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Abstract

Anna K. Shchyolkina,1*
Olga F. Borisova,1
Michael A. Livshits,1
Reinhard Klement2
and Thomas M. Jovin2
1Engelhardt

Oligonucleotides 3′-d(GTGTGTGTGG)-L-d(GGTGTGTGTG)-3′ (hp-GT) and 3′d(G4STG4STG4STG4STGG)-L-d(GGTGTGTGTG)-3′ (hp-SGT), (L=(CH2CH2O)3), were
shown by use of several optical techniques to form a novel parallel-stranded (ps) intramolecular double helix with purine-purine and pyrimidine-pyrimidine base pairing. The rotational
relaxation time of hp-GT was similar to that of a 10-bp reference duplex, and the fraction of
unpaired bases was determined to be ~ 7%, testifying to the formation of an intramolecular
double helical hairpin by the sequence under the given experimental conditions. A quasi-twostate mode of ps-double helix formation was validated, yielding a helix-coil transition enthalpy
of -135±5 kJ/mol. The G·G and T·T (or 4ST ·T) base pair configurations and conformational
parameters of the double helix were derived with molecular modeling by force field techniques. Repetitive d(GT) sequences are abundant in telomers of different genomes and in the
regulatory regions of genes. Thus, the observed conformational potential of the repetitive
d(GT) sequence may be of importance in the regulation of cell processes.
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Introduction
Simple dinucleotide repeats abundant in a number of genomes (1) and capable of
adopting unusual DNA structures have been shown to be important for basic genetic processes (2). For example, expansion of the GT dinucleotide repeat lead to
blockage of strand exchange through enhanced binding to the RecA protein, thereby promoting crossing-over events between such repeats (3,4).
In vertebrates, yeast, as well as many other eukaryotes, telomeres comprise TG/CA
repeated sequences within the TG-containing 3′-end of chromosomes. The doublestranded regions of Saccharomyces cerevisiae telomeric DNA consists of ~ 300 bp
of the G2-3(TG)1-6T sequence (5). It has been reported that the telomeres of yeast
end in single-stranded GT overhangs (6), which are able to form G4 structures promoted by the RAP1 telomere-binding protein (7). The protein regulating the telomeric length, Tel2p, binds specifically to single-stranded G2-3(TG)1-6T overhang and
promotes the formation of some secondary structures stabilized by G-G base pairs
(8). Structure formation is mediated by protein interaction with the core 5′-GGTGTG-3′ sequence. However, the exact nature of the underlying structure could not
be determined in the cited study. Although no in vivo evidence exists for the presence of DNA quadruplexes in telomeres, various telomere-associated proteins recognize quadruplexes in vitro (9). Using the model oligonucleotides 3′-d(GT)5(CH2CH2O)3-d(GT)5-3′ (parGT) and 5′-d(GT)5-(CH2CH2O)3-d(GT)5-3′ (antiGT)
in NaCl solutions, the formation of parallel-stranded rather than antiparallel-stranded GT quadruplexes was inferred (10). The repetitive GT-containing telomeric
sequences from S. serevisiae 5′-AATTCTGGGTGTGTGGGTGTGTGGGTGTGTGGGTGTGG-3′ form parallel-stranded G-quadruplexes, in contrast to the
telomeric sequence from Oxytrihia 5′-GGGGTTTTGGGGTTTTGGGGTTTTGGGG-3′
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that form antiparallel-stranded G-quadruplexes (11). Recently a new structural mode
- an end t-loop - was revealed in mammalian telomeres (12). These and other data
suggest that peculiarities of telomeric repeating sequences may be the principal determinants for protein-assisted DNA structure formation at the ends of chromosomes.
In the present work we have demonsrated that in the oligonucleotide 3′-d(GTGTGTGTGG)-L-d(GGTGTGTGTG)-3′, the repetitive (GT)4 sequence flanked by guanines forms a parallel-stranded double helix with G·G and T·T base pairs. The thermodynamics and conformational features of the novel double helix were examined.
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Materials and Methods
Oligonucleotides 3′-d(GTGTGTGTGG)-L-d(GGTGTGTGTG)-3′ (hp-GT) and 3′d(G4STG4STG4STG4STGG)-L-d(GGTGTGTGTG)-3′ (hp-SGT), (L=(CH2CH2O)3),
were synthesized by Syntol (Moscow). 4ST nucleotides were introduced in the hpSGT in order to probe the specific conformations of thymines with optical techniques. Oligonucleotides were purified in gel and desalted. Samples contained 0.1
M NaCl, LiCl or 5mM MgCl2 in the presence of 10 mM Na-phosphate buffer, pH
7.4. The DNA concentrations are given in nucleotide units.
Fluorescence Measurements
The emission spectra of ethidium bromide (EtBr) were measured with a Photon
Technology Instruments spectrofluorimeter in thermostated cells at 3-4ºC. The fluorescence lifetimes of the dye and its DNA complexes were determined by the
phase fluorimetry (10). For EtBr fluorescence the excitation wavelength was 365
or 546 nm and the emission wavelengths > 600 nm. The data for the two excitation
wavelengths were averaged.
The polarization of the fluorescence emission of intercalated EtBr (P) excited by
vertically polarized light was determined by the equation

