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ABSTRACT

DNAconcentrationhasbeenrecentlysuggestedtobe
the reason why different arrangements are revealed
for K+-stabilized human telomere quadruplexes by
experimental methods requiring DNA concentrations
differing by orders of magnitude. As Raman spectros-
copy can be applied to DNA samples ranging from
those accessible by absorption and CD spectr-
oscopies up to extremely concentrated solutions,
gels and even crystals; it has been used here to
clarify polymorphism of a core human telomeric
sequence G3(TTAG3)3 in the presence of K+ and Na+

ions throughout wide range of DNA concentrations.
We demonstrate that the K+-structure of G3(TTAG3)3
at low DNA concentration is close to the antiparallel
fold of Na+-stabilized quadruplex. On the increase of
G3(TTAG3)3 concentration, a gradual transition from
antiparallel to intramolecular parallel arrangement
was observed, but only for thermodynamically
equilibrated K+-stabilized samples. The transition is
synergically supported by increased K+ concentra-
tion. However, even for extremely high G3(TTAG3)3
and K+concentrations, an intramolecular antiparallel
quadruplex is spontaneously formed from desalted
non-quadruplex single-strand after addition of K+

ions. Thermal destabilization or long dwell time are
necessary to induce interquadruplex transition. On
the contrary, Na+-stabilized G3(TTAG3)3 retains its
antiparallel folding regardless of the extremely high
DNA and/or Na+concentrations, thermal destabiliza-
tion or annealing.

INTRODUCTION

Linear eukaryotic chromosomes are protected at both
ends by telomeres (1). Telomeric DNA in humans
consists of the (TTAGGG)n/(CCCTAA)n repeats termin-
ating on the 30-end of the molecule in a single-stranded
G-rich overhang (2), which folds into a G-quadruplex
under suitable conditions (3). Telomeres play a key role
in maintaining chromosomal integrity, control of DNA
replication and protection against chromosome elong-
ation by telomerase (4). Unregulated telomerase activity
allows cancer cells to become immortal (5). As formation
of G-quadruplexes at telomeres perturbs telomerase
function (6), the quadruplex-stabilizing agents can
suppress the proliferation of tumour cells (7,8). Se
arching for these agents is of great importance for
cancer treatment in human medicine (9). For a better ef-
ficiency, structural properties of telomeric quadruplexes
under the physiologically relevant conditions, that is, at
moderate concentration of K+ions and high local concen-
tration of DNA, must be known properly.
Despite numerous studies, the structure adopted by

human telomeric repeats under the biologically relevant
conditions remains unclear. The first relevant structure
solved at atomic resolution was reported by Wang and
Patel in 1993 (10). Based on nuclear magnetic resonance
(NMR) study and molecular dynamics simulations, the
telomeric fragment AG3(TTAG3)3 was shown to adopt
an antiparallel basket-type structure in the presence of
Na+ (10). A year later, the same topology was evidenced
by CD spectroscopy and chemical probing for quad-
ruplexes formed by related telomeric sequences,
G3(TTAG3)3 and (TTAG3)4, in both Na+ and K+ solu-
tions (11). On the contrary, radically different intramo-
lecular parallel quadruplex with three propeller-shaped,
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double-chain-reversal d(TTA)-loops was reported for the
crystalline K+-form of AG3(TTAG3)3 (12). Platinum
cross-linking studies revealed the formation of the basket-
type antiparallel quadruplex of AG3(TTAG3)3 in both Na+

and K+solution (13), whereas 125I-radioprobing confirmed
the basket-type of AG3(TTAG3)3 in Na+solutions, and the
antiparallel chair-type in the presence of K+ (14).
Several studies also proposed that parallel and antipar-

allel quadruplexes could coexist in K+ solutions, for
example (15). On the other hand, parallel-strand align-
ment derived from crystallography (12) was excluded as
the major biologically relevant conformation of the
human telomere quadruplex in K+ solution (16). In
2005, another type of quadruplex arrangement, so called
‘(3+1) structure’ containing three parallel and one anti-
parallel strands, was suggested for K+-stabilized
G3(TTAG3)4 containing one redundant TTAG3 repeat,
to explain peculiarities of its CD spectra (17). A year
later, structure of the intramolecular (3+1) quadruplex
scaffold was solved by NMR in K+ solutions for
TTG3(TTAG3)3A, TAG3(TTAG3)3 (18) and A3G3

