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ABSTRACT: Oligodeoxyribonucleotides (ODNs) that have four repeats of the human telomeric
sequence d(TTAGGG)n can assume multiple monomolecular G-quadruplex topologies. These are
determined by the cation species present, the bases at the 5′ or 3′ end, and the sample preparation
technique. In this work, we report our studies of the concentration dependence of the circular
dichroism (CD) and the vibrational modes probed by Raman scattering of three previously
characterized monomolecular G-quadruplexes: H-Tel, d[5′-A(GGGTTA)3GGG-3′]; hybrid-1, d[5′-
AAA(GGGTTA)3GGGAA-3′]; and hybrid-2, d[5′-TTA(GGGTTA)3GGGTT-3′]. At high (milli-
molar) ODN concentrations, we observed a transformation of the CD spectrum of H-Tel, with a
relaxation time on the order of 10 h. Analysis of the kinetics of this process is consistent with the
formation of an aggregated complex of folded H-Tel monomers. Upon dilution, the aggregates
dissociate rapidly, yielding spectra identical to those of monomeric H-Tel. Both hybrid sequences
undergo a similar transition under high-salt (1 M) conditions. The measurements suggest that for
these ODN concentrations, which are typically used in high-resolution spectroscopies, the
monomolecular G-quadruplex structures undergo a transition to multimolecular structures at room temperature. Guided by
our findings, we propose that the terminal bases of the hybrid-1 and hybrid-2 ODNs impede the formation of these aggregates;
however, in solutions containing 1 M salt, the hybrid oligonucleotides aggregate.

In aqueous solutions containing certain monovalent cations,
guanine-rich oligodeoxyribonucleotides (ODNs) can form

four-stranded structures called G-quadruplexes. The structural
foundation of G-quadruplexes is the stacking of at least two G-
quartets, a cyclical planar arrangement of four Hoogsteen
hydrogen-bonded guanine residues.1 The overall conformation
of the quadruplex depends on several factors; these include the
number and composition of the guanine and non-guanine bases
in the parent oligonucleotide sequence,2−10 the nature and
concentration of cations in solution,11,12 ligands,13 hydra-
tion,14−16 and the sample preparation procedure.17

The stoichiometry of the four-stranded species depends on
the sequence of the ODN. Generally, a single cluster of guanine
residues leads to the formation of a tetrameric G-quadruplex; a
sequence containing two guanine-rich clusters generally yields a
dimeric G-quadruplex, and a folded monomolecular G-
quadruplex arises from ODNs that contain four clusters of
guanine residues. However, these structures are highly
polymorphic. Several other variations of their conformations
have been documented.18−20 One of the most striking examples
of the possibilities afforded by their structural diversity is
exhibited by d[5′-A(GGGTTA)3GGG-3′], the sequence that is
based on the human telomeric sequence, dGGGTTA. In the
presence of sodium cations, the structure resolved by nuclear
magnetic resonance (NMR) shows a monomolecular, anti-
parallel G-quadruplex with a basketlike topology.21 The X-ray
crystal structure of the same ODN obtained in the presence of

potassium ions was found to be an all-parallel monomolecular
G-quadruplex with three double-chain reversal loops.22

However, this may not be the predominant structure in
solutions containing potassium ions.23−27

ODNs comprised of four repeats of the human telomeric
sequence but with slight modifications at the 3′ or 5′ ends
displayed very different folding arrangements.28 The most
prevalent solution structure adopted by these sequences in the
presence of potassium ions is (3+1). This alternative structure
exhibits three strands that are oriented parallel to each other
while the fourth strand is oriented in the opposite
direction.29−33 These molecules also have uncomplexed bases
at the 5′ or 3′ ends that form what is known in the literature as
capping structures.30,34 Recently, a different G-rich ODN
containing four repeats of the human telomeric sequence was
shown to adopt an antiparallel conformation in the presence of
potassium ions. Its structure is stabilized by an unprecedented
two-quartet core with capping structures,35 similar to those
found in the hybrid structures.28

The structures formed by the longer G-rich ODNs such as
H-Tel are monomolecular, and for that reason, there have been
few investigations into the effect of concentration on the
conformation that they adopt. However, Rencǐuk et al. have
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shown that an ODN with a sequence based on the 4-fold repeat
of the human telomeric sequence partially adopts higher-order,
multimolecular structures at millimolar ODN concentrations.36

