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ABSTRACT: To investigate cytosine protonation and its influence on the sequence-dependent thermal stability
of DNA triplexes in detail, we have employed homo- and heteronuclear NMR experiments on specifically
15N-labeled oligodeoxynucleotides that were designed to fold into intramolecular triple helices of the
pyrimidine motif under appropriate conditions. These experiments reveal that cytosines in central positions
of the triplex are significantly protonated even at neutral pH. However, semiprotonation points for individual
cytosine bases as determined from pH-dependent measurements show considerable differences depending
on their position. Thus, protonation is disfavored for adjacent cytosines or for cytosines at the triplex
termini, resulting in a smaller contribution to the overall free energy of the triple helical system. In contrast,
protonation of the base upon substitution of 5-methylcytosine for cytosine in the triplex third strand is
only affected to a minor extent, and triplex stabilization by the methyl substituent is shown to primarily
arise from stacking energies and/or hydrophobic effects.

Since triple-helical complexes of nucleic acids were first
reported in 1957 (1) interest in these novel structural variants
of nucleic acids has been rapidly growing, especially during
the past decade. On one hand, the discovery of H-form DNA,
a triplex-containing structure, provoked speculations as to
its existence and possible regulatory role in vivo (2, 3). On
the other hand, due to the highly specific interactions
involved, oligonucleotide-directed triple helix formation was
soon recognized as a potential tool to selectively target
regions in double-stranded DNA or RNA, thus opening up
a wealth of applications in medicine and biotechnology.
Examples include the development of antigene oligonucle-
otides for the site-specific inhibition of transcription (4, 5)
or the use of triplex-forming oligonucleotides as sequence-
specific artificial nucleases, e.g., for chromosome mapping
(6).

The recognition of a double-stranded nucleic acid by
oligonucleotides is based on the formation of specific
hydrogen bonds between nucleobases of the single strand
and the purine bases of the Watson-Crick duplex (7). The
triple helices thus formed can be classified according to the
composition and orientation of the third strand. In the
pyrimidine motif a pyrimidine-rich oligonucleotide binds
parallel to the purine strand of a homopurine-homopyrimi-
dine duplex domain in the major groove of the double helix.

Formation of Hoogsteen hydrogen bonds between third-
strand pyrimidine and Watson-Crick purine bases results
in C+‚GC and T‚AT base triplets. In a second family of triple
helices a purine-rich oligonucleotide binds antiparallel to the
Watson-Crick purine strand of the duplex in its major
groove, forming G‚GC, A‚AT, or T‚AT base triplets via
reverse Hoogsteen hydrogen bonds.

The contribution of cytosine protonation in providing a
stable Hoogsteen base pair in pyrimidine triplexes is often
the limiting factor for their stability under neutral solution
conditions. To overcome the requirement of acidic pH,
several base analogues of cytosine have been designed. Thus
it was found that a 5-methyl-substituted cytosine has a
stabilizing effect on pyrimidine triplexes even at higher pH,
yet major interactions of the methyl group responsible for
the increased stability are still a matter of debate. To gain
more insight into triplex protonation and its influence on
triplex stability, protonation equilibria at specific sites within
the complexes have to be carefully monitored and related to
the thermodynamics of triplex formation. There have been
a few studies employing ethidium bromide fluorescence (8),
UV absorption spectroscopy (9), and CD spectroscopy (8,
10, 11) yielding semiprotonation points for oligonucleotide
triplexes with a third pyrimidine strand. However, the
determination of such apparent pKa values by the above
methods is based on a two-state model with the cytosine
protonation being the only pH-dependent process for the
duplex-triplex transition. Moreover, analysis is restricted
to the influence of pH on a global equilibrium process and
protonation of individual bases within a sequence are not
resolved. However, as has been shown by recent NMR
studies on an intramolecular triple helix, protonation strongly
depends on the cytosine position within a particular triple
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helix and can be very different for various third-strand bases
(12).