(TTAG3)3AA (19); however, attempts to elucidate the
K+-structures of some related sequences bearing no or
few residues attached to the minimal quadruplex-forming
sequence G3(TTAG3)3 failed because of their conform-
ational heterogeneity. Another variant of the (3+1)
topology with different order of the loop arrangements
was discerned by NMR for TAG3(TTAG3)3TT stabilized
by K+ ions (20). Furthermore, depending on the nature
and number of the extra residues flanking the minimal
four-repeat G3(TTAG3)3 unit, and the method applied,
various quadruplex arrangements under the physiologic-
ally relevant K+ conditions were reported, antiparallel
(17,21), mixture of hybrid (3+1) and chair-type antipar-
allel (22), mixture of basket- and chair-type antiparallel
(23) and others (24–26). There was even reported CD
evidence of parallel arrangement, although in aqueous
solution at high K+ concentration (27). Parallel topology
was later observed in the presence of organic solvents
simulating crowding conditions present in cells, that is,
polyethylene glycol (28,29) or ethanol (30). Recently, a
new quadruplex type has been observed by NMR for
G3(TTAG3)3T stabilized by K+ ions (31). This stable
structure ascribed to a basket-type quadruplex contains,
however, only two G-tetrad layers capped with several
layers of stacked guanines and adenines on both sides of
the tetrad core.
From a great deal of experimental data available to

date, it follows that surprisingly high polymorphism of
the human telomere quadruplex could be a rather
complex resultant of the exact sequence studied, DNA
concentration, stabilizing cation type and concentration,
dehydrating or molecular crowding conditions, as well as
different protocols of sample preparation. Notably, DNA
concentration differing by orders of magnitude for various
experimental methods can be responsible for contradict-
ory structures observed under otherwise comparable
conditions. For instance, recent CD study has
demonstrated that K+-stabilized quadruplexes of several
human telomeric fragments undergo structural transition
on the increase of oligonucleotide concentration, even at

the physiologically relevant K+ concentrations (30).
However, more detailed CD and absorption studies at
high DNA concentrations are hindered by high optical
densities of the samples.

In the present work, Raman spectroscopy is
reintroduced as a practical and well-established, albeit
yet underappreciated, method suitable for structural
studies of G-quadruplexes. Although conventional,
notably non-resonant Raman spectroscopy has proved
useful for investigation of nucleic acids conformations
[for overview see (32,33)], relatively few articles relate spe-
cifically to G-quadruplexes (e.g. 34–41). One of advan-
tages of Raman spectroscopy consists in its applicability
to DNA samples starting from the concentrations com-
fortably accessible by absorption and CD spectroscopies
up to highly concentrated solutions inducing molecular
crowding without need of cosolutes, gels and crystals
studied by X-ray diffraction, with the possibility to
acquire informational rich Raman melting profiles at
high quadruplex concentrations, which are still missing.
Raman spectroscopy can thus bridge, in a methodologic-
ally consistent way, an information gap between experi-
mental methods restricted to low and high DNA
concentrations solely. It can contribute to reconciliation
of different K+-quadruplex structures reported for
aqueous solutions and clarify arrangement of human telo-
meric sequences under the physiologically relevant
conditions.

MATERIALS AND METHODS

Samples

High-performance liquid chromatography-purified and
lyophilized/highly concentrated oligonucleotides were
purchased from VBC-Biotech (Vienna, Austria) and
Generi Biotech (Hradec Králové, Czech Republic) in
several consecutive batches as ammonium or methyla-
mmonium salts. Chemicals of analytical grade (Sigma-
Aldrich) and deionized water (18M�, Elga) were used
for buffers. To adjust precisely type and concentration
of the quadruplex-stabilizing cations in the samples differ-
ing in DNA concentration, the following procedure was
used. Stock solutions of oligonucleotides (�200–500mM
in nucleosides) were prepared by dissolving lyophilized
oligomer into deionized water. To replace/remove
former countercations and small molecules initially
present in the lyophilisate, appropriate amounts of the
stock solution were repeatedly (typically 3–5 times)
washed out by a phosphate buffer (PBS, 30–150mM ac-
cording to DNA concentration, pH 6.8) containing Na+

or K+ ions at desired concentrations (100–500mM), using
centrifugal filter devices (Amicon Ultra 3K, Millipore).
Final concentration of K+ or Na+ in PBS was adjusted
by addition of KCl or NaCl. The same centrifugal
washing but by deionized water was used for preparation
of the samples without alkali cations. Non-quadruplex ar-
rangement of the fully desalted samples and the
quadruplex formation after addition of alkali cations
was checked out by ultraviolet (UV) absorption (42).
The DNA concentrations were adjusted by controlling
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the starting and final centrifuged volumes, as well as by
subsequent dilution by an appropriate solvent. In addition
to total and controllable solvent exchange and precise ad-
justment of the DNA concentration, repeated centrifugal
filtration helped to remove trace contaminants causing
fluorescence background in Raman spectra. The exact
oligonucleotides concentration was determined by absorb-
ance measurements of appropriately diluted samples at
95�C by using a Lambda 12 UV/VIS (Perkin-Elmer) or
Unicam 5626 UV/VIS spectrophotometers and molar
extinction coefficients calculated according to (43). To
increase accuracy of the concentration determination of
extremely concentrated DNA samples, especially import-
ant for DNA concentration series, relative concentrations
were determined concurrently from Raman intensities
normalized with respect to OH-stretching band of water
molecules (44). If not stated explicitly otherwise, DNA
concentrations are related to nucleosides throughout the
present article. Quadruplex structures thermodynamically
equilibrated in relevant solutions were prepared by a
15min thermal denaturation at 95�C and subsequent
slow annealing (�5 h) to room temperature. Heated but
thermodynamically non-equilibrated structures were
prepared by a fast cooling (from 95 to 20�C within
<1min), using expanding stream of compressed dry air.
Moreover, structural changes in the course of thermal
denaturation and annealing were monitored by Raman
spectroscopy as a function of actual temperature in a
temperature-controlled quartz microcell.

