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Abstract

In aqueous solutions, in the presence of double-stranded DNA, chlorophyllin (CHL) forms complexes with each of the three DNA
intercalators: acridine orange (AO), quinacrine mustard (QM), and doxorubicin (DOX). The evidence for these interactions was obtained by
measurement changes in the absorption and fluorescence spectra of the mixtures containing DNA and intercalators during titration with CHL. A
model of simple competition between DNA and CHL for the intercalator was used to define the measured interactions. The concentrations of the
complexes estimated based on this model were consistent with the concentrations obtained by actual measurement of the absorption spectra.

The present data provide further support for the role of chlorophyllin as an “interceptor” that may neutralize biological activity of aromatic

compounds including mutagens and antitumor drugs.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There is strong evidence that chlorophyllin (CHL), a water-
soluble derivative of chlorophyll in which magnesium in center
of the molecule is replaced by copper, has anti-mutagenic and
anti-carcinogenic properties. Anti-mutagenic activity of CHL
was demonstrated with respect to heterocyclic amines [1-3],
benzo[a]pyrene [4,5], aflatoxin [6—10], heavy metals [11], and
ionizing radiation [12]. Diversity of the agents whose
antimutagenic activity was neutralized by CHL points out that
different protective mechanisms may be involved. One
mechanism is the ability of CHL to form complexes with the
aromatic mutagens [13—15]. Formation of the complex of CHL
with mutagen leads to reduction of concentration of mutagen in
its monomeric form and thereby of its activity. Thus, CHL
captures mutagen particles in the complexes and neutralizes
them preventing their interaction with DNA. It was proposed to
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define the agents with such properties as the interceptor
molecules [16].

We have previously shown that CHL forms complexes with
three DNA intercalators, acridine orange (AO), quinacrine
mustard (QM) and doxorubicin (DOX), with association
constant 7.0x10°, 3.2x10° and 3.3x10° M ', respectively
[17]. The present study is a continuation of this earlier
investigation and was aimed to further characterize molecular
interactions by which CHL intercepts these intercalators. The
interactions have been investigated within the three-component
interactive system: intercalator—DNA—CHL.

2. Experimental
2.1. Reagents

CHL (sodium—copper salt), AO (CI 46005; 3,6-bis[dimethy-
lamino]acridine hydrochloride, QM (2-metoxy-6-chloro-9-[4
(B-chloroethyl)amino-1-methylbutylamino] acridine), DOX,
calf thymus DNA (all from Sigma Chemical Co, St. Louis,
MO, USA); Tris (Tris-(hydroksymethyl)-aminomethane) (Fluka


mailto:zbyszek@uwm.edu.pl
http://dx.doi.org/10.1016/j.bpc.2006.03.018

12 M. Pietrzak et al. / Biophysical Chemistry 123 (2006) 11-19

Chemie AG, Buchs, Switzerland); and HCl1 (PPH Polskie
Odczynniki Chemiczne, Gliwice, Poland).

2.2. Solutions

All solutions were made in 30 mM Tris—HCI pH 7.4 buffer at
ionic strength 0.04 M adjusted with sodium chloride. Solutions
were prepared at low AO, QM and DOX concentrations to
decrease formation of dimers and higher aggregates of these
intercalators; the possible effects of dimerization, therefore,
could be neglected in the calculations, and the assumption was
made that AO, QM and DOX were present in the solutions in
monomeric form only. Solutions of AO, QM, DOX and CHL
were made freshly before measurements; their concentration
was checked spectrophotometrically. The molar absorption
coefficients, at maximal absorption, were accepted as:
€492 nmy=61260 M' cm ™', €42 am=8050 M~' cm™ ',
€79 nmy=7700 M~ em™ " and &40y nmy=33430 M~ ' cm™!
for AO, QM, DOX and CHL, respectively. Solutions were stable
during all titrations; their stability and DNA concentration was
determined spectrophotometrically just prior to each series of
measurement. DNA concentration was calculated as nucleotide
molarity accepting €60 nm)=6600 M ' em™ ! molar absorptiv-
ity [18]. Purity of DNA was tested by measuring A40/A2s0,
which according to Amutha et al. [19] has to be >1.8; the A,40/
Ajgo used in this study was within the range 1.9-2.0.

