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Several anthraquinone derivatives are active against different kinds of human cancer. The cancerostatic activity has been mainly
attributed to their ability to bind strongly to DNA by intercalation. Here, infrared spectroscopy was used to detect further, more
specific DNA interactions with the prominent anticancer drugs daunomycin, adriamycin, aclacinomycin A and mitoxantrone as well
as with the cytotoxic violamycin BI. The most striking result was a significant decrease in wave number of the band arising from
antisymmetric stretching vibration of the PO, groups of DNA upon complexation with adniamyein, aclacinomycin A, violamycin Bl
and mitoxantrone. This became evident after separation of the contributions from conformational changes of DNA to the influence
on the wave number of that band. The drug-induced shift was interpreted in terms of the formation of a hydrogen bond between the
intercalated drug molecules and the PO, moiety of DNA via the following terminal hydroxyl groups: C14-OH for adriamycin,
C4-OH for both aclacinomycin A and violamycin BI and, more tentatively, the external side-chain OH of mitoxantrone. Theoretical
considerations, consisting of semi-empirical CNDO/2 calculations as well as normal coordinate analyses performed with molecular
model fragments, provided results confirming and rationalising the experimental findings. The capacities of the anthracyclines for
restriction of the conformational flexibility of DNA differ, presumably due to variations in the spatial dimensions of the sugar
moieties of the drugs. The compatibility of the present results with data obtained from current geometrical models, especially those
for the DNA-daunomycin and DNA-adriamycin complexes, is discussed in detail.

1. Introduction

Anthraquinones represent a class of substances
displaying a large variety of biological effects.
Several of the anthraquinone derivatives exhibit
distinct antineoplastic activity and a number are
now in clinical use. The most prominent agents
among the first generation of these drugs are the
anthracycline antibiotics daunomycin or dauno-
rubicin (DAM) and adriamycin or doxorubicin
(ADM) [1]. Both are active against leukemia, but
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ADM is also effective against particular solid
tumors and has been regarded for some time as
being the most potent antitumor drug known [1].
A disadvantage of both chemicals is that they
exert strong side effects, especially cardiotoxicity.
This was considered reason enough to undertake
an intensive search for new substances with com-
parable activity but diminished toxicity. Two out-
standing developments in this direction are the
antibiotic, aclacinomycin A or aclarubicin (ACM),
an anthracycline of the second generation {2,3],
and the synthetic dihydroxyanthraquinone, mito-
xantrone (MX) [4,5].

The mechanism of antineoplastic action of these
drugs is most probably rather complex and the
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details remain thus far unknown, but DNA is
generally accepted as playing a key role, since
considerable interference with its synthesis and
functioning occurs upon drug binding [6]. The
fundamental mode of binding is unambiguously
the intercalation of ligand chromophores between
the base-pairs of DNA. Moreover, drug molecules
become anchored via relevant substituents to sui-
table DNA sites by specific subsidiary binding.
The problem as to which particular drug sub-
stituents are relevant and the pertinent DNA-
binding sites involved remains to be resolved.
Widely differing opinions, e.g., concerning the
closely related DNA-DAM and DNA-ADM com-
plexes, have been expressed [7-11]. For ACM and
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MX, there is at present no clear information avail-
able on subsidiary drug binding to DNA.

