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ABSTRACT

The promoter of human telomerase reverse transcriptase (hTERT) gene, in the

region from –1000 to +1, contains two homopurine-homopyrimidine sequences (-

835/-814 and -108/-90), that can be considered as potential targets to triple helix

forming oligonucleotides (TFOs) for applying antigene strategy.

We have chosen  the sequence (-108/-90) on the basis of its unfavorable

chromatin organization, evaluated by theoretical nucleosome positioning and

nuclease hypersensitive sites mapping. On this sequence,  anti-parallel triplex

with satisfactory thermodynamic stability are formed by two TFOs, having

different lengths.

Triplex  stability is significantly increased by specific interactions with the

perylene derivative N,N'-bis[3,3'-(dimethylamino) propylamine]-3,4,9,10-

perylenetetracarboxylic diimide (DAPER).

Since DAPER is a symmetric molecule, the induced  Circular Dichroism (CD)

spectra in the range 400-600 nm, allows us to obtain information on drug binding

to triplex and duplex DNA. The drug induced ellipticity is significantly higher in

the case of triplex with respect to duplex and, surprisingly, it increases at

decreasing of DNA. A model is proposed where self-stacked DAPER  binds to

triplex  or to duplex narrow grooves.

Keywords: DNA triple helix; triplex forming oligonucleotide; telomerase

inhibition; hTERT promoter; perylene derivative DAPER; triplex and duplex –

DAPER complexes.
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1. INTRODUCTION

Telomeres are specific DNA-protein complexes that provide a protective cap at the

ends of linear eukaryotic chromosomes [1]. Telomeric DNA is characterized by

short G-rich sequences (5-8 bp) repeated in tandem for a length which varies in

different organisms. The 3’ ending strand is rich in guanines and extends in a

single strand overhang, which is the substrate of telomerase, a ribonucleoprotein

reverse transcriptase enzyme, involved in the maintenance of telomere length

[2,3].

Telomerase is active in almost all human tumors in addition to germinal and stem

cells, but not in somatic cells [4]. In the last few years, there have been

considerable efforts in producing telomerase inhibitors as possible anti-cancer

agents [5-7].

Many different approaches have been taken to inhibit telomerase expression and/or

function using antisense oligonucleotides, ribozymes and modified nucleosides.

During the last ten years there has been a development in the use of sequence

specific oligonucleotides for regulating gene expression [8]. Both antisense [9] and

antigene [10] strategies have been used to inhibit the translation or the

transcription process, respectively.

The antigene approach involves triple helix formation using oligonucleotides

binding to homopurine-homopyrimidine sequences of duplex DNA. The triplex

forming oligonucleotides (TFOs) binding occurs in the major groove, forming a

specific complex stabilized by Hoogsteen or reverse Hoogsteen hydrogen bonds

(Figure 1a). As a result of destabilizing effect due to charge-charge repulsion [11],

the association of a third strand with a duplex is a thermodynamically weaker and

kinetically slower process than duplex formation. In some cases, specific ligands,
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that provide additional binding interactions, have been employed to enhance the

stability of triple helix [12]; these ligands may bind to triple helix through different

mechanisms such as intercalation and/or minor groove binding by hydrophobic as

well as electrostatic interactions.

Homopurine-homopyrimidine tracts are frequently found in the upstream

regulatory regions of genes and several TFOs have been shown to down-regulate

expression of targeted genes by blocking transcription initiation [13-17].

In these premises, the possibility of influencing the transcription of hTERT gene,

using TFOs directed to its promoter region, appears of great interest, although it

has not been explored so far.

The hTERT promoter contains putative binding sites for several transcription

factors, such as c-myc [18], SP1 [19], an Ets family protein (Ets2) [20] and

estrogen receptors [21], thus suggesting complex regulation mechanisms [22].

Moreover, it has been recently shown that hTERT transcription was associated

with the appearance of a major deoxyribonuclease I (DNase I) - hypersensitive site

positioned nearby to the hTERT transcription start site [23], evidencing a

dominant role for the remodeling of this chromatin domain in the hTERT gene

expression. Thus, this DNA tract should be accessible to regulative factors and to

TFOs in vivo.

On the basis of its chromatin organization, evaluated by theoretical analysis of

nucleosome positioning [24, 25] and hypersensitive nuclease site mapping [23],

we have identified the most accessible homopurine-homopyrimidine sequence of

hTERT promoter and designed two TFOs directed to it. The sequence selected for

triplex mediated gene target is located ~100 bp upstream transcription initiation

site in hTERT gene.
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We have synthesized two homopurine sequences having different lengths, which

completely (TFO18) or partially (TFO13) overlap the homopurine-homopyrimidine

target site (-108/-90 bp), both able to form triplex with satisfactory thermodynamic

stability. Their thermodynamic stability is significantly increased by the

interactions with the perylene derivative N,N'-bis[3,3'-(dimethylamino)

propylamine]-3,4,9,10-perylenetetracarboxylic diimide (DAPER) [26], having

positively charged side chains. It is worth noting that, at MgCl2 physiological

concentration (1 mM), triplex-DAPER complexes are stable, while triplex

structures without DAPER, at the same experimental conditions, are unstable.
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              2. EXPERIMENTAL

2.1 Single stranded oligonucleotides.

The single stranded oligonucleotides corresponding to DNA50 (Figure 1b) were

purchased from MWG-Biotech.

