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Abstract

The stability of a 16-mer DNA triple helix containing a 3-N(ferrocenemethyl)-thymidine residue in the third strand
has been investigated in comparison with the unmodified triplex of the same sequence. A complete physico-chemical
characterization of the two triple helices on changing the pH by means of calorimetry, circular dichroism and
molecular modeling is therefore reported. The thermodynamic parameters were obtained in the pH range 5.5–7.2 by
differential scanning calorimetry(DSC). For both triplexes theT andDH8 (T ) values increase on decreasing them m

pH. In the pH range 7.2–6.0 the triplex containing the ferrocenemethyl nucleoside is less stable than the unmodified
one, whereas the modified triplex becomes more stable at pH 5.5. Such difference in stability at each pH value is
overwhelmingly enthalpic in origin. CD spectra show conformational changes on decreasing the pH for both the
triplexes. By spectroscopic pH titration the apparent pK values of the cytosines in the two triplexes could bea

estimated, with the cytosines in the TFO containing the ferrocenemethyl residue having lower apparent pK values.a

These results are consistent with the calorimetric data, showing a decrease of the thermodynamic parameters in the
pH range 7.2–6.0 and an increase at pH 5.5 for the ferrocenylated triplex with respect to the unmodified one. The
thermodynamic and spectroscopic data are also discussed in relation to molecular models.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Triplex forming oligonucleotides(TFOs) specif-
ically bind to duplex DNA and offer a strategy for
site-directed gene regulation in eukaryotesw1x.
TFOs can be used to introduce site-specific
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genome modification, to prevent transcription or
to inhibit virus propagationw2–4x. Selective and
efficient recognition of DNA by TFOs occurs by
specific hydrogen bonding formation between the
TFO bases and the purines in the major groove of
the target DNA double helixw5x. A homopyrimi-
dine third strand binds parallel to the purine strand
of the double-stranded target forming T–AØT and
C–GØC triplets via Hoogsteen hydrogen bonding,q
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Fig. 1. Schematic representation of the 16-mer triplex(triplex-
1), the 16-mer modified triplex(triplex-2), and the ferroce-
nemethyl-thymidine(T*).

whereas a purine third strand binds in an anti-
parallel orientation forming T–AØA and C–GØG
base triplets via reverse Hoogsteen hydrogen bond-
ing. The affinity and specificity of third strand
binding are affected by a number of factors, such
as sequence length, composition, and the presence
of modified nucleotides, as well as solution con-
ditions, including pH and mono and divalent coun-
terions concentration w6,7x Physico-chemical
studies are essential to determine and, if possible,
predict the effects that these factors have on the
stability of DNA triplexes.
Recently, several nucleobases and nucleosides

functionalized with ferrocene derivatives have
been synthesized in an effort to explore their
therapeutic potentialw8x. In fact, iron-containing
sandwich compounds are known to display a
pronounced anti-tumoral activityw9x, with locali-
zation of the metal-bound species in the cell
nucleus. The biological activity of ferrocenyl
derivatives is thought to involve non-covalent
interactions with nucleic acids, which is of great
interest in the systematic design of non-platinum
group metal antitumor drugsw10,11x. In addition,
it has been shown that ferrocene moieties can be
useful electrochemical probes and, covalently
bound to the 59-end of oligodeoxyribonucleotides
(ODNs), can be exploited as extremely sensitive
markers to detect specific DNA and RNA targets,
even in very complex mixtures, as an alternative
to hazardous and short-living radioisotopes
w12,13x.
Some of us recently reported a simple and

efficient synthetic method to produce ODNs con-
taining a ferrocenemethyl residue at any defined
position of the chosen sequencew14x. This target
has been achieved by synthesizing the new 3-
N(ferrocenemethyl)thymidine nucleoside(T*, Fig.
1), inserted in internal positions of ODN chains
by standard solid phase phosphoramidite protocols.
The synthesized modified oligomers have been
studied in their ability to form duplex and triplex
structures with complementary sequences by UV
melting and CD analysis. The presence of the
ferrocene group at the 3-N position, as expected,
seriously affected the binding process with com-
plementary single strand ODNs, destabilizing the
double helical complexes. On the other hand, more

intriguing were the hybridization properties of
ferrocene-containing TFOs, which showed a
decreased affinity towards the target duplex at
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neutral and lightly acidic pH, while at pH 5.5
exhibited sensibly higherT values for the triplexm

dissociation process, with respect to the same
unmodified third strand.
In an effort to clarify this behavior and to better

characterize these triplex structures, in this work
we compare the thermodynamic stability of the
two triple helices formed by targeting the same
16-mer duplex with either TCTCTCTCTCTCT-59

CTC (the corresponding triplex was named tri-39

plex-1), or TCTCTCTCTCTCT*CTC (the corr-59 39

esponding triplex was named triplex-2, see Fig.
1). Differential scanning calorimetry was used to
characterize the thermodynamics of formation of
the two triplexes. Circular dichroism spectra were
performed to evidence conformational differences
between the two triplexes. Molecular modeling
study was used to highlight the main structural
features in the proximity of the ferrocenemethyl-
thymidine residue.

