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ABSTRACT: The interaction of doxorubicin (DX) with model polynucleo-
tides poly(dG-dC)-poly(dG-dC) (polyGC), poly(dA-dT)-poly(dA-dT) (poly-
AT), and calf thymus DNA has been studied by several spectroscopic
techniques in phosphate buffer aqueous solutions. UV—vis, circular dichroism,
and fluorescence spectroscopic data confirm that intercalation is the prevailing
mode of interaction, and also reveal that the interaction with AT-rich regions
leads to the transfer of excitation energy to DX not previously documented in
the literature. Moreover, the DX affinity for AT sites has been found to be on

the same order of magnitude as that reported for GC sites.

he anthracyclines' make up a class of antibiotics originally

derived from a soil bacterium, Streptomyces peucetius. They
are among the first chemotherapeutic agents developed and the
most widely used, active against a large variety of tumors
(leukemia, lymphoma, cancer of the breast, lung, ovaries, etc.).
The first anthracyclines were isolated early in the 1960s and
were named doxorubicin (DX) and daunorubicin (DNR). As
shown in Chart 1, DX and DNR share aglyconic and sugar

Chart 1. Chemical Formula of Anthracyclines
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moieties. The aglycone consists of a tetracyclic ring system with
adjacent quinone-hydroquinone groups in rings C and B, a
methoxy substituent at C-4 in ring D, and a short side chain at
C-9 in ring A with a carbonyl at C-13. The sugar, called
daunosamine, is attached by a glycosidic bond to C-7 of ring A.
The only difference between DX and DNR is that the side
chain of DX terminates with a primary alcohol whereas that of
DNR terminates with a methyl.

The genetic material in living cells consists of deoxyribonu-
cleic acid (DNA). At its lowest organization level, the three-
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dimensional structure of DNA is rather simple. Hydrogen-
bonded base pairs are stacked like coins in a roll along the axis
of a right-handed double helix with the sugar—phosphate
backbones of each strand on the outside, winding up in an
antiparallel orientation. The interstrand hydrogen bonding
patterns impose limitations on the ability of the base pairs to be
used as molecular recognition targets, so the features that first
are recognized by low-molecular weight ligands are found along
the major and minor grooves that lie between the
phosphodiester linkages in both strands.>

There are indeed several ways by which molecules
(“ligands”) can interact with DNA. Ligands may interact with
DNA by covalent and noncovalent binding, including
intercalation. Intercalation is a process in which small molecules
with a planar aromatic or heteroaromatic ring system of
appropriate dimensions and geometry fit themselves between
adjacent base pairs of DNA. As a consequence, intercalation
involves an increase in the vertical separation between adjacent
base pairs and partial unwinding of the double helix, causing
changes of the twist angle and distortions of the sugar—
phosphate backbone.>*

Despite their long history as anticancer agents, there is still
considerable mystery about the mechanism of action of the
anthracyclines. Nevertheless, the biological activity of these
molecules is likely associated with their DNA binding
properties, and there is evidence that antitumor activity is
essentially due to the intercalation in the base pairs of DNA.
Intercalation of the anthracyclines into the double helix of DNA
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can be easily monitored by fluorescence spectroscopy because
anthracyclines are excellent fluorophores, but intercalation
causes a strong fluorescence quenching.6_10 Thus, it is possible,
at least in principle, to obtain an anthracycline—polynucleotide
binding constant for the intercalation process by measuring
fluorescence quenching. Other types of interactions such as, for
instance, groove binding can be evidenced by other techniques,
like UV—vis absorption spectroscopy and circular dichroism
(CD).11713

We report here the study of the interaction of doxorubicin
with the synthetic polynucleotides poly(dG-dC)-poly(dG-dC)
(polyGC) and poly(dA-dT)-poly(dA-dT) (polyAT) as well as
calf thymus DNA (ct-DNA). Despite the conspicuous number
of publications on this topic, the details of the interactions of
DX with the genetic material are still rather unclear. They are
mainly based on the rellaorted preferential interaction of DX
with GC base pairs,>”'*"> with little or no affinity for AT-rich
regions.14 With the aim of shedding some light on this issue,
the interactions of DX with synthetic and natural polynucleo-
tides have been studied via several noninvasive spectroscopic
techniques (CD, UV—vis, steady state, and time-resolved
fluorescence) as well as by molecular mechanics (MM)
simulations.’® As we will show, DX was revealed to have
almost undistinguishable affinity for GC or AT regions, though
the interactions in the two cases are somewhat different.

B MATERIALS AND METHODS

Chemicals. The 1 mM phosphate buffer (PB) solution used
in all the experiments was prepared by dissolving in twice
distilled water the appropriate amount of Na,HPO,-12H,0 and
adjusting the pH to the desired value (7.3 + 0.2) by addition of
controlled volumes of a 6.0 M hydrochloric acid solution. All
chemicals were from Carlo Erba Reagents and were reagent
grade.

PolyGC [sodium salt; MW = (5.3 + 0.5) X 10° Da] and
polyAT [sodium salt; MW = (1.4 + 0.5) X 10° Da] were
purchased from Sigma (Sigma-Aldrich Co.) in vials of 25 and
50 units, respectively (1 unit is defined as the amount of
polymer that yields an absorbance of 1.0 at 260 nm when it is
dissolved in 1.0 mL of water in a 1.0 cm optical path cuvette).
Lyophilized samples of the two polynucleotides were prepared
in Ep?endorf vials as described elsewhere from the commercial
vials'” and stored over silica gel below 273 K.

ct-DNA (42% in GC base pairs) was obtained from Serva in
vials of 250 mg and was used as received; stock concentrated
solutions have been prepared by weighing the appropriate
amount of the polymer in 1 mM PB buffer.