2.2 Oligonucleotides synthesis.

The single stranded TFO13 and TFO18 and the two strands forming DNA30 and

DNA18 (Figure 1b) were synthesized on a 15 μmol scale via the phosphoramidite

method, using a PERSEPTIVE Biosystems synthesizer, purified by ionic exchange

High Performance Liquid Chromatography (HPLC) and successively desalted by

molecular exclusion chromatography (Biogel P-2 fine). The purity was checked by

reverse phase HPLC and electrophoresis in 20% denaturing polyacrylamide gel

containing 7 M urea. Oligonucleotides were dissolved in water and the

concentrations were determined spectrophotometrically by measuring absorbance

at 260 nm and using extinction coefficients determined by a free oligonucleotide

calculations program available on the sigma-aldrich site:

http://proligo2.proligo.com/Calculation/calculation.html.

2.3 Theoretical modeling of nucleosome positioning

Few years ago, we have developed a theoretical method, based on sequence-

dependent DNA curvature and flexibility, which allows the quantitative prediction

of the free energy of nucleosome formation in terms of thermodynamics and

structural parameters of the dinucleotide steps [24, 25]. If ΔG(k) represents the

nucleosome reconstitution free energy difference of the kth DNA tract (defined as

the nucleosome with its dyad at kth position of the sequence) with L = 146 bp
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along a sequence with N bp, the free energy per mole of nucleosome, ΔG,

pertinent to the whole DNA is:

    
β ΔG = −ln exp −β ΔG k( )[ ]

k = L / 2

N − L / 2

∑                                                (2)

where β is 1/RT. The exponential term represents the equilibrium constant

pertinent to the nucleosome reconstitution of the kth DNA tract. The global

reaction is considered as a sum of  parallel reactions; for this reason the different

equilibrium constants, pertinent to all the possible nucleosome positions, sum up.

Using a statistical thermodynamic approach we obtained ΔG(k) from the pertinent

canonical partition functions. We evaluated the elastic contributions to the

partition functions, related to the sum of the bending and twisting energies

necessary to distort the intrinsic structure of the kth DNA tract in the nucleosomal

form. Assuming first order elasticity we obtained [25]

β ΔGel(k) = β ΔE°el(k) - 3/2 ( L ln <T/T*> )+ Z – Z cos ϕ                (3)

where ΔEel°(k) is the minimum elastic energy required to distort the kth tract of L

bp in the nucleosomal form; 〈T/T*〉 is the average normalized dinucleotide

empirical melting temperature of the kth DNA tract, which suitably represents the

DNA differential rigidity; Z is equal to (βb/L)〈T/T*〉AnAf. AnAf represents the

correlation between the curvature of the nucleosomal DNA and that of the free

form in terms of the Fourier transform amplitudes of frequency 0.17 of the

nucleosome and the free DNA curvature function along the L bp tract of the
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sequence, according to the convolution theorem, and ϕ  is the angle between the

directions of the effective intrinsic curvature and the nucleosome dyad axis.

The theoretical free energy values so obtained, showed satisfactory agreement

with the experimental data for a number of DNAs, but major deviations for

others. This agreement, however, was strictly correlated (R = 0.99) with the free

DNA effective curvature, < Af >, which represents in modulus and phase the

degree of similarity of the free DNA curvature with that of the nucleosome. This

strongly indicated the existence of an additional curvature-dependent contribution

to the free energy, which appears to destabilize the nucleosome. Such a

contribution was obtained by fitting the free energy deviations  by a quadratic

function of the effective curvature [24, 25]. We interpreted this free energy

contribution as due to the groove contractions in intrinsically curved free DNAs,

which stabilize the water spine and counterion interactions adding a further

energy cost to the nucleosome formation. This contribution can be neglected for

straight and slightly curved sequences.

If we calculate the free energy minima along a DNA sequence, long enough to

accommodate more than one nucleosome, we can assume that the minima along

the sequence represent virtual nucleosome positions.

2.4 Electrophoretic Mobility Shift Assays (EMSA).

EMSA were performed using as target a 50-mer duplex (DNA50) corresponding to

the hTERT promoter region from -124 to -74 containing the homopurine-

homopyrimidine sequence located in the region -108/-90 (Figure 1b).

The purine-rich strand was end labeled with [γ-32P] ATP (3000 Ci/mmol

Amersham Pharmacia Biotech) and T4 polynucleotide kinase (Fermentas); this
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strand was then annealed to the complementary pyrimidine strand, in slight excess

(10 min at 95° C and then allowing to slowly cool at 0° C).