2. Materials and methods

2.1. Oligonucleotides

All the oligonucleotides were synthesized on a
Millipore Cyclone Plus automated DNA synthesiz-
er following standard phosphoramidite procedures
w15,16x. The ferrocenemethyl-thymidine nucleotide
was synthesized via a Mitsunobu reactionw17x of
ferrocenemethanol with a sugar protected thymi-
dine, then converted into the corresponding 3 -9

phosphoramidite and incorporated into the desired
ODN chain as previously reportedw14x. Purifica-
tion of the modified and natural oligomers was
carried out by HPLC on an analytical anion
exchange column(Partisil 10 SAX Whatman,
4.6=250 mm, 7mm). The isolated compounds
were then characterized by MALDI-TOF spec-
trometry. The triplexes were formed by mixing
stoichiometric amounts of the three oligonucleo-
tides in the appropriate buffer and heating the
solution to 90 8C for 5 min. The solution was
slowly cooled to room temperature, then equili-
brated for 24 h at 48C before performing DSC
and CD experiments. The buffer used was 140
mM KCl, 5 mM NaH PO , 5 mM MgCl . Potas-2 4 2

sium chloride (Sigma), monosodium phosphate

(Sigma) and magnesium chloride(Carlo Erba)
were used as obtained from commercial suppliers.
The solutions were adjusted to desired pH values
with 1 M HCl or 1 M NaOH. The pH of solutions
was measured using a Radiometer pHmeter model
PHM 93 at 258C. The ODN concentrations were
determined spectrophotometrically at 260 nm,
using the following extinction coefficients calcu-
lated by a nearest neighbor modelw18x: 122 000
M cm for TCTCTCTCTCTCTCTC andy1 y1 59 39

TCTCTCTCTCTCT*CTC ; 188 000 M cm59 39 y1 y1

for AGAGAGAGAGAGAGAG ; 123 000 M59 39 y1

cm for TCTCTCTCTCTCTCTC .y1 39 59

2.2. Differential scanning calorimetry

DSC measurements were performed on a second
generation Setaram Micro-DSC at the scan rate of
0.5 8Cymin. The calorimetric unit was interfaced
to an IBM PC computer for automatic data collec-
tion and analysis using the software previously
describedw19x. The apparent molar heat capacity
vs. temperature profiles were obtained by subtract-
ing buffer vs. buffer curves from the sample vs.
buffer curves. The data were normalized with
regard to the concentration, sample volume and
scan rate and are reported in Fig. 2. The excess
heat capacity functionNC M was obtained afterp

baseline subtraction, assuming that the baseline is
given by the linear temperature dependence of the
native state heat capacityw20x. 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 for the double helix

alone,DH8 (T ), were obtained by integrating them

area under the heat capacity vs. temperature
curves.T is the temperature corresponding to them

maximum of each DSC peak. The entropy changes
for the double helix alone,DS8 (T ), were deter-m

mined by integrating the curve obtained by divid-
ing the heat capacity curve by the absolute
temperature. van’t Hoff values were obtained by
DSC profiles utilizing the equation:

8 2 8 8DH s6RT DC T yDH T (1)Ž . Ž .v.H. p m mm
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Fig. 2. Calorimetric heat capacity vs. temperature profiles at
pH 7.2, 6.8, 6.0 and 5.5 for the triplex-1(panel a) and triplex-
2 (panel b). Excess capacity values have been shifted along
the y-axis for ease of presentation.

where T is the maximum of the DSC peak,m

is the value of the excess heat capacity8DC (T )p m

function at , DH8 (T ) is the calorimetricTm m

enthalpy directly obtained by the area under the

DSC peak and the number 6 originates from the
stoichiometry of the reaction.
The calorimetric melting profiles of the triple

helices were modeled by two sequential bimolec-
ular transitions:

