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Abstract

A combination of spectroscopic and calorimetric techniques is used to determine the unfolding thermodynamics of the complexes formed by
the complementary sequence of the human telomere, d(C;TA,)4, in the pH range of 4.2 to 6. Calorimetric melting curves show biphasic
transitions; both transitions are shifted to higher temperatures as the pH is decreased, indicative of cytosine protonation, which favors the
formation of C®C" base pairs. Furthermore, the transition temperature, Ty, of the lower transition depends on strand concentration, while the Ty
of the higher transition is independent of strand concentration, indicating the following sequential melting: bimolecular complex(s)—
intramolecular complex—random coil. The thermodynamic profiles for the formation of each complex, bimolecular and i-motif reveals small
favorable free energy terms resulting from favorable enthalpy—unfavorable entropy compensations, uptake of protons, marginal uptake of
counterions (i-motif) and marginal release of water molecules (i-motif). Furthermore, an enthalpy of 3.2 kcal/mol (bimolecular complex) and

5.0 kcal/mol (i-motif) is estimated for a single CeC"/C®C" base-pair stack.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

This article is in honor of Professor Julian Sturtevant, who
was one of the leading scientists in the field of biothermo-
dynamics. The author met Professor Sturtevant for the first
time in 1982 at a Biopolymers Gordon Conference, where he
gave a lecture on “The heat capacities of proteins”. This was
an excellent lecture. At this ecarly time, he was already
correlating the measured heat capacities of several proteins
with vibrational degrees of freedom. Later on, in 1988,
Microcal gave him a prototype titration calorimeter (Omega)
to test the unit, and I was given all of his experimental data.
He had numerous controls that convinced me that the Omega
titration calorimeter was an excellent instrument; I ended up
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buying the second Omega unit, and it is still in good working
condition. In this paper, I am reporting on the unfolding
thermodynamics of the complexes that are formed by a
cytosine-rich oligonucleotide. The main conclusions are very
close to the experimental data, which was the style of
Professor Sturtevant.

Cytosine-rich sequences are frequently found in eukaryotic
genomes located near or within regions of functional and/or
regulatory importance, and play important biological roles in
replication, recombination, transcription and chromatin orga-
nization [1]. Forty years ago, it was proposed that poly dC
could form parallel duplexes [2] stabilized by C®C" base pairs
at acidic pH (Fig. 1); this particular base pairing scheme has
been confirmed with the crystal structure of acetyl cytosine
[3], poly(dC) and poly(rC) [4,5]. Cytosine-rich oligonucleo-
tides can potentially adopt complex pH-dependent conforma-
tions; for instance, the crystal structure of d-TCCCCC [6,7]
indicated that two parallel stranded C®C" duplexes with an
antiparallel orientation form a four stranded structure. The
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Fig. 1. Sequence, scheme of a C"®C base-pair and cartoons of the possible conformations adopted by cytosine-rich oligonucleotides.

base pairs of one CeC" duplex intercalate into those of the
other duplex; hence, the structure is called the “i-motif” or
intercalated motif (Fig. 1); the base planes of the stacked
CeC" base pairs are perpendicular to each other with all the
bases in the anti-conformation. This type of alternating
stacking of CeC" base pairs further stabilizes the i-motif
[8]. The formation of i-motifs using different DNA oligonu-
cleotides (ODNs) have been studied extensively by a variety
of experimental techniques [6,7,9—18]; however, differential
scanning calorimetric techniques have not been used to
determinate model-independent unfolding thermodynamics.
Furthermore, C-rich ODNs have been used to block gene
expression via antisense or antigene strategies [19,20];
however, the formation of i-motif within these ODNs could
well interfere with the success of these strategies because the
oligonucleotide may get trapped in a stable folded conforma-
tion [21]. Therefore, it is necessary to investigate their
conformational flexibility and the solution conditions that
lead to their stable formation. In addition, since telomeric C-
rich ODNs can form i-motif structures in vitro, it has been
proposed that these sequences may play a biological role
analogous to that of G-quadruplexes [6,22].

In this work, we used a combination of spectroscopic and
calorimetric techniques to study the unfolding of the comple-
mentary sequence of the human telomere: d(CCCTAA),. At
acidic pH, it yields a bimolecular complex/i-motif equilibrium
at low temperatures and their temperature-unfolding takes place
through sequential transitions: bimolecular complex—i-motif
—random coil. Thus, acidic pH stabilizes both structures
through the formations of C®C" base pairs. We report complete
thermodynamic profiles for their unfolding, including the
energetic contributions of the C®C'/C®C" base-pair stacks in
each structure and their uptake of protons.

