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Abstract

The thermodynamic characterization of the stability of two DNA triple helices of alternate sequence was obtained by
differential scanning calorimetry (DSC). The conformational properties of these triple helices were investigated by circular
dichroism (CD) and molecular mechanics. The triplexes under investigation form by way of major groove Hoogsteen
association of a Watson—Crick 16-mer duplex with an all pyrimidine 16-mer or 15-mer third strand. The target duplex is
composed of two adjacent oligopurine—oligopyrimidine domains where oligopurine sequences alternate on the two duplex
strands. Both the third strands contain a 3’,3’-phosphodiester junction, which introduces the appropriate inversion of polarity
and let the switch from one oligopurine strand of the duplex to the other. The two-third strands differ for the lack of a cytidine
monophosphate in the junction region. Thermal denaturation profiles indicate the initial loss of the third strand followed by the
dissociation of the target duplex with increasing temperature. Transition enthalpies, entropies and free energies were derived
from DSC measurements. The comparison of Gibbs energies reveals that a more stable triplex is obtained when in the third
strand there is the lack of one nucleotide in the junction region. The thermodynamic data were discussed in relation to
structural models. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The interest in triple helices has been rapidly
growing, especially during the past decade, essen-
tially for two reasons. Firstly, the discovery of H-
form DNA, a triplex-containing structure, observed
in vivo under torsional stress within DNA sequences
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with mirror symmetry [1]. Secondly, oligonucleo-
tide-directed triple helix formation is a unique way
to design specific ligands that recognize and selec-
tively target regions in double-stranded DNA [2],
thus opening up a wide field of applications in
medicine and biotechnology. Numerous attempts
have been made to use oligonucleotides, particularly
triple-helix-forming oligonucleotides (TFO) as tools
for exploring DNA structure and for creating meth-
ods for regulation of gene expression and genome
analysis.
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Oligonucleotides of defined sequence can bind to
the major groove of double-helical DNA to form triple
helices by recognition of the oligopurine-rich strand
[3.,4]. This recognition process is extremely simple,
efficient and specific, being based on sequence-spe-
cific hydrogen bonding: pyrimidine-rich triplex form-
ing oligonucleotides target in a parallel orientation
homopurine fragments in double-stranded DNA by
Hoogsteen T-AeT and C-GeC™" triplets formation
[5,6], while homopurine can recognize in an antipar-
allel orientation the purine strand of the Watson—Crick
duplex upon generation of T-AeA and C-GeG triads
[7] (here ‘-’ and ‘e’ indicate the Watson—Crick and
Hoogsteen hydrogen bonds, respectively). The forma-
tion of the triad C-GeC™" requires the protonation of
the N3 of cytosine in the third strand. The stability of
the triplexes and the efficiency of their formation are
significantly affected by the nature and the concentra-
tion of mono and divalent cations, pH, temperature,
the triplex structure and base composition, the length
of the ligands [1,8—12]. In order to be selective for a
unique recognition and to form stable triplexes, the
DNA target sequences were originally limited to
relative long oligopurine—oligopyrimidine tracts, at
least 16—17 consecutive bases, for the human genome.
In an effort of extending the range of triplex forming
DNA tracts, Singleton and Dervan [13] and Ono et al.
[14] investigated the ‘“‘alternate strand approach” to
recognize alternating and adjacent oligopurine—oligo-
pyrimidine tracts, the designed TFO crosses the dou-
ble helix major groove, switching from one purine
strand to the other. The third strand switch can occur
preserving or inverting its chain polarity. For a correct
Hoogsteen triplets formation, the TFO must have an
appropriate inversion of polarity in correspondence of
the junction between the homopurine and the homo-
pyrimidine sequences of the duplex; in this way the
third homopyrimidine strand remains parallel to each
homopurine domain [15]. In this case a convenient
linker must be introduced for the appropriate inversion
of polarity, i.e. a 3',3’- or a 5,5-internucleoside
junction, which assures for both 5'- and 3’-ends the
required orientation [13—17].

Previous studies have suggested that blocks of
CGC™" triplets are unstable because of repulsion
between the adjacent positive charges [18] and the
stacking energies decrease in the order TAT/CGC™,
TAT/TAT and CGC1/CGC™ [19]. So the alternate

sequences are the most stable. Moreover, alternate
third strands involving only a bridging phosphate
between the two 3’-ends of oligopyrimidine domains
[20], as well as 3',3’- or 5’,5'-linkages [17,21], bind to
their double-stranded target with variable stabilities.
Pronounced stability increases have been reported
only with 3/,3’-junctions [17,20-22]. Consequently,
we focused our attention on triple helices of alternate
sequence, in which the third strand contains a 3',3'-
phosphodiester junction.