Among the physico-chemical methods em-
ployed in studying DNA complexes (a survey re-
ferring to DN A-anthracycline interactions is given
in ref. 12), infrared spectroscopy is a very prom-
ising approach to discrimination of sites involved
in DNA-drug interactions, since it allows their
direct identification [13]. Therefore, we have made
intensive use of this procedure to carry out the
systematic investigation of complexes formed be-
tween DNA and the anthraquinone derivatives
ADM, DAM, ACM, MX, and violamycin BI. The
structures of the ligands are shown in fig. 1. In-
frared spectroscopic measurements also included
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Fig. 1. Structures of the anthraquinone derivatives daunomycin (DAM), adriamycin (ADM), violamycin Bl (VBI), aclacinomycin A
{ACM) and mitoxantrone (MX).
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linear dichroism (LD) in order to obtain more
detailed information on the constituents of the
complexes and, in particular, on the conformation
of DNA. Violamycin BI (VBI) is also an anthra-
cycline antibiotic isolated from fermentation cul-
tures of Strepiomyces violaceous [14]. Tt differs
from the other members of this class in not being
used clinically; it displays a broad spectrum of
biological activity (see ref. 15 and papers cited
therein). From a heuristic viewpoint, it would be
of interest to compare VBI with the other com-
pounds, since its major components contain two
amino-sugars attached to ring A at different posi-
tions (fig. 1). For investigation of DNA-VBI com-
plexes [16], infrared spectroscopy and X-ray dif-
fraction analysis have been shown to be comple-
mentary on combined use [17].

The aim of the present paper is to report and to
discuss the principal effects observed for the band
ascribed to antisymmetric stretching vibration of
the PO, moiety of DNA upon complexation. A
preliminary account of the results obtained with
DAM and ADM has been published [18]. The
wave number of the above-mentioned band, 7, is
well known to provide a very sensitive indication
of the influence of the environment on the phos-
phate groups, for instance, upon hydration [19,20].
The experimental data are supplemented by re-
sults of quantum-chemical and normal-coordinate
calculations using appropriate molecular frag-
ments to model DNA-anthraquinone interactions.

2. Materials and methods
2.1. Infrared spectroscopy

High-molecular-weight DNA (from salmon
sperm; Sigma, U.S.A_; with 0.6% protein) contain-
ing an additional amount of NaCl (3-5% w/w)
was used to prepare oriented films by unidirec-
tional stroking. Before complexation, samples were
studied by infrared spectroscopy on passing
through dehydration-rehydration cycles. The rela-
tive humidity (R.H.) of the surroundings was ad-
justed in the infrared cells by means of saturated
solutions of appropriate salts and varied between
98 and 23%. The reversible B-A conformational

transition, which was first observed using fiber
X-ray diffraction [21] and can be monitored relia-
bly by LD [22,23], occurs at about 86% R.H.

The DNA-anthraquinone complexes cannot be
prepared, in general, by direct mixing of the con-
stituents, since the adducts precipitate and are
thus unsuitable for orientation. Therefore, drug
doses were applied to pre-oriented DNA films
from an ethanolic solution as described elsewhere
[24]. After evaporation of the ethanol, infrared
spectroscopic measurements could be performed
as for pure DNA. All the drugs except for VBI
(see above) were commercial products (ADM and
DAM, Farmitalia, Italy; ACM, Sanraku, Japan;
MX, Cyanamide, U.K.), and were used in the
form of the hydrochloride without further purifi-
cation. Their infrared spectra were recorded in
KBr discs for comparison with difference spectra
obtained by subtraction of the pertinent DNA
spectra from those of the complexes.

A computer-coupled Perkin-Elmer model 325
spectrophotometer equipped with a wire-grid
polariser on an AgBr support was employed in the
infrared spectroscopic investigations. Polarised
spectra were analysed by using the algorithm de-
veloped by Fraser [25]. All other experimental
details were the same as reported in previous
articles [17,23,26].

2.2. Theoretical calculations

For DNA and DNA-anthraquinone systems,
the model fragments illustrated in fig. 8 were
investigated by performing semi-empirical
CNDO/2 molecular orbital calculations using an
SPD basis set and original parametrization [27,28].
The internal coordinates for B-DNA provided by
Amott et al. [29] and from crystallographic data
on carminomycin [30] were employed to construct
the geometry of the DNA and drug fragments,
respectively. In the process of geometry optimiza-
tion, the following internal coordinates were in-
cluded: both PO bond lengths, the O=P=0O
bond angle, and the O--- H and O-H bond dis-
tances. Hydrogen bonding minima refer to
CNDO/2-optimised H-O (drug) and H---O
(DNA) bond distances of about 107-111 and
122-130 pm, respectively.
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Table 1