DX (MW = 580.0 Da) was a kind gift of Carlo Erba Reagents
and its purity checked by 'H nuclear magnetic resonance.

Lyophilized samples of DX were prepared in Eppendorf vials
by aliquoting 200 uL of a stock solution of a known
concentration (0.547 mg of DX, Mettler Toledo AT21
Comparator, dissolved in a 10 mL measuring flask with Milli-
Q water) and following the same procedure described for
polyGC and polyAT. Also in this case, the Eppendorf vials were
stored over silica gel below 273 K. The concentration of each
sample was then calculated from the absorbance at 480 nm
using an ¢ value of 11500 M~' cm™."® The appropriate dilution
with 1 mM PB allowed the determination of the calibration plot
from fluorescence data (see below), covering the concentration
range between 4.19 X 10™® and 3.13 X 107 M.

Instrumentation. Electronic absorption spectra were
recorded and processed with a Cary 1E or Cary 50 Varian
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spectrometer, while CD spectra were acquired with a Jasco J715
spectropolarimeter equipped with a xenon lamp (150 W) under
a nitrogen flux. The Cary 1E spectrometer, equipped with a
Peltier temperature controller, was employed also for the
determination of melting temperatures (T,,). The maximal
wavelength range for spectral measurements was 210—600 nm.
The temperature was controlled (+1 K) by means of either a
Haake F3K or a Julabo FD thermostat.

Fluorescence spectra were recorded with a Fluoromax-2
Jobin Yvon-Spex spectrofluorimeter. Emission spectra were
acquired in the wavelength range of 500—800 nm (the
excitation wavelength, excitation and emission slits, filters in
cases in which they were used, varied among different
experiments, and the relevant information will be specified in
due time). For the fluorescence excitation spectra, the
fluorescence intensity at 634 nm has been recorded by varying
the excitation wavelength in the range of 200—600 nm and by
protecting the photomultiplier (PMT) by means of two Baird-
Atomic red filters (BA 590 + BA 600), with both excitation and
emission slits set at S nm. From the fluorescence emission
spectra acquired in the range of 500—800 nm, via excitation of
the samples at 410 nm with both excitation and emission slits
set at S nm, of a series of DX solutions in 1 mM PB, a
calibration plot was determined by calculating the area of each
spectrum and by plotting it against the analytical DX
concentration ([DX],): a straight line was obtained (Figure
S1 of the Supporting Information). Assays at different NaCl
concentrations, up to 0.5 M, gave essentially the same results,
thus ensuring that self-aggregation of the drug does not take
place in the range of DX and NaCl concentrations explored.
Therefore, the same calibration plot was used throughout this
work to obtain the concentration of free DX ([DX]) from the
fluorescence emission spectra. The excitation wavelength of
410 nm was chosen because it allowed us to record the whole
DX emission spectrum (500—800 nm) without any perturba-
tion due to the water Raman band (Arumang@aio = 476 nm)
whose interference can be only partially corrected by recording
the baseline and that can severely bias the analytical reliability
of [DX]; at the lowest DX concentrations.

The fluorescence lifetime measurements have been per-
formed with home-built time-correlated single-photon counting
(TCSPC) instrumentation. To take into account the PMT
color effects, the instrument response function (IRF) has been
measured at each detected wavelength by recording the time
profile of the monoexponential fast decaying molecule Rose
Bengal.19 Details on the TCSPC instrumentation are given in
the Supporting Information.

Hellma quartz suprasil cuvettes of the appropriate optical
path length (either 1.0 or 5.0 cm) were used for the
experiments.

A Radiometer PHM22 pH-meter equipped with a combined
Hamilton microelectrode (pH 0—14) was employed for pH
measurements.

Preparation of the Samples. Two types of titration
experiments were performed, preparing a sample with a known
concentration of doxorubicin or, alternatively, the polynucleo-
tide and adding successive aliquots of a concentrated solution
of the polynucleotide or doxorubicin. The change in volume
never exceeded 10%. Samples and titrating solutions were
prepared by dissolving the lyophilized content of an Eppendorf
vial (previously described) in the appropriate volume of PB or
PB/NaCl solutions.
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The actual concentrations of the polynucleotides in
monomer units, [PN-P], were obtained from the electronic
spectra making use of the following parameters: €,5, = 8400
M~ em™ for polyGC,* 55, = 6650 M~! cm™ for polyAT,*!
and &,¢) = 6600 M~' cm™! for ct-DNA.** All absorbance values
were corrected for the background absorbance at a wavelength
value at which the polymer or the drug does not absorb.

The samples are characterized by the value of R, defined as

n
PN-P
R=—

npx

where npyp and npy are the moles of polynucleotides (in
monomer units) and DX, respectively.

The samples of doxorubicin for the fluorometric titration
experiments with the three polynucleotides were prepared with
a [DX], value of <5 uM. This concentration threshold was
chosen on the basis of preliminary fluorescence experiments,
showing a linear correlation between the area of the
fluorescence band and the concentration only up to that limit
(see above). At higher concentrations, autoassociation of the
drug caused a partial fluorescence quenching, leading to
negative deviations from linearity (data not shown). In general,
the doxorubicin concentration in all experiments was kept as
low as possible ([DX], < § X 107 M), compatibly with the
limitations imposed by the sensitivity of the method and by the
time stability of the drug in solution, that did not allow overly
long times for the completion of the experiment.”> ™2