A fixed amount of labeled DNA50 (30 nM) was mixed with different amounts of

TFOs (heated at 95° C for 5 min to reduce self-aggregation) in standard buffer

(STD buffer; 50 mM Tris-HCl pH 7.6, 50 mM NaCl and 5 mM MgCl2) and

incubated overnight at 37° C. The samples were subsequently analyzed in a native

15% polyacrylamide gel (19:1 acrylamide:bisacrylamide ratio), run at 4° C, for 18

h, at a constant voltage of 200 V, with recycling of the electrophoresis buffer (STD

buffer).

The gels were scanned using the Instant Imager Packard and the amount of triplex

formed was obtained quantifying the intensities of the duplex and triplex bands.

The reaction that takes place in each sample is

(1)      DNA50 + TFO    T

so that the association constant, Ka, is given by

(2)       Ka = [T] /[DNA50] ([TFO]0 - [T])

where [T] and [DNA50] (labeled target) are equilibrium concentration of  triplex

and duplex target respectively, obtained by the quantitative evaluation of

electrophoretic bands, and [TFO]0 is the total concentration of TFO. Calculating

the association constants, we considered  [TFO]0 - [T] = [TFO]0, since the

oligonucleotide is in large excess with respect to DNA50.

The experiments in the presence of DAPER (Pierce), a water soluble perylene

derivative (see Figure 1c), reported in figure 5b, were carried out in the same
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experimental conditions, except than DAPER at suitable concentration, was added

to the DNA mixtures, as last component. In this case, due to the significantly lower

TFO concentration with respect to the experiments without DAPER, we have

calculated the Ka values using the TFO actual concentrations as [TFO]0 - [T].

To evaluate the influence of K+ ions with respect to Na+ ions, in the presence of

DAPER, the same procedure was adopted, except than KCl replaces NaCl. The

EMSA, reported in Figure 5c, were carried out lowering the MgCl2 concentration

from 5 mM to 1 mM.

2.5 UV spectroscopic temperature-dependent melting studies

UV thermal stability experiments were carried out with a JASCO 530

spectrophotometer equipped with ETC-505T temperature control. For triplex

complexes, each sample contain 1:1 mixture of TFO13 or TFO18 and DNA30  of

35μM of each oligonucleotide component, in 20 mM of Tris-HCl, pH 7.3, 50 mM

NaCl and 5 mM MgCl2. The samples were first annealed with the same procedure

than for EMSA. Melting curves were obtained by monitoring the variation of

absorbance at 260 nm with temperature  from 10 to 90°C. The heating rate was

fixed at 0.5 °C/ min.

2.6 Deoxyribonuclease I  (DNase I)  Footprinting Assay.

A 260 bp fragment of hTERT promoter  (-309/-50, hTERT F; Figure 2a)

containing the sequence -108/-90 was excised from the p1009 plasmid containing

1009 bp of hTERT promoter (28).

The plasmid was digested with Eco47 III and labeled at 5’terminus with [γ-

32P]ATP by T4 polynucleotide kinase, so that the purine-rich strand is

radioactively labeled. The plasmid was then digested with Pvu II. The resulting
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260 bp fragment (hTERT F) was subsequently purified by preparative gel

electrophoresis 5% polyacrylamide, 90 mM Tris Borate, 2 mM ethylene-

diaminetetraacetic acid (EDTA)  (TBE 1X). To obtain the same DNA fragment

with pyrimidine-rich strand labeled, the order of restriction digestion  was

inverted. The fragment was then mixed with the TFO (13mer or 18mer) and the

mixtures were incubated overnight at 37° C in STD buffer. After incubation the

samples were digested with  (DNase I), 0.2 U, for 1 min at 37° C, in STD buffer

(50 mM Tris-HCl pH 7.6, 50 mM NaCl and 5 mM MgCl2), and the reaction

stopped by adding EDTA, pH 8 at 10 mM  final concentration.

The samples were then immediately loaded on a 6% sequencing gel and

electrophoresis carried out in TBE 1X, at 60 W for 2 h. Gels were dried and

exposed to X-ray film; autoradiographies were analyzed by densitometric analysis.

The experiments, in the presence of DAPER, were carried out under the same

experimental conditions.

2.7 Absorption and Circular Dichroism spectra.

Absorption spectra were recorded on Jasco V530 spectrophotometer. Circular

Dichroism (CD) spectra were recorded on Jasco 715 spectropolarimeter equipped

with a PTC 423S temperature controller.

Titrations of drug binding to  triplex (DNA30 + TFO18or DNA18 + TFO18) and

duplex (DNA30 or DNA18) were carried out by dilution of initial samples

containing 56 μM of each oligonucleotide component in 3 ml of 20 mM Tris-HCl

pH 7.3, containing 50 mM NaCl, 5 mM MgCl2 and 20 μM DAPER.

     The initial DNAs/DAPER molar ratio (R) was fixed to 2.8, then it was decreased

by dilutions with a buffer solution containing 20 μM DAPER, so keeping constant

the drug concentration throughout the titration.
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      The samples were equilibrated at 25°C for 30 min prior to the scan. For each scan,

two spectra were registered, distanced by 24 hours, in a 1 cm path length cell at

scanning rate of 200 and 2 nm/min, for UV and CD measurements. The scan of

the buffer alone was subtracted from the average scan for each sample.