P=

III - I⊥

[1]

III + I⊥
where III and I⊥ are the parallel and perpendicular emission components, respectively. The relative dye concentration did not exceed 1 per 100 nucleotides, thereby avoiding depolarization due to energy transfer. Under the given experimental
conditions, the added EtBr was essentially fully bound to the oligonucleotides,
insuring that the contribution to the fluorescence signal of the free dye (the quantum yield of which is very low) was negligible. The rotational relaxation time, ρ,
of EtBr bound to the oligonucleotides was estimated using the Perrin-Weber equation for a sphere or an ellipsoid of low asymmetry (13):

ρ = 3τ

(1/P0 - 1/3)

[2]

(1/P - 1/P0)
where τ is the measured fluorescence lifetime of bound EtBr at 3.5°C, P the measured polarization, and P0 = 0.42 (14) the limiting polarization at infinite viscosity
(T/η → 0) , where η is the viscosity of the solution and T the absolute temperature.
The Fraction of Unpaired Bases, 1-θ, of an oligonucleotide duplex structure was
determined by a fluorescence technique developed previously and based on the
measurements of the heterogeneous fluorescence lifetimes, τ, of acridine orangeDNA complexes (10,14). The fraction of unpaired bases was calculated from the
equation
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(1 - θ) = (1 - θst) ·

(τr - τg)
(τr - τg)st
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[3]

