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ABSTRACT

A study of a dinitro-diester calix[4]arene (5,17-(3-nitrobenzylideneamino)-11,23-
di-tert-butyl- 25,27-diethoxycarbonyl methyleneoxy-26,28-dihydroxycalix[4]arene)
interaction with calf-thymus DNA was carried out using several techniques. The
measurements were done at various molar ratios X=[calixarene]/[[DNA]. Results show
diverse changes in the DNA conformation depending on the X value. Thus, at low
macrocycle concentration, the calixarene binds to the polynucleotide. This interaction,
mainly in groove mode, weakens the hydrogen bonds between the base pairs of the
helix inducing the denaturation of the double strands, as well as the condensation of the
macromolecule, from an extended coil state to a globular state. An opposite effect is
observed at X molar ratios higher than 0.07. The de-condensation of DNA happens, that
is, the transition from a compact state to a more extended conformation, probably due to
the stacking of calixarene molecules in the solution. Results also show the importance
of making a proper choice of the system under consideration.

KEYWORDS: Calixarene, DNA, denaturation, condensation, non-covalent

interactions, gene therapy.
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INTRODUCTION

DNA is a polyelectrolyte with a high negative charge. It has a double-stranded
structure due to hydrogen bonds, I1-IT and hydrophobic interactions between base pairs.
The electrostatic interactions of cationic ions located on the nucleic acid surface with
DNA phosphates provide stability to the structure [1]. Although the most stable
conformation under physiological conditions is the B-DNA form, the adopted
conformation depends on the presence in the medium of various agents such as alcohol
[2,3], metal complexes [4], multivalent ions [5-9], positively charged polypeptides [10-
12], histones [13,14], polyamines [15] and nanoparticles [16,17]. Physico-chemical
parameters such as salt concentration, solvent dielectric constant or temperature also
induce conformational changes in the biomacromolecule’s conformation [18].

A thorough understanding of the polynucleotide structure is important in relation
to phenomena such as DNA transcription and replication [19] or with biomedical
applications such as gene delivery and therapy [20].

Gene therapy is defined as the treatment of diseases by transfer of genetic
material into cells. However, nucleic acids are large molecules with negative electric
charge that cannot cross the cellular membrane per se. Thus, viral or non-viral vectors
are necessary to reduce the size of the polynucleotide and transport it inside the cells.
The reduction phenomenon of the size consists of a conformational change in DNA in
which the polynucleotide acquires a more compact structure. This process is called
compaction (or condensation).

The design of synthetic nanosystems able to transport nucleic acids to target
cells is crucial. Systems such as cationic surfactants, nanoparticles, liposomes or
nanotubes, all of them functionalized, have been used as vehicles (nonviral vectors) for

gene delivery into cells [21-23].



Calixarenes are cyclic oligomers obtained from condensation reactions of aldehydes
and phenols, resulting in cavities made of several phenolic units linked via methylene
groups. They have hydrophobic cavities that can hold smaller molecules; but they also
show a hydrophilic character when the benzenes that form the cavity are functionalized,
either the upper rim or lower rim of the calixarene framework, with ionic groups.
Therefore, they contain both hydrophobic and hydrophilic compartments together in the
same molecule. Given their characteristics, they exhibit a great ability to be used as drug
delivery systems. Compared to other cyclic systems, calixarenes have a peculiar
characteristic with respect to their structure: they can adopt different conformations
[24]. The number of conformations increases with the number of benzene units of the
system, although this also depends on the solvent [25].

Several multivalent ligands can be attached to the calixarene framework with
synthetic ease. Hence, different calixarene molecules can be synthesized to compact
DNA. All of them were functionalized with cationic groups at the upper rim and with
long hydrocarbon tails at the lower rim [26-29]. Results showed the binding was not
fully based on purely electrostatic interactions. In this sense, binding via minor and/or
major grooves of calixarenes with DNA also occurred [28].

Large calixarene dimers have also been used as suitable tools for cooperative DNA
complexation. In most cases, a binding interaction by major grooves happens causing
(or not) conformational changes in DNA. These changes depend on the structural
characteristics of the macrocycle [30-32].

Here the authors have studied the interaction of a dinitro-diester calix[4]arene with
calf-thymus DNA. The calixarene used has a terminal ester group at the lower rim and
an aromatic ring at the upper rim that is able to bind with large complexes such as

nucleic acids. Results show a strong interaction of the macrocycle with DNA that



produces a partial denaturation and condensation of the polynucleotide, although no

large hydrocarbon tail was added to the phenolic units.

