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Abstract

Mathematical analysis of absorption spectra of biologically active substances is presented. Two models of
interactions of mutagen and caffeine with DNA analyzed and obtained binding parameters show good coincidence.
Using different models, which take into account formation of various complexes, it is possible to calculate different
binding parameters of such triple systems and choose the model describing corresponding system in the best way.

1. Introduction

One of the modern problems in pharmacology and medicine is a prediction of biological efficiency of small
molecules (caffeine, theophylline, etc.) in cells and their influence on drugs activity. Light-absorption spectroscopy
is one of the most convenient methods to investigate interaction of biologically active small molecules and drugs
with nucleic acids. This method can be used to analyze a competitive binding in three — component systems ligand,
— DNA - ligand, and allows to obtain binding parameters of ligand-polynucleotide complexes in solution.

Theophylline (Tph) and caffeine (CAF) are the most widespread representatives of methylxantines and they
are used widely as components of diets and medical drugs [1, 2]. It is also known that Tph and CAF decrease the
biological efficiency of several anticancer drugs such as daunorubicin, doxorubicin and mitoxantrone by interaction
with aromatic chromophores of these ligands [3]. Direct interaction of methylxantines with medical drugs can be the
one reason for decrease of the biological efficiency of several ligands in the presence of Tph and CAF. Another
reason can be the competition of methylxantines and DNA-binding ligands for DNA binding sites. In work [4]
authors say that Tph and CAF can de-intercalate ethidium bromide (EB) and acridine orange from calf thymus
DNA. It is also known that Tph and CAF directly interact with RNA by H-bonds with nucleic bases and Tph binds
strongly to RNA than CAF [5]. Previously binding constant of CAF with 5'-d(TGCA) (K = 246+£18 M™) [6] and
with calf thymus DNA (K = 190+20 M™") was calculated [7].

Mathematical analysis of a mixture containing three components: ligand, CAF and DNA, which interact with
each other, is very difficult. A commonly used model developed by McGhee and von Hippel describes ligand-DNA
interactions [8]. Another model of ligand-DNA interactions was created by Nechipurenko Yu. D. [9]. Analysis of
interactions between ligands with CAF is much more complicated because of the self-association and
heteroassociation of CAF and ligands.

In this work we compare two existing models: based on McGhee—von Hippel and Nechipurenko Yu. D.
equations for mathematical analysis of a three-component mixture containing light-absorbing ligand (ethidium
bromide), CAF and DNA from calf thymus.

2. Mathematical models of ethidium bromide and caffeine interactions with DNA

Calculation of binding parameters of ligand — DNA complexes (binding constants and binding site sizes)
have been done according to two different binding models.

In Model 1 only one type of CAF — DNA and EB — DNA complexes is presumed. Values of ligands
binding sites n; and n, are allowed to vary in a wide region of values. Equilibrium concentrations of free and bound
ligands for every mixture with total concentrations of ligands and DNA Cp;, C;, respectively, are calculated
according to equations (1)-(4):
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Equations (1) and (2) describe the competitive binding of two ligands to DNA [9]. Equations (3) and (4)
represent the law of mass balance for ligands.

The following designations have been used in equations (1) — (4): m; and m, are the equilibrium
concentrations of free ligands, where index 1 is used for CAF and index 2 for EB, R; and R, — are the shares of
bound ligands determined as quotient from the division of corresponding complexes concentrations to Cp, K;, K, —
are the binding constants for ligands 1 and 2 on binding sites n; and n, DNA bases per ligand, R=R; + R,.

Calculation of the equilibrium composition of mixtures and binding constant values according to the Model
1 is carried out by COMP [10] optimization program. COMP optimization program have been developed as new
version of the original DALS program by changing the procedure of equilibrium concentrations calculation. In
COMP optimization program the equations (1) - (4) are used in order to calculate the equilibrium concentrations in
complexation of ligands (or drugs) with polymeric matrices studies [10]. In this program optimal values of molar
extinction coefficients, binding constants and binding site sizes for each type of complex are calculated through
minimization of the sum of squares of deviations of experimental absorptions Aijo from calculated ones A;;, in wide
wavelength and concentration ranges.

The values of absorption A;; are calculated according to the Beer’s law:

Alj ZklgijlXCkz (5)

where €j is the molar extinction coefficient of k-th component in j-th wavelength, and c,; is the equilibrium
concentration of corresponding component in every i-th mixture, 1 is the optical path length.