2.3. Measurements

The spectrophotometric (Cary 300-Varian, Australia) and
spectrofluorometric (LS 50B-Perkin Elmer, UK) methods have
been used. The measurements were carried out at the following
combinations: (i) intercalator—DNA; (ii)) CHL-DNA, and (iii)
intercalator—DNA—CHL at the concentration ranges: 1x 10~ °—
2x107° M, 1x107°-7.5x107°> M, 5x1077-3x10"° M,
4x107%-7x10° M, and 6x10 °~8x10°® M for CHL,
DNA, AO, QM and DOX, respectively, at 20 °C. Absorption
measurements were done in 0.2-5.0 cm width cuvettes.
Fluorescence was measured using the 5 nm excitation-, and 5,
10 and 15 nm width emission-slit for mixtures containing AQO,
QM or DOX, respectively. The data were processed using Prism
4 (GraphPad Software Inc, San Diego, CA, USA).

Because large DNA particles scatter light which leads to a
decrease in intensity of light at the wavelength at which the
absorption is being measured, during analysis of spectra of
solutions containing DNA a correction for light scattering has
been made. This absorbance, which can be measured at 350—
700 nm range, i.c. at the wavelength at which DNA does not
absorb light, grows linearly with rise in DNA concentration and
it has a characteristic exponential shape depending on
wavelength. For the spectral parts between 350 and 700 nm, a
correction was made according to formula (1) [20], extrapolat-
ing to 250 nm.

S(A) =ar™® (1)

where S(A) — a contribution due to light scattering, A —
wavelength, a and b are adjustable parameters.

Fig. 1 shows absorption spectra of DNA and the contributing
effect of light scattering. The correction factor for light
scattering has been established during initial measurements of
DNA solutions and was used to compensate for light absorption
for all absorption spectra of the solutions containing DNA
subsequently measured.

2.4. Determination of the association constant within the two-
component system: intercalator—DNA

The McGhee—von Hippel [21] model was used to estimate
intrinsic association constant K; of the ligand (intercalator) with
the polymer (DNA) and exclusion parameter n expressed by
number of base pairs [Eq. (2)].

r l-nr \"!

— =K;(1- _— 2
G i(17nr) (1_(”_1)’”) )
where r = @, Cip — concentration of DNA-bound inter-

calator, C; — free intercalator concentration; Cp — DNA
concentration (bp); n — exclusion parameter; K; — intrinsic
association constant.

The parameters characterizing intercalator—-DNA interac-
tions were determined using two approaches. The first approach
was based on analysis of absorption spectra of intercalator—
DNA complexes: the effects of simulated changes in Kj, n and
molar absorptivity on the spectra were compared and
approximated to the actually measured spectra using the least
squares curve fitting approach. The spectral segments at which
the intercalator and intercalator—DNA complexes but not DNA
absorbs light were used. The second approach was based on
fitting of the plot obtained from Eq. (2) to the data acquired
from the measurements of absorption and fluorescence spectra.
Taking an advantage of the absorption spectrum, the values of
absorbance at the following wavelengths were used: for DNA
with AO 492 nm; for DNA with QM 424 nm; and for DNA with
DOX 479 nm. Concentrations of the free and bound ligand were
determined according to Eq. (3) and Eq. (4). The gip(4) values
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Fig. 1. Absorption spectra of DNA (/=1 cm). The contribution of light scattering
to the measured absorption (/=1 cm) is shown in (b). DNA concentration range
was 9.5x107°=8.5x 10> Mbp. Solid lines: experimentally measured absorp-
tion within this spectral range; broken lines: approximation according to Eq. (1)
extrapolated to 250 nm.
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were obtained from extrapolation the spectra to completely
bounded intercalator. These values were: 46,000, 4000 and
6700 M~ ! cm™ ! for AO-DNA, QM-DNA and DOX-DNA,
respectively.