3. RESULTS

3.1 Binding affinity of TFOs to the selected target sequence on hTERT promoter.

Sequence analysis  of   the regulative  region  upstream  of  hTERT  transcription

initiation site (-1000/+1), led us to identify two homopurine-homopyrimidine

sequences as possible targets for triple helix formation (Figure 2a). The first

sequence (-835/-814) partially overlaps to the putative binding site for Nuclear

Factor 1 (NF1) [22] and is about one hundred nucleotides from the region

involved in hormonal regulation [27]. The second sequence (-108/-90) is close to

the transcription initiation site. The formation of DNA triple helical structure in

one of these two regions could result in the inhibition of gene transcription.

In order to form DNA triplex structures, a target sequence must be accessible to

TFOs. In vivo chromosomal DNA is packaged by histone proteins into

nucleosomes [28], so that the accessibility of TFO target sequences will be

significantly decreased in chromatin with respect to naked DNA [29-31].

To select the most accessible sequence to TFO between the target sequences

identified on the hTERT promoter, we derived  nucleosome  positioning  along

the  hTERT  promoter region (-1000/+1) using the theoretical method, developed

in our research group [24, 25] and described in the Experimental section (2.3).
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Using this method, a diagram of nucleosome positioning is obtained (Figure 2b).

The minima correspond to the minima of the free energy of nucleosome formation

with respect to a standard random DNA sequence, marking the nucleosome dyad

axis  positions. While the first tract (-835/-814) is located within a region of

comparatively stable nucleosomes, the tract close to the transcription initiation site

(-108/-90) corresponds to a region that disfavors nucleosome formation.

This DNA tract is part of a major DNase I-hypersensitive site, experimentally

evidenced in the hTERT promoter in telomerase positive cells by Wang and Zhu

[23]; this finding suggests a relevant functional role of this DNA sequence in

hTERT expression.  Moreover, the selected sequence is located within a region (-

330/+360) that was shown to be essential for hTERT promoter activity [22].

Taking into account both theoretical and experimental data, we decided to focus

our studies on the DNA tract from -108 to -90 bp.

Two homopurine TFOs were designed and synthesized to bind to the purine strand

of DNA50 in anti-parallel orientation, overlapping the target sequence partially

(TFO13) or totally (TFO18) (Figure 1 a and b).

To evaluate the affinity of TFO13 and TFO18 to the hTERT target, we carried out

electrophoretic mobility shift assays (EMSA). To this end, a fixed amount (30 nM

final concentration) of 32P end labeled DNA50 (Figure 1b) was incubated, with

increasing concentrations of TFOs (0.15-5 μM), overnight at 37° C to ensure

equilibrium binding, as reported in previous studies [32, 33]. Figure 3 shows the

electrophoretic patterns obtained for TFO13 (Figure 3a) and for TFO18 (Figure 3b)

at 4°C.  Both TFO13 and  TFO18 bind to DNA50, decreasing their electrophoretic

mobility, the latter more efficiently than the former.

To compare the binding of the two TFOs to duplex, the apparent association

constants of triplex formation (Ka) were calculated as reported in Experimental
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section (2.4) and correspond to Ka (TFO13) ≈ 4.9 x 105 M-1 and Ka (TFO18) ≈ 1.1 x

106 M-1. These values satisfactorily agree to the melting temperatures of the

triplexes formed by the two TFOs with DNA30, as shown in figure 3 c and d.

To confirm that the TFOs bind to duplex forming a triplex, a 32P end-labeled

fragment of the hTERT promoter 260 bp long (-309 to -50) (hTERT F, Figure 2a),

including the selected target sequence, was  incubated with either TFO13 or TFO18

and subjected to DNase I digestion (Figure 4). In these assays, the products of

limited DNase I digestion were separated on a denaturing polyacrylamide gel

(Figure 4) and detected by autoradiography. The binding of both TFOs gives rise

to a protected region corresponding to the target sequence in the hTERT promoter,

as shown by autoradiographies. The protection is concentration dependent and is

larger in the case of  TFO18 than TFO13.  The densitometric analysis of the

electrophoretic bands patterns (Supplementary Material) show that the triplex is

exactly localized on the target homopurine/homopyrimidine tract and does not

cause any structural distortion of the duplex side sequences.

3.2 Stabilizing effect of the perylene derivative DAPER on triplex DNAs.

To increase the stability of anti-parallel triplexes [12, 34], we have studied the

water soluble perylene derivative DAPER (Figure 1c).  Studying G-quadruplex

stabilizing drugs [35, 36], we have previously shown that DAPER is able to

selectively bind to G-quadruplex structures with respect to duplex, on account of

G-quadruplex larger aromatic area and higher charge density [37-39].  Both these

features characterize also triplex structure with respect to duplex, suggesting us to

investigate DAPER for its ability to bind and stabilize the anti-parallel triplexes

[40].
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EMSA has been carried out at constant concentration of TFO13 (3 μM) and DNA50

(30 nM) and at increasing amounts of DAPER (0.5 - 5 μM) (Figure 5a). At 3 μM

DAPER concentration the triplex formation is complete. In the case of TFO18,

similar results were obtained, except than the triplex formation is complete at 1

μM DAPER concentration (data not shown).

