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Abstract

It is suggested that the widely reported biological synergism of a mixture of DNA-targeting aromatic drug molecules both in vivo and in vitro
can be explained, in part, at the molecular level by competition between two basic mechanisms: the ‘interceptor’ (hetero-association between
Drugl and Drug2) and ‘protector’ mechanisms (complexation of Drugl and Drug2 on DNA-binding sites). In the present work a complete
analytical methodology has been developed to quantify these processes, providing an estimate of the relative importance of the interceptor/
protector mechanisms using just a set of equilibrium association constants. The general methodology may be applied to other molecules with

receptors for aromatic drugs.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Aromatic molecules have been widely utilized in medicine
as components of therapeutic drugs effective against various
diseases. A good example is a group of aromatic molecules that
are currently used as antitumour agents: doxorubicin (DOX),
daunomycin (DAU), actinomycin D (AMD), mitoxantrone
(NOV), topotecan (TPT), amsacrine (AMSA) [1,2]. It is
generally accepted that these drugs affect nucleic acid function
in cells, most likely by intercalation into double-stranded DNA
and inhibition of DNA synthesis [3—7]. Much effort has been
made to elucidate the structure, affinity and specificity of
aromatic antibiotics towards DNA molecules, which has led to a
number of more potent synthetic drugs successfully introduced
into clinical practice [8—10]. Another way to improve the
therapeutic index of aromatic drugs is to use them in
combination. For example, the combination of DOX+AMD
is highly effective against various types of sarcomas [11,12],
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DOX+NOV is mainly used against breast cancer [13], and
DOX+AMSA, NOV+AMSA, NOV+TPT, DAU+TPT are
effective against leukaemia [14—17]. In addition, it has also
been well-documented that simultaneous administration of
these drugs with aromatic molecules from food sources causes
significant reduction in total toxicity of the drug: caffeine (CAF)
[18-23], chlorophylline (CHL) [24—26] or vitamin B, (Ribo-
flavin, RBF) [27,28]. There is also much evidence of the
antimutagenic potency of CAF, CHL and RBF towards the
action of typical aromatic carcinogens and mutagens, which are
known to intercalate into DNA: ethidium bromide (EB) [29],
benzopyrene [30,31], aflatoxin B; [30,32,33], quinacrine
derivatives [30,34—36]. Although the structural and biological
properties of the drugs and mutagens appear to be very
different, they all possess at least three similar features: (i) the
presence of a planar aromatic chromophore, (ii) the ability to
interact with DNA or protein, and (iii) a biological synergism
when used with other aromatic drugs.

Currently there is no general understanding of the underlying
mechanisms responsible for the observed synergistic effects
of aromatic drugs. In each case the mechanism of action is
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developed within the present knowledge of the specific
biochemical properties of the particular drugs at the molecular,
enzymatic or cellular level. On the other hand, there are many
publications on the action of ‘food’ molecules such as CAF,
CHL and RBF on the efficacy of aromatic drugs. It has been
demonstrated by various groups that CAF [20,23,35-44], CHL
[45-47] and RBF [31,48-51] form non-covalent stacked
complexes with aromatic drugs, which lowers the concentration
of active monomer species in solution able to interact with a
bio-receptor and the trigger biological effect, or may cause
chemical destruction of the drug; this ‘interceptor’ effect is
based on the hetero-association of aromatic molecules in
aqueous solution (Fig. la). In other cases the toxicity or
mutagenicity of the aromatic drug is reduced by the action of
aromatic ‘food” molecules and this has been termed the
‘protective’ effect [24,38]. Hetero-association is also typical
for the interaction of nucleotide derivatives with each other
[52,53], aromatic antibiotics with other antibiotics [54,55] and
aromatic antibiotics with mutagens [56—58]. It may be
concluded that hetero-association (as well as self-association)
is a general property for aromatic molecules and the inter-
ceptor mechanism may contribute at the molecular level to the
biological synergism of any combination of aromatic drugs.
However, the suggestion [19-21,23,35-40] that hetero-asso-