This suggests that an equilibrium state may exist between the
folded monomolecular species and some unidentified aggre-
gated species. It is not yet known whether the state of
aggregation also influences the conformation of the folded
monomer.
Spectroscopic techniques have proven to be very useful in

the investigation of the conformational changes of G-rich
ODNs. In this work, we have used circular dichroism
spectroscopy (CD) and photonic crystal fiber-enhanced
Raman spectroscopy to study the effect of ODN concentration
and cation concentration on the conformational state of three
ODNs that are known to form folded quadruplex structures.
The CD signal is diagnostic of the overall structure adopted by
the ODN; this method can report subtle changes in
conformation and has been widely used to study biomolecules.
The newly developed PCF-enhanced Raman spectroscopy
played a pivotal role in elucidating the conformational states for
small-volume samples at low laser powers.37 Nonresonant
Raman spectroscopy has not been customarily useful for the
study of solutions to date because of the low signal-to-noise
ratio obtained at nonthermally destructive laser powers, yet it is
a powerful method for studying the structures of molecules in
solution. The advantage of the photonic crystal fiber-enhanced
Raman spectroscopy reported here is that it requires laser
powers below the specimen damage threshold to provide useful
Raman spectra for samples without the need for enhancement
techniques such as surface enhancement using plasmonics.
We report here the effect of ODN strand concentration on

the topology and state of aggregation of three oligonucleotides
that are based on the human telomeric sequence. The
biochemical and biophysical characterization of H-Tel and
other four-stranded ODNs has relied on many different
techniques that are performed at DNA concentrations ranging
from submicromolar to several millimolar. However, through
analysis of the concentration dependence of equilibrium states
and the time dependence of the conformational changes, the
data we present here clearly show that there is a reversible
equilibrium that involves the aggregation of the monomers of
H-Tel. At millimolar concentrations, the equilibrium favors an
aggregated species that is not present at lower concentrations.
The presence of aggregated monomers means that direct
comparison of the results of different biochemical techniques
that employ widely different concentrations ranges may not be
valid. In addition to the intrinsic interest in the demonstration
of a previously unidentified equilibrium involving the single
molecules of the oligonucleotide H-Tel, our data have
important implications for the interpretation of much of the
data used in the characterization of this molecule.

■ MATERIALS AND METHODS
Oligonucleotides. The cartridge-purified oligonucleotides

listed in Table 1 were purchased from ACGT DNA
Technologies Corp. (Toronto, ON). They were dissolved in
and dialyzed against Optima Water purchased from Fisher
Scientific. The dialyzed DNA samples were lyophilized and
stored at −20 °C. All samples were then redissolved in 10 mM
Tris-HCl (pH 7.5) (Bio-Rad Laboratories, Hercules, CA) with
0.1 or 1 M KCl or NaCl (Sigma-Aldrich, St. Louis, MO) for
experimentation. All samples were left at ambient temperature
for a predetermined time (see Results). The concentrations of

the ODNs were determined spectrophotometrically using
extinction coefficients at 260 nm calculated according to the
nearest-neighbor model.38

Circular Dichroism Spectroscopy. CD spectra were
recorded at 25 °C in 1.0 nm increments from 220 to 300 nm
with an Aviv (Lakewood, NJ) model 62A DS circular dichroism
spectrometer using a cuvette with a 0.1 cm path length for
ODN strand concentrations of 20 μM or a 0.001 cm path
length for strand concentrations of 2 mM. The CD spectra
presented are the average of three consecutively measured
scans.

Kinetics of Association. Samples of the human telomeric
sequence [H-Tel (Table 1)], ranging in concentration from 3
to 7 mM, were dissolved in 10 mM Tris-HCl (pH 7.5) and 1 M
NaCl (t = 0). The solution was then vortexed, degassed, and
loaded into the 0.001 cm path length two-piece cuvette. The
cuvette was sealed with wax to prevent evaporation of the
sample. It is estimated that the time between the addition of the
buffer to the sample and the acquisition of the first point (the
dead time) did not exceed 5 min. The changes in ellipticity at
25 °C were monitored at 258 nm and fit to one or two
exponentials to obtain the relaxation time(s), τ, of the
conformational change.