2. Materials and methods
2.1. Materials

The *"d(CCCTAACCCTAACCCTAACCCTAA)™ oligo-
nucleotide, designated as “C3TA,”, was synthesized by the Core
Synthetic Facility of the Eppley Institute at UNMC, purified by
reverse phase HPLC, and further desalted by gel-permeation
chromatography, using a Sephadex G-10 column. The solution
concentration of C3TA, was determined optically at 260 nm and
80 °C using a molar absorptivity of 2.20x10° M~ ' cm™! (in
strands). This value is obtained from the molar absorptivity at
25 °C, obtained from the tabulated values of the dimers and
monomer bases [23], and extrapolated to high temperatures
using the upper portions of the UV melting curves, following
procedures described earlier [24]. All measurements were
performed in buffer solutions consisting of 10 mM sodium
cacodylate, adjusted to the appropriate pH, salt and osmolyte
concentrations with HCI, NaCl and ethylene glycol, respec-
tively. We also use a 10 mM sodium acetate buffer, 100 mM
NaCl at pH 4.2 or 4.8. Stock solutions of C;TA, were prepared
by dissolving dry ODN in the appropriate buffer. All other
reagent grade chemicals, from Sigma Chemicals, were used
without further purification.

2.2. Temperature-dependent UV spectroscopy

The spectra of C3TA, were obtained with a thermoelec-
trically controlled Aviv 14-DS spectrophotometer (Lakewood,
NJ) from 330 nm to 200 nm at wavelength steps of 1 nm, as a
function of temperature and pH. The reported spectra
correspond to the average of three scans. Absorbance versus
temperature profiles (UV melting curves) were measured
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simultaneously at two wavelengths, 265 nm and 295 nm, and
the temperature was scanned at a heating rate of ~0.6 °C/min.
Shape analysis of the melting curves yielded transition
temperatures, Ty, and model-dependent van’t Hoff enthalpies,
AH,y, which are obtained with the following relationship [25]:
AHvH:(2n+2)RT12\4(aoc/ 0T)r—r,,, where “n” is the transition
molecularity, equal to 1 for monomolecular transitions and 2 for
bimolecular transitions; “o” is the fraction of single strands in
the helical state; and (00/0T)7—r,, is the slope of the o vs. T
curve measured around the Ty, using an interval of 1 °C. The
Tw's of biphasic melting curves were obtained from the peaks
of the corresponding differential melting curves.

UV melting curves were carried out as a function of strand
concentration to check for transition molecularities; intramo-
lecular complexes formed when the 7y, is independent of strand
concentration, while higher molecularities are obtained when
the 7y; depends on strand concentration.

2.3. Circular dichroism spectroscopy (CD)

The conformation of C5;TA; in appropriate solution condi-
tions was obtained by simple inspection of its CD spectra. The
spectra were obtained on a thermoelectrically controlled AVIV
Circular Dichroism Spectrometer, Model 202 SF (Lakewood,
NJ), from 320 to 220 nm at wavelength steps of 1 nm, using free-
strained quartz cuvettes with path length of 10 mm. The reported
spectra correspond to the average of at least three scans.
Ellipticity versus temperature profiles (CD melting curves) were
obtained at 286 nm using a heating rate of ~0.6 °C/min.

2.4. Differential scanning calorimetry (DSC)

Heat capacity functions of the helix-coil transition of C3TA,
were measured with a VP-DSC microcalorimeter (Northampton,
MA). Two cells, the sample cell containing 0.7 ml of oligomer
solution and the reference cell filled with the same volume of
buffer solution, were heated from 0 °C to 100 °C at a heating rate
of 0.75 °C/min. The biphasic DSC scans were deconvoluted
using a “non two-state zero AC, model” or a “two-state zero
AC, model” of the Microcal software. Both approaches yielded
similar results, and the resulting heat capacity profiles were then
normalized by the strand concentration, according to the
molecularity of the complex. Analysis of these thermograms
yielded model-independent thermodynamic profiles (AH,,,
AS., and AGE,) and van’t Hoff enthalpies. These parameters
are measured with the following relationships: AHy=/A Co(T)
dTand AS =] (AC,(T)/T)dT, where AC,, is the anomalous heat
capacity of the oligonucleotide solution along the transition
curve; the free energy, AGS,, is calculated at 10 °C using the
Gibbs relationship: AGGoy=AHy—TASc,.

