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Abstract The competitive binding of anthracycline
antitumour drugs, [daunomycin (DAU), doxorubicin
(DOX) or nogalamycin (NOG)], with caffeine (CAF)
to a model DNA oligomer has been investigated by
500 MHz "H NMR spectroscopy under physiological
solution conditions. The method depends on the
stepwise analysis of one-component (self-association),
two-component (hetero-association and DNA com-
plexation) and three-component interactions, in order
to de-convolute the overall binding of the anthracycline
antibiotic and CAF to DNA into two competing
processes, viz. hetero-association of the antibiotic-CAF
(‘interceptor’ action of CAF) and CAF-DNA com-
plexation (‘protector’ action of CAF). It is found that
the complexation of DAU with DNA in the presence
of CAF is mainly affected by the CAF-DNA com-
plexation, whereas the binding of either DOX or NOG
to DNA is affected approximately equally by both
the CAF-DNA complexation and CAF-antibiotic
hetero-association. Quantitative evaluation of the
three-component mixture of drug-CAF-DNA has
enabled the proportion of the antibiotic displaced from
DNA on addition of CAF to be calculated over a large
range of CAF concentration, which may provide a
quantitative basis for the change in anthracycline-
related toxicity on addition of CAF.
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Introduction

Anthracycline antibiotics are an important class of
pharmaceutical drugs used to treat various human
cancers in the clinic (Chu and DeVita 2003). The
anthracyclines, such as daunomycin (DAU) and
doxorubicin (DOX), act as topoisomerase II inhibitors,
thereby affecting DNA replication and cell progression
(Neidle and Waring 1983). It is now generally believed
that the specific molecular mechanism of action in-
volves intercalation of the planar aromatic chromo-
phore of the anthracycline drug into the DNA duplex
(Neidle and Waring 1983). It has also been shown that
typical anthracycline antibiotics, such as DAU and
DOX, associate in solution with caffeine (CAF)
forming hetero-complexes (Piosik et al. 2002; Davies
et al. 2001), which is thought to be the major mecha-
nism responsible for the marked reduction in the tox-
icity of DOX in cultured cell lines treated with CAF
(Piosik et al. 2002; Traganos et al. 1991a). The effect,
which was termed the ‘interceptor action’ of CAF, has
also been reported for other aromatic drugs (Traganos
et al. 1991a; Piosik et al. 2003; Ulanowska et al. 2005;
Larsen et al. 1996).

Recent NMR studies have shown that CAF com-
plexes with a DNA oligomer in aqueous solution with
an association constant of the same order of magnitude
as the hetero-association constant between CAF and
DAU (ca. 10>-10° M™') and much lower than the
association constant of the antibiotic with the oligomer
(ca. 10°-10° M!) (Davies et al. 2001). These results
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suggest that there may be no competition between
antibiotic-DNA and CAF-DNA complexation as as-
sumed in a previous work with DOX and other anti-
cancer drugs (Traganos et al. 1991a). On the other
hand, the concentrations of CAF commonly required
to observe of the effect of cell detoxification are in the
millimolar range, which is at least two or three orders
of magnitude higher than the concentrations of the
anthracycline antibiotic normally used. Qualitatively, it
means that the much larger concentration of CAF may
compensate for its lower DNA affinity and lead to a
commensurable amount of binding of CAF and the
anthracycline antibiotics to DNA. Under these cir-
cumstances, CAF is able to block the potential DNA
binding sites or remove the antibiotic already com-
plexed with DNA; this mechanism has been described
as the ‘protector action’ of CAF (Davies et al. 2001;
Traganos et al. 1991b). Both interceptor and protector
mechanism acting together are thought to be respon-
sible for the observed scavenging effect of CAF on
aromatic drug molecules.

In order to discriminate between the ‘protector’ and
‘interceptor’ mechanisms, it is necessary to quantify the
three-component equilibrium of aromatic drug, CAF
and DNA and develop a criterion for the discrimina-
tion between the two mechanisms. Quantititation of a
three-component equilibrium of an aromatic drug,
CAF and a DNA oligomer has been made (Davies
et al. 2001), though no method for discrimination be-
tween the ‘protector’ and ‘interceptor’ mechanisms has
been developed. In the present work, NMR measure-
ments have been made on the complex multi-compo-
nent equilibrium in solution of a typical anthracycline
antibiotic (DAU, DOX or NOG, Fig. 1) and a model
DNA oligomer d(TGCA), the latter being used to
represent binding sites of nuclear DNA (Evstigneev
et al. 2005). In order to complete the analysis of a
three-component mixture of the anthracycline drug,
CAF and DNA oligomer, d(TGCA), it is necessary to
know the self-association constant of each component
(DAU, DOX, NOG, CAF, DNA oligomer) and the
complexation constant for each pair of molecules in
two-component mixtures (DAU/DOX/NOG-CAF
and DAU/DOX/NOG/CAF-DNA oligomer) mea-
sured under similar solution conditions and derived
using a similar model and computational method. The
self-association constants of DAU/NOG/CAF/TGCA
and the two-component complexation constants be-
tween DAU/CAF/TGCA have previously been deter-
mined in aqueous solution (0.1 M Na-phosphate
buffer, pH 7.1, T = 298 or 303 K) (Davies et al. 2001;
Eaton et al. 2000). In order to provide all necessary
data for complete analysis of the three-component
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Fig. 1 Structures of a daunomycin and doxorubicin, b nogala-
mycin, and ¢ caffeine