Conformational flexibility of DNA expressed by x4, the fraction of A form in a sample consisting of coexisting A- and B-type
structures (x;: fraction of DNA where the conformational B-A transition is inhibited), and wave numbers of the band due to
antisymmetric stretching vibration of the PO, groups of DNA in anthraquinone complexes at different binding ratios, #,, and

relative humidities surrounding the films; r, number of independent measurements during dehydration-rehydration cycles; #, values
for ACM at r, = 0.04 and 0.08 refer to different samples. The error in ¥, amounts to 0.5-1 cm™’,

Drug 7 Relative xa (%) x; (%) 7, cm™ 1) n
humidity range (%)

Adriamycin 0 98 10+6 1221 2

23-76 92+2 8+2 1235 5

0.04 88-98 0 1218 3

59-76 34+4 66+4 1222 3

0.08 23-76 0 100 1215.5 9

Daunomycin 0 98 1045 1220 2

59-76 9145 945 12335 4

0.04 88-98 0 1219 4

59-76 26+3 74+3 1220.5 4

0.08 23-98 0 100 1220.5 7

Aclacinomycin A 0 98 ~0 1220 1

76 95 5 1235 2

0.04 98 ~0 1216 2

59-76 53+4 47+4 1225 4

0.08 98 0 100 1216 2

76--88 81+8 19+8 1217 4

Yiolamycin BI 0 98 10 1221 1

59-84 88+3 1213 1235 2

0.06 93 10 1219 2

23-84 36+4 64+4 1223 3

0.13 98 ~0 1218 2

59-76 3413 6643 1220 3

Mitoxantrone 0 98 543 1221 3

59-76 100 0 1236.5 3

0.03 98 0 1219 3

59-76 35 65 1222 3

0.06 98 0 1217.5 2

59 2742 73142 12225 2

In the normal coordinate analysis, the solution
of the inverse eigenvalue problem was performed
according to the program of Jones [31] which is
based on the GF matrix formalism of Wilson [32].
The G matrices are formed by 20 internal coordi-
nates of the O,P(OC), model, i.e., six stretching,
eight bending and six torsional coordinates. Calcu-
lations were carried out on the basis of all these
internal coordinates. For the F matrices, the
Urey-Bradley force field (UBFF) for the DNA
backbone proposed by Lu et al. [33] was applied
with an additional force constant for torsional

motions amounting to f=0.093 N am. The wave
number, #,, was evaluated as a function of both
the P==O stretching force constant and the
O=P=0 valence angle. Variations in these DNA
parameters should mimic the influence exerted by
hydrogen-bonded drugs.

3. Results and discussion

One of the most important observations during
analysis of the infrared spectra is that #,, the wave
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number of the band arising from antisymmetric
stretching vibration of the PO, groups of DNA,
undergoes drastic change upon varying the experi-
mental conditions (by contrast, the displacements
of ¥, the corresponding parameter for symmetric
stretching, are very small). The data listed in table
1 provide a representative overview of the systems
studied; they reveal dependence of #, on different
parameters: most drastically on relative humidity
but more importantly also on the type of drug
complexed with DNA and lastly on its relative
concentration described by #,, the binding ratio of
drug molecules per DNA nucleotide. To enable us
to differentiate and to understand the drug-in-
duced alterations of #,, it is necessary to separate
the dependence of 7, on relative humidity, or what
is closely related to that, on DNA conformation;
therefore, the conformational behavior of DNA in
the complexes will be considered first. The perti-
nent data have appeared in abstract form in a
preceding paper [34].