To obtain the triplex apparent association constants (Ka) in the presence of

DAPER, we carried out EMSA at 4°C, using TFO13 or TFO18 at increasing

concentrations (5-50 nM) and DAPER fixed concentration (2 μM) (Figure 5b).

The values of Ka are about two orders of magnitude higher than in absence of

DAPER (Ka  (TFO13) ≈ 6 x 107 M-1 and Ka (TFO18) ≈ 7 x 107 M-1).

DNase I footprinting studies of triplex, in the presence of DAPER, provided sound

evidence that this ligand stabilizes triplex formation giving rise to a DNA clear

protection from nuclease cleavage also at the lowest TFO concentration (0.5 μM)

(Figure 6). Also in the presence of DAPER, the autoradiography (Figure 6) and the

densitometric profiles (Supplementary material) show that the protection is

precisely localized on the target sequence and that bordering duplex structure is

not perturbed.

The antiparallel triplex formation requires the presence of Mg2+, at least 5 mM

[41], which mediates charges neutralization of the three anionic phosphodiester

backbones. We carried out EMSA lowering MgCl2 at physiological concentration

(1 mM). In these experiments, constant concentrations of TFO13 (2 μM) and of

DNA50 (30 nM) were used, increasing the concentration of DAPER from 0.5 to 3

μM. Figure 5c shows that, at lower Mg2+ concentration, the presence of DAPER

becomes critical for the triplex formation. In fact, without the ligand,  the triplex is

not detectable, while in the presence of increasing DAPER concentration,
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increasing triplex amounts were obtained. At 3 μM DAPER concentration only the

triplex was present.

Furthermore, we have analyzed the triplex/DAPER complex stability, replacing

Na+ with K+ [42]. The results, reported in Supplementary Material, show that,

increasing the drug concentration from 2 μM up to 10 μM, the triplex

concentration increases, becoming almost the prevalent structure at the highest

DAPER concentration. In this case, an higher concentration of DAPER, than in the

presence of Na+, is needed for triplex formation.

Increasing MgCl2 concentration to 5 mM, the  DAPER concentration needed to

stabilize the triplex is lower (Supplementary material), showing that DAPER and

Mg++ act jointly in stabilizing triplex.

3.3 Absorption and Circular Dichroism Spectroscopy of DAPER binding to triplex

and duplex DNAs.

In order to characterize the molecular features  of  DAPER  binding  to triplex in

comparison with duplex DNA, we carried out Absorption spectroscopy and

Circular Dichroism studies of drug electronic transitions in the wavelength range

from  400 to 650 nm, in the presence of either duplex (DNA30 and DNA18) or

triplex (DNA30+TFO18 and DNA18+TFO18).

Absorption spectra of the complexes of DAPER with either triplex or duplex

DNAs, at different DNAs/drug molar ratios (R) and constant drug concentration,

were carried out. The spectrum of DAPER in water solution is characterized by a

broad band centred at ≈ 497 nm, with a shoulder at 530 nm [26]. In presence of the

two DNA structures, the absorption profile of DAPER changes (Figure 7 a and b):

increasing R, it becomes similar to that obtained in organic solvents [26],

characterized by three maxima at 525, 475 and 450 nm, except than the three
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bands are red-shifted of about 25 nm each. The variation of the absorption spectra

of triplex/DAPER and duplex/DAPER complexes as function of R are very similar

(Figure 7c). This indicates that both DNA structures induce DAPER unstacking

Taking into account the complexity of possible equilibria between DAPER free

and bound to DNAs, in stacked or unstacked form, Circular Dichroism (CD)

spectroscopy appears  more suitable than absorption spectroscopy [43] to study the

drug binding. In fact, since DAPER is a symmetric molecule, it is not optically

active. DNA shows a CD spectrum only in the wavelength range from 220 to 320

nm, so that  CD spectra of complexes between DNAs and DAPER, in the

wavelength range from 400 to 650 nm, are exclusively due to the ligand molecules

bound to DNA and asymmetrically perturbed.

CD analysis were carried out, recording the spectra of  solutions of two triplex

(DNA30+TFO18 and DNA18+TFO18) and two duplex (DNA30 and DNA18) with

DAPER at decreasing DNAs/drug molar ratios (R), from 2.8 to 0.4, while the

DAPER concentration (20 μM)  was kept constant (Figure 8).

In figure 8a the CD spectra of triplex (DNA30  + TFO18) / DAPER complexes at

different R are reported. At R higher than 1.2, the spectra are characterized by two

minima at 512 and 552 nm and a modest positive band centered at about 565 nm.

Surprisingly, decreasing the R value and, thus, the number of triplex binding sites,

the ellipticity values of the maximum at 565 nm and those of the two minima

strongly increase.

The variations of CD spectra as function of R, in the case of triplex (DNA18  +

TFO18) / DAPER,  reported in figure 8b are equal to those obtained with triplex

(DNA30  + TFO18), reported in figure 8a.