MATERIAL AND METHODS
Materials

Sodium cacodylate and ethidium bromide were from Sigma-Aldrich. Calf
thymus DNA sodium salt was purchased from Fluka and used without further
purification. Polynucleotide concentration, given by phosphate groups, was determined
spectrophotometrically from molar absortivity (6600 mol™* dm® cm™ at 258 nm) [33].
An agarose gel electrophoresis test using ethidium bromide indicated that the average
number of base pairs per DNA molecule is above 10000 bp [34]. The ratios in
absorbance at 260 and 280 nm of the solutions were found to be between 1.8 and 1.9,
which suggested the absence of proteins [35]. The dinitro-diester calix[4]arene (5,17-(3-
nitrobenzylideneamino)-11,23-di-tert-butyl- 25,27-diethoxycarbonyl methyleneoxy-26,28-
dihydroxycalix[4]arene, see Figure 1) used was synthesized as described previously [36].
This calixarene is poorly soluble in water, so it was diluted in a mixture of methanol-
water at 20% (v/v). All experiments were done at this methanol/water percent.

Methanol, nitrobenzene and ethyl acetate used were from Merck.

Some measurements were done with ssDNA to clarify results. For this purpose
sSDNA stock solutions were prepared by thermal denaturalization of dsDNA following
the procedure given in the literature [37].

All solutions were prepared with deionized water from a Millipore Milli-Q
system, having a conductivity < 10® S m™. The measurements were done at a fixed
temperature of 298.2 K and at a fixed pH using a buffer solution ([cacodylate]=0.01 mol

dm3, pH=7).



Methods
Absorbance measurements

Absorbance spectra were obtained at different X (X=[calixarene]/[DNA]) values
to prove the stability of the calixarene/DNA solutions using a CARY 500 SCAN UV-
vis-NIR spectrophotomer (Varian). Data were collected every 2 nm and the spectra
were recorded in the wavelength range from 200 to 800 nm. A standard quartz cell of 10

mm path length was used. The DNA concentration used was 2x10™> mol dm.

Fluorescence measurements

Intensity measurements were carried out wusing a Hitachi-f-2500
spectrofluorimeter interfaced to a PC for the recording and handling of the spectra. A
standard quartz cell of 10 mm path length was used. Fluorescence titrations were
performed at an ethidium bromide (EB) concentration of 2x10® mol dm?3. The
concentration of DNA used was 2x10° mol dm™, The quantity of the calixarene added
to the solution depended on what was needed for the polynucleotide each time in order
to study the whole range of the molar ratio X from 0 to 1. The excitation and emission
wavelengths were 480 nm and 593 nm, the maximum wavelengths corresponding to

EB.

Circular dichroism spectra

Electronic circular dichroism (CD) spectra were recorded in a Biologic Mos-450
spectropolarimeter. A standard quartz cell of 10 mm path length was used. Scans were
taken from 220 to 320 nm for the intrinsic region. Each spectrum was obtained from an
average of 10 runs at a fixed temperature of 298.2K with a 5 min equilibration before

each scan. The spectra obtained were expressed in terms of molar ellipticity.



Spectra were obtained at a fixed DNA concentration and in the presence of
varying amounts of calixarene in order to obtain the appropriate molar ratio X

(X=[calixarene]/[DNA].

Viscosity measurements

Viscosity measurements were carried out using an Ostwald microviscometer
immersed in a thermostated water bath at a temperature of 298.2+0.1K. The viscometer
was calibrated with water and methanol. The measurements were repeated at least ten
times.

The viscosity behaviour of the DNA-calixarene solutions was characterized
through the relative viscosity 1, defined as n/no, that is, the ratio between the viscosity
of the suspension and the viscosity of the pure solvent (methanol/water at pH=7 with a
sodium cacodylate buffer).

Information about structural changes in the polynucleotide is obtained from the

relative viscosity, 1, changes relataive to the molar ratio X=[calixarene]/[DNA].

Melting measurements

The thermal denaturalization study was performed on a Biologic
spectrophotometer equipped with a Peltier temperature controller. The apparatus has a
temperature program to control the speed of temperature change during the experiments.
The rise in temperature was 0.2°C min™. The recording chart reads temperature and
absorbance differences between the reference and the sample cuvettes at 258 nm.