Raman measurements

Raman spectra were excited with the 532 nm line of a
continuous-wave solid-state Nd:YVO4 laser (Verdi 2,
Coherent) using the radiation power at the sample
ranging from 100–400 mW (according to the sample con-
centration). The spectra were collected in the 90� scatter-
ing geometry on a multi-channel Raman spectrograph
(Jobin Yvon–Spex 270M) equipped with a holographic
notch-plus filter (Kaiser) to reject Rayleigh scattering
and a liquid nitrogen-cooled CCD detector (Princeton
Instruments). Raman measurements were carried out in
a temperature-controlled, hermetically sealed quartz
microcell (5 ml sample volume) at somewhat reduced tem-
perature [5–10�C, in comparison with room temperature
used for CD and polyacrylamide gel electrophoresis
(PAGE) experiments] to eliminate potential sources of
artifacts specific for Raman scattering; however, such a
slight temperature difference was proven to have no
apparent effect on quadruplex structures and structural
conclusions. Thermal denaturation/annealing experiments
were conducted in the range of 2–96�C, with an accuracy
of a temperature control within ±0.5�C. If not stated
otherwise, the sample was equilibrated at the desired tem-
perature for �10min before recording the spectrum. The
wavenumber scales of Raman spectra were precisely
calibrated using the emission spectra of a neon glow
lamp taken before and after each Raman measurement.
The estimated precision of the calibration procedure was
better than 0.1 cm�1. The Raman contribution from the
solvent was carefully subtracted, and the spectra were

corrected for their non-Raman background by using
advanced methods of factor analysis (44). Spectra were
normalized to the peak height of the 1093 cm�1 band
associated with the PO2

� symmetric stretching mode,
reported previously to be largely invariant to the melting
of DNA duplexes (45). If appropriate, for example, for
quantitative comparisons of the oligonucleotides differing
in the length or in the number of specific nucleosides,
normalized spectra were furthermore renormalized ac-
cording to the parameter in question.

CD measurements

CD measurements were done in a Jobin-Yvon CD6
dichrograph (Longjumeau, France) in 1–0.001 cm
path-length quartz cells (Hellma Analytics, Germany)
placed in a temperature-controlled holder. The scan rate
was 0.5 nm/s. CD signals are expressed as the difference in
the molar absorption �e of the right- and left-handed
circularly polarized light. The molarities are related to
nucleosides.

PAGE

PAGE was performed in a temperature-controlled electro-
phoretic apparatus (SE-600; Hoefer Scientific, USA). Gel
concentration was 16% (29:1 monomer to bis ratio,
Applichem, Germany). About 2 mg of DNA was loaded
into each lane of a 14� 16� 0.1 cm gel. Samples were
electrophoresed at 20�C for 19 h at 30V (�2Vcm�1).
Gels were stained with Stains All (Sigma-Aldrich) after
electrophoresis and scanned using a Personal
Densitometer SI, model 375-A (Molecular Dynamics,
USA).

RESULTS AND DISCUSSION

Equilibrated transition of annealed K+-stabilized
G3(TTAG3)3 depends on DNA concentration

In the recent CD study (30), it was suggested that the
antiparallel-to-parallel rearrangement of human telomeric
sequences can be accomplished at physiologically relevant
K+ concentrations simply by increasing the concentration
of DNA, without addition of organic cosolutes to simulate
molecular crowding conditions. To provide methodologic-
ally independent evidence of the self-crowding effect
throughout a wider range of DNA concentration,
Raman spectra of thermodynamically equilibrated
(slowly annealed) solutions of G3(TTAG3)3 at DNA con-
centrations ranging from 8 to 240mM and stabilized by
200–250 mM K+were acquired and compared with those
prepared in a similar way in Na+buffers. As evident from
differential spectra shown in Figure 1, initial quadruplex
arrangement adopted by 8mM G3(TTAG3)3 at moderate
concentration of 200mM K+undergoes gradual structural
changes on increase of DNA concentration. No similar
spectral changes were observed for G3(TTAG3)3 in Na+

solutions (Supplementary Figure S3, top).
Differential Raman features of K+-G3(TTAG3)3

depicted in Figure 1 are mostly consistent with those
reported on structural transition of Oxytricha telomeric
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sequence (T4G4)4 induced by increased concentration of
Na+ and K+, and shown to be indicative for inter-
quadruplex switching from intramolecular antiparallel
fold to four-stranded parallel structure (35). As, to the
best of our knowledge, human telomeric sequences have
not been studied yet by conventional non-resonant
Raman spectroscopy, assignment of Raman bands of
G3(TTAG3)3 and structural interpretation applied herein-
after is based on Raman studies of interquadruplex
switching of Oxytricha telomeric sequences controlled by
the type, concentration and molar ratio of Na+ and K+