o SS(;L)_EID(;\.)
@ =G ei(4)=em(4) G)

Cip = Cro—Cy (4)

where eg(1) — molar absorption coefficient of the mixture of
intercalator with DNA; &;(1) — molar absorption coefficient of
the intercalator; &;p(4) — molar absorption coefficient of the
DNA-bound intercalator; Cjp — total concentration of the
intercalator.

Cr and Cip were also determined from fluorescence spectra
at 526, 498.5 and 595.5 nm for AO, QM and DOX, respectively,
according to Eq. (5).

G = ¢ LA o) (s)

fi(2)~/i(4)
where f{A) — spectrum of the mixture of intarcalator with DNA;
fi(4) — spectrum of the free intercalator; fip(4) — spectrum of the
DNA-bound intercalator; all spectra were normalized to unit
concentration; the other variables are as in the earlier shown
equations.

2.5. Estimation of concentration of the complexes intercalator—
DNA and intercalator—CHL in the three-component systems

The binding equilibrium may be written:

Free intercalator + Free CHL + Free intercalator binding site
< Intercalator bound to CHL + Intercalator bound to DNA

Concentrations of the components of the mixtures were
determined by iterative method using the least squares curve
fitting approach to the measured absorption spectra. Assump-
tion was made that within the measured spectral segment four
chromophores contribute to the absorption: (a) free intercalator;
(b) free CHL; (c) intercalator—DNA complex; and (d)
intercalator—-CHL complex, whose molar coefficients of
absorption were determined earlier, in the independent experi-
ments [17]. To confirm whether the concentration estimates by
absorption were correct, the fluorescence emission spectra were
calculated at the determined concentrations [Eq. (6)], and
compared with the directly measured emission spectra.

F(4) = fi(A) G + fin(4)Cip (6)

The determined concentrations were compared with the
concentrations calculated under the assumption that association
constants, K,, representing binding of the intercalator to CHL,
determined by us before [17], K; and n parameter, determined in
the independent two-component experiments, are the same as in
the three component system. In this case, the interactions
between the intercalator and CHL as well as between
intercalator and DNA are independent of each other. The
increase in CHL concentration shifts the equilibrium in such a

way that greater portion of free intercalator will bind to CHL
while the portion of DNA-bound intercalator will dissociate
from DNA.

Concentrations of intercalator—CHL and intercalator—DNA
complexes were determined from the Egs. (7) and (8),

1_ CID n—1
C]D CID nC—D 7
k(1) | —C>
Cp(Cro~Cip—Cic) ( CD> 1_(,1_1)@ 7
Cp

Cic
(Cro—Cip—Cic)(Cco—Cic)
where Cc o — total concentration of CHL; Cjc — concentration

of intercalator—CHL complex; other parameters as in the earlier
equations.

K, =

(8)

3. Results
3.1. CHL-DNA interactions

Titration of DNA with CHL indicated that CHL either does
not interact with DNA or that the interactions are too weak to be
detected by absorption changes within the tested concentrations.

3.2. Intercalator—DNA interactions

Progressive changes in absorption and fluorescence spectra
were observed during titration as a function of the increased
DNA concentration. In the absorption spectra of AO, the
increase in DNA concentration led to a gradual decrease of the
band representing free-intercalator (max at 492 nm) and the
appearance of the band characterizing DNA-bound AO (max at
502 nm). This is evident by comparing the spectrum of AO with
the AO bound to DNA (Fig. 2). Likewise, hypochromic and
bathochromic shifts were seen in the bands of the mixtures of
QM or DOX with DNA, with respect to the spectra of each
intercalator alone (Fig. 2). Intensity of AO fluorescence rose
with the rise of DNA concentration whereas fluorescence of
QM and DOX was quenched by DNA. Concurrently, the shape
of the fluorescence spectra of AO and QM changed — the bands
become narrower and the maximum was shifting towards lower
wavelength. In the case of DOX, the shape of fluorescence
spectrum did not change.