(a)

ciation is the only mechanism for the protective effect in Drug—
Interceptor—Receptor systems is primary based on the assump-
tion that the interceptor molecule does not (or very weakly)
interact with the bio-receptor. On the other hand, it has been
shown that both CAF [43,59-61] and RBF [50] molecules are
able to bind with DNA in a fashion very similar to intercalation
or by external binding. A quantitative estimate of the DNA
complexation constants gives the same order of magnitude as
for the hetero-association constants with various drugs (~10>...
10° M~ ! for CAF [43] and ~10°...10* M ! for RBF [50]). If the
affinities of CAF and RBF to both the drug and DNA molecule
are similar, it follows that aromatic molecules are able to ‘block’
free sites on DNA (via complexation) as well as to ‘intercept’
free drug species in solution (via hetero-association) with a
comparable ability. This process displaces the drug molecules
already bound to DNA which results in similar effect as the
interceptor mechanism. The complexation of aromatic ‘food’
molecule with DNA is independent of hetero-association and
may be considered as a ‘protector’ mechanism (or as a
competition of drug molecules for receptor binding sites)
[43,44,50] (Fig. 1b). It means that the experimentally-observed
displacement by ‘food’ molecule of drug bound to DNA
[33,39-41,62,63] reflects the cumulative action of two
mechanisms, interceptor and protector. Moreover, in the case

Fig. 1. Schematic representation of interceptor (a) and protector (b) mechanisms.
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of two aromatic drugs complexing with DNA with comparable
affinities both the ‘interceptor’ and ‘protector’ mechanisms
should be taken into account.

An initial attempt to treat the interceptor and protector action
simultaneously has been made [43,57], though that analysis was
basically qualitative, because it considered a physiologically-
unreasonable concentration range and did not allow any reliable
separation of the mechanisms. A method has been suggested to
analyse the ‘interceptor’ and ‘protector’ mechanisms simulta-
neously in recent reports on the CAF—Antibiotic [44,64] and
Vitamin—Antibiotic [50] systems. In the present work that
analysis is generalised for the group of aromatic molecules,
which exert their biological effect via complexation with DNA.
The method assumes that both the ‘interceptor’ and ‘protector’
mechanisms are operative in any given combination of aromatic
drugs and therefore may contribute to the observed synergistic
effects at the molecular level. The analysis is made for three
groups of aromatic drug combinations which complex with
DNA, viz. Caffeine—Drug, Vitamin—Drug and Drug—Drug,
which (as discussed above) are known to exert pronounced
synergism in vitro or in vivo. All the necessary equilibrium
parameters have been obtained previously by NMR under
similar experimental conditions (buffered aqueous solution,
pD 7.0+7.4, I=0.1 M and normalised to 7=298 K). Although
the analysis is restricted to DNA-complexing agents, the
same methodology may be useful for other receptors (such as
enzymes) targeted by aromatic ligands.

2. Results and discussion

2.1. General model of the competitive binding assay in the
X=Y-DNA system

Let the X ligand be the main drug exerting its biological
effect via complexation with DNA and the Y ligand be the
‘interceptor/protector’ molecule, which is able to bind non-
covalently with both DNA and the X ligand. The hetero-
association X—Y lowers the concentration of free molecules of
X in solution and so the biological response of drug X changes
on addition of Y. In line with previous work [19-21,38] this
hetero-association process is termed the ‘interceptor’ mechan-
ism. In addition, ¥ may complex with DNA, block the potential
binding sites available for X molecules resulting in lowering of
the fraction of X~DNA complexes in the overall dynamic
equilibrium in solution and cause a change in the biological
response of drug X; this process is termed the ‘protector’
mechanism [43,57]. As all possible two-component interactions
(X=Y, X~DNA, Y-DNA) in the three-component system X—Y—
DNA are being considered, it is also necessary to include one-
component interactions in the analysis, viz. the self-association
of X and Y. Such a generalised model does not rely on any
limitations in the concentrations of the components and any
approximating assumptions in the analysis of any type of drug—
drug combinations.

It is necessary to consider the DNA receptor to be used in
analysis. One might expect to obtain equilibrium binding
parameters of drugs with nucleic acids using polymeric DNA

sequences. There are at least two reasons that make this model
of a DNA receptor unsuitable for general analysis of
competitive binding assay in terms of the basic mechanisms
involved. First, there is a very large number of possible binding
sites, which requires consideration of the statistical distribution
of the ligand making the scheme of analysis very complex but
not adding anything to the analysis of the basic mechanisms.
The only way to approach such an analysis was to neglect
certain interactions or to perform it qualitatively [40,41,47,65].
Second, the DNA receptor in the cell is complexed with histone,
which cover at least 50% of the nuclear DNA [66,67]. It follows
that only short regions of uncomplexed cellular DNA are
actually accessible for ligand binding, hence an oligomeric
DNA sequence is physiologically more relevant to study
competitive binding process. The present analysis is focused
on aromatic drug molecules which follow the ‘neighbour
exclusion principle’ on binding with DNA [68]. If one considers
a self-complementary tetrameric DNA sequence as a model
DNA receptor, it is expected that just one ligand can be ac-
commodated in it at one time, and so competition between two
ligands X and Y can be tracked in its ‘pure’ form with no
influence of second or higher binding processes. Analysis of the
literature suggests that the complete set of equilibrium binding
constants of different aromatic drugs is only available for the d
(TGCA), tetranucleotide, (), and so it is used as a model DNA
sequence to study the competitive binding of aromatic mol-
ecules X and Y.