mixture, the self-association of DOX and the hetero-
association DOX-CAF and NOG-CAF has been
measured in this work as well as the three component
system of DAU-CAF-DNA oligomer. On the basis of
the NMR measurements, the analytical methodology
has been validated, a criterion developed for discrimi-
nation between the ‘protector’ and ‘interceptor’ mech-
anisms and an estimate made of the average reduction in
complexation of the anthracycline drug with DNA in
the presence of CAF at different concentrations.
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Experimental

Daunomycin from ‘Fluka’, DOX, NOG, CAF from
‘Sigma’ (Fig. 1) and deoxytetranucleotide 5’-
d(TpGpCpA) from ‘Metabion’ were used without
further purification. The samples were lyophilised from
D,0O solutions and re-dissolved in 0.1 M phosphate
buffer (NOG-CAF) or Tris (DOX, DOX-CAF) in
99.95% D,0 at pD 7.1 and 7.3, respectively, containing
10* M EDTA.

500 MHz '"H NMR spectra were recorded on a
Bruker DRX spectrometer with the residual water
peak saturated during relaxation. Signal assignments
of the non-exchangeable protons of the drugs were
obtained using both two-dimensional homonuclear
TOCSY and ROESY experiments. Chemical shift
measurements of the non-exchangeable protons of the
aromatic molecules were made as a function of con-
centration of the antibiotic (CAF-DOX/NOG experi-
ment at 7 = 303 K) or CAF [DAU-CAF-d(TGCA)
experiment at 7' = 298 K] maintaining the concentra-
tion of CAF and DAU/dTGCA constant, respectively.
In the hetero-association experiments, the variation of
the concentration of the antibiotic was used because
the self-association of anthracyclines is much greater
than that for CAF, hence the chemical shift changes
due to redistribution of different associated species in
solution upon dilution are more pronounced. The
variation of CAF in the DAU-CAF-d(TGCA)
experiment was used in order to track the effect of
removal of the drug from DNA.

The temperature dependence of the proton chemi-
cal shifts for all the mixtures was measured at constant
concentration of drug molecules in the temperature
range 278-353 K. All sets of NMR measurements were
made in the fast-exchange condition on the NMR
timescale. Chemical shifts were measured relative to
TMA (tetramethylammonium bromide) as an internal
reference and recalculated with respect to DSS
(sodium 2,2-dimethyl-2-silapentane-5-sulfonate), i.e.
DSS = TMA + 3.178 (ppm). The sample temperature
was regulated using the Bruker BVT-3000 unit.

Results and discussion

Analysis of one- (self-association) and two-
component (hetero-association) systems

General method for analysis of experimental NMR data

The concentration dependences of proton chemical
shifts of interacting molecules were used to provide

information about the equilibrium self- or hetero-
association constants and the induced proton chemical
shifts within the aggregates and complexes in solution.
Analysis of the concentration dataset was made as
explained previously (Davies et al. 2001; Veselkov
et al. 2001) using a model approach based on the law of
mass action and mass conservation law, which enables
an analytical expression for the observed chemical
shift, 6(C, K, oc), to be evaluated as a function of
concentration C of the dissolved components, the
equilibrium constants K for association reactions and
the intrinsic chemical shift ¢ for each type of complex
being formed in solution.

The temperature dependences of proton chemical
shifts are used to provide thermodynamical informa-
tion (enthalpy, AH, and entropy, AS) by incorporation
of the van’t Hoff’s relation between the association
constant and the thermodynamic quantities

K(T) = exp(AS/R — AH/RT) (1)

into the expression for §(C, K, d¢).

Both the concentration and temperature datasets
were fitted by computational adjustment of the K/d¢ or
AH/AS parameters to reach the minimum of the dis-
crepancy function

A=Y (6 da),

where J. is the experimentally observed proton
chemical shift measured in the given concentration or
temperature point i.