3.1. Infrared spectroscapic data on DNA conforma-
tion in the complexes

Depending on the sequence and environmental
conditions prevailing, DNA may adopt various
conformations among those belonging to the A, B
and Z families of forms [35]. In samples of native
DNA possessing a random sequence, the B and A
forms were observed to predominate under condi-
tions of high and medium water activity, respec-
tively [21]. In contrast to X-ray diffraction analy-
sis, infrared spectroscopy can furnish quantitative
data on the relative proportions of each conforma-
tional type of DNA present in co-existing frac-
tions of the A and B forms [17). With the aid of
particular parameters characteristic of the infrared
spectra (two absorption bands specific to the A
form and the angle of the transition moment,
Oopo, determined from linear dichroism of the
»,(PO, ) band), the parameter designated as Xx,
may be estimated and hence yield the fraction of
A-DNA present in a sample which may also con-
tain B-DNA as a constituent [36]. The value of x,
under conditions of medium relative humidity in
which pure DNA usually occurs in the A form can
be taken as a measure of the conformational flexi-

bility of DNA in a given sample and in the
complexes. The magnitude of the term x;, (x; =1
— x,) then represents the fraction of DNA on
which constraints on the conformation are in ex-
istence [37]. The values of both parameters are
listed in table 1 for DNA contained in several
complexes.

As can be seen, the x, values determined for
uncomplexed DNA films under conditions of both
very high and moderate relative humidity are
mostly not strictly equal to zero or unity, i.e., in
the films under the given conditions, infrared
spectroscopy is generally sufficiently sensitive to
demonstrate that the DNA does not occur solely
as a single form, and that, in most cases, a small
proportion (< 12%) of the minor component is
present in the major constituent. Contrary to ex-
pectation for the particular level of water activity
in samples, even larger proportions have been
reported, as discussed in ref. 38 for A-DNA in
B-type samples and, vice versa, in ref. 39 for
B-DNA in A-type samples.

Under conditions of high relative humidity, on
ligand addition, the residual content of A-form
begins to diminish at low 7 values and DNA
adopts exclusively the B conformation. This trend
in behavior is more clearly evident at moderate
values of the relative humidity: according to the
ratio for drug binding and ligand type, the B-A
transition is more or less blocked and the B-form
steadily increases in proportion. Thus, the confor-
mational flexibility of DNA is restricted in the
anthraquinone complexes. Such an influence of a
ligand on DNA is not rare and has been reported
elsewhere [36,37,40]. The extent of anthracyclin-
induced inhibition is illustrated in fig. 2. Restric-
tion of the conformational flexibility of DNA can
even reach 100% and is found in the cases of
ADM and DAM at relatively low values of r; the
r, vs x4 plots of the drugs coincide with each
other, as comprehended on the basis of their simi-
larity in structure.

At somewhat higher values of r, ACM also
blocks the B-A transition totally. In contrast, VBI
appears t0 be unable to cause 100% inhibition of
the conformational flexibility of DNA; a certain
proportion of DNA (approx. 1/3) undergoes the
B-A transition even at higher r, values (0.1-0.2).
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Fig. 2. Dependence of x,, the fraction of A-DNA at medium
relative humidity, on the binding ratio r, the number of
anthraquinone molecules bound per DNA nucleotide. (v)
Daunomycin; (a) adriamycin; (@, o. @; different samples)
aclacinomycin A; for violamycin BI, symbols have been omitted
for the sake of clarity.

The diverse effects of the various anthracycline
antibiotics on DNA conformation as illustrated in
fig. 2 may be interpreted as follows. A preference
for B-form DNA as demonstrated by a decline in
X, can be considered to reflect drug intercalation,
since this mechanism of binding is favoured in the
case of B-DNA as shown previously for DAM
[41-43]. Intercalation is well established as being
the fundamental binding mechanism for the drugs
studied [7,9,14,16,44-47], The intercalated
anthraquinone molecules apparently evoke long-
range effects on conformational changes in DNA
according to a recent report on other systems [37];
for instance, fixation of DNA in the B form by
DAM and ADM at r,=0.08 implies that the
range of effect for a single drug molecule spans
about six base-pairs on average, which correlates
well with published data in the case of ADM [48].
This is a larger number than that immediately
involved according to the neighbour-exclusion
model. Long-range allosteric effects have also been
reported for DAM with respect to DNA confor-
mation [49].