Table 1 presents the parameters characterizing intercalator—
DNA interactions determined by fitting the plot obtained from
Eq. (2) to the data acquired from the absorption and
fluorescence spectra measurements. Parameters K; and n
obtained from the least square fitting of the spectra yield
comparable results.

3.3. Qualitative analysis of the spectra of mixtures of the three
components: intercalator—DNA—-CHL

The pilot tests have been done in which the individual
components were admixed with each other in different
sequence. The measurements of absorption and fluorescence
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Fig. 2. Absorption spectra of the studied intercalators, free in solution, and in
complexes with DNA.

indicated that shape of the spectra and band intensity were the
same regardless whether DNA or CHL were added first to the
solution containing intercalator. It indicates that the equilibrium
was rapidly established and binding of intercalator to DNA or
CHL was reversible.

Table 1
K; and n parameters in interactions of the studied intercalators with DNA
estimated based on Eq. (2)

Intercalator n S.E. K, M1 SE. (MY
AO 2.8 0.2 2.4x10° 0.1x10°
QM 1.7 0.1 2.7x10° 0.2x10°
DOX 1.8 0.1 2.9%x10° 0.3x10°

In the absorption spectra of the mixture of AO, DNA and
CHL the increase in CHL concentration led to a decrease in
intensity of the band at a peak between 492 nm (max for AO)
and 502 nm (max for AO-DNA complex) (Fig. 3a). The
observed change is related to the change in absorption spectrum
of AO titrated with CHL [17]. Comparison of the differential
spectra (Fig. 3b) indicated on the appearance, and then on
increase, in concentration of the AO—CHL complex, during the
subsequent steps of titration. This change was consistent with a
shift of the band from maximum at 628 nm by about 3—4 nm
towards longer wavelength observed at low CHL concentration
(1-2x107° M). At higher CHL concentration the band shift
effect was masked by the presence of free CHL. Analogous
changes were seen in the case of mixtures with QM and DOX,
although the effects were less pronounced due to lower
absorbance of QM and DOX compared to CHL.

Fluorescence quenching was observed after addition of CHL
in all three cases of titration. We have shown before that
complexes of the studied intercalators with CHL do not
fluoresce [17]. Taking this into account, the plausible
explanation for the observed quenching of fluorescence in the
three-component mixtures is a decline in concentration of
intercalator—DNA complex. This conclusion is in concordance
with the analysis of absorption spectra, showing that the
formation and increase in concentration of the intercalator—
CHL complex is paralleled by a decrease of concentration the
intercalator—DNA complex.

Fig. 3. Absorption spectra of mixtures of AO and DNA (broken line) and of AO,
DNA, and CHL (solid lines) (a). AO and DNA were at 2.8x10 ® M and
5x10~° Mbp concentration, respectively, while CHL concentration varied from
1.0x10 % to 1.0x107> M, each step by 1.0x10 ¢ M, from bottom to top;
/=3 cm. Respective differential spectra are shown in (b).
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Fig. 4. Changes in concentration of individual constituents in the three-
component mixture as a function of change in CHL concentration, determined
assuming the simple competition model, on example of AO as the intercalator.
Concentrations of AO and DNA were 2.8x10 ¢ M and 7.5x10°> Mbp,
respectively, while K,, K; and n parameter were 8.4 x 10°M 1, 24%x10°M 'and
2.8, respectively.
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3.4. Quantitative analysis of the spectra of three-component
mixtures: intercalator—-DNA-CHL