cations (34–39), on relevant Raman studies of various
non-quadruplex DNAs (32,33,45–51), as well as on
Raman spectra of model oligonucleotides (dG)15,
(dT)15 and (dA)15 (Supplementary Figures S1 and S2).
Raman markers used in the present work are listed
and thoroughly discussed in the (Supplementary
Table S1).
According to Raman markers indicative for C2-endo/

syn (671 and 1326 cm�1) and C2-endo/anti (686 and
1338 cm�1) conformers of dG (32,34–36,39), structural

transition of K+-G3(TTAG3)3 comprises gradual increase
in the population of C2-endo/anti-dG at the expense of
C2-endo/syn-dG (for detailed discussion see
Supplementary Data), as can be documented by relative
intensity increase of the Raman bands at 686 and
1338 cm�1, accompanied by intensity decrease of the
shoulder at 671 cm�1 and the 1326 cm�1 band (Figure 1
and Supplementary Figure S3, bottom). Furthermore, in-
tensity decrease of relatively weak but important Raman
marker of C2-endo/syn-dT at 611±2 cm�1 (32,36,39),
sensitive to geometry of d(TTA)-loops (for detailed dis-
cussion see Supplementary Data), is consistent with
quadruplex rearrangement from the fold incorporating
side/diagonal loops to the quadruplex structure having
loops organized in other geometry.

Characteristic changes in other Raman bands sensitive
to syn/anti-dG ratio (�581±1 cm�1), structurally in-
formative markers of hydrogen bonding within
G-tetrads (�1483±2 cm�1), arrangement markers of
d(TTA)-loops (�499±2 and �1371±1 cm�1) and
markers sensitive to sugar-phosphate backbone
(�788±2 cm�1) constitute differential pattern that can
serve as Raman fingerprint of interquadruplex transition.
Conformational switching concluded from Raman spectra
corroborates structural transition inferred from the cor-
responding CD spectra indicating gradual changes from
predominantly antiparallel (6.2mM) to largely hybrid
(3+1) (55mM) and finally to predominantly parallel
folding (30) at DNA concentration of 154mM still access-
ible to CD measurements (Figure 2).

Linear character of interquadruplex transition indicates
conformational heterogeneity

To better understand progression of the changes induced
by DNA concentration and to depict different impact of
the K+and Na+ ions, Raman spectra of DNA concentra-
tion series carefully prepared according to identical proto-
cols from the same stock solution have been analysed
together by a factor analysis (44). Using a singular value
decomposition (SVD) approach (44), spectral variability
within the normalized Raman dataset under consideration
(11 and 11 Raman spectra of G3(TTAG3)3 at the nucleo-
tide concentrations 8–240mM, stabilized by slightly
higher concentration of 250mM Na+ and K+ to favour
parallel form, respectively) was decomposed into a set of
orthonormal abstract factors (subspectra Sj), their statis-
tical weights (singular values Wj) and coefficients Vij rep-
resenting relative contributions of Sj to the i-th
experimental spectrum from the dataset (Figure 3).
Despite somewhat abstract character of the subspectra
and less common mode of presentation, practically
constant values of the coefficients Vi1–Vi3 for Na+-
samples throughout full DNA concentration range
tested here evidently means that their normalized
Raman spectra are virtually identical. On the other
hand, surprisingly linear dependency of all three coeffi-
cients Vi1–Vi3 on DNA concentration for K+-samples
suggests gradual structural transition (instead of sigmoidal
one expected for conformational transition between two
or three distinct forms), probably not completed even

Figure 1. Raman spectra of G3(TTAG3)3 in 200mM K+ (30mM of
PBS, pH 6.8, t=5�C) at the nucleoside concentrations of 8mM
(bottom trace) and 200mM (top trace). Intermediate traces show the
differences between the spectra at indicated concentration and that of
the lowest one.
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at the highest DNA concentration of 240mM studied in
the series. Linear progression of the spectral changes in the
range of DNA concentrations usual for NMR studies is
consistent with conformational heterogeneity and coexist-
ence of multiple quadruplex structures (18,19), the reason
why attempts to elucidate K+-structure of G3(TTAG3)3
[or some related sequences bearing just few flanking
nucleotides, e.g. AG3(TTAG3)3] by NMR spectroscopy
failed.

Furthermore, disclosure of three subspectra (according
to singular values and residual errors shown in Figure 3)
necessary for an adequate description of the spectral vari-
ability within full Raman dataset, corroborates persistence
of the spectral differences between the Na+- and K+-struc-
tures beyond to the lowest DNA concentrations used in
this experiment (�8mM). Corresponding orthogonal dif-
ferences extracted by the SVD from Raman dataset are
expressed predominantly by a subspectrum S3, as can be
documented by substantial match with differential curve
shown in Figure 4 (up), where the low-DNA spectra in

both alkali cations are compared directly for better
illustration. On the other hand, subspectrum S2 can be
related primarily to spectral differences between
the high- and low-DNA structures of K+-stabilized G3

(TTAG3)3, as evident from apparent similarity with
high-DNA differential curve between the K+ and Na+

structures shown in Figure 4 (bottom).
Although the Raman spectra of Na+- and K+-stabilized

