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Thermodynamics of G-Tetraplex Formation by Telomeric DNAs'
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ABSTRACT: Telomeres are structures at the ends of eukaryotic chromosomes, the DNA of which contains
stretches of tandemly repeated sequences with G clusters along one strand. Model telomeric G-rich DNAs
can form different tetraplex structures, stabilized by cyclic hydrogen bonding of four guanines in the
presence of metal ions such as Na* or K*. Oligonucleotides with a single copy of the Oxytricha sequence
dT.G, form a tetramer, with a parallel-stranded, right-handed helical structure. Additional copies favor
folded-back structures that associate to form an antiparallel dimer. The parallel-stranded tetramer has all
G’sintheanti configuration, while the folded-back dimer has alternating syn and anti nucleotide conformations
along each strand. Here we have constructed two G-tetraplex structures, containing identical G-tetrad base
pairs, from oligonucleotides. One has the truncated telomeric sequence from Oxytricha, dG,T4G,, which
forms an antiparallel G-quartet structure; the second is constrained to form a parallel G-strand arrangement
by insertion of a 5’-p-5’ linkage between two dT,G, sequences. Each oligomer forms a defined G-tetraplex
dimeric structure in the presence of Na*. The standard-state enthalpies, entropies, and free energy for
formation of these tetraplexes have been determined. The parallel strand structure is thermodynamically
more stable than the antiparallel one, primarily because of both greater enthalpy and entropy of formation.
In addition, the two molecules differ in their interaction with sodium ions, reflecting a difference in ion

binding and therefore in structure between the two forms.

Telomeres are specialized DN A—-protein structures located
at the ends of chromosomes, essential for the stability and
complete replication of chromosomal termini [reviewed in
Blackburn (1991)]. Telomeric DNA contains highly repeated
simple sequences, with characteristic clusters of G residues
along one strand (Blackburn & Szostak, 1984). In addition,
two repeats of the G-rich sequence form a 3’ overhang
terminating the G strand (Zakian, 1989). This overhang
endows the DNA with unusual cohesive properties in solution
(Lipps, 1980; Oka & Thomas, 1987). Synthetic DNA
oligonucleotides containing one or more copies of the G-rich
telomeric sequences have the potential to form four-stranded
tetraplex structures in solution that are stabilized by cyclic
hydrogen bonding between four guanines (Henderson et al.,
1987; Sen & Gilbert, 1988, 1990; Williamson et al., 1989;
Sunquist & Klug, 1989; Kang et al., 1992; Smith & Feigon,
1992; Gupta et al., 1992). DNA bearing a single copy of the
G-cluster can also self-associate, forming a tetrameric structure
inwhich each strand has anidentical conformation—a parallel,
right-handed helix, with all nucleotides in the anti configuration
(Figure 1A) (Sen & Gilbert, 1988, 1990; Lu et al., 1992;
Gupta et al., 1992). Two repeats of the 3’-terminal G strand
form a folded-back hairpin that dimerizes to create an
antiparallel G-quartet structure in which the nucleotides are
alternately syn and anti along each strand (Figure 1B)
(Sundquist & Klug, 1989; Kangetal., 1992; Smith & Feigon,
1992). It has been shown that a four-stranded parallel
G-tetraplex is more stable than the antiparallel bimolecular
one (Sen & Gilbert, 1990; Lu et al., 1992). Questions of
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obvious interest then are the following: By how much is the
antiparallel isomer of a G-tetraplex structure energetically
favored over the alternative, and what is the basis for the
difference? Comparison of a tetramericstructure with a dimer
requires taking into account the difference in molecularity.
Our approach here is to use synthetic DNAs constrained to
adopt parallel or antiparallel dimer conformations as models
for the two isomers, and to investigate the thermodynamics
of formation of these two G-tetraplex structures. We have
synthesized an oligonucleotide (dG4T4G,) corresponding to
part of the Oxytrichatelomere repeat of dT4Gy, and a parallel-
stranded analog (3/-dG,T,-5'-5'-T,G4-3), by introducing 5’-
p-5’ phosphodiester bonds to enforce a parallel orientation of
the G-clusters. A thermodynamic analysis of these two DNA
molecules is presented here, which shows that the parallel
structure is more stable because of concerted enthalpic and
entropic contributions. The two molecules differ in the
dependence of their T, on salt concentration, indicating a
structural difference between the parallel and antiparallel
molecules.

