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The self-association of the antitumour drug, novatrone, NOV (mitoxantrone) and its hetero-association with caffeine
(CAF) have been investigated by 1D and 2D 500 MHz 'H NMR spectroscopy. Two-dimensional homonuclear
correlation NMR spectroscopy (2D TOCSY and 2D ROESY) has been used for complete assignment of proton
signals and for a qualitative analysis of the mutual arrangements of the aromatic drug molecules in the aggregates.
The structural and thermodynamical parameters of molecular self- and hetero-association of the aromatic
compounds have been determined from measurements of the NMR chemical shifts of the drug protons as a function
of concentration and temperature. The self-association of NOV has been analysed using both the indefinite
cooperative and non-cooperative models, and the hetero-association of NOV and CAF has been analysed in terms
of a statistical-thermodynamical model, in which molecules form indefinite aggregates for both self- and hetero-
association. The magnitudes of parameters (equilibrium reaction constants, enthalpy (AH) and entropy (AS)) have
been calculated for self-association of NOV and its complexation with CAF; at 318 K the equilibrium constant for
self-association of NOV is 12400 (£4000) 1 mol ! and for hetero-association with CAF is 256 (£30) I mol™*. The most
favourable structures of the NOV dimer and the 1:1 NOV-CAF hetero-association complexes have been determined
from the calculated limiting values of the induced chemical shifts of the drug protons.

Introduction

The synthetic antitumour drug novatrone, NOV (mitoxan-
trone) has proven clinical antineoplastic activity in patients
with breast cancer, acute leukemia and non-Hodgkin’s lymph-
oma.! NOV is one of the promising drugs that have been
developed to overcome the cardiotoxicity associated with
anthracyclines.? The molecular mechanisms and intracellular
targets associated with the antitumour effects of NOV are still
unclear,® and the possibilities suggested involve formation of
NOV-DNA complexes,*” complexes of NOV with cyto-
skeleton proteins® and/or accumulation of cytotoxic metabol-
ites.” However, most of the evidence indicates that nucleic acids
are the main targets of NOV in living cells and both DNA
transcription and RNA processing are affected.®” The anti-
biotic NOV, unlike many other intercalating drugs, does not
show pronounced sequence specificity in complexation with
DNA,>"1° although it has been suggested that hydroxy groups
in the chromophore of NOV play a significant role in the recog-
nition of preferred nucleotide sequences.® Prior to determin-
ation of the structural and thermodynamical characteristics of
the intercalative binding of aromatic drugs to defined DNA
sequences by NMR spectroscopy,'™* it is necessary to deter-
mine the self-association of the drugs in solution. There are a
number of investigations of the self-association of NOV which
give a large range of values of equilibrium self-association con-
stants in aqueous solution >'*!* and so the equilibrium constant
and thermodynamic parameters of self-association of NOV are
measured under the same solution conditions (0.1 M phosphate
buffer, pD 7.1) as used for our drug-DNA studies.'>!?

Caffeine (1,3,7-trimethylxanthine, CAF) represents a class of
aromatic molecules that constitute the most widely distributed
naturally occurring methylxanthines. It is generally accepted
that some of the biological activity of CAF results from its

DOI: 10.1039/60070420

interactions with biopolymers such as enzymes and nucleic
acids.’® It has also been shown that CAF is capable of reducing
the toxicity of a typical DNA intercalator, ethidium bromide,"”
and the efficacy of a number of anti-cancer aromatic drugs,
such as novatrone, doxorubicin and its analogues, ellipticine
and others."®" It was suggested **' that CAF forms hetero-
association complexes with aromatic molecules, which effect-
ively lowers the concentration of free ligand and thereby
reduces the pharmacological activity of the drugs, i.e it was
concluded?! that CAF acts as an “interceptor” of biologically
active aromatic molecules, which bind to DNA by intercalation.
Although novatrone was included in this general “interceptor”
mechanism, there have been no experimental determinations of
the hetero-association of novatrone with caffeine and so, in this
work, their complexation is investigated in order to provide
further understanding of the basis of the reduction of the
efficacy of the drug.

The hetero-association of CAF with different aromatic
molecules has been investigated using different mathematical
models and analytical procedures to interpret the experimental
results.?*** However most of the proposed models of molecular
hetero-association have some limitations in either their use or
theoretical approach as discussed in detail elsewhere.”** A
statistical-thermodynamical model of hetero-association, in
which molecules form indefinite aggregates for both self-
association and hetero-association, has recently been developed
in our laboratory to analyse the NMR parameters of compon-
ent molecules in aqueous solution,*** and this model will be
used to analyse the hetero-association of CAF with NOV in
this work.

We report the NMR analysis of the self-association of the
antibiotic NOV and its complexation with CAF (structures of
both molecules are presented in Fig. 1) in buffered aqueous
solution. Two-dimensional homonuclear correlation 500 MHz
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Fig. 1 Structures of caffeine (CAF) and novatrone (NOV).
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Fig. 2 2D ROESY (500 MHz, 7, = 240 ms) of NOV solution ([x,] =
1.01 mmol 1"") in 0.1 M phosphate buffer, pD = 7.1 at T=318 K. The
intermolecular cross-peak (H2/3-H11) is shown by the arrow.

'"H NMR spectroscopy (2D TOCSY and 2D ROESY) has been
used for complete assignment of proton signals and for a quali-
tative analysis of the mutual arrangements of the aromatic drug
molecules in the aggregates. 1D 'H NMR measurements have
been made as a function of both concentration and temper-
ature, from which the structural and thermodynamical param-
eters of NOV self-association and its hetero-association with
CAF have been determined.

Results
1. Self-association of novatrone in aqueous solution

The structure of the aggregate and thermodynamics of self-
association of NOV have been determined in this work in the
same way as done previously?® for other aromatic drugs under
the same experimental conditions. '"H NMR signal assign-
ments of NOV have been made using homonuclear 2D
TOCSY and 2D ROESY experiments and are in good agree-
ment with published 1D NMR data.'* The NOV molecule has
a plane of symmetry and so chemical equivalence is found for
resonances of H2/H3, H6/H7 and the protons of the two
aminoalkyl side chains. The 2D ROESY spectrum of NOV
solution (Fig. 2) obtained at initial drug concentration
(xo=1.01 mM) exhibits an intermolecular ROE contact
between the H2/H3 and H11 protons of the antibiotic (shown
by arrow), which provides unambiguous evidence of the
inverse (“head to tail”) orientation of the antibiotic chromo-
phores in the aggregate. A similar conclusion about the
mutual arrangement of the NOV chromophores in the dimer
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Fig. 3 Experimental proton chemical shifts for self-association of
NOV (empty circles) and in the mixed solution of NOV with CAF
(NOV, filled circles; CAF, filled triangles): (a) dependence on NOV
concentration at 7= 318 K (Ccap =po = 2.0 mM); (b) dependence on
temperature (self-association: Cyoy =X,=0.47 mM, empty circles;
hetero-association: Cyoy=dy=0.9 mM (filled circles), Ccpp=po=
2.0 mM (filled triangles)).

aggregate was made previously' on the basis of 1D NOE
experiments.

The changes with concentration and temperature of the
chemical shifts of the non-exchangeable aromatic protons and
the H11 protons of the side chains of the NOV chromophore
are presented in Fig. 3. The concentration dependences of the
proton chemical shifts of NOV show shifts to lower frequencies
at higher concentrations, which result from intermolecular
stacked complexes in solution in common with other aromatic
drug molecules.>?¢ The self-association properties of the drug
have been analysed using the indefinite non-cooperative model,
in which the equilibrium constants K; for the equilibria (eqn. (1))

K;
X+ X=X, (1)

are assumed to be equal for j=(1; o), as done previously?
for other aromatic drugs. In this model the dependence of
the observed chemical shift 0 on concentration is given by
eqn. (2),% where &, is the proton chemical shift for the drug

2Kx + 1 — V4Kx + 1)

5=5m+(5i—5m)< K
X

2

molecule in the where d; is the proton chemical shift for the drug
molecule in the complex, J,, is the proton chemical shift of the
monomer, ie. at infinite dilution. It was taken into account that
(0; — 0) = 2(04 — Om), Where Jy is the proton chemical shift of
the molecule at the end of the aggregate and also in the dimer.

The parameters d,,, J; and K in eqn. (2) were calculated from
the experimental concentration dependences of chemical shifts
for different drug protons (Fig. 3(a)) using the variational
method of data analysis by minimization of a quadratic dis-
crepancy function as described previously,”?*” and the calcu-
lated values of the self-association parameters of NOV are
presented in Table 1.

In order to estimate the probability of formation of com-
plexes of higher order than dimers, the experimental results
have also been analysed using the indefinite cooperative
model® of molecular self-association, where the reaction con-
stants for equilibrium (1) are assumed to be equal for all j >
2 (Ky=K;=...=K;=K) and K, =0K. This model gives the
following dependence of the observed chemical shift J on
concentration (eqn. (3)),>* where x, and x, are the initial and

0 —0n X, oKx?
et )
0; = Om Xo Xl = Kxy)




Table 1  Self-association parameters of NOV (0.1 mol 1! phosphate buffer solutions, pD 7.1, T =318 K)

Non-cooperative model Cooperative model

Protons  J,, (ppm) &4 (ppm) 10° K/l mol™! Om (ppm) 4 (ppm)  10* K/l mol™* o AH®/kJmol™'  AS°/Jmol 'K™!
H6/H7 7.68 7.18 7.67 7.18

H2/H3 7.30 6.91 12.4 (£4.0) 7.31 6.91 12.2 (£3.9) 0.98 (£0.04) —31.1(%£24) —17.9 (%£5.2)

HI11 3.96 3.69 3.96 3.69

monomer concentrations of the drug in solution, respectively.
The cooperative model contains four unknown parameters (0,
d;, o and K) which have been determined from the experimental
concentration dependences of drug proton chemical shifts (Fig.
3(a)), as in previous work.” The mean values of the calculated
parameters using the cooperative model are also presented in
Table 1.

Thermodynamics of the self-association of novantrone. The
thermodynamical parameters of molecular self-association of
NOV have been determined from the experimental temperature
dependence of the drug proton chemical shifts (Fig. 3(b)). The
observed chemical shift ; of the j-th drug proton at a given
temperature 7 can be written? in the form of eqn. (4), where

OH(T) = ful(T) 0w + S(T)0y “)

Jum(T) and f{(T) are the equilibrium molar fractions of the drug
at temperature 7 in the monomer (m) and in the aggregate (i),
respectively. It was shown previously?® for different aromatic
drugs that the values of 6,,; and d;; in eqn. (4) do not depend on
temperature in the temperature range studied and the same
considerations apply to NOV in this work. Hence, the influence
of temperature on the observed values of 0 summarized in
eqn. (4) results from changes in the mole fractions, f,, and f;,
which are simply related to the equilibrium association constant
K at a given temperature. Analysis of the temperature depend-
ence of the equilibrium constant enables the thermodynamic
parameters AH and AS of drug self-association to be esti-
mated. A detailed description of the method of calculation of
thermodynamical parameters of drug self-association has
been given previously.?® The calculated values of AH and AS for
self-association of NOV in aqueous solution are presented in
Table 1.

2. Hetero-association of novantrone with caffeine in aqueous
solution

The structures and thermodynamics of complexation between
NOV and CAF have been investigated by analysis of the proton
chemical shifts of both drugs in mixed solutions as a function
of concentration and temperature (Fig. 3). No intermolecular
cross-peaks between the NOV and CAF protons were detected
in 2D ROESY (or NOESY) experiments in the mixed solutions
even at the highest concentrations studied (Cyoy = ¢y =1 mM,
Cear =Po =2 mM). The absence of the cross-peaks may be due
to formation of various hetero-association complexes between
NOV and CAF molecules, in which there is a relatively small
content of any particular complex in solution. In the titration
experiments NMR measurements were made by keeping the
CAF concentration constant (p,=2 mM) and changing the
concentration of NOV in solution; this experimental procedure
was adopted because the equilibrium self-association constant
of NOV (Table 1) is over a thousand times greater than that of
CAF (Kcar=Kp=6.9 (£0.2) mol 1! at T=318 K)*® at the
same temperature and therefore changes of concentration of
NOV affect the equilibrium distribution of the aggregates
more than keeping it constant and varying the concentration
of CAF in solution.

Comparison of the concentration dependences of the proton
chemical shifts of NOV with and without CAF in solutions

(Fig. 3(a)) shows that the presence of CAF in solution shifts the
proton resonances of NOV to high frequencies (low field) due
to hetero-association between NOV and CAF molecules. This
can be explained by the smaller shielding effect of CAF mol-
ecules on the protons of NOV in the hetero-complexes com-
pared with that of molecules of NOV in the self-association
aggregates. At relatively low concentration of NOV in solution
the contribution of CAF molecules to the shielding of the anti-
biotic protons becomes substantial, inducing the shift to higher
frequencies for the NOV protons. The statistical thermodyn-
amical model of hetero-association of aromatic molecules?***
has been used to analyse the experimental data. The dynamic
equilibrium considered in the model includes indefinite self-
association as well as indefinite hetero-association reactions of
different types, as shown in eqn. (5), where A, and P, correspond

Ky Ky
A+ A—A L (a) P1+Pj Pj+1 (b)

Khet

Khet
P,+ A,;—PA; (0 PA;+ P,—PAP, (d) (5

Khet
Ay + PA,—APA; ()

to the monomers of NOV and CAF, and A;, A, P;, P, are the
aggregates containing i, k monomers of NOV and j, / mono-
mers of CAF, respectively. The equilibrium constants for the
self-association reactions of NOV (K,) and CAF (Kp) and for
the hetero-association of drug molecules (Kj,,) are assumed to
be independent of the number of molecules in the aggregates
and complexes. As the self-association constant for CAF, Kp, is
substantially smaller than K, for NOV (Table 1), estimates have
shown? that the hetero-complexes, AP;A;, where P; aggregates
of CAF are flanked by the aggregates of NOV (A, and A)), are
unlikely to form in solution, and consequently reaction 5(e) can
be neglected in the present case.

Taking into consideration the mass conservation law for the
reactions in eqn. (5), the additive model for the proton chemical
shifts and the assumption that only neighbouring molecules
contribute to the chemical shift changes, the dependence on
concentration of the observed proton chemical shifts of NOV
in the mixed solution can be written in the form of eqn. (6)*

0 —[al]{é |:2 -
A= ma | 2(1 + Kylai])

[@] (1= KA[al])2

1
2044 |:(1 _ KA[a1])2 -1- KA[al]} +
SeaKne 21l { I Kl P4 }} (6)
(1 - KA[al])2(1 — K[pi)) (1 = Ke[pi)

and the corresponding expression for CAF is given by eqn. (7).

1} N
(1 = Ke[pi))?

1 - KP[pl]:| +

Op=_— {(5mP |:2(1 + Kplpi)) —

wd{l _
(1 = Kp[pi))?

OcpKied 1] { I Kyl P4 :| )
(1 - KP[pl])z(l — Ku[ay]) (1 - KP[Pl])2
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Table 2 Hetero-association parameters of NOV and CAF (0.1 mol 1! phosphate buffer solutions, pD 7.1, T =318 K)“

NOV J.(NOV) 0n(NOV) CAF J0.(CAF) Jm(CAF) AHei/K] AS°hetJ

Protons (ppm) (ppm) Protons (ppm) (ppm) Khe/l mol ™ mol ™! mol 'K™!

Ho6/H7 7.61 7.68 HS8 6.90 7.89

H2/H3 7.12 7.30 7-CH,; 3.18 3.95

H11 3.95 3.96 3-CH; 2.60 3.54 256 (£30) —9.3(0.8) 15.3 (£4.0)
1-CH; 2.46 3.35

“The self-association parameters of NOV used for the calculations are presented in Table 1. Those for CAF were taken from ref. 28
(AH cpp=—21.0£ 0.4 kI mol ™, AS°cpar=—502 1 JK 'mol™; K=6.9 £ 0.2 mol " at T=318 K).

The values of da, Jga> Oca and Opp, dgp, Op are the proton
chemical shifts of NOV/CAF in the monomer, dimer and
hetero-complex, respectively. The equilibrium self-association
constants K, and K as well as d,,,, dq5 and d,,p, dgp have been
determined independently (Table 1) for the same experimental
conditions. It follows that the observed concentration depend-
ence of the proton chemical shifts of NOV and CAF in mixed
solutions (Fig. 3(a)) is a function of two unknown quantities, J,
and K., which have been determined using the computational
procedure described previously.?® The magnitudes of the calcu-
lated parameters K, and J. at 7'=318 K are summarised in
Table 2.

The thermodynamical parameters AH®,,, and AS®,, of the
hetero-association of NOV with CAF were determined from
measurements of the proton chemical shifts of the molecules
in the mixed solution as a function of temperature (Fig. 3(b))
using the additive model for the experimental proton chemical
shifts, as in previous work.? The derived values of enthalpy and
entropy of hetero-association between NOV and CAF are also
presented in Table 2.

Discussion

Structural and thermodynamical properties of the self-
association of novatrone in aqueous solution

The self-association constant of NOV (Table 1) is substantially
higher than K values determined previously?*® for other
aromatic drug molecules under similar experimental condi-
tions. It is likely that the high K value for self-association of
NOV not only is connected with stacking interactions of the
chromophores of antibiotics similar to other molecules con-
taining three aromatic rings in the chromophores,** but also
might be due to some additional stabilization of the aggregates.
Inspection of the structure of NOV (Fig. 1) indicates that
intermolecular hydrogen bonds may be able to form in the
molecular complexes. The equilibrium constant K for NOV
self-association (Table 1) is similar in magnitude to the dimer-
ization constant K; of this drug determined previously by
optical studies.>'> However, the absolute values of dimerization
constant for NOV *!* and K, determined in this work differ by
about a factor of two at the same temperature under similar
experimental conditions, i.e. Ky = K/2=16500 (£5200) 1 mol™*
at 7'=298 K as recalculated using the thermodynamical param-
eters of NOV self-association (Table 1). This difference may be
due, in part, to the assumption in the previous work that the
dimer model is appropriate to analyse the aggregation of NOV
(K;=30070 £ 360 1 mol™") in the pM concentration range.’
Using the expression of Delbarre et al.*® for the indefinite non-
cooperative model of molecular association, estimates show
that, even at 10 uM concentration of the drug, the contribution
of higher order aggregates (higher than dimers) is ~20% due to
the high self-association constant of NOV, thus leading to rel-
atively large errors in the determination of self-association
constants using the dimer model. The same conclusion can be
drawn for the K-values derived by use of a dimer + trimer model
for emission studies in the 107*~1075 M concentration range i.e.
K, =27000 1 mol ! and K; = 70000 1 mol !, in which the authors
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quoted a 20-30% error limit.'”S Limitation of the number of
molecules in the stack leads to magnitudes of association con-
stants being greater than for the indefinite association model
because, if some reactions are not taken into account, the effect-
ive fraction of interacting molecules used in the concentration
equations is lower, giving rise to a different value of the self-
association constant, e.g the estimated amount of stacks higher
than dimers/trimers for NOV self-association is ca. 90% at a
concentration of 10™* M.

Limiting the self-association of NOV to dimers and trimers '
also leads to the surprising result that K; is much greater than
K,. The validity of this approximation was checked by calcu-
lation of the self-association of NOV using the cooperative
model of indefinite association (Table 1). The cooperativity
parameter, o, close to 1, indicates that the self-association of
NOV is non-cooperative, ie. the dimerisation constant equals
the equilibrium constants of formation of higher order associ-
ates (K;, K,, .. ., K;). A similar situation was observed for the
phenanthridine drugs, ethidium bromide (EB) and propidium
iodide (PI), whose chromophores do not contain bulky side
groups or chains,”** whereas self-association is evidently non-
cooperative (o >1)>? for the antibiotics daunomycin,
nogalamycin and actinomycin D, which have large substituents
attached to the chromophores. The value of ¢ ca. 0.98 (£0.04)
shows that the previous approximation’® of only considering
dimers and trimers is incorrect and the reason that K; was
found to be greater than K, is that the contribution of higher
order aggregates was neglected. It is also worth noting that
NOV was found to exhibit a high tendency to self-aggregation
within intracellular media,® which can be explained by the large
value of the self-association constant and consequently high
aggregation affinity of this drug.

The dimer structure of NOV in aqueous solution has been
determined using the calculated values of the induced proton
chemical shifts of the antibiotic (Ad =J,, — dy, Table 1) and the
results of 2D ROESY experiments (Fig. 2) similar to previous
work for other aromatic drugs.?**® The mutual orientation of
the chromophores of NOV in the dimer was calculated by
comparison of Ad and their theoretical values from quantum-
mechanical calculations of iso-shielding curves for aromatic
molecules.* To be consistent with the 2D ROESY data (Fig. 2)
only the anti-parallel orientation of the planes of the NOV
chromophores was considered. The structure of the monomer
form (chromophore and side chains) of the NOV molecule was
determined theoretically by energy minimization of the inter-
actions between structural groups of the antibiotic using the
MM2 force field*! and additional parametrization introduced
by Dudek and Pounder.’? In the calculated most favourable
structure of the NOV dimer (Fig. 4) the planes of the chromo-
phores of NOV are parallel to each other and situated 0.34 nm
apart; there is significant overlap of the aromatic rings of the
chromophore and the amino alkyl side chains tend to be well
separated. The structure shows that H-bonds may be formed
between the side chain secondary amino groups (NHS5/NHS)
and hydroxy groups OH1/OH4 of the antibiotic chromophore
which are situated sufficiently close to each other in space
(Fig. 4). The intermolecular hydrogen bonding also looks as



a)
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Fig. 4 The calculated NMR structure of the self-associated dimer
complex of NOV: (a) side view of the dimer complex; (b) view, looking
perpendicular to the planes of the chromophores of the antibiotic
molecules.

though it could be stabilized by a hydrogen-bond network
between OH1, 9-CO and 8-NH of one molecule and the same
groups on the adjacent molecule in the stack; by symmetry con-
sideration the same situation would also occur for the OH4, 10-
CO and 5-NH groups. Indirect confirmation of the assumption
of intermolecular hydrogen bonding is shown by optical
investigations of the self-association of the pharmacologically
less active derivative of NOV, ametantrone.’® The self-
association of ametantrone, whose structure differs by the sub-
stitution of H-atoms in positions 1 and 4 instead of hydroxy
groups in NOV, is characterized by an approximately five times
smaller dimerization constant compared to NOV under the
same experimental conditions.’ It should be noted that in the
calculations of the dimer structure of NOV, only the values of
induced chemical shifts Ad for the three non-exchangeable pro-
tons can be used, thus allowing some freedom in the shift of the
planes of the molecules perpendicular to the longitudinal axis
of the chromophore of the antibiotic. However, such displace-
ments of the chromophores of the molecules would lead to a
decrease in the overlap of the aromatic ring systems of NOV
and a decrease in the stacking interactions and, consequently,
to a less stable dimer complex.

A geometric arrangement of the NOV dimer in solution has
been also proposed using the exciton model.”® Although “head
to tail” orientation of the NOV molecules in the dimer'
resembles the calculated structure in Fig. 4, the separation
between the planes of the chromophores in the proposed dimer
structure is much higher (~0.62 nm) than that obtained in this
work. Our experimental NMR results show that the dimer
structure presented by Lee and Dutta '* is unlikely to be correct,
because at such a large separation between the chromophores,
the magnetic shielding of the drug protons in the aggregates, as
well as changes of proton chemical shifts with concentration
and temperature, should be negligible.*® The ring current mag-
netic field which gives the main contribution to the nuclear
shielding in aromatic molecules3® decreases rapidly with dis-
tance (~1/r*) and becomes insignificant at » = 0.5 nm, whereas
the experimental dependences of proton chemical shifts of
NOV as a function of both concentration and temperature
(Fig. 3) show pronounced changes of chemical shifts due to
stacking interactions of the aromatic molecules of antibiotic in
aqueous solution.

The change in enthalpy of aggregation of NOV exceeds, in
absolute value, AH for self-association of the phenanthridine
drugs EB and PI*** and is comparable with those obtained for

the anthracycline antibiotics, DAU and NOG.* It is likely
that the relatively high negative value of enthalpy of self-
association of NOV is determined by dispersive interactions
between aromatic chromophores and the possible formation
of intermolecular H-bonds in the antibiotic aggregate. Disper-
sive interactions are characterized by both negative enthalpy
and negative entropy,* and the enthalpy of hydrogen-bond
formation in aqueous solution is estimated to be between —8
and —13 kJ mol ! .343%

Hetero-association of novatrone with caffeine in aqueous solution

It is seen from Table 2 that the magnitude of the hetero-
association constant for complexation of NOV with CAF is
intermediate between the values of self-association constants
of the interacting aromatic drug molecules, as found for all the
systems studied previously,?® i.e. for hetero-association of CAF
with different aromatic dyes and drugs. At the same time the
equilibrium constant of hetero-association between NOV and
CAF is somewhat higher than K, for other drug-CAF sys-
tems.?® The largest value of hetero-association constant among
all the systems studied previously? was observed for the com-
plexation between acridine orange and caffeine, K, =158 1
mol 'at T =318 K, which was attributed, in the main, to hydro-
phobic interactions between methyl groups of the dye chromo-
phores and caffeine molecules. For hetero-association of NOV
and CAF it is possible that stabilization of the hetero-complex
is also caused by hydrophobic interactions between the methyl
groups of caffeine and the alkyl side chains of the antibiotic. It
is feasible that some contribution to the stabilizing effect of the
1:1 NOV-CAF complex may also be due to hydrogen-bond
formation between the molecules. The thermodynamical
parameters determined for the NOV-CAF molecular system
(Table 2) are consistent with these conclusions. The absolute
value of AH®,, (Table 2) was found to be substantially smaller
than the enthalpies of self-association reactions for both NOV
and CAF under the same experimental conditions (Tables 1, 2).
At the same time, the entropy of hetero-association of the
molecules has a small positive value. Positive entropy contribu-
tions are mainly determined by hydrophobic interactions.®
Thus, it is likely that the hydrophobic effect plays a significant
role in the hetero-association between NOV and CAF mole-
cules, giving a positive contribution to AS®,, and probably
resulting from interactions of methyl groups of CAF and alkyl
side chains of the anthraquinone chromophore of NOV.

The relative content of each molecular complex in solution
has been calculated as a function of r (= ay/p,, the ratio of the
initial concentrations of NOV and CAF in the mixed solution)
and temperature using the calculated values of reaction con-
stants (Tables 1, 2) determined in this work. It can be seen in
Fig. 5(a) that, with increasing r, there is an increase in content
of all associated forms of NOV and a concomitant decrease of
the monomer and self-associated forms of CAF. Over 65%
of the CAF (P) molecules exist in solution in the monomer
form, whilst the self-association (A;) and hetero-association
(A;P;) complexes of NOV are predominant in the molecular
equilibrium compared with any other associated forms of the
molecules at NOV concentrations higher than a;,=0.12 mM;
this behaviour is due to the relatively small self-association con-
stant of CAF compared to the relatively high self-association
constant of NOV (Table 1). The temperature dependence of the
relative content of different complexes (Fig. 5(b)) shows that
dissociation of both the self- and hetero-association complexes
in the mixed solution occurs at higher temperatures, giving a
concomitant increase in the monomer concentrations of NOV
(A,) and CAF (P)).

Structure of the 1:1 NOV-CAF hetero-complex in aqueous
solution

The values of the limiting proton chemical shifts, ., for NOV
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Fig. 5 Calculated relative content F (the ratio of the concentration of
a given type of molecular component to the total concentration of all
types of aggregates in solution) of self- and hetero-associated com-
plexes of NOV (A) and CAF (P) as a function of: a) r = aq,/p,, the ratio
of concentrations of NOV and CAF; b) temperature at q,=0.9 mM,
Po=2.0mM.

a)

b)

Fig. 6 A structure of the 1:1 CAF-NOV hetero-association complex
calculated from NMR limiting chemical shifts: (a) side view of the
hetero-complex; (b) view looking perpendicular to the planes of the
chromophores of aromatic molecules. An equally probable structure is
found by 180° in-plane rotation of the CAF molecule.

and J ., for CAF protons in Table 2, have been used to calculate
the most favourable structures of the 1:1 hetero-association
complex of NOV + CAF in aqueous solution in the same way
as used for the dimer of NOV, ie. by comparison of induced
proton chemical shifts Ad with those values calculated from
quantum-mechanical iso-shielding curves for aromatic mole-
cules.*® One of the most favourable calculated structures of the
1:1 complex of NOV with CAF in aqueous solution is pre-
sented in different spatial projections in Fig. 6. As the NOV
molecule has a plane of symmetry there is an equivalent struc-
ture with CAF rotated 180° in the plane. In both structures the
planes of the chromophores of NOV and CAF molecules in
the 1:1 hetero-complex are parallel to each other at a distance
of about 0.34 nm. Intensive overlap of the aromatic parts of the
chromophores is found for the CAF-NOV hetero-complex,
which indicates substantial stacking interactions of the drug
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molecules. The calculated structure (Fig. 6) shows that two of
the methyl groups of CAF (in positions 1 and 3) are situated
close in space to the alkyl side chains of NOV, thus indicating
possible hydrophobic contacts between them. Moreover, the
calculated structure could also be stabilized by hydrogen bonds
between CAF oxygens (in positions 2 and 6) and the NH
groups of the side chains of NOV. It should be noted that,
due to the symmetry of the iso-shielding curves for the NOV
molecule and the approximate symmetrical shape of the iso-
shielding curves for CAF, there may be two possible orien-
tations of the CAF chromophore in the 1:1 hetero-complex,
i.e. when the plane of the CAF chromophore is rotated by
180° with respect to the transverse axis. This structure of the
NOV-CAF complex is consistent with that obtained using
molecular modelling calculations for the same system,* from
which it was also concluded that “rotation of the caffeine by
180° relative to the DNA intercalator ring system does not
significantly alter the relative binding energy”.