NMR studies on selectively15N isotope-labeled oligo-
nucleotides have been performed in the past for the structural
characterization of triple helices (13). Here we report on
homo- and heteronuclear NMR experiments on specifically
15N-labeled triple-helix-forming oligomers in an attempt to
investigate the protonation of individual third-strand cy-
tosines. All of the oligonucleotides were designed to allow
the formation of an intramolecular triple helix with seven
base triplets and two T4 tetraloops by folding back twice on
themselves under appropriate conditions. Such intramolecular
folded constructs are particularly valuable in thermodynamic
(10) and NMR structural studies of triple helices (14) because
of their increased stability, which disfavors competing
secondary structures.

MATERIALS AND METHODS

Synthesis and Purification of Oligonucleotides.Oligo-
nucleotides for the UV and NMR studies were synthesized
by the standard phosphoramidite method on a 0.2µmol and
2 µmol scale by TIB MOLBIOL, Berlin, Germany. Follow-
ing gel filtration, oligonucleotides for the UV melting
experiments were further purified by FPLC. Isotope-labeled
oligomers were synthesized by the standard protocol using
protected â-cyanoethyl phosphoramidites of [4-15N]-2′-
deoxycytidine and [4-15N]-5-methyl-2′-deoxycytidine. These
were prepared according to published procedures (15).

UV Spectroscopy.UV thermal melting profiles were
obtained with a Kontron Uvikon 922 spectrophotometer
equipped with a Peltier element. Two measurements in 100
mM NaCl, 10 mM MgCl2, and 10 mM MES buffer, pH 5.0,
and in 100 mM NaCl, 10 mM MgCl2, and 10 mM PIPES
buffer, pH 7.0, were performed on each sample in quartz
cuvettes of 1 cm optical path length. Prior to each melting

experiment, the samples were annealed by heating to 90°C
for 5 min followed by slow cooling to room temperature
and storage at 4°C overnight. Readings of absorbanceA at
260 nm versus temperatureT were recorded with a rate of
0.5°C/min controlled by home-written software. All melting
profiles exhibited some hysteresis effects on successive
heating and cooling cycles, and melting temperaturesTm were
taken as the temperature for half-dissociation of the DNA
triplex or duplex upon heating. These were determined from
the first-derivative plot dA/dT vs temperature.

NMR Measurements.NMR experiments were performed
on a Bruker AMX500 spectrometer equipped with 5 mm
probes. For one-dimensional1H NMR spectra a 1-1 echo
scheme (16) with gradient pulses during the delays to
increase water suppression and a spectral width of 12.8 kHz
was used. The carrier was placed on the solvent resonance
and the delay between the first two 90° pulses was set to 60
µs for maximum excitation in the imino proton region of
the spectrum. Phase-sensitive1H-15N gradient-selected
HSQC spectra (17) were recorded with WALTZ16 decou-
pling during acquisition. A total of 400t1 increments were
collected in the States-TPPI mode with the sweep width
along the15N dimension set to 70 ppm.

All data were processed on a SGI Indy R4600 workstation
using the XWIN NMR software package. Prior to Fourier
transformation, HSQC data sets were apodized with expo-
nential and Gaussian window functions inω2 and ω1,
respectively. The final processed matrix size was 1K× 1K
in real points.1H chemical shifts were referenced relative to
HDO (δΗ ) 4.96 at 10°C) and15N chemical shifts relative
to external15NH4Cl in 10% HCl (δN ) 0).

Lyophilized samples (130-260 OD) were dissolved in
90% H2O/10% D2O containing 100 mM NaCl and 10 mM
MgCl2. The pH was adjusted by addition of NaOH or HCl
and measured before and after the experiment. Spectra
obtained at increasing and decreasing pH were identical in
each case.

RESULTS

The two oligonucleotides TFO-1 and TFO-2 were designed
to allow the formation of an intramolecular triple helix with
three C‚GC and four T‚AT base triplets by folding back twice
on themselves via two T4 tetraloops (Figure 1). As observed
previously, UV melting experiments on the intramolecular
triplexes at pH 5.0 only show a single cooperative absorbance
change reflecting a direct triplex to coil transition. In contrast,
at neutral pH the triplexes melt in two steps. The low-

FIGURE 1: (A) Folding of oligodeoxynucleotides TFO-1 and TFO-2
into an intramolecular triplex structure and corresponding sequences
with 5-methylcytosine (mC) substitutions in the third strand.15N-
labeled C andmC nucleotides are shown in boldface type. (B)
Structure of T‚AT and C+‚GC base triplet with Hoogsteen-bound
cytosine specifically15N-labeled at the amino group.

Table 1: UV Melting TemperaturesTm at pH 5.0a and pH 7.0b and
Apparent pKa

app Values for Third-Strand C andmCc of the
Triplex-Forming Oligodeoxynucleotides

Tm
d (°C) pKa

app e

oligomer

third-strand
sequence
(5′ f 3′) pH 5.0f pH 7.0g C15 C17 C18/C19

TFO-1 CTCCTTT 71.9 18.6/66.4 5.3 6.8 6.8
TFO-2 CTCTCTT 73.7 30.5/64.2 5.1 7.4 7.4
m3-TFO-1 mCTmCmCTTT 76.0 31.8/65.4 7.0
m1-TFO-2 CTCTmCTT 75.8 34.3/64.2 7.5
m3-TFO2 mCTmCTmCTT 80.0 42.9/64.4 7.5

a 100 mM NaCl, 10 mM MgCl2, and 10 mM MES buffer.b 100 mM
NaCl, 10 mM MgCl2, and 10 mM PIPES buffer.c Shown in boldface
type. d Uncertainty(1 °C. e Uncertainty(0.1. f Triplex-coil transition.
g Triplex-duplex and duplex-coil transition, respectively.
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temperature transition can be assigned to the melting of the
triplex into a hairpin, and the second transition, to the melting
of the hairpin duplex into a single-stranded structure (10,
18-20). The melting temperaturesTm given in Table 1 also
reveal a less stable TFO-1 triplex as compared to TFO-2 in
acidic as well as neutral solution conditions. This can be
attributed to the presence of neighboring cytosine bases in
the third strand of TFO-1 (19, 21-23). Note, however, that
destabilization is far more pronounced at neutral pH with a
drop in Tm from TFO-2 to TFO-1 of 12°C as compared to
2 °C at pH 5.0.

To follow protonation equilibria we have performed homo-
and heteronuclear NMR studies on the two oligonucleotides
after having specifically introduced15N isotopes at the
4-amino group of the three Hoogsteen-bound cytosine bases.
Although not the actual protonation site, this label has been
shown to serve as a convenient probe for cytosine protonation
with an accompanying downfield shift of the15N amino
resonance by more than 10 ppm (12).

1H NMR spectra of TFO-1 showing imino resonances of
the oligonucleotide at 10°C are plotted as a function of pH

in Figure 2 (right). Below pH 5.5, formation of an intramo-
lecular triplex is indicated by the signals of Watson-Crick
and Hoogsteen hydrogen-bonded imino protons between 12
and 16.5 ppm. NOESY measurements at low pH confirm
the formation of a triple-helical structure and also allow the
unambiguous assignment of all imino as well as amino
resonances (data not shown). With increasing pH, additional
signals of a duplex emerge at about pH 6.9 that are of similar
intensity compared to those of the triplex. The presence of
triplex and partially unfolded hairpin duplex in slow ex-
change on the NMR time scale is common for triplexes (12,
14, 24). Above pH 7.4, resonances of the triple helix
disappear and only a reduced set of imino signals expected
for a duplex structure remains observable.