At higher R values, the ellipticity characterizing the spectra of duplex (DNA30)

/DAPER complexes, is similar to that of triplex, although it is significantly lower.
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At lower R values (lower DNA concentrations), the duplex/DAPER CD spectra

show different features than the corresponding spectra referring to triplex (Figure

8c), being characterized  by two large positive bands, at about 525 and 560 nm.

               The complexes duplex (DNA18) /DAPER show CD spectra with  the same

features  than  triplex, both at high and low R (Figure 8d); also in this case, the

ellipticities are  significantly reduced, with resepct to triplex-DAPER complexes.

4. DISCUSSION

This study shows that the homopurine-homopyrimidine tract, selected on  hTERT

promoter (-108/-90), should be a good target for the antigene strategy, based on

triple helix formation.

The selection between different homopurine-homopyrimidine DNA tracts on

hTERT promoter  was based on their chromatin organization and is supported by

a number of researches both in vitro and in vivo, suggesting a decreased target

accessibility to TFOs in the nucleosomal environment [29-31].

Recently, Wang and Zhu [23] found a major DNase I hypersensitive site

(corresponding to chromatin accessible region, characterized by less stable

nucleosomes) within 100 bp upstream of the transcription start site of hTERT

gene, in several hTERT expressing immortal cell lines. The same region is not

characterized by DNase I hypersensitive sites in cells, where hTERT is not

expressed. These experimental data support the theoretical analysis of sequence

dependent nucleosome positioning on hTERT promoter, that evidenced a “quasi

hole” in the nucleosomes organization, close to the transcription initiation site,

centered at the homopurine-homopyrimidine tract (-108/-90) (Figure 2b). Indeed,

both experimental and theoretical studies suggest a relevant functional role of the

homopurine-homopyrimidine tract (-108/-90) in hTERT expression. It is worth
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noting that, in this case, the correlation between theoretical and experimental data

is quite satisfactory; however, experimental and theoretical studies of a number of

different biological systems are necessary to generalize the theoretical approach to

select favorable TFOs target in a  chromatin context .

Using appropriate TFOs, we have shown that the hTERT promoter tract (-108/-

90) forms anti-parallel triplex, characterized by satisfactory stability both by

EMSA and UV absorption melting temperatures analysis. Furthermore, the

interactions between the target and the TFOs appear well localized without

perturbation of adjacent duplex structure, at least in the promoter region from -309

to -50, as shown by DNase I footprinting analysis.

An important task to pursue in controlling gene expression by triple helix strategy,

is the stability of this structure in physiological conditions [44]. Several

modifications of the sugar-phosphate backbone as well as of nucleotides have

been developed to improve triple helix stability and specificity [45]. Another way

to increase the stability of triplex consists in using ligands which bind selectively

to triplex, shifting the equilibrium between duplex and triplex towards the latter

[12].

Using EMSA and DNase I footprinting, we have found that the triplex stability is

significantly increased in the presence of the water soluble perylene derivative,

DAPER. Moreover, in the presence of DAPER, the concentration of the  TFOs

necessary to form an anti-parallel triplex can be significantly reduced, also at Mg2+

physiological concentration (Figure 5c). If K+ replaces Na+,  the drug  is able to

stabilize triplex, although at higher concentration than in the presence of Na+

(Supplementary Material).

As previously reported in the case of perylene molecules with hydrophobic side

chains, studied in organic solvents, the stacking of disk-shaped molecules
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generates  one-dimensional aggregates in solution and the aggregation can be

ascribed to strong π-π interactions among such discotic molecules [46].

In the case of perylene derivatives with positively charged side chains (such as

DAPER), electrostatic interactions with DNA should produce asymmetrically

perturbed electronic transitions and the  strong coupling between nearest-neighbor

perylene molecules give rise to CD spectra characterized by splitted positive and

negative bands for the S0-S1 transition of perylene chromofore at 517 nm. Also

the vibronic structure, that can be ascribed to the vibration of perylene skeleton,

which is strongly coupled with the S0-S1 transition, should be characterized by the

same splitting, at about 550 and 475 nm [47].

We suggest that the complex CD spectra, in figure 8, could  derive from the

combination of Cotton effects associated with the three transitions, whose

crossovers are about 550, 525 and 475 nm, as a result of the binding of self-

stacked DAPER  molecules around triple or duplex DNA, following their helical

structure.

The increase of DNA concentration produces a progressive unstacking of the free

DAPER molecules in solution as well as along the narrow grooves. In fact as

shown in figure 9, the unstacking, as measured by the increase of extinction

coefficient at 550 nm, corresponds to the decrease of  ellipticity at 575 nm (Figure

9).

The general pattern of absorption and CD  spectra of the electronic transitions of

DAPER shown in figures 7 and 8, suggests a possible model of the association

complexes with duplex and triplex DNA.

The absorption spectra show a regular increasing of the extinction coefficient with

increasing triplex or duplex  DNA concentration monitoring the progressive

unstaking of the drug molecules (Figure 7). Such a trend is at odd with that of the
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CD spectra, which show ellipticity decreasing in spite of the increasing

concentration of DNA, the asymmetric partner of the association complexes. Thus

the highest ellipticity is obtained at the lowest DNA/DAPER ratio available

(Figure 9), which can be reached, without significant aggregation.