Self-association of doxorubicin

The experimental NMR data on the self-association of
DOX (Fig. 2) have been analysed in terms of the
indefinite non-cooperative model of association, which
assumes that the aromatic molecules aggregate in
solution with a self-association constant Kx. The
dependence of the experimentally observed chemical
shift, 4, on the concentration of antibiotic, x¢, is given
by the following equation: (2)

2Kxxg+1—+4Kxxo + 1

Kxxo

0= 5m + (5d - 5m) (2)
where d,,, 04 are the chemical shifts in the monomer
and dimer forms (or at the ends of an aggregate) of
DOX in solution, respectively, and x; is the concen-
tration of monomer (Davies et al. 1996). The equilib-
rium self-association parameters for DOX were
determined from the experimental concentration

@ Springer



4 Eur Biophys J (2006) 36:1-11
a) 3, ppm T.al.)le 1 Equilibrium parameters for self-association of doxoru-
bicin (DOX) and daunomycin (DAU)
787 Proton DAU® DOX
54 7.47 7.47
- H2 Om 7.89 7.90
' H3 da 7.62 7.66
H1 H3 Om 7.61 7.61
7.2 o . 3 7.37 7.35
* o *H1 HI’ Om 5.55 5.57
5.0 3q 5.47 5.47
4Me Om 4.06 4.05
400000000 oo . e 4CH3 dd 3.89 3.87
1o H10e Om 3.10 3.16
3.0 o **e-0-o . __oH10e 5q 2.89 2.95
NSO EREDES-aDan- eI e H10a Orm 2.88 2.86
2.0 : : ‘ da 2.66 2.64
0 1 2 3 Cdox, mM HS8e Sm 2.28 2.32
dd 2.23 2.27
b) 8, ppm K (U/mol) 1,130 = 170 1,500 + 400
764 o e e e " H2 ~AH (kJ/mol) 345+ 27 26.0 + 3.0
-AS (J/mol K) 55+ 10 25.0 £ 8.0
7.4 ? In 0.1 M Tris buffer, pD 7.3, T=303 K and taken from Evstig-
- . - - o H1{' neev et al. (2006a)
5.0
4.0 . 4CH3 moieties of these molecules in the aggregates, which
results in their dispersive attraction being very similar.
On the other hand, it is found that the thermodynamic
3.0 +—o—o—o—o—o—o—Hi0e parameters of the self-association of DOX and DAU
T _:;Za are quite different, which is a consequence of the dif-
2.0 I I I — T K ferent properties of the CH; group in DAU compared
278 288 298 308 318 to the CH,OH group in DOX (Fig. 1a). The aggre-

Fig. 2 Experimental dependence of "H NMR chemical shifts of
doxorubicin in 0.1 M Tris buffer, pD 7.3. a On concentration,
T =303 K and b on temperature, Cppox = 1.7 mM

(Fig. 2a) and temperature (Fig. 2b) dependences of the
proton chemical shifts using Egs. 1 and 2, and the re-
sults are summarised in Table 1.

The results on the self-association of DOX may be
compared with those reported previously (Evstigneev
et al. 2006a) for the self-association of DAU investi-
gated under the same solution conditions (Table 1).
Firstly, it is found that the intrinsic chemical shifts in
the monomer (d,) and dimer (d4) are very similar for
both DAU and DOX indicating that there is a neg-
ligible influence on the ¢ (within 0.06 ppm) of ring
protons due to replacing the side chain CHj3 group in
DAU by the CH,OH group in DOX (Fig. 1a). It is also
found that the magnitudes of the self-association
constants of DOX and DAU are the same within
experimental error. Both these observation suggest
that there is a similar orientation of the aromatic
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gation of aromatic molecules is known to be driven
by stacking interactions, in which the main compo-
nents are dispersive and hydrophobic attractions
(Davies et al. 1996). The CH,OH group results in an
increase in the H-bonding ability of DOX with the
aqueous environment and therefore greater ordering
of water molecules around DOX as compared to
DAU, which explains the observed difference in
thermodynamical quantities (Table 1). These results
are consistent with the differences in hydrophobicity of
these molecules as judged from their different lipo-
philicity and membrane-binding properties (Gallois
et al. 1998).

Hetero-association between caffeine and doxorubicin/
nogalamycin

The dynamic equilibrium in solution containing two
types of interacting aromatic molecules X (antibiotic)
and Y (CAF) may be described using the following
general scheme of reactions (Davies et al. 2001; Davies
et al. 2002):
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X+ X5 X @),V + YL Y (),
Xi+ Y5 XY (o), ViXi+ Y, <5 VXY, (d),
X+ VX, <5 X,YiX (e), (3)

where X; and Y; correspond to the monomers of the
antibiotic and CAF, and X;, X, Y, Y; are the aggre-
gates containing i, k monomers of antibiotic and j, /
monomers of CAF, respectively; Ky, Ky are the
equilibrium self-association constants for X and Y, and
Kj, is the hetero-association constant. As shown in the
previous work (Davies et al. 2001), reaction (3e) may
be safely neglected for CAF-drug systems, which
simplifies the analytical expressions for the observed
dependence of proton chemical shifts of both X and Y
components to the form (Davies et al. 2001) in Eq. 4

X0
Kiy1 Kny

+onx (1-Kxx1)*(1-Kyy1) 2(1-Kyy1)

Kixy Ky
+ony (1-Kyy1)* (1-Kxx,) (1 + 1—Kvy1)}

Oy =X [5,")( (2(1 + Kxxi) — m) +25dx(m

oy =33 o (200 4 Kow) = 555) + 200 (=1 - o)

aromatic rings and were interpreted in terms of
stacking of their aromatic chromophores (Davies et al.
2001). It is likely that the shielding of CAF protons
results from complexation between CAF and DOX/
NOG, though the small deshielding (J,—0,<O0,
Tables 1, 2) of some protons of the antibiotics in the
hetero-complex with CAF probably results from the
significant difference in the size of the chromophores
of anthracycline and CAF (Fig. 1). In such case, these
protons can be outside the shielding cone of the CAF
molecule and therefore experience deshielding from
stacking of their aromatic chromophores.