We have acquired a series of1H-15N HSQC spectra over
a pH range of 4.8-7.6. Representative spectra are also shown
in Figure 2 (left). Cross-peaks connect the amino nitrogens
of the three labeled cytosines with their attached amino
protons. Downfield- and upfield-shifted1H resonances are
associated with hydrogen-bonded and non-hydrogen-bonded
protons, respectively. From the assignment of the amino

FIGURE 2: (Right)1H NMR spectra of TFO-1 at 10°C as a function of pH showing the imino proton spectral region. (Left)1H-15N HSQC
spectra of TFO-1 at 10°C at different pH values.15N assignments are indicated at the right of the spectra.
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protons at low pH, the three nitrogen signals with chemical
shifts of 83.5, 83.9, and 86.1 ppm at pH 4.80 can be
unambiguously attributed to the terminal cytidine C15 and
the central cytidines at positions 17 and 18, respectively. The
significantly downfield-shifted1H and15N amino resonances
indicate that at pH 4.8 all of the three labeled cytidines are
essentially in their protonated state. As seen from Figure 2,
cross-peaks due to protonated cytidine 15 at the triplex
terminus have disappeared upon raising the pH from 4.8 to
5.5. In contrast, resonances of protonated cytidines 17 and
18 remain observable up to pH 7 (not shown) but have also
disappeared at pH 7.6. At the same time, increasingly strong
cross-peaks at higher field typical of nonprotonated cytosine
bases appear with1H and 15N chemical shifts clustered at
7.3, 6.6, and 72.1 ppm.

Because no noticeable changes in chemical shifts and
signal line widths are observed with pH, protonated and
nonprotonated bases slowly exchange on the NMR chemical
shift time scale, setting an upper limit of 500 s-1 for the
overall exchange rate. Thus, by examining corresponding
signal intensities in the NMR spectra the extent of depro-
tonation of individual bases can be followed directly as a
function of increasing pH. Due to the partial or complete
overlap of amino proton signals in the 1D NMR spectra,
the well-resolved HSQC cross-peak intensities were evalu-
ated and plotted in Figure 3 for the cytosine bases of TFO-
1. Note that only cross-peak intensities for the protonated
bases are given. Cross-peak intensities for nonprotonated
cytidines are not suited for a quantitative evaluation because
of overlap and their chemical shift being close to the water
resonance.

Apparently, deprotonation for the terminal and the two
central cytidines takes place at very different pH values.
Whereas C15 is already partially deprotonated at pH 5.0 and
fully deprotonated at pH 6.0, deprotonation at C17 and C18
does not occur until pH 6.4. Semiprotonation points at half-
intensity for the two central cytosines at about pH 6.8 are
the same within experimental error. Corresponding NMR
experiments on TFO-2 also indicate about equal apparent

pKas for the two internal cytosines C17 and C19 but with a
shift to higher values (data not shown). The pH values for
semiprotonation as determined for the individual cytosines
in the two triplexes are summarized in Table 1.

Effect of Cytosine Methylation.To study the influence of
methyl substituents on protonation and pH-dependent triplex
stabilities, cytosine bases in the third strand of the triplex-
forming oligonucleotides TFO-1 and TFO-2 were replaced
by 5-methylcytosine (mC) to give oligomers m3-TFO-1, m1-
TFO-2, and m3-TFO-2 (see Figure 1).

UV melting temperatures for the three methylated oligo-
mers m3-TFO-1, m1-TFO-2, and m3-TFO-2 at pH 5.0 and
7.0 are summarized in Table 1. As expected from previous
studies, the substitution ofmC for C increases the thermal
stability of the intramolecular triplexes (9, 21, 25-27). Thus,
with onemC substitution the triplex-coil transition of m1-
TFO-2 at pH 5.0 increases by about 2°C and the triplex is
even more stabilized by about 4°C at pH 7.0. Replacing all
three cytosines in the third strand bymC results in a further
triplex stabilization of about 6 and 12°C at pH 5.0 and 7.0,
respectively. A similar increase in melting temperatures is
observed for m3-TFO-1 when compared to TFO-1.