K K1 2

ABClAqBClAqBqC

where ABC indicates the triple helix, BC the target
duplex and A the TFO.
Considering the stoichiometry and conservation

of mass the following equations hold at any
temperature:

C sC qC qC (2)t ABC BC B

C sC qC (3)t ABC A

C sC qC (4)A B BC

C sC (5)C B

where C , the molar concentration of the thirdt

strand, corresponds to the concentration of the
double helix and, at low temperature, of the triple
helix too.
The fractional population of each species can

be defined as:

Cxf s (6)x Ct

wherex represents ABC, BC and A and the above
equations can be rewritten as:

f qf qf s1 (7)ABC BC B

f qf s1 (8)ABC A

f sf qf (9)A B BC
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Table 1
T , enthalpy and entropy parameters for ABClAqBCm

transitionsa

Triplex pH Tm DH8 (T )m DS8 (T )m

(8C) (kJ mol )y1 (kJ mol K )y1 y1

Triplex-1
7.2 25.2 130"13 0.48"0.06
6.8 34.0 190"10 0.64"0.04
6.0 58.5 255"7 0.78"0.02
5.5 59.0 256"7 0.80"0.03

Triplex-2
7.2 20.0 82"10 0.31"0.04
6.8 28.5 103"11 0.38"0.05
6.0 53.0 230"8 0.74"0.03
5.5 61.0 295"10 0.91"0.04

For BClBqC transition the thermodynamic parametersa

at pH 7.2, 6.8 and 6.0 for both the triplexes are:T s69.08C,m

DH8 (T )s480"16 kJ mol andDS8 (T )s1.40"0.05 kJy1
m m

mol K . At pH 5.5 for the same transition the thermody-y1 y1

namic parameters are:T s77.0 8C, DH8 (T )s480"16 kJm m

mol andDS8 (T )s1.37"0.05 kJ mol K .y1 y1 y1
m

f sf (10)C B

The two equilibrium constants,K andK , are:1 2

f fA BCK s C (11)1 tfABC

f fB CK s C (12)2 tfBC

Combining the above relations the following
coupled non-linear equations are obtained:

1yf KA 1f s (13)A f CBC t

Ct2f s f yf (14)Ž .BC A BC K2

Eqs. (7)–(10) along with Eqs.(13) and (14)
completely describe the set of sequential reactions.
Their solution permits the determination of the
excess enthalpyNDHM of this system according to
the equation:

N MDH sf DH qf DH (15)A 1 B 2

whereDH andDH are the enthalpy changes of1 2

the two sequential transitions.
The corresponding excess heat capacity,NDC M,p

can be calculated through numerical differentiation
of Eq. (15):

N M≠ DH
N MDC s (16)p

≠T

At any temperature the equilibrium constants
have been determined according to the equation:

DH 1 1B EB Ei
C FC Fy yD GD GR T TmiKsK T e (17)Ž .i i mi

where we assumed thatT is the temperature atmi

which K is equal toC y2.i t

We solved Eqs.(13) and (14) numerically for
the fractional populations and subsequently we
determined the heat capacity through numerical
differentiation of Eq. (15), using a self-made
MATHLAB program and assuming that theDHi

values were constant.T andDH values reportedm i

in Table 1 for pH 5.5 and 6.0 provide the best fit
of the experimental triplex denaturation curves.
The global simulated excess heat capacity curves
were split in the two corresponding subtransitions
defined by:

≠fi
N MDC sDH (18)p,i i

≠T

where f is f or f (see Eq.(15)).i B A

The values were calculated integrating8DSi
curves obtained by dividing the two simulated
subtransitions curves by the absolute temperatures,

i.e. .0
N MDS s DC yT dTi p,i|Ž .

The errors inT do not exceed 0.28C and them

errors forDH8 (T ) andDS8 (T ) are the standardm m

deviations of the mean from the multiple
measurements.
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2.3. CD measurements

CD spectra were obtained on a JASCO 715
circular dichroism spectrophotometer at 58C in a
0.1 cm pathlength cuvette. The wavelength was
varied from 200 to 340 nm at 5 nm min . CDy1

spectra were recorded with a response of 16 s, at
2.0 nm bandwidth and normalized by subtraction
of the background scan with buffer. pH titrations
were accomplished by addition of microliter
amounts of 1 M HCl to the solution containing
the triplex. The molar ellipticity was calculated
from the equationwqxsqycl where q is the
relative intensity,c the concentration of the triplex
and l is the pathlength of the cell in cm. The
points reported in the sigmoidal curves derive from
respective spectra, which are an average of at least
three scans. The sigmoidal curves were obtained
using the Boltzman fit of Origin program. The
error on the inflection point is-1%.
Temperature was kept constant with a thermoe-

lectrically controlled cell holder(JASCO PTC-
348).

