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Abstract

The effects of cytosine protonation on the thermodynamic properties of parallel pyrimidine motif DNA triplex were
investigated and characterized by different techniques, such as circular dichroism (CD), ultraviolet spectroscopy (UV) and
differential scanning calorimetry (DSC). A thermodynamic model was developed which, by linking the cytosine ionization
equilibrium to the dissociation process of the triplex, is able to rationalize the experimental data and to reproduce the pH
dependence of the free energy, enthalpy and entropy changes associated with the triplex formation. The results are useful to
systematically introduce the effect of pH in a more general model able to predict the stability of DNA triplexes on the basis of

the sequence alone.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The triple helix structure, because of possible
applications in biotechnology, diagnostics and thera-
peutics, has attracted considerable attention [1-3].
Numerous attempts have been made to use oligonu-
cleotides, particularly triple-helix-forming oligonu-
cleotides as tools for exploring DNA structure and
for creating methods for regulation of gene expression
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and genome analysis. Triple helices can be subdivided
into intermolecular and intramolecular complexes and
have parallel and antiparallel structures according to
the composition and orientation of the third strand.
The base composition of the third strand can be purine
or pyrimidine rich. A homopyrimidine third strand
binds parallel to the purine strand of the target duplex
forming T—A-T and C—G-C" triplets via Hoogsteen
hydrogen bonding [4—6], whereas a purine third
strand binds in an anti-parallel orientation forming
T—A-A and C—G-G base triplets via reverse Hoogs-
teen hydrogen bonds [7]. In the parallel motif tri-
plexes, the requirement for protonation of the cytosine
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bases results in a dependence on pH of the three-
stranded complex’s stability [8—10]. Surprisingly, a
complete thermodynamic characterization of a triplex
helix stability as a function of pH has been lacking.
Typically, only melting temperatures are reported on
changing the pH and the other thermodynamic quan-
tities (enthalpy, entropy, free energy) associated with
the transition are usually reported at only one value of
the pH. Consequently, the protonation effect on the
thermodynamic parameters has not been clearly un-
derstood. The evaluation of these parameters on
changing the pH should inform us about the mecha-
nism of triplex formation. Thus, it is important to
investigate the details of the thermodynamic proper-
ties for the triplex transition.

It is known that the sensitivity of triplex stability to
pH is dependent on the relative number of cytosines in
the third strand, as well as their positions relative to
each other and relative to the ends of the third strand
[11,12]. Since the pK, of the cytosine in single-
stranded DNA is approximately 4.5, third strand
dissociation at pH above this value is accompanied
by release of protons from the protonated cytosine
residues [13]. The apparent pK, of third strand asso-
ciation is typically much higher than the intrinsic pK,
of the cytosine indicating that the protonation event
and association of the third strand to the target duplex
are coupled in some way and the local environment of
the cytosine residue shifts the intrinsic pK, to a value
higher than the pK, of the third strand [12].

NMR studies with isotope-labeled triple helices
evaluated the intrinsic pK, of the cytosines at specific
sites within triplex structure [12,14,15]. These studies
showed that, in some cases, the deprotonation of
cytosine residues can occur before the third strand
dissociation. This finding suggests that third strands
containing mixtures of C and T bases should be able
to form triplexes also at high pH because unproto-
nated cytosine residues can interact with GC base-
pairs to form triplets of finite stability with a single H-
bond. Therefore the triplex may exist in various states
of protonation in dependence on pH conditions and all
these different states may be characterized by a
specific enthalpy, entropy and free energy levels,
which can affect the thermodynamics of triplex for-
mation. In this hypothesis, to perform a complete
thermodynamic characterization of single strand bind-
ing to target duplex on changing the pH, it is impor-

tant to relate protonation equilibria within the triplex
to the thermodynamics of triplex formation.

