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ABSTRACT: The 3’ strand of telomeres is composed of tandem repeats of short G-rich sequences which
protrude as single-stranded DNA overhangs. These repeats are G3T>A in humans and G4T, and G4T4 in the
ciliates Tetrahymena and Oxytricha, respectively. We analyzed different quadruplex-forming sequences
derived from telomeric sequences, G3 (T, xG3.x)3 and Gz, x(T>AG3.4)s, in the presence of Li*, Na™, and
K™ through the use of circular dichroism, UV spectroscopy, and electrophoresis, where k = 0 or 1 and
n = 1-3. Results obtained under the given conditions can provide more detailed information about the
quadruplex structure. The major findings are as follows. (i) G-Repeats in solution form a mix of topologically
different structures; only G;(T>G3); and G;(TGs); repeats preferentially form the parallel interstrand
structure. (ii) The Tetrahymena repeat can form at least two intramolecular conformers with different strand
orientations and levels of stability. (iii) G-Quadruplex conformation and molecularity strongly depend on the
type and concentration of ions used in the solution. The formation of intramolecular quadruplexes is
governed by the length of the loops connecting G-runs. Intermolecular G-quadruplex forms are more likely to
form in a higher concentration of ions for sequences where G-runs are separated by only one or two

nucleotides.

Nucleic acid sequences containing several short runs of
guanine nucleotides can form complex higher-order structures,
termed quadruplexes. These noncanonical DNA motifs are
believed to be involved in a variety of biological functions; it is
suggested that they may also be important causal factors in cell
aging and human diseases such as cancer (I, 2). There is also
evidence that telomeres serve as a type of biological clock, as
the telomere structures appear to become shorter with each
successive cell cycle. In immortalized cells and in cancer cells,
however, telomerase is activated to maintain the length of the
telomere (3).

The presence of several tracts containing guanines can favor
the formation of topologically diverse G-quadruplex structures.
The conformational plasticity of DNA depends on the environ-
ment (buffer, pH, temperature, etc.) and on the DNA sequence
itself (4). The formation of G-quartets and their subsequent
stacking are fundamental to quadruplex formation and stability.
Intramolecular quadruplexes form stable structures, especially in
the presence of potassium, though small changes in the sequence
can have significant effects on the structure and stability (5).
However, multimolecular conformers are also formed under the
same conditions. G-Rich sequences with the ability to form
quadruplex structures are found in telomeric regions of DNA,
which contain repeated sequences such as (G3T,A), in humans
and most other higher eukaryotes (6—38), (G4T5), in Tetrahymena,
and (G4T,), in Oxytricha and Stylonchia (9).
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Guo et al. studied the stability of the tetramolecular structures
formed by d(T,Gy), where n = 1-38, the result being that the
most stable structure was formed by the n = 1 sequence (10). Ina
study undertaken by Hazel et al., they determined that the length
of the loop region of the sequence can have an impact on the
folding of G-quadruplexes (/7). Intermolecular quadruplexes
usually adopt a structure in which all the strands are parallel,
while the arrangement in intramolecular complexes can be
parallel, antiparallel, or a combination of both (12).

However, there is still some debate over which structure is
biologically relevant (/3). The NMR' structure of a four-repeat
human telomeric sequence [d(T,AGs),] was shown to be a folded
antiparallel monomolecular G-quadruplex in the presence of
Na™ (14). In contrast, the resolved crystal structure of the same
sequence in the presence of K™ showed that the G-quadruplex is
indeed monomolecular, but that it is an all-parallel-stranded
structure with all loops being of the propeller type (/5). This
structure does not seem to be a prevalent form in solution
(12, 16). Different conformations of human telomeric oligomers
in water solutions and in crystals have been reported by several
authors (13, 14). Instead, the structure adopted in the presence of
K™ is a mixture of two hybrid structures comprised of three
parallel strands and a fourth pointing in the opposing direc-
tion (17, 18). Several recent studies have shown that sequences
closely related to the human telomeric repeat adopt a mixed
topology with one double-chain reversal and two edgewise
loops (16, 19, 20).

Several spectroscopic techniques can be used to monitor the
structural stability of G-quadruplexes: UV molecular absorption,

!Abbreviations: TGGE, temperature-gradient gel electrophoresis;
TBA, thrombin binding aptamer; NMR, nuclear magnetic resonance.
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Table 1: Oligodeoxynucleotides Used in This Study

name no. of nucleotides £ (mM ' em ™) sequence” (5 — 3')
G3T 15 170.4 GGGTGGGTGGGTGGG
G3T2 18 199.2 GGGTTGGGTTGGGTTGGG
G3T2A 21 245.4 GGGTTAGGGTTAGGGTTAGGG
G3T3 21 228.0 GGGTTTGGGTTTGGGTTTGGG
G4T2 22 246.4 GGGGTTGGGGTTGGGGTTGGGG
G4T2A 25 292.6 GGGGTTAGGGGTTAGGGGTTAGGGG
GA4T3 25 275.2 GGGGTTTGGGGTTTGGGGTTTGGGG
G4T4 28 304.0 GGGGTTTTGGGGTTTTGGGGTTTTGGGG
20mer 20 - GCTATGGCTTGCTATGGCTT
40mer 40 - GCTATGGCTTGCTATGGCTTGCTATGGCTTGCTATGGCTT

“Millimolar extinction coefficient. *G-Runs are underlined.

circular dichroism (CD), fluorescence (FRET), and NMR. Of
these methods, UV/CD can be considered the most appropriate
technique, because the measured instrumental response is ex-
tremely sensitive to the distance between the interacting strands,
and the inclination and the distance between the bases and the
axis of the structure; the technique can also be performed with
acceptable costs. Electrophoresis is another commonly used
technique. During electrophoretic separation, the samples of
negatively charged DNA fold into various structures and they
move toward the anode at different rates.