All melting measurements were done at a fixed DNA concentration of 1.2x10°

mol dm3.



AFM measurements

The images were obtained with a Molecular Imaging PicoPlus 2500 AFM
(Agilent Technologies). Silicon cantilevers (Model Pointprobe, Nanoworld) with a
resonance frequency of around 240 KHz and nominal force constant of 42 N/m were
used. All AFM imaging was recorded in air and in the tapping mode, with scan speeds
of about 0.5 Hz, with data collection at 256 x 256 pixels.

In order to image isolated DNA molecules, it was necessary to use dilute
solutions (0.3 pmol dm) due to the large size of these molecules. AFM images of the
calixarene/DNA complexes were obtained by drying a 30 uL droplet of calixarene and
DNA solution previously deposited on modified mica. The modified mica surface was
prepared dropping a 0.1% (v/v) APTES aqueous solution onto a freshly cleaved mica
surface. After 20 minutes, the surface was washed with ultra-pure water and air dried. A
total of 30 uL of DNA (or calixarene/DNA) solution was dropped onto this modified

surface, incubated for 30 min, washed with pure water and air dried for AFM imaging.

RESULTS
Absorbance measurements

Figure | in Supplementary Data shows the stability of the calixarene/DNA
solution (measured at 258 nm) for X=0.01. As can be seen, a high stability of these

solutions was maintained for the range of concentrations used in this work.

Fluorescence measurements
Ethydium bromide (EB) is a planar fluorescence probe which spontaneously

binds to DNA [38]. Here we have studied the fluorescence emission of EB in the



presence of DNA and calixarene. Figure 2 shows the results obtained: a first decrease of
the fluorescence emission for EB when the calixarene concentration increases from X=0
to X= 0.075, and a further increase of the emission intensity for EB for the highest
calixarene concentrations (X > 0.075). The inserted Figure (within Figure 2) shows EB
fluorescence in the presence of different quantities of calixarene and with the absence of
polynucleotide. The emission intensity of EB showed minimal change in the absence of
DNA. Calixarene concentrations used in the absence of DNA were the same as those
used in the presence of the polynucleotide in the range of X from 0 to 1. Experiments
using X values higher than 1 could not be carried out due to solubility problems with

the calixarene.

Circular dichroism measurements

CD spectra were obtained on DNA solutions at fixed concentrations in the
presence of different amounts of the dinitro-diester calixarene, to determine
conformational changes possible upon binding of such species to DNA.

DNA in aqueous solution adopts a right-handed B conformation, which shows a
characteristic CD spectrum in the far UV region (220-320 nm). The spectrum displayed
a positive peak at approximately 278 nm and a negative peak at 247 nm. These bands
are caused by stacking interactions between bases and by the helical suprastructure of
the polynucleotide that provides an asymmetric environment for the bases [39].
Structural alterations of the DNA, caused by its interaction with different ligands,
produce changes in this intrinsic CD spectrum [40-42].

Additional measurements were done to prove if the CD spectrum of DNA in the
mixture MeOH/water at 20% v/v (the solvent used in this work) showed differences

with the spectrum obtained in pure water. Results showed the same peaks and crossover



points were the same as those obtained for the DNA in pure water. Changes in the
spectrum, and therefore in the conformation, were only obtained at methanol
percentages > 50% v/v (see Figure 111 in Supplementary Data).

A peculiar behaviour in the molar ellipticity values corresponding to the
maximum intensity of the negative (245 nm) and positive (278 nm) bands was observed
when X was changed. With the addition of different quantities of calixarene, at a fixed
polymer concentration, the molar ellipticity of the positive and negative bands
decreased in the X range between 0 and 0.07. On the other hand, an increase in the
ellipticity was witnessed for X values higher than, approximately, 0.07. The intensities
of the two bands, 278 nm (A) and 245 nm (B), are reported in Figure 3 as a function of
the molar ratio X at different calixarene concentrations. Although the overall contour of
the spectrum was maintained in the whole range of X values studied, the bands showed

a bathochromic shift of about 4 nm (Figure 4).

Viscosity measurements

Macroscopic properties of microheterogeneous systems can be easily obtained
from viscosity data [43]. With respect to DNA solutions, binding modes of a ligand
with the polynucleotide can be distinguished from this type of measurement.
Intercalation provokes an increase of the DNA length which results in an increase of the
viscosity. On the contrary, groove binders do not increase the length of the
polynucleotide catalysing a decrease in viscosity or a constant value [44].