Shape analysis of the experimental DSC curve allows us to
calculate AH,11’s according to the relationship: AH 1 =A4/[(1/
T1)—(1/T5)], where 4 is a constant, equal to 10.14 for
bimolecular transitions and 7.0 for monomolecular transitions
[25]; Ty and T, correspond to the lower and upper temperatures,
respectively, at the half height width of the DSC curve. The
AH, 1/ AH,, ratio allows us to inspect if DNA unfolding takes

place through two-state transitions or through the formation of
intermediates. If the AH,y/AH,, ratio is equal to 1, then the
transition takes place in an all-or-none fashion [25], while a
larger ratio indicates the formation of aggregates or a larger
cooperative unit.

2.5. Differential binding of protons, counterions and water
molecules

The helical and coil states of an oligonucleotide are
associated with a different number of bound protons, ions and
water molecules; therefore, their helix—coil transition is
accompanied by a differential release (or uptake) of protons,
counterions and water molecules. The differential release (or
uptake) of each of these species can be measured experimentally
using the following reaction:

Helix(aH™, bNa™, cH,0)—Coil(xH™, yNa™, zH,0)
+ Any+ H' 4+ AnNa+Na+ + AnyH;0,

where Any-=x—a, Ann,=y—b and Any,=z—c; each of these
terms correspond to the differential binding of protons,
counterions and water, respectively, and are written on the
right hand side of the reaction to indicate “releases”; however, if
there is an “uptake” of any of these species, they should be
written on the left hand side.

The corresponding reaction constant can be written as:

K = {(Coil)/(Helix) } (H")"* (Na* )™ (H,0)™ (1)

Using a logarithmic function for simplicity: In K=In K{7, P,
In(H"), In(Na"), In(H,0)}; its total differential is: din K=(0In
K/0T)dT+(0ln K/0P)dP+(dln K/0In(H"))dIn(H")+(0ln K/dIn
(Na"))dln(Na")+(dln K/0In(H,0))dIn(H,0); the last three
partial differentials correspond to the desired quantities or
linking numbers: Any=(0ln K/&ln(H+))(HZO), Naty Anng =
(0ln K/0In(Na"))ar, 1,0y and Any,=(0In K/0In(H,0)) 1), (na-
All three linking numbers are measured experimentally with the
assumption that proton, counterion or water binding to the
helical and coil states of the oligonucleotide takes place with a
similar type of binding. This is a good assumption for protons
and counterions but it may not be correct for water, because the
helical state of DNA immobilizes electrostricted water (around
charges), while the random coil state immobilizes primarily
structural water (around polar and non-polar groups) [26—-28].
Applying the chain rule to each partial differential and
converting ionic activities to concentrations and natural
logarithms for decimal logarithms, we obtain:

Ay = (910K /9 Tag) (9 Tt /9 In(H))
= —0.434[AHc, /RTY] (9 T /dpH), (2)

Ay = (910K /9 Tng) (9 Tng /9 In(Nat))
— 0.483[AH /RT3|(0 Ty /9log|Na"]), 3)

Any = (9K /9 Ty ) (9 T /In(H,0))
= 0.434[AHy1 /RT)(9 T/ 1og[H,0]) (4)
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The first term in brackets of Eqs. (2)—(4), [AH/RT34], is a
constant determined directly in differential scanning calorimet-
ric experiments and R is the gas constant, while the second term
in parenthesis is also determined experimentally from UV
melting curves or DSC curves, from the T dependences on the
concentration of protons, counterions and water, respectively.

In the determination of Any-, DSC melting experiments were
carried out in the pH range of 4.2 to 6.0 and 100 mM NaCl,
while for Any,, UV melting curves were measured in the salt
range of 10 mM to 1 M NaCl at pH 5.2. UV melts as a function
of the concentration of ethylene glycol (0.6 m to 3.0 m) are
carried out to determine An,, at pH 5.2 and 100 mM NaCl; this
cosolute does not interact specifically with DNA [29]. The
osmolality of the latter solutions is obtained with a UIC vapor
pressure osmometer Model 830 (Utah), which was calibrated
with standardized solutions of NaCl. These osmolalities were
then converted into water activities (ay,) using the following
equation [30]: In ay,=—0sm/M,, where Osm is the solution
osmolality and M,, is the molality of pure water equal to
55.5 mol/kg of H,O.