ACM and, to an even greater extent, VBI are
not as efficient as ADM and DAM at restricting
the conformation of DNA to the B form. This
may be interpreted in terms of the greater volume

of the sugar moieties of ACM and VBI being the
probable cause of the lower degree of effectiveness
as the dominant mode of binding for the case of
intercalation than that occurring with ADM and
DAM. Correspondingly, infrared LD and X-ray
diffraction investigations performed in combina-
tion showed the fraction of externally bound drug
at high r, values to be greater for VBI than for
DAM [17].

The presence of two sugar moieties in VBI
bound at different positions on ring A was also
taken as being indicative of the membrane per-
meability of this antibiotic in the case of peri-
toneal macrophages being much lower than for
DAM [50]. Increasing values of the binding ratio
in the DNA complexes not only lead to an ab-
solute decline in x,, but also simultaneously re-
duce the range of relative humidity for the A
form. In other words, the boundary value for the
limit to this range for the B-A transition shifts
downwards from about 86% in pure DNA to 60%
at lower x, (e.g., at x, <0.5, the residual part of
the A form is in most cases only detectable at
R.H. < 75%, whereas in pure DNA, the fraction of
A-form DNA is maximal at 75% R.H.).

'e
°
sa°
1230
1220
0 05 ——m
XA

Fig. 3. Correlation between wave number of the band due to

antisymmetric PO;  stretching vibration of DNA and the

fraction of A-DNA in mixtures with B-DNA. (Lower plot)

B-A transition; (upper plot) decline of A-DNA by disordering

(different samples). Progression upwards along the curves sig-

nifies decreasing degree of hydration for the oriented DNA
film being examined.
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3.2. Drug binding to DNA phosphate detected spec-
troscopically

The reference values for pure DNA (at r, =0)
in table 1 provide confirmation of published data
in showing that 7, depends strongly on the relative
humidity [19,20,22,51] and, consequently, on x,
(considering the B-A transition in fig. 3).

The latter dependence is linear, i.e., ¥, is strictly
correlated with the conformational pattern of
DNA. On the basis of this linearity, it is possible
to separate the contribution due to DNA confor-

{ of

mation from that arising via the introduction of
drug to the effect on 7,. It would be most instruc-
tive to compare the data at constant x,. In the
subsequent text, the case of high relative humidity
is considered which corresponds to virtually pure
B-DNA. By doing so, a significant decrease in 7,
becomes apparent on complexation for all the
drugs investigated with the sole exception of DAM,
a ligand practically without effect on the wave
number.

It is reasonable to relate DAM firstly to the
structurally analogous ADM. Their infrared spec-

A (a)
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aA :
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1350 1250 1350 1250 1350 1250 150
vem™
Fig. 4. Infrared spectra of DNA-adriamycin (a), DNA-daunomycin (b) and DNA-aclacinomycin A (c) complexes ( ) together
with the respective DNA spectra (------ ) and difference spectra of DNA-bound ADM (d), DAM (e) and ACM (f) ( )
compared to spectra of free drugs in KBr (------ ). Spectra of DNA and of the complexes were obtained from oriented films at

r, = 0.08 (ADM and DAM) and r, = 0.04 (ACM).
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tra including the difference spectra of the DNA
complexes are shown in fig. 4 (a, b, d and e). Since
the structures of both drugs differ only in the
presence of a surplus OH group at position 14 of
ADM, the extra shift of 5.5 cm™! observed for
ADM can be logically explained on the basis of
on additional subsidiary hydrogen bond being
formed between the C14-OH of intercalated ADM
and the PO, of DNA [18]. A corresponding C14-
OH --- PO, interaction was also discussed very
recently in the case of the association products
formed by ADM and neutral phospholipids [52].

