tide. The resulting titration data thus consist of a matrix of
elements iAi,j of cation concentration i and wavelength j.

Analysis of titration data. The titration curves were initi-
ally assumed to fit a two-state cation-induced folding
mechanism:

Uþ nM . FMn 1

where U and F represent the unfolded and folded states of
the oligonucleotide and M is a cation. Preliminary analysis
of the titration data indicated that cation binding is coop-
erative. We therefore fit the data to the Equation 2 (the
classical Hill equation) using the nonlinear least squares
module of the program Origin 7.0 (OriginLab Corp.,
Northampton, MA, USA) to optimize values of the adjus-
table constants n and K0.5:

�i ¼
½M�

n
i

ðK0:5 þ ½M�
n
i Þ

2

where �i=iAi/iAmax, [M]i is the cation concentration
at �i, K0.5= [M] at �i=0.5 and n is the Hill coefficient,
which can be interpreted as the average number of bound
cations at �i=0.5.

Kinetic experiments

The kinetics of oligonucleotide folding was assessed by
measuring time-dependent changes in UV absorbance
with a stopped flow mixing device equipped with a rapid
scanning monochromator (On-Line Instrument Systems,
Bogart, GA, USA). Absorption spectra consisting of 200
equally spaced data points covering the wavelength range
of 255–364 nm were collected with a time resolution of up
to 1 ms/spectrum. Data points collected at wavelengths
<270 nm and at ‘zero’ time (the instant of flow stop)
were discarded prior to analysis because of low signal to
noise ratio at the shorter wavelengths and because the
‘zero’ time point was unreliable due to mixing artifacts.
A circulating water bath was used to maintain a constant
reaction temperature. The kinetic experiments were car-
ried out under pseudo first-order conditions (e.g. [cation]
>> [oligonucleotide]). Data sets for three to five succes-
sive mixing experiments were averaged for analysis.
Control experiments consisting of mixing oligonucleotide
with cation-free buffer and mixing cation-free buffer with
buffer containing high salt indicated the absence of absor-
bance changes due to oligonucleotide dilution or artifacts
due to changes in refractive index resulting from mixing
low and high salt solutions.
The reaction progress curves were analyzed in terms of

difference spectra (iA� versus time) generated by sub-
tracting the absorption spectrum determined at time t
from the absorption spectrum of the completely folded
oligonucleotide, e.g. �A� ¼ A�

U � A�
F. Thus, the data

sets consisted of a matrix A of elements Ai,j=iA at �i
and tj. The data matrices were analyzed by singular value
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decomposition (SVD) (see below) and nonlinear least
squares fitting to rate equations corresponding to first-
order coupled reactions. The program Specfit/32 (version
3.0.39, Spectrum Software Associates, Marlborough, MA,
USA) was used for these analyses. The criterion for an
acceptable fit to a mechanism was minimal systematic
deviations of the fitted progress curves from the experi-
mental data points. For convenience in discussion, the
optimized pseudo first-order rate constants thus obtained
have been converted to relaxation times � from the rela-
tionship �i=1/ki.

Analysis of equilibrium and kinetic data by SVD

As stated above, major goal of this study was to suggest
plausible pathways for the cation-induced formation of
G-quadruplexes and to investigate selected structural vari-
ables that might influence these pathways. An important
tool in this analysis is enumeration of significant kinetic
and equilibrium intermediates present as the unfolded
state progresses to the fully folded state. SVD analysis
of the data facilitates definition of the minimum number
of absorbing species required to fit the multiwavelength
data sets and thereby rigorously test the validity of the
two-state folding model.
In brief, SVD is a method of analyzing large data sets

that aids in distinguishing significant signals from noise,
provides a relative measure of the contribution of each
signal to the total, and for spectroscopic data, defines
basis spectra that show the contribution of each species
to the experimental spectra. If the data are fit to an ana-
lytical expression describing an explicit reaction mecha-
nism SVD provides the actual absorption spectra of the
reactants, products and any intermediates, their concen-
tration profiles as a function of an experimental variable
such as ligand concentration or time, the best fitting con-
stants for the mechanism and an estimate of the quality
of the fit. Details of SVD data analysis as applied to bio-
chemical equilibria and kinetics are available in a number
of comprehensive reviews (50–52); a summary of the SVD
analyses used in these studies is available in the
Supplementary Data of this article.