We determined concentration of the interacting constituents
in the three-component mixtures based on the association
constants K, of the intercalator—CHL [17], K; and n parameters
of interactions between intercalator and DNA established in the
independent experiments and initial (total) concentrations of the
reactive reagents. Fig. 4 presents changes in concentration of the
complexes and free intercalator taking place in the mixtures of
AO, DNA and CHL. The calculated changes of concentration of
the complexes and free intercalator were of similar nature within
the mixtures containing QM and DOX as with AO. Namely, a
decrease in concentration of the DNA-bound intercalators, an
increase in concentration of intercalator—CHL complex and a
modest decrease in concentration of free intercalator, were seen.
In all cases, when the initial conditions were the same as in the
series of the carried out measurements, by extrapolating CHL
concentration to 10> M, most intercalator was in the complex
with CHL.
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Fig. 5. Absorption spectra of three-component QM—DNA—CHL mixtures (/=1 cm) (a). Experimentally obtained fluorescence spectra of the same mixtures (solid
lines) and respective fluorescence spectra estimated from the concentrations calculated based on the absorption spectra (broken lines) (b). Residuals remaining after
iterative fit using least squares approach (c). QM and DNA were at 8 x 10~ ° M and 4.5 x 10~ > Mbp concentration, respectively, while CHL concentration varied from
1.0x10 ° to 1.0x 10> M, each step by 1.0x 10" ° M, selected concentrations are indicated by arrows.
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Concentrations of free intercalators and their complexes were
estimated in the mixtures using the iterative procedure of the
least squares. However, we were unable to use the fluorescence
spectra for the same purpose because the differences between the
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Fig. 6. Comparison of concentrations of intercalator—-DNA and intercalator—
CHL complexes calculated based on data from two-component systems (solid
lines — intercalator—CHL, dashed lines — intercalator—DNA complexes, dotted
lines illustrate confidence limits in concentration estimates resulting from
uncertainty of K,, K; and n parameter estimates), and from iterative least
squares fit to absorption spectra (dots — intercalator—DNA, squares —
intercalator—CHL complexes, respectively). (a) AO-DNA-CHL mixtures,
concentrations of AO and DNA were 2.8x10°® M and 3.25x10 > Mbp,
respectively, (b) DOX-DNA—CHL mixtures, concentrations of DOX and
DNA were 8x10°° M and 3x 107> Mbp, respectively, (c) QM—DNA—CHL
mixtures, concentrations of QM and DNA were 8x10 ® M and
4.5%10"° Mbp, respectively.

shapes of spectra of AO and QM vs. AO-DNA and QM-DNA
complexes, respectively, were too small, and in the case of DOX
no difference in the shape of spectra between DNA-bound and
free DOX was observed.

The correctness of the estimates of chromophore concentra-
tions based on the analysis of absorption spectra was confirmed
by spectral analysis of fluorescence. Towards this end their
fluorescence spectra were determined based on the concentra-
tions determined from the absorption spectra, and compared with
the actually measured fluorescence spectra. Fig. 5 presents
comparison of absorption spectra and the residual differences
remaining after the fitting procedure, on the example of analysis
of QM. As it is evident, concentrations of individual chromo-
phore reactants estimated from absorption spectra were
consistent with the fluorescence data, which provides additional
assurance that the estimates of their concentration were not
significantly biased.

Concentrations of the components determined based on
assumption that association constants K,, K; and n parameter
determined in the independent two-component experiments are
the same as in the three-component system, were compared with
the concentrations determined using least squares iterative
fitting of the absorption spectra (Fig. 6). It was observed that
concentrations of the intercalator—CHL complexes determined
by the measured absorption spectra were somewhat higher
compared with these acquired by computing, based on the data
obtained from two-component systems. The differences,
however, are within statistical confidence limits which indicate
that the model of simple competition could be applied in the
present experiments, and was providing consistent results.

4. Discussion
4.1. Intercalator—-DNA system

The observed changes in absorption and fluorescence spectra
of the intercalators upon their addition into DNA solutions are
characteristic of the intercalative mechanism of their bind-
ing. Similar changes were seen by other authors who studied
DNA interactions with a variety of different intercalators
[18,19,22,23].