The calculated magnitudes of the hetero-association
constant for CAF-DOX/NOG complexation are equal
to each other, which is just a coincidence given the
error limits, and have values in between those for the
self-association constants of CAF and DOX/NOG

-1 —KXxl)

where o, are the chemical shifts of X or Y protons
in the hetero-complex. The values of J,, d4 and the
equilibrium self-association constants are known from
self-association studies of DOX (this work), NOG
(Eaton et al. 2000) and CAF (Davies et al. 2001). The
monomer concentrations x; and y; may be derived
from the solution of the mass conservation law for
scheme (3). It follows that Eq. 4 is a function of two
unknown quantities, J, and K; (or AH, AS in the
thermodynamical analysis), which may be determined
from the concentration and temperature dependences
of ¢ using the numerical procedure described above.
'"H NMR chemical shift measurements of the non-
exchangeable protons of the aromatic molecules for
hetero-association of CAF with either DOX or NOG
were made as a function of concentration of the anti-
biotic and the experimental results for the CAF-DOX
system are shown in Fig. 3a as an example. In the
mixed solution of CAF and the anthracyclines, the
experimental '"H NMR curves show an increase in
average shielding of CAF protons on successive addi-
tions of the antibiotic in solution measured at constant
concentration of CAF (Fig. 3a). Similar observations
were made previously for hetero-association mixtures
of CAF with a number of molecules having three fused

(Tables 2, 3). The thermodynamical parameters are
also intermediate in value between those for self-
association of CAF and DOX/NOG (Tables 1, 2). The
results are in accord with previous studies of CAF-
drug systems (Piosik et al. 2002; Davies et al. 2001;
Larsen et al. 1996) and indicate that stacking inter-
actions are a major driving force in the formation of
CAF-DOX/NOG hetero-complexes. It is also worth
noting that the equilibrium constant for CAF-DOX
hetero-association obtained in this work by NMR
spectroscopy (Table 2) correlates well with that cal-
culated from spectrophotometric titration data ob-
tained for similar solution conditions (K}, = 128+10 I/
mol, 7=298 K (Piosik et al. 2002)).

The hetero-association of CAF with two of the
anthracycline drugs, DOX and NOG, appears to be
more pronounced than with DAU (Table 3). It is
known that the self-association constant of NOG
(Eaton et al. 2000) is much greater than that of DAU
(Evstigneev et al. 2006a), which reflects a greater
hydrophobic contribution for self-association of NOG
compared to DAU. It is likely that this effect is also
responsible for the greater magnitude of the hetero-
association constant of CAF-NOG compared to the
CAF-DAU complexation.
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Analysis of three-component systems

Model for the analysis of the three-component mixture
of drug—-CAF-DNA

Following the previous work on the competitive bind-
ing of a drug and vitamin with DNA (Evstigneev et al.
2005), the tetrameric oligonucleotide, d(TpGpCpA), is
used as a model DNA receptor in the analysis of the

24,2
Xy 1 Knyy Ky
(171{){){1)2 ( + 1_I<Yy1 + 2(17Kyy1)2

K KZxiy1
(1—12&1)2 (1 t & 3

oy =4 {5mx (2(1 + Kxx1) — !

+ony

Knxy Kiy1
(1-Kyy1)’ (1-Kxx,) (1 + 1=Kyy

D) (1-Kxx;)?
Ky Kny
+onx (1-Kxx1)’(1-Kyy1) (1 * Z(I’K’iy‘)
) _ 1 1
Oy = y‘l) {5mY (2(1 . KY}’l) (1*KY}’1)2) +20ay ((1*KYY1

7 1-— Kyy1>
) + N(o1vKyy + 52YK2YKNN)}

where Ky, K1y and K5y, K,y are complexation con-
stants of Antibiotic and CAF with single- and double-
stranded form of d(TGCA), respectively.