in which τg and τr are the heterogeneous fluorescence lifetimes measured in the
green (λ < 530 nm) and red (λ > 600 nm ) spectral ranges, and parameters with the
index st refer to a standard nucleic acid with a known fraction of unpaired bases
under the conditions used: yeast tRNAPhe (1-θst) = 0.26±0.01 in sodium salt solutions (15). For DNA the technique was validated using the oligonucleotide with
telomeric sequence d(T2AG3)4 as a test. This oligonucleotide was shown to selffold giving a tetraplex structure with (1 - θ) = 0.25 (16). The 1 - θ obtained with
the AO lifetime technique appeared to be in a good agreement with this value. The
excitation wavelength was 436 nm. The oligonucleotide concentration was 20 µM,
and AO was 10 µM. The accuracy of the technique has been shown to be ~2% (10).
Thermal Denaturation
Melting curves were acquired with Jasco V-550 and Uvikon 943 (Kontron
Instruments) spectrophotometers at 260 or 335 nm at discrete intervals advanced
by 0.5° min-1. The samples contained specified concentrations of counterions in the
presence of 10 mM Na phosphate buffer, pH 7.4.
Theoretical Description of the Helix-Coil Transition
The melting of the hairpins was described with all-or-none model, i.e. the temperature dependent equilibrium between only two states - fully base paired and fully
melted (17). The adequacy of the two-state model was confirmed by applying a zipper model with adjustable helix initiation factor (14,18). The fitting procedure has
given fairly small values of initiation factor (~ 10-4 - 10-6) and the transition
enthalpy, and entropy values very close to those obtained with the two-state model.
Circular Dichroism (CD) measurements were carried out with J-720 and J-715 CD
spectrometers (Jasco) in thermostatted cells. The spectra were obtained with a 1 nm
bandwidth and 0.2 nm spectral resolution; three sequential scans were averaged.
Molecular Modeling
The double stranded part of the oligonucleotide 3′–d(GTGTGTGTGG)–L–(GGTGTGTGTG) –3′ was modeled with the program NAMOT2 (19) as a 10 base pair
parallel-stranded helix; i. e, the linker segment was omitted. A total of 81 start
structures were generated by systematically changing the helical twist and rise. All
structures were minimized with the AMBER V5.0 (20) package to an rms of 0.01
(ε = 4, Coulomb cutoff 25Å). Color images were generated with VMD (21). The
helical parameters given below were computed from the energetically most favorable structure out of the ensemble of 81 structures.
Results and Discussion
(A) Oligonucleotide 3′-d(GTGTGTGTGG)-L-d(GGTGTGTGTG)-3′ Forms an
Intramolecular ps Hairpin
CD Spectra
Measurements of circular dichroism taken at different temperatures showed formation of a structured conformation of the hp-GT oligonucleotide in 0.1 M NaCl
at 0-5°C (Figure 1A). The presence of isodichroic points was consistent with the
existence of only two forms in the samples: an ordered and a melted structure. The
shape of the longwave positive band differed from that in the spectra typical for
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Figure 1: CD spectra of hp-GT and hp-SGT
oligonucleotides. (A, B, C) 0.1 M NaCl, Na phosphate buffer, pH 7.4. (A) hp-GT, temperature: 0°C
(spectrum marked with ¡), 5°C, 15°C, 20°C, 25°C,
30°C, 40°C, 50°C; (B) hp-SGT, temperature: 0°C
(spectrum marked with ¡), 5°C, 10°C, 15°C, 20°C,
25°C, 30°C, 35°C, 40°C, 50°C, 60°C; (C) CD spectra of hp-GT (¡) and hp-SGT (●) at 0 °C and the
difference CD(hp-SGT) minus CD(hp-GT) spectrum
(∆); (D) Comparison of CD spectra of hp-GT at 0°C
in 5 mM MgCl2 (¡) and in 0.1 M NaCl, Na phosphate buffer, pH 7.4 (●).