G3(TTAG3)3 at the lowest DNA concentration exhibit
some spectral differences (Figure 4, top), these do not
concern the crucial Raman markers of the syn/anti-dG
conformers discussed earlier in the text. Only the minute
flip of relative intensities between 674 and 687 cm�1 bands
of dG might be interpreted as a sign of slightly higher
population of C2-endo/anti-dG in the K+ form.
However, the changes of another syn/anti-dG markers in
the 1326/1338 cm�1 region (i.e. appearance of 1332/
1352 cm�1 differential features) and opposite sign of dif-
ference at 1371 cm�1 (Figure 4) are more complex and do
not sustain changes in the syn/anti dG distribution or
rearrangement of dT-loops expected for substantially dif-
ferent geometries. Furthermore, structurally sensitive
band of symmetrical phosphodiester stretching mode at
789 cm�1 exhibits similar intensity and shape in both
Na+- and K+-forms at low DNA concentration
(Figure 4, top), in contrast to substantial difference ac-
companying antiparallel-to-parallel transition at high-
DNA content (Figure 4, bottom). Finally, a positive dif-
ferential feature at 1488 cm�1, the most distinct difference
between Raman spectra of K+- and Na+-stabilized
low-DNA folds of G3(TTAG3)3 is inconsistent with
antiparallel-to-parallel transition, for which a negative
feature at the same position is expected (Figure 1). It
can be concluded that our Raman study provides meth-
odologically independent argument in favour of prevailing
antiparallel topology of the K+-G3(TTAG3)3 at low DNA
concentration, even though corresponding CD spectrum is
dissimilar to that of Na+-stabilized antiparallel structure
(Figure 6). The CD spectrum of low-DNA K+-
G3(TTAG3)3 has been previously interpreted as a sign of
hybrid (3+1) form of K+-G3(TTAG3)3 (22,52), identify-
ing its structure with the mixed (3+1) structures of
TTG3(TTAG3)3A, TAG3(TTAG3)3 (18), A3G3(TTA
G3)3AA (19) and TAG3(TTAG3)3TT (20) in K+ solutions
resolved by NMR; however, at DNA concentrations by
one or two orders higher that those studied by CD.

Interquadruplex transition of K+-G3(TTAG3)3 is more
effective at higher concentrations of K+

Similar structural effect as induced by DNA concentration
at a fixed concentration of K+can be seen on the increase
of K+ concentration at a fixed concentration of
G3(TTAG3)3. Representative Raman spectra of thermo-
dynamically equilibrated (slowly annealed) solutions of
50mM G3(TTAG3)3, the concentration of the order
common for NMR studies, in 100 and 500mM of K+ or
Na+ are shown in Figure 5. Corresponding CD spectra
and native PAGE of the samples are presented in Figure 6.
According to CD, low-salt quadruplex structure of

G3(TTAG3)3 at moderate DNA concentration (Figure 6)

Figure 2. Dependence of CD spectra of G3(TTAG3)3 on DNA concen-
tration at 23�C. Each sample was slowly annealed after dilution to the
final DNA concentration. Concentration of K+ in all samples was
300mM. Bottom: native PAGE of K+-stabilized G3(TTAG3)3 at
indicated DNA concentrations. The PAGE was performed at 20�C in
30mM of PBS containing 240mM of K+, pH 6.7.
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is identical to that of low-DNA G3(TTAG3)3 at moderate
concentration of K+ (Figure 2). Corresponding Raman
spectrum (Figure 5, bottom) corroborates structural simi-
larity, exhibiting Raman features indicative for antiparal-
lel structure in the same extent as for low-DNA K+-
G3(TTAG3)3 in 250mM K+ (Figure 1). Increase in the
K+ concentration to 500mM is followed by the same
spectral changes signalling structural transition towards
parallel form, as described above on interquadruplex tran-
sition induced by DNA concentration. Difference between
high- and low-salt spectra of 50mM G3(TTAG3)3
(Figure 5, bottom) is virtually identical to Raman finger-
print pattern observed on DNA increase (Supplementary
Figure S3, bottom). On the other hand, no remarkable
structural changes occur for 50mM G3(TTAG3)3 on
raising the Na+ concentration (Figure 5, top). The effect
of K+ concentration is more profound for higher DNA
concentrations, as will be shown later.
Rearrangement of G3(TTAG3)3 from antiparallel to

(3+1) structure is accompanied by a transition of one of
the three side/diagonal d(TTA)-loops to double-chain-
reversal conformation. In a fully parallel quadruplex,

all three d(TTA)-loops have to be double-chain-reversal.
However, on the interquadruplex transition induced by
high DNA (Figure 1) or K+ concentration (Figure 5),
intensity of the dT-loop marker at 611±2 cm�1 is
reduced approximately to half of its initial value,
whereas intensity of the C2-endo/anti-dG marker at
581±1 cm�1 increases for �20%. Consequently, a
fraction of G3(TTAG3)3 quadruplexes seems to preserve
their loops in side/diagonal arrangement. The finding
seems to be in qualitative agreement with CD spectra
(Figures 2 and 6, top) that affirm partial preservation of
(3+1) and/or even antiparallel form, as can be concluded
from still intense positive CD shoulder at 293 nm.
However, up to 20% of the 611 cm�1 band intensity
persists even under the conditions strongly favouring
parallel quadruplex. As will be shown later, the band is
still visible even at the highest concentrations of DNA and
K+ used in the present study, well beyond DNA concen-
trations for which CD spectra exhibit just CD features of
parallel arrangement. For instance, in the Raman
spectrum of 315mM G3(TTAG3)3 slowly annealed in the
presence of 500mM K+ (Figure 8, bottom), normalized