RESULTS

Folding equilibria

It has been previously established that cation-dependent
formation of G-quadruplex structures is accompanied by
characteristic changes in the UV absorption spectra of
folded compared to unfolded oligonucleotides (48,53).
These changes generally involve an increase in absorbance
at �295 nm for the folded state. To determine the expected
absorbance changes and their dependence on cation con-
centration for the oligonucleotides in this study, we mea-
sured the UV spectra of ODN1, ODN2 and ODN3 as a
function of KCl and NaCl concentrations. The results of
representative experiments are shown in Figure 2 for
ODN1 and ODN2 and for ODN3 in Supplementary
Figure S1. The difference spectra show that K+-induced
folding of ODN1 and ODN2 is accompanied by relatively
small absorbance changes between 250 and 275 nm and

somewhat larger changes between 275 and 300 nm, with
maxima and minima at �265 and �295 nm, respectively
(Figure 2A and B). Na+-induced folding of both oligonu-
cleotides showed a similar absorbance increase at
�295 nm; however, in contrast to folding in KCl, a
decrease in absorbance was noted in the 275 nm spectral
region (Figure 2C and D). The spectral changes in the
wavelength range 250–340 nm shown in Figure 2 were
achieved within a few minutes after mixing and were
stable for at least 1 h; however, we observed a small spec-
tral drift of unknown origin at wavelengths below
�250 nm for folding ODN1 and ODN3. Thus, data
points at wavelengths <250 nm were removed from the
data sets prior to their evaluation.

Additional notable features characterizing the spectra in
Figure 2 include a lack of isosbestic wavelengths and a
biphasic absorbance change at �295 nm when ODN2
was titrated with either KCl or NaCl. As indicated by
the direction of the arrows in Figure 2, the absorbance
in the 295 nm range decreased with increasing cation con-
centration; however, above 0.2–0.3 mM cation, the absor-
bance at this wavelength increased with increasing cation
concentration. The lack of isosbestic points and the bipha-
sic absorbance changes suggest the presence of appreciable
concentrations of one or more spectroscopically distinct
intermediates. This conclusion is supported by the SVD
analysis given in the Supplementary Data, where the basis
spectra and concentration profiles of the spectroscopically
significant titration intermediates are summarized.

Titration curves for K+ and Na+-induced folding of
ODN1, ODN2 and ODN3 derived from the absorbance
changes at 295 nm are shown in Figure 3. The lines super-
imposed on the experimental data points represent the
best fit of the data to Equation 2. The optimal values of
the parameters K0.5 (the ligand concentration for half
saturation) and n (the index of cooperativity) are summar-
ized in Table 1. Hill coefficients for K+ binding were
between 1.5 and 2.2, whereas for Na+ binding, n ranged
from 2.4 to 2.9 depending on the oligonucleotide
sequence. Hill coefficients >1 indicate that oligonucleotide
folding is positively cooperative with respect to cation
concentrations; the observed values of n are consistent
with the predicted binding stoichiometry of two K+ and
three Na+ bound per oligonucleotide, which can accom-
modate a K+ ion between each of the three quartets or a
Na+ ion within the central cavity of each quartet.

Detection of equilibrium folding intermediates by SVD
analysis. As mentioned earlier, the lack of isosbestic
points in the cation-dependent absorption spectra, the
biphasic changes in absorbance at �295 nm and the less
than maximal Hill coefficients suggest significant concen-
trations of stable intermediates during the equilibrium
titrations. Support for this conclusion is in the
Supplementary Data. Briefly, we conclude from SVD ana-
lysis of the data in Figure 2 and Figure S1 that two or
three distinct spectroscopic species contribute to the
absorbance changes during the titration of all three oligo-
nucleotides by either K+ or Na+ ions. The basis spectra
for the intermediates and their concentration profiles
during the titration are given in Figures S2–S4 in
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Supplementary Data. The major basis spectrum is contrib-
uted by the absorbance difference between the unfolded
and folded species (e.g. AU – AF) while the minor basis
spectra reflect the presence of partially saturated and/or
partially folded intermediates (e.g. AI – AF). The concen-
tration of the intermediates never constitutes more than a
few percent of the total; at any point in the titration, the
major species present are either the unfolded or the fully
folded structures.