3. Results
3.1. UV melting curves of C3TA,

The unfolding of C3TA, was investigated initially by UV
melting techniques. Fig. 2a shows the UV melts at 265 nm at

1.00

several pH values and Fig. 2b the corresponding melting curves
at 295 nm; in these curves, their final and initial absorbances
were normalized to 1, respectively. The shape of all curves is
sigmoidal and show more or less single transitions, character-
ized by a hyperchromic effect at 265 nm and a hypochromic
effect at 295 nm, which are consistent with previous reports
[17,31]. The Ty, increases from 19 °C to 45.6 °C as the pH is
decreased from 6.4 to 5.2, which clearly indicates that complex
formation is stabilized by acidic pH. The complexes that could
be forming at low temperatures include the bimolecular
complex, the i-motif or a combination of these complexes in
equilibrium. To differentiate which of these complexes are
actually forming at these temperatures, we obtained UV melts
as a function of strand concentration at pH 4.8. The resulting
melting curves at pH 4.8 are biphasic (Fig. 2¢) and their Ty
dependences on strand concentration are shown in Fig. 2d. Over
a 10-fold concentration range, the T of the first transition
increases with the increase in strand concentration, while the
T of the second transition remains constant. This indicates the
formation of bimolecular and monomolecular complexes,
respectively. Therefore, the UV melting behavior of C5TA, is
through the unfolding of a bimolecular complex at lower
temperatures, followed by an intramolecular complex that
yields the final random coil state at high temperatures.

To further investigate complex formation at low tempera-
tures, the UV spectra of C;TA, as a function of pH at 10 °C is
shown in Fig. 3. The overlay of the spectra shows three

0.95 I
- 0 “,, decreasing pH
0.90 bt %
decreasing pH
0.85 L L L L " 1 . 1 a 1 " 1
0 20 40 60 80 100 0 20 40 60 80 100
Temperature, °C Temperature, °C
64
c d
1.00f
56 Second Transition
—i& L L —
0.98
8 © a8
< s
& [strand] =
0.96
40
First transition
0.94
32 __.____.__———.————."'
0 20 40 60 80 -13 -12 -1 -10 -9
Temperature, °C In [Cq]
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isosbestic points (230 nm, 262 nm and 302 nm), which indicates
the presence of an equilibrium of at least two different species.
The inset of this figure shows the pH dependence of the
absorbance at 295 nm, which yielded a sigmoidal curve with a
midpoint at a pH of 6.0 (£0.2), providing further evidence that
at least two protonated species exists at low temperatures.

3.2. CD spectra and CD melting curves

Fig. 4a shows the CD spectra of C;TA; at several pH values.
At acidic pH, the CD spectra show a large positive band with a
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peak at 286 nm and a negative band centered at 254 nm. This
type of spectrum has been attributed to the formation of CeC"
base pairs [32], characteristic of the i-motif structure [33]. As
the pH is gradually increased, a blue shift is observed followed
by a sharp decrease in the magnitude of the ellipticity at 285 nm.
Furthermore, the overlay of the CD spectra also shows an
isodichroic point at 275 nm, suggesting the equilibrium of two
species. Fig. 4b shows the CD spectra of C;TA, at different
temperatures. The overall comparison of the CD spectra as a
function of pH (Fig. 2a) with the ones as a function of
temperature (Fig. 2b) indicates that the observed spectral
changes with the increase in temperature correspond to the
destabilization of the complexes with the increase in pH. For
instance, the spectrum of C3TA, at pH 7.4 is similar to the one
obtained at pH 5.2 and 80 °C, which is assigned to the spectrum
of the random coil state. Fig. 4c shows the corresponding CD
melting curves at several pH values. The T\, decreases (45.6 °C
to 19 °C) with the increase in pH (5.2 to 6.4), in a similar way as
the UV melts. These CD results also confirm the formation of
structures that are stabilized by C®C" base pairs at acidic pH.
Fig. 4d shows the dependence of the ellipticity at 286 nm on pH
at 10 °C, the resulting curve is sigmoidal with a midpoint at
pH=6.2 (£0.2), which is in good agreement with the one
obtained from the UV spectra (inset of Fig. 3). The narrow pH
range strongly indicates a cooperative transition between
protonated species and their random coil states. The combined
results are consistent with the presence of the equilibrium of
protonated species with the random coil state. Furthermore, the
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Fig. 4. CD spectra of C;TA, (a) in 10 mM sodium cacodylate buffer at several pHs, (b) in 10 mM sodium cacodylate buffer at pH 5.2 as a function of temperature,
(c) CD melting curves at several pHs, and (d) pH dependence of the molar ellipticity at 286 nm.
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midpoints of the UV and CD observables as a function of pH
(6.0 and 6.2) may well correspond to the average pK, of the
protonated species.