Figure 5A shows the dependence of the relative viscosity with the molar ratio X.
As can be seen, the viscosity increased when small quantities of calixarenes are added
to the DNA solution. After a determined X value, the viscosity decreased for higher

calixarene concentrations at a fixed DNA concentration. The maximum of this trend
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happened at an X value of ~0.07. Figure 5B collects the variation that the relative
viscosity showed for single-stranded DNA solutions in the presence of different
quantities of calixarene. Figure Il in Supplementary Data shows the stability of an

ssDNA solution.

Melting measurements

Thermal denaturation behaviour of DNA solutions in the presence of different
concentrations of calixarene offers information about conformational changes in the
polynucleotide as well as providing information on the strength and the character of the
DNA/calixarene interaction. Figure 6A in the text and Figure 1V in Suplementary Data
show the melting curves obtained at different X values.

The melting temperature was determined as the average of the initial and final
temperatures of the melting process. The profiles were almost linear in the melting
region studied. The results show two different trends: a first Trm decrease by increasing
the value of the molar ratio X, and a further increase for higher [calixarene]/[DNA]
ratios (see Figure 6B). The minimum of this trend was seen at an X value of about

0.065.

AFM experiments

Different structures were observed depending on the concentration ratio
calixarene/DNA. Figure VA in Supplementary Data shows AFM topographic image of
double stranded DNA, adsorbed onto an APTES modified mica surface, in an extended
coil conformation in the absence of calixarene. Morphological changes from an
elongated coil state to a more compact globular structure were observed when the

calixarene was added to the DNA solution. Polynucleotide molecules with loops, as
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well as few globules, are seen in Figures 7A and V A-C (in Supplementary Data). The
images show that the loops appear to be mainly intramolecular, although intermolecular
loops are also a possibility.

At higher X values, X > 0.1 the early stages of a de-condensation event seem to
appear: the DNA molecule is less compacted, that is, an unwinding of the globules of
DNA happens (Figure 7B). This process may happen due to the assembly among

calixarene molecules in solution.

DISCUSSION

Emission spectroscopy is a technique used to glean information about the
binding mode of different species with DNA. In general, the interaction of a
fluorescence compound with DNA provokes changes in its emission spectrum [45].

In this regard, the intercalative character of the dye ethydium bromide is well
known. Its emission intensity increases in DNA solutions due to the intercalation of the
planar aromatic rings between the base pairs of the double helical DNA [46]. Changes
in its emission intensity are due to changes in its binding mode to the polynucleotide.
So, a decrease in the emission intensity of EB in DNA solutions is interpreted by the
authors as a displacement of the probe from the intercalative position between the base
pairs of the DNA molecules to the aqueous solution [47].

When the dinitro-diester calixarene is added to a DNA/EB solution a sharp
decrease of the emission intensity is observed. The emission intensity of the dye
increases with the X molar ratio after a specific calixarene concentration, that is, at
higher calixarene concentrations. No shift of the band wavelength is observed. The
fluorescence results are based on the idea that a simple binding mode of the macrocycle

with the polynucleotide does not happen. At first, the decrease seems to be due to a
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possible intercalation of the calixarene into the stacked base pairs of the DNA: the dye
has moved from a nonpolar environment to a more polar medium, the aqueous solution,
due to the possible intercalation of the calixarene. However, from results presented
later, melting measurements demonstrate that only a partial intercalation of the
macrocycle with the polynucleotide occurs.

The increase in the emission intensity observed for the higher X values is due to
a change in the binding mode of the calixarene. It is known that the interaction of EB
with DNA is mainly intercalative, although Bresloff et al. demonstrated that about a
20% of the dye interacts with the polynucleotide in the groove mode [46]. If a structural
change (compaction) in DNA takes place at the higher X values, the polarity of the
environment where the EB is located will diminish and the emission intensity will
increase. This is what was observed. The dinitro-diester calixarene used here does not
interact with EB or, at least, the emission spectrum of the dye does not change in the
presence of calixarene (see Figure 2). To clarify the binding mode of the macrocycle
with DNA at the different X values, CD spectra and melting measurements were done.