Each reaction in scheme (5) contributes its own term
to the mass conservation law (6) and to the observed
NMR proton chemical shift (7) acquired in the fast
exchange regimen for all components in the mixed
solution:

) +x1N(Kix + KoxKyN) = xg

oy 6
“Kxxr T <171<Yy1>(171<xx1>) +y1N(Kiy + Koy KyN) = yo (6)
2KNN?(1 + Koxx; + Koyyr) + N(1 4+ Kixx; + Kiyy1) = Ny

) + 200 (e — 1 - Kaxt)
) + N(o1xKix + 52XK2XKNN)]

; (7)

competitive binding of drug and CAF in this work. It
needs to be taken into consideration that the three-
component mixture of Anthracycline drug, CAF and the
tetramer, might comprise all possible interactions be-
tween the dissolved molecules, i.e. self-association of the
drug (X), CAF (Y) and d(TGCA), hetero-association of
drug—-CAF and complexation of both the drug and CAF
with d(TGCA). The scheme of drug-DNA interactions
should include complexation of the drug with both
single-stranded (N) and double-stranded (N,) forms of
the tetramer in solution (Davies et al. 2000). Hence, the
basic scheme of reactions describing the complex equi-
librium of drug, CAF and the DNA tetramer in solution
is a summation of self-association, hetero-association
and complexation reactions in Eq. (5):

Self-association
X+ XX @Y+ Sy o),

K
N+N<SN, (o).
Hetero-association

K K
Xi+ Y5 XY, (d), XY+ X <5 X;YiXe (e),

Y+ XY ELvXY ().
DNA complexation

X+ NESXN (0, X + N 5 XN, (h),
Y+NES YN G), Y + N BN YN, (), (5)
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where 1, 0, are proton chemical shifts of the drug and
CAF in a complex with single- and double-stranded
tetramer, respectively.

Each type of complexation in the model (6, 7) (self-
association, hetero-association, DNA binding) is
investigated in separate NMR studies of systems
measured under similar solution conditions and anal-
ysed by single methodological approach. It is expected
that all types of complexations in the three-component
mixture should remain unchanged from those observed
in the separate one- or two-component studies, i.e. the
association/complexation parameters derived from
one/two-component studies can be utilised in evalua-
tions of the three-component mixture. This hypothesis
needs to be tested.

In order to verify the model developed in Egs. 6 and
7, the dependence of proton chemical shifts of DAU
and CAF on the concentration of CAF has been
measured in the three-component mixture consisting of
the antibiotic, CAF and d(TGCA) and the results are
summarised in Fig. 4. The experimental data on the
three component system can be completely described
using Eqgs. 6 and 7 and the equilibrium parameters
(association/complexation constants and limiting/
induced chemical shifts) of all the one- and two-com-
ponent systems in the DAU-CAF-TGCA mixture as
summarised in Table 3 and references therein. The
calculated discrepancy function for all the aromatic
protons of both DAU and CAF shows that the average
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a) S, ppm
7.8 %‘W H8(CAF)
7.6 H2(DOX)
7.4 H1(DOX)
H3(DOX)

09000090 o o o o o o o H1'(DOX)

4CH3(DOX)
7CH3(CAF)
3CH3(CAF)
3 1CH3(CAF)
H10e(DOX)
H10a(DOX)
090900060090 o 0o 0o oo H86(DOX)
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b)
7.9 9 ppm
H8(CAF)
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H1'(DOX)
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4CH3(DOX)
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(DOX)
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275 285 295 305 315

Fig. 3 Experimental dependence of "H NMR chemical shifts of
doxorubicin and caffeine in 0.1 M Tris buffer, pD 7.3. a On DOX
concentration, 7' = 303 K, Ccar = 2.53 mM and b on tempera-
ture, Cpox = 1.4 mM, Ccafr = 2.53 mM

discrepancy per experimental point is less than
0.01 ppm, which indicates a very good fit of the experi-
mental data to the model. This means that utilisation of
equilibrium parameters for one- and two-component
systems is valid for quantitative descriptions of the dy-
namic equilibrium of three-component mixtures of
aromatic drugs and DNA model based on Eqs. 6 and 7.

Method to analyse the simultaneous binding of CAF
and an anthracycline drug with DNA

All the anthracycline drugs studied in this work are
known to exert their major effects by binding to double
stranded DNA (Neidle and Waring 1983), and so it is
reasonable to exclude the single-stranded form of
d(TGCA) from the analysis (Evstigneev et al. 2005;

Evstigneev et al. 2006b). Hence reactions (5g) and (51)
can be excluded from reaction scheme (5), which re-
duces to the form of Eq. 8:

KZ 2
X1 1 Kny1 1)1
(1-Kxx1)® ( Tk +2(H<yy1>2

) +Koxx1 N2 =xo

K, Kixiy o
konr? (1 ke T (1—1<yyf><llil<xx1>) +KayyiN2=yo

No(14+ Koxx1 + Koyy1) =No

(8)

where the quantity N, now stands for the unbound
double-stranded species of d(TGCA), in solution.