3.3. Differential scanning calorimetry

DSC melting curves were carried out to determine
complete thermodynamic profiles for the unfolding of
C3TA,. While obtaining the DSC scans, we observed that, at
pH=>5.2, all scans were super imposable after a short period
of equilibration; however, at pHs below 5.2, the scans were
not reproducible and smaller heats were obtained with each
subsequent scan. Hence, to ensure reproducibility of the DSC
curves at the lower pHs, we developed a protocol in which
C3TA; solutions were prepared in the DSC sample cell by first
heating and keeping it at 90 °C for 5 min, slowly cooled to
room temperature, then kept at 4 °C for few hours and a
heating scan recorded. All DSC scans were reproducible
among samples undergoing this temperature protocol, and
only these scans were used for the determination of
thermodynamic profiles. To confirm the molecularity of each
complex, DSC melts of C3TA, were carried out at pH 4.8
using two different total strand concentrations, 75 pM and
251 uM. The resulting DSC curves are shown in Fig. 5a, each
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curve yielded biphasic transitions, the 7y, of the first transition
increases with the increase of strand concentration, while the
Tv of the second transition remains the same. This confirms
that the first transition corresponds to the unfolding of a
bimolecular complex while the second transition involves the
unfolding of an intramolecular complex. The curves yielded
total heats of 1.25 mcal and 3.96 mcal that when normalized
by the total strand concentration yielded similar overall
enthalpies, as seen in the similarity of the whole areas under
these curves, Fig. 5a. This confirms that the observed
transitions correspond to the sequential transition of a
bimolecular complex(s)—intramolecular—random coil state.
Following this observation, the associated enthalpies are
calculated by using one half of the total concentration of
strands for the bimolecular transition and the total concentra-
tion of strands for the monomolecular transition. This exercise
yields average enthalpies of 31.5 kcal/mol and 14.5 kcal/mol
for the unfolding of the bimolecular and intramolecular
complexes, respectively. We speculate that at low temperatures
single bimolecular species are present, which could be either
the hemiprotonoted duplex or a bimolecular i-motif; alterna-
tively, these two conformations may be present in equilibrium,
while at higher temperatures, the intramolecular i-motif is
most likely to be the only conformation present.
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DSC melting curves as a function of pH are shown in Fig. 5b.
We obtained clear biphasic transitions at each pH, which show
the formation of at least two protonated complexes. The Ty, of
each transition increases as the pH is decreased. DSC
thermodynamic profiles for the formation of each complex
(bimolecular and i-motif complexes) are shown in Fig. 5c and d.
Inspection of these figures shows that the folding of each
complex at 10 °C is accompanied by a favorable and small free
energy term resulting from the relative large compensation of a
favorable enthalpy and unfavorable entropy contributions. The
favorable enthalpy terms correspond primarily to the formation
of base-pair stacks, while the unfavorable entropy terms arise
from contributions of the unfavorable ordering of strands and
the putative uptake of counterions, protons and water
molecules, as will be discussed in the following sections. A
closer inspection of Fig. Sc¢ and d shows for each complex that
the enthalpy and entropy terms follow an initial increase at low
pHs, go through a maximum at pH 5-5.2 and decrease with the
further raise in pH, while the free energy terms remains
insensitive to pH. These trends perhaps reflect an optimum pH
range for the stacking of these type of C®C" base pairs, similar
to the preferred pH range of 68, for the stacking of the natural
W-C base pairs.

The associated calorimetric van’t Hoff enthalpies are similar
to the ones obtained from shape analysis of the UV melting
curves, and range 47—74 kcal/mol as the pH increases from 4.2
to 6.0 for the unfolding of the bimolecular complex and remains
constant, ~ 66 kcal/mol, for the unfolding of the i-motif. On the
average, we obtained a AH,;/AH,, ratio of 2.4 (bimolecular
complex) and 4.1 (i-motif), suggesting the formation of
aggregated states. However, the proximity of both transitions
and/or the presence of the equilibria of protonated species make
it difficult to assess the actual van’t Hoff values. Furthermore,
the analysis of the DSC melting curves allow us to measure the
AH,, /RT3 term that is used to obtain experimental measures of
the release of protons, counterions and water molecules, without
the need of using van’t Hoff enthalpies and polyelectrolyte
theory.

3.4. Differential binding of protons

The T\ dependence on pH is shown in Fig. 6a; the Tys
were extracted from the DSC curves of Fig. 5b. Fig. 6a shows
two sigmoidal curves with midpoints at pH 5.1 (bimolecular
complex, lower line) and 5.0 (monomolecular i-motif, upper
line), and negative slopes around the pH of these midpoints.
This means, according to Eq. (2), that the unfolding of each
complex is accompanied by a release of protons. The slopes
determined around the midpoints, 40.7 °C (bimolecular) and
345 °C (i-motif), together with the AH_.,/RT% terms,
measured by averaging the values of the DSC melts of each
complex at pH 5 and 5.2, yielded average proton releases of
1.9 mol of protons/mol of DNA for each of these complexes.
This release of protons indicates that complex formation is
accompanied by the protonation of cytosines, which should be
proportional to the difference in the pK,’s between folded and
unfolded cytosines.
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Fig. 6. (a) Ty dependence as a function of pH for each complex, all points
obtained from the DSC experiments; (b) UV melting curves of C3TA; in 10 mM
sodium cacodylate buffer as a function of salt concentration at pH 5.2; inset
shows the resulting plot of the dependence of 7y on salt concentration; (c) UV
melting curves as a function of the concentration of ethylene glycol
concentration at pH 5.2 and 100 mM NaCl; inset shows the resulting plot of
the dependence of Ty on water activity.