As mentioned above, circular dichroism (CD) is a technique used for monitoring
structural changes in nucleic acid conformation. Thus, the CD spectrum of DNA was
run at different X values. Upon addition of different calixarene quantities, at a fixed
polymer concentration, the molar ellipticity of the positive and negative bands of DNA
decreased in the X range between 0 and 0.07. A change in the molar ellipticity was
observed at the higher molar ratio (see Figure 3). Again, as witnessed with the
fluorescence measurements, the trend in the intrinsic CD spectrum showed a different
binding of the calixarene with different X values. In addition to the changes in the
intensity of the band, a bathochromic effect of the spectrum (~ 4 nm) was observed for

lower X values (see crossover point in Figure 4). The maximum shift was obtained at an
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X value of ~ 0.07. The spectrum did not change for higher calixarene concentrations
(that is, for higher X values).

The movement of the spectrum’s wavelength to red could be related to a
denaturation of the polynucleotide, that is, the double-helix molecules are separated in
single-stranded DNA molecules [37]. The binding of the -calixarene to the
polynucleotide provokes a destabilization of the two strands. Bearing in mind that the
strands of DNA are held together by hydrogen bonds between the complementary base
pairs, the interaction of the dinitro-diester calixarene seems to induce hydrogen bond
breaking between the base pairs. The variation observed in the intensity of may be due
to a change in the configuration of DNA chains.

The destabilization of the double-helix in the presence of calixarene was also
proven from viscosity and melting measurements. The viscosity values of
calixarene/DNA solutions showed a sharp increase with the quantity of the macrocycle
in the medium in the range of X from 0 to 0.07. A further decrease was also observed
for higher X values. Intercalation is known to provoke an increase of the viscosity, due
to an increase of the DNA length, while groove binders induce constancy or a decrease
of this parameter [48].

An increase in viscosity may also be due to a denaturation of the double-
stranded DNA which dissociates to single strands. To prove this point, the viscosity of
single-stranded DNA solutions was measured in the presence of calixarene. In this case
a constant viscosity was observed in the range of X from 0 to 0.07. A decrease in the
relative viscosity was obtained when the concentration of calixarene was increased.
Therefore, this result confirms that a denaturation of the polynucleotide happens when
the dinitro-diester calixarene is added to the solution (melting experiments also confirm

this result as discussed later).
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The decrease in viscosity obtained (with dsDNA and ssDNA) when the
calixarene quantity increases is most likely due to a configurational change of DNA (see
below).

The denaturation effect that the dinitro-diester calixarene produces on DNA was
also confirmed from melting measurements. An initial decrease in the melting
temperature was observed in the X range from 0 to 0.07 and an increase was seen for
higher calixarene concentrations. Again two trends were apparent, depending on the
molar ratio [calixarene]/[DNA], and the change is collected at the same X value of 0.07.

It is known that intercalation provokes a lengthening and a stiffening effect on
the DNA duplex, showing disruption of stacking constants of the bases and a
stabilization of the right-handed B form of the calf-thymus DNA [49]. If the increase
observed in the viscosity measurements was due to the intercalation of the calixarene
into the DNA, an increase of the melting temperature would have been observed due to
this stabilization phenomenon. On the contrary, a decrease in the temperature melting
happened when calixarene was added to a DNA solution, that is, the dinitro-diester
calixarene interacts with DNA provoking the breaking of the hydrogen bounds between
base pairs and, therefore, a destabilization of the double helix. This type of behaviour
has been previously observed for other compounds. So, for example, Cu?* ions induce
hydrogen bond breaking between guanine and cytosine, giving rise to a destabilization
of the double helix [50]. Other ions such as Zn?*, Mn?*, Ni?*, and Co?* also produce the
destabilization of the double-stranded DNA at high concentrations [51].

The decrease in the melting temperature obtained for X values higher than 0.07
seems to match the decrease in viscosity data, that is, a change in the DNA
configuration happens when more calixarene is added to the solution. Supian et al.

found aggregates of this type of calixarene in the solid state, that is, the molecules were
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stacked one inside the other [36]. Bearing this in mind, supramolecular aggregates among
calixarenes molecules could also be formed in solution (see Figure 8). If this happens, the
formation of large aggregates will be favoured at the higher macrocycle concentrations.
Therefore, the behaviour observed from different techniques at X values higher than 0.07
could be due to the formation of aggregates: an increase in the number of calixarene
molecules in the solution favours the stacking among them. If this stacking arrangement
stabilizes the calixarene molecules in the aqueous solution, the addition of more calixarene
to the medium could weaken the interaction of calixarene/DNA. In this case, the
polynucleotide would adopt a new conformation more similar to that corresponding to its
original situation.