Association constant K; of intercalator binding to DNA
depends on ionic strength of the solution, decreasing with rise of
the latter [24,25]. Because buffers of relatively low ionic
strength were used in this study it was expected that the
association constants of the intercalators with DNA will be
somewhat higher compared with the data in literature where the
binding was studied at higher salt concentration.

Our present estimates of AO binding to DNA (K;=2.4x10°,
and n=2.8) are consistent with earlier data [25]. Likewise, the
absorption and fluorescence spectra of the AO-DNA com-
plexes presented here are consistent with the spectra reported by
these authors. It should be noted, however, that the effect of
autoassociation of AO was neglected in the present study
because of its relatively low concentration.

In the case of interactions between DOX and DNA, Messori
et al. [26], using spectrophotometric methods, determined
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K;=3.3x10° M" ! and n=3.8, in BPES buffer at pH 7.0 and
0.185 M NaCl. Under the same ionic conditions, and also using
spectrophotometric methods, Chaires et al. [24] found
K;=7x10°> M~' and n=3.5 for binding of daunamycin
(daunarubicin) to DNA. Because the structure of daunamycin
is similar to that of DOX (in daunorubicin the proton — while in
DOX hydroxyl group — is at Cy4), one would expect similarity
in their binding to DNA. Like in the case of DOX-DNA and
AO-DNA, the K; for daunamycin—DNA was decreasing at
higher ionic strength [24].

The values of association constant K; as well as the n
parameter for DOX—DNA interactions obtained by us (Table 1)
are somewhat lower compared to the data in the literature cited
above. As mentioned, this may be due to the differences in ionic
strength and buffer composition. However, the absorption
spectrum of DNA-DOX presented by us is strikingly similar to
the one reported by other authors [24,27]. Similar to our
findings, Angeloni et al. [27] observed distinct decrease in
intensity of DOX fluorescence upon binding to DNA. They do
not mention, however, whether or not the binding affected the
shape of fluorescence spectrum.

Interactions of QM with mono- and polynucleotides were
studied by Selander [28]. The author indicates on affinity of QM
to guanine reflected by quenching of QM fluorescence upon
binding to polynucleotides with high GC content. Using
electroluminescence method Jennings and Ridler [29] found
that QM intercalates into DNA in a similar manner as ethidium
bromide, which is considered a classical model of intercalation.
However, we were unable to find in the literature the spectral
data and interaction constants of QM binding to DNA.
Furthermore, it is difficult to assess whether QM binding is
reversible because this intercalator is also known to bind
covalently to DNA [30]. QM was used in studies of CHL and
caffeine as the “interceptors” neutralizing biological activity of
aromatic mutagens; CHL protected HL-60 and MCF-7 cells
from QM but not from nitrogen mustard, the latter having
similar chemical reactive moiety as QM but lacking the
aromatic structure [31,32].

The observed differences between the studied intercalators in
the exclusion parameter n may reflect the difference in the
change of conformational (topological) structure in the DNA
adjacent to the site of the intercalation, modulated by the
intercalator, which may alter a capability to accommodate a
subsequent intercalating molecule [33].

4.2. The three-component system: intercalator—DNA—CHL

Spectrophotometric analysis of the three-component system
is difficult because of complexity of possible interactions. In
solutions containing AO, CHL and DNA, even when formation
of aggregates of higher orders is neglected, the following
interactions can be expected: AO—AO, CHL-CHL, AO-CHL,
AO-DNA and CHL-DNA. This leads to a possibility of the
presence of eight types of chromophores. However, the
investigations of the individual components combined with
the data obtained in two-component systems, and with the
literature data, taken collectively, allowed us to accept the

following assumptions which simplified analysis of the
experimental data:

1. The possibility of auto-aggregation of CHL was neglected
based on the evidence that absorption spectra of CHL do not
change with its concentration [17].