Raman Spectroscopy. A hollow-core photonic crystal fiber
(PCF, model HC800), purchased from Crystal Fiber, was
prepared as described previously.39 The PCF is a novel optical
tool that features a hollow core surrounded by a cladding
composed of silica and air.40 A sample volume of 10 μL
containing 2 mM DNA strands was transferred into the fiber by
capillary action by immersing one end of the tube in the
solution contained in a small well. The fiber and well were then
placed on a JY Horiba (Boston, MA) HR800 LabRam system
for Raman excitation and collection. The Raman system
included a 4 mW HeNe laser emitting at a wavelength of 633
nm. The beam was directed onto the sample by a dielectric
filter used as a dichroic mirror with a drop-off Stokes edge of
<150 cm−1. Light was coupled into the core of the PCF
through a 100× objective with a numerical aperture of 0.90.
Backscattered radiation from the entire length of the PCF was
collected through the same objective. The collected radiation
was refocused and passed through the dielectric filter, after
which it was directed through an adjustable slit aperture into
the spectrometer. The slit aperture was kept at 500 μm
throughout the experiment. The spectrometer was 300 mm in
length and incorporated a grating with 1800 lines/mm, which
provided a resolution of 2.4 cm−1/pixel. Raman signal was
detected using a 16 bit Peltier-cooled 1024 × 256 pixel CCD.
Acquisition times of 10 s were consistently used, and the signal
was averaged over 10 cycles. Additionally, the system was
equipped with a motorized XY stage with a resolution of 0.1
μm that allows optimal alignment of the objective and the PCF.

Table 1. Oligonucleotides Used in These Experiments

name sequence

ε, extinction
coefficient
(M−1 cm−1)

TG4T d(5′-TGGGGT-3′) 64840
H-Tel d(5′-AGGGTTAGGGTTAGGGTTAGGG-3′) 255320
Hyb-1 d(5′-

AAAGGGTTTAGGGTTAGGGTTAGGGAA-
3′)

316120

Hyb-2 d(5′-
TTAGGGTTAGGGTTAGGGTTAGGGTT-
3′)

288920
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For accurate analysis, the background contribution arising from
the instrument was removed and Gaussian−Lorentzian curves
were fit to modes of interest. The intensity of all spectra was
normalized to the 1092 cm−1 mode of the phosphodiester
backbone of DNA.

■ RESULTS
CD Spectroscopy. As a point of reference, Figure 1

displays the CD spectrum of a solution of d(TG4T) in a buffer

containing 100 mM KCl. This ODN forms a well-defined
tetrameric G-quadruplex in the presence of either sodium or
potassium cations.41,42 The CD spectrum displays a positive
band around 260 nm and a negative band around 240 nm,
characteristic features of the CD spectra of parallel-stranded G-
quadruplexes.43

The solution structure of H-Tel (Table 1), resolved using
NMR, was shown to be a monomolecular antiparallel G-
quadruplex that adopts a basket conformation.21 The CD
spectrum of this ODN in the presence of sodium cations gave a
positive band around 290 nm and a negative band around 260
nm.44 In panels A and B of Figure 2, we compare the CD
spectra of H-Tel at low (20 μM) and high (2 mM) strand

concentrations after incubation for 24 and 48 h, respectively.
After incubation for 24 h in the absence of any added Na+, the
spectrum of 20 μM H-Tel shows a small positive peak around
255 nm. When the strand concentration was increased to 2
mM, we observed a similar positive band around 258 nm and a
shoulder at ∼295 nm (Figure 2A). Increasing the incubation
time to 48 h did not result in any change to the CD spectrum
of the 20 μM sample. The CD spectrum of 2 mM H-Tel
changed slightly after a 48 h incubation; the positive peak at
258 nm became less intense, and the intensity of the shoulder
at ∼295 nm increased slightly.
As shown in panels A and B of Figure 2, the spectroscopic

changes were much larger following incubation in the presence
of sodium ions. The CD spectrum of 20 μM H-Tel in the
presence of 100 mM or 1 M NaCl consistently displays
characteristics of an antiparallel G-quadruplex: a peak around
290 nm and a trough around 260 nm.43 The spectra remain
unchanged after incubation for 24 and 48 h with a slight
increase in the intensity of the band at 295 nm in the sample
containing 1 M NaCl.
The spectral properties of 2 mM H-Tel in solutions

containing 0.1 or 1 M NaCl differ markedly from those of
the 20 μM samples. At either salt concentration, the CD
spectrum of 2 mM H-Tel shows an intense peak around 258
nm and a band with a considerably reduced intensity around
290 nm (Figure 2A,B). This spectrum qualitatively resembles
that of the all-parallel G-quadruplex formed by TG4T (Figure
1) without the shoulder at 290 nm. The CD spectrum of 2 mM
H-Tel in the presence of 1 M NaCl remains the same after a 48
h incubation. In contrast, the spectrum of 2 mM H-Tel in a 0.1
M NaCl solution exhibits a slightly more intense 258 nm band
and a small reduction in the intensity of the 290 nm shoulder
after the longer incubation (Figure 2A,B).
We also investigated the effect of concentration on the

spectroscopic characteristics of Hyb-1 and Hyb-2, which are
variants of H-Tel (Table 1). In the presence of K+, Hyb-1 and
Hyb-2 adopt a monomolecular 3+1 configuration called hybrid-
1 and hybrid-2, respectively.30,31 Panels A and B of Figure 3
compare the CD spectra of Hyb-1 at low (20 μM) and high (2
mM) ODN concentrations following incubation for 24 and 48
h, respectively. From these figures, it can be seen that in the
absence of any added KCl, the dilute sample displays a single
positive band around 255 nm, which is similar to the spectrum
of H-Tel under this condition. However, at the higher ODN
concentration, the CD spectrum of Hyb-1 displays a broad peak

Figure 1. CD spectrum of 2 mM d(TG4T) in 10 mM Tris-HCl (pH
7.5) and 100 mM KCl at 25 °C.

Figure 2. CD spectra of 20 μM and 2 mM H-Tel in 10 mM Tris-HCl (pH 7.5) (squares) with either 100 mM NaCl (triangles) or 1 M NaCl
(circles) incubated for 24 (A) or 48 h (B) at 25 °C.
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with a maximum at ∼290 nm; the intensity of this peak
decreases gradually at shorter wavelengths (Figure 3A,B). In
solutions containing 100 mM KCl, the CD spectra are
qualitatively similar and independent of the ODN concen-
tration with positive peaks at ∼270 and ∼290 nm. These
spectra resemble the CD spectrum of hybrid-1 structures29

(Figure 3A,B). At 2 mM, we observed a modest increase in the
intensity of the band at 270 nm relative to that of the peak at
290 nm after the 48 h incubation (Figure 3B). In the presence
of 1 M KCl, only the 2 mM Hyb-1 sample displayed a change
in its CD spectral features; the spectrum of the 20 μM sample
remained unchanged (Figure 3A). At higher ODN and KCl
concentrations, we observed a decrease in the intensity of the
290 nm band after 24 h (Figure 3A); after 48 h, the intensity of
the band at around 270 nm increased and was slightly blue-
shifted (Figure 3B).
The behavior of Hyb-2 was quite similar to that of Hyb-1. At

20 μM and in the absence of added salt, the spectrum of Hyb-2
exhibited a single positive peak around 255 nm (Figure 4A,B), a
behavior similar to that of H-Tel and Hyb-1 (Figures 2A,B and
3A,B, respectively). The CD spectrum of 2 mM Hyb-2 (Figure
4A,B) in the absence of added salt resembles that of Hyb-1
(Figure 3A,B) with the addition of a trough around 260 nm. In
solutions containing 100 mM KCl, the 20 μM and 2 mM Hyb-
2 samples displayed spectra that are alike and that correspond
to the hybrid-2 structure28 (Figure 4A). The spectra of these
remained essentially unchanged following incubation for 48 h
with a slight deviation for the 2 mM sample (Figure 4B). The

CD spectra of 20 μM Hyb-2 in 1 M KCl at 24 and 48 h (panels
A and B of Figure 4, respectively) resemble the spectrum of
Hyb-2 in 100 mM KCl. Larger differences were observed for
the 2 mM sample in the presence of 1 M KCl. A positive peak
appeared around 260 nm with a prominent shoulder around
295 nm. The spectra remained qualitatively the same at the 24
and 48 h marks (Figure 4A,B).

Kinetics of the Conformational Transition of H-Tel at
High ODN Concentrations. Panels A and B of Figure 2 show
that there is a time-dependent change in the CD spectrum of
H-Tel in the presence of salt. We monitored the time course of
the change in the CD signal at 258 nm for solutions containing
3−7 mM ODN and 1 M NaCl. We used 1 M Na+ instead of 0.1
M to accelerate the conformation change and to allow us to
monitor the structural changes in a reasonable time frame.
Panels A and B of Figure 2 show that the CD spectra of H-Tel
at 1 M and 100 mM Na+ are qualitatively similar, suggesting
that the solution structures at both ionic strengths are also
similar.
The relaxations we observed at 258 nm were biexponential

except at the highest concentration, at which it was
monoexponential. The relaxation times are concentration-
dependent; thus, it is not a monomolecular process that we
are observing. However, the range of concentrations over which
we could observe relaxations precluded analysis of the kinetics
of the process. Therefore, these data provide an only qualitative
analysis of the processes we monitored. Figure 5 displays the

Figure 3. CD spectra of 20 μM and 2 mM Hyb-1 in 10 mM Tris-HCl (pH 7.5) (squares) with either 100 mM NaCl (triangles) or 1 M NaCl
(circles) incubated for 24 (A) or 48 h (B) at 25 °C.

Figure 4. CD spectra of 20 μM and 2 mM Hyb-2 in 10 mM Tris-HCl (pH 7.5) (squares) with either 100 mM NaCl (triangles) or 1 M NaCl
(circles) incubated for 24 (A) or 48 h (B) at 25 °C.
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dependence of the relaxation times (τ) on the concentration of
H-Tel.

The very slow transition displayed by Hyb-1 and Hyb-2
sequences even in the presence of 1 M KCl prevented us from
measuring the kinetics of the structural transition. To accelerate
the process, we heated these samples to 90 °C and then cooled
them to room temperature. The CD spectra we obtained after
this treatment resembled that of H-Tel at millimolar strand
concentrations, suggesting that Hyb-1 and Hyb-2 adopt a
conformation similar to that of H-Tel at high concentrations.
Raman Spectroscopy. Raman spectroscopy was used to

determine the formation of G-quadruplex structures and to
monitor changes in the conformations of the guanine residues
(syn/anti) involved in G-quartet formation. Solutions of DNA
samples (2 mM strands) were loaded into photonic crystal
fibers (PCFs) to provide an enhancement to the Raman signals
by means of total internal reflection and the photonic bandgap
effect. Figure 6 shows the spectra of the four DNA sequences
(Table 1) in the presence of 100 mM NaCl for H-Tel or 100
mM KCl for TG4T, Hyb-1, and Hyb-2, after a 48 h incubation
at 25 °C. All Raman modes were calibrated using the phosphate
mode at 1092 cm−1 as a reference.45

The Raman spectrum of TG4T (Figure 6a) was collected as a
reference because it is known to assume a tetramolecular G-
quadruplex with the guanine residues forming G-quartets
assuming the anti conformation. In a Raman spectrum, the
marker for Hoogsteen hydrogen bonds, and hence the
formation of G-quartets, is the band at 1480.2 cm−1 arising
from the C8N7-NH2 vibrational mode.45 The intense mode
at 685.5 cm−1 and the much less intense mode at 670 cm−1 are
consistent with the majority of glycosidic angles of the guanine
residues being in the anti conformation.45,46 The Raman
spectrum of H-Tel in 100 mM NaCl after an incubation period
of 48 h is shown in Figure 6b. It displays an intense band
around 1481 cm−1 confirming the presence of a G-quadruplex
structure, and it also exhibits an intense mode at 686.8 cm−1

and a shoulder at 667.6 cm−1, suggesting that the majority of
the guanines are in the anti glycosidic conformation.45

Similarly, the Raman spectra of Hyb-1 and Hyb-2, after a 48
h incubation period in the presence of 100 mM KCl (panels c
and d of Figure 6, respectively), display intense modes at 1481
cm−1, confirming the presence of G-quadruplexes. Both spectra
display a strong guanine anti mode around 684 cm−1 with a
small shoulder mode around 667 cm−1.
We monitored the rate of conversion between the anti (∼685

and ∼1335 cm−1) and syn (∼670 and ∼1325 cm−1)45,46

conformations by collecting the Raman spectra of H-Tel, Hyb-
1, and Hyb-2 as a function of time, with time zero being the
moment at which buffer containing 100 mM cation (Na+ or
K+) was added to the lyophilized samples (Figure 7). From
these results, it is clear that over the course of 48 h the
intensities of the syn guanine Raman modes of H-Tel around
670 and 1325 cm−1 decrease with time in relation to those
corresponding to guanine anti modes around 685 and 1333
cm−1. In contrast, neither the Hyb-1 nor the Hyb-2 Raman
spectrum displays time-dependent changes in intensity of the
modes corresponding to the anti and syn conformations in
relation to one another, signaling that these ODNs do not
undergo significant conformational changes in 100 mM KCl.

■ DISCUSSION
Circular dichroism spectroscopy is a powerful technique for
monitoring changes in the secondary structure of proteins and
nucleic acids. Applied to the analysis of G-quadruplex structure,
CD spectroscopy is often used to differentiate between
antiparallel and parallel strand arrangements within a G-
quadruplex. Generally, a CD spectrum of guanine-rich ODNs
with a positive peak around 260 nm and a trough around 240
nm is ascribed to a parallel-stranded G-quadruplex. On the
other hand, a spectrum having a positive Cotton effect around
295 nm and a trough around 260 nm is considered to
correspond to an antiparallel G-quadruplex. Two groups have
shown these spectral features arise from the orientation of the
stacked adjacent G-quartets.47,48 In addition to differentiating
between two topologies, CD spectroscopy affords a convenient
route to measure the kinetics of the changes in secondary
structures, ligand binding, and other structural changes. In what
follows, we combine the data from CD spectroscopy and those
obtained from nonresonant Raman spectroscopy in photonic
crystal fibers. This newly developed technique of conducting
Raman spectroscopy in photonic crystal fibers enhances the
detected Raman signals. In turn, it allows us for the first time to
study the effects of DNA strands as a function of their
concentration for three types of G-quadruplex-forming ODNs
that are based on the human telomeric sequence.
For most of the measurements presented here, we have used

two different concentrations of oligodeoxyribonucleotides, 0.02
and 2.0 mM. The lower concentration was chosen because it is
within the range of the spectroscopic methods typically used in
UV absorbance and circular dichroism using conventional
laboratory apparatus. This is a concentration in line with those
used in most physical and biochemical measurements of these
structures. We chose the higher concentration (2 mM) for two
reasons. It is in the range of concentrations used in structural
studies that employ magnetic resonance and because it was the
lowest concentration that would permit us to conduct the
kinetics experiments at 25 °C within a reasonable time frame
(<36 h). The conformational transitions were not complete at
lower ODN concentrations (0.6 and 1.5 mM) after 36 h. Below
0.6 mM, we did not observe any time-dependent signal change
even after incubation for 48 h, which we presume indicates that

Figure 5. Concentration dependence of the two relaxation times
observed at high concentrations of H-Tel. At 7 mM H-Tel, the data
were fit best with a single exponential. The inset shows a typical
relaxation curve obtained by measuring the magnitude of the CD
signal at 258 nm.
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H-Tel remains a folded monomolecular G-quadruplex. The
optical densities of the 2 mM and 20 μM samples are
approximately 0.5 based on an extinction coefficient of 255320
M−1 cm−1 and pathlengths of 0.01 and 1 mm, respectively.
Figures 2−4 show that in the absence of added salt, the CD

spectra of the samples at the lower concentration (20 μM)
resemble those of guanine-rich ODNs that contain 7-deaza-8-
azaguanine residues, which are assumed to be unfolded.37 In
contrast, when we increased the ODN concentration 100-fold
to 2 mM, the CD bands around 260 and 295 nm suggest that a
fraction of the ODNs exist in the G-quadruplex conformation.
The signal around 260 nm becomes less pronounced for H-Tel
after the 48 h incubation (Figure 2A,B). In the absence of any
added salt, 2 mM solutions of Hyb-1 and Hyb-2 appear to
adopt a mixture of conformations. The CD spectrum of Hyb-2
displayed a trough around 260 nm, suggesting that antiparallel
G-quadruplex structures are more prevalent than the parallel
topologies for that sequence under these conditions (Figure
4A,B).
The CD spectrum of H-Tel (Figure 2A,B) displays a striking

dependence on the concentration of the ODN. At micromolar
ODN concentrations in either 100 mM or 1 M NaCl, the

spectrum of H-Tel resembles that of antiparallel G-quad-
ruplexes,49 while at higher ODN concentrations, the spectrum
has features, such as a positive band at 258 nm, that resemble
those of parallel-stranded G-quadruplexes (Figure 1). In
addition to the band at 258 nm, there is a shoulder around
290 nm that might denote the presence of the antiparallel
basket conformation for the H-Tel sequence in the presence of
Na+ 21 (Figure 2A,B). From this, it appears that at millimolar
concentrations H-Tel exists as a mixture of parallel structure(s)
and antiparallel species, with the former being more prevalent.
Furthermore, the shoulder at 290 nm is less intense in the
presence of 1 M NaCl than the shoulder observed in the
spectrum of 2 mM H-Tel in 100 mM NaCl (Figure 2A).
However, the intensity of the CD signal at 290 nm for the 2
mM H-Tel spectrum in 100 mM Na+ becomes comparable to
that of this ODN in 1 M NaCl after 48 h (Figure 2B). This
indicates that the rate of structural conversion of H-Tel at
higher oligonucleotide concentrations increases with increasing
NaCl concentration as previously described by Neidle and
Balasubramanian.50

The time-dependent changes in the intensity of the Raman
modes corresponding to the anti and syn conformations in the

Figure 6. Raman spectra of d(TG4T) in 10 mM Tris-HCl and 100 mM KCl (a), H-Tel in Tris-HCl and 100 mM NaCl (b), Hyb-1 in 10 mM Tris-
HCl and 100 mM KCl (c), and Hyb-2 in 10 mM Tris-HCl and 100 mM KCl (d). All samples contained 2 mM ODN and were incubated for 48 h at
25 °C.
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presence of 100 mM NaCl are also consistent with a structural
change (Figure 7).
At the lower concentration of H-Tel (20 μM), its CD

spectrum is consistent with previously published data and is
ascribed to the basket topology of an antiparallel mono-
molecular G-quadruplex.44 In the millimolar range, H-Tel
shows a propensity to form what appears to be a parallel-
stranded structure. We measured the CD signal at 258 nm as a
function of time at different concentrations of H-Tel. The
relaxations we observed were best fit by two exponentials with
approximately equal amplitudes. The longer of the two
relaxations was greater than 10000 s at the lowest

concentration. At the highest concentration we studied, 7
mM strands, the data were fit to a single exponential. The
relaxation times exhibited a very strong concentration depend-
ence, changing by an order of magnitude over the very limited
concentration range we could investigate. Thus, the CD signal
arises from a multimolecular process; however, the concen-
tration range accessible to us was insufficient for determination
of the order of the reaction. Because of the presence of the
shoulder around the 290 nm in the CD spectrum, at
equilibrium the solution may contain a mixture of associated
G-quadruplex species. We did not determine thermal melting

Figure 7. Monitoring the changes of the anti and syn Raman modes in the spectral regions from 600 to 740 cm−1 (left column) and from 1300 to
1400 cm−1 (right column) of H-Tel (top), Hyb-1 (middle), and Hyb-2 (bottom). All samples contained 2 mM ODNs dissolved in 10 mM Tris-HCl
(pH 7.5) and either 100 mM NaCl (H-Tel) or 100 mM KCl (Hyb-1 and Hyb-2).
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curves because of the rapid evaporation of the sample in the
0.001 cm cuvettes at high temperatures.
Upon dilution of the 2 mM ODN sample to 20 μM, we