The model can be expressed in Eq. (1) in terms of the
dynamic equilibrium between all the complexation reactions in
the three-component mixture X—Y—DNA, taking into account
the probability of formation of indefinite aggregates for both
self-association and hetero-association reactions:

Self — association
X+ X <55 Xy (a)
Hetero — association
X 1 <o X, () XY+ X <Bm X (@) ()
Y, + XY, <Ky Y.X:Y; (e)

DNA complexation
X + N <Koy XN (1)

Vi + Y <5 Y (b)

Y + N <Ko YN (g)

where Ky, Ky are the self-association constants of X and Y,
respectively; K, is the X—Y hetero-association constant; Ky,
Kyy are complexation constants of X and Y with the duplex
form of the DNA tetramer, respectively. A mathematical
description has been made for self-association [69,70], hetero-
association [56,71] and Drug-d(TGCA) complexation [72] and
summation of these terms gives the system of Eq. (2) for the
mass conservation law:

X K,Y K}Y?
(l—KXX)2< 1—KyY  2(1 —KyY)

Y KnX K2XY
(I—KyY)z( 1-KyX (1 —KyY)(1 — KxX)
N(1 4 Kxn X + Ky Y) = Ny

2) + K XN = X,

+ ) +KwYN =Yy

(2)
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where X, ¥, N are the monomer (non-complexed) concentrations
of X, Y and the tetramer, respectively; X,, Y, are the total
concentrations of X and Y, respectively; N, is the total con-
centration of tetrameric DNA sequences free from histones.
Solution of Eq. (2) with respect to X, ¥, N enables the mole
fraction of each type of complex to be calculated. Test NMR
investigations carried out on the DAU-CAF-TGCA [44] and
RBF-DAU-TGCA [50] systems confirmed the physical
appropriateness of such an approach to study three-component
mixtures. (2) can now be generalised for any combinations of
aromatic drugs in the presence of the DNA oligomer.

In order to solve the system of Eq. (2), knowledge of the
equilibrium constants of self-association, hetero-association and
DNA complexation constants is required. The self-association,
hetero-association and complexation constants of a number
aromatic drugs with d(TGCA), have been studied previously
under similar solution conditions (buffered aqueous solution,
pD 7.0+7.4, Tonic strength, /~0.1 M) and the equilibrium
constants are given in Table 1 at 7=298 K. So, in principle, a
complete quantification of the three-component mixture X—Y—
DNA is possible.

2.2. Method for the quantitative estimation of the ‘protector’
and ‘interceptor’ mechanisms

As both the X-—Y hetero-association and the Y-DNA
complexation processes occur in the same system of X—Y—
DNA components, then the ‘interceptor’ and ‘protector’
mechanisms co-exist in the mixed solution. It was thought
that the simplest way to distinguish between these two
processes would be to calculate the fraction of X in the
hetero-complexes (f;,) and the complexes of X with DNA (f¢»)
[43,57]. However, both f, and fc, result from solution of the
system of Eq. (2) and therefore they both depend on the
effectiveness of Y-DNA complexation, Kyy, and the X—Y
hetero-association, Kj, respectively. This means that the
quantities f;, and f, are interdependent, so a real discrimination
between the two processes is not achieved and such an analysis
may lead to erroneous results. The two processes could be
discriminated by comparison of f;, and fc; in their ‘pure’ forms,
which contain no contribution from the competing process, or
just ‘switch off” the Y-DNA complexation (i.e. exclude

Table 1

‘protector’ mechanism) or X—Y hetero-association (i.e. exclude
‘interceptor’ mechanism), respectively.

The ‘protector’ and ‘interceptor’ mechanisms may be
quantified using the criterion, Rp, which is the relative decrease
in proportion of X~DNA complexes on addition of the ligand Y.
A similar criterion was used previously [44,50,64] to analyse
the competitive binding to DNA of aromatic drugs with either
Caffeine or Vitamin B,, if the vitamin or CAF are considered as
‘interceptors/protectors’ of the drugs.