We propose  that the observed Cotton effects are due to the asymmetric, helical,

stacking of the DAPER molecules induced by the regular electrostatic interactions

of the cationic side chains with the phosphate anionic sequence along the narrow

grooves of the duplex and triplex, according to the proposed model reported in

(Figure 10). In the latter case such sterospecific interactions occur three times

more than in the double helix, since, in the case of duplex, only one narrow

groove is present, instead of the three narrow grooves characterizing the triplex.

The main features of the proposed model (Figure 10) are the result of the coherent

electrostatic interactions of the DAPER cationic side chains with the sequence of

the phosphate groups of pairs of DNA strands favored by  the drug self –stacking.

The model explains the ability of DAPER to increase the thermodynamic stability

of the triplex  structure.

Such model offers an interpretation also for the different CD spectra of duplex

DNA30 with respect to DNA18, at low R. In fact, at lower DNA concentration

DAPER could bind also to major grooves with a different contribution to the CD

spectra. This is not possible in the case of DNA18, which is too short to form an

effective large groove. Such consideration explains also the practical identity of

CD spectra of triplex  complexes that TFO18 forms with the DNA30 and DNA18.

In fact, in the case of the triplex (DNA30  + TFO18) complexes, the two duplex

terminal tracts are too short to form the large groove; therefore only narrow

grooves are present in both structures.
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5. CONCLUSIONS

The results, obtained in  this study, indicate that the sequence selected on hTERT

promoter can be a useful target for triple helix formation. Furthermore, the

investigated  anti-parallel triplex on this DNA tract is effectively stabilized by

DAPER, suggesting  the opportunity to synthesize DAPER-TFO conjugates. The

drug binding  appears to be significantly larger to triplex with respect to duplex in

agreement with the proposed model, characterized by DAPER self-stacking along

triplex or  duplex narrow grooves. The model satisfactorily accounts for the larger

than twice increase in molar ellipticity  in  triplex-DAPER complex with respect

to that with duplex .

In conclusion, a new method to inhibit telomerase, based on antigen strategy,

seems possible. On account of DAPER-hydrophobic perylene moiety, DAPER-

TFO conjugates could be useful also to solve the problems of TFOs

internalization. This is currently under investigation in our research group.
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FIGURE CAPTIONS

Figure 1: (a) Pictorial drawing of the structure of anti-parallel triplex. (b) Triplex

Forming Oligonucleotides (TFOs) and duplex DNAs sequences. (c) Structure of

DAPER.

Figure 2: (a) Sequence of the hTERT regulative region upstream to the transcription

initiation site (-1000/+1). The homopurine-homopyrimidine tracts are underlined.

Numbers to the left indicate bases upstream the ATG (position 1). Bold type sequence

corresponds to hTERT F fragment. (b) Theoretical free energy difference of

nucleosome formation with respect to the average nucleosome along the hTERT

promoter. The arrows indicate the two homopurine-homopyrimidine tracts identified

on the promoter and reported in (a).

Figure 3: Electrophoretic mobility shift assay (EMSA) of DNA mixtures containing

DNA50 at fixed concentration (30 nM) and increasing concentrations (0.15, 0.3, 0.5, 1,

1.5, 2, 3 and 5 μM) of TFO13 (a) or TFO18 (b). D and T indicate duplex and triplex,

respectively.  (c) UV melting profiles of DNA30+TFO13 (......), DNA30+TFO18 (-----)

and DNA30 (_____). (d) Derivatives of the thermal denaturation profiles shown in (c).

The first two maxima correspond to the Tm of the triplex-to-duplex transitions and the

last one to the Tm of DNA30.

Figure 4: (a) DNase I footprinting of the 260 bp hTERT promoter fragment (-309/-50)

(hTERT F), radiolabeled at the 5’ end of  G rich strand. Lane 1: Maxam and Gilbert
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reaction for purines. Lane 2: 50 bp ladder (M). Lane 3: DNase I cleavage of hTERT F.

Lane 4 and 5: DNase cleavage of hTERT F incubated with 5 μM of TFO13 (T13) and

TFO18 (T18), respectively. (b) DNase I footprinting of hTERT F, radiolabeled at the 5’

end of C rich strand. Lane 1: Maxam and Gilbert reaction for purines. Lane 2: DNase I

cleavage of hTERT F.  Lane 3-6: DNase cleavage of hTERT F incubated with 3 and 5

μM of  TFO13 (T13) (lanes 3 and 4) and of TFO18 (T18) (lanes 5 and 6). Lane 7: 50 bp

ladder (M)..

Figure 5: (a) EMSA of DNA mixtures containing DNA50 at fixed concentration (30

nM) and TFO13 at concentration equal to 3 μM, in the presence of DAPER at

increasing concentrations (0.5, 1, 2, 3, 4 and 5 μM). (b) EMSA of DNA mixtures

containing DNA50 at fixed concentration (30 nM) and TFO13 (left) or TFO18 (right) at

increasing concentrations (5, 10, 20, 30, 40 and 50 nM), in the presence of 2µM

DAPER. D and T indicate duplex and triplex, respectively. (c) EMSA of DNA

mixtures containing DNA50 (30 nM), TFO18 (2 μM) and increasing concentrations of

DAPER  (0.5, 1, 1.5, 2, 2.5, and 3 μM). MgCl2 concentration was fixed at 1 mM. The

electrophoretic shift of  DNA50 was used as control.