either antiparallel- or parallel-stranded quadruplexes of similar base content. The
maximum was located at 272 nm whereas the positive CD maximum was located
at 260 nm for the ps quadruplex, with all guanine in anti conformation, and at 295
nm for the antiparallel quadruplexes with two guanines in syn and two guanines
in anti conformation (11,22). Related temperature-dependent CD changes for the
hp-SGT oligonucleotide are shown in Figure 1B. A comparison of the CD spectra
for the two oligonucleotides at 0°C (Figure 1C) shows the presence of additional
bands in the CD of hp-SGT (Figure 1C, the difference spectrum). The 4ST –substitution of four thymines of hp-GT was selected for probing the structure because of
its unique spectral properties, which allow a selective monitoring of the thymine
conformations. The absorption maximum of 4ST included in an oligonucleotide lies
at 320-357 nm, depending on the base context (23-25). The absorption band of 4ST
in the hp-SGT is centered at 330-335 nm (not shown). The CD contribution of the
modified base is of a “conservative” type: a positive band around 350 nm and a
negative band around 285 nm with zero intersection point close to the 4ST absorption maximum (Figure 1C, difference spectrum). This finding leads to the conclusion that the observed difference between the hp-GT and hp-SGT CD spectra at
0°C can be attributed mainly to the optical 4ST signal rather than to a marked conformational dissimilarity between the hp-GT and hp-SGT secondary structures.
The CD band of 4ST around 350 nm lies outside the spectral region for the other
bases; thus, an increase in dichroism at this wavelength selectively monitors the
involvement of this base in the formation of overall hp-SGT structure (Figure 1B).
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Polarization of the EtBr:hp-GT Complex
To specify whether the hp-GT structure was an intramolecular hairpin or was formed
by two molecules, we determined its rotational relaxation time in comparison to that
of a 10-bp duplex under the given experimental conditions. An EtBr probe was bound
to the oligonucleotide and its rotational relaxation time ρ was determined (Materials
and Methods). The fluorescence lifetime of EtBr (τ) bound to hp-GT was 16.5±1.0
ns at 3°C, that is 0.65 of the 26±1.0 ns, lifetime characteristic of EtBr bound to DNA
or to aps double-stranded oligonucleotides (14). For comparison, the τ of EtBr intercalated in ps hairpins with mixed AT and GC base pairs is 20-23±1.5 ns depending
on the base sequence (14). We presume that the shorter fluorescence lifetime of the
EtBr in the complex with the ps dG(GT)4 G reflects an altered electronic environment of the dye positioned between the purine-purine and pyrimidine-pyrimidine
base pairs. The polarization of the EtBr:hp-GT complex (Php-GT) was 0.136±0.001,
while for several control ps and aps 10-bp hairpins the polarization (P10bp) was 0.1.
The ρ value for the intercalated EtBr:hp-GT complex (22.1 ns) is very comparable to
that for a EtBr complex with a 10-bp hairpin (22.6 ns), testifying to formation of an
intramolecular hairpin structure by the hp-GT oligonucleotide. The ρ value corresponded to a hairpin over a range of oligonucleotide concentrations from 10-100 µM.
Addition of 0.25 M KCl to the sample containing 0.1 M NaCl followed by heating
the hp-GT sample and slow annealing to 3°C did not lead to an increase of the ratio
of rotational relaxation times in Eq. 6. We note that the approach has been shown to
be very sensitive to a presence of even minor admixtures of higher molecular weight
species in a sample and as such is applicable for such poor intercalator-binding structures as G-quadruplexes (10,26). The determination of molecularity of multistranded
oligonucleotide complexes with the described EtBr probing has some advantages
over that by the non-denaturing gel electrophoresis. In solution, the oligonucleotide
species are studied under the equilibrium conditions, at the concentrations, temperatures and ionic conditions identical to those in the other physico-chemical studies.
Unlike this, the conditions in gel are deviating from equilibrium, and moreover,
oligonucleotides migration in a gel may disrupt weak multistranded complexes.
The Fraction of Unpaired Bases
The fraction of unpaired bases of the hp-GT at 3-4°C was determined from Eq. 3:
(1 - θ) =0.07±0.03. The value suggests that under the given conditions the hairpin
on average has one broken base pair, presumably the one next to the non-nucleotide
linker (for comparison, see 14). Examination of the hp-GT intramolecular structure
supports the formation of a 10-bp double-helical hairpin with G·G and T·T pairs.
An alternative hairpin structure produced by a sliding of the hairpin strands such as
to allow the G·T pairing would lead to overhang of 2 unpaired Gs at the oligonucleotide ends, i.e. 20% of all bases. This alternative seems unlikely in view of the
lower fraction of unpaired bases. The fact that the hp-GT oligonucleotide formed
an intramolecular hairpin with 90% pairing was crucial for the determination of the
mutual orientation of the strands, which was thus unequivocally parallel.
The CD spectrum of the ps dG(GT)4G hairpin provided insight into the handedness
of the ps double helix. The CD spectra of hp-GT in 0.1 M NaCl and in 5 mM MgCl2
are shown in Figure 1D. They are indicative of a similar hp-GT conformation,
though the somewhat enhanced dichroism in MgCl2 may have reflected the formation of a more ordered hairpin structure. The signs of the CD bands, and, particularly, the absence of a negative CD signal in the vacuum UV region (27), support
the existence of a right-handed double helical conformation.
(B) Thermodynamic Parameters of ps 3′-d(GTGTGTGTGG)-L-d(GGTGTGTGTG)3′ and 3′-d(G4STG4STG4STG4STGG)-L-d(GGTGTGTGTG)-3′ Hairpin Formation
Figure 2 shows UV melting curves at three different concentrations of the hp-GT
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Figure 2: Thermal denaturation curves of the hp-GT
hairpin at different oligonucleotide concentrations at
260 nm. Each 3d or 4th experimental point is indicated; solid curves are the theoretical fits. (A)