Rp may be considered for two limiting circumstances:

(1) the condition of ‘switched off” X—Y hetero-association
and ‘switched on’ complexation of ¥ with DNA (K, =0,
Ky]v?f O), ie. ‘fé(z(c), and

(i) the condition of ‘switched on’ X-Y hetero-association
and ‘switched off” complexation of ¥ with DNA (K, #0,
KYNZO), ie. fé{2(h):

_fé(O) ~ /&0
T —Iem

where fé‘z(o) is the mole fraction of X—~DNA complexes
with ‘switched off” hetero-association and Y-DNA
complexation. The range of Rp>1 corresponds to the
predominance of Y-DNA complexation over X—Y
hetero-association (i.e. the ‘protector action’ of ligand
Y) and Rp<1 corresponds to hetero-association being the
major contribution to the displacement of drug molecules
from DNA (i.e. the ‘interceptor action’ of ligand Y).

Rp 3)

An estimate of the amount of drug X displaced from DNA
due to presence of Y ligand can be made using the quantity, Ap,
which corresponds to the relative amount of X molecules
removed from DNA on addition of ¥,

X0 — 15
ap =20 2 (4)
C2(0)

where /&5, is the relative amount of drug X bound to DNA in the
presence of ¥ when both mechanisms are operative. It has been
suggested above that the drug X exerts its biological action
mainly via complexation with DNA, and so it is reasonable to

Equilibrium self-association, hetero-association and d(TGCA), complexation constants (I-mol ') for various aromatic drugs in buffered aqueous-salt solution,

pH 7.0-7.4,I=0.1 M, T=298 K*

Drug CAF FMN DAU DOX NOG NOV AMD PF EB d(TGCA),
CAF 11.8[43] - 72 [43] 208 [44] 210 [44] 324 [42] 246 [43] 160 [43] 62 [43] 246 [43]
FMN 265[50] 453 [50] - 965 [79] 49000 [77] 890 [78] 920 [51] 640 [51] 8000 [50]
DAU 720721 - 3400 [79] 15000 [54] 2800 [55] - - 560000 [72]
DOX 1800 [44] - - - - - 800000 [44]
NOG 7400 [44] 12000 [79] 4600 [79] - - 1200000 [44]
NOV 28600 [42] 2500 [55] - - 850000 [80]
AMD 1420 [69] - - 1000000 [79]
PF 700 [69] - 15000 [43]
EB 305[69] 72000 [43]

? Details of the experimental procedure used for obtaining the equilibrium constants are given in the cited papers and are similar for all the molecular combinations

studied.
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associate the relative displacement of drug from DNA, Ap, with
the change in biological response of drug X on addition of
ligand Y. In further analysis Ap quantity will be used as an
indication of the biological effect of the drug X in the three-
component system, X—Y-DNA.

The mole fractions fc)g, fCA;(O);fC)g(h)afé(C) can be calculated
from the solution of Eq. (2) as % under the conditions
formulated above, once there is some assessment of the
concentrations of the drugs X,, Y, and the tetrameric regions
free-from-histones on cellular DNA, N,, to be used in the
analysis.

2.3. Choice of concentrations for the three-component mixture

The concentration Y, of the ‘interceptor’ molecule Yis taken
to be a variable quantity ranging from zero up to millimolar
concentrations, in order to cover all possible experimental
circumstances reported for various ‘interceptor’ molecules in
the Introduction section.

In order to decide on an appropriate concentration for drug
X, it has been taken into account that the majority of
experimental data on the synergistic effect of the X—Y
combination on DNA has been reported for anthracycline
drugs (or its derivatives) in the mixture with Caffeine. The peak
concentration of an anthracycline drug in human blood plasma
under a standard chemotherapeutic regimen reaches few
micromolars [73,74], though the intracellular concentration of
the drug acting on cellular DNA may exceed the plasma
concentration hundreds of times [75,76]. In order to represent
the physiological condition, it is thought reasonable to take an
intermediate concentration of X drug, Xo~ 10 uM, to be used in
the numerical analysis.

The choice of the concentration of the free-from-histones
tetrameric regions of cellular DNA, N, is quite difficult,
because no relevant experimental data is available. It has been
shown previously [44] that the Ap factor calculated for the
removal of anthracycline drugs from DNA on addition of CAF
in the millimolar concentration reaches dozens of percents
under the condition that Ny=0.01 mM. A similar percentage of
detoxification due to drug removal is observed experimentally
in in vitro systems on addition of mM concentrations of CAF to
anthracycline-containing cell cultures [20]. Hence, a value of
No=0.01 mM is suggested as a reasonable estimate of the
physiological concentration of free tetrameric regions on
cellular DNA.