In this paper, it was studied the thermodynamic
properties for the triplex formation process between
a target homopurine—homopirimidinic duplex
YAGAGAGAGAGAGAGAG®> CTCTCTCTCTC-
CTCTCTCTCTCTCTCT? , and a homopyrimidine
cytosine-rich single strand, > TCTCTCTCTCTCT-
CTC® . The thermodynamic parameters were obtained
by DSC, UV and CD experiments and it developed a
thermodynamic model, which, by linking the cytosine
ionization equilibrium to the dissociation process of
the triplex, is able to reproduce the pH dependence of
the free energy, enthalpy and entropy changes associ-
ated with the triplex formation.

2. Materials and methods
2.1. Oligonucleotides
The oligonucleotides investigated in this study are:

¥ CTCTCTCTCTCTCTCT? ;
¥ GAGAGAGAGAGAGAGA” ;
¥ CTCTCTCTCTCTCTCT? .

These oligonucleotides were synthesized on an
automated DNA synthesizer following standard phos-
phoramidite procedures [16—18]. The triplex was
formed by mixing stoichiometric amounts of oligo-
nucleotides in the appropriate buffer and heating the
solution to 90 °C for 5 min. The solution was slowly
cooled to room temperature, then equilibrated for one
day at 4 °C. The buffer used was 140 mM KCI, 5 mM
NaH,PO,, 5 mM MgCl,. Potassium chloride (Sigma),
monosodium phosphate (Sigma) and magnesium
chloride (Carlo Erba) were used as obtained from
commercial suppliers. Each of the solutions was
adjusted to desired pH values with | M HCl or 1 M
NaOH. The pH of solutions was measured using a
Radiometer pHmeter model PHM 93 at 25 °C. The
concentration of oligonucleotide solutions were deter-
mined spectrophotometrically at 260 nm, using the
following extinction coefficients calculated by a near-
est neighbor model [19], 122000 M~ ecm™' for
S(TC)s, 123000 M~! em™' for ¥ (CT); and
188000 M~ ! ecm ™! for ¥ (AG)3 .
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2.2. Circular dichroism

CD spectra were obtained on a JASCO 715 circular
dichroism spectrophotometer at 5 °C in a 0.1 cm
pathlength cuvette. The wavelength was varied from
200 to 340 nm at 5 nm min~'. CD spectra were
recorded with a response of 16 s, at 2.0 nm bandwidth
and normalized by subtraction of the background scan
with buffer. The titrations were accomplished by
addition of microliter amounts of 1 M HCI to the
solution containing the triplex. The pH of solutions
was monitored by directly inserting a pH electrode
designed for microsamples (Hamilton Glass) into
cuvettes containing the sample. The molar ellipticity
was calculated from the equation []=100/c/ where
4 is the relative intensity, ¢ the concentration of triplex
and / is the path length of the cell in centimetres. Each
spectrum is an average of at least three scans. The
sigmoidal curve was obtained using the Boltzman fit
of Origin program. Temperature was kept constant
with a thermoelectrically controlled cell holder
(JASCO PTC-348).

2.3. Ultraviolet spectroscopy

Absorbance vs. wavelength curves were measured
using a Jasco V-530 UV/VIS spectrophotometer at 25
°Cin a 1 cm pathlength cuvette. The wavelength was
varied from 260 to 340 nm at 5 nm min~'. pH
titrations were accomplished by addition of microliter
amounts of 1 M HCI to the solution containing the
¥ CTCTCTCTCTCTCTCT® . For pH<5.8, where the
phosphate is not an appropriate buffer, the pH of
solutions was monitored by directly inserting a pH
electrode designed for microsamples (Hamilton Glass)
into cuvettes containing 1.5 ml of sample.

Temperature was kept constant with a thermoelec-
trically controlled cell holder (JASCO PTC-348).