The present work is devoted to the comparison of
thermodynamic stability of two triple helices contain-
ing a 16-mer double helix and a 16-mer or 15-mer
third strand, named 16-mer and 15-mer triplexes,
respectively. In the 15-mer structure the target double
helix contains one base pair (C-G) that does not
participate in Hoogsteen base pair interactions and
it is spanned by the linker. In the 16-mer structure all
the duplex base pairs potentially form Hoogsteen base
pair interactions (Fig. 1).

We have used differential scanning calorimetry,
circular dichroism and molecular mechanics to char-
acterize the triple helix formation. The thermody-
namic data are discussed in relation to structural
models. Compiling the requisite body of thermody-
namic data is a minimum first step toward making the
development and expanded use of oligonucleotides for
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Fig. 1. Schematic representation of the 16-mer triplex (on the left)
and the 15-mer triplex. The symbols ‘-’ and ‘e’ indicate the
Watson—Crick and the Hoogsteen hydrogen bonds, respectively.
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modulating biochemical activities through site-speci-
fic triplex formation.

2. Materials and methods
2.1. Triple helices preparation

The 3',5'-oligodeoxyribonucleotide was synthe-
sized using standard solid-phase phosphoramidite
methods [23]. The third strands containing a 3',3'-
phosphodiester junction have been conveniently
synthesized trough a solid phase procedure involving
only 3’-phosphoramidite nucleosides, and starting
from a modified support that links the first nucleotide
through the base [24].

The triplexes were formed by mixing stoichiometric
amounts of oligonucleotides in the appropriate buffer
and heating the solution at 90°C for 5 min. The
solution was slowly cooled to room temperature, then
equilibrated for 1 day at 4°C before performing DSC
experiments.

The buffer used was 140 mM KCl, 5 mM NaH,PO,
and 5 mM MgCl,. Potassium chloride (Sigma), mono-
sodium phosphate (Sigma) and magnesium chloride
(Carlo Erba) were used as obtained from commercial
suppliers. The concentration of oligonucleotide solu-
tions was determined spectrophotometrically, using the
extinction coefficients at 260 nm calculated by a nearest
neighbor model [25]. The pH of solutions was measured
using a Radiometer pH meter model PHM 93 at 25°C.

2.2. Differential scanning calorimetry

Differential scanning measurements were per-
formed with a Setaram Micro-DSC. Scannings from
0 to 95°C and vice versa at the rate of 0.5°C min "
were done. The calorimeter was interfaced to an IBM
PC computer for automatic data collection and ana-
lysis using a software previously described [26]. The
triplex concentration employed was 7.2 x 107> M.
The excess heat capacity function (AC,) was obtained
after baseline subtraction, assuming that the baseline
is given by the linear temperature dependence of the
native state heat capacity [27].

The transition enthalpies, AHY(T,,), were obtained
by integrating the area under the heat capacity versus
temperature curves. Ty, is the temperature correspond-

ing to the maximum of each DSC peak. The transition
entropies, AS°(T,,), were determined by integrating
the curve obtained by dividing the heat capacity curve
by the absolute temperature.

2.3. CD measurements

Circular dichroism spectra were obtained with a
JASCO 715 circular dichroism spectrophotometer
equipped with thermostatically cuvette holder
(JASCO PTC-348), which allows measurements at
controlled temperature. Quartz cuvettes with 1 mm
optical path length were used. The CD spectra were
recorded from 340 to 200 nm at 5°C and normalized
by subtraction of the background scan with buffer. The
molar ellipticity was calculated from the equation
[3] = Hcl, where 3 is the relative intensity, ¢ the
concentration of oligonucleotides and [ is the path
length of the cell (cm). The instrument was calibrated
with an aqueous solution of p-10-(+)-camphorsulfo-
nic acid at 290 nm [28]. CD spectra were recorded
with a response of 16, a 2.0 nm band width and a
scan rate of 5Snmmin~' and were averaged over at
least five scans.

2.4. Molecular modeling

The initial structures of the two triplexes were
generated from the helical co-ordinates given by
Liu [29], who reported a B-like conformation for
the duplex portion in a triplex. The two oxygen atoms
in the 3’-position at the junction site of the third strand
were linked by a phosphate residue. The charges on
the atoms of protonated cytosines were reassessed in
order to take into account the protonation. The two
triplexes were made electrically neutral by addition of
sodium counterions and then, any triplex individually
was placed in a box 30.1 A x30.1A x56.1 A of
Monte Carlo TIP3P [30] water, with periodic bound-
ary conditions. The water molecules that were nearest
of 2.3 A from any solute atoms were removed. For
both the triple helices the same minimization proce-
dure was used. The Amber force field [31] was utilized
and a cut-off of 12 A was applied to the non-bonded
potential. Energy minimization was performed using
1500 steps of the steepest descent method followed by
the conjugate gradient method until convergence to a
RMS gradient of 0.1 kcal mol ' AL
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Table 1

Thermodynamic parameters of the two triple helices and of the double helix at pH 6.6

Transition® T (°C) AH(T,) (kJ mol ") ASU(T,) (kI mol 'K ™)
15-mer triplex I 26.0 156 £9 0.437 £ 0.02

I 69.0 440 £+ 14 1.200 £ 0.07
16-mer triplex I 23.0 115 £ 12 0.303 £ 0.03

I 68.8 436 £ 8 1.190 £ 0.04
16-mer duplex 69.0 437 £ 15 1.190 £+ 0.05

# Transition I: AyB < A, + B*; transition II: A, < 2A*.
® The error in T,, does not exceed 0.2°C.

3. Results and discussion
3.1. Thermodynamics of triple helix formation

The thermal stability of the two triple helices was
studied at pH 6.6, keeping the concentration constant
at 7.2 x 107 M. The thermodynamic data are col-
lected in Table 1 and the calorimetric profiles are
shown in Fig. 2. The triplexes melt in two sequential
well resolved steps. The thermal denaturation is a
reversible, not kinetically limited process. In fact,
scansions at different rate were performed as follows:
increasing or decreasing the scanning rate to 1 or to
0.3 K min~', respectively, any variation in the ther-
modynamic parameters was obtained. The low tem-
perature transition is attributable to the release of the
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third strand from the target double helix. The high
temperature transition is relative to the dissociation of
the double helix, in fact under comparable conditions
this transition coincides exactly with the melting
transition of the free double helix. Hence, the overall
process can be represented according to the following
scheme:

AB & A, + B
A, & 2AF

where A,B indicates the triplex, A, the target duplex,
A” indicates both the complementary denatured single
strands, B the third strand and B™ represents the
denatured state.

Inspection of enthalpy data reported in Table 1
reveals that the enthalpy changes associated with

T T 1
0 20 40 60 80 100
T/°C

Fig. 2. DSC profiles of the 15-mer triplex (A) and 16-mer triplex (B) at pH 6.6. The sample concentrations were 7.2 x 107> M. Excess
capacity values have been shifted along the y-axis for ease presentation.
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the second transition of the 15-mer and 16-mer tri-
plexes, 440 and 436 kJ mol ', respectively, are in good
agreement with the enthalpy change of the free double
helix, 435 kJ mol~'. These values are in satisfactorily
agreement with the predicted enthalpy change of
444 kJ mol ™' calculated from a nearest neighbor ana-
lysis, according to the method of Santalucia et al. [32].
The van’t Hoff enthalpies have been obtained by
DSC profiles utilizing the following equation:

_ or72 AG(Tm))
AHu = ORTy o s

where T, is the maximum of DSC peak and corresponds
to a dissociation degree of 0.5, (AC,(T,,)) is the value of
the excess heat capacity function at 7;,, and AH T, is
the calorimetric enthalpy directly obtained by the area
under DSC peak. The coefficient 6 originates by the
stoichiometry of dissociation [33]. The close correspon-
dence between the calorimetric and van’t Hoff enthal-
pies of the second process supports the assumption
that the reaction follows a two-state process in which
intermediate states are not significantly populated.
For the lower temperature transition the van’t Hoff
enthalpy is larger than the calorimetric enthalpy, as
already found for melting experiments involving
DNA triple helices [34-38]. Really, the aggregation
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phenomenon or the kinetic effects cannot satisfacto-
rily account for the apparent inconsistency in the
enthalpy data from calorimetric and van’t Hoff ana-
lyses, as also reported by Plum et al. [39].

The calorimetric data reveal that the 15-mer triplex
is thermally more stable than the 16-mer triplex, the
transition maximum temperature being 26 and 23°C,
respectively. The transition enthalpy and entropy
of 15-mer triplex are also greater then 16-mer
triplex ones, AAH® is 41 kIJmol™' and AAS® is
123 Tmol ' K™, In order to obtain the relative sta-
bility of the triple helices, AG® values were calculated
at 298 K assuming a negligible difference in transition
heat capacity. The calorimetric profiles, in fact, do not
show significant AC, for both the triple helices, as
already found for triplex transitions by different
authors [37,38,40,41]. The calculation gives a AAG®
value of 4.3 kJ mol™', i.e. the 15-mer triplex is ther-
modynamically more stable than the 16-mer triplex,
with a difference in the stability of 17%.

3.2. CD spectra of the triplexes
Circular dichroism spectra of the triplexes, double

helix and of the 15-mer single strand are displayed in
Fig. 3. The 16-mer single strand spectrum is super-

0,0

[©] x 10/ degrees cm * dmol K

A/ nm

Fig. 3. CD spectra of the 16-mer duplex (solid line), of the 15-mer third strand (dash dotted line), of the 15-mer triplex (dashed line) and of the
16-mer triplex (dotted line) at pH 6.6. All the spectra were recorded at 5°C.
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imposable to that of the 15-mer single strand (spec-
trum not shown) and both of them have the typical
shape of single-stranded DNA [42].

The CD spectrum of the double helix is consistent
with the B-form duplex DNA [43,44]. The two
spectra of the triplexes are close to the spectrum of
poly[d(C"-T)ed(A-G)ed(C-T)] triplex reported by
Antao et al. [45]. These spectra show slight differences
attributable to non equivalent conformations in solution.

3.3. Molecular modeling studies

In order to gain information on the molecular
geometry of the two triple helices, especially of the
junction region, molecular mechanics calculations
were performed. The molecular models of the two
triplexes are shown in Fig. 4. Initially, two different
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calculations were performed, one with full inclusion
of water, counterions and using a unitary dielectric
constant, the other with a simpler representation with-
out explicit water accounted. The results obtained
depend on how electrostatic and solvent-associated
effects are taken into account. In the representation
without water there were ends fraying effects; more-
over, the presence of the water molecules, particularly
in the junctions region, is essential to determine the
geometry of the system. Indeed, some water molecules
are enclosed in the cavity of the junction site in the
15-mer triplex, establishing hydrogen bonds with the
base pairs of the duplex region. The calculation was
then performed with explicit water.

The most streaking results are (i) in the 15-mer
triplex structure all the bases of the single strand form
the Hoogsteen base pair interactions, even if one base

~

)

ks
L)

Fig. 4. Triple helical structure of the 16-mer triplex (on the left) and the 15-mer triplex obtained by molecular mechanics. The Watson—Crick

strands are grey, and the third strands are black.
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pair (C-G) of the target double helix does not parti-
cipate in Hoogsteen hydrogen bonds and (ii) in the 16-
mer triplex structure the two bases of the third strand
directly bonded to the linker do not form the Hoogs-
teen base pair interactions. Hence, in the 15-mer
triplex the lack of one nucleotide in the junction point
reduces the internal tensions and the third strand is
able to adapt its geometry to the double helix one
without causing any distortion.

4. Conclusions

The two triple helices under investigation differ
between each other for the absence of a cytidine
monophosphate in the third strand of the 15-mer
triplex and show different physico-chemical proper-
ties at pH 6.6. The calorimetric data reveal that the 15-
mer triplex exhibits a Ty, 3°C higher than the 16-mer
triplex. The AG? calculations show that the 15-mer
triplex is thermodynamically more stable. Molecular
modeling of the two macromolecules, obtained by
molecular mechanics, suggests an interpretation of
the thermodynamic data. As already illustrated, in
the junction region of the 16-mer triplex structure a
strongest distortion is present. Specifically, the two
bases bonded to the linker lose the correct orientation
to form the Hoogsteen hydrogen bonds. On the con-
trary, in the 15-mer triplex all the bases of the third
strand form the triads. In conclusion, the molecular
modeling studies indicate that in the 15-mer triplex a
greater number of hydrogen bonds and stacking inter-
actions are retained. This could justify the differences
in AH°. Furthermore, the major gain in the transition
entropy of the 15-mer triplex is consistent with the
molecular geometry, which reveals that this triple
helix assumes a more compact structure if compared
with that of 16-mer triplex. Hence, it can be concluded
that with a 3’,3’-phosphodiester junction more stable
triplexes can be obtained when in the third strand there
is the lack of one nucleotide in the junction region.
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