Based on the results above, the dinitro-diester calixarene appears to interact with
DNA provoking changes in the DNA configuration. Therefore, at the lowest X values, the
calixarene binding with DNA weakens the hydrogen bonds between the pair bases of the
polynucleotide separating the two strands, inducing partial DNA denaturation (of course it
is expected that a mixture of single and double-stranded DNA will be present in the
solution).

The hydrophobic groups of the polynucleotide in dsDNA are largely hidden,
whereas they are exposed to the solution in the case of ssDNA. Thus, the hydrophobic
interactions in the presence of single strands will increase and also the compaction of DNA
will be favoured, that is, DNA will adopt a more globular conformation. The latter has been
postulated based on the results of Dias et al [52]. These authors studied the interaction of
DNA with different cationic surfactants. Results showed a lower critical aggregation
concentration (cac) for single-stranded DNA than for dsDNA. In general, the compaction of
the polynucleotide was more favoured in sSSDNA. Bearing this in mind, it is expected that
DNA will go from an extended (coil) state to a more compact (globular) conformation in

the presence of the dinitro-diester calixarene.
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With regard to the binding mode of calixarene to DNA, it is known that
nitrobenzene (and its derivatives) interacts with DNA by intercalatation between the base
pairs of the poynucleotide [53,54]. Therefore, one can expect that the dinitro-diester
calixarene intercalates into the DNA by the nitrobenzene group. Intercalation is driven by
large favourable enthalpy contributions and is opposed by entropy. As was mentioned
above, intercalation results in both lengthening and stiffening of the DNA duplex which
stabilizes the double chain [50]. Results obtained from the melting denaturation technique
showed a fall in the melting temperature at the lower X values. Based on this, the dinitro-
diester calixarene does not interact with DNA by intercalation. The interaction will mainly
take place by groove mode, besides producing the compaction of the polynucleotide as was
discussed above. In any case, the authors do not discard the possibility of a partial
intercalation of the dinitro-diester calixarene with DNA that does not produce the typical
stabilization of the double strands.

After reaching a molar ratio [calixarene]/[DNA] value of about 0.07, the trends
observed from the different techniques used in the present work, when more calixarene was
added to the solution, can be summarized as follows: a conformational change in the
polynucleotide from a compact (globule) state to a more elongated (coil) conformation
happens which is produced by the formation of supramolecular structures of calixarene
molecules.

Going further, more information was obtained from melting measurements: it is
known that the melting transition of DNA is highly cooperative (AT~ 10-15 °C, see Figures
6A and Il A-E, in S.D.). However, a less cooperative trend is obtained for X=0.04 and
0.065 (AT~ 30°C, see Figures IlIB, in S.D., and 6A). A less cooperative transition can be
due to unfolding of the duplex. This result confirms our finding.

More information was obtained from the atomic force microscopy technique

(AFM) in order to clarify and prove these changes on DNA conformation.
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The results show that conformational changes in DNA do indeed take place in
the presence of the calixarene. Different structures were observed depending on the X
value. At low calixarene concentration, the macrocycle interacts with the polynucleotide
inducing denaturation and an increase in the bending of the DNA molecule. This
increase results in a decrease of the apparent persistence length, which leads to the
formation and stabilization of intramolecular loops (see Figures 7A and IV B-C —in
S.D.). This stabilization happens by the formation of flower-like structures and disks,
which is considered by Fang and Hoh [55] as a type of DNA strand-strand stabilization.
The partial denaturation of the double-stranded DNA, induced by the dinitro-diester
calixarene, leaves hydrophobic groups of the polynucleotide exposed to the aqueous
solution. The reorganization of the water located between macromolecular surfaces can
also favour this stabilization [56].

At X values higher than 0.07 a structural change of the polynucleotide from a
more (partial) compact state to a more extended structure in observed, that is, a de-
condensation process befalls as Figure 7B shows. The compact structures are also seen
to be more separated, perhaps due to loss of loops. Pearling-ring structures appear. This
new arrangement of the polynucleotide may be due to the stacking of calixarene
molecules in the solution, as it is shown in Figure 8, which weakens the globular
conformation of DNA.