Folding kinetics

Cation-dependent folding kinetics of model telomeric
oligonucleotides. Figure 4 shows representative 3D plots
of time-dependent changes in the UV difference spectra
�A� ¼ A�

U � A�
F for folding of �5 mM ODN1 induced

by 50 mM KCl (Panel A) and by 100 mM NaCl (Panels
B and C). Limitations in signal-to-noise ratio prevented
investigating the kinetics of folding over a large range
of oligonucleotide concentrations; however, the kinetics
of ODN1 folding was similar at both 3 and 8 mM strand

Figure 2. Spectrophotometric titrations of oligonucleotide models of the human telomeric sequence X-G3(T2AG3)3-Y. In (A and C), ODN1 (X=T,
Y=0) was titrated with KCl or NaCl, respectively. In (B and D), ODN2 (X=TT, Y=A) was titrated with KCl or NaCl, respectively. The arrows
in the figures indicate decreasing or increasing absorbance changes with successive additions of cation. The final cation concentrations after each
addition are shown at the right in each panel. Difference spectra are presented as the difference between the absorption coefficients " for the unfolded
(U) and the folded (F) structures. Oligonucleotide strand concentrations were 4–6 mM in folding buffer (10 mM tetrabutylammonium phosphate,
1mM EDTA, pH 6.97). The temperature was 258C.

Figure 3. Fraction of folded oligonucleotide (�) as a function of added
cation. The points were derived from the absorbance changes at 295 nm
shown in Figure 2 for ODN1 and ODN2. For ODN3, the points are
from spectra in Figure S1. The lines were derived by fitting the points to
the Hill equation as described in the text. The resulting optimal fitting
parameters n (Hill coefficient) and K0.5 (cation concentration at half the
saturation) are summarized in Table 1.
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concentrations, indicating that the observed folding
kinetics is unimolecular with respect to oligonucleotide.
Both data sets in Figure 4 clearly show the kinetic evo-

lution of absorption changes in the 295 region that con-
stitute the spectroscopic signature of a G-quadruplex.
K+-induced folding is characterized by rapid monophasic
changes in the oligonucleotide absorption spectrum that
were complete within 100–200ms, while Na+-induced
folding exhibited a multiphasic time course characterized

by rapid absorbance changes that were complete within
a few hundred ms followed by relatively slower changes
that required 20–25 s to complete. The multiphasic nature
of the Na+-dependent progress curves are clearly shown
by comparing panels B and C, which depict the absor-
bance changes on two different time scales. Similar kinetic
data were obtained for folding ODN2 and ODN3.

Analysis of cation-induced folding kinetics. Kinetic data
matrices consisting of rows of time points and columns
of iA values at specific wavelengths as shown in
Figure 4 were analyzed by SVD and nonlinear least
squares fitting procedures to establish (i) the minimum
kinetic mechanism that fit the data; (ii) the kinetic differ-
ence spectra of the species involved and (iii) the associated
rate constants and their standard errors. Figure 5 shows
the results of an analysis of the data set for K+-induced
folding data for ODN1 in Figure 4A. SVD analysis
revealed that the time–wavelength profile could be ade-
quately represented by a two-state reaction U ! F.
Fitting the data matrix to a single exponential process
resulted in an adequate representation of the progress
curve for the reaction. This is illustrated by the congruence

Figure 4. Representative 3D plots of the wavelength and time dependence of spectral changes accompanying cation-induced folding of ODN1.
(A) Shows the time-dependent evolution of absorbance changes between 270 and 340 nm for K+-induced folding of ODN1. (B and C) Illustrate
resolution of absorbance changes into rapid (B) and slower (C) time domains for Na+-induced folding of ODN1. ODN1 (8 mM) was mixed with
100mM KCl or 200 mM NaCl (all reagents in folding buffer). The temperature was 258C. The reactants were diluted 2-fold and the path length of
the observation cuvette was 2.0 cm.