In this article, the effects of systematically varying G-tracts and
the loop lengths of the four repeats derived from telomeric
sequences are evaluated by CD and polyacrylamide gel electro-
phoresis (PAGE). We not only focus on biologically relevant
sequences but also analyze a wider range of quadruplex-forming
sequences, d[G3i(T,14G314)3] and d[G3 4 1(ToAG34)s], where
k = 0or1andn = 1-3, as they can offer valuable information
about quadruplex folding. All of these sequences, where k = 0,
occur in the human genome in many copies. In addition,
comparative thermodynamic analysis in the presence of three
different monovalent ions is also performed.

MATERIALS AND METHODS

Material and Equipment. All chemicals and reagents were
obtained from commercial sources. The acrylamide/bisacrylamide
(19:1) solution and ammonium persulfate were purchased
from Bio-Rad, and polyethylene glycol (PEG) 200 and N,N,N',
N'-tetramethylethylenediamine were purchased from Fisher
Slovakia. DNA oligomers (sequences listed in Table 1) were
obtained from Sigma Genosys and Biosearch Technologies, Inc.
Al DNA oligomers were PAGE-purified and dissolved in doubly
distilled water before use. Single-strand concentrations were
precisely determined by measuring the absorbance (260 nm) at
90 °C using molar extinction coefficients provided by Sigma
Genosys. The concentration of DNA was determined by UV
measurements taken with a Varian Cary 100 UV—visible spectro-
photometer (Amedis). Cells with optical path lengths of 10 mm
were used, and the temperature of the cell holder was controlled
with an external circulating water bath (Varian).

Circular Dichroism Spectroscopy. CD spectra were re-
corded on a Jasco (Easton, MD) J-810 spectropolarimeter
equipped with a PTC-423 L temperature controller using a
quartz cell with an optical path length of 1 mm in a reac-
tion volume of 300 uL and an instrument scanning speed of
100 nm/min, a 1 nm pitch, and a 1 nm bandwidth, with a response
time of 2 s, over a wavelength range of 220—320 nm. The scan of

the buffer was subtracted from the average scan for each sample.
CD spectra were collected in units of molar circular dichroism
versus wavelength. The cell holding chamber was flushed with a
constant stream of dry nitrogen gas to prevent the condensation
of water on the cell exterior. All DNA samples were dissolved and
diluted in suitable buffers containing appropriate concentrations
of ions. The concentration of DNA oligomers used in the experi-
ment was kept close to ~2.5 uM; absorbances were chosen to give
an absorption of ~0.4—0.8 at the absorption maximum. Circular
dichroism was expressed as the difference in the molar absorption
of the right-handed and left-handed circularly polarized light, Ae,
in units of M~" ecm™'. The molarity was related to DNA
oligomers; the final spectra express the same DNA strand
concentration of oligomer which is essential for accurate CD
amplitude information. DNA samples were annealed at 95—98 °C
for 5 min and then allowed to cool for ~2 h to the initial
temperature at which the samples were kept at the beginning of
the experiment. CD data represent three averaged scans taken over
a temperature range from 20 to 95 °C and for less stable structures
arange from —5to 80 °C. All CD spectra are baseline-corrected for
signal contributions caused by the buffer. The Britton-Robinson
buffer was used in all experiments: 25 mM H;POy, 25 mM boric
acid, and 25 mM acetic acid supplemented with appropriate
concentrations of KCI, NaCl, and LiCl. The pH was adjusted
with Tris to the final value of 7.0.

Melting Curves. The CD melting profiles were recorded at
265 and 295 nm. The thermal stability of different antiparallel
quadruplexes was also measured by recording the UV absor-
bance and the CD ellipticity at 295 nm as a function of
temperature, by a method similar to that published pre-
viously (21). The temperature ranged from 20 to 95-99 °C,
and the heating rate was 0.25 °C/min. The melting temperature
(T},) was defined as the temperature of the midtransition point.
T, was estimated from the peak value of the first derivative of the
fitted curve. This Ty, value was used as an initial parameter of
thermodynamic analysis. From the relation AG® = —RT In(K) =
AH® — TAS®, we can deduce that In(K) = —(AH°/R)(1/T) +
(AS°/R). Thus, In(K) can be expressed as a linear function of 1/7.
The equilibrium constant K can be written as K = a/(1 — a) for
an intramolecular equilibrium (o is the fraction of folded
oligodeoxynucleotide). o (in the range of 0—1.0) and K can easily
be determined at each temperature from the melting profiles. By
assuming a two-state unfolding mechanism, we can calculate the
fraction of unfolded molecule, 1 — a, using the equation 1 — o0 =
(Yr — Youe)/(Yr — Yy), wWhere Y., is an observed variable
parameter (e.g., mobility, absorbance, ellipticity, fluorescence,
etc.) and Yrand Y, are the values of Y characteristic of the folded
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and unfolded conformations, respectively. An evaluation of
equilibrium constants in the transition region requires exten-
tions of pre- and postunfolding baselines into the transition
region: Y(T) = Y{(Ty) + A;T and Y(T) = Yu(To) + BiT, where
Y{(T,) and Y,(T,) are intercepts and A4; and By are slopes of
pre- and postunfolding regimes, respectively. Then AG® = —RT
In(Yr = Yous)/(Yons — Yu) (21). From this equation, we can easily
express Y(T) = [Y; + Y, exp(AG/RT)]/[1 + exp(AG/RT)] and
then Y(T) = {Y{(T,) + A¢T + [Yu(To) + B.T] exp(AH — TAS/
RT)}/[1 + exp(AH — TAS/RT)], with Yy, Y, Ap, By, AH, and AS
as fitting parameters. For a biphasic transition curve, we
evaluated each transition separately (Figure S8 of the Supporting
Information). The goodness of fit of a statistical model describes
how well it fits a set of observations. Therefore, the reduced y>
parameter was calculated for each fit. When the deviation is
greater than 5%, the fitting curve does not describe two-state
unfolding.