2.4. Differential scanning calorimetry

DSC measurements were performed on a second
generation Setaram Micro-DSC at scan rate of 0.5 °C/
min. The calorimetric unit was interfaced to an IBM
PC computer for automatic data collection and anal-
ysis using the software previously described [20]. The
apparent molar heat capacity vs. temperature profiles
were obtained by subtracting buffer vs. buffer curves

from the sample vs. buffer curves. The data were
normalized with regard to the concentration, sample
volume and scan rate. The performance of the instru-
ment was calibrated periodically with an electrical
pulse. The excess heat capacity function (ACp) was
obtained after baseline subtraction, assuming that the
baseline is given by the linear temperature depen-
dence of the native state heat capacity [21]. The
reversibility of the thermal processes was verified by
checking the reproducibility of the calorimetric trace
in a second heating of the samples immediately after
cooling from the first scan. The process enthalpies,
AH®(T,,), were obtained by integrating the area under
the heat capacity vs. temperature curves. 7, is the
temperature corresponding to the maximum of each
DSC peak. The process entropies, AS°(7,,), were
determined integrating the curve obtained by dividing
the heat capacity curve by the absolute temperature,
ie. AS° = [((AC,)/T)dT. The free energy change
was calculated at each pH value using the relationship
AG°=AH°—TAS®, assuming a negligible difference
in heat capacity between the initial and final states.
Indeed, no significant ACp was observed as already
found in DSC studies on triplex dissociation process
by different authors [22,23]. The buffer used was 140
mM KCl, 5 mM NaH,PO,4 and 5 mM MgCl,. Experi-
ments were performed in the pH range of 5.5-7.2.
The S[H"]/ST is assumed to be negligible because the
phosphate buffer has a low ionization enthalpy.

The errors in 7, do not exceed 0.2 °C, the errors
for AH°(T,,) and AS°(T,,) are the standard deviations
of the means from the multiple measurements.

3. Results
3.1. Thermodynamic parameters of triplex formation

The thermodynamic stability of the triplex was
studied in the pH range of 5.5—7.2, keeping the triplex
concentration constant at 4.4x10~* M. The thermal
dissociation of the third strand is a reversible, not
kinetically limited process, in fact, repeated heating
and cooling of DSC samples at different scan rate
produced superimposable thermograms at each inves-
tigated pH value. It was not possible to evaluate the
thermodynamic parameters at pH values higher than
7.2 because the triplex begins to melt at temperature
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not experimentally accessible. The pH values lower
than 5.5 could not be tested because the extensive
protonation of the hydrogen-bonding groups of the
duplex bases disrupts the whole hydrogen-bonded
structure and the DNA aggregates in the solution [24].

The characteristic calorimetric profile for the tri-
plex at pH 7.2 is shown in Fig. 1. The first low-
temperature transition is attributable to the release of
the third strand from the target duplex and the second
transition at higher temperature is relative to the
dissociation of the double helix in the two single
strands. The overall process can be represented
according to the scheme:

ABCSA + BC (1)

BCSB + C (1)

where ABC indicates the triplex, BC the target
duplex, A indicates the third strand. The first process
(I) is strongly dependent on the pH values and, at low
pH values, a previously described deconvolution
procedure was used to extract thermodynamic quan-
tities by calorimetric profiles because the two tran-
sitions are not well separated [18]. The second
process (II) is independent of pH in the range 5.7—
7.2 whereas at pH 5.5 an increasing of the duplex
thermal stability is observed, according to the pro-
tonation of the duplex bases cited above [24]. Table 1
summarizes the thermodynamic parameters for the
dissociation process of the third strand from the target

IS
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Fig. 1. Differential scanning calorimetric curve for the triplex at pH
7.2. The triplex concentration was 4.4x 104 M.

Table 1
Thermodynamic parameters for ABCSA+BC transition®
pH T, AH® (T,)  AS° (T,) AG® (298 K)
(°C) (kImol™") (kImol ' K™") (kJ mol™")
7.2 252+02 130+13 0.48+0.06 —13.0+0.1
7.0 314402 150+12 0.54+0.05 —10.9£0.3
6.8 34.0+0.2 190%10 0.64+0.04 —0.7+0.3
6.6 48.0+0.2 215+8 0.70+0.04 6.4+0.6
6.4 52.0+£02 230+9 0.73+0.05 12.5+0.8
6.0 585+0.2 255+7 0.78+0.02 22.6+0.7
5.7 59.0+0.2 26249 0.79+0.02 26.6+0.9
55 59.0+£0.2 256+7 0.79+40.02 20.6+0.7

“For BCSB+C transition the thermodynamic parameters at pH
7.2-5.7 are: T,=69.0 °C, AH°(T,)=480+16 kJ mol~' and
AS°(T,,)=1.40%0.05 kJ mol ' K.

At pH 5.5 for the same transition the thermodynamic
parameters are: 7,=77.0 °C, AH°(T,)=480+16 kJ mol~' and
AS°(T,)=1.3740.05 kI mol ' K",

duplex in the pH range of 5.5—7.2. Thermodynamic
parameters at pH values of 7.2, 6.8, 6.0 and 5.5 were
previously obtained [18]. Inspection of the table
reveals that all the thermodynamic quantities decrease
with increasing the pH. Particularly, on increasing the
pH from 5.5 to 7.2, the T, decreases of approximate-
ly 34 °C and the enthalpy and entropy changes
decrease of approximately 130 kJ mol~' and 0.3 kJ
mol~! K™!, respectively. Hence, increasing pH, the
enthalpic term becomes more favorable to the disso-
ciation process whereas the entropy term becomes
less favorable.

3.2. Circular dichroism

Fig. 2 shows the CD spectra at pH 6.4 of triplex,
duplex and single strands, respectively. The CD
spectrum of the triplex is characterized by a large
positive band at 276 nm and a negative band at 215
nm. The last one is consistent with the existence of
triple stranded DNA [25]. Circular dichroism spectra
of the triplex as a function of pH were performed. The
triplex concentration was 1.3x107> M. As the pH is
increased, the negative band at 215 nm is reduced in
magnitude and shifted to lower wavelength, while the
positive band at 276 nm is slightly increased in
magnitude and shifted to lower wavelength (data not
shown). These findings are consistent with a pH-
induced transition relative to dissociation of the third
strand from the target double helix. Fig. 3 shows the
pH dependence of molar ellipticity at 215 nm: this
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Fig. 2. Circular dichroism spectra of the triplex (@), duplex (A),
¥ (GA) (0), ¥ (CT); and ¥ (CT)Y (A) at pH 6.4. All the spectra
were recorded at 5 °C.

plot has a sigmoidal behavior with an inflection point
at pH 7.0.

3.3. Ultraviolet spectroscopy

In order to evaluate a pK, value for the cytosine
residues in the isolated third strand a UV titration
experiment was performed. The single strand concen-
tration was 5.0x 10~ ° M. Fig. 4 shows changes of the
absorbance at 290 nm vs. pH at 25 °C. This plot has a
sigmoidal behavior and a semiprotonation point of 4.5
was observed. This value is close to the pK, value of
the free cytosine [26].

3.4. Thermodynamic model

To gain more insight into triplex protonation and
its influence on thermodynamic parameters associat-
ed with triplex to duplex transition a thermodynamic
model was developed. This model, by linking the

cytosine ionization equilibrium to the dissociation
process of the triplex, is able to rationalize the
experimental data and provide a possible explanation
of the pH dependence of the thermodynamics of
cytosine-rich triplexes formation. The key point of
the model is that the oligopyrimidine third strand
may exist in different states of protonation not only
in the free state but also in the triplex state. The
model involves the coupling between the ionization
of cytosine residues inside and outside the triplex
structure and the thermal dissociation of the third
strand. All the cytosine residues are considered
identical and non-interacting, with different ioniza-
tion constants in the triplex and in the free third
strand. This hypothesis is reinforced by the observa-
tion that, in the third strand utilized, except for the
cytosine at the 5’ -end, the cytosine residues have the
same local environment constituted by two thymidine
residues.
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Fig. 3. Molar ellipticity at 215 nm of the triplex as a function of pH.
The triplex concentration was 1.3x107> M.
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Fig. 4. Absorbance at 290 nm of the ¥ (CT)Z as a function of pH.
The single strand concentration was 5.0x 106 M.

The linkage of proton binding to the thermal
dissociation of the homopyrimidine third strand can
be described by the following equilibria:

Ky
THg S D + SHyg
K" 1t gk, M KS
TH7 S D + SH7

noou
TH¢ S D + SHg
ih) ih)
=
e S
Ih) K, i)
T S D+S

where TH; represent the different protonation states of
triplex such as those with different degree of proton-
ation of the cytosines, SH; indicate the corresponding
protonation states for the free third strand and D

denotes the target duplex. K; indicates the equilibrium
dissociation constant for the ith protonation state of
the triplex. K5 and K are the protonation constants
for the cytosine residues of the third strand in the free
state and in the triplex, respectively. To completely
characterize the proposed model, the three independent
parameters Ko, KT and K5 must be evaluated. Indeed,
all other equilibrium constants (K, K, . . ., Kg) can be
expressed in terms of these independent parameters.

The apparent dissociation constant K(app) for the
triplex is given by:

_ [DJ([SHg] + [SH7] +...... +19])
Kapp = [THg] + [TH7] +...... T (1)

In the hypothesis of non-interacting and identical
cytosines, the expression for K(app) becomes:

_ [DJ[SHy] (1 *[[5_1> K
P [THg] ( Kg>8_ KT+ 1)
(1]

(2)

where K, is the constant for the dissociation process
of the completely protonated third strand from the
target duplex.

The standard free energy change for the third
strand dissociation from the double helix can be
obtained applying a fundamental relation of equilib-
rium thermodynamics:

K5+ [HY]
AG°(pH) = —RTInKy — 8RTIn| —4—— -
)

= AyG + AAG(pH) (3)

where the first term AyG represents the free energy
change in absence of deprotonation events. The sec-
ond term, pH-dependent, represents the contribution
to the free energy change due to the protonation/
deprotonation of the third strand cytosines. The values
of AG°(pH) at 298 K were calculated using the value
of K5=107%3, relative to the cytosine residue in the
free third strand. It was experimentally derived by
titration curve (Fig. 4). For the pK., Wilson et al.
determined pK, values in the range 7.0—7.5 using a
thermodynamically rigorous method [27]. The best
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agreement between the calculated and the experimen-
tal values was obtained for the pK.=7.0 and
AoG=91.4 kJ mol .

In order to clarify the origin of free energy depen-
dence on pH, the enthalpic and entropic contributions
to the AG° were calculated. Starting from Eq. (3) and
applying fundamental relations of equilibrium ther-
modynamics, it is possible to obtain for the AH°(pH)
and AS°(pH) the following expressions:

8KSAHS  8KTAH!

AH®(pH) = A0H+K§ S KT (4)

. Ko +IHTY 8
AS°(pH) = ApS + 8RIn <m> + T

|5 ww @

where AgH and AyS represent the enthalpic and
entropic contributions to the AyG, AH} and AHS
represent the enthalpy change for the deprotonation
process in the triplex state and in the free third strand,
respectively. The value of AH; was taken equal to the
enthalpy of deprotonation of the free cytosine nucle-
otide, reported to be 17.6 kJ mol~' [28]. The AH,
value represents the enthalpy difference between the
protonated and the unprotonated cytosine in the tri-
plex state and it is the enthalpic change for the
reaction TAT/CGC/TATSSTAT/CGC/TAT+H". This
enthalpy value is the sum of three contributions: the
enthalpy of deprotonation of free cytosine, cited above
[28], the enthalpy of one hydrogen bond (one hydro-
gen bond is lost after deprotonation) reported to be 7.5
kJ/mol [29], and the enthalpy of interaction between
the proton charge and the w-electrons of the adjacent
TAT triplets. The last contribution should be equal to
the difference between the stacking energy of the
TAT/CGC" and the TAT/CGC triplets, it can be
negligible [30]. Consequently, it is possible to assign
for the deprotonation process of one cytosine inside
the triplex, an enthalpy change of ca. 25 kJ/mol.
Introducing K!, K5, AHS and AH! in the relations
(4-5), the values of AgH and A(S can be estimated by
fitting the experimental data. The obtained values are:
AoH=145 kJ mol ™" and AS=0.18 kJ mol ' K.

In Fig. 5 are shown the plots of AG°, AH®, and
—TAS® vs. pH at 298 K obtained by means of Egs.

300

200 | AH®

100
AG®

-100
-TAS®

-200

Thermodynamics parameters (kJ/mol)
0

-300

Fig. 5. pH dependence of AH°, AG°® and —TAS° for the
ABCSA+BC  transition. The triplex concentration was
4.4x107* M.

(3)—(5). The plot of AG° at 298 K has a sigmoidal
behavior with two plateaus, one at pH<4 and another
one at pH>8. The plateaus represent the regions where
no ionization events occur before and after the triplex
dissociation. Moreover, the stability of triplex mono-
tonically decreases on increasing pH. The plots of
AH® and —TAS° show opposite behavior. There is a
good agreement between the experimental points and
the theoretical curves in the range of pH experimen-
tally investigated, except for the point at pH 5.5. The
deviation from the model at this pH is due to proton-
ation of others group, in addition to the cytosines
protonation of the third strand [24].

4. Discussion

In this work a combination of optical and calori-
metric techniques was used to characterize the ther-
modynamic of triplex formation at different pH values.
The DSC experiments clearly show that the thermo-
dynamic parameters associated with triplex dissocia-
tion considerably change on varying the pH (Table 1).
To explain these data, a thermodynamic model was
developed. This model links the cytosine ionization
equilibrium to the dissociation process of the triplex.
In this effort, the deprotonation constants for the
cytosine residues in the free third strand (K3) and
inside the triplex structure (K1) were evaluated. The
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pK; value for the cytosine residues was obtained by
UV titration experiment on the isolated third stand.
The value of 4.5, obtained by the inflection point of the
titration curve (Fig. 4) is similar to the pK, value of the
free nucleotide indicating that in the free third strand
the cytosine residues are exposed to the solvent. It is
known that pK; value is generally greater than pKj
value due to the local environment of the cytosine
residue inside the triplex structure [12—15]. Hence, on
increasing the pH, the global dissociation equilibrium
will be shifted toward the free third strand by mass
action effects. This is consistent with the observed
variations of the ellipticity at 215 nm and 5 °C on
increasing the pH, shown in Fig. 3. The inflection
point of the curve represents the apparent pK, of the
pH-induced transition relative to dissociation of the
third strand from the target double helix. However, this
value cannot be considered the pK3 value because the
method evaluates the influence of pH on the global
equilibrium process and protonation/deprotonation of
individual cytosines within the triplex structure are not
directly resolved. A rigorous thermodynamic method
to determine the intrinsic pK, of cytosine residues, was
adopted by Wilson et al. They calculated an intrinsic
pK, between 7 and 7.5 for cytosine residues in the
same local environment studied by us using binding
enthalpy vs. buffer ionization enthalpy data. pK.
values in the range suggested by Wilson et al. were
used to reproduced experimental data. The best agree-
ment between the experimental and the calculated data
was obtained for pK.=7.0 (Fig. 5). The model reveals
that the contributions made by the shifts of the coupled
deprotonation equilibrium to the observed entropy and
enthalpy changes may be significant. Further, although
the enthalpic and entropic contributions are both
influenced by pH, analysis of the Eqs. (4) and (5)
demonstrates that the effect of pH on triplex stability is
entropic in origin because at each pH the enthalpy
change is exactly compensated by the third term on the
right-hand side of Eq. (5). This is a remarkable result
that cannot be deduced from a simple inspection of
Table 1. Furthermore, it can be noted that the observ-
able of DSC experiments, related to enthalpy change,
is strongly dependent on the degree of protonation of
the third strand. Indeed, in the spectroscopic experi-
ments, it is possible to measure only the sums of the
concentrations of the different protonated species
because the protonation does not make a very large

difference to the observable. This could be a possible
source for the discrepancy between van’t Hoff enthal-
pies obtained by spectroscopic methods and the calo-
rimetric enthalpies, as reported by many authors
[26,31,32].

In conclusion, the present model gains more in-
sight into the effect of protonation on the free energy,
entropy and enthalpy changes associated with the
third strand binding to the target duplex. It was shown
in a qualitative and quantitative manner, how the pH
influences these thermodynamic parameters for the
triplex dissociation. These results could be useful to
systematically introduce the effect of pH in a more
general model able to predict the stability of DNA
triplexes on the basis of the sequence alone.
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