2.4. Analysis of the protector/interceptor action in the Drug—
Caffeine—DNA system

The Rp, factor has been calculated over a wide concentration
range of CAF (Yy) as summarised in Fig. 2. As the ‘protector’
effect of CAF on aromatic drug molecules is commonly
observed in vitro in the mM concentration range [19,20], it is
seen in Fig. 2 that at such concentrations of CAF the ‘protector’
mechanism (Rp>1) is dominant over the ‘interceptor’ mechan-
ism for the combinations CAF with EB, DAU or PF, and that
both mechanisms are of comparable efficacy for the combina-

@ R

0.001 0.01 0.1 I 10
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( )mo 1
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30 4
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Fig. 2. Calculated from Egs. (3), (4): (a) Rp and (b) Ap factors in Drug—CAF—
DNA systems at Xy, No=0.01 mM, Yy-var.

tions CAF with NOG, DOX, AMD or NOV. In previous work
on the effect of CAF on the complexation of aromatic drugs
with DNA, the complexation of CAF with DNA had been
neglected, which had resulted in the erroneous conclusion that
DOX and NOV act solely via the ‘interceptor’ mechanism
[20,23,38]. It is shown in this work that both mechanisms
should always be taken into consideration in analysing the
complexation of aromatic drugs with DNA in the presence of an
aromatic molecule such as CAF.

Analysis of the Rp curves in Fig. 2 shows that the intersect
on the Rp axis at Yy—0 for all the systems studied reveals an
unambiguous correlation between R, and the hetero-association
constant K, in the form

C
Rp= — 5
p= ¢ (5)

where C=250 is a constant (to be justified later).

The Rp factor remains practically constant up to millimolar
concentrations of CAF as seen from Fig. 2a. It is also found (not
shown) that Rp changes insignificantly (within 10%) on
varying Ny or X, by an order of magnitude. Hence Eq. (5)
may be used to estimate the interrelation between protector/
interceptor mechanisms in any X—CAF combination with DNA



M.P. Evstigneev et al. / Biophysical Chemistry 132 (2008) 148—158 153

using just the measured equilibrium hetero-association constant
for X—CAF.

Analysis of the Ap factor (Fig. 2b) enables the drugs to be
categorised in descending order for their sensitivity to the
addition of CAF at mM concentrations:

i.e. PF>NOV = EB>AMD = DOX>NOG>DAU.

It means that the largest synergistic effect on addition of CAF
at mM concentrations is expected for the mutagen PF and the
lowest change for the anti-cancer drug DAU with DNA.
Analysis also shows that the sequence of drugs presented does
not depend on N, and X,. Moreover, that sequence is in good
agreement with the sequence of numbers calculated using an
empirical relation (see Table 2)

_K

A
D7 K

(6)

The approximation is good for the two extreme cases (PF and
DAU) and for the group of molecules in the intermediate cases
(NOV,EB,AMD,DOX), though the approximation is not perfect
for the individual molecules in the intermediate cases, because
the synergistic effects of these drugs differ from each other by
no more than 10% in Ap units and ca.20% in K,?/Kyy units
(see Fig. 2b and Table 2). Nevertheless, using just values of the
equilibrium hetero-association constant for X—Y and the X—
DNA complexation constant, Eq. (6) can be used to predict
within a 20% accuracy the relative change in synergistic effect
(with respect to a known change in biological effect of a
reference drug) of an aromatic drug X on addition of CAF. In
fact, Eq. (6) also provides a rationale for the direct regulation of
biological activity in Drug—CAF systems by varying the
equilibrium hetero-association and complexation constants in
different systems.