0.47µM, (B) 1 µM, (C) 2.5µM. 0.1 M NaCl, 10 mM
Na phosphate buffer, pH 7.4. Left axis - absorbance
(●), right axis- derivative of absorbance (¡).
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oligonucleotide (0.5 µM, 1 µM and 2.5 µM) under the same salt condition (0.1 M
NaCl). The fact that the melting temperature (26°C) did not depend on oligonucleotide concentration is convincing evidence for a unimolecular transition. The
values for the thermodynamic parameters obtained by nonlinear fitting of the three
curves to an all-or-none model of the transition were very similar. The transition
enthalpy for hairpin formation was ∆H= -135±5 kJ mol-1. The 4S modification of
thymines (hp-SGT-oligonucleotide) did not lead to significant changes in the stability of the ps-hairpins (Figures 2 and 3A). Monitoring the absorbance of hp-SGT
at 335 nm made it possible to follow the behavior of 4ST ⋅ T base pairs separately
(Figure 3B). The data demonstrated clearly the simultaneous melting of 4ST ⋅ T and
G ⋅ G base pairs. In addition, the ps double helix thermodynamic parameters computed from the melting profiles at 335 nm were quite similar to those obtained from
melting at 260 nm.
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Figure 3: Thermal denaturation curves of the hpSGT hairpin at 260 nm (A) and 335 nm (B).
Concentration 1.1 µM of oligonucleotide, other conditions as in Figure 2.
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The formation enthalpy value derived for G·G, T ⋅ T base pair formation in ps
dG(GT)4G (mean value of -13.5 kJ mol-1) compared well to values typical for
other base pairs in various ps double helices. The values are somewhat lower than
those for ps double helices with mixed A·T, G·C pairing (-14 to -16 kJ mol-1 per
base pair on the average), which exhibit a strong dependence on the nucleotide
sequence due to an unfavorable contribution of A ⋅ T / G ⋅ C boundaries (14). It is
to be noted, however, that the ∆H also depends on the nucleotide sequence even in
the ps helices consisting of only A ⋅ T pairs. The ∆H of 10 bp A ⋅ T-pair hairpins 3′d(T)10C4d(A)10-3′ and 3′-d(T)10G4d(A)10-3′ were -198 and -190 kJ mol-1 respectively (17), while, those of 3′-d(TA)5C4(TA)5-3′ and 3′-d(TA)5T4(TA)5-3′ were 132±10 and -137±10 kJ mol-1, respectively, (28). Thus, the stability of the ps
dG(GT)4G double helix is quite close to that of a ps helix composed of alternating
A ⋅ T pairs, but it is notably lower than of molecules with homo A ⋅ T pairs. A similar specific enthalpy was found in the case of G ⋅ G, A ⋅ T containing ps hairpins:
3′-d(GT)3T4(AG)3-3′ (-80.7 kJ mol-1 i.e. -13.5 kJ mol-1 per bp.) and 3′d(GT)4T4(AG)4-3′ (-114 kJ mol-1, -14.25 kJ mol-1 per bp) (29). For G ⋅ G, A ⋅ A
containing d(GA)15 ps duplexes somewhat higher value for ∆H was obtained in
the presence of 10 mM MgCl2: -16 kJ per mole bp (30).
Hence, the ps dG(GT)4G exhibits stability comparable to that of other ps double
helices obtained at neutral pH. Nevertheless the formation of this ps double helix
is strongly favored and rather easy to observe because of the absence of competing
alternative structures. We failed to detect any alternative conformation of hp-GT
oligonucleotide over a wide range of its concentrations, in the presence of Na+, Li+,
K+, Mg2+ counterions or using different modes of sample preparation. Previously,
short d(GT)n repeats flanked by oligoG stretches were shown to participate in parallel quadruplex formation (7,11). We believe that the nucleotide context governs
the observed structural polymorphism of the d(GT)n sequence. Very stable Gquadruplexes formed by three or more adjoining guanines at both ends of the
d(GT)n repeats may facilitate a quadruplex formation for the internal GT region.
The oligonucleotide 3′-d(GT)5-(CH2)6 -d(GT)5-3′ (parGT) forms a tetraplex structure composed of two parallel oriented self-folded oligonucleotides (10). Such a
tetraplex comprises layers of G-quartets and layers of thymines capable of bulging
out of the structure. The CD spectra of the parGT tetraplex have some difference to
those of hp-GT, such as a pronounced positive band at 260 nm, a positive maximum at 277 nm and a greater amplitude of the negative band at 243 nm. The
strands of the folded parGT are shifted leaving free terminal thymines. An interstrand interaction of the terminal thymines may favor the bimolecular tetraplex formation over possible alternative structures.
(C) Molecular Modeling
The base pairing scheme chosen for T·T and G·G base pairs is depicted in Figure
4. The T·T and G·G base pairs are in trans orientation, bonded through two hydrogen bonds; N2-N3 for G·G and N3-O2 for T·T. Among the various base pairing
possibilities (31) of T·T and G·G those two combinations were chosen, which gave
best results in building a uniform ps helix. The helical parameters for the lowest
energy structure are: 46.6° twist and average rise 3.31Å. The sugar pucker is
C2′–endo. The minimized structure features two equally sized grooves (Figure 5).
Whereas the base step does not exhibit notable variations around the average value
of 3.31Å, the average twist value for the 5′-GT-3′ step with ~51º is higher than the
5′-TG-3′ step with ~42°, thereby defining a dinucleotide motif for the helix. Due to
the fact of the high average twist of ~47° and the helical axis pointing through the
middle of the T·T and G·G base pairs the base stacking is less pronounced as for
example in anti parallel B DNA helices (see Figure 4). Base pair overlap is higher
in the GT step than in the TG step. In some of the G·G base pairs hydrogen bonds
are formed between the N2 of G and the O4′ of the adjacent sugar ring (see side
view in Figure 4).
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Figure 4: Top and side view of the minimized central base pairs of the ps-5′-d(GGTGTGTGT) helix.
Colour coding: guanine (blue), thymine (yellow),
sugar backbone (gray), phosphates (red). The Hbonds are shown in broken gray. The H-bonding
scheme of the G·G and the T·T base pairs are preserved during the minimization, with little buckle or
propeller twist.