The formation of supramolecular structures among the calixarenes has been
proved from fluorescence measurements. The dinitro-diester calixarene shows a (small)
emission band in solution with a maximum wavelength centred at 420nm when the
molecule is excited at 367nm. Bearing this in mind, the emission spectrum was
registered in a water/MeOH solution (20% water/MeOH v/v, pH=7 0.01M with

cacodylate) at different macrocycle concentrations. Results are shown in Figure VI in
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Supplementary Data. The emission intensity increased in a linear fashion when the
calixarene concentration increased and, after a specific concentration, a change in the
slope of the plot EI versus log[calixarene] was obtained. This modification in the
emission intensity is clearly due to the formation of supramolecular structures among
the different macrocycles, as was proposed originally.

The results obtained here have been compared with other results previously
observed by our group using cationic surfactants as vectors to condense DNA [57, 58].
Cationic surfactants such as CTAB or gemini surfactants (12-2-12,2Br" and 12-10-
12,2Br") provoke the condensation of the polynucleotide due to ion correlation effects,
generated by the formation of micellar aggregates on the polymer surface. The
electrostatic interaction between the cationic surfactant head and the phosphate groups
of the DNA backbone, as well as the hydrophobic interactions among the hydrocarbon
chains of the surfactant located at the polynucleotide surface, indicate the compaction of
the polymer. After a specific surfactant concentration, a breakdown of the condensed
DNA also seemed to happen due to the formation of micelles in the solution. The
dinitro-diester calixarene also induces the condensation of the polynucleotide. However,
the bound mode is different. In fact, prior to the conformational change in DNA, the
calixarene interacts with the polynucleotide by a groove mode inducing hydrogen bond
breaking between the base pairs and, thus, the partial denaturation of the double strands.
This fact favours the condensation process. As happened with the surfactants, after a
specific calixarene concentration, a de-compaction of the polynucleotide takes place.
The formation of supramolecular structures among the macrocycle molecules in
solution stimulates the disruption of the DNA globules.

In conclusion, the dinitro-diester calix[4]arene used interacts with calf-thymus

DNA generating different conformational changes. Initially the macrocycle binds to the
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polynucleotide by groove mode inducing a partial denaturation of the double chains.
The interaction, favoured by the breakup of the double helix, resulting in the
compaction of the DNA: the macromolecule goes from an elongated (coil) form to a
more compact (globule) state. The addition to a higher calixarene concentration (X >
0.07) produces the de-condensation of the macromolecule probably due to the formation
of supramolecular assemblies in which a macrocycle is stacked inside the other.

Due to significance of this phenomenon in gene transfection processes, other
authors have designed several funcionalized calixarenes with long hydrophobic tails to
induce such condensation of DNA molecules [26-29]. It has been demonstrated here the
importance of adequately choosing the study system to get the desired goal.

It is worth noting that calixarenes have cavities able to accommodate different
molecules inside. Accordingly, they can be used as drug and/or gene delivery systems.
This fact increases the interest for using calixarenes as non-viral vectors in processes of

gene transfection.
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Figure Legends

Figure 1: Schematic representation of the dinitro-diester calix[4]arene.

Figure 2: Plot of I/lo of ethydium bromide in calixarene/DNA solutions versus the
molar ratio X ([DNA] = 2x10° mol dm). Figure inserted shows the relative emission
intensity of ethydium bromide in the presence of different calixarene concentrations and
absence of DNA. Error bars represent standard deviations in each X value (n=5).

Figure 3: Dependence of the molar ellipticity of the positive (A) and negative (B)
bands on the X molar ratio at different calixarene concentrations ([DNA] = 2x10™° mol
dm3).

Figure 4: CD spectrum of DNA at different X values. The insert shows the shift of the
crossover point with the X molar ratio ([DNA] = 2x10° mol dm).

Figure 5: Relative viscosity of calixarene/dsDNA (A) and calixarene/ssDNA (B)
solutions at different X values. Error bars represent standard deviations in each X value
(n=10) ([DNA] = 2x10°° mol dm®).

Figure 6: (A) Melting curve obtained at X= 0.065. (B) Melting temperature values
obtained at different X values. Error bars represent standard deviations in each X value
(n=3) ([DNA] = 1.2x10° mol dm™).

Figure 7: AFM topographic image of calf thymus DNA adsorbed on APTES-modified
mica surface in the presence of calixarene (A X=0.06 and B X=0.35, [DNA] = 0,3 pmol
dm®).

Figure 8: Stacking arrangement of nitro-ester calixarene molecules.
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