Computational Details. Two alternating deoxydecanu-
cleotide duplexes in the B-DNA conformation, d(ATATATA-
TAT), and d(GCGCGCGCGC),, have been built by the
NUCLEIC routine of the TINKER software package,”’ >
using the Amber 99 force field®® as recently reported.® The
doxorubicin drug was inserted between the fifth and sixth
stacked base pairs by opportunely modifying torsion angles
a—{ and y of the sugar phosphate backbone in the intercalation
pocket.” The geometry of the two drug—decanucleotide
complexes was fully optimized by the Amber’> method
implemented in the Gaussian 03 software package.”> The
choice of the approximate computational method was imposed
by the large size of the polynucleotide models considered, i..,
628 and 638 atoms for d(GCGCGCGCGC), and d(ATAT-
ATATAT),, respectively. In fact, it is known that accurate
quantum chemistry calculations can be performed only on
small oligonucleotide models.**

B EXPERIMENTAL RESULTS AND DISCUSSION

This section has been organized in subsections, each referring
to a particular experimental technique or a particular type of
calculation. Dilution effects (when pertinent) were always
considered when drawing the figures or making the
calculations.

To describe the interaction of doxorubicin with the
polynucleotides, we considered the following simple reaction
scheme:

binding site + doxorubicin 2 bound doxorubicin

Circular Dichroism and Absorption Studies. CD spectra
of polyGC in the presence of increasing amounts of DX were
recorded at 298 K in 1 mM PB in the absence of NaCl. The
initial concentration of polyGC in monomer units was on the
order of 1.8 X 107> M, and successive aliquots of a (4.5 = 0.1)
X 107> M solution of DX were added to explore the R range
from 160 to 3.7, in several different series of experiments. Some
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relevant selected CD spectra of one of the series are shown in
Figure 1. Upon addition of DX to polyGC, an ICD (induced
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Figure 1. Titration of polyGC with doxorubicin: CD spectra (298 K, 1
mM PB buffer, pH 7.2; R from 42 to 3.7; initial [GC-P], = 18.5 uM;
the dashed line is the spectrum of polyGC alone; I = S cm). Empty
symbols in the inset were taken from spectra not reported here for the
sake of clarity.

circular dichroism) minimum appeared at ~307 nm and a
maximum grew at nearly 221 nm, which were blue-shifted and
increased in amplitude as R was decreased from 160 to ~5.6. At
lower R values, the two bands, characteristic of the
doxorubicin—polyGC complex, remained practically unchanged
like that at 280 nm (see the inset in Figure 1), indicating the
saturation of binding. Two isodichroic points were present for
R values of >5.6 at 293 and 332 nm, suggesting a well-defined
two-state equilibrium.

The characteristic CD maxima of doxorubicin in the visible
spectral region increased with a decrease in R and were
markedly red-shifted (from ~470 to ~504 nm); the amplitude
of the bands was larger than expected on the basis of the
analytical drug concentration (Figure S2 of the Supporting
Information), indicating increased chirality due to rigid binding
to the chiral duplex. The weak CD minima of doxorubicin in
the 500—550 nm spectral region were undetectable. These CD
features, together with the results of absorption studies (vide
infra), are consistent with the formation of a strong, very likely
intercalative, complex between DX and polyGC.”>** In the
UV—vis spectra for the same samples with R values above ~9,
the band in the visible region (400—550 nm), due to DX alone,
can reasonably be attributed to the drug bound to polyGC;
thus, the absorbance at 480 nm was plotted against the
analytical DX concentration, and a straight line was obtained.
We concluded that only one species, ie, bound DX, was
present in the R range considered obeying the Beer—Lambert
law. From the slope of the line &, the molar absorption
coefficient of bound DX was derived [&, = (5600 + 400) M™!
cm™' at 480 nm], consistent with the &, value reported for
DNR-intercalating polyGC [&, = (7040 + 250) M~ ecm™].”
This result again suggests intercalation, leading to an increased
number of 7—7 stacking interactions and thus lower ¢ values, as
the prevailing mechanism for interaction between DX and

polyGC.*®

dx.doi.org/10.1021/bi401687v | Biochemistry 2014, 53, 2197—2207
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In the same PB solution, in the absence of NaCl, titration of
DX with polyGC was also performed with R values in the range
of 0.0—2.0; a typical set of CD spectra is shown in Figure 2 with

Absorbance (0.D.)

300

400
Wavelength (nm)

500 600

CD (mdeg)

400 500 600

Wavelength (nm)
Figure 2. Titration of doxorubicin with polyGC: CD spectra (298 K; 1

mM PB, pH 7.2; initial [DX], = 23.0 uM; R from 0.0 to 2.0; [ = 1 cm).
The corresponding UV—vis spectra are shown in the inset.

the corresponding UV—vis spectra in the inset. The character-
istic feature around 300 nm, namely the free DX minimum at
289 nm that decreased with an increase in R while, in parallel, a
new minimum attributed to bound DX grew at 304 nm with
the appearance of an isodichroic point at 297.4 + 0.4 nm,
indicated the existence of a two-state equilibrium between free
and bound drug. A second isodichroic point, not so well-
defined, at ~376 nm and the isosbestic point in the electronic
absorption spectra at 538 nm point to the same conclusion.
These features were lost at R values higher than ~0.8.

The CD spectral behavior with an increase in the R value
(inter alia red-shift and marked increase in the amplitude of the
DX band in the visible region) and the clear hypochromicity of
the drug absorbance in the same spectral region in the presence
of the isosbestic point (inset in Figure 2) all point to the
formation of a strong complex with DX rigidly bound in a
highly chiral environment with enhanced n—n stacking
interactions. It is worth mentioning that in the interaction
between DX and polyGC electrostatics also plays a crucial role.
This is clearly evidenced by the reduced increase in the
magnitude of the CD band in the visible region in the presence
of increasing amounts of NaCl (Figure S3 of the Supporting
Information). This point will be further evidenced and
discussed in Binding Constant Determination.