In order to calculate the relative fraction of
each type of complex in the three-component mixture,
it is necessary to solve Eq. 8 with respect to xq, y;
and N,, which can be achieved using the set of
known equilibrium constants for contributing one
and two-component systems summarised in Table 3.
Unfortunately, the exact values of K, constant for
complexation of either NOG or DOX with d(TGCA),
cannot be determined by NMR equilibrium studies
because their complexes with the tetramer are in
intermediate exchange on the NMR timescale. As in
the previous work (Davies et al. 2002), the magnitudes
of the complexation constants of NOG and DOX with
d(TGCA) have been estimated by relating them to the
known complexation constants of DAU/DOX/NOG
with native DNA (Ibrahim 2001) and then scaling them
with respect to the known constant for DAU-TGCA
(Davies et al. 2000) observed under similar solution
conditions (Table 3). Having values of all necessary
contributing equilibrium constants enables the dy-
namic equilibrium in Eq. 8 to be quantified for the
three component system of antibiotic, CAF and DNA.

In order to quantify the ‘protector’ and ‘interceptor’
mechanisms of CAF on simultaneous binding with
DNA in the presence of the anthracyclines, one may use
the criterion Rp, the relative decrease in complexes of
antibiotic-d(TGCA),. A similar criterion was devel-
oped previously (Evstigneev et al. 2005) to analyse the
competitive binding to DNA of DAU with vitamin B,, if
the vitamin is considered as an interceptor of DAU. Rp
may be calculated for two circumstances: (1) under the
‘switched off’ hetero-association of drug—-CAF and
‘switched on’ complexation of CAF with d(TGCA),
(Ky=0, Koy # 0), ie. fxcz(c), and (2) under the
‘switched on’ hetero-association of drug—-CAF and
‘switched off’ complexation of CAF with d(TGCA),

(Kh * 0, sz = 0), i.e. f)(CZ(H):

X  _ fX
Rp fcz(O) fcz(C) 9)

fé(z([)) - fC)‘(2(H) ’
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Table 2 Equilibrium parameters for the hetero-association of caffeine (CAF) with DOX and nogalamycin (NOG)

DOX-CAF hetero-association®

DOX protons

CAF protons

H2 Hi1 H3 HY 4Me H10e

H10a H8e H8 TMe 3Me 1Me

7.86 7.68 7.57 5.59 4.05 317

2.93 2.37 723 3.33 2.80 2.65

Ky, = (180 + 30) I/mol, AH}, = (22,000 + 1,000) J/mol, AS;, = —(30 + 5) J/(mol K)

NOG-CAF hetero-association®

H, H, H, H, H, H,

HS8 TMe 3Me 1Me

7.59 7.35 5.92 5.52 5.19 4.20

7.40 3.66 3.02 3.03

Ky, = (180 + 40) I/mol, AHy, = (23,000 + 3,000) J/mol, AS;, = —(33 + 8) J/(mol K)

Thermodynamical parameters of the hetero-association of CAF: AH; = —(21,000 = 400) J/mol, AS;, = —(50 £ 1) J/(mol K) (Davies
et al. 2001); NOG: AH;, = —(30,100 = 4,000) J/mol, AS;, = —(27 + 4) J/(mol K) (Eaton et al. 2000)

% In 0.1 M Tris buffer, pD 7.3, at T = 303 K
® In 0.1 M Na-phosphate buffer, pD 7.1, at T = 303 K

where fXCZ(O) is the mole fraction of drug-d(TGCA),
complexes with ‘switched off’ hetero-association and
CAF-DNA complexation. The range of Rp > 1 cor-
responds to the predominance of CAF-DNA com-
plexation over drug—CAF hetero-association (i.e. the
‘protector action’ of CAF) and Rp < 1 corresponds to
hetero-association being the major contribution of the
displacement of drug molecules from DNA (i.e. the
‘interceptor action’ of CAF).

An estimate of the amount of drug displaced from
DNA due to the presence of CAF can be made using
the quantity Ap (Evstigneev et al. 2006b), which cor-
responds to the relative amount of drug molecules re-
moved from DNA on addition of CAF,

Ap = (fé(z(()) —fé(z> /fgzm)’ (10)

Table 3 Equilibrium constants (I/mol, 7= 298 K) for self-asso-
ciation (K), hetero-association with CAF (K},) and complexation
with single-stranded (K;) and double-stranded (K,) forms of
d(TGCA) in aqueous solution for anthracycline drugs

DAU DOX NOG CAF

K 1,300 + 300° 1,800 = 500° 7,400 + 1,500° 11.8 + 0.3¢

Ky, 72 +4¢ 210 + 40° 210 + 50° -
K, 53,000 + 13,000° - - 34 + 49
K, 560,000 + 13,000° ~ 800,000°  ~ 1,200,000 246 + 189

# Taken from Evstigneev et al. (2006a)

® This work

¢ Taken from Eaton et al. (2000)

4 Taken from Davies et al. (2001)

¢ Taken from Davies et al. (2000)

 Estimated using Davies et al. (2000) and Ibrahim (2001)
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where ¥ is the relative amount of drug bound to
d(TGCA), in the presence of CAF. As the biological
action of the anthracycline drug probably originates
from the fraction of the drug molecules bound to DNA
(f¥c2), it is likely that the relative displacement of drug
from DNA, Ap, is related to the change in cytotoxicity
of drug on addition of CAF.