2.4. Molecular modeling

Investigation of the conformation of the two
triplexes has been performed by means of molec-
ular mechanics calculations. Models of the two
triplexes were built from the helical coordinates
given by Liu, who reported a B-like conformation
for the duplex portion in a triplexw21x. The
ferrocene of the ferrocenemethyl-thymidine was
constructed in a staggered configuration and a
ZINDOy1 semi-empirical method was used to
optimize the geometry and to determine the partial
charges for the atomsw22,23x.

The two triplexes were neutralized by adding
45 sodium counterions. Each Na counterions wasq

placed on the phosphate bisector 3 A from the P˚
atom and then each triplex was individually placed
in a 35.1 A=35.1 A=56.1-A box of Monte Carlo˚ ˚ ˚
TIP3P water, with periodic boundary conditions
w24x. Water molecules closer than 2.3 A from the˚
solute atoms were removed. The final system
contained 1562 solute atoms and 1632 water mol-
ecules in the case of triplex-1, and 1573 solute
atoms and 1627 water molecules in the case of

triplex-2. For both triplexes the same energy min-
imization procedure was used.
The Amber force fieldw25x was used. The non-

bonded interactions were cut-off using a switching
function at 16.0 A. The hydrogen bonds of the˚
two terminal base triplets were strengthened with
a harmonic potential to avoid end-fraying effects.
The force constant was set to 50 kcal mol Ay1 y2˚
and the equilibrium hydrogen bond length to 2.5
A. Starting structures were minimized using 1500˚
steps of the steepest descent method followed by
the conjugate method until convergence to a r.m.s.
gradient of 0.1 kcal mol A .y1 y1˚

3. Results

3.1. Thermodynamics of triplex formation

The thermal stability of the two triple helices
was studied decreasing the pH from 7.2 to 5.5,
keeping the concentration constant at 4.4=10y4

M. The calorimetric profiles are shown in Fig. 2.
At pH 7.2 and 6.8, the two transitions are well
resolved: the first low-temperature transition is
attributable to the release of the third strand from
the target double helix, and the second transition
at higher temperature is relative to the dissociation
of the double helix. In fact, the latter transition
under comparable conditions, coincides with the
melting transition of the free double helix.
The melting of the triplexes is strongly depend-

ent on pH, according to the presence of cytosines
in the TFO strandw26–28x, whereas the thermal
stability of the duplex is not influenced by pH in
the range 6.0–7.2. Nevertheless, at pH 5.5 theTm

for the duplex dissociation is 88C higher, reflect-
ing a pH influence. It is reported that at low pH
the protonation of the duplex bases, especially of
cytosines, contributes to the stabilization of the
double helix by hydrogen bonding and electrostatic
interactions of protonated groups with the nearby
phosphate residuesw29x.

Since on decreasing the pH the triplex–duplex
transition is shifted to higher temperatures, the two
transitions are not well separated, then the decon-
volution procedure was used to obtain the two
corresponding subtransition curves(see Section
2). Fig. 3 shows good agreement between the
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Fig. 3. Excess heat capacity of triplex-1(Panel a) and triplex-2(Panel b) at pH 5.5, experimental data(solid line), total simulated
transition(dotted line) and deconvolution in two transitions(dashed line and dashdot line).

experimental calorimetric curve and the simulated
one for triplex-1 and triplex-2 at pH 5.5. Similar
agreement has been found for both triplexes at pH
6.0. Thermodynamic parameters of the two triplex-
es at each of the pH values are listed in Table 1.
The values reported for pH 5.5 and 6.0 derive
from deconvolution procedure. The main issues
are: (i) for both the triplexes theT and DH8m

(T ) values increase on decreasing the pH;(ii)m

triplex-2 is less stable than triplex-1 in the pH
range 7.2–6.0, but is more stable at pHs5.5; (iii )
the difference in stability is overwhelmingly
enthalpic in origin.
In more detail, theDH8 values for triplex-1