The optimization procedure is terminated when the further iterations of optimized parameters (K; and ;) do
not improve the value of optimized function for each model tested. At the end of optimization process the values of
both Q and Qy;,,, Hamiltonian factors [11] are calculated:
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where e; is the deviation of absorbance in the i-th mixture corrected to the 1% error in the total component
concentrations and the 0.005 optical unit error in the measurement of absorption. Q and Qyy, characterize the
correspondence of the binding model to the experimental data. The selected model (and corresponding binding
parameters n;, n, and ®) satisfy the experimental absorption data if Q<Qj;,.
As there was a possibility that CAF could make heteroassociates with EB we have checked their influence on
the EB spectrum in the absence of DNA. Heteroassociation of CAF and EB was calculated by equations (8)-(9):
EB+EB < (EB),, Kp ®)
EB + CAF < EB-CAF, Kgp.car )
in DALS [11] optimization program.

In Model 2 the intrinsic association constants (K;) of ligands — DNA interactions were calculated using

McGhee—von Hippel model [8], from the equation:
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where r is binding density expressed by concentration of bound ligand per concentration of DNA (base pairs) Cg/Cp,
n — binding site size, C, — concentration of free ligand form.

Mixed association constants (Ksc) of ligands—CAF interactions were calculated using a thermodynamic
model of mixed aggregation of ligands with caffeine [12]. In this paper we used the same notation and definition.
There are two types of molecules in the examined system: A (ligand, e.g. EB) and type C (e.g. CAF). Molecules C
can form self- and mixed-aggregates, whereas molecules A cannot form self-aggregates.

3. Calculation of binding parameters from absorption spectra

Before studying competitive binding we studied heteroassociation of CAF with EB and EB with DNA. Fig. 1,
a shows the absorption spectra of CAF — EB mixtures and Fig. 1, b shows absorption spectra of CAF — EB — DNA
mixtures in VIS region. Changes in spectra indicate EB interaction with CAF and DNA. On absorption spectra of
CAF — EB mixtures we can see isosbestic point that indicates of one complex formation. Instead on spectra of CAF-

EB-DNA mixtures there are no isosbestic points because of minimum two light-absorbing complexes: EB — CAF
and EB —DNA.
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Fig. 1. Absorption spectra of CAF — EB mixtures (Cg=1,3%10"* M, Ccar=0-11.6x10 M) (panel A). Absorption
spectra of CAF — EB — DNA mixtures (Cgg=6,9%10" M, Ccar=5,1x107 M, Cpna=0-3,2x107 M) (panel B).

Using absorption spectra measured for EB — CAF, EB — DNA and CAF — EB —DNA mixtures were used to
calculate binding parameters of complexes for Model 1 and Model 2. Binding constants calculated for Model 1 are
shown in Table 1.

Table 1. Binding constants of EB complexes with CAF and DNA calculated by DALS optimization program and
COMP optimization programs for Model 1.

CAF - EB EB — DNA CAF - EB - DNA
K, M’ K, M’ n K car-EB M’ K B DNas M’
67.7+£2.9 (1.09ﬂ:0.2)X105 2.6 73.44£2.3 (1.04ﬂ:0.11)><105

Binding constants calculated by Model 2 are shown in Table 2.

Table 2. Binding constants of EB complexes with CAF calculated on the basis of Zdunek et.al. model [12] and DNA
calculated by McGhee—von Hippel equation for Model 2.

CAF — EB EB — DNA CAF — EB - DNA
K, M’ K, M’ n K car-EB M’ K EB - DNAs M’
60.2+2.3 (1.4£0.004)x10° 23 96.2+4.9 (1.2+0.04)x10°




One can see that calculations made by both models give good coincidence of results. Also it can be seen that
association constant of CAF — EB complex is approximately 10” times less than association constant of EB — DNA
complex.

4. Conclusions

We can make a conclusion that caffeine forms heteroassociates with ethidium bromide and also compete with
EB for DNA binding sites. As binding constants of CAF with EB and with DNA are much less than binding
constant of EB with DNA, the CAF concentration in CAF — EB — DNA mixture should be 100-1000 times higher
than EB concentration to see good competition effect. Binding constant of caffeine to nucleic acids is smaller than
binding constant of EB to nucleic acids, but this method allows to investigate such subtle effect. This method can be
used also to investigate a complexation in any three — component systems even in the case when one of the
competitors has a weak affinity to DNA or doesn’t absorb neither in VIS, nor in UV region. Different models of
binding used for analysis of such triple systems are good enough to describe spectral changes in systems CAF — EB
— DNA. Using different models, which take into account formation of various complexes, we can calculate different
binding parameters of such triple systems and choose the binding model describing corresponding system in the best
way.
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