Figure 3. Dependence of normalized Raman spectra of G3(TTAG3)3 on DNA concentration in the presence of 250mM of K+ or Na+ (150mM of
PBS, pH 6.8, 5�C). Spectral differences between K+- and Na+-stabilized quadruplex structures and changes induced by increasing DNA concentra-
tion are expressed as abstract orthonormal factors obtained by SVD analysis (44). For better insight to real spectral differences and their extent, refer
to Figure 4 and Supplementary Figure S3. Right top corner: scheme of a G-tetrad.
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intensity of the 611 cm�1 band still preserves �20% of the
intensity observed for 8mM G3(TTAG3)3 in 100mM K+,
the later sample being considered as the least prone to
interquadruplex transition. Beyond persisting conform-
ational heterogeneity of the quadruplexes, the apparent
quantitative disagreement between intensity of the
611 cm�1 band, its structural assignment and real arrange-
ment of the loops, may stem from diverse conformations
of particular dT residues constituting d(TTA)- or dT4-
loops.

Effect of thermal destabilization and annealing
on interquadruplex transition

As demonstrated above, antiparallel-to-parallel transition
of G3(TTAG3)3 can be induced by increasing K+ and/or
DNA concentrations, both factors acting in synergy.
However, thermal destabilization of the antiparallel
folding spontaneously adopted by G3(TTAG3)3 in the
course of quadruplex formation under the high-DNA
and/or high-K+ conditions is a third prerequisite (30).
Incidentally, protocols of sample preparation used in
some NMR studies (18,19) do not mention heating or
annealing. Effect of heating and annealing at high DNA

concentrations, a task for which Raman spectroscopy
comes exceptionally useful, was thus studied in detail.
As shown in Figure 7, desalted sample of G3(TTAG3)3

prepared by repeated centrifugal washing with deionized
water adopts non-quadruplex structure even at DNA con-
centration as high as 520mM. Common quadruplex
markers signalling tight base-pairing within G-tetrads
(when located at 1484, 1581 and 1719 cm�1) are shifted
to the wavenumbers typical for dG hydrogen bonding
with H2O (1486, 1578 and 1689 cm�1). However, even in
the absence of stabilizing cations, G3(TTAG3)3 is
probably ordered, as its spectrum contains conform-
ational marker at 837 cm�1, which is present with
regular B-DNA-family backbone (32), and, except for
the band at 1486 cm�1, no Raman hypochromism
expected for substantially destacked bases (32) is
observed. After addition of K+ ions (230mM) but
omitting annealing, the high-DNA G3(TTAG3)3 spontan-
eously adopts antiparallel quadruplex structure, as can be
documented by appearance of syn-dG markers (671 and
1327 cm�1) and dT marker of lateral/diagonal d(TTA)-
loops (612 cm�1). The K+-structure is close to the antipar-
allel Na+-folding formed under the same DNA and Na+

concentrations, as seen from the match of their Raman

Figure 5. Raman spectra of 50mM G3(TTAG3)3 in the presence of 100
and 500mM of Na+ (top) or K+ (bottom) at 10�C. Difference spectra
between the high- and low-salt structures are shown to highlight
cation-specific spectral variance. Differential Raman features are
labelled according to their apparent maxima/minima that can differ
from the maxima/minima of the respective Raman bands.

Figure 4. Detail comparison of the spectral differences between K+-
and Na+-stabilized G3(TTAG3)3 quadruplexes at low (8mM, top)
and high (240mM, bottom) DNA concentration. Normalized Raman
spectra correspond to lower and upper concentration limits of the series
analysed by SVD in Figure 3.
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spectra and respective differential curves (Figure 7, no-K+

and no-Na+ curves). Although Raman difference
spectrum between ‘unheated’ K+- and Na+-stabilized
quadruplexes at high-DNA (330mM) reveals some
spectral differences (Figure 7, K+-Na+ curve), they
are virtually identical with those depicted in K+–Na+

difference spectrum of G3(TTAG3)3 slowly annealed
at low-DNA conditions of 8mM (Figure 4, top). It can
be suggested that, according to Raman markers, structure

of K+-stabilized G3(TTAG3)3 quadruplex formed at
extremely high DNA concentration before heating/an-
nealing is virtually identical with that of the thermo-
dynamically equilibrated K+-structure formed at
low-DNA conditions by a standard annealing. Raman
spectra of freshly prepared unheated K+-samples were
found to be independent of G3(TTAG3)3 concentration.
However, if the unheated high-DNA solutions remain
standing for several days at room temperature, Raman
signs of antiparallel-to-parallel transition begin to
appear slowly.