To follow protonation equilibria on the substituted pyri-
midines by NMR, a single [4-15N]-5-methylcytosine was
introduced at position C18/19 of the three substituted
oligonucleotides (Figure 1). With only one methylcytosine
15N-labeled at the amino nitrogen, a one-dimensional gradi-
ent-selected1H-15N HSQC experiment suppresses reso-
nances other than signals of the amino protons scalar coupled
to the 15N nucleus of the methylated base. As seen from
Figure 4, the intensity of the two downfield-shifted hydrogen-
bonded and non-hydrogen-bondedmC+ amino resonances
between 9 and 10 ppm reduces on increasing the pH, while
at the same time increasingly strong upfield-shifted amino
resonances typical of nonprotonatedmC nucleobases appear
around 7 ppm. Again, because of slow exchange pH-
dependent signal intensities of the downfield-shifted amino
resonance can be used to construct a titration curve allowing

FIGURE 3: 1H-15N HSQC cross-peak intensities for protonated third
strand cytosines C15 (1), C17 (9), and C18 (b) of TFO-1 as a
function of pH. The intensity of the C18 cross-peak at pH 4.9 was
arbitrarily set to 1.0.

FIGURE 4: Representative one-dimensional1H-15N HSQC spectra
of m1-TFO-2. The spectra were acquired at 10°C with different
pH values and show resonances of themC amino protons. On the
basis of the corresponding15N chemical shift, the signal appearing
at higher pH and marked by an asterisk can be assigned to an
unprotonatedmC of an unknown structure.
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the determination of the pH value for semiprotonation. This
apparent pKa value formC18/19 of m3-TFO-1, m1-TFO-2,
and m3-TFO-2 is also presented in Table 1. Apparently, the
methyl substituent slightly increases pKa

app by 0.1-0.2 pH
unit. From pH-dependent15N chemical shifts of free [4-15N]-
2′-deoxycytidine and [4-15N]-5-methyl-2′-deoxycytidine, pKa

values for the two nucleosides of 4.2 and 4.4 were deter-
mined, respectively (data not shown). These values are in
good agreement with pKa values of 4.3 and 4.4 reported for
the unsubstituted and 5-methyl-substituted cytidine (28).
Thus, pKa changes observed upon methylation in the oligo-
nucleotides essentially correspond to differences between the
free cytosine and 5-methylcytosine base.

DISCUSSION

The evaluation of individual equilibria for cytosine pro-
tonation is expected to give a more detailed understanding
of pH and sequence-dependent triplex stabilities as deter-
mined by UV denaturation experiments. Following NMR
signal intensities of specifically15N-labeled cytosines over
a wide pH range allows the extraction of semiprotonation
points for all three individual cytosine bases in TFO-1 and
TFO-2. Apparent pKa values for intermolecular triplexes
containing C+‚GC triplets are typically in the range between
5.0 and 6.0 (8, 9), whereas intramolecular triplexes display
apparent pKa values closer to 7.0 and are thus significantly
shifted to higher pH as compared to a pKa of about 4.2 for
free cytosine (10, 11). Correspondingly, semiprotonation
points for the central but not for the terminal cytosines as
obtained from the NMR titrations described above range from
6.8 to 7.4 (see Table 1). In recent studies on intramolecular
triple helices having a single internal C+‚GC base triplet,
protonated cytosines were observed in the NMR spectra even
at pH > 8 with an apparent pKa estimated to be>9 (24).
Such high pKa values may result from the stabilization at
high pH expected for a triplex with a single C+‚GC triplet
when compared to sequences with more cytosine bases in
the third strand.