(ferrocene-free) are systematically lower than the
corresponding values for triplex-2 except at pH
5.5, where triplex-2 is enthalpically more stable
by 39 kJ mol . The same trend is observed fory1

the T values: in the pH range 7.2–6.0, triplex-2m

is thermally less stable(DT , y5.5 8C), whereasm

at pH 5.5 triplex-2 showsDT sq2 8C withm

respect to triplex-1. Fig. 3 shows that at pH 5.5

the peak at lower temperature, relative to triplex–
duplex dissociation, is centered at 598C for the
unmodified triplex and at 618C for the modified
triplex, whereas the peak at higher temperature,
due to duplex dissociation, remains at 778C for
both the triplexes. Van’t Hoff enthalpy calculated
by means of Eq.(1) gives a value of 480 kJ
mol for the duplex dissociation, in good agree-y1

ment with the calorimetric values and the expected
value calculated by the Santalucia methodw30x.
For the triplex to duplex dissociation the van’t
Hoff enthalpy is 260 kJ mol that agrees welly1

with the calorimetric enthalpies obtained at pH 6.0
and 5.5.
In the pH range 6.0–7.2 the change in entropy

for triplex-2 formation is less unfavorable than in
the case of triplex-1, so most of the thermal
stability of the latter is attributable to the enthalpic
term. The same considerations on the entropy
contribution can be extended to pH 5.5. At this
pH value, the major thermodynamic stability of
triplex-2 is still enthalpic in origin.
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Fig. 4. CD spectra of the triplex-1(panel a) and triplex-2(panel b) as a function of pH: pH 7.0(solid line); pH 6.0 (s) and pH
5.0 (m). The inserts show the variation of molar ellipticity at 215 nm as a function of pH.

3.2. Circular dichroism at different pH values

Circular dichroism spectra of the triplexes as a
function of pH are displayed in Fig. 4. At pH 5.5,
the CD spectrum is characterized by a large posi-

tive band at 276 nm and a negative band at 215
nm. Significantly, the negative band at 215 nm is
indicative of the existence of triple-stranded DNA
w31x. As the pH is increased, the negative band at
215 nm is reduced in magnitude and shifted to
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lower wavelength, while the positive band at 276
nm is slightly increased in magnitude and shifted
to lower wavelength. We found a similar behavior
for both the triplexes. These results are consistent
with a pH-induced transition relative to the disso-
ciation of the third strand from the target double
helix. Fig. 4 (inserts) shows the pH dependence
of the molar ellipticity at 215 nm for triplex-1 and
triplex-2, respectively. Inspection of the obtained
curves reveals the apparent pK of the pH-induceda

transition of the triplexes to be approximately 7
for triplex-1 and 6 for triplex-2.

3.3. Modeling studies

In order to gain information on the molecular
geometry of the two triple helices, especially in
the modified residue region of triplex-2, molecular
mechanics calculations were performed. The ener-
gy minimization was carried out with inclusion of
explicit water, counterions and using a unitary
dielectric constant. The molecular models of both
triplexes are shown in Fig. 5. The integrity of the
two triplexes is maintained after minimization and
all the bases of the third strands form the
Hoogsteen H-bonds, except the modified base in
triplex-2. Indeed, analyzing the ferrocenemethyl-
thymidine region in triplex-2, it can be noted that
the thymine bearing a ferrocenemethyl residue at
N-3 position points outwards with respect to the
duplex major groove and does not participate in
Hoogsteen hydrogen bonds. This displacement of
the thymine base from its natural position in the
unmodified triplet TxAØT (as in the case of triplex-
1) causes the exposure to the solvent of the
cytosines directly bonded to the modified residue
T*. However, the model suggests that the ferroce-
nemethyl residue is able to adapt its geometry to
the duplex major groove without causing further
distortions of the global geometry of the triplex
and duplex. Furthermore, the interatomic distances
between the ferrocene aromatic rings atoms and
the duplex major groove hydrogen bonding sites
suggest the possibility of favorable non-bonded
interactions.

4. Discussion

The comparison between the CD spectra of two
triplexes (Fig. 4a,b) indicates that the ferrocene-

methyl-thymidine nucleoside does not disrupt the
global geometry of the triplex but lowers the
apparent pK value relative to N -cytosine residues3

a

protonation. The effects of pH on the molar ellip-
ticity at 215 nm and 58C are shown as inserts in
Fig. 4a for triplex-1 and in Fig. 4b for triplex-2.
The inflection point is pH 7.0 for triplex-1 and pH
6.0 for triplex-2. It should be considered that the
pK value of cytosines involved in Hoogsteena