Figure 6: (a) DNase I footprinting of hTERT F, radiolabeled at the 5’ end of  G rich

strand, in the presence of DAPER 2 μM and TFO13 (lanes 3-6) or TFO18 (lanes 7-10) at

increasing concentrations (0.5, 1, 2 and 4 μM). Lane 1: Maxam and Gilbert reaction for

purines. Lane 2: DNase I cleavage of hTERT F. Lane 11: 50 bp ladder (M).

Figure 7: Absorption spectra of DAPER at increasing concentration of DNA triplex (a)

and duplex (b). (c) Extinction coefficients at 550 nm as function of R (DNAs/drug

molar ratio), in the case of duplex (▲) and triplex (■).
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Figure 8: CD titrations of  triplex - DAPER complexes (DNA30  + TFO18) /

DAPER in (a), (DNA18  + TFO18) / DAPER in (b) and duplex-DAPER complexes

(DNA30) /DAPER in (c), (DNA18) /DAPER in (d). The CD spectra are reported for

R (DNAs/drug molar ratio) from 2.4 to 0.4 with decreasing steps of 0.4. The

arrows point out the increasing in the amplitude of CD band with decreasing R

values.

Figure 9: Extinction coefficients at 550 nm ([ε]) (▲) and ellipticity ([θ]) (■) at 575

nm as function of R, in the case of triplex (DNA30 + TFO18)/DAPER complexes.

Figure 10: Pictorial drawing  along (A-B) and perpendicular (C) to the DNA

helical axis of the molecular model of triplex-DAPER (A)  and duplex-DAPER

(B) complexes, at low DNA concentration, where the DAPER molecules are self-

stacked.  The stars represent the DAPER cationic side chains (C).
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              TFO13       
5’GGGGAGGGGAAGG3’

TFO18     
5’GGGGAGGGGAAGGAAAGG3’

DNA18    
3’

 CCCCTCCCCTTCCTTTCC
5’

      5’GGGGAGGGGAAGGAAAGG3’

DNA30    
3’

 TCCCAGCCCCTCCCCTTCCTTTCCGCGGCC
5’

      5’AGGGTCGGGGAGGGGAAGGAAAGGCGCCGG3’

DNA50   3’CTCCGGGCCCTCCCAGCCCCTCCCCTTCCTTTCCGCGGCCCCGCCCTCTC5’
       5’GAGGCCCGGGAGGGTCGGGGAGGGGAAGGAAAGGCGCCGGGGCGGGAGAG3’

a

b

Figure 1

pu

py

pu

5’ 3’

5’
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a

b

Figure 2

                                                                        gagg
      -996 cttggagcca ggtgcctgga ccccgaggct gccctccacc ctgtgcgggc gggatgtgac
      -936 cagatgttgg cctcatctgc cagacagagt gccggggccc agggtcaagg ccgttgtggc
      -876 tggtgtgagg cgcccggtgc gcggccagca ggagcgcctg gctccatttc ccaccctttc
      -816 tcgacgggac cgccccggtg ggtgattaac agatttgggg tggtttgctc atggtgggga
      -756 cccctcgccg cctgagaacc tgcaaagaga aatgacgggc ctgtgtcaag gagcccaagt
      -696 cgcggggaag tgttgcaggg aggcactccg ggaggtcccg cgtgcccgtc cagggagcaa
      -636 tgcgtcctcg ggttcgtccc cagccgcgtc tacgcgcctc cgtcctcccc ttcacgtccg
      -576 gcattcgtgg tgcccggagc ccgacgcccc gcgtccggac ctggaggcag ccctgggtct
      -516 ccggatcagg ccagcggcca aagggtcgcc gcacgcacct gttcccaggg cctccacatc
      -456 atggcccctc cctcgggtta ccccacagcc taggccgatt cgacctctct ccgctggggc
      -396 cctcgctggc gtccctgcac cctgggagcg cgagcggcgc gcgggcgggg aagcgcggcc
      -336 cagacccccg ggtccgcccg gagcagctgc gctgtcgggg ccaggccggg ctcccagtgg
      -276 attcgcgggc acagacgccc aggaccgcgc ttcccacgtg gcggagggac tggggacccg
      -216 ggcacccgtc ctgccccttc accttccagc tccgcctcct ccgcgcggac cccgccccgt
      -156 cccgacccct cccgggtccc cggcccagcc ccctccgggc cctcccagcc cctccccttc
       -96 ctttccgcgg ccccgccctc tcctcgcggc gcgagtttca ggcagcgctg cgtcctgctg
       -36 cgcacgtggg aagccctggc cccggccacc cccgcga

n (bp)

ΔG° (Kcal/mol)
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c
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Figure 10