It is generally accepted that deprotonation in base pairs
requires the disruption of corresponding hydrogen bonds
(29-31). Ignoring triplex-duplex equilibria with complete
dissociation of the Hoogsteen-bound strand, cytosine depro-
tonation in a triple helix can be represented by a two-state
process:

Local opening of the base pair with a dissociation constant
Kdiss is followed by proton abstraction from the open state
described by the acid dissociation constantKa. Consequently,
the ratio of unprotonated and protonated species is given by

Base pair dissociation constants in DNA duplexes have been
estimated to be about 10-5 (30). Thus, the protonated open
state is not expected to be significantly populated and the
pH of semiprotonation, pKa

app, can be written as

Assuming that the cytosine residues in an open state are not
strongly perturbed by adjacent nucleotides, Hoogsteen base
pair dissociation constantsKdiss can be estimated by use of
pKa ) 4.2 for monomeric cytosine (vide supra). From the
apparent pKa values listed in Table 1, dissociation constants
of about 10-3 to 10-1 are derived for C+‚G Hoogsteen base
pairs at central and terminal positions of the intramolecular
triple helix, respectively. Clearly, fraying at the triplex termini
will result in increased base pair dissociation constants, and
hence lower semiprotonation points are expected for terminal
cytosines. Although the estimates forKdiss are necessarily
imprecise given the various simplifications, the results
indicate larger dissociation constants for Hoogsteen base pairs
as compared to the reported values for Watson-Crick base
pairs. Correspondingly, lifetimes of Hoogsteen base pairs
have been found to be shorter than that of the Watson-
Crick pairs contained in the same triplet (32).

It is well-known that at low pH a triple helix with a
sequence rich in C‚GC triplets is thermally more stable than
a triple helix of the same length containing solely T‚AT
triplets. Under acidic conditions third-strand cytosines are
protonated, forming two Hoogsteen hydrogen bonds with a
Watson-Crick GC base pair (14, 33-35). The increased
stability of a C+‚GC base triplet, relative to a T‚AT triplet
can be attributed to the formation of stronger hydrogen bonds
and to favorable electrostatic interactions between the
positive charge on a protonated cytosine and the negatively
charged sugar-phosphate backbone (36). In contrast, cy-
tosine deprotonation at higher pH leads to an unprotonated
C‚GC base triplet, which is less stable than a T‚AT triplet.
Consequently, the degree of cytosine protonation largely
determines the stability of a C‚GC triplet. The titration curves
for TFO-1 in Figure 3 indicate that at pH 7.0 the terminal
cytosine C15 is fully deprotonated and the population of
protonated cytosines C17 and C18 has diminished to about
30% at 10°C. Hence, C‚GC triplets exert a destabilizing
effect on the triplex at neutral pH for all positions. In contrast,
both internal cytosines are fully protonated at pH 5.0,
resulting in a stabilization relative to T‚AT base triplets. The
less stabilizing effect of a terminal cytosine residue as
observed in triple helices at acidic pH has been ascribed to
the poorer stacking interaction with only one nearest neighbor
at the 3′- or 5′-end (24). However, our data indicate that
partial deprotonation even at acidic pH for the cytosine at
the terminus is most likely reponsible for the observed end
effects.

Electrostatic repulsion of adjacent protonated cytosines has
been attributed to the observed decrease inTm for a triplex
with contiguous cytosine bases (19, 22). In addition, theoreti-
cal studies indicate much smaller base stacking energies in
Cn sequences as compared to alternate (CT)n sequences (36).
Unfavorable electrostatic interactions only occur between
cytosines carrying a positive charge and hence are expected
to decrease with progressive deprotonation at higher pH
values. However, destabilization by adjacent cytosine bases
is found to increase in neutral solution. Obviously, effects
other than direct electrostatic interactions are responsible for
the enhanced destabilization of adjacent cytosines at pH 7.0.
As seen from the titration curves in Figure 5, the semipro-
tonation point for the central cytosine C17 in TFO-1 is

[CH‚GC]+T
closed state

y\z
Kdiss

[CH + GC]+T
open state

y\z
Ka

[C + GC]T + H+

(1)

c([C + GC]T)c(H+)

c([CH‚GC]+T)
) KdissKa (2)

pKa
app) -log Kdiss+ pKa (3)
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considerably lowered by 0.6 pH unit as compared to the
isolated cytosine C17 in TFO-2, i.e., adjacent cytosines
disfavor protonation. Whereas central cytosines of both
sequences are fully protonated at pH 5.0, there are large
differences in the extent of protonation at pH 7.0 due to the
steep slope of the titration curves between pH 6.4 and 7.9.
Apparently, destabilization by adjacent cytosines at higher
pH is mostly due to the bases being protonated to a lesser
degree.