2.5. Analysis of the protector/interceptor action in the Drug—
Vitamin—-DNA system

The calculated factors, Rp and Ap, for various Drug—
Vitamin B, systems are presented in Fig. 3. Vitamin B, is not

Table 2
Calculation of the Ap, factor in various X—Y—DNA systems

Drug—CAF-DNA systems

Sequence of Ap curves PF NOV EB AMD DOX NOG DAU
Ap=K7/Kyy 1.71 0.12 0.05 0.06 005 0.04 001

Drug—-FMN-DNA systems

Sequence of Ap curves NOV PF EB AMD NOG DAU

Ap=Kji/Kxy 2825 56 5.7 0.8 0.77 0.37

Drug—Drug—DNA system (an example when NOV acts as an interceptor
molecule)

Sequence of Ap curves DAU NOG AMD

Ap=KH Ky 402 120 6

(a)
Rp
15 4
10 A
54
NOV
0 Cppyn: mM
0.001 0.01 0.1 1 10
Ap
100 - NOV
P
EB
AMD
80 A NOG
DAU
60
40
20 A
Crane MM
0 4 T T T d
0.001 0.01 0.1 1 10

Fig. 3. Calculated from Egs. (3), (4): (a) Rp and (b) Ap factors in Drug—FMN-—
DNA systems at X, No=0.01 mM, Yy-var.

very soluble so for the experimental observations the more
soluble physiological derivative of Vitamin B,, Flavin-
mononucleotide (FMN) was used [50,51,77,78]. It can be
seen from Fig. 3a that for most of the drugs studied the
‘protector’ mechanism is dominant (Rp>1) for the effect of
drug binding with DNA of the FMN Vitamin at physiological
concentrations (Y(<0.1 mM), except for the NOV-FMN
system which is characterised by a predominance of the
‘interceptor’ mechanism (Rp<1). These results can be
explained by the much larger value of the hetero-association
constant for the NOV—FMN system compared to all the other
systems (Table 2). It has previously been shown that the
hetero-complexes NOV—FMN are additionally stabilized by
intermolecular H-bonds [77], which considerably increases
the hetero-association constant in solution and therefore
produces the remarkable ‘interceptor’ effect upon binding
with DNA.

The Rp value at Yo—0 (Fig. 3a) and the sequence of drugs
by Ap factor, NOV>PF>EB>AMD ~NOG>DAU (Fig. 3b)
exactly follow the empirical relations Eq. (5) and (6) (Table 2)
and do not significantly depend on X, and Ny. Again, as found
for CAF-containing systems, some regulation of the effect of an
aromatic drug on addition of Vitamin B, is also possible in
Vitamin-containing systems.
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2.6. Analysis of the protector/interceptor action in Drug—
Drug—DNA systems

The drug—drug system is different from the X—Y-—DNA
systems so far considered, because both aromatic drugs exert
their biological effect via complexation with DNA and therefore
either of them could be considered as the ‘interceptor molecule’.
In the present analysis, however, we shall formally treat a
combination of drugs as an X—Y system, in which X is the main
drug and Y'is the putative ‘interceptor’ drug.

All possible pairwise combinations of drugs (within the set
DAU, NOG, NOV and AMD) have been analyzed such that, in
each pair, each drug was considered as the X or Y ligand. An
example of the calculated values of the Rp and Ap factors for
the particular case when NOV acts as the ‘interceptor’ ligand is
shown in Fig. 4, though the curves are qualitatively similar for
all other drug combinations analysed. It is seen that in the
Drug—Drug-DNA system there is a predominance of the
‘protector’ mechanism at physiological concentration range of
Y5<0.1 mM. On the other hand, as seen from Fig. 4b, an Ap
factor of 20% and above can be reached only at concentrations

@ 120 7 Rp ANID
100 1
80
60

40 +

20 A

0.0001 0.001 0.01 0.1 1 10

(b)

100 { AD

80 1

60

40

20 1

C
0 T T T . )
0.001 0.01 0.1 1 10 100

mM

NOv?

Fig. 4. Calculated from Egs. (3), (4): (a) Rp and (b) 4p, factors in Drug—Drug—
DNA systems at Xy, No=0.01 mM, Yy-var.

of drug Y greater than 0.01 mM It follows that under typical
physiological concentrations of drugs used in clinical practice
(in the micromolar range), the protector/interceptor mechanisms
are unlikely to govern the biological synergism in drug—drug
systems. Nevertheless, analysis shows that Ry and Ap factors
for the set of aromatic drugs studied are in full agreement with
Egs. (5) and (6) (as an example, see the results for the Drug—
NOV-DNA system in Table 2), which suggests that the
empirical Egs. (5) and (6) are of general applicability for any X—
Y combination of aromatic drug molecules and that this
originates from the general property of aromatic molecules to
complex with DNA and with each other in solution.

As the importance of Eq. (6) for the prediction of a change of
biological activity in the X—Y system was discussed above, it is
necessary to compare the criterion Eq. (6) against published
literature data on in vitro action of ‘interceptor molecules’ on
the biological response of aromatic drugs in cultured cell lines.