3.5. Differential binding of counterions

UV melting curves as a function of salt concentration at pH
5.2 are shown in Fig. 6b, and the resulting 7 dependence on
salt is shown in the inset of this figure. All UV melting curves
show monophasic transitions with 7;’s ranging from 47.6 °C to
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50.6 °C, which after correlating with the 7,’s of the DSC melts
correspond to the unfolding of the intramolecular i-motif. The
T dependence on log [Na*] (inset of Fig. 6b) yielded a positive
slope of 1.9 °C, and indicates a release of counterions upon
unfolding. Using Eq. (3), we determine an average Any,: value
of 0.1 mol Na"/mol DNA over this range of salt concentration at
pH 5.2. The main observation is that i-motif formation is
accompanied by a marginal uptake of counterions, consistent
with the protonation of cytosine that effectively excludes
counterions.

3.6. Differential binding of water

UV melting curves of C5;TA,, as a function of the
concentration of ethylene glycol at pH 5.2 and 100 mM NaCl,
are shown in Fig. 6¢. All curves show monophasic transitions
with Ty’s (~47.8-48.9 °C) that correspond to melting of the i-
motif. The T dependence on the activity of water is shown in
the inset of Fig. 6¢c; the resulting line yields a small positive
slope of 2.4 °C. Using Eq. (4), we calculate a marginal release of
water molecules, An,=0.3 mol H,O/mol strands, for the
unfolding of the i-motif of C3TA,.

4. Discussion

We use a combination of UV and DSC melting protocols to
investigate the unfolding of the complementary sequence of the
human telomere. The UV and CD spectra of this oligonucleotide
in solutions at acidic pH indicated the presence of multiple
equilibria of helical complexes. All complexes contain C*
bases, stabilized by the formation of CeC" base pairs and
CeC"/CeC" base-pair stacks. We were able to identify the
species involved in this equilibria and determined complete
thermodynamic profiles for their unfolding, including their
differential binding of protons, counterions and water mole-
cules. In the following sections, a discussion of the main
findings is presented.

4.1. C3TA; Forms several complexes at acidic pH

The unfolding of C3TA, was investigated initially by UV and
CD melting techniques as a function of pH. The melting
behavior changed from monophasic to biphasic as the pH is
decreased, and the Ty; of each transition increases with the
decreased in pH. This shows the presence of at least two DNA
helical complexes, each stabilized by acidic pH. We concen-
trated on the biphasic melting behavior at acidic pH, UV and
DSC melts at pH 4.8 show that the T); of the first transition
increases while the Ty, of the second transition remains the
same when the strand concentration is increased. This shows
C5TA, unfolds through a sequential melting of a bimolecular
complex(s)—intramolecular complex—random coil. In addi-
tion, the CD spectra at acidic pH show the characteristic bands
for the formation of C®C" base pairs with both complexes, in
agreement with previous reports on the formation of double
helical structures with cytosine-rich oligomer and polymer
sequences [34—36]. Furthermore, the overlay of the UV and CD

spectra of C3TA, yielded several isosbestic points, confirming
the equilibrium of at least two complexes. This observation is
consistent with previous findings that cytosine-rich DNA
sequences can adopt complex pH-dependent conformations.
For instance, NMR solution studies have shown that d
(CCCTAA) can form multiple i-motif four stranded complexes
with different topologies [37]. Parallel stranded structures with
heteropyrimidine oligonucleotides at pH 4-5.5 were detected
using IR, UV melting and fluorescence techniques [38]. The d
([C5TA,]5CCCT) and d([C4A,]3CCCC) ODNSs form in solution
intramolecular i-motif structure at acidic pH [9,17]. All of these
novel structures are stabilized by C®C" base pairs.