Electrophoresis. Native polyacrylamide gel electrophoresis
(PAGE) was conducted in a temperature-controlled vertical
electrophoretic apparatus (Z375039-1EA, Sigma-Aldrich, San
Francisco, CA). The gel concentration was 16% (19:1 monomer:
bis ratio, Applichem, Darmstadt, Germany). Approximately two
micrograms ('/s of the amount of DNA that was used for CD
experiments) was loaded on 14 cm x 16 cm x 0.1 cm gels.
Electrophoreses were run at 10, 20, and 55 °C for 4 h at 126 V
(~8 V.em™"). A description of the TGGE equipment used has
been published previously (22). However, for this kind of
experiment, ~10—15 ug of DNA was loaded into the electro-
phoretic well. DNA oligomers were visualized with silver after the
electrophoresis, and the electrophoretic record was photo-
graphed with an Olympus Camedia 3000 camera (23). Objective
melting curves from electrophoresis were obtained using the
procedure that has been described previously (22).

RESULTS

We recorded the CD spectra, PAGE, and thermal melting
profiles of a series of oligonucleotides that contain G-tracts of
varying lengths, specifically, three and four guanines. G-Tracts in
series are separated by bases, which can form loops of quadruplex
structures with lengths between one and four: T, TT, TTT, TTA,
and TTTT (Table 1).

CD Spectroscopy of G-Rich Oligonucleotides. The CD
spectra of quadruplexes can be used to indicate whether they fold
into a parallel or antiparallel configuration (/6). Quartet stacking
and the polarity of DNA strands are the determining factors of
the intensity and shape of the CD spectrum, in particular the
rotation angle between the stacks (20, 24). However, the inter-
pretation of optical properties such as hypochromicity or the
shape and sign of CD bands can be controversial (25). Antipar-
allel quadruplexes exhibit positive CD signals at ~295 nm, with a
negative signal at 260 nm, and in addition the 3+1 conformer
exhibits a shoulder at 265—270 nm (/8). In contrast, parallel
G-quadruplex structures give a positive band at ~265 nm and a
negative peak at 240 nm. Unfolded oligonucleotides do not
display these spectral signatures. These spectral features are
mainly attributed to the specific guanine stacking in various
G-quadruplex structures (26, 27). Figure 1 shows CD spectra of
oligonucleotides in Britton-Robinson buffer containing 50 mM
KCl, NaCl, and LiCl. In addition, CD measurements were
performed in the same buffer containing 0, 2.5, 25, and
200 mM KCl at pH 7.0. Before the CD measurements, each
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DNA sample was dissolved in an appropriate buffer, heated to
95-98 °C, and slowly cooled to the initial temperature of the CD/
UV measurement. One can see that, in the presence of K* and
Na™, only the G5T and G3T, sequences display a major positive
peak at ~265 nm with a minimum at ~240 nm, which is typical
for a parallel strand arrangement. However, all sequences except
G;T show significant peaks at ~295 nm due to the formation of
antiparallel G-quadruplexes in the presence of lithium. G3T,
exhibits a slight ellipicity at ~295 nm with a potassium concen-
tration of 25—200 mM, but at 2.5 mM KCl, this peak is more
evident. The positive peak at ~295 nm achieves a maximum of
~6—8 M~ em ™" for any sequence in which antiparallel arrange-
ments of G-quadruplexes exist. The molar concentrations of the
DNA oligomer are the same for all sequences. The oligonucleo-
tide concentration was determined from the absorbance of
oligomers in linearized unfolded states measured under post-
denaturing conditions (~95 °C). Each panel in Figure 1 repre-
sents a CD spectrum corresponding to the same molar
concentration of the strand in cells.

Once again, the G4T, sequence shows a positive CD peak at
~265 nm and a significant peak at ~295 nm in the presence of
K™*. Higher concentrations of K™ cause the peak to increase and
decrease to ~265 and ~295 nm, respectively (Figure 1E, red
dashed line). The peak at ~295 nm was observed in the presence
of Li* and Na™, but the second benchmark peak was detected
below 260 nm, similar to that observed previously in other
quadruplex-forming aptamers (24). However, it has been em-
phasized previously that a peak under 260 nm does not necessa-
rily reflect the formation of parallel quadruplexes (28). It has also
been shown that the unpaired guanines in the loops might also
affect the CD spectra (29). Other oligomers exhibit a maximum of
ellipticity at ~293 nm and a minimum at ~265 nm in the presence
of Li" and Na', suggesting that they could form antiparallel
quadruplex structures. Interestingly, the negative peak at
~260 nm within the G4T>A sequence is observed only in the
presence of potassium ions. The TBA sequence (thrombin
binding aptamer) shows similar spectral features under the same
conditions, which could suggest the antiparallel chair configura-
tion that has been determined previously (28). Quadruplexes
which show positive peaks at ~295 nm and shoulders at 265 nm
may exhibit structural polymorphism, with a significant fraction
adopting both antiparallel and parallel strand arrangements.
This spectrum profile can be explained by the spectral convolu-
tion of parallel and antiparallel conformers (27) and by the
formation of so-called 3+1 hybrid structures (18, 20, 25). Such
spectral features can be seen clearly in G3Ts and G;T,A
sequences in the presence of K.

An unusually high value of ellipticity at ~265 nm for G5T and
G;T, was also observed, mainly in the presence of K*. On the
basis of the suggestions of other authors and our results, it seems
that molecularity and molar ellipticity are closely related and
that, consequently, elliptic signals depend on the amount of
stacked glycosyl bonds (27, 30). In other words, this means that
the elliptic signal at ~265 and ~295 nm could be proportional to
the number of stacked glycosyl bonds in the syn and anti
configuration, respectively (27). However, such an evaluation
cannot be confirmed at present, although the conversion of one
conformer to other conformations induced by cation, polyethy-
lene glycol (PEG 200), and ethanol has been studied by many
authors (3/—34). Currently, we can only hypothesize and suggest
that in certain ranges the CD signal is proportional to the
orientation of stacked glycosyl bonds and their concentration
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FiGure 1: CD spectra of Gz (T, xG3,x)3 and G; . (T2AG3 )3 oligonucleotides in 25 mM Britton-Robinson buffer (pH 7.0) in the presence of
50 mM LiCl (blue), NaCl (black), and KCl (red), where » = 1—3 and k = 0 or 1. In addition, spectra of oligomers in 50 mM KCl and 50% PEG
200 (magenta) are depicted in panels B—H. Each spectrum corresponds to three averaged scans taken at 25 °C and is baseline corrected for the
signal contribution caused by the buffer. The dotted—dashed red line in panel e represents the CD spectrum at 200 mM KCI.

in the tetraplex structure (27). We are unable to determine the more precisely when conformers can be compared under separate
molecularity based on spectra where more than one conformer conditions. In the presence of 50 mM K™ and 50 mM Li", the
occurs in solution. Molecularity evaluation can be conducted G;T, oligomers come very close to fulfilling this condition, as
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only one positive peak is observed for each, at 263 and 295 nm,
respectively. The elliptic signal at 263 nm achieves a value of
~20 M~" em™! which is ~4 times more than other oligomers
achieve at ~295 nm. A similar effect in trombin binding aptamers
has been observed (30). The detection of an isoelliptic point ana-
logous to an isosbestic point in UV—vis analysis is useful in
characterizing the two-state unfolding mechanism (Figures S1
and S2 of the Supporting Information).

In addition, the rates of heating and cooling are determining
factors in the formation of different conformers, as is the ratio of
ellipticity at 265 and 295 nm. This effect is more significant for
G4 X series, mainly for G4T, and G4T4 oligomers, where X is T,
Ts, THA, and T, After the samples of DNA dissolved in an
appropriate buffer containing potassium had been defrosted,
significant peaks were observed at 295 nm, but after the sample
had been heated and slowly cooled, this peak was reduced in
magnitude and the peak at ~265 nm increased in magnitude.
When this process was repeated two or three times, only minor
changes were detected. However, when the DNA samples were
frozen again, after a few days a significant peak at 295 nm was
observed after defrosting. The effect of a sample defrosting was
repeated multiple times within a few weeks. Here we can clearly
see that a small decrease in the magnitude of the CD signal at
295 nm can cause a significantly larger change in the CD signal at
265 nm for the G4T, oligomer (Figure 1E). This suggests that a
monomolecular structure converts into a multimolecular one,
where an increasing level of stacking G-quartets offers stronger
CD signals. Our suggestion would appear to support the
electrophoretic analysis. Interestingly, the magnitude of the CD
signal at ~265 nm increases after conversion and condition
exchange (e.g., ions).

Electrophoretic Analysis. Electrophoretic separation can
offer additional information about the molecularity of G-quad-
ruplexes, and the results are presented in Figure 2. We applied a
comparison similar to that performed previously using (G, T)4
and (G, T»)4 oligomeric sequences (29). The relative mobility of
the various folded species is very different in the presence of
different ions (Figure 2). The mobilities of the fastest bands of
G3Ts, G3T4, G4T,, G4T;, and G4T,A are similar, while G3T>A
moves even faster in the presence of potassium (Figure 2a). This
observation could be explained by the number of potassium ions
bonded in each complex, suggesting that they reflect the number
of stacked G-quartets in each complex (29). However, the
mobility of the DNA sample depends on many factors, e.g.,
conformation, charge, and molecular mass. The intensity of the
slowly migrating species also depends on the method of annealing
and on the sequence of DNA. We assume that the slowly
migrating species correspond to multimeric intermolecular com-
plexes, while the fastest species are intramolecular (29, 35, 36).
Interestingly, G4T5 displays two faster well-recognized bands,
corresponding to intramolecular conformers, and the next slower
band represents the multimeric structure. Both G3T, and G3T
oligomers have mobility levels similar to those of the third slowly
migrating band of G4T», but they show peaks at 265 nm and not
at 295 nm by CD spectroscopy, which would seem to correspond
to a parallel arrangement. The presence of Na*t again caused the
formation of multimeric conformers mainly for G4X series
(Figure 2b). However, the presence of Li™ caused a larger amount
of G3X and G4X series to fold into defined monomolecular states
(Figure 2c). Although the silver staining procedure is very
sensitive to the presence of any other conformational species,
the intensity of the band may not be proportional to the molecule
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FIGURE 2: Oligonucleotides resolved by gel electrophoresis and vi-
sualized by silver staining. Mobility of the oligonucleotides in poly-
acrylamide gels at 22 °C in 25 mM Britton-Robinson buffer (pH 7.0)
containing (a) 50 mM KCl, (b) 50 mM NaCl, and (c) 50 mM LiCl.
G3T, G3T2, G3T3, G3T2A, G4T2, G4T3, G4T—_)A, and G4T4 were
loaded in lanes 1—38, respectively. In addition, the electrophoretic
record of G3T, at 2.5 mM KCIl marked with an asterisk is shown in
panel a. The magnitude of the band of G4T, marked with the white
asterisk is diminished when electrophoresis is performed at 55 °C
(Figure S4 of the Supporting Information). As a control, random
oligomers were also loaded (20- and 40mers). Their positions after the
electrophoresis are marked by arrows beside each panel. The DNA
sample prior to use was heated in the same buffer for 5 min at ~98 °C
and slowly cooled to room temperature within 50 min.

concentration. In the Supporting Information, we present the
same gel stained twice with the silver procedure, but the second
staining shows that no oligomers form only a single conformer in
solution, which agrees with the CD spectral measurements
(Figure S3 of the Supporting Information). The recent results
obtained by mass spectroscopy for a series of similar sequences
and conditions have shown that G3T, and G3T; could form only
an intramolecular monomer (37). The electrospray assay is
comparable with the results for which very low concentrations
of ions were used (not shown). Therefore, we observe a small
discrepancy in these results; the band of G3T, moves significantly
more slowly than those of the other monomolecular species
(Figure 2a,b). However, the CD results show a positive peak at
265 nm that corresponds to a parallel conformer (Figure 1B).
Similar mobility effects have been observed for many other
G-rich oligomers predominantly forming parallel quadruplexes:
the nuclease hypersensitive promoter elements of c-myc, vegf, ret,
and kras and the inhibitor of HIV integrase (not shown). There
are two possible explanations for G3T, anomalous mobility. (i) It
is possible that the parallel topology of the quadruplex, rather
than the molecularity, would have a greater influence on the
electrophoretic mobility. However, experiments in which various
amounts of potassium were used confirm the fact that a small
population of fast moving monomolecular species is formed at
KCl concentrations of <2.5mM (Figure 1A). (ii) The anomalous
mobility of G3T, and the corresponding bands of G4T, and G3T
represent a multimeric quadruplex structure; we suggest that it
consists of two to four parallel strands. In addition, our suggestion
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is supported by the CD spectra where the same amount of DNA
oligomer has been used (Figure 1). The CD ratios between the
peaks at 265 and 293 nm for the same molar amount of G3T, and
G;T,A are approximately 2, 3, and 4 at 2.5, 25, and 50—200 mM
KCl, respectively. A similar mobility can also be seen within the
G3T oligomer, but its melting temperature is higher than 100 °C at
a millimolar potassium concentration (29, 36). The mobility of the
G;T; oligomer in 50 mM NaCl could correspond to an intra-
molecular dimer, such as the interlocked dimeric parallel-stranded
HIV DNA quadruplex (38), but this band is smeared probably
because of wobbling conformational states during electrophoresis.
In the presence of Li", G3T, and G5T5 move more slowly than an
intramolecular monomer but their mobilities are identical to those
of unfolded 18mers and 21mer; here we suggest that these bands
might correspond to unfolded linear structures (Figure 2c). In spite
of the mobility of G3T, which could also correspond to that
of a dimer of G3T», the ellipticity is not twice as high, which would
be expected for a dimeric molecule. Thus, in the suggested
structure of G;T consisting of four parallel strands, there are
three stacked G-tetrads separated by only one thymine residue in
each strand, and in G3T, and G4T), two thymine residues separate
a cluster of G-tetrads (Figure 3d—f). The hairpin dimer is excluded
because no signal was detected at 295 nm in the CD spectra of G3T
and G3T,. Interestingly, TBA shows an elliptic signal at 295 nm at
the same molar concentration of ~16 M~ ecm™!, what corre-
sponds to that of the hairpin dimer (not shown). A quadruplex
structural arrangement of this type would explain their extreme
stability. The extreme stability of four-interstrand tetraplexes can
be explained by the fact that each quadruplex contains 12 stacked
tetrads instead of three as observed in monomolecular structures
(Figure 3). Therefore, the order of the stability of a four-strand
structure is as follows: G3T > Gy4T, > Gs3T, (Figure 4 and
Table 2). Three or more unpaired nucleotides between G-runs
cause additional destabilization of a four-strand G-quadruplex.
The result of this is that the monomolecular intrastrand
G-quadruplexes become the more prevalent conformation. They
are more thermodynamically stable in solution in the presence of
K", Na', and Li" than in intermolecular structures. If the
monomolecularly folded tetraplexes formed noninterlocked oligo-
meric structures, we would observe a ladder of oligomers after
electrophoretic separation, but this effect has never been observed.
Therefore, we suggest that the interlocked multimeric structure is
more likely and more stable than a monomolecular G-quadruplex
structure; the four-strand parallel G-quadruplex structure is a
marginal case.

The band of G4T, marked with an asterisk disappeared
when the electrophoretic separation was performed at 55 °C
(Figure S4 of the Supporting Information). Other species are
less sensitive to the temperature increase, but G3T; and G3T,
show a small population of unfolded structures, because the
melting temperature of these oligomers is close to the tempera-
ture inside the electrophoretic gel (Table 2 and Figure S4 of
the Supporting Information). A higher temperature causes
a partial elimination of the intermolecular slowly migrating
species.

The oligomers used here typically fold into a mixed parallel/
antiparallel topological configuration, although GsT, and G4T5
predominantly form a parallel intermolecular conformation in
the presence of potassium, but these conformations are mostly
intermolecular.

CD and UV Melting Curves of G-Quadruplexes. Curve
analysis typically assumes a two-state equilibrium between the
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folded and unfolded forms; the result is an S-shaped dependence
of the melting process. However, the presence of polymorphic
quadruplex structures usually leads to a melting profile that
deviates from this dependence. Nonsigmoidal shapes of the
melting curve have been reviewed by many authors (39, 40). If
DNA quadruplexes unfold in a two-state mechanism, then the
dependence of the CD signal at two different wavelengths is
directly proportional [CD;5(7) = K x CDyy(7)] and the
isoelliptic (isodichroic) points should be clearly detected. How-
ever, our spectra collected during the melting curve measurement
show that this is not valid for all sequences (Figures S1 and S2
of the Supporting Information). The detection of isoelliptic
points is summarized in Table S1 of the Supporting Information.
However, the presence of isoelliptic and isobestic points may not
in itself be a sufficient requirement for the two-state melting of
one individual topological state, because electrophoresis con-
firms the presence of more conformers prior to their total
denaturation. The van’t Hoff analysis of shallower melting
profiles often offers smaller apparent values of AH (39). This
effect is most evident in the sequence of G4T4 at 50 mM KCI
(Figure 4H and Table 2).

In the case of one conformer converting to another more stable
conformer, the CD melting curve can initially increase over a
certain range of temperatures up to the saturation of the
conformational state and then again decrease at ~295 nm, but
at ~265 nm, a biphasic transition, two apparent decreases were
observed (Figure 4E and Figure S5 of the Supporting Infor-
mation). The UV melting curve is also biphasic (Figure S5 of the
Supporting Information). This nonsigmoidal transition effect is
observed in Tetrahymena repeats. If this is the case, then each
transition must be evaluated separately. Nevertheless, the values
obtained from CD and UV melting curves are consistent with
those previously determined for intramolecular quadruplexes,
where the same methods have been used (28, 29, 41) (Table 2).
The table summarizes average values of CD and UV melting data
obtained at 265 and 295 nm and at 295 nm, respectively. If the
ellipticity maximum was achieved at 265 (295) nm, then the CD
melting curves were obtained at 265 (295) nm. The apparent
melting temperatures summarized in Table 2 again clearly
demonstrate that the number of G-tetrads in quadruplexes and
molecularity are important determining factors in the thermal
stability of G-quadruplexes. In addition, the molecularity of
G-quadruplexes is also closely related to the type of monovalent
ion. Previously published data showed that it is difficult to find a
simple correlation between the loop length and thermodynamic
stability of quadruplexes, in contrast to the correlation docu-
mented for model sequences (42).

TGGE of G-Quadruplexes. TGGE can help to solve the
problem of quadruplex polymorphism, because electrophoresis
allows us to distinguish between different conformers and
evaluate the most abundant conformers. TGGE offers an
objective melting profile over a temperature gradient (22). The
results depicted in Figure 5 clearly demonstrate that the number
of nucleotides between G-runs in quadruplexes is the determining
factor for the thermal stability of both intramolecular and
intermolecular G-quadruplexes. However, to capture the whole
pre- and postmelting regimes of the quadrupex transition, only
2.5-25 mM KCI could be used, because the temperature range
of the TGGE experiment is limited to a maximum of 80 °C.
The basis of this experiment was the fact that a decreasing
concentration of potassium causes the destabilization of
G-quadruplex structure (37, 43). The obtained results can be
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F1GURE 3: Schematic drawing of possible G-quadruplex parallel structures: parallel (a), interlocked dimer (b), interlocked trimer (c), and four-

strand structures of G4T5 (d), G3T, (e), and G5T (f).

extrapolated to a higher concentration of potassium in solution.
Despite the low concentration of potassium, the melting transi-
tion and the postdenaturing state of G3T and G4T,A are out of
the TGGE range. Nevertheless, the TGGE results elucidate and
confirm many of the crucial suggestions described above. The
thermal stability of intramolecular monomers in the presence of
50 mM potassium is as follows: G3T3 < G4T3 < G3TLA < Gy4T,
< G4TLA < G4T4(Figure SA,D and Table 2). These results are in
agreement with the spectral data. Additionally, the TGGE results
again confirm that not only the concentration but also the type
of ion is the determining factor in the thermal stability of
G-quadruplexes. Potassium ions can stabilize the G-quadruplex
structure more effectively than sodium ions (Figure 5A,B and

Table 2). However, for four-strand parallel G-quadruplexes,
the thermal stability increases in the following order: G4T, <
G3T, < G;T (Figure 5C,D). The more preferred form of G4T5 at
2.5 mM KCl is the intramolecular antiparallel conformation, but
a larger amount of potassium facilitates the formation of multi-
meric parallel conformers (Figures 2a and Figure 3c,d). The
melting profile of the corresponding bands in Figure 2a is very
similar to that of the G3T, oligomer.

Itis important to note that spectral measurements of any type,
and also microcalorimetry, do not always allow us to distinguish
between conformers occurring in solution. This means that for
a mixed population of conformers in any sequence, TGGE can
offer more relevant results.
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FiGure 4: Normalized CD melting curves of (G341 T,54)3G3x and (G, T2A)3G3, . oligonucleotides in 25 mM Britton-Robinson buffer
(pH 7.0) in the presence of 50 mM LiCl (blue), NaCl (black), and 2.5 mM KCl (red and green dashed lines), 50 mM K Cl (red and green solid lines),
or 200 mM KCl (red and green dotted lines), where n = 1—3 and k = 0 or 1. Red and green lines represent measurements at 293 and 263 nm,
respectively. In addition, the CD melting curve of the G3T,A oligomer at 263 nm in 50 mM K Cl and 50% PEG 200 (magenta) is depicted in panel
D. Melting curves were collected by CD spectroscopy at 265 and 295 nm for parallel (P) and antiparallel (A) structures, respectively. UV melting
curves were determined at 295 nm. The values of thermodynamic parameter AH of the individual tetraplexes were determined from the melting

curves generated by monitoring at 295 nm.



2118  Biochemistry, Vol. 49, No. 10, 2010 Viglasky et al.
Table 2: Apparent Melting Temperatures of G-Quadruplexes of UV and CD Melting Curves Shown in Figure 4¢
50 mM LiCl 50 mM NaCl 2.5mM KCl 50 mM KCl 200 mM KCl
AH,u AH.u AH.u AH.y AH.u
oligo form” Tm (°C) (kcal/mol) T (°C) (kcal/mol) T (°C) (kcal/mol) T (°C) (kcal/mol) T (°C) (kcal/mol)
G;T P 39.9 32.0/42.1 62.4 70.0/75.7 73.9 73.2 >100 - >100 -
G;T, P - - 35.6 42.6 49.9 64.8 71.4 72.2 86.5 68.2
A 25.8 28.6/27.8 - - - - - - - -
E - - - - 50.5 67.7 - - - -
G;T, A A 252 31.9/23.2 53.7 44.4/50.4 46.1 46.6/45.7 63.4 46.9/42.7 72.2 44.5/43.6
P¢ - - - - - - 89.9 59.1 - -
E - - 54.1 45.1 - - 63.7 47.2 - -
G;Ts A 18.3 29.0/26.9 43.9 39.8/40.2 41.3 48.7/42.9 61.9 50.5/52.1 68.8 53.7/49.5
Pe - - - 86.7 63.3
G,4T, A 28.6 20.7/17.2 57.4 48.0/45.0 61.9 71.2/70.9 83.14 71.6¢ BC BC
P - - - - - - - BC 94.57 -
E - - 56.2 49.4 62.1 66.6 - - - -
G, T, A A 39.3 38.8/40.0 70.4 69.8 69.8 73.4/71.2 90.4 66.9 ~99 -
GyTs A 20.5 28.0/25.9 60.5 62.4/59.2 42.8 51.1/42.3 63.3 49.5/44.9 72.6 56.8/55.3
P - - - - 40.7 44.9 63.8 51.3 73.0 58.1
G, T, A 432 43.3/42.8 61.4 73.8/67.6 NS NS 95.0 NS - -
E - - 60.5 65.6 - - - - - -

“BC, biphasic curve; NS, nonsigmoidal curve, for which the enthalpy is not determined. AH,y values obtained by CD/UV or by TGGE. The standard
deviation of T, is 0.5 °C, and the AH,j error is approximately +5%. 1’Legend: 265 nm, P; 293 nm, A; TGGE, E. “With PEG 200 to a final concentration of

50%. “The second transition was analyzed.

G3T2A

p

G4T2

+) C G3T2A

25 ool 7525 0000
Temperature (°C)

— ]
Temperature (°C)

FiGURE 5: Representative TGGE records of the G;T,A oligomer
in Britton-Robinsson buffer in 50 mM NaCl (A) or 50 mM KCI
(B), G3T, at 2.5 mM KCl (C), and G4T, at 2.5 mM KCl (D).
Insets in each panel depict the corresponding PAGE performed
at 20 °C.

An objective melting curve obtained from electrophoretic
records by ridge tracking analysis (Figure S7 of the Supporting
Information) as applied for proteins has been used for this
purpose (22). Ty, values and van’t Hoff enthalpy changes are
summarized in Table 2.

The TGGE results clearly demonstrate that CD spectro-
scopy results are a convolution of several conformers of
G-quadruplexes. Interestingly, parallel multimers marked
with double arrows move faster after denaturation due to
strand separation (Figure 5C), and intramolecular quadru-
plexes after denaturation move more slowly due to strand
unfolding (Figure 5A,B,D).

This characteristic feature of mobility curves can be applied to
the determination of the molecularity of quadruplex unfolding,
and together with CD spectroscopy, it also allows for the
evaluation of strand orientation, mainly for nonpolymorphic
states.

DISCUSSION

Structural Polymorphism of Quadruplex Folding. There
is currently tremendous interest in the understanding of
G-quadruplex formation from G-rich sequences. These results
demonstrate that all the G-rich sequences studied here tend to
form quadruplexes. These results induce two main questions
concerning these quadruplexes. (i) What are their relative stabi-
lities, and do they adopt a parallel or an antiparallel topology?
(i) How does their molecularity depend on the type and concen-
tration of monovalent ion? Antiparallel quadruplexes typically
display a positive CD signal at ~295 nm, while parallel quadru-
plexes display a positive signal at ~265 nm. These differences
reflect both the arrangements of the strands and the syn versus anti
orientations around the glycosidic bonds. Parallel topologies have
all-anti glycosidic angles, while the antiparallel ones have both syn
and anti conformations in varying ratios (43). The complexes
appear to be intramolecular rather than intermolecular (37).
However, this is only valid for the sequences containing three or
more bases between the neighboring G-runs and a lower concen-
tration of potassium. The presence of smaller ions, Li* and Na*,
stabilizes intramolecular G-quadruplexes. Despite the fact that the
electrophoretic separation of G-quadruplexes is performed in a
polyacrylamide gel which partially induces mild crowding condi-
tions, no significant changes in the quadruplex topology have been
observed until the level of PEG 200 in the gel reached 20—50%.
Electrophoresis in the presence of 30% PEG 200 confirms that the
most preferred forms are parallel intramolecular/intermolecular
conformations (Figure 1B—H and Figure S6 of the Supporting
Information). It should be pointed out that we did not focus on
quadruplex stability under crowding conditions, because 50%
PEG 200 increases the thermal stability of G3T,A and G3T; very
significantly (Table 2). This observation is an agreement with the
results of other authors (33, 44). Nevertheless, PEG 200 plays a
significant role not only in the thermal stability but also in the
topology of G-quadruplexes (31, 33, 34).

Electrophoresis in a nondenaturing condition and CD spectra
confirms that all sequences spontaneously form more than one
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conformer in solution, although G;T, seems to fold predomi-
nantly into intermolecular parallel conformers in the presence of
50—200 mM potassium.

However, we strongly believe that in nature there must be an
existing factor forcing a quadruplex to fold into a more defined
structure, similar to the way in which PEG mimics crowding
conditions.