The spontaneously adopted antiparallel structure of
K+-stabilized G3(TTAG3)3 is evidently not a thermo-
dynamically most stable quadruplex arrangement, espe-
cially at extremely high DNA concentrations. For
example, when heated to 95�C and rapidly (in <1min)
cooled down to room temperature, partial (�50% accord-
ing to differential Raman features) switching to the
parallel form is achieved, as evident from the comparison
with a slowly annealed sample (Figure 8, top). The effect is
synergically amplified by increasing concentration of K+,
as the difference between rapidly cooled and slowly
annealed differential Raman spectra becomes smaller in
500mM K+ (Figure 8, bottom). By decreasing the
G3(TTAG3)3 concentration, the differences between
unheated, rapidly cooled and slowly annealed Raman
spectra decrease rapidly, becoming virtually indiscernible
<100mM DNA in 230mM K+, although yet still well
apparent for 30mM G3(TTAG3)3 in 500mM K+. For
Na+-stabilized G3(TTAG3)3, no such dependence on
heating/annealing was observed.

To better understand thermal destabilization of initial
antiparallel K+-form of G3(TTAG3)3 and interquadruplex
switching under DNA concentrations inaccessible to CD

Figure 6. Top: CD spectra of 50mM G3(TTAG3)3 in the presence of
100 and 500mM of Na+ or K+. Positive bands at �245 and �293 nm
and negative band at �265 nm affirm antiparallel foldback of the Na+-
stabilized G3(TTAG3)3, regardless of the Na+ concentration. Even
though without negative band at �265 nm, the CD spectrum of
100mM K+-stabilized G3(TTAG3)3 was recently proven to be indica-
tive for essentially the same antiparallel topology as adopted by Na+-
stabilized quadruplex (30), contradicting the previous interpretation
attributing CD spectra of this shape to hybrid (3+1) form (18,19,22).
Transition to the parallel structure via hybrid (3+1) forms is
accompanied by appearance of a strong positive band at �263 nm,
decrease of the positive band at �290 nm and the presence of
negative band at �240 nm (30), the CD features visible in the
presence of 500mM K+. Bottom: native PAGE of 50mM
G3(TTAG3)3 in 100–500mM of K+ before heating (N) and after slow
annealing (A). The PAGE was performed at 20�C in 30mM PBS con-
taining 300mM K+ in total, pH 6.7.

Figure 7. Spectral differences between non-quadruplex G3(TTAG3)3
structure at extremely high DNA concentration (520mM; no alkali
cations present) and initial quadruplex structures adopted by highly
concentrated G3(TTAG3)3 (330mM) after adjustment of K+ or Na+

concentrations to 230mM, but before annealing.
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or absorption measurements, annealing process was moni-
tored by Raman scattering on the temperature increase
and decrease. The 330mM of G3(TTAG3)3 in 230mM
of K+ was heated continuously from 10�C to 95�C and
then cooled down at the rate of �1.5�C/min. The SVD
analysis of the entire Raman dataset sorted out spectral
changes common for an overall denaturation/renaturation
process of both quadruplex structures (S2, Vi2), and
separated them from the features reflecting structural dif-
ferences between respective quadruplexes (S3, Vi3;
Supplementary Figure S4). As evidenced by a close
match of temperature dependencies of the Vi2 coefficients
on the temperature increase and decrease, overall
renaturation curve (giving rise to the parallel quadruplex)
follows well denaturation curve of the antiparallel
quadruplex (Supplementary Figure S4). On the contrary,
orthogonal subspectrum S3 and coefficients Vi3 clearly dis-
criminate between antiparallel and parallel folds, except
for the temperatures >77�C when Raman spectra
measured on temperature increase and decrease become
identical.

To better depict different temperature dependencies of
the Raman features sensitive and insensitive to quadruplex
arrangement, spectral parameters of selected bands are
shown in Figure 9. Raman marker of regular
B-DNA-family backbone (837 cm�1) and general
markers of interbase hydrogen bonding within G-tetrads
(position and intensity of the �1581 and �1719 cm�1

bands, respectively) affirm reversible melting of the
sugar-phosphate backbone and similar strengths of the
N2H and O6 hydrogen bonds within G-tetrads in K+-
stabilized antiparallel and parallel forms under the
present DNA and K+ concentrations. On the contrary,
newly established C2-endo/anti-dG marker at 581 cm�1,
the 611 cm�1 marker of the lateral/diagonal arrangement
of d(TTA)-loops and an indicator of strong Hoogsteen
hydrogen bonding at N7-dG (1485 cm�1) exhibit more
complicated temperature dependences (Figure 9).
Convergence of the 581, 611 and 1485 cm�1 melting
curves of unheated antiparallel G3(TTAG3)3 towards
renaturation curves leading to formation of the parallel
quadruplex at low temperatures (indicated by the 837,
1581 and 1719 cm�1 bands; Figure 9) implies thermally
induced structural switching of the antiparallel folding
to a parallel-like arrangement that precedes complete
quadruplex unfolding and complete disintegration of
G-tetrads at higher temperatures. Denaturation/
renaturation profiles exhibiting similar convergence were
reported recently by CD spectroscopy for K+-stabilized

Figure 8. Effect of the annealing mode and K+ concentration on
G3(TTAG3)3 quadruplex structure at extremely high DNA concentra-
tion. Raman spectra of 330 and 315mM G3(TTAG3)3 in the presence
230 and 500mM of K+, respectively, before thermal denaturation (No)
and after fast (Fast) and slow (Slow) annealing. Differential spectra
between thermally destabilized, thermodynamically equilibrated and
initially adopted K+-stabilized G3(TTAG3)3 structures are shown to
depict differences.