For comparison, similar CD and absorption studies were
performed on the DX—polyAT system. With the aim of
exploring a large R range, either DX was titrated with polyAT
(R =0.0—1.3) or polyAT with DX (R = 0.6—6.0), taking care to
have an overlapping R interval.

The CD spectra of a titration of the drug with polyAT are
reported in Figure 3 with the corresponding UV—vis spectra
shown in the inset. The CD minimum of the drug at 290 nm
decreased during the course of the titration, while another
minimum that could be attributed to the DX—polyAT complex
developed around 308 nm. The presence of two isodichroic
points at 297 + 1 and 374 = 2 nm, and of several isosbestic
points, suggests the equilibrium between two species, which
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Figure 3. Titration of doxorubicin with polyAT: CD spectra (298 K; 1
mM PB, pH 7.3; initial [DX], = 43.5 uM; R from 0.0 to 1.3; I = 1 cm).
The corresponding UV—vis spectra are shown in the inset.

one can reasonably propose to be free DX and the DX—polyAT
complex. The titration of polyAT with DX, instead, gave rise to
CD spectra in which no isodichroic point was present, while the
amplitude of the band centered at ~500 nm increased with the
addition of the drug and exhibited a marked blue shift, as
observed also with polyGC (see above). A minimum developed
at ~300 nm, increasing in amplitude and shifting to a lower
wavelength as R decreases; in the presence of an excess of
doxorubicin (R < 0.6), it was found at the spectral position of
the free anthracycline. The first addition of doxorubicin (R =
5.8) already caused the disappearance of the polyAT CD
minimum at ~250 nm, as well as a marked decrease in the
absorbance at 260 nm in the UV—vis spectrum, and both
features suggest the formation of a stable DX—polyAT
complex. The last point is neatly evidenced in Figure S3 of
the Supporting Information: such conspicuous hypochromicity
suggests the formation of an intercalation complex, because
intercalation promotes base stacking® and thus a decrease in
absorbance.

For the polyGC—DX and polyAT—DX systems, the maximal
ICD magnitude at 307 nm is less than 10 M~ ecm™ (in Ae
units), as expected for intercalation,*>*%*°

Titration of DX with ct-DNA, for the sake of comparison,
showed hypochromism and a red-shift of the absorption bands
in the range of 400—600 nm, an increase in amplitude, and a
red-shift of the CD bands in the same spectral region and the
appearance of the low-intensity ICD minimum at 300 nm
characteristic of bound DX. All these experimental findings
clearly indicate intercalation as the mechanism of interaction,
which has been well documented in the literature."

PolyAT Melting Experiments. Intercalation of small
molecules into the double helix is expected to increase the
melting temperature (T,,) of the helix;*>>**~** thus, some
melting experiments were conducted for the polyAT—DX
system to support the proposed intercalation mechanism of
interaction. The corresponding studies could not be performed
for the polyGC—DX system, because of the excessively high
melting temperature of polyGC.” In detail, variable-temperature
measurements were conducted for the DX—polyAT system in
the absence of NaCl and in the presence of 25 mM salt, at R
values of 2.0 and 1.0. For comparison, the melting temperature
of polyAT at 25.0 mM NaCl was also re-evaluated, while in the

dx.doi.org/10.1021/bi401687v | Biochemistry 2014, 53, 2197—2207
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absence of NaCl, polyAT is essentially already melted at 298
K."” The results are listed in Table 1. The very high AT, values

Table 1. Melting Temperatures of the PolyAT—Doxorubicin
System in 1 mM PB (pH 7.4)

[NaCl] (mM) 1/R = [DX]/[AT-P] T, (K)
0.0 1.0 358.1
0.0 0.5 357.0
0.0 0.0 <298
25.0 1.0 357.0
25.0 0.5 354.8
25.0 0.0 3242

found strictly resemble those reported for the intercalation of
the closely related DNR molecule into the polyAT double
helix,® thus lending strong support to the intercalation of DX
into the polyAT duplex.

Molecular Mechanics Calculations. To elucidate possible
differences between polyAT and polyGC in their ability to
intercalate doxorubicin, molecular mechanics calculations of the
interaction were performed using decamer models of the two
double helices. Drug intercalation occurs between residues S
and 6 of the considered oligomers, and the intercalation models
were obtained by the Amber method. In Figures 4 and S, the

Figure 4. Amber three-dimensional models for the doxorubicin—
polyAT system.

three-dimensional models obtained for the intercalation of
doxorubicin in the polyAT and polyGC double helices,
respectively, are shown. To the best of our knowledge, no
crystallographic studies have been reported on interaction
complexes between doxorubicin and synthetic polynucleotides
of the AT or GC type, and only data relative to the interaction
of DX and DNR with hexanucleotide duplexes of mixed
sequence exist.” For this reason, the structural comparison was
performed only with the B conformation of native DNA.
Furthermore, we point out that the experimental spectroscopic
techniques exploited in this work supply data relative to all
possible kinds of mechanisms for interaction between the drug
and the two polynucleotides. On the other hand, the MM
calculations, within the limits of the approximations both in the
calculation method and in the model systems chosen, provide
structural information about only the drug—polynucleotide
intercalation mechanism. It is finally to be stressed that the
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Figure 5. Amber three-dimensional models for the doxorubicin—
polyGC system.

crystallographic structures of the doxorubicin—oligonucleotide
complexes provide information about bridged water molecules
that mediate the drug—oligonucleotide interaction,** while in
the intercalation complex models chosen, the solvent was not
explicitly considered.