Analysis of the simultaneous binding of anthracycline
drugs with DNA in the presence of CAF

It is known that hetero-association of CAF with an
aromatic drug decreases the fraction of the monomer
form of the drug available for binding with DNA in
solution (Piosik et al. 2002 2003; Davies et al. 2001;
Traganos et al. 1991a, b; Ulanowska et al. 2005; Larsen
et al. 1996), and that competition between CAF and
the drug for DNA binding sites results in displacement
of the bound drug with DNA (Davies et al. 1996;
Traganos et al. 1991b). Both processes may act simul-
taneously and, in both cases, a decrease in binding of
drug with DNA should affect the biological activity in
the given system (Piosik et al. 2002, 2003; Ulanowska
et al. 2005; Traganos et al. 1991a, b).

The effect of CAF on removal of an aromatic drug
from native DNA has been investigated by other than
NMR experimental techniques for a number of typical
aromatic intercalators, viz. acridine orange (Lyles and
Cameron, 2002a, b), propidium iodide (Bedner et al.
2001) and ethidium bromide (Bedner et al. 2001). This
effect is manifested in the present study by the changes
in chemical shift of the DAU protons on varying the
concentration of CAF in the mixture with d(TGCA). It
is seen in Fig. 4 that the aromatic protons of DAU
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move downfield on increasing the concentration of
CAF. The complexation constant of DAU with
d(TGCA), (Kyx = 560,000 I/mol (Davies et al. 2000))
is two or three orders of magnitude greater than that
for its self-association (Table 1) or hetero-association
with CAF (Table 3), and so in solution with the oligo-
nucleotide DAU mainly exists in the complexed form
with the tetramer duplexes, which has an averaged
shielding per proton of Ad = 0.32ppm (Davies et al.
2000). On increasing the concentration of CAF in the
DAU-nucleotide mixture, the proportion of CAF-
DAU hetero-complexes increases, in which the aver-
aged shielding per DAU proton ca.Ad = 0.04 ppm
(Davies et al. 2001) is much lower than that in the
complex with the oligonucleotide. The significant dif-
ferences in shielding effects explains the downfield
changes of DAU protons on addition of CAF (Fig. 4)
and provides confirmatory evidence of the decrease in
proportion of DAU molecules complexed with the
tetramer.

The competition between the ‘protector’ and
‘interceptor’ mechanisms of added CAF is manifested
by the variation of the parameter Rp over a large range
of concentrations (0-10 mM) of CAF as shown in
Fig. 5a and b by the relative displacement (Ap) of the
anthracycline drug from DNA over the same range of
CAF concentrations. For these calculations, it was as-
sumed that the concentration of drug is in physiological
range (xo = 0.01 mM) and the concentration of the free

8 8, ppm
H8(CAF)
e o o o o o o o o o o o o o
7.8
H2(DAU)
76 (M

M
7.4 -MM

Ccapy MM

7.2 T T T
0 2 4 6 8

Fig. 4 Experimental dependence of (selected) '"H NMR chem-
ical shifts of daunomycin and caffeine in the mixture with
d(TGCA) on the concentration of CAF (Cpay = 0.57 mM,
Crgea = 082 mM, 0.1 M Na-phosphate buffer, pD 7.1,
T = 298 K)

tetrameric DNA regions to be Ny = 0.01 mM. From
previous studies of DOX-induced apoptosis in cultured
leukaemia cells it is known that, on addition of CAF in
millimolar concentrations, cell survival rises to a few
dozen percent compared to decaffeinated cells (Trag-
anos et al. 1991a) (i.e. the same order of magnitude as
in Fig. 5b). So we think that a good estimate of the
concentration of DNA sites free from histone regions
in nuclear DNA is Ny = 0.01 mM.

It is seen from Fig. S5a that up to Ccar ~ 1 mM, the
main mechanism affecting the DNA binding properties
of DAU is the ‘protector’ action of CAF (Rp > 1) due
to CAF-DNA complexation. On the other hand, CAF
acts approximately equally as an ‘interceptor’ and
‘protector’ for the DOX and NOG systems over the
same concentration range. The difference in behaviour
of DAU vs DOX/NOG can be understood in terms of
the differences in their hetero-association constants
with CAF (Table 3). The hetero-association constants
K, (DOX-CAF) and K,(NOG-CAF) are equal to each
other, whereas the value for K;,(DAU-CAF) is much
lower, and so CAF possesses weaker intercepting
ability in CAF-DAU system compared to DOX and
NOG. The result is that the Rp curve for CAF-DAU
has much higher values than those for DOX and NOG
(Fig. 5a). It is interesting to note that, because the
Rp(DOX-CAF) and Rp(NOG-CAF) curves are
essentially the same, the Rp factor appears to depend
mainly on the hetero-association constant. These re-
sults and the Rp profile in Fig. 5a remain unchanged
for variations of the DNA concentration (Ny) over a
large range as may be judged from Fig. 6.