Figure 9. Heating and cooling Raman profiles of selected Raman
bands sensitive (581, 611 and 1485 cm�1) and insensitive (837, 1581
and 1719 cm�1) to antiparallel-to-parallel switching of the K+-stabilized
G3(TTAG3)3 quadruplex. Initially, antiparallel K+-quadruplex
(330mM), spontaneously formed on addition of 230mM K+, was
heated from 10�C to 95�C and then cooled down at the same rate of
�1.5�C/min.
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G4(T2G4)3 Tetrahymena quadruplex (53), and interpreted
as a sign of thermally induced conversion of intramolecu-
lar antiparallel conformers to more stable parallel forms.
Poor reversibility observed during the first cooling of the
melted sample was ascribed to the slow kinetics of the
formation of antiparallel conformers (53). A similar pref-
erence for parallel structure after thermal destabilization
of spontaneously preformed antiparallel quadruplex can
be seen here for K+-stabilized G3(TTAG3)3. Once slowly
annealed, K+-stabilized parallel form of G3(TTAG3)3
melts reversibly without any hysteresis, as can be
evidenced by a close match of denaturation and
renaturation profiles visualized by a factor analysis
(Supplementary Figure S6).
It is worthwhile to note that under the extreme DNA

and K+ concentrations, unheated samples constitute clear
and relatively non-viscous solution, which turns irrevers-
ibly into a solid gel after annealing. Increased viscosity or
gelation after annealing was observed also for extremely
high-DNA samples at moderate K+ concentrations (200–
300mM). As the interquadruplex transition induced by
DNA concentration assumes some physical contacts
between G3(TTAG3)3 molecules, a question about mo-
lecularity of the parallel form arises. According to electro-
phoretic mobilities, the samples identified by CD and
Raman spectra as K+-stabilized parallel quadruplexes
migrate preferentially as monomers, although slowly
migrating continuous smear indicates the presence of
multi-molecular structures, especially in the samples
annealed at the highest K+ and DNA concentrations
(Figures 2 and 6). Except for a weak band at the
position corresponding to a bimolecular form visible in
Figure 2, the smear lacks any structure. We suppose that
the presence of the monomer band and slowly migrating,
unstructured smear corresponds better to a wide distribu-
tion of the self-stacked associates consisting of intramo-
lecular parallel quadruplexes (30) than to four-molecular,
four-stranded parallel structures or multi-molecular,
locally four-stranded parallel structures with out-of-
register alignment of adjacent strands. As four- and
multi-molecular parallel quadruplexes are more thermo-
dynamically and kinetically stable than the higher-order
self-associates of monomeric quadruplexes, their forma-
tion as well as disintegration should be less probable
and slower than in the case of self-associates. The latter
can be thus, under the diluting conditions of electrophor-
esis, disintegrated into the monomers much easier and
faster than the four- and multi-molecular parallel
quadruplexes, and it could better explain appearance of
the monomer band in PAGE. In the case of molecular
crowding induced by DNA itself, the self-association by
stacking is a factor stabilizing parallel arrangement of
each individual G3(TTAG3)3 quadruplex. On the other
hand, such a self-association requires quadruplexes with
parallel or at least (3+1) intramolecular arrangement (30).

CONCLUSIONS

It is generally accepted that quadruplex structures
determined for crystalline states cannot be uncritically

transferred to solutions. Less accepted is a fact that even
quadruplex structures determined by NMR in solutions at
relatively high DNA concentrations can differ from those
existing in more dilute solutions investigated by absorp-
tion and CD spectroscopies.

By means of Raman spectroscopy that can be applied
over wide range of DNA concentrations, we demonstrate
here that quadruplex structure of K+-stabilized
G3(TTAG3)3, the shortest four-repeat model of human
telomeric quadruplex, depends on DNA concentration,
as well as on the mode of sample preparation. Complex
interplay of DNA and K+ concentrations with other
factors affecting quadruplex structure, for example,
presence or absence of thermal destabilization and anneal-
ing in protocols, storage conditions and time elapsed
between the sample preparation and measurement, could
be the reason why distinct K+-stabilized quadruplex struc-
tures of human telomeric sequences were reported by
various experimental methods using DNA concentrations
differing by orders of magnitude. Raman spectroscopy
could be of great benefit in the current effort to better
understand quadruplex structural properties under the
crowding conditions existing in cells.
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