The qualitative analysis of the torsional angles of the sugar—
phosphate backbone of the doxorubicin—d(ATATATATAT),
and doxorubicin—d(GCGCGCGCGC), complexes (see Fig-
ures 4 and S, respectively) shows that the three complementary
residues involved in specific interactions with doxorubicin, i.e.,
the fourth, fifth, and sixth base pairs in the intercalation pocket,
are quite distorted compared to those of B-DNA, while the
other residues still keep a B-DNA conformation, in agreement
with literature data.*® For both decanucleotide models, the
planar system of rings B—D of doxorubicin is parallel to the
plane of the DNA bases in the intercalation pocket, and
essentially perpendicular to the double-helix axis. Despite the
consistent distortions of the double helix of the two
decanucleotides as a consequence of the intercalation, both
the pucker angle (C2’-endo) and the glycosidic bond are those
of a right-handed double helix of the B type.

The analysis of the average values of the torsional angles
obtained shows that larger deviations from the B-DNA
conformation have been observed for d(ATATATATAT),
than for d(GCGCGCGCGC),. As a consequence of the larger
distortions for the d(AT) decanucleotide duplex, the planar
aromatic ring system of DX, which spans the whole width of
the double helix, protrudes with its D ring into the widened
major groove, coming in contact with a highly charged
environment. The direct hydrogen bond distances, with no
bridging water, are more (i.e, S vs 4) in the intercalation
complex of doxorubicin with d(GCGCGCGCGC), than in that
with d(ATATATATAT),. Such a result, taken alone, would
suggest the existence of a higher affinity of the drug for
intercalation in the GC-type than in AT-type decanucleotide.
Interestingly, this result is in agreement with literature findings
concerning the preference of anthracyclines to intercalate GC
rather than AT base pairs in mixed sequence oligonucleotides.*
However, on the basis of the calculated structure for the
intercalation complex of polyAT (Figure 4), it is also possible
to envisage a water-bridged hydrogen bonding interaction
between the daunosamine charged group, which lies in the

dx.doi.org/10.1021/bi401687v | Biochemistry 2014, 53, 2197—2207
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minor groove, and the C-2 carbonyl group of the thymine of an
adjacent base pair toward which it points, that is not involved in
the W-C base pairing.

Fluorescence Studies. The interaction between DX and
polyGC does not lead to any band shift in the drug emission
spectra, thus meaning that in the presence of polyGC the
fluorescence of the bound DX is totally quenched and the
observed fluorescence results solely from the nonassociated
drug molecule. In fact, for an R value of 8.5, the complete
disappearance of the DX fluorescence is observed (Figure SS of
the Supporting Information). This allows [DX]; to be obtained
from the calibration plot (see Materials and Methods and
Figure S1 of the Supporting Information). Fluorescence
lifetime measurements reveal indeed that upon binding to
polyGC the decay is always monoexponential, with a lifetime of
1.00 ns, typical of the monomeric form of DX in water.***
Apart from being a strong indication of the static nature of the
quenching process,*® this means that the F/F, ratio (where F is
the fluorescence intensity recorded after the addition of any
amount of polyGC and F,, the initial DX fluorescence intensity)
is actually the mole fraction of the free doxorubicin. Therefore,
it is straightforward to calculate the concentration of the free
drug as [DX]¢ = [DX], X F/F,. In the case of DX titrated with
polyGC, this represents an internal control of the reliability of
both the calibration plot and the assumption of the totally
quenched DX fluorescence upon interaction with polyGC. In
fact, the [DX]; values calculated in these two ways never differ
for more than 1% (see Figure S6 of the Supporting
Information).

The fluorescence static quenching of the DX emission upon
binding to polyGC (Figure 6) shows the positive deviation
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Figure 6. Titration of doxorubicin with polyGC: fluorescence emission
spectra (298 K; 1 mM PB, pH 7.4; initial [DX], = 2.3 uM; A = 410
nm; slits of S and S nm; [ = 1 cm). The inset shows fluorescence
quenching as a function of [GC-P] (the dashed line is the best fit
according to the Stern—Volmer equation).

from the Stern—Volmer equation frequently observed when the
extent of quenching is large.*® In such cases, only the linear part
of the plot has been fit to the Stern—Volmer equation (see the
dashed line in the inset of Figure 6), to obtain information
about the order of magnitude of the fluorophore—quencher
interaction constant under the different conditions explored.
The data regarding the interactions of DX with polyAT seem
more intriguing, because in this case a band red-shift was
observed in the emission spectra of the drug. The size of such a
shift (8 nm) and the only partial quenching observed (40% at
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the most, agreeing quite well with literature data'*) are
indications of an incomplete intercalative binding mode, but
still with a spatial proximity between the fluorophore and the
quencher. Different experiments have been performed on the
DX—polyAT system by varying [DX], In any case, the
observed quenching strictly followed the Stern—Volmer
relationship, never showing the superlinear trend shown by
polyGC (see the inset of Figure 6). For different values of
[DX],, however, different values of the Stern—Volmer constant
(Kgy, reported in the legend of Figure 7) were obtained. Such a

% [DX],=1.7 uM -
& [DX].=2.4 M-

Kg,= 9.4-10° M
Kg,=8.810° M

O [DX],=4.0 uM - Kg,= 7.010° M

[DX],= 4.0 uM - Kg,= 7.1-10° M’

[DX],= 5.6 pM - Kg,= 5.2-10° M’

[©)
v
@ [DX],=4.0 M -

Ke,=2.610"M"