Figure 5: Side and top view of the minimized ps-5′d(GGTGTGTGT) helix (color coding as in Figure
.4). Both grooves are of equal size. The ribbon following the sugar backbone reflects the higher twist
between the GT step (~51º) compared to the TG step
(~42º).

Concluding Remarks
Structurally, the simple direct repeats may produce single strand annealing or replication slippage. Being one of the most common microsatellites in eukaryotes, the
GT repeat was found to be very genetically unstable, which most likely reflects
DNA polymerase slippage. Interestingly, the poly d(GT) tracts in mitochondrial
DNA of S. cerevisiae are considerably less stable than poly d(AT) tracts, involving usually deletions, whereas in the nuclear genome poly(GT) and poly(AT) tracts
involve additions rather than deletions (32). These results suggest such DNA
sequences may engage in organelle-specific DNA replication and/or repair processes. Various mechanisms of cell function appear to employ the broad structural flexibility of GT repeats. A zinc-dependent protein was shown to recognize structural
rather than sequence-specific features of (GT)n stretch in the (GT)n(GA)n containing intron of HLA-DRB allels (33). Recently, new evidence for involvement of the
GT repeats in regulation of the other central processes in cells has appeared. For
example, this sequence in the 5′-flanking region of human HO-1 gene shows length
polymorphism and modulates the level of gene transcription (34). The 5′-flanking
GT repeat of rat tyrosine hydroxylase gene directs tissue specific expression during development (35).
In the present study we have demonstrated a new conformational potentiality of the
GT sequence, thereby supporting the notion that in vivo, the diverse conformational
potential of the d(GT) repeats may be exploited by cellular proteins for structure-related regulation of cell processes as well as for formation of structures at telomere ends.
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