2. The autoassociation effects [25,34,35] could be neglected
because the intercalators were studied at low concentrations.
The lack of autoassociation at these concentrations was
confirmed in independent measurements.

3. Within the tested concentrations, either the CHL did not
interact with DNA or the interactions were so weak that they
did not affect the absorption spectra, as shown by the
independent experiment.

Acceptance of these assumptions decreased the number of
possible types of chromophores in the mixtures to five. Addi-
tionally, since DNA does not absorb at the wavelength at which
the measurement were done (350—700 nm), the number of types
of light absorbing chromophores can be reduced to four. Further-
more, because at the presently used excitation wavelength DNA,
CHL and CHL—intercalator complexes do not show measurable
fluorescence [17], only two chromophores, namely the free
intercalator and DNA-bound intercalator, contributed to the
fluorescence spectrum of the three-component mixture.

The model of simple competition between DNA and CHL
for the intercalator used in the present study was found to be
accurate within the confidence limits of the obtained results
(Fig. 6). For each of the intercalator studied the results show
distinct decrease of the intercalator—DNA complex concentra-
tion as a function of the increase in CHL concentration. The
decrease, however, was somewhat more pronounced than that
expected from the simple competition model. This discrepancy
may be due to a change in affinity of the intercalator binding in
the presence of CHL. It is also possible that the presence of
DNA in the solution will affect the affinity of intercalators to
CHL. Although we were unable to observe the measurable
effect that would indicate on CHL-DNA interactions, the
spectroscopic results of Neault and Tajmir—Riahi [36] indicate
that CHL is an external DNA binder with no affinity for DNA
intercalation. The binding constant of CHL to DNA determined
by these authors was orders of magnitude lower than compared
to K; estimated by us for binding of AO, QM or DOX to DNA.
It cannot be formally excluded, however, that the external
binding of CHL to DNA may affect accessibility and affinity of
the binding sites in DNA to intercalators.

It should be noted that the McGee—von Hippel model was
used by us in both approaches of the intercalating ligand
binding determination. In the “classic” model we have
determined concentrations based on the changes in absorption
and fluorescence for a given wavelength and fitted it to the
McGhee—von Hippel plot. In the iterative approach we have
estimated K and n, and the absorption spectra obtained based on
this estimate were fitted to the actual measurements. Thus,
although in both approaches the same model was applied, the
computation methods were different yielding results that were
consistent between the approaches.
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The published data on interactions in three-component
system are scarce, perhaps reflecting complexity of this type
of analysis. An attempt to reveal the interactions within the
caffeine, AO and DNA system although led to rather limited
quantitative solutions, demonstrated that caffeine can function
as “interceptor” of AO suppressing its intercalative binding to
DNA [37]. The authors neither introduced any specific model
nor measured the binding constants, but expressed the
equilibrium binding as a sum of constants of all possible
interactions within the system.

Using NMR methodology and applying the two-component
model Davies et al. [38] investigated interactions between
caffeine, intercalating agents with aromatic structure and single-
and double-stranded DNA oligomers. To describe the interac-
tions they applied, the model of competition between DNA and
caffeine for the intercalator. This model, however, was not
compared with the experimental data.

The model of simple competition was used to analyze
interactions of two intercalators, daunamycin and ethidium
bromide, between themselves and with DNA, measured by
spectroscopic methods [39]. The assumption was made that
daunamycin and ethidium compete with each other for binding
sites in DNA. The results were consistent with the applied
model [39].

Our present data and the methodology models, validated by
the above discussed specifics from the literature, allow us to
conclude that CHL competes with DNA for binding of free
intercalator. The model of simple competition in the inter-
calator—-DNA—CHL system, thus, provides a good approxima-
tion of the changes in concentration of the intercalator—DNA in
the presence of CHL. Our data thus provide further support for
the role of chlorophyllin as an “interceptor” that may neutralize
biological activity of aromatic compounds including mutagens
and antitumor drugs.
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