Effect of Cytosine Methylation on Triplex Stability.It has
been shown that incorporation of 5-methylcytosine into the
third strand of polynucleotide and oligonucleotide triplexes
increases both the thermal stability and the upper pH limit
for triple-helix stability (9, 21, 25-27). However, major
sources of the stabilizing influence of a 5-methyl substituent
is still a point at issue. An electron-donating methyl group
is expected to increase the pKa of the base, thus shifting its
protonation to higher pH values while reducing the hydrogen-
bond donating ability of the protonated nitrogen. Differences
in the pKas of cytosine and 5-methylcytosine in nucleosides
and single-stranded oligonucleotides were determined to be
0.2 pH unit (vide supra) or even less (9, 28). However, the
electrostatic potential within a triple-helical complex may
significantly affect acidities compared to the monomer.
Therefore, pH values of semiprotonation for 5-methylcy-
tosine within the third strand of triplex-forming oligonucle-
otides have been determined. Differences between cytosine
and 5-methylcytosine in the triplex amount to 0.1-0.2 pH
unit (see Table 1) and thus correspond to differences
observed for the free nucleosides. Similarly, methyl substit-
uents at C5 of cytosine in an oligonucleotide targeted against
a 15 base pair sequence were shown to increase the apparent
pKa of the triplex by 0.2 unit (26). In contrast, an increase
in the apparent pKa of 1.0 unit was determined for triplexes
formed upon binding of an 11-mer with Cf mC substitutions
to an oligonucleotide duplex target (9). This apparent
discrepancy in pKa changes may be attributed to the methods
used to measure the pKa or to sequence-dependent effects
(26). It should also be noted that pKa values determined in

the latter two studies describe the effect of pH on the global
triplex-duplex transition rather than an intrinsic pKa at a
single atom.

Clearly, even the small increase in apparent pKas as
determined for the intramolecular triplexes withmC substitu-
tions will result in triplex stabilization, especially at higher
pH. However, additional effects are likely to contribute to
the significant increase in thermal stabilization upon incor-
poration of 5-methylcytosine. This is also corroborated by
the observed stabilizing effect of methyl substituents at pH
5.0 where nonterminal third-strand cytosines are expected
to be completely protonated (see Figure 3).

Excluding extensive cancellation by opposing effects of
the methyl substituent on base pair opening and true
protonation equilibria, our results suggest that (i) pKa

differences between cytosine and 5-methylcytosine are
largely maintained in the triple-helical complex and (2) the
methyl substituent does not significantly affect the stability
of a Hoogsteen base pair. Also, protonation of the 5-meth-
ylcytosine base is unaffected by additional methyl substit-
uents within the third strand, as indicated by the pKa

app for
mC19 in m1-TFO-2 and m3-TFO-2.

Consequently, any other stabilizing interaction by the
methyl group other than shifts in protonation equilibria will
similarly affect protonated and unprotonated triplexes. There
are two likely sources for additional stabilization, namely,
increased stacking energies or hydrophobic effects. Stacking
energies arise from dispersion and induced dipole interactions
and thus correlate with the polarizabilities of the interacting
heterocycles. In fact, substitution of a methyl group at C5
of cytosine has been shown to increase its molecular
polarizability with a concomitant increase of the free energy
for stacking of cytosine with adenine in water by 0.2
kcal‚mol-1 (37). Methylation may also induce a release of
water molecules from the helix, thereby contributing a
positive entropy change (9). However, in line with previous
studies (27), favorable contacts between adjacent methyl
groups has only a minor effect on thermal stabilization as
indicated by the similar increase in melting temperatures for
m3-TFO-1 bearing two adjacent 5-methylcytosines and m3-
TFO-2 (Table 1).
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