An infrared band near 1070 cm™' for ADM
has been assigned in part to the C-O stretching
vibration of the C14-OH group [53]. This assign-
ment is confirmed on comparison of the infrared
spectra of ADM and DAM (fig. 5): for ADM the
absorption in the range 1070 cm™' is dispro-
portionately stronger than for DAM when re-
ferred to other band intensities. On addition of
DNA to ADM, drastic spectral changes occur in
the 1070 cm™! band (see fig. 6): this band is split
into two, i.e., at least one constituent undergoes a
substantial shift in wave number. Provided that
Jjust the displaced component arises from C14-OH,
this may then be taken as support for the above
interpretation that the hydroxyl group in position
C14 of ADM is hydrogen-bonded to a DNA phos-
phate.

Af ,'".l N
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0z &/
01 |
1250
R /em™
Fig. 5. Infrared spectra of adriamycin ( ) and
daunomycin (------ ) obtained from KBr discs. The strongest

absorption of ADM relative to DAM is found near 1070 cm ™ .
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Fig. 6. Infrared spectra of DNA-bound adriamycin at r, = 0.08
( ) and free ADM in KBr (------ ).

Similarly, changes in the infrared bands as-
signed to OH deformations of trehalose were con-
sidered as an indication of hydrogen bonding oc-
curring between carbohydrate and phospholipids
in the sarcoplasmatic reticulum [54].

The shape of the », band that is shifted some-
what due to the influence of anthraquinone drugs
is also changed: before complexation, the band
appears fairly symmetric (in the region of high
relative humidity for B-DNA), however, following
ligand addition, it becomes asymmetric with the
absolute maximum lying more towards lower wave
numbers (fig. 4a and c). This observation led us to
generate the difference spectra for a number of
DNA-bound drugs (see fig., 4d and f for ADM
and ACM, respectively. This procedure yields
‘new’ bands with maxima at 1208 and 1205 cm™’,
respectively. Comparison with the spectra for the
free drugs indicates that the relative intensities are
too high for one to be able to attribute them to the
drugs alone. These bands are more appropriately
explained as representing separated v, difference
bands indicating those particular PO, groups
which undergo specific interaction with suitable
parts of or substituents on the anthraquinone de-
rivatives. In the normal spectra, these bands are of
course masked due to overlapping by those arising
from non-interacting PO, moieties; i.e., the ob-
served shifts, amounting to only a few reciprocal
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Fig. 7. Relationship between A,, the absorbance of the PO,
difference bands as shown in fig. 4d (adriamycin) and f
(aclacinomyein A), and #,, the drug binding ratio.

centimeters, do not reflect the real strength of the
interaction. A better indication of this property is
readily obtained on the basis of the degree of
divergence between », of pure DNA and the posi-
tion of the difference bands. In view of the magni-
tude of the shift in ¥, (12-15 cm™!) it is quite
remarkable that any displacement in the normal
spectra should be evident at all, if one takes into
account that, at #, = 0.08 for example, only about
one in every 12 PO, groups can participate in
subsidiary hydrogen bonding. The observation of
a nonetheless significant shift in wave number for
PO; in the normal infrared spectra may arise
from the fact that due to the hydrogen bonding
interaction, a dramatic increase in the intensity of
the », band also occurs, as discussed in a preced-
ing paper {18]. Hence, the relatively small compo-
nent arising from interacting PO, groups makes a
greater contribution to the total band than that
from non-interacting PO, .

Unfortunately, it was not possible to record
reference spectra for the DNA-MX complex due
to an irregular background. Thus, for MX as well
as for VBI, only the decrease in #, that was
observed for the ordinary infrared spectra was
determined (see table 1).

With increasing values of r, in the complexes,
not only does the observed shift in », increase, as
demonstrated by the data in table 1 for ADM,
ACM, VBI and MX, but also the intensities of the
POS difference bands due to ADM- and ACM-
bound DNA. The plots in fig. 7 illustrate linear

behavior for each form of dependence. The in-
fluence on the PO; groups of DNA is slightly
stronger with ACM as compared to ADM, since
for ACM (i) the slope of the linear plot in fig. 7 is
somewhat greater; (ii) the wave number of the
separated difference band is 3 cm™! lower.