4.2. Thermodynamic profiles for the unfolding of C;TA,

Complete thermodynamic profiles for the unfolding of
C5;TA, were obtained from DSC melting experiments. All
DSC curves show biphasic transitions at each pH, and indicate a
sequential transition of a bimolecular complex(s)—intramole-
cular—random coil state, which further confirmed the forma-
tion of at least two protonated complexes. This sequential
melting behavior is similar to the one observed in the unfolding
of the Dickerson-Drew dodecamer, which shows two transi-
tions: duplex—hairpin—random coil at neutral pH [24]. This
sequential melting can be explained in terms of the entropy
penalty of complex formation, and consistent with conventional
wisdom, that the bimolecular complex should form at lower
temperatures because of its higher unfavorable entropy
contribution. The formation of tetramolecular complexes is
ruled out for a similar reason, if these were to form then their
unfolding will show a 7y of ~15 °C at ~10 mM strand
concentrations [39]. We speculate that at low temperatures only
one type of bimolecular specie is present, the hemiprotonated
duplex or a bimolecular i-motif (Fig. 1), but it is quite possible
that both bimolecular complexes are present in equilibrium.

DSC thermodynamic profiles for the unfolding of each
complex, bimolecular and i-motif, are shown in Fig. 5c and d.
The favorable formation of each complex is enthalpy driven in
the pH range of 4.2 to 5.6 and the low free energy values results
from relatively large enthalpy—entropy compensation. To
explain the enthalpy (and entropy) dependence on pH, we
invoke differences in stacking contributions as the pH is
increased. At pH<3.5, formation of C®C" base pairs and CeC"/
CeC" base-pair stacks is not possible because all cytosines will
be protonated and their enthalpic contribution is negligible. As
the pH is increased, pH>3.5, some of the cytosines get
deprotonated, reaching eventually the required 50% deprotona-
tion, which correspond to the optimum number of C®C" base
pairs to form each of these complexes. The enthalpy values
parallel this behavior and their increasing values result from the
formation of a higher number of base-pair stacks. Further pH
increases (pH>5.2) keep deprotonating the cytosines, which
will reduce both the number of C®C" base pairs and CeC"/
CeC" base-pair stacks, yielding a net reduction of enthalpy
contributions. The net enthalpy values in this pH range may
include stacking contributions from the single strands. The
overall enthalpy (and entropy) dependence on pH shows
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formation of the optimum number of base-pair stacks at pH 5.2,
where 50% of the cytosines are protonated, suggesting that the
pK of the N3 of cytosine is 5.2. Complete thermodynamic
profiles for the unfolding of each complex at this optimum pH
are shown in Table 1.

4.3. Complex formation is accompanied by a net uptake of
protons

We have obtained experimentally each of the two parameters
needed of Egs. (2)—(4) to measure the differential binding of
protons, counterions and water molecules between the folded
and unfolded states of each complex. Specifically, we
determined that each complex (bimolecular and i-motif) binds
1.9 mol protons/mol DNA in the pH range of 5-5.2. In addition,
marginal binding of counterions and water molecules are
obtained by the intramolecular i-motif complex. The net
binding of protons and marginal uptake of counterions in the
formation of these complexes is in good agreement with what
has been observed in earlier investigations of DNA triplexes
containing C"GC base triplets [39,40], the positively charged
cytosine bases excludes counterions due to the local and fixed
charged density parameter [41]. The marginal uptake of water
molecules is explained in terms of a compensating effect
between the two types of water molecules, electrostricted
(around charges) and structural (around polar and non-polar
groups), that are involved in the unfolding of a DNA complex.
The helical state due to its higher charged density parameter
immobilizes electrostricted water, while the random coil state
with a higher base exposure to the solvent immobilizes
structural water; these two contributions oppose to each other,
and if their magnitudes are similar, would yield a marginal net
effect. In addition, this parameter was measured in the presence
of 100 mM NaCl, which will tend to screen the interactions of
water in both DNA states yielding much lower effects.

At the pH range of 5 to 5.2, where optimum base-pair
stacking interactions takes place, we measured a similar proton
uptake of 1.9 mol protons/mol DNA for each type of complex
(Table 1). If we use the Henderson—Hasselbach relationship and
a pK, of 4.6 for the N3 protonation site of cytosine in the
random coil state [42], we estimate a 20% degree of cytosine
protonation takes place at pH 5.2. In a similar exercise, but
including the experimental values for the uptake of protons by
each helical complex, we obtain 28% of cytosine protonation

Table 1

Thermodynamic profiles for the unfolding of C;TA; at pH 5.2°

Twm AH .y AH.u TASc AG{i0) Anyy

(°C)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (kcal/mol)  (mol H"/mol)