2.7. A protocol for estimating the relative change in biological
activity in the X-DNA system on addition of aromatic
molecule Y

First, it is important to note that the comparison should only
be made utilizing data obtained under similar experimental
conditions. For the set of drugs whose NMR results have been
considered in this work, a straightforward comparison can only
be made for published data [20] on the effect of CAF on the
action of the drugs NOV and DOX. Second, it is necessary to
point out that superposition of the A, factors for different drugs
on a single plot (as in Figs. 2b—4b) is convenient for comparison
of the effects of different drugs but it depends on the assumption
that the intrinsic biological activities of the drugs in the absence
of an interceptor molecule are similar. Of course, that
assumption is not correct for the aromatic drugs studied in
this work and so the Ap factor for any given drug should be
normalised with respect to its intrinsic biological activity.

A simple protocol is suggested for estimating the relative
change in biological activity in the X~DNA system on addition
of aromatic molecule Y. Using published data on the drugs
NOV and DOX, as an example, it was reported [20] that the
suppression of cell growth by NOV and DOX amounts to
Inov=52% and Ipox=74%, respectively, when compared to
the control cell culture (intrinsic biological activity). Hence, the
drug DOX is ca. 1.4 times (Ipox/Inov=74/52) more potent
than NOV in that cell culture. On addition of CAF the cell
growth suppression decreases to Inov_car=17% and Ipox_
car=35%. If DOX is taken as the reference drug, then the
change in the biological effect of the drugs in the CAF-
containing system, corrected for the intrinsic activity of the
drug, can be expressed as

1
= IDﬂ (Inov — Inov-car) = 50%,
NOV

Ap(DOX) = Ipox — Ipox-car = 39%.

Ap(NOV)

It is concluded that NOV is more sensitive than DOX to
addition of CAF, which is in full agreement with the results of
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calculations in Fig. 2b and the empirical estimation of Ap, using
Eq. (6). Using the same protocol, it is also possible to solve the
more important reverse task, i.e. having a set of theoretically-
calculated Ap curves, one can scale them to experimentally-
predicted Aps. This situation can be generalised for any
combination of aromatic drug molecules.

Let R be the reference drug and X is a drug whose change in
biological activity on addition of drug Y needs to be predicted
relative to the same action of Y on the R-containing system. Let
Ix and Iy be the quantitative measures (for instance, suppression
of cell growth, apoptotic activity, mutagenicity efc.) of the
intrinsic biological effect of X and R drugs, respectively, in the
given system in the absence of Y. Hence, it is necessary to
calculate and compare the quantities A~ and Ap” for the drugs
X and R, respectively:

K2, Iy K32
AX Xy X AR *RY 7
ie. Ap Ko I’ ‘P  Kay' (7)

where Kyy and Ky are the hetero-association constants of X
and R with Y, respectively; Kyy and Kpy are the complexation
constants of X and R with the DNA tetramer. If A7 >AX then
one can expect a greater biological effect on addition of Y to the
X-system compared to the R-system, or vice versa.

The accuracy of predictions based on 4Ap, using Eq. (7) needs
to take into account that the basic empirical relation Eq. (6)
gives a 20% uncertainty in determining the sequence of Ap
curves for various drugs. In addition, equilibrium constants
measured under in vitro solution conditions (Table 1) may be
different from those in ‘real’ biological system and there is the
limitation of using the d(TGCA), sequence as a model of free
tetrameric regions on cellular DNA. Nevertheless, Eq. (7) does
not reflect the absolute value of a biological effect but just a
relative one. It follows that, in terms of a calculated relation in
biological activities of different drugs, the actual magnitudes of
equilibrium constants lose their influence on the error of
estimation, if the equilibrium constants are measured under
similar solution conditions. In summary, it is thought that an
accuracy of 20% is a reasonable expectation of the accuracy of

Eq. (7).

2.8. Theoretical analysis of protector/interceptor actions in
X=Y-DNA system

An accurate determination of the R, and Ap factors can be
made by the solution of the general system of Eq. (2). As an
analytical solution of that system is unlikely to be possible due
to the complexity of the mathematics, a numerical solution is
expected to remain the better choice of quantifying the
interceptor/protector actions in three-component systems.
Nevertheless, under certain circumstances, it is possible to
reach an analytical solution of Eq. (2).