The effect of CAF on the binding of aromatic drugs
with DNA is commonly detectable in vitro for CAF
in the concentration range 1 mM < Ccar < 10 mM
(Piosik et al. 2002; Traganos et al. 1991a). At these
concentrations, there are comparable contributions of
both the interceptor and protector mechanisms in all
three systems as shown quantitatively in Fig. Sa.
Hence, the qualitatively deduced view (Larsen et al.
1996) that the interceptor action is an important
mechanism in attenuation of the toxicity of anthracy-
cline antibiotics is now confirmed quantitatively in this
work. Even so, previous work (Larsen et al. 1996) did
not take into account that the protector mechanism
could be dominant, as shown for DAU in this work,
and which may lead to erroneous results in other cases.

The quantitative displacement by CAF of drugs
bound to DNA increases with CAF concentration as
shown in Fig. 5b, where Ap% reflects the cumulative
effect of the ‘protector’ and ‘interceptor’ mechanisms.
The sequence of curves is in the order of DOX >
NOG > DAU, which is found to be independent of
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a) 47
) Rp
3 —
DAU+TGCA
— — —_ DOX+TGCA
2 —
....... NOG+TGCA
1 I T e,
\&..\h
Ccap, MM
0 T T 1
0.01 0.1 1 10
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b) Ao %
60 - !
|
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Fig. 5 Dependence on the concentration of caffeine. a Factor
Rp, a measure of the effectiveness of the interceptor and
protector action of caffeine and b Ap, fraction of bound drug
removed from the DNA oligomer on addition of caffeine

variations in DNA concentration (Ny) over a large
range (not shown). As the same concentration of CAF
exerts a greater displacement effect for DOX and
NOG compared to DAU, it suggests that the reduction
in toxicity of these anthracycline drugs in vitro due to
added CAF will follow the same sequence, assuming
that the two dominating mechanisms (protector and
interceptor) are valid and the magnitudes of equilib-
rium constants correspond to those in cell media. For
the anthracycline drugs, it is found that the Ap curves
depend on both the hetero-association and drug-DNA
complexation constants, in contrast to the Rp factor
which mainly depends on the hetero-association con-
stant.
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1.5 1 No=0.001mM

No=0.01mM

No=0.1mM

1.2 -
No=1mM

0.9

0.6

Cepp, MM
0.3 : . CAF .

0.01 0.1 1 10

Fig. 6 Factor Rp as a function of caffeine concentration in the
presence of a constant concentration of a DNA oligomer, Ny, for
three orders of magnitude of DNA concentrations

Conclusions

Investigations have been made by NMR spectroscopy
on the complexation of anthracycline antitumour drugs
(DAU, DOX or NOG) to a model DNA tetrameric
sequence and the competitive binding equilibrium on
addition of CAF. The method depends on the stepwise
analysis of one-component (self-association), two-
component (hetero-association and DNA complexa-
tion) and three-component interactions under the
physiological conditions; each stage of the analysis
utilises as input data the parameters derived in the
previous step. Such an approach was verified experi-
mentally using 'H NMR titration data on the three-
component mixture of DAU, CAF and the DNA
tetramer, d(TGCA). In order to complete the set of
data necessary for three-component analysis for each
of the anthracycline drugs, the self-association of DOX
and the hetero-association of CAF with DOX/NOG
were measured under the same solution conditions.
The overall binding equilibrium of anthracycline
drug, CAF and DNA was quantitatively analysed in
terms of the competition between two processes, which
are known to affect drug-DNA binding, viz. hetero-
association of CAF—-drug (‘interceptor’ action of CAF)
and CAF-DNA complexation (‘protector’ action of
CAF). The results may be reflected in different effects
of CAF on the toxicity of the different anthracycline
drugs: the complexation of DAU with DNA is mainly
affected by CAF-DNA complexation, whereas both



Eur Biophys J (2006) 36:1-11

11

CAF-DNA complexation and CAF-drug hetero-
association contribute approximately equally to the
binding of DOX/NOG to DNA. The result is in
agreement with previous conclusions on the binding of
aromatic drugs with DNA in the presence of CAF
(Larsen et al. 1996), though that work did not take into
account the protector action of CAF as a possible
mechanism, which in other cases could lead to erro-
neous results.

Quantitiative evaluation of the three-component
mixture of drug—-CAF-DNA has enabled the propor-
tion of the antibiotic displaced from DNA upon addi-
tion of CAF to be calculated over a large range of
concentrations of CAF. Assuming that the protector
and interceptor mechanisms are valid and the magni-
tudes of equilibrium constants correspond to those in
cell media, these results provide a quantitative basis for
the change in anthracycline-related toxicity on addition
of CAF. Potentially, it can be used as a strategy of
regulation of the medico-biological activity of aromatic
drugs in clinical practice, say, e.g. in reduction of the
consequences of drugs’ overdosing during chemother-
apy or in production of antimutagenic effects in vivo.
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