Bimolecular complex

27.1 25.8 69.1 243 1.5 1.7
i-Motif
39.9 250 62.5 22.6 2.4 2.3

? All parameters measured in a 10 mM sodium cacodylate buffer at pH 5.2.
The Anyy- parameter was measured in the same buffer containing 100 mM NaCl.
Experimental errors are shown in parentheses: Ty (£0.5 °C), AHy (£5%),
TAScal (iS%), AG(()I()) (i7%) and AHH+ (iS%)

Table 2

Thermodynamics of C-C*/C-C" base-pair stacks®

Complex AG® (kcal/mol) AH (kcal/mol) TAS (kcal/mol)
Hemiprotonated -0.2 -3.2 -3.0
Bimolecular i-motif ~ —0.2 -2.6 -24

i-Motif -0.5 -5.0 —4.5

* All parameters measured in a 10 mM sodium cacodylate buffer at pH 5.2.
Experimental errors as follows: AH (£5%), TAS (£5%) and AG° (£7%).

for each complex. This translates to a protonation of 3.3
cytosines out of the 6 needed for an optimum i-motif complex
and 6.6 protonated cytosines out of 12 needed in the
bimolecular complex. Alternatively, these proton uptakes
allow us to estimate pK,’s of 4.8 for these two complexes.
These values are close to the pH of 5.2 where optimum base-
pair stacking interactions were observed within each complex,
and smaller than the midpoints of the 7y, absorbance and
ellipticity dependences on pH, 5.0, 6.0 and 6.2, respectively,
which the last two values are considered as the average pK, of
the cytosine group in the intramolecular i-motif. This
discrepancy may well be in the strand concentration used in
the calorimetric (~ 130 pM) and optical experiments (~7 pM);
lower concentrations will tend to dissociate the acid form to a
larger extent.

4.4. Thermodynamic contributions for the stacking of CeC"
base pairs

We use the thermodynamic profiles shown in Table 1 to
determine the thermodynamic contributions for a single CeC"/
CeC" base-pair stack at pH 5.2, we simply divide the
magnitude of each parameter by the possible number of
CeC"/CeC" base-pair stacks of each structure, and assuming
that the other bases are not contributing at all. Since C3TA,
contains 12 cytosines, 6 should be protonated in the
intramolecular i-motif, yielding 5 CeC"/CeC" base-pair stacks;
the hemiprotonated duplex and bimolecular i-motif both contain
8 and 10 CeC"/CeC" base-pair stacks, respectively. The results
are presented in Table 2; for instance, the free energy
contribution for the formation of a single CeC"/CeC" base-
pair stack at pH 5.2 is estimated to be equal to —0.2 kcal/mol
(bimolecular complex) and —0.5 kcal/mol (i-motif), while the
enthalpy is —3.2 kcal/mol (hemiprotonated duplex) and
—5.0 kcal/mol (i-motif). As expected, the overall profiles are
much smaller than the average thermodynamic profiles for the
formation of a canonical W—C base-pair stack and consistent
with the non-vertically stacking of the cytosine aromatic rings.
For instance, the enthalpies of —2.6 to —5.0 kcal/mol are lower
than the —8 kcal/mol of a DNA base-pair stack, which
corresponds to the extend of overlapping of three aromatic
rings over three aromatic rings such as pyrimidine—purine/
purine—pyrimidine.

5. Conclusion

We have used a combination of spectroscopic and calori-
metric techniques to investigate the unfolding thermodynamics
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of the structures formed by the cytosine-rich oligonucleotide
d(CCCTAA),, which is a repeat of the complementary sequence
of the human telomere. UV and DSC melting profiles show the
following sequential melting: bimolecular complex(s)—intra-
molecular complex—random coil. As the pH is increased, the
melting curves are shifted to lower temperatures, indicating that
acidic pH stabilizes the structures formed at low temperatures,
by protonating the cytosines that in turn form CeC" base pairs.
A marginal binding of counterions and water molecules to these
protonated structures is obtained, which are coupled to the local
protonation of cytosines. We also determined standard thermo-
dynamic profiles for the formation of CeC"/CeC" base-pair
stacks in each of these complexes at the optimum pH of 5.2.

The present work should help in studying the different
structures formed by cytosine-rich sequences and associated
equilibriums. The biological significance of studying these
sequences is that cytosine-rich strands are not only present
naturally as the complement to the guanine-rich strand of
telomeric DNA but they are also used as the third strand for
triplex formation in the antigene strategy. Furthermore, this
study provides information about protonation of the cytosine
bases, which may help future studies with cytosine-rich
sequences at acidic pH.

In addition, it has been suggested that the DNA i-motif
structure may have some biological relevance, due to the
discovery of nuclear proteins that bind to cytosine-rich
sequences containing repeated stretches of at least three
cytosines [43—45].
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