If self-association of X and Y molecules can be excluded
from the analysis and only 1:1 hetero-association considered,
then the system of Eq. (2) may be simplified. Such assumptions
are reasonable because at physiological concentrations (LM) the

self-association of aromatic drugs as well as high order hetero-
association are not significant and so Eq. (2) reduce to Eq. (8)

Xo = X + KxnXN + KXY
Yo = Y + Ky YN + KXY (8)
No = N + Kyn YN + KxywXN

under the set of conditions

1 1
{Ng =Xy, Xo<kK—, N()<<—} (9)
K,

Kyy

A more detailed analysis of Eq. (8) (see Appendix) with
respect to Rp and Ap enables the complete set of analytical
equations to be derived in the following form

(1+0)"+(1 +4a+0)'"? (1+4a)'?(1+b)">—(1 +4a+b)'?
7

D) P (1t 4a+ 5) 7 (11 4a) (1 +0)P—(1 +da+ o)

Ap(Rp<l) = —>— Mt t) Pl da s ) B
(1+4a)"—1 (140)24+(1 +4a + ¢)'?

Ap(Rp>1) = 21 (1+4a)' (14 5)*~(1 + 4a + )
(1+40)7=1 (145)"+(1 +4a+5)"?

(10)

where a=KXNX0, b:KYNYOa C:KhYO.

Using the equilibrium constants given in Table 1, it is simple
to verify that for the physiological concentrations used in this
work, Xy,Ng<0.01 mM, the set of conditions Eq. (9) always
applies for any Drug—CAF-DNA and Drug—FMN-DNA
systems but may not be applicable for Drug—Drug—DNA
systems. The most limiting condition in Eq. (9) is the one stating
that the affinity of an interceptor molecule towards DNA, Ky,
should be less than 10,000 1 mol™ '

In the extreme limit of a great excess of interceptor molecules
in solution, i.e. Yp—oo, evaluation of the limy,—., Rp =1 is
unity, which means that there is an equal contribution of the
interceptor/protector mechanisms.

Another extreme limit, limy,—o Rp, yields the relation be-
tween equilibrium constants that

Ky
Rp = X, (11)
which is in good agreement with Eq. (5) derived empirically for
particular X—Y—DNA systems. It is now possible to formulate the
physical meaning of the constant C in the numerator of Eq. (5) as
the equilibrium constant of complexation of Y-DNA. It is seen
from Figs. 2a and 3a that the Rp factor remains practically
unchanged up to millimolar concentrations of Yy, hence, Eq. (11)
can be safely used to estimate the interrelation between the
‘interceptor’ and ‘protector’ mechanisms in any X—Y-DNA
mixture up to millimolar concentrations of an interceptor
molecule. The link between the analytical (Eq. (10)) and empirical
(Eq. (6)) forms of the Ap, factor is being studied in our laboratory.

3. Conclusions

It is suggested that the widely reported biological synergism,
both in vivo and in vitro, of a mixture of DNA-acting aromatic
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drug molecules can be explained, in part, at the molecular level
by the competition between two basic mechanisms: the
‘interceptor’ (i.e. hetero-association between Drugl and
Drug2) and the ‘protector’ (competition of Drugl and Drug2
on DNA binding sites) mechanisms. Both mechanisms act via
removal from DNA of the main drug (Drugl) on addition of a
second drug (Drug2) thus leading to a change in the biological
response of Drugl. As aromatic drug molecules have a
pronounced tendency for non-covalent intermolecular associa-
tion with DNA or with other aromatic molecules, it is expected
that the two mechanisms are a/ways operative in any Drugl—
Drug2 combination, if the main drug (Drugl) exerts its bio-
logical effect via complexation with DNA.

Two parameters have been developed, an Ap, factor (Eq. (7))
which indicates the relative change in biological effect in any
Drugl-Drug2—-DNA system and an Rp factor (Eq. (11)) which
gives a qualitative estimation of the relative importance of the
interceptor and protector mechanisms. The two factors, Ap and
Rp, only include equilibrium constants for hetero-association
and DNA-complexation, which are measured in physico-
chemical experiments. Hence, knowledge of the equilibrium
constants enables the synergistic effect of drugs to be estimated
and to suggest how the biological effect in any mixture of
aromatic drug molecules may be modified. A more complete
analysis includes the concentrations of molecular components
in solution to give accurate analytical forms of the factors Ap
and Rp (Eq. (10)). The development of a general method for
quantitative analysis of a three-component system of aromatic
molecules, which includes DNA as a bio-receptor in this case,
could be adapted with minor modification for other receptors for
aromatic drugs.

Appendix A. Supplementary data

Supplementary data associated with this article can be found,
in the online version, at doi:10.1016/j.bpc.2007.11.001.
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