At intermediate values of the relative humidity,
7, of complexed DNA is determined, in each case,
by the actual conformational flexibility, expressed
by x,, as well as by the further reduction in wave
number evoked by the drug. For example, the fact
that 7, is independent of the relative humidity in
the case of ADM at r,=0.08 demonstrates not
only that DNA is completely frozen in the B
conformation by bound drug molecules, but also
that subsidiary hydrogen bonding of ADM to
PO, groups of DNA is maintained under condi-
tions of intermediate relative humidity.

In the DNA-ADM system, the relevant drug
substituent for the interaction with PO, groups is
almost obligatorily C14-OH. This interpretation is
also in accordance with thermodynamic and
kinetic data for the DNA-ADM and DNA-DAM
complexes (cf. ref. 18). The question concerning
the particular site involved in such PO, -directed
hydrogen bonding of ACM, VBI and MX is, how-
ever, more delicate. This binding site should satisfy
both of the following prerequisites: (i) a compara-
ble substituent must not be present on DAM; (ii)
it must be located at the periphery of the molecu-
lar structure in order to be accessible to phosphate
groups, i.¢., substituents positioned on the central
rings B and C of the chromophore cannot be
accommodated to form hydrogen bonds between
intercalated drug molecules and PO, groups due
to steric hindrance.

Regarding ACM and VBI first, the hydroxyl
group at position C4 is the only one which fulfills
both conditions listed above for these two com-
pounds. However, compared to ADM, formation
of the subsidiary hydrogen bond to DNA phos-
phate must be a more critical factor, since the
C4-OH group in ACM and VBI is not as flexible
and, consequently, not as adaptable as the C14-OH
of ADM in the side-chain attached at position 9.
Nevertheless, the C4-OH group is the most prob-
able candidate for being involved in hydrogen-
bond interaction with PO, groups of DNA. Un-



222 W. Pohle et al. / H bonding of anthraquinones to DNA phosphate

fortunately, the related »(C-O) band cannot be
investigated in the same way as for ADM (cf. figs.
S and 6), since it is located at about 1210 cm™!
[53], 1.e., where strong overlap occurs by the in-
tense », band due to DNA. Accordingly, in NMR
experiments on the complex formed between the
self-complementary oligonucleotide duplex
d(CpCpTpApGpG), and ACM, a significant
change was observed in the 'H chemical shift due
to C4-OH, indicating the participation of this
substituent in the interaction with DNA [55].

Concerning MX, all together there are four
hydroxyl groups that satisfy the prerequisites for
subsidiary OH - - - PO; hydrogen bonding: two at
the side-chain termini and two at positions 1 and
4 of the ring systems. On the basis of their greater
adaptability, we believe the side-chain hydroxyls
to participate in hydrogen bonding with DNA
phosphate rather than aromatic OH groups.

NMR analysis of d(CpGpApTpCpG),-MX
complexes revealed drastic variations in chemical
shifts due to *'P resonances, thus demonstrating
that phosphate groups may be involved in the
binding of drug [56].

The formation of all of the hydrogen bonds
proposed for anthraquinone binding to DNA
phosphate necessitates exchange of previously
bound water molecules with hydroxy substituents.
The occurrence of such C-OH --- PO, bonding
was suggested in preceding studies of sugar bind-
ing to POS groups of DNA [57] and phospholi-
pids [54].

3.3. Theoretical modeling of hydrogen-bonded drugs
In order to verify the validity of the hypothesis

that phosphate vibrations are influenced by hy-
drogen-bonded anthraquinones, semi-empirical

Table 2

n
(1) 0-CH-C-CH,OH
H

<O
’
H

(o) ,O_CHz—CHa
H

&)
0 OCH
ONA :p: 3
04 "oCH,
Fig. 8. Molecular fragments used in the theoretical CNDO /2
investigations to mimic DNA (bottom), adriamycin (I),

aclacinomycin A and violamycin Bl (II), and mitoxantrone
(1.

(m

quantum chemical calculations were performed on
appropriate model fragments shown in fig. 8. In
order to provide a spatial impression, the geome-
try of the phosphate-ADