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Abstract

In order to investigate the effect on combinations of aromatic antibiotics used in chemotherapy, the hetero-association of the
antitumour antibiotics actinomycin D (AMD) with daunomycin (DAU) or novatrone (NOV) has been studied by the methods of 1D- and
2D 500 MHz "H-NMR spectroscopy and molecular mechanics calculations. The experimental concentration and temperature dependences
of the proton chemical shifts of mixtures of the aromatic drugs have been analyzed in terms of a modified statistical —thermodynamical
model of hetero-association to give the equilibrium reaction constants, the thermodynamical parameters (AH, AS) of hetero-association of
AMD with DAU or NOV and the limiting values of proton chemical shifts of the molecules in the hetero-complexes. The most favorable
averaged structures of the 1:1 DAU—-AMD and NOV-AMD hetero-association complexes have been determined using both the limiting
values of proton chemical shifts of the molecules and molecular mechanics methods (X-PLOR software). The results show that
intermolecular complexes between DAU-AMD and NOV-AMD are mainly stabilized by stacking interactions of the aromatic
chromophores, although the DAU—-AMD hetero-complex has additional stabilization, which may be explained by an intermolecular
hydrogen bond between a carbonyl group of ring C of DAU and the NH group of D—Val of the pentapeptide side chain ring of AMD.
The relative content of each type of molecular complex in the mixed solution has been calculated at different values of the ratio () of the
initial concentrations of DAU and AMD. It is found that the contributions of hetero-complexes to the general equilibrium in solution are
predominant at quite different values of r, viz. at »>12 for AMD with NOV and at »>2 for AMD with DAU, compared to »>0.3 for the
DAU-NOV system observed previously. It is concluded that anticancer drugs have quite different affinities for formation of hetero-
complexes with other aromatic antibiotics in aqueous solution, which may need to be taken into consideration for their use in combination
chemotherapy.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction antitumour antibiotics, such as doxorubicin (DOX), dauno-

mycin (DAU), mitoxantrone (also named novatrone, NOV),

Combination chemotherapy, i.e. when several drugs are
administered either simultaneously or sequentially, has
proved to be very effective in the treatment of many human
diseases, in particular malignant tumours [1—-3]. Aromatic
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actinomycin D (AMD), amsacrine (AMSA), are widely used
in clinical practice as basic components of combinations of
drugs designed for treatment of various types of human
cancers. For example, the combination of DOX+AMD is
highly effective against various types of sarcomas [4,5],
DOX+NOV is mainly used against breast cancer [6], and
DOX+AMSA and NOV+AMSA are effective against
leukaemia [7,8]. It should be noted that the concentrations
of anticancer drugs used in chemotherapy are, as a rule,
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relatively small in blood plasma [1] so that one might not
expect substantial interactions between drug molecules in
vivo. However, it is significant that stock concentrations,
Cy, (or doses of antibiotics to be administered) depend on
chemotherapeutic regimen used but are typically in the
millimolar range [1]. For example, for the antibiotic AMD
Cy ca. 0.4 mM, for the anticancer drugs NOV and DAU C,
is 1-4 mM, and for other antibiotics concentrations of stock
solutions may be 1-2 orders higher [1]. It has been shown
that at millimolar concentrations in aqueous solution, there
is a strong tendency for aromatic anticancer drugs to exhibit
self-association forming dimers (AMD) and higher order
aggregates (DOX, DAU, NOV), which are stabilized by
stacking interactions of the aromatic chromophores [9—12].
It has been also shown that different types of biologically-
active aromatic molecules form stacked hetero-associated
complexes in aqueous solution, e.g. the above-mentioned
anticancer antibiotics may complex with caffeine [13,14],
riboflavine [15], chlorophylline [16] and aromatic dyes
[17,18]. Hence it is likely that self- and hetero-association
reactions of aromatic anticancer drugs take place in the
stock solutions used for combination chemotherapy, which
may affect the pharmacokinetics of these drugs and
consequently their medico-biological activity. Moreover,
the rate of metabolic activation/deactivation processes of
antibiotics in the hetero-complex may be different from the
kinetics of transformation of free drug in a biological fluid.
It has been proposed that such a phenomenon is likely to
be the preferred mechanism to explain the rate of
degradation of DOX and other aromatic carcinogens on
binding with riboflavin [19,20]. In some cases the hetero-
association of aromatic molecules may lead to formation of
stable hetero-complexes in solution as they are energeti-
cally more favorable than self-association of the constitu-
ent drugs. Our previous investigations have shown that
stacked complexes between the antibiotic DAU and the
aromatic dyes, proflavine and ethidium bromide, are
additionally stabilized by intermolecular hydrogen bonds
in aqueous salt solution [17,18]. Hence it is likely that
physico-chemical investigations of the distinctive features
of the interactions between aromatic antibiotics under
physiological conditions are very important for the devel-
opment of chemotherapeutic regimes involving combina-
tions of these drugs.

In this work 500 MHz '"H NMR (1D and 2D) spec-
troscopy and molecular mechanics methods have been used
to investigate the formation of hetero-complexes between
the aromatic antitumour antibiotics actinomycin D (AMD)
and either novatrone (NOV) or daunomycin (DAU) in
aqueous salt solution. The structures of AMD, DAU and
NOV are shown in Fig. 1. The thermodynamic parameters of
complexation of NOV-AMD and DAU-AMD in aqueous
salt solution have been determined from the experimental
concentration and temperature dependences of proton NMR
chemical shifts of the interacting molecules, and the results
compared with those for similar studies on the hetero-
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Fig. 1. Chemical structures of the anticancer antibiotics: a) actinomycin D
(AMD); b) novatrone (NOV); ¢) daunomycin (DAU).

association of NOV and DAU under the same solution
conditions [21]. Such investigations provide information on
the nature of the physical forces involved in the complex-
action of aromatic antitumour antibiotics and give some
insight into the molecular basis of the pharmacological
activity of drugs used in combination chemotherapy.

2. Materials and methods
2.1. NMR spectroscopy

The antitumour antibiotics (Fig. 1), actinomycin D
(AMD) and novatrone (1,4-dehydroxy-5,8-bis [[2-(2-
hydroxyethyl) amino] ethyl] amino]-9,10-antracenedione,
NOV), were purchased from “Sigma” and daunomycin
(DAU) from “Fluka” and were all used without further
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purification. The samples were lyophilized from D,O and
re-dissolved in 0.1 M phosphate buffer in 99.95% D,0,
pD=7.1, containing 10~* M EDTA. The concentrations of
the stock solutions of the aromatic molecules were measured
spectrophotometrically on appropriate dilution using the
following molar absorption coefficients: for NOV, £¢=7050
M~ ! ecm™! (=645 nm) [22]; for AMD, £=24500 M "'
cm™ ' (=440 nm) [23] and for DAU, e=11500 M~ ' cm ™!
(A=477 nm) [24,25]. 1D and 2D 'H NMR spectra were
recorded on a Bruker 500 MHz DRX spectrometer and the
sample temperature was regulated using a Bruker BVT-3000
unit.

All NMR measurements were made in the fast-exchange
condition on the NMR time-scale. Chemical shifts were
measured relative to an internal reference TMA (tetrame-
thylammonium bromide) and recalculated with respect to
DSS (sodium 2.2 dimethyl 2-silapentane-5-sulphonate), i.e.
Opss=0Tma t3.178 (ppm). Signal assignments of the non-
exchangeable protons of the drugs were obtained using two-
dimensional homonuclear TOCSY, NOESY and ROESY
experiments and the method of preparation of samples and
performance of the NMR experiments have been described
in detail elsewhere [10—12].

It should be noted that suitable conditions for NMR
experimental investigations had to be found for the NOV—
AMD system because the solubility of NOV increases with
increasing temperature, whereas for AMD it decreases over
the same temperature range. An optimum temperature of
T=312 K was used so that NOV and AMD did not
precipitate over the whole range of concentrations studied
for measurements of chemical shifts. It was also found that
AMD had limited solubility in the mixed solution with
DAU and, therefore, chemical shifts measurements of the
non-exchangeable protons of the aromatic molecules in the
AMD-DAU system were made as a function of concen-
tration of DAU in the range from 3.22 to 0.25 mM, whilst
keeping the concentration of AMD constant (Camp=
Py=0.26 mM). The temperature dependences of proton
chemical shifts for the AMD—-DAU mixture were measured
at constant concentrations of drug molecules in the temper-
ature range 273-333 K.

2.2. Molecular mechanics calculations

Calculations of the most probable spatial structures of the
1:1 DAU-AMD and NOV-AMD complexes have been
made by the methods of molecular mechanics using
X-PLOR (version 3.851) [26] with the Charmm22 force
field [27]. Modeling of the water—salt environment of the
intercalated complexes was made with 1100 TIP3P water
molecules [28] placed in a rectangular box (1100 molecules).
The topology of the AMD, DAU and NOV molecules and
parameterization of their atomic interactions were created by
the XPLO2D program [29] using crystal structures from the
PDB data bank [30]. Parameters of non-valent interactions
corresponded to the MM3 force field [31].

3. Results
3.1. NMR measurements

The structural and thermodynamical parameters of the
hetero-association between AMD and DAU or NOV were
determined from chemical shift changes of both molecules
in mixed solution as a function of concentration and
temperature, as in previous work on complexation of DAU
with NOV [21]. However, unlike the previous work for the
NOV-DAU system [21], NOE/ROE data could not be
used for structural studies of the hetero-complexes,
because no intermolecular cross-peaks were observed in
2D-NOESY and -ROESY spectra of either DAU—-AMD or
NOV-AMD mixed solutions, even at the highest initial
concentrations of the drugs studied. Negligible intensities
of intermolecular NOE contacts may be due to a
combination of the limited solubility of AMD and NOV
in aqueous salt solution (0.1 M phosphate buffer) and the
rather large number of different types of stacks in terms of
their sizes and 1:1 hetero-interfaces in the equilibrium
distribution of complexes between aromatic drugs in
aqueous solution [14]. An example of the changes in
chemical shifts with concentration is given in Fig. 2a for
one of the systems studied, DAU-AMD, in which the
concentration of AMD is constant (0.26 mM) and the
concentration of DAU varied. It is observed in Fig. 2a that
all the protons of AMD and DAU (except H10a) move to
low frequency with an increase of concentration of DAU
in the mixed solution, consistent with an increasing
proportion of stacked complexes of these aromatic
molecules. Qualitative comparison of the concentration
dependences of proton chemical shifts of AMD and DAU
in the hetero-association experiments of the antibiotics
(Fig. 2a) with those for their self-association [10,12]
indicate that there is greater shielding of the protons of
molecules in the hetero-complexes compared with those
observed for self-association. The different chemical shift
behavior of H10a of DAU may be a result of the
substantially higher shielding of the H10a proton in the
AMD-DAU complex compared with that in the DAU
dimer and/or by the shift of the molecular equilibrium of
associated forms of DAU with an increase of its
concentration in solution (see below). An example of the
temperature dependence of chemical shifts of DAU and
AMD in mixed solution is shown in Fig. 2b where all
signals move to high frequency at higher temperatures as
molecular complexes dissociate.

3.2. Hetero-association model

The experimental NMR data were analyzed by a
statistical thermodynamical model of molecular hetero-
association of two component molecules 4 and P [18],
using a dynamic equilibrium that includes indefinite self-
association of both 4 and P as well as indefinite hetero-
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Fig. 2. Dependence of proton chemical shifts of aromatic drugs in DAU—AMD mixtures in 0.1 M phosphate buffer, pD=7.1: a) on concentration of DAU
(T=298 K, Camp=po=0.26 mM); b) on temperature at Cpay=ao=1.20 mM, Capp=po=0.26 mM.

association reactions of different types, as shown in the
following reactions scheme (1):

K,
AV 4 A1 (@), P+ P <> Py (b),

A+ P &y A;Pi(c), Pid; + P, & PidiPy(d),

Ai + Pi4; EEN 4;P;Ax(e) (1)

where 4, and P; correspond to the monomers of A and P
component drugs and 4;, 4, P; and P, are the aggregates
containing i, k monomers of A and j, / monomers of the P
component, respectively. Equilibrium association constants
for the reactions of self-association of A (K,) and P (Kp)
components and their hetero-association (Kj) in the
statistical thermodynamical model [18] are assumed to be
independent of the number of molecules in the aggregates
and complexes. However, sedimentation studies of aqueous
solutions of the antibiotic actinomycin D [32] confirm that
self-association aggregates of AMD exist predominantly as
dimers and that higher order aggregates hardly form in
solution even at drug concentrations close to saturation. It is
likely that formation of higher order aggregates for the
antibiotic AMD in solution is unfavorable for steric reasons
caused by the two bulky pentapeptide side chains (Fig. 1).
Hence, for self-association of AMD and its hetero-associ-
ation with DAU and NOV, the dimer model was used to
analyze the experimental NMR data, i.e. in reactions (1) j,
[=1,2 for the formation of hetero-complexes (reactions lc,
1d and le). In reactions (1) A; and P; correspond to
monomers of NOV/DAU and AMD, respectively, 4;, Ay,

P;, P, represent self-aggregates containing 7,k molecules of
NOV/DAU and j, / <2 molecules of AMD.

Taking into account the mass conservation and the mass
action laws for reactions (1), the dependence of the observed
proton chemical shifts of NOV/DAU on the drug concen-
tration in the mixed solution can be written in the form [18]
modified to take into consideration the dimer association of
AMD:

aj
04 =—
ap

1
[5mA <2(1 +KAG]) — m)

1
+2044| ——— — 1 — 1Kpa
dA <(1 7KAa1)2 A 1)

Ky (p1 + Knp?) (1 Ki(p1 + Kip?)
(1 —KAa1)2 2

i) >
and for AMD protons:
5, = n [5mp 26mKepr 4 51 Knay (1 + 2K,Py)

Po 1 — Kaay

X (1 +% + K (p1 +Kppf))} 3)

where ag, po and a;, p; are the initial and monomer
concentrations of NOV/DAU and AMD, respectively; d,,a,
Oan> Ona and O,,p, d4p, 9;p are the corresponding values of
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Table 1

Calculated values of hetero-association parameters of anticancer antibiotics in 0.1 M phosphate buffer, pD=7.1, 7=298 K

DAU+AMD

Protons A (DAU) Onas PPM dda, PPM Oma» PpPM Protons P (AMD) Onp ppm dap PpmM Omp PpmM K,10° M™!

H2 7.42 7.53 7.83 H8 7.07 7.41 7.51 KA=0.72+0.13

H1 7.20 7.33 7.78 H7 6.74 7.41 7.51 Kp=1.42%0.13

H3 7.18 7.26 7.55 6CH; 1.75 2.39 2.60 K,=2.75%1.10

H1' 5.56 5.43 5.52 4CHj; 1.27 1.69 2.28

40CH3; 3.89 3.83 4.02

H10e 2.61 2.86 3.05

H10a 2.25 2.64 2.81

NOV+AMD

Protons A (NOV) Oha, PPM Jd4a, PPM Oma, PPM Protons P (AMD) Opp, Ppm J4p, PPM Omp, PPM K, 10° M}

Ho6/7 7.46 7.18 7.68 H8 7.36 7.40 7.51 KA=28.90£9.30

H2/3 6.86 6.91 7.30 H7 7.32 7.40 7.51 Kp=1.42+0.13

H1l 3.87 3.69 3.96 6CH; 225 2.46 2.60 K,=2.50%1.00
4CH; 1.75 1.90 2.28

proton chemical shifts of NOV/DAU and AMD in the
monomer, dimer forms and in the hetero-complexes. Values
of the proton chemical shifts d,,, Oga, O,up, Ogp and the
equilibrium constants K, Kp for the interacting molecules
have been determined previously from independent experi-
ments on investigations of the self-association of the drugs
under the same experimental conditions [10—12]. The
computational procedure for calculation of the hetero-
association parameters of the drug molecules is described
in detail elsewhere [11] and the calculated parameters for
formation of hetero-association complexes of DAU—AMD
and NOV—-AMD at 7=298 K are summarized in Table 1.

3.3. Thermodynamics
The thermodynamical parameters of hetero-association,

AHp, and ASp, of the aromatic drugs (AMD-DAU and
AMD-NOV) have been determined from measurements of

12-
10+
X
£
o —e—NOV-DAU
—o— AMD-DAU
K‘xf“ —A— AMD-NOV
6 T T T T
2.8 3 3.2 3.4 3.6

1000/T

Fig. 3. Linear plots of InK against 1000/T according to Eq. (4) for hetero-
association of DAU-AMD and NOV —AMD. Comparable data for NOV—
DAU taken from previous work [21].

the proton chemical shifts of molecules in the mixed
solution as a function of temperature (Fig. 2b), using the
additive model for observed proton chemical shifts and the
van’t Hoff’s formalism developed previously [12].

Egs. (2) and (3) were used for calculations of thermo-
dynamical parameters in which the influence of temperature
on the values of §(T) is determined by the temperature
dependence of the equilibrium constants of self- and hetero-
association of molecules in solution

Ki(T) = exp(AS? /R — AH! /RT) (4)

To a first approximation, the values of AH? and AS? do not
change substantially with temperature in the range studied,
as shown by the linear van’t Hoff plots in Fig. 3. The
derived mean values of the thermodynamical parameters of
hetero-association of AMD with DAU or NOV are
summarized in Table 2. For comparison purposes, the AHp.,
and ASD., values obtained previously for the NOV—-DAU
system under the same experimental conditions [21] are also
presented in Table 2.

4. Discussion

4.1. Hetero-association parameters

It can be seen in Table 1 that the calculated magnitudes
of the hetero-association constants (K3,) for the NOV—-AMD

Table 2

Thermodynamical parameters of hetero-association of aromatic anti-
cancer antibiotics in aqueous solution (0.1 M phosphate buffer, pD=7.1,
T=298 K)

System —AGRe, kI/mol  —AHp, kJ/mol  —ASpe, J/mol'K
NOV+AMD 19.4+0.8 28+7 30£8
DAU+AMD 19.6+0.8 39+5 58+12
DAU-+NOV* 239+ 0.2 59+6 95+10

* Data taken from Ref. [21].
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Fig. 4. Relative content ( F'yy) of self-aggregates of actinomycin D ( P) and
its hetero-complexes with novatrone (4) as a function of the ratio of the
initial concentrations of NOV (ag) to AMD (po), r=ao/po, po=0.4
mM=const., 7=298 K.

and DAU-AMD systems are similar, in which K; for
NOV-AMD is intermediate between the values of the self-
association constants of the individual aromatic molecules
but Ky, for the DAU-AMD system is greater than the self-
association constants of the component molecules. It was
found previously that, in those cases where the hetero-
association constants of the interacting molecules are greater
than the self-association constants, there is additional
stabilisation due to possible formation of intermolecular
hydrogen bonds between donor—acceptor groups of aro-
matic chromophores in the stacked hetero-complexes
[18,21]. Hence, it is likely that in the DAU—-AMD system
intermolecular hydrogen bonds also give some contribution
to stabilisation of the hetero-complex of the aromatic drugs.
However, for the NOV—-AMD system, where the K3, value
is intermediate between the values of AMD and NOV self-
association constants (Table 1), hydrogen-bond formation in
the NOV—AMD hetero-complex may be considered to be
less likely.

Using the values of equilibrium constants of self-
association of actinomycin D [12], daunomycin [10] and
novatrone [11] and their hetero-association constants
(Table 1), the relative content of each type of molecular
complex in mixed solution has been calculated as a
function of r (=a/py, the ratio of the initial concentrations
of the interacting drugs). The results for the NOV—-AMD
system are presented, as an example, in Fig. 4 and the
results for DAU-AMD have an overall similar depend-
ence. It is seen from Fig. 4 that there is an increase in

content of the hetero-complexes (4;P;) and (A4;P;A;)
between AMD and NOV with increasing concentration
of novatrone in solution (the concentration of AMD being
kept constant at 0.4 mM). At r>12 the sum of all the
hetero-complexes becomes predominant in the mixed
solution (Fig. 4). Similar analysis of the results for the
DAU-AMD system in this work shows that the predom-
inance of the hetero-complexes in the mixed solution
occurs at »>2 for DAU-AMD, in contrast to that for
DAU-NOV (r>0.3) measured previously [21]. These
results indicate that the contributions of hetero-complexes
to the general equilibrium predominate at quite different
values of r in the mixed solutions of anticancer drugs. It
follows that anticancer drugs have quite different affinities
for formation of complexes with other aromatic antibiotics
in aqueous solution, which may result in modifying the
effects of their medico-biological properties.

4.2. Structures of DAU—AMD and NOV—-AMD hetero-
association 1:1 complexes in aqueous solution

A comparison of the induced proton chemical shifts of
drugs in the hetero-complex Ad,(=9,,—J;) and in self-
associated dimers, Ad;= 9, —d, (Table 1) provides some
preliminary information about the structures of the 1:1
DAU-AMD and NOV-AMD hetero-complexes formed in
aqueous solution. Thus, an approximately proportional
distribution of proton shielding (i.e. Ad, and Ad, ratios
for different non-exchangeable protons) is observed in both
the hetero-complex and dimers of AMD and DAU but the
value of Ad, is essentially higher in the DAU-AMD
complex compared to Ad, in DAU-DAU and AMD—-AMD
dimers [10, 12]. Hence, it is likely that the distance between
the aromatic chromophores in the 1:1 DAU-AMD hetero-
complex is smaller than in AMD and DAU dimers [10,12].
On the other hand, such a situation is not observed for
NOV-AMD complexation (Table 1) in comparison with the

Fig. 5. The molecular mechanics calculated spatial structure of the 1:1
DAU-AMD hetero-complex using NMR data. An intermolecular hydro-
gen bond (shown by the arrow) may be formed between O12 of ring C of
DAU and the NH group of D—Val of the cyclopentapeptide side chain,
which is attached to carbon C1 of the AMD chromophore.
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Fig. 6. The molecular mechanics calculated spatial structure of 1:1 NOV—
AMD hetero-complex using NMR data.

dimers of NOV-NOV [11] and AMD—AMD [12]. It should
be noted that the behavior of H10a (Fig. 2a), which is
different to the other protons, results from a rather large
shielding for this proton in the DAU—AMD hetero-complex
(Ad,,) compared with that in the DAU dimer (Ad,) (Table 1,
Ad,=0.56 ppm and Ad,=0.17 ppm) and the large
distribution of associated molecular complexes of DAU as
a function of its concentration in the mixed solution (Fig. 4).
The values of the limiting proton chemical shifts J,
obtained for AMD, DAU and NOV (Table 1) were used
to determine the most favorable structures of the 1:1 DAU—
AMD and NOV-AMD hetero-complexes in aqueous
solution by comparison of the induced proton chemical
shifts, Ad,, and their theoretical values derived from
quantum-mechanical calculations of iso-shielding curves
for AMD, NOV and DAU [33]. Thus, the values of induced
proton chemical shifts of the molecules in the DAU-AMD
hetero-complex (Table 1) show that the quinone ring of the
AMD chromophore containing the 4CHj3 protons is situated
above the aromatic ring D of daunomycin containing
protons H1, H2 and H3.

The most probable spatial structures of the 1:1 DAU-
AMD and NOV—-AMD hetero-complexes in aqueous
solution, calculated by the method of molecular mechanics
are presented in Figs. 5 and 6, respectively. In the calculated
structures the planes of the chromophores of AMD and DAU
molecules in the 1:1 hetero-complex (Fig. 5) are parallel to
each other at a distance of about 0.32 nm, whereas in the
NOV—-AMD hetero-complex (Fig. 6) they are situated 0.34
apart, similar to that observed in dimers of DAU [10] and
NOV [11]. A large overlap of the aromatic parts of the
chromophores has been found for both DAU-AMD and
NOV-AMD hetero-complexes, indicating substantial stack-
ing interactions of the drug molecules. The calculated
structure of the 1:1 DAU—-AMD complex also indicates that
a hydrogen bond (shown by the dotted line in Fig. 5) could
be formed between O12 of ring C of DAU and the NH group

of D—Val of the pentapeptide side chain ring of AMD, which
is attached to carbon C1 of the chromophore.

It should be noted that the calculated structures of the
1:1 DAU-AMD (Fig. 5) and NOV-AMD (Fig. 6)
complexes are only approximate but they are consistent
with both the limiting proton chemical shifts for these
molecular systems and the minimum values of their
potential energies determined by the methods of molecular
modeling.

4.3. Thermodynamical parameters of hetero-association of
anticancer antibiotics in aqueous solution

Dispersive van der Waals interactions are characterized
both by negative enthalpy and entropy [34]. Hence, the
rather large negative values of enthalpy and entropy of
hetero-association observed for DAU-AMD and NOV-—
AMD (Table 2) indicate that dispersive interactions play an
essential role in the formation of hetero-complexes of these
molecules. Quantitative analysis of the thermodynamic
parameters of formation of hetero-complexes is consistent
with the provisional conclusion that the DAU-AMD
hetero-complex in aqueous solution may also be stabilized
by intermolecular hydrogen bonds. It is seen from Table 2
that the enthalpies and entropies of complexation of both
DAU-AMD and DAU-NOV [21], where the hetero-
association complex is stabilized by hydrogen bonds, are
substantially higher in absolute values compared with that
for NOV—-AMD complexation, i.e. the difference in AH for
DAU-AMD complexation compared with NOV—-AMD is
similar to the estimated magnitude of enthalpy of hydrogen
bond formation in aqueous solution from —8 up to — 13 kJ/
mol [35].

It is concluded that aromatic antitumour drugs, such as
actinomycin D, novatrone and daunomycin, form energeti-
cally rather stable hetero-association complexes in aqueous
solution, which may subsequently effect their medical and
biological activity as they are known to be DNA inter-
calators and exert their biological activity by direct
interaction with nuclear DNA [36]. Such investigations are
important for elucidation of the interrelations of antitumour
antibiotics and their likely compatibility in combination
chemotherapy.

Acknowledgements

We thank the Royal Society for a NATO Fellowship
(MPE).

References

[1] E. Chu, V.T. DeVita, Physicians’ Cancer Chemotherapy Drug Manual,
Jones and Bartlett Publ., London, 2003.

[2] O.J. Armitage, The role of mitoxantrone in non-Hodgkin’s lymphoma,
Oncology 16 (2002) 490—512.



118 D.B. Davies et al. / Biophysical Chemistry 117 (2005) 111—118

[3] LH. Stockley (Ed.), Stockley’s Drug Interactions, 6th ed., Pharm.
Press, London, 2002.

[4] L.H. Baker, J. Frank, G. Fine, S.P. Balcerzak, R.L. Stephens, W.J.

Stuckey, S. Rivkin, J. Saiki, J.H. Ward, Combination chemotherapy

using adriamycin, DTIC, cyclophosphamide, and actinomycin-D for

advanced soft-tissue sarcomas — a randomized comparative trial — a

phase-III, southwest-oncology-group-study, J. Clin. Oncol. 5 (1987)

851-861.

J. Dunst, S. Ahrens, M. Paulussen, C. Rube, W. Winkelmann, A.

Zoubek, D. Harms, H. Jurgens, Second malignancies after treatment

for Ewing’s sarcoma: a report of the CESS-studie, Int. J. Radiat.

Oncol. Biol. Phys. 42 (1998) 379—-384.

M. Bontenbal, A.S.T. Planting, C.J. Rodenburg, A. Dees, J. Verweij,

C.C.M. Bartels, J. Alexievafigusch, W.L.J. Vanputten, G.J.M. Klijn,

Weekly low-dose mitoxantrone plus doxorubicin as 2nd-line chemo-

therapy for advanced breast-cancer, Breast Cancer Res. Treat. 21

(1992) 133-138.

M. Schaich, T. Illmer, W. Aulitzky, H. Bodenstein, M. Clemens, A.

Neubauer, R. Repp, U. Schakel, S. Soucek, H. Wandt, G. Ehninger,

Intensified double induction therapy with high dose mitoxantrone,

etoposide, m-amsacrine and high dose ara-C for patients aged 61—

65 years with acute myeloid leukemia, Haematologica 87 (2002)

808—815.

Y. Kano, K. Suzuki, M. Akutsu, K. Suda, Effects of mitoxantrone in

combination with other anticancer agents on a human leukemia-cell

line, Leukemia 6 (1992) 440—445.

[9]1 M. Menozzi, L. Valentini, E. Vannini, F. Arcamone, Self-association
of doxorubicin and related-compounds in aqueous-solution, J. Pharm.
Sci. 73 (1984) 766—770.

[10] D.B. Davies, R.J. Eaton, S.F. Baranovsky, A.N. Veselkov, NMR
investigation of the complexation of daunomycin with deoxytetranu-
cleotides of different base sequence in aqueous solution, J. Biomol.
Struct. Dyn. 17 (2000) 887—901.

[11] D.B. Davies, D.A. Veselkov, M.P. Evstigneev, A.N. Veselkov, Self-
association of antitumour agent novantrone (mitoxantrone) and its
hetero-association with caffeine, J. Chem. Soc., Perkin Trans., II
(2001) 61—-67.

[12] D.B. Davies, L.N. Djimant, A.N. Veselkov, "H NMR investigation of
self-association of aromatic drug molecules in aqueous solution.
Structural and thermodynamical analysis, J. Chem. Soc., Faraday
Trans. 92 (1996) 383—-390.

[13] J. Piosik, M. Zdunek, J. Kapuscinsky, The modulation by xanthines of
the DNA-damaging effect of polycyclic aromatic agents: Part II. The
stacking complexes of caffeine with doxorubicin and mitoxantrone,
Biochem. Pharm. 63 (2002) 635—646.

[14] D.B. Davies, D.A. Veselkov, L.N. Djimant, A.N. Veselkov, Hetero-
association of caffeine and aromatic drugs and their competitive
binding with a DNA oligomer, Eur. J. Biophys. 30 (2001) 354—366.

[15] E.D. Kharasch, R. Novak, The molecular-basis for complexation of
adriamycin with flavin mono-nucleotide and flavin adenine-dinucleo-
tide, Arch. Biochem. Biophys. 212 (1981) 20-36.

[16] M. Pietrzak, Z. Wieczorek, A. Stachelska, Z. Darzynkiewicz,
Interactions of chlorophyllin with acridine orange, quinacrine mustard
and doxorubicin analysed by light absorption and fluorescence
spectroscopy, Biophys. Chem. 104 (2003) 305—-313.

[17] D.B. Davies, D.A. Veselkov, A.N. Veselkov, NMR determination of
the hetero-association of phenanthridines with daunomycin and their
competitive binding with a DNA oligomer, Eur. J. Biophys. 31 (2002)
153-162.

[5

—_

[6

—_

[7

—

B

[}

[18] D.B. Davies, D.A. Veselkov, V.V. Kodintsev, M.P. Evstigneev, A.N.
Veselkov, "H NMR investigation of the hetero-association of aromatic
molecules in aqueous solution: factors involved in the stabilization of
complexes of daunomycin and acridine drugs, Mol. Phys. 98 (2000)
1961-1971.

[19] A. Ramu, M.M. Mehta, J. Liu, I. Turyan, A. Aleksic, The riboflavin-
mediated photooxidation of doxorubicin, Cancer Chemother. Pharma-
col. 46 (2000) 449—-458.

[20] A.W. Wood, J.M. Sayer, H.L. Newmark, H. Yagi, D.P. Michaud, D.M.
Jerina, A.H. Conney, Mechanism of the inhibition of mutagenicity of a
benzo[a]pyrene 7,8-diol 9,10-epoxide by riboflavin S5.phosphate,
Proc. Natl. Acad. Sci. U. S. A. 79 (1982) 5122—-5126.

[21]7 A.N. Veselkov, M.P. Evstigneev, A.O. Rozvadovskaya, A. Hernandez
Santiago, O.V. Zubchenok, L.N. Djimant, D.B. Davies, '"H NMR
structural and thermodynamical analysis of the hetero-association of
daunomycin and novatrone in aqueous solution, J. Mol. Struct. 701
(2004) 31-37.

[22] J. Kapuscinsky, Z. Darzynkiewicz, Interactions of antitumor agents
ametantrone and mitoxantrone (novatrone) with double-stranded
DNA, Biochem. Pharmacol. 34 (1985) 4203—-4213.

[23] FM. Chen, C.M. Jones, Q.L. Johnson, Dissociation kinetics of
actinomycin D from oligonucleotides with hairpin motifs, Biochem-
istry 32 (1993) 5554—5559.

[24] Y.M. Huang, D.R. Phillips, Thermodynamics of the interaction of
daunomycin with DNA, Biophys. Chemist. 6 (1977) 363—-368.

[25] J.B. Chaires, N. Dattagupta, D.M. Crothers, Self-association of
daunomycin, Biochemistry 21 (1982) 3927-3932.

[26] A.T. Brunger, X-PLOR, a System for X-PLOR Crystallography and
NMR, Yale Univ. Press, 1992.

[27] A.D. MacKerell, D. Bashford, R.L. Dunbrack, J.D. Evanseck, All-
atom empirical potential for molecular modelling and dynamics
studies of protein, J. Phys. Chem., B 102 (1998) 3586—3616.

[28] W. Jorgensen, J. Chaindrasekhar, J. Madura, R. Imprey, M. Klein,
Comparison of simple potential functions for simulating liquid water,
J. Chem. Phys. 79 (1983) 926—935.

[29] G.L. Kleywegt, Dictionaries for heteros, News Uppsala Software Fact
5 (1998) 4-5.

[30] H.M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T.N. Bhat, H.
Weissig, I.N. Shindyalov, P.E. Bourne, The protein data bank, Nucleic
Acids Res. 28 (2000) 235-242.

[31] N.L. Allinger, MM2. A hydrocarbon force field utilizing V1 and V2
torsional terms, J. Am. Chem. Soc. 99 (1977) 8127-8134.

[32] D.M. Crothers, S.L. Sabol, D.I. Rather, W. Muller, Studies concerning
the behavior of actinomycin D in solution, Biochemistry 7 (1968)
1817-1824.

[33] C. Giessner-Prettre, B. Pullman, Quantum mechanical calculations of
NMR chemical shifts in nucleic acids, Q. Rev. Biophys. 20 (1987)
113-172.

[34] R.D. Ross, S. Subramanian, Thermodynamics of protein association
reactions: forces contributing to stability, Biochemistry 20 (1981)
3096-3102.

[35] M.T. Record, C.F. Anderson, T.M. Lohman, Thermodynamic analysis
of ion effects on the binding and conformational equilibria of proteins
and nucleic acids: the roles of ion association or release, screening and
ion effects, Q. Rev. Biophys. 11 (1978) 103—-178.

[36] D.E. Graves, L.M. Velea, Intercalative binding of small molecules to
nucleic acids, Curr. Org. Chem. 4 (2000) 915—-928.



	Hetero-association of anticancer antibiotics in aqueous solution: NMR and molecular mechanics analysis
	Introduction
	Materials and methods
	NMR spectroscopy
	Molecular mechanics calculations

	Results
	NMR measurements
	Hetero-association model
	Thermodynamics

	Discussion
	Hetero-association parameters
	Structures of DAU-AMD and NOV-AMD hetero-association 1:1 complexes in aqueous solution
	Thermodynamical parameters of hetero-association of anticancer antibiotics in aqueous solution

	Acknowledgements
	References