Thermal Stability. CD spectroscopy is an extremely useful
method for studying a wide range of DNA conformational
properties, but the structural conclusions must be treated
with caution. It has been shown previously by other authors
that the number of guanine residues in a G-cluster does not
necessarily reflect the number of G-quartets present in a folded
G-quadruplex (/6). Our results, as well as those of other studies,
show that it is more relevant to compare the number of G-tetrads
in folded inter- and intramolecular structures. An oligonucleotide
concentration used in CD, UV spectroscopy, and electrophoresis
does not affect the melting temperature of G-quadruplexes
(28, 29, 36). The thermodynamic evaluation of sequences G3T»,
G3Ty, and G4T has been performed by some other authors (28, 36).
Our results and conclusions agree with their data in most cases.
We point out here that chemically modified oligomers are frequently
used for thermal stability determination, and this modification can
affect the population of multimeric structures. Some authors utilize
the so-called FRET effect for thermodynamic evaluation, but
fluorescently labeled oligomers may not allow analysis of all
conformations occurring in solution during measurements.

In a recent review article, Chaires has tried to explain why
spectroscopic thermodynamic data, T},, and enthalpy values, fall
in an unacceptably wide range (40). Here, we show clearly that
melting curves do not reflect the true transition of two-state
melting of quadruplex structures, but only a mean value of the
melting transitions of all conformers that are confirmed by
electrophoresis as occurring in solution. However, the TGGE
results are largely in agreement with the UV/CD measurements.
Chaires’ critical comments concerning data evaluation agree with
our results. A set of spectra as a function of temperature defines a
three-dimensional surface that can easily be converted to a
matrix. Therefore, all the CD/UV spectra as a function of
temperature have also been collected, rather than merely sin-
gle-wavelength data (Figures SI1 and S2 of the Supporting
Information). An additional test of the two-state assumption
can be provided within singular-value decomposition of the
matrix to enumerate precisely the number of significant spectral
species required to account for the spectral changes without
reference to any specific model (40, 45).

Topological Variability. In contrast, the Tetrahymena se-
quence d(G4T»),,, which differs from the human sequence with an
exchange of A for G in each repeat, could in principle generate
four stacked G-quartets linked by two-base loops. Although this
has been observed for the intermolecular dimer (46), the intra-
molecular complex instead folds to form only three quartets with
variable loops consisting of TGGT, TTG, and TT (47). However,
our results based on electrophoretic separation and spectral
measurements show that at least one conformer of two intra-
molecular conformers exhibits a positive peak at 295 nm. The
thermal stabilities of those monomers are different. However, the
proportion of the less stable conformer is lower at higher
temperatures, and perhaps at its proportion under the natural
conditions of Tetrahymenas, it could be the dominant conformer.
On the basis of this result, we suggest that this less stable
conformer is intramolecular and that the second could consist
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of four G-tetrads. The band highlighted with an asterisk in
Figure 2b disappeared when the electrophoretic separation was
performed at 55 °C (Figure S4 of the Supporting Information).

In a comparison of these results with those published for
sequences of the type (G3T,)s, it is clear that adding G bases to
the sequence has a different effect compared to the effect of
adding extra T bases to the loops (39). d(G;3T3)4 and d(G4T5)4
have the same repeat length, although the former adopts an
antiparallel topology while the latter is largely parallel. The
human d(G;T,A)4 repeat also has the same repeat length, but
it adopts an antiparallel hybrid topology in a solution containing
K™; there is also a small difference shown in Figure 2b.

It is known that intramolecular G-quadruplexes usually con-
tain two to four G-tetrads; therefore, for the longer repeats, it is
clear that a folded structure must contain some G residues in
the loops (21, 28). The amount of Na* and K* associated in
quadruplex folding can indicate some trends concerning the
number of stacked G-quartets in each complex, which are con-
sistent with the gel mobility patterns (29). However, the calcula-
tion of the number of cations is based on the spectroscopic
measurement, where several structures could be envisaged
depending on which G bases are stacked and which are in the
loops; several different forms may coexist in a solution in which
the G-strands slip relative to each other.

Staining Procedure. During this research, we made use of
the silver staining procedure. The sensitivity of this method is
comparable to that of radioactive visualization (23). In addition,
small populations of conformers can be detected, even though
they are below the radioactive detection limit. This fact can be
explained by the high affinity of silver and also by more efficient
binding within highly ordered structures. Therefore, the intensity
of low-molecular bands and the most abundant structures
may not be proportional to their concentration. Nevertheless,
the visualization with silver explains many facts that we can not
explain without the presence of these conformers. We have
also tested other staining procedures, for example, Stains-all
and SYBR Green II fluorescent visualization of DNA in an
electrophoretic gel, but we obtained significantly less sensitive
staining which did not allow the detection of multimolecular
structures.

Overall Conclusion. We have shown that G-quadruplex
folding is a very sensitive molecular process and that the final
topology depends on many factors. Interestingly, the Tetrahymena
repeats seem to be more polymorphic, as is also the case with
human telomeric repeats. In addition, we have shown that most
G-rich repeats fold into topologically different conformers.
Despite the fact that intermolecular folding is preferred under
certain conditions for natural telomeric repeats, intermolecular
conformers are always present under native conditions. Multi-
conformational states are one of the main reasons why such
huge discrepancies between melting temperatures and enthalpy
changes have been observed by other authors. The stabilization
effect of the smallest lithium ion seems to be insufficient to
stabilize a quadruplex structure under native conditions. Our
analysis confirms that sodium and potassium ions have a relevant
influence on structural stability within quadruplex folding.

SUPPORTING INFORMATION AVAILABLE

Supplementary analysis of CD measurements and electro-
phoresis (Figures S1—S8 and Table S1). This material is available
free of charge via the Internet at http://pubs.acs.org.
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