[NaCll= 100 mM

F/F

1.5
[AT-PJ/[DX],

2.0 25 3.0

Figure 7. Modified Stern—Volmer plot for the doxorubicin—polyAT
system for different values of [DX],, with and without NaCl (298 K; 1
mM PB, pH 7.4). Lines are the best fits according to the relation Fy/F
=1+ kR

discrepancy disappeared when F,/F values were plotted against
R instead of the quencher concentration ([AT-P], in this
instance), all the data then lying on the same master curve
(Figure 7). In the DX—polyAT interaction, what does matter is
the relative concentration of the fluorophore and quencher
rather than their absolute concentration. For R values of >3,
however, negative deviations from the Stern—Volmer relation-
ship were observed (see the inset of Figure 8), as already
observed in the literature®® for the DX quenching by AMP.
As already described, the interaction between the DX and the
polyAT leads to the formation of an association product that is
still fluorescent, although with a reduced fluorescence quantum
yield and red-shifted compared to the parent DX, with the two
forms apparently in equilibrium with each other. To obtain
information about this last instance, the decays of the DX
fluorescence signals at wavelengths characteristic of the DX
emission spectrum, namely, 560, 595, and 640 nm, along a
titration with polyAT in PB buffer have been measured (Figure
9). In the presence of polyAT, the decays are always described
by the sum of two exponentials, with lifetimes that remain
constant along the titration at 1.00 ns (that can easily be
ascribed to the free DX***7) and 1.80 ns (relative to the bound
DX).>® What does change is their relative weight (see Figure
S7a—c of the Supporting Information) that, when plotted
against R, leads to a classical binding isotherm that can be fit to
a sigmoidal curve (see the inset of Figure 9), whose inflection
point indicates that 50% of DX is bound to approximately 1.5
AT base pairs. This, again, is an indication of an intercalative
mode of binding of DX to polyAT, because groove binding
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Figure 8. Titration of doxorubicin with polyAT. A selection of
fluorescence spectra recorded along the titration is shown (298 K; 1
mM PB, pH 7.4; initial [DX], = 4.0 #M; Ay = 410 nm; slits of S and
S nm; I = 1 cm). The inset shows a Stern—Volmer plot for the whole
experiment (color points refer to the spectra in the main graph). The
dashed line is the best fit to the Stern—Volmer equation limited to the
linear part of the plot, giving a Kgy of 7.0 X 10* M™".
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Figure 9. Doxorubicin fluorescence lifetime measurements as a
function of R (298 K; 1 mM PB, pH 7.4; initial [DX], = 2.4 uM; Ay =
378 nm; Corning 3391 filter; [ = 1 cm). Gray points refer to the IRF
acquired at the same wavelength as the decays (595 nm, in this
instance), by using the Rose Bengal emission in water.'” The inset
shows the fraction of free doxorubicin deduced from lifetime data
acquired at three different wavelengths (see the text for details). The
solid line is the global best fit according to a classical binding isotherm.

would have led to higher values of the exclusion parameter(s).>!
It is interesting to note that the blue spectrum in Figure 8
almost corresponds, as an R value, to the inflection point of the
sigmoid (inset of Figure 9). Even though after this point the
DX lifetimes (free and bound) do not change, the spectra do
(compare blue and pink spectra in Figure 8). Again, this is an
indication that even when the system shows the negative
deviations from the Stern—Volmer relationship, the main
characteristics of the bound form of DX are retained (position

2203

of the fluorescence peak and lifetime). With respect to the
fluorescence lifetimes of DX bound to polyAT, it has to be
added that they show the same value of 1.80 ns at the three
wavelengths also in the case of polyAT titrated with DX, i.e, in
a large excess of binding sites (data not shown).

Because the interaction between DX and polyAT seems to
lead to the formation of a single product, an attempt has been
made to extract quantitative information about the equilibrium
constant ruling the interaction from the fluorescent spectra
recorded along a titration of DX with polyAT. By assuming that
the fluorescence spectrum of the DX—polyAT system when all
the DX is bound to polyAT is that showing the larger red-shift
(e.g., the blue spectrum in Figure 8), a linear combination of
this spectrum with that of pure doxorubicin allowed the mole
fraction of free DX (X;.) to be extracted from each
intermediate spectrum along a titration (Figure S8 of the
Supporting Information), and from these data, the relevant
association constant was determined (see Binding Constant
Determination).

The interaction between DX and polyAT differs from that
with polyGC, as is also evidenced by the fluorescence excitation
spectra recorded along a DX titration with polyAT (Figure 10).
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Figure 10. Fluorescence excitation spectra (left-hand axis) of DX with
and without added polynucleotides (298 K; 1 mM PB, pH 7.4; [DX],
=24 uM; R = 4.5; A,,,, = 634 nm; slits of 5 and S nm; BA 590 filter; [ =
1 cm) and DX absorption spectrum (green line, right-hand axis). The
inset shows the fluorescence emission spectra of the same systems
(Aexct = 410 nm; slits of S and 5 nm); the arrow indicates the
wavelength at which the fluorescence excitation spectra have been
acquired while the dashed line the 590 nm position of the DX
emission maximum. Both excitation and emission spectra of the DX—
polyGC system have been multiplied by a factor of 10.