Table 1. Optimal parameters for fitting cation-binding curves in

Figure 2

ODN Sequence Cation K0.5 (mM) Hill
coefficient, n

1 d[AGGG(TTAGGG)3] K+ 0.51� 0.03 1.5� 0.1
Na+ 4.40� 0.04 2.38� 0.05

2 d[TTGGG(TTAGGG)3A] K+ 2.05� 0.08 1.76� 0.07
Na+ 12.8� 0.1 2.38� 0.05

3 d[TTGGG(TTAGGG)3] K+ 0.82� 0.03 2.2� 0.1
Na+ 7.9� 0.1 2.9� 0.1
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of the experimental and calculated progress curves at the
295 nm and the residual plot shown in Figure 5A. The
relatively large residual for the initial data points can be
attributed to a mixing artifact. For the data set shown, the
best fitting value of the observed pseudo first-order rate
constant kobs is 26.7 � 0.2 s�1. Similar monophasic kine-
tics results observed for K+-induced folding of ODN2
and ODN3 (kobs values of 4.6 � 0.2 s�1 and 15.8 �

0.3 s�1, respectively). Complete results for K+-induced
folding of ODN2 and ODN3 are given in the Supplemen-
tary Data (Figures S5–S7).

SVD analysis of multiwavelength kinetic data coupled
with fitting to a specific mechanism allows determination
of the kinetic spectra of the kinetically significant species.
Since our analysis of the K+-induced folding data can be
described by a single exponential process, the significant
spectra will be those of the unfolded species U and the
folded species F. Since the difference spectral data were
analyzed, the basis spectra are represented by iA1=
AU – AF and iA2=AU – AU. Obviously, the latter

difference spectrum will consist of a null spectrum if
only two species, U and F, are present during the course
of the reaction. As shown in Figure 5B, this expectation is
fulfilled for K+-induced folding of ODN1. The kinetic
difference spectrum for ODN1-KCl that represents the
difference in absorbance between U and F, overlays to
within �10% with the difference spectrum determined
by equilibrium titration. This result indicates that �90%
of the expected absorbance change was observable in the
stopped flow apparatus; the unobserved change most
likely can be accounted for by the dead time of the appa-
ratus. The second significant difference spectrum is essen-
tially a null spectrum as expected for the two-species
reaction pathway. Similar results were obtained for K+-
induced folding of ODN2 and ODN3 (Figure S8).
The kinetics of Na+-dependent oligonucleotide folding

was analyzed in a similar fashion as described above for
K+-induced folding. SVD and curve fitting analysis
showed that three sequential exponential processes were
required to adequately reproduce the data sets for folding

Figure 5. SVD and nonlinear least squares analysis for K+- and Na+-induced folding of ODN1 (data sets of Figure 4). Panels A and C compare
experimental progress curves at 295 nm to simulated curves generated by global fitting of the wavelength–time courses data matrix to a single
exponential process for K+ (A) folding and triple exponential processes Na+ folding of ODN1 (C). The optimal rate constants are given in the text.
The residual plots (A and C) indicate the deviations of the experimental and fitted absorbance changes. The kinetic and static difference spectra
are compared in (B) for K+-driven folding and in (D) for Na+-driven folding. The equilibrium difference spectra are taken from the titration data of
Figure 2 and the kinetic difference spectra were derived by SVD and least square fitting procedures as described in the text. The �" values are derived
with reference to the fully folded structure.
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of all of the oligonucleotides in Na+ solutions. The results
of a representative experiment are shown in Figure 5C and
D for the data matrix for Na+-induced folding of ODN1
depicted in Figure 4B and C. Fitting to single and double
exponential rate expressions resulted in large systematic
deviations of the fitted and experimental progress curves.
Figure 5C shows that three sequential exponentials
(modeling the U ! I1 ! I2 ! F reaction pathway)
were required to match the experimentally observed
progress curve at 294 nm. The residual plots show that
the three-exponential fit (magenta points) gives a signifi-
cantly better fit of the progress curve than two exponential
fit (blue points). The optimal rate constants for ODN1
folding in 100 mM NaCl (Figure 4B and C) are 11.9 �

0.1, 1.07 � 0.05, 0.0095 � 0.0020 s�1. The corresponding
constants for ODN2 and ODN3 in 100mM NaCl are
14.5 � 0.6, 3.0 � 0.2 and 0.7 � 0.1 s�1 for ODN2 and
26.2 � 1.4, 4.0 � 0.3 and 0.67 � 0.03 s�1 for ODN3,
respectively.
The kinetic difference spectra associated with the ODN1/

100mM NaCl data set are illustrated in Figure 5D.

As with K+, the most significant difference spectrum is
that for U–F with the less intense spectra attributed
to intermediates U � I1 and U � I2. An overlay of the
kinetic and static difference spectra are in reasonable agree-
ment, which indicates that the kinetics account for the
expected absorbance change as determined over the
relevant wavelength range. The corresponding fits for
ODN2 and ODN3 are given in the Supplementary Data
section (Figure 5B).

Dependence of the observed rate constant kobs on [KCl]
and [NaCl]. Previous studies have shown that cation
exchange in G-quadruplexes occurs on a microsecond
time scale (6,54–56). Based on this, we expected that the
folding rates might be independent of cation concentra-
tion on the millisecond time scale accessible to stopped-
flow mixing. However, as shown in Figure 6A and B, the
observed folding rate constants (kobs) increased with
cation concentration in a nonlinear fashion, approaching
maximal values at higher concentrations. The functional
relationship between kobs and [M+] differed for the two

Figure 6. Dependence of the rate constants for oligonucleotide folding on cation concentration. (A) Shows sigmoidal dependence of kobs on [KCl] for
ODN1, ODN2 and ODN3. The lines illustrate the best fit of the data to Equation 4 determined by nonlinear least squares analysis. The line was
calculated using the optimal values for n, k2 and K in Table 2. (B) Shows a similar fit on [NaCl] of the fastest rate constant for ODN1, ODN2 and
ODN3 folding. The lines represent the dependence of kobs on [NaCl] calculated using the optimal values of k2 and K in Table 2. (C and D) Show
the dependence of the rate constants for the slower relaxations (k3 and k4) on [NaCl]. The lines connect the data points but have no theoretical basis.
The error bars represent the SD of the fitted parameter.
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cations in that kobs for K+-induced folding exhibited a
sigmoidal dependence on cation concentration, while the
relationship between kobs and [Na+] was hyperbolic. This
type of saturation behavior can be mechanistically inter-
preted as a cation-dependent preequilibration step, e.g. a
rate-limiting isomerization of an intermediate that is sta-
bilized by bound cations. The sigmoidal dependence of
kobs on [K+] (Figure 6A) suggests that the intermediate
contains more than one bound cation (mechanism 3):

Uþ n Kþ
k1
.

k�1

I�Kþ
n þ ð2� nÞKþ k2

�!
F�Kþ

n 3

Equation 4 below describes the dependence of such a rate-
limiting isomerization mechanism on ligand binding as a
function of ligand concentration [M+]:

kobs ¼
k2 � ð½M

þ�
n

ðKn þ ½Mþ�
n
Þ

4

where k2 is the value of kobs at saturating cation concen-
tration, K=(k�1 + k2)/k1 and n is related to the number
of M+ ions involved in formation of the complex. To
obtain optimal values of the parameters n, K and k2, the
data in Figure 6A, were fit by nonlinear least squares to
Equation 4; the resulting parameter values are summar-
ized in Table 2. The values of n for K+-driven folding of
ODN1, ODN1 and ODN3 are 1.6–1.9, suggesting that
formation of the preequilibrium complex requires the par-
ticipation of two K+ ions in keeping with the known
stoichiometry of two K+ per three quartets. Values for
k2 (which can be interpreted as the rate of formation of
the final folded form from the preequilibrium complex)
are �160 s�1 for ODN1 and ODN3 and �80 s�1 for
ODN2. These rate constants convert to relaxation
times of about 6 and 12ms for the rate-limiting step of
K+-dependent folding of these structures.

As shown earlier, the kinetics of Na+-driven oligonu-
cleotide folding required three exponential processes with
time constants differing by �10-fold. This suggests that
Na+-induced folding requires at least three intermediates:

Uþ n Naþ
k1
.

k�1

I1�Naþn
k2
�!

I2 k3
�!

I3 k4
�!

F�Naþ3 5

As observed with K+-induced folding, the rate of the most
rapid relaxation in Na+ approached a limiting value as
the concentration of the ion concentration increased.

However, in contrast to the folding kinetics in K+ solu-
tion, the relationship between kobs and [M+] was hyper-
bolic rather than sigmoidal (i.e. n=1 in Equation 4).
Equation 6 thus describes the relationship between the
rapid formation of I1 and the rate of its conversion to I2:

kobs ¼
k2½Naþ�

½ð½Naþ� þ KÞ�:
6

The hyperbolic dependence of kobs on [Na+] suggests that
a single sodium ion is required for formation of intermedi-
ate I1. The rates of formation of I2 and I3 also were
[Na+]-dependent, suggesting that formation of these
structures also involves stabilization of intermediates I2
and I3 by binding a second and third cation (Figure 6B
and C).

Temperature dependence of folding. Determination of the
effect of temperature on the rate of biopolymer folding can
provide useful information about the folding pathway that
can suggest characteristics of the transition state ensemble,
defined as high-energy conformations that lie on the path-
way between the unfolded and folded states (33,57–59). In
favorable cases, the thermodynamic activation parameters
iG�, iH� and iS� associated with formation of the
rate-limiting, high energy ensemble can be determined
(33,58,60). Nonlinear Eyring plots (ln k/T versus 1/T)
are frequently found with biopolymer folding reactions
rather than the linear Arrhenius relationship characteristic
of the temperature dependence of the rate of a simple
chemical reaction. In the current study, anomalous
Eyring plots were observed for cation-induced G-quadru-
plex folding. Figure 7A shows that kobs for ODN1
and ODN2 folding exhibited temperature optima at
�10–208C. The rate of K+-induced folding of ODN1
exhibited the greatest temperature dependence with kobs
decreasing �5-fold between 158C and 458C. The rate of
Na+-dependent folding of ODN2 was less sensitive to
temperature, showing an approximate 2-fold decrease in
the same temperature range. For ODN1 folding in Na+,
kobs increased as temperature increased from 78C to 158C,
but then decreased with further temperature increases.
The slower rate constants k2 and k3 associated with the
slower steps of Na+-induced folding also exhibited small
variations with temperature. The mechanistic implica-
tions of these negative apparent activation energies are
discussed below.

DISCUSSION

The primary purpose of the experiments presented here
is to define the kinetics of intramolecular folding of
G-quadruplex structures and from these data derive a
self-consistent mechanism that fits with the known struc-
tures of the folded oligonucleotides. As indicated in the
Introduction section, a search of the literature revealed
few published studies that directly examine the folding
kinetics of simple G-quadruplexes; to our knowledge, no
kinetic study has been published that utilizes fold-specific
changes in the UV spectrum to define the kinetics of quad-
ruplex formation. We therefore undertook the current

Table 2. Optimimal parameters for fitting cation dependence of kobs in

Figure 6A and B

ODN Cation K (mM) k1
max (s-1) n

1 K+ 0.129� 0.004 167.9� 4.1 1.73� 0.09a

Na+ 0.07� 0.03 20.6� 3.5 1b

2 K+ 0.188� 0.009 82.4� 4.1 1.93� 0.05
Na+ 0.17� 0.05 23.4� 2.8 1b

3 K+ 0.201� 0.005 156.9� 2.9 1.56� 0.02
Na+ 0.40� 0.08 129� 17 1b

aKCl data fit to Equation 5 (Hill equation).
bNaCl data fit to Equation 7 (hyperbola).
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study using rapid multimixing stopped flow spectrophoto-
metry to define the time-dependent changes in absorption
spectra that accompany cation-driven quadruplex forma-
tion. The cations chosen were the major intracellular
cation K+ along with Na+; the latter may play a regula-
tory role in conformational switching of G-quadruplexes
by virtue of its ability to induce structural rearrangements
in quadruplexes (22). The oligonucleotides chosen include
two models of the human telomere, d[AG3(TTAGGG)3]
(ODN1) and d[TTG3(TTAGGG)3A] (ODN2) for which
solution structures have been defined by NMR. In addi-
tion, we determined the effect on the folding kinetics of
deletion of the 30-A of ODN2. This base stacks against the
penultimate guanine and therefore could influence the
access of ions to their binding sites within the quadruplex.
Lastly, as an integral part of the kinetic analysis to define
the spectroscopic endpoints of folding, we measured
cation-induced folding isotherms as a means of assessing
cation dependence of folding in which the data were ana-
lyzed in detail by SVD to suggest the presence of inter-
mediate spectroscopic species. These studies provide new

information on the kinetics and equilibria of cation-
induced folding for three simple models of a human
telomere.

The equilibrium titrations show that both K+ and Na+

induce human telomeric oligonucleotides to fold in a
cooperative fashion with Hill coefficients consistent with
the known stoichiometry of two K+-binding sites between
G-quartets and three Na+-binding sites located within
each quartet. The spectroscopic changes and well-defined
stoichiometry of cation binding indicate that the titra-
tion and kinetic experiments reflect specific binding
events rather than nonspecific electrostatic interactions
between cations and backbone phosphates, which, for
G-quadruplexes, has been shown not to exhibit a prefer-
ence for either cation (61). In agreement with previous
studies (61), apparent binding affinities for K+ were
greater than that for Na+. However, even though cation
binding is known to be necessary for stabilization of indi-
vidual G-quartets, cooperativity has not been previously
reported, nor has direct evidence of partially liganded
quartets been presented. Analysis of the wavelength
dependence of the titration curves suggests the presence
of intermediates with less than a full stoichiometric com-
plement of cations. This result implies a sequential
mechanism of cation stabilization rather than a concerted
one. This is suggested by the observation that the Hill
coefficients associated with the binding reactions were gen-
erally less than the theoretical maxima for each of the
oligonucleotides studied with the exception of ODN3 in
Na+ solution, where the n-value approached the theore-
tical maximum of 3.0.

The kinetic studies reveal that cation-induced folding
of these monomeric model telomeric sequences probably
proceeds through rapid formation of an intermediate
cation–oligonucleotide complex that subsequently iso-
merizes in a slower step(s) to the fully folded structure.
For K+-induced folding, a single kinetically significant
isomerization was observed, while Na+-induced folding
was more complex, requiring three steps subsequent to
the initial rapid equilibrium step to achieve a final folded
structure.

The apparent negative activation energy of folding is
consistent with a variety of complex folding mechanisms,
including a change in rate-limiting step with temperature,
a temperature-induced change in stability of the ground
states or a change in the heat capacity Cp of the activated
complex (58) brought about by temperature-dependence
of iH�. It is conceivable that all of these factors may
contribute to the observed negative temperature depen-
dence of quadruplex folding. First, saturation kinetics
implies a multistep folding pathway in which different
steps may become rate limiting at different temperatures.
Second, recent studies demonstrate that G-quadruplex
folding is accompanied by a significant iCp (62).
Changes in Cp during nucleic acid folding have been
attributed both to a decrease in exposure of nonpolar
(particularly guanine groups) and polar groups to solvent
as well as base stacking (62).

A hypothetical folding pathway that provides a struc-
tural framework for interpretation of the complex kinetics
of cation-driven folding of G-quadruplexes is illustrated

Figure 7. Temperature-dependence of the rate constant kobs for K+-
and Na+-induced folding of ODN1, ODN2 and ODN3 (A) and for the
slower relaxations associated with folding in NaCl (B). The error bars
represent the SD of the fitted parameter.
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in Figure 8. This pathway, which is modified from one
recently suggested by Mashimo et al. (63), incorporates
the kinetic evidence in this article. At low ionic strength,
oligonucleotides probably exist as an ensemble of
extended structures as dictated by internal electrostatic
repulsion of the backbone phosphate anions.
Introduction of quadruplex-stabilizing cations will rapidly
reduce this electrostatic repulsion in accordance with poly-
electrolyte theory (23), which indicates that a shell of
loosely bound cations is associated with polynucleotides.
This charge neutralization will result in the collapse
of the extended structures to more compact structures
(the electrostatic collapse shown in Figure 8). Such a
collapse has been discussed previously with respect
to nucleotide folding and conceptually resembles the
hydrophobic collapse that drives protein folding (6,34).
For the specific experimental starting conditions of these
studies (e.g. 10 mM tetrabutylammonium phosphate), the
ionic strength is appreciable and the unfolded starting
ensemble probably has already collapsed into compact
structures.

In the second step, in the diagram, a small fraction of
the collapsed structures may consist of hairpins with inter-
nal H-bonds between appropriate bases; e.g. hairpins in
proper register for folding into stacked G-quartets could
be stabilized by intrachain hydrogen bonding between A8
and T18 located in the loop regions in ODN2. Such cor-
rectly folded structures could then spontaneously fold
back on themselves to generate H-bond stabilized quar-
tets. Cation incorporation at specific binding sites either
within or between quartets would then stabilize the
stacked structures. The dependence of the folding
rate on cation concentration (Figure 6) suggests that two