observed immediately a CD spectrum that corresponds to the
typical antiparallel conformation (data not shown). The rate of
this reversion was too rapid to measure accurately; con-
sequently, we were unable to calculate the dissociation rate
constant.
In contrast to the behavior of H-Tel, the spectra, and

presumably the structures, of Hyb-1 and Hyb-2 did not change
with ODN concentration in 100 mM KCl (Figures 3B and 4B).
The Raman spectra of Hyb-1 and Hyb-2 (Figure7) do not
display the time-dependent intensity changes of the anti and syn
modes observed for H-Tel (Figure 7). The only readily
observable spectral transformation for Hyb-1 and Hyb-2 within
the 48 h time frame occurred in the presence of 1 M KCl
(Figures 3A,B and 4A,B).
On the basis of our results, we propose that the non-guanine

bases at the 5′ and 3′ ends of Hyb-1 and Hyb-2 that form
capping structures30 hinder the association and aggregation of
these two ODNs at 100 mM KCl. Consistent with this are the
observations that there is no change of the CD spectrum of
either ODN in the presence of 100 mM KCl up to 48 h, and
the lack of intensity changes of the anti and syn Raman modes
as a function of time. We also propose that the absence of bases
that could form a capping structure in the H-Tel mono-
molecular basket structure expedites the transition into what
appears to be multimolecular structures at millimolar
concentrations.
Wang and Patel have conducted a landmark structural study

of H-Tel at millimolar concentrations at 7 °C using nuclear
magnetic resonance spectroscopy.21 On the basis of the
extinction coefficient and UV absorption units presented in
their work, the concentration of H-Tel in their experiments was
between 3 and 3.9 mM. In Figure 8, we present the CD spectra
of 3 mM H-Tel measured at 7 °C immediately after dissolution
and after 24 h at 7 °C. The initial spectrum closely resembles
the H-Tel spectra we measured at 20 μM and 25 °C. After 24 h
at 7 °C, the spectrum is consistent with the existence of a
mixture of conformations. We did not measure the spectrum at

longer times, so we cannot assess whether the transition
between these two conformations had reached equilibrium.
However, on the basis of the similarity of the CD spectra of the
3 mM sample at 7 °C with the spectrum of the 20 μM sample
at 25 °C, we propose that at low temperatures, the
conformational transition or aggregation is sufficiently slow
that only the monomolecular species are present.
The actual structure adopted at higher strand concentrations

of H-Tel is unknown and is beyond the scope of this paper.
However, on the basis of (1) the concentration dependence of
the structural transition, (2) CD data providing a 258 nm peak,
and (3) the time-dependent increase in the anti:syn ratio of the
dG Raman modes of H-Tel, it appears that the predominant
structure being adopted is a higher-order parallel-stranded G-
quadruplex. Finally, in Figure 9, we present three possible

higher-order structures that H-Tel might adopt. This schematic
suggests that at millimolar strand concentrations, either the
basket conformation transforms the monomeric G-quadru-
plexes to stack on top of each other or laterally in groups of
four or the resultant structure is composed of four strands
either in-register or out-of-register with respect to one another
leading to the formation of higher-order G-quadruplexes. Other
groups have suggested similar conformations for long repeats of
the human telomeric sequence.36,51

In conclusion, our data show that at millimolar concen-
trations the CD spectrum of H-Tel undergoes a slow,

Figure 8. CD spectra of 3 mM H-Tel in 10 mM Tris-HCl (pH 7.5)
with 100 mM NaCl at 7 °C after incubation for 0 (■) and 24 h (□).

Figure 9. Schematic diagram proposing alternative configurations for
the higher-order association of H-Tel monomers at high oligonucleo-
tide concentrations.
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concentration-dependent change. The concentration depend-
ence means that the process is not monomolecular. The
changes in the CD spectrum are rapidly reversed upon dilution
of the sample. Similar changes in the spectral properties of
Hyb-1 or Hyb-2 could be observed only at higher salt
concentrations and higher temperatures. We have proposed a
molecular mechanism involving aggregation of the folded H-
Tel monomers that is consistent with our observations. We
propose that the non-guanine bases at the ends of Hyb-1 and
Hyb-2 inhibit the aggregation process. Further experiments
ongoing in our laboratory aim to improve our understanding of
this phenomenon.
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