These data reveal the presence of a strong energy transfer
process from polyAT to DX, resulting in a strong band in the
excitation spectra centered at 270 nm (see also Figure S9 of the
Supporting Information), not present in the results of
analogous experiments performed with polyGC, where the
quenching of the fluorescence signals is the only detected effect
of the interaction. Even the representation of the fluorescent
excitation data of the polyGC—DX system according to
LePecq®® does not allow any energy transfer band to be
evidenced (data not shown). Analogous situations are often
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found in the literature when polyGC is involved in interactions
with intercalating agents based on an anthracene core (see, e.g.,
ref 53). Of interest is the situation shown by the excitation
spectra of DX acquired along a titration with ct-DNA. At the
beginning (low R values), the prevailing effect is the attenuation
of the fluorescence signals that parallels what was observed
along a DX titration with polyGC. At high R values, however, a
band centered approximately at 270 nm appears (see Figure
11), clearly indicating that the DX intercalates into GC pairs as
well as into AT regions.
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Figure 11. Fluorescence excitation spectra of DX in the presence of
increasing amounts of ct-DNA (298 K; 1 mM PB, pH 7.4; [DX], = 2.4
UM; A, = 634 nmy; slits of S and S nm; BA 590 filter; [ = 1 cm). The
dashed line indicates the 270 nm wavelength. The inset shows a
selection of fluorescence emission spectra for the same system (Aeq =
410 nm; slits of 5 and S nm; colors as in the main graph; the black
curve has been mathematically multiplied by 0.1); the dashed line
indicates a wavelength of 598 nm.

Binding Constant Determination. Two different fitting
equations were used for the calculation of the binding
parameters K, the apparent binding constant, and s, the
length of the binding site in base pairs. McGhee—von Hippel’s
equation®* (eq 1), which requires a constant polynucleotide
concentration, was employed when polyGC was titrated with

r

the drug:
s—1
[DX]; ) (1)
where r is the [DX],/ [GC]bP ratio, where [DX], is the
concentration of bound DX and [GC],, the constant
concentration of the polynucleotide in base pairs.
For the titrations of DX with one of the polynucleotides,

namely when [DX], was kept constant along the titration,
Carter’s equation®® (eq 2) was instead used:

1 —sr
1—sr+r

=@uﬂ%

b— \/ P 2Ky*[DX], [PN-P]

2K,

(DX],, = @)

where b is given by
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K3[PN-P]
2s

PolyGC was titrated with DX in 1 mM PB (pH 7.4) in the
presence of NaCl at different concentrations, namely, 0, 1, 10,
25, 50, and 100 mM. The initial polyGC concentration was in
the range of 25—30 M in monomer units, and R was varied
between 9.1 and S.5. At higher R values, the fluorescence signal,
which is due to free DX, was too low to be measurable. UV—vis
and fluorescence spectra of each sample were recorded, and the
experimental data were processed making use of eq 1. [GC]bP
and [DX], were obtained from the UV—vis spectra as indicated
in Materials and Methods. [DX],, was obtained as the difference
[DX], — [DX]y where [DX]; was obtained by interpolation of
the calibration curve (Figure S1 of the Supporting Informa-
tion). Fitting of the plots of r/[DX]; versus r yielded the values
of Ky and s listed in Table 2.

b =1+ Ky[DX], +

Table 2. Apparent Binding Constants (Kg) and Binding Site
Lengths in Base Pairs (s) for the PolyGC—DX System (298
K; 1 mM PB, pH 7.4)

[NaCl] (mM) Ky (x107¢ M~1)* 5%
0.0 21.1 + 0.5 1.8 + 0.1
1.0 14.6 + 0.8 1.7 + 0.1
10.0 6.7 + 03 1.6 + 0.1
25.0 74 +02 1.8 + 0.1
50.0 42 + 0.1 2.6 + 0.1
100.0 54+ 02 2.8 + 0.1

“+ fitting error.

The Kj values show a strong dependence on ionic strength,
sharply decreasing from a high value in the absence of NaCl to
an almost constant lower value when the amount of added salt
is increased. This behavior implies an electrostatic contribution
to the binding, possibly connected with the positively charged
daunosamine fragment accommodated into the minor groove.

The binding constants of DX with polyGC, polyAT, and ct-
DNA were obtained from the fluorometric titrations of DX
with the three polynucleotides in the absence of NaCl and with
100 mM salt making use of eq 2.

Fitting the plots of [DX],, versus [PN-P] yielded the values
of Ky and s listed in Table 3. [DX]; was obtained from the
calibration curve (Figure S1 of the Supporting Information) in
the case of polyGC and ct-DNA. Alternatively, because of the
total quenching of fluorescence shown by DX in the presence
of polyGC, [DX]; has been estimated as outlined in
Fluorescence Studies.

For polyAT, the formation of a fluorescent association
product required a different approach to evaluate the mole
fraction of free DX, as outlined in Fluorescence Studies. In the
case of polyAT and ct-DNA, the titration of DX was also
followed by UV—vis spectroscopy. In these cases, the [DX],
values were obtained directly from the spectral data by means
of the following equation:’

[DX], = A~ A

DX
Yy [DX],

©)
where A, Ay and A, are the absorbance of the drug of each
sample, in the absence of the polynucleotide and bound to the
complex at a certain wavelength. The value of 480 nm was
chosen for the calculations, because only DX absorbs at this
wavelength. For polyAT, A, was obtained from the spectra at R

dx.doi.org/10.1021/bi401687v | Biochemistry 2014, 53, 2197—2207



Biochemistry

Table 3. Average Quenching Constants (Kgy) and Apparent Binding Parameters (+half-dispersion) for Doxorubicin with

Different Polynucleotides (298 K; 1 mM PB, pH 7.4)

polynucleotide [NaCl] (mM) Kgy (M)
polyAT 0 (7.5 + 2.1) x 10*
100 (2.6 £ 0.8) x 10*
polyGC 0 (82 + 1.6) x 10°
100 (8.8 +£0.9) x 10*
ct-DNA 0 (2.3 +0.8) x 10°
100 (47 + 0.7) x 10*

Ky (M) s (bp)
(6.6 + 0.6) x 10° 0.9 + 0.1
not determined not determined
(33 + 1.4) x 10° 12+ 08
(24 +03) x 10° 1.8 + 0.1
(2.0 + 0.5) x 10° 1.7 + 0.1
(3.67 + 0.42) x 10 0.15 + 0.05¢

“In 50 mM PB, 50 mM NaCl, and 1 mM EDTA (pH 6.2). Data from ref 14.

values above ~4.3, because no change was observed in the
spectral region above >350 nm upon further addition of the
polynucleotide. For ct-DNA, the A, at 480 nm was extracted
from the spectra at R above 6, when the drug appears to be
totally bound to the polymer. In principle, the binding
constants from fluorescence and UV-—vis data could be
different, because fluorescence reflects only intercalative
interactions, which lead to quenching, while UV—vis is sensitive
to all types of binding. However, no significant difference was
observed between the two sets of data, further supporting the
conclusion based on the spectral data discussed above that
intercalation is essentially the only type of interaction of DX
with the three polynucleotides.

One point, however, requires some comment. The Ky values
listed in Table 3 for polyGC are considerably lower than the Ky
values at the matching NaCl concentrations listed in Table 2.

The discrepancy might arise from the different way by which
R is changed in the two series of experiments. This is indeed a
critical factor, as evidenced also by the different evolutions of
the CD spectra (compare the spectra in Figures 1 and 2).

When polyGC is titrated with DX, the magnitude of the ICD
band (Figure 1) attributed to the bound drug increases with R
decreasing from 42 [or 160 (data not shown)] to 5.6, to remain
unchanged upon further addition of the drug, due to saturation
of the intercalation sites. On the other hand, when polyGC is
added to DX, at the beginning the drug in large excess would
occupy all possible binding sites of the double helix, by
intercalation or by other mechanisms. Further addition of
polyGC would induce a redistribution of the DX, which would
progressively occupy the newly available sites with a preference
for intercalation over other weaker interactions. Such a picture
of system evolution in the course of the titration is reflected by
the CD spectral results (Figure 2): the magnitude of the ICD
band attributed to intercalated DX increases in the whole R
range explored at the expense of the band at 288 nm of the free
drug, while the other bands of DX do not change for R values
above ~0.9. It might well be that the deformations to the
double helix caused by the large excess of associated drug are, at
least in part, intrinsically not reversible. Thus, the two types of
titration possibly refer to situations that are intrinsically
nonequivalent.

B CONCLUSIONS

The interaction of DX with polynucleotides is correctly
described as intercalation of the drug aglycone moiety between
adjacent nucleotide base pairs, with the amino sugar buried in
the B helix minor groove. The data presented in this paper on
one hand confirm what is already known about this topic from
the literature but on the other add are strong experimental
evidence of the kind of interaction between DX and polyAT.
The preferential binding of DX to the GC site has been always
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interpreted as a sort of selection rule, meanin% that AT sites
were not considered to be as suitable for DX.'"** The data here
presented point to a completely different situation, with the DX
affinity for the two different binding sites practically
indistinguishable. The experimental evidence leading to this
conclusion will be shortly summarized. From the CD spectra,
an ICD band analogous to that shown by the DX—polyGC
system is present when the drug is titrated with polyAT (Figure
3). Even the magnitude of such an ICD band is on the same
order of magnitude, 10 M™' cm™ (in Ae unit), as that
exhibited by the related DX—polyGC system. The appearance
of this ICD signal is joined to the disappearance of the polyAT
CD signal at 250 nm and to the strong hypochromism revealed
by UV—vis spectroscopy upon the first addition of DX to a
polyAT solution (Figure S3 of the Supporting Information).
Moreover, in the presence of DX, a large increase in the
polyAT melting temperature is observed relative to that of the
parent system [AT,, values of 33 K at 25 mM NaCl and >60 K
in PB buffer (see Table 1)].

From the fluorescence data, the spatial proximity of DX and
polyAT is deduced, which results in the formation of an
association product characterized by an emission spectrum 8
nm red-shifted with respect to the fluorescence spectrum of DX
alone (Figure 8). Titrations of DX solutions with polyAT reveal
the presence of only two species in equilibrium, namely, free
and bound DX, as determined by both steady-state (Figure S8
of the Supporting Information) and time-resolved (Figure 9)
fluorescence. The resulting binding isotherm, fit to Carter’s
equation (inset of Figure S8 of the Supporting Information), is
characterized by small values of the exclusion parameter (s), a
further strong indication of the intercalative mode of binding of
DX to polyAT (Table 3). A very strong transfer of energy from
polyAT to DX is evidenced by the fluorescence excitation
spectra (Figure 10 and Figure S9 of the Supporting
Information) that support the spatial proximity of the aromatic
system of polyAT nucleobases and the DX fluorophore. This
band is probably present also in the DX—polyGC system, but
because of the optimal overlapping of the aromatic system of
DX with the GC pocket, which results in a 100% quenching of
DX in the presence of polyGC, it is not experimentally
elucidated. MM calculations offer the key to interpreting the
different fluorescent properties shown by DX when it is bound
to a GC or AT binding site. In the last case, in fact, ring D of
DX protrudes into a widened major groove of the polyAT
molecule (Figure 4). This would explain both the only partial
quenching of the DX fluorescence and the 8 nm shift in the
emission spectrum of DX bound to polyAT, due to the
exposure of the fluorophore (or, at least, of part of it) to a very
polar environment.

The strong affinity of DX for GC and AT binding sites is also
confirmed by the fluorescence excitation spectra recorded for
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the DX—ct-DNA system. At high R values, i.e.,, when most of
the fluorescence of the free DX has been quenched, both
emission and excitation spectra of DX reveal the same features
observed in the presence of polyAT, ie., 8 nm red shift in the
emission spectrum and the energy band transfer centered at
270 nm (Figure 11).
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