MATERIALS AND METHODS

Synthesis and Purification of Oligonucleotides. Oligo-
nucleotides used in this study were synthesized on an ABI 391
DNA synthesizer and deprotected by routine phosphoramidite
procedures (Caruthers, 1991). Strands were purified by
preparative HPLC on a Du Pont Zorbax Bio Series oligo-
nucleotide column, following the manufacturer’s recommended
elution protocol. The concentration of DNA strands was
determined spectrophotometrically at 260 nm and 80 °C
(Cantor et al., 1970).

Circular Dichroism (CD) Spectroscopy. DNA solutions
were prepared in a 10 mM sodium phosphate buffer, 0.1 mM
EDTA, pH 7, and 200 mM NaCl. The DNA samples were
heated to 100 °C for 2 min, cooled slowly, and incubated at
20 °C for 24 h. CD spectra were recorded using an AVIV
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FIGURE 1: Illustration of the base pairing of cyclic G-tetrad in a parallel four-stranded G4 DNA structure of dT4G, in the presence of Na*
or K* (A) (sen & Gilbert, 1988, 1990; Lu et al., 1992; Gupta et al., 1992), and an antiparallel folded-back G-quartet structure of dG,T4G,

in the presence of Na* (B) (Smith & Feigon, 1992).

Model 60DS CD spectropolarimeter equipped with a pro-
grammable, thermoelectrically controlled cell holder. Each
spectrum corresponds to an average of five scans from which
the buffer background was subtracted. The quantity ¢ — e
was calculated by dividing the apparent signal in degrees, 8,
by 3.3C, where Cis defined in moles of residues. CD melting
curves were recorded at 265 nm for dG4T>-T2G4 and at 295
nm for dG4T4G4. Samples were heated at a rate of 0.5 °C/
min. These melting curves allow us to measure the transition
temperature, Tp,, as well as the relevant thermodynamic
parameters. These parameters were calculated by using
standard procedures reported by Marky and Breslauer (1987)
and correspond to a two-state approximation of the helix—coil
transition of each molecule.

Differential Scanning Calorimetry (DSC). The total heat
of the ordered structure—coil transition of DNA molecules in
this study was measured with a Microcal MC-2 differential
scanning calometer in 10 mM sodium phosphate buffer, pH
7,0.1 mM EDTA, and 200 mM NaCl. The total DNA strand
concentration was 1 X 104 M. Temperatures from 10 to 105
°C were scanned at a heating rate of 45 °C/h. A buffer
versus buffer scan was subtracted from the sample scan and
normalized for the heating rate. The area of the resulting
curve is proportional to the transition heat, and when
normalized for the number of moles yields the transition
enthalpy (AH®.).

Gel Electrophoresis. DNA solutions were preparedina 10
mM Tris-HCI buffer/0.1 mM EDTA, pH 7, with or without
50mM NaCl. DNA samples with a total strand concentration
of 1 X 10~*M were heated to 100 °C for 2 min, cooled slowly,
incubated at 20 °C for 24 h, and run on 20% nondenaturing
polyacrylamide gels [19:1 acrylamide:bis(acrylamide) ratio]
in 0.6X TBE buffer (53.4 mM Tris-borate/1 mM EDTA,
pH 8.3)at 4 °C for 17 h (7.5 V cm™'). The electrophoresis
plates were jacketed and cooled with circulating water to
provide a running temperature of 4 £ 1 ®Cin the gel throughout
the electrophoresis. Gels were stained in a 0.01% Stains-All
formamide solution (9:11 formamide:H,O ratio).