Taken together, the NMR results of the structural and
thermodynamical analysis of the complexation of caffeine with
the DNA-intercalating drug, novatrone, have shown that CAF
forms stacked complexes with the antibiotic in aqueous solu-
tion. Stabilization of the 1:1 NOV-CAF hetero-complex in
aqueous solution results from van der Waals dispersive forces,
giving a substantial overlap of the aromatic ring systems of the
chromophores, hydrophobic interactions and the possibility of
intermolecular hydrogen bonding.

Experimental
Materials

Novatrone (mitoxantrone) and caffeine were purchased from
the Sigma Chemical Company and used without further purifi-
cation. The samples were lyophilized from D,0O and re-
dissolved in 0.1 M phosphate buffer in 99.95% D,O, pD =7.1,
containing 10™* M EDTA. The concentrations of the stock
solutions of the aromatic molecules were measured spectro-
photometrically on appropriate dilution using the following
molar absorption coefficients: £=8360 1 mol™! cm™ (1=
682 nm) for NOV** and ¢ =9740 I mol ' cm™! (A = 273 nm) for
CAFEY

NMR experiments

500 MHz 'H-NMR spectra were recorded on a Bruker DRX
spectrometer with the residual water peak saturated during
relaxation. 2D ROESY experiments were measured at 318 K,
with a mixing time of 7, =240 ms, using standard pulse
sequences described previously.®® NOV showed limited solubil-
ity in aqueous buffered solution and, therefore, chemical shift
measurements of the non-exchangeable protons of the aro-
matic molecules were made as a function of concentration of
NOV in the appropriate concentration range (from 1.01 to
0.026 mM) and at a relatively high temperature 7= 318 K. The
measurements as a function of temperature were made at
constant drug concentrations in the temperature range 312—
357 K. The sample temperature was regulated using a Bruker
BVT-3000 unit. Chemical shifts were measured relative to
an internal reference TMA (tetramethylammonium bromide)
and recalculated with respect to DSS (sodium 2,2-dimethyl-
2-silapentane-5-sulfonate), i.e. dpsg=0rma + 3.178 (ppm). All
NMR measurements were made in the fast-exchange condition
on the NMR time-scale.

Calculation of association parameters

The calculated fits of the models of the equilibrium reactions to
the experimental chemical shift data were assessed by the mag-
nitude of the discrepancy function 4, where 7 is the number of

A=3 0= 0F



experimental points; d,; and J; are the experimental drug proton
chemical shifts for the i-th concentration or temperature and
the calculated values using the theoretical models.”” Minimiz-
ation of 4 was performed using initial approximations produced
by the law of accidental numbers over a wide range of vari-
ations of the parameters. A large statistical set of data enabled
the whole field of possible values of minimization parameters
to be investigated over a wide range of their variations, in order
to determine the global, and not a local, minimum. The values
of A obtained in the calculations are in the range 107°-107¢ for
at least 14 experimental points in each data set, which corre-
sponds to an average deviation between observed and modelled
chemical shifts in the range 0.002-0.0003 ppm, assuming an
error of 0.001 ppm in the measurements of the chemical shifts;
these results indicate a very good fit to the experimental data.
Magnitudes of the equilibrium constants were calculated for
each proton independently and the average value and mean
deviation determined.

Determination of the molecular structures

The structures of the NOV dimer and 1:1 NOV-CAF hetero-
association complexes have been determined by analysis of the
calculated values of induced proton chemical shifts in the
dimer, Ad = (J,, — J4), or in the hetero-complex, Ad = (0, — J.),
where 0., 04 and J, are chemical shifts of the drug in the
monomer, dimer and 1:1 hetero-complex forms, respectively.
The mutual orientations of the molecules in the dimers or 1:1
complexes are determined by comparison of the induced pro-
ton chemical shifts and their theoretical values, as described
in previous work.”® A detailed description of calculations
of iso-shielding curves for aromatic molecules is given by
Giessner-Prettre and Pullman.** The discrepancy between
experimental and theoretical values of induced proton chemical
shifts of the molecules in the complexes did not exceed 5%. The
spatial representation of structures was obtained with the
help of the “Mathematica 2.2” software (Wolfram Res. Inc.).
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