bonds can be some units above 4.3, which is the
reported value for the free cytosine residuew28x.
However, as recent NMR studies on an intramo-
lecular triple helix have shown, protonation strong-
ly depends on the cytosine position within a
particular triple helix and it can be very different
for several third strand sequencesw32,33x. For
example, values of 9.0 and 6.0 were reported for
internal and terminal cytosine residues in the third
strand, respectivelyw34x; this difference is clearly
related to a minor or major exposure to the solvent
depending on the location of the cytosine residue
within the chain. In the present case, it is possible
that the observed decrease in pH-induced stabili-
zation for triplex-2 with respect to triplex-1 may
arise from a local influence of the ferrocenemethyl-
thymidine on pK values of the two cytosinesa

directly linked to the modified residue. Molecular
models of the two triplexes, obtained by molecular
mechanics calculations, reinforce this hypothesis.
Analyzing the ferrocenemethyl-thymidine region
(Fig. 5), it can be noted that the plane of the
modified thymine is completely thrown out from
its natural position, owing to steric hindrance of
the ferrocene moiety. This conformational change
allows the creation of a cavity, accessible to the
solvent which probably favors deprotonation of
the cytosines and consequently, Hoogsteen H-
bonds destruction in the pH range 6.0–7.2. Hence,
the observed decrease in stability of triplex-2 in
this pH range may be due to the bulge induced by
the presence of ferrocene moiety atT*, which not
only disrupts one TxAØT triplet, but also causes a
higher exposure to the solvent of the adjacent
cytosines in the third strand. In addition, the
interactions of these cytosines with only one trip-
let-structured nearest-neighbor induce a lower sta-
bilization than in a completely stacked structure,
where each can interact with two fully-structured
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Fig. 5. Molecular models of the triplex-1(on the right) and the triplex-2. The Watson–Crick strands are shown in blue and the
third strands are shown in green. For clarity, at the bottom, the corresponding ferrocenemethyl-thymidine regions are also reported
in another perspective. The ferrocene residue is shown in black and red(Fe-atom). The cytosines linked to the modified residue
are shown in violet.

nearest neighbors. This could justify the penalty
in enthalpy for the triplex-to-duplex transition of
triplex-2 with respect to triplex-1 in the pH range
7.2–6.0. TheDDH8 is 60 kJ mol at pH 7.2, 90y1

kJ mol at pH 6.8 and 25 kJ mol at pH 6.0.y1 y1

Furthermore, DSC data also show that theTm

values for triplex-2 are always lower than the
corresponding values for triplex-1 in the same pH

range. On the other hand, at pH 5.5 theDH8 and
T of triplex-2 dissociation are higher than thosem

of triplex-1. DG8 values calculated at 298 K, at
this pH, for the dissociation of TFO from the target
duplex are 17.6 kJ mol and 23.8 kJ mol fory1 y1

triplex-1 and triplex-2, respectively, i.e. the triplex
containing the ferrocene residue is 6.2 kJ moly1

more stable.
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These findings indicate that one ferrocenyl
group linked to the 3-N position of a thymine
residue in an oligopyrimidine TFO affects the
triple helix for at least two contrasting factors. The
first one is the previously discussed influence of
the ferrocene residue on the effective pK value ofa

the cytosines of the third strand, the second one is
the favorable interactions between ferrocene and
DNA bases, also described by Ihara et al.w35x.
They indicate some synergistic effects as the addi-
tional hydrogen bonds and the hydrophobic inter-
actions between the modified TFO and the base
pairs in duplex major groove. These favorable
interactions probably become much more effective
once a complete protonation of the two cytosines
adjacent to the modified thymine occurs(pH-6).
The protonated cytosine with its Hoogsteen bonds,
in fact, could contribute to keeping the ferrocene
residue in the major groove of the double helix.
Hence, in the pH range 7.2–6.0 the destabilizing
effect due to the deprotonated cytosines is the
prevailing one and overwhelms the favorable tri-
plex–ferrocene interactions, whereas at pH 5.5 the
favorable hydrophobic interactions are predomi-
nant because all the cytosines are protonated.
In conclusion, the present physico-chemical

study confirms that ferrocene-containing oligonu-
cleotides can be included in the repertoire of useful
TFOs, since they give origin to sufficiently stable
triplexes and therefore can be exploited in a variety
of DNA-directed applications, either as an electro-
chemical probe or for pharmaceutical purposes.
However, solution conditions, and especially pH
conditions, play a crucial role in the stabilization
of the triple helical structure, and therefore have
to be strictly under control to avoid undesired
secondary effects.
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