RESULTS AND DISCUSSION

Construction and Characterization of Two Tetraplex
Complexes. Recent structural models for the G-tetraplexes
formed by dimerization of dG4T4G4define a structure in which
the strands run antiparallel, such that the G nucleotides along
each strand have alternating syn, anti glycosyl torsion angle
pucker (Figure 1B) (Kangetal., 1992; Smith & Feigon, 1992).
On the other hand, experiments with single-copy oligonu-
cleotide models of telomeric repeat sequences reveal that these

=
!
T e
5 9 &
X k kK
S 3 o
= © ©
A
16mnr“
12 R
-
B
16 mer D
12 -— D

FiGURE 2: Electrophoresis of telomeric oligonucleotides in nonde-

naturing gels. (A) 0.6X TBE. (B) 0.6X TBE + 50 mM NaCl.

forma four-stranded G-tetrad complex with a helical structure
that is different from the X-ray model (Sen & Gilbert, 1988,
1990; Lu et al., 1992; Gupta et al., 1992). This is a right-
handed, four-stranded helix, in which all nucleotides are anti,
and the sugars have the C2’ endo conformation (Figure 1A)
(Gupta et al., 1992). Preliminary analysis of the stability of
thelatterindicates that it is extremely stable in solution, relative
to the folded-back dimer structure (Sen & Gilbert, 1990; Lu
et al.,, 1992). However, it has not been possible to compare
the stability of these structures quantitatively, because in the
one case the complex formed is a tetramer of identical strands
while in the other the structure is a dimer of hairpins. To
carry out a direct thermodynamic comparison of these forns,
we decided to construct both tetraplex structures as nearly as
possiblein the same background. Accordingly, wesynthesized
the strand dG4T4G4, which forms an antiparallel-stranded
structure in the presence of sodium or potassium. Next we
constructed the sequence dT,Gy in the usual manner, and
added 5’-p-5” dT,Gy4 to this. We refer to this latter strand as
dG4T,-T»Gy4 to distinguish it from the normal sequence. Gel
electrophoresis of these two DNA strands is shown in Figure
2. In the absence of salt, each oligonucleotide migrates as a
monomer species (Figure 2A). In the presence of Na*, both
oligomers have electrophoretic mobility equivalent to a dimer
(see Figure 2B). Since CD has proven to be a very sensitive
technique for probing the structure of telomeric models
(Henderson et al., 1990; Hardin et al., 1991; Guoet al., 1992;
Lu et al., 1992), we measured the CD spectra of the two
species to determine whether the two sequences differ in
conformation. The answer is shown in Figure 3, which clearly
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FIGURE 3: Temperature-dependent CD spectra of dG4T2-T2G4 (A)
and dG,T,G, (B) in 10 mM sodium phosphate buffer, pH 7,0.1 mM
EDTA, and 200 mM NaCl. The total DNA strand concentration
is 1 X 10~ M. Samples were preequilibrated at 4 °C for 1 h.

indicates a major difference in the form of the spectra of these
molecules in the presence of sodium. Thespectrum of dG,T,G,
in panel B corresponds with that assigned previously to the
tetraplex formed by dimerizing two hairpins (Sundquist &
Klug, 1989; Henderson et al., 1990; Guo et al., 1992; Kang
etal., 1992; Smith & Feigon, 1992). The spectrum of dG4T>-
T1Gy, on the other hand, is identical to that for the parallel-
stranded tetramer formed from four strands of dTsGy, for
example (Luetal,, 1992). Thelatteris more stable tothermal
unfolding, as also indicated in Figure 3. In the next section,
the thermodynamic profiles of these two species are studied
in more detail.

Thermodynamic Comparison of the Two Tetraplex Struc-
tures. The thermodynamics of formation of G-tetraplex
structures such as those illustrated in Figure 1 provide
information about the interactions responsible for stabilizing
the structure, and can also reveal structural differences. If the
process of forming the dimers is fully cooperative, the system
can be analyzed in terms of the van’t Hoff relation:

1/T, = (RIn C; + AS)/AHyy

where Ty, is the transition temperature, R is the gas constant,
Cristhetotal concentration of single strands, AS'is the entropy,
and AHvy is the van’t Hoff enthalpy. Figure 4 shows a plot
of 1/Tr, as a function of the single-strand concentration,
according to this equation. Both species give linear plots,
from which we can extract the enthalpy change AH®vy, the
entropy change AS°Svy, and thus the free energy of forming
the dimer, AG®. The thermodynamic profiles are shown in
Table I. This analysis assumes all or none formation of the
tetraplex structures in each case. The thermodynamic
parameters indicate that the standard free energy (AG®°) of
forming the parallel-stranded dimer is 5 kcal/mol below that
for formation of the antiparallel structure, in agreement with
the observation from CD thermal unfolding experiments
(Figure 3). Thisdifference reflects roughly equal contributions
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FIGURE4: Dependence of the transition temperature of dG4T>-T12G4
(filled triangles) and dG,TsG4 (filled circles) in 10 mM sodium
phosphate buffer, pH 7, 0.1 mM EDTA, and 200 mM NaCl.

Table I: Thermodynamic Parameters of Tetraplex Formation by
dG4T2-T2G4 and dG4T4G4

AHC b 28H° AH°vy  AS°yy  AG° Y

Tm?  (kcal/ (kcal/  (kcal/ [cal/ (keal/
strand (°C) mol) n mol) mol)  (moldeg)] mol)
dG,T-T.G, 824 -582 2 -l16 -99 -260 -21
dG4T4Gy 650 451 2 -90 -86 =237 -16

4 Calculated for 10™* M single-strand concentration. ® Average of five
DSC scans, and calculated for the total single-strand concentration.
¢ Calculated from 1/Ty, versus In Cr parameters with the molecularity
n = 2. 4 Calculated at 25 °C assuming AC, = 0.
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FIGURE 5: Salt dependence of the transition temperature for
dissociation of each dimeric structure in 10 mM sodium phosphate
buffer, pH 7, and 0.1 mM EDTA: dG,T,G, (filled circles); dGT,-
T,G, (filled triangles).

from the enthalpy (AH®vgy) and the entropy terms (AS®),
which are in the same direction (Table I). This means that
the bonding and stacking interactions in the paralle] structure
are more stable while the entropy of this structure also is more
favorable than that of the antiparallel one. Binding of ions
and water to ordered nucleic acids provides a major contri-
bution to the entropy of forming these structures (Zieba et
al., 1991). To assess the ionic contribution, we determined
the salt dependence of the midpoint transition temperatures,
Ty, of the two species. As can be seen in Figure 5, there is
a surprisingly large difference in the siope of T}, vs log [Na*]
plot, indicating that there is a fundamental difference in how
sodium ions interact with the two complexes. Since the
alternate G-tetrads in the two structures differ in nucleotide
conformation, and the relative orientation of each layer, the
grooves of these molecules are likely to differ in their geometry
and hence their interaction with ligands such as sodium ions.
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In addition, the sodium binding site presumed to exist within
the tetraplex is expected to be sensitive to the local geometry
of the G oxygens (Sundquist & Klug, 1989). The phosphates
in the two structures might also differ in charge, with the
parallel form having a lower apparent ionic charge than the
antiparallel one.

Next we determined the heat of formation of the dimers
directly by DSC, as described under Materials and Methods.
This gives a model-independent measure of the transition
enthalpy, in contrast to the van’t Hoff values obtained so far.
The results are in close agreement with the van’t Hoff values,
as shown in Table I. Hence, formation of tetraplex from two
dimers is very nearly a fully cooperative reaction, with only
minor populations of any intermediates.

What are the biological implications of these results? In
the overhang of a single chromosome end, two copies of the
cluster are normally available, with the possibility of two more
after replication. Withnoadditional “free” copies—uncomple-
mented by a second strand—this tends to argue that the in
vivo association will involve primarily antiparallel strands. It
is possible that additional copies become available during
replication or some other cellular process (Hardin et al., 1991),
so that the potential for forming parallel structures exists. In
the presence of damage to the ends of a chromosome, however,
in principle either the parallel or the antiparallel structures
can form near the ends of chromosomes, depending on the
nature of the damage induced (Lu et al., 1992). Inthisstudy,
we have imposed a constraint on the molecularity of the two
structures, allowing us to measure the thermodynamic dif-
ferences between the two. Since the antiparallel structure
requires dimerization rather than slower four-strand associ-
ation, there is an additional kinetic barrier that prevents
formation of the more stable parallel structure. Nevertheless,
the latter is the most stable possible state for the telomeric
sequence repeats, and since the rates of these processes are
strongly dependent on the relative concentrations of Na* and
K*, it is a structure that may arise as an intermediate in
repair of damage to the ends.
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