K+ ions or one Na+ ion may stabilize these intermediates.
For the K+-stabilized structures, the rate-limiting step
is evidently folding of the thermodynamically stable struc-
ture, which for ODN2 involves formation of the trans-
verse loop in Figure 8. As indicated in the diagram,
the G2–G4 H-bonded structures may be in equi-
librium with the H-bond free structures, thereby allow-
ing rotation to occur about G3 of the H-bond
free conformers, allowing formation of the antiparallel
strand from the parallel orientation Fluctuations in
polynucleotide H-bonding has been shown to take place
on a millisecond time scale in homopolymers (64). We
suggest that this conformational rearrangement may be
the rate-limiting step characterized by k2 in reaction
sequence 3.
Na+-stabilized quadruplexes are generally topographi-

cally more complex than the K+-bound structures. A
kinetic consequence of this structural complexity is kinetic
complexity, demonstrated here by the two additional
relaxations required to achieve a stable folded state. The
dependence of the intermediate relaxation k2 on a single
Na+ ion (Figure 6B) suggests that this complex may con-
sist of a double hairpin structure stabilized by one bound
Na+ ion. This structure could undergo transient separa-
tion of the two arms of the double hairpin followed by a
rotation about the loop connecting strands one and two of
the initial chair structure. This conformational change
resulting in formation of the transverse loop at the
bottom of Figure 8 could be driven by H-bonding invol-
ving the first and fourth strands and also by incorporation
of a Na+ ion within the quartet. The dependence of k2 and
k3 on [Na+] suggests that these steps involve stepwise
cation-dependent conformational changes.

Figure 8. Schematic illustration of a hypothetical reaction scheme for cation-induced folding of oligonucleotide models of the human telomere. The
orientation of the structures in the diagram is the same as in Figure 1. Blue spheres represent K+ ions and red spheres represent Na+ ions. For
simplicity, single initial and intermediate conformers are illustrated, although these most likely consist of an ensemble of rapidly equilibrating,
approximately isoenergetic structures. For example, identification of the central quartet in the lower pathway as the site of binding for the first
Na+ is arbitrary. The equilibrium states of ODN1 in Na+ and ODN2 in K+ (shown in Figure 1) consist of single conformers. In contrast, ODN1 in
K+ solution consists of a mixture of conformers.
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CONCLUSIONS

Folding of cation-driven human telomeric model oligonu-
cleotides is cooperative with respect to cation concentra-
tion in equilibrium titrations; however, the binding
equilibria were not consistent with a two-state, all-
or-none folding reaction as small concentrations of spec-
troscopically distinct intermediates were detected. These
species presumable are partially folded species with less
than a full complement of bound cations.
The kinetics of K+-induced folding occurs in two steps.

The data are consistent with the folding pathway U +
2K+

. I � Kþ
2 ! F � Kþ

2 . Intermediate I may be a
chair structure and the rate limiting step may involve a
conformational change forming the lateral loop connect-
ing strands one and two of the quadruplex. The folding
process is relatively rapid at physiological concentrations
of K+, requiring about 6ms for formation of the fully
folded structure.
For Na+-driven folding, three exponential relaxations

are evident. As with K+, the cation dependence of the
rapid relaxation suggests formation of a Na+-oligonu-
cleotide complex that subsequently undergoes a series of
kinetically significant conformational changes as the final
folded structure is attained. A minimal pathway for Na+-
induced folding that is consistent with the kinetic data is U
+ 3Na+ . I1 � Na+ ! I2 � Na+ ! I3 � Na+ ! F �

Naþ3 . The actual stoichiometry of Na+ binding to the
intermediates remains to be determined, but may involve
successive additions of ions to the partially folded struc-
tures rather than the concerted addition of K+ suggested
by the dependence of kobs on [K+] (Figure 6). The multi-
step, Na+-driven folding kinetics may result from the
more complex topography of the quadruplexes stabilized
by this ion, which requires two loop rearrangements to
give double-strand reversals. In the presence of Na+ as
the sole cation, formation of the initial folding intermedi-
ate is nearly as fast as with K+, but the presence of the
two additional conformational rearrangements (requiring
formation of multiple new H-bonding partners) increases
the time for complete folding to as much as 25 s for the
model sequences studied.
As a final interesting observation, the number and iden-

tity of bases at the 50 end of the quadruplex and addition
of a base to the 30 end of the quadruplex affects the rate of
folding but does not alter the basic multistep mechanism.
In particular, truncation of ODN2 by deletion of the 30A
markedly increases the limiting rate of the initial step in
Na+-induced folding but has less influence on the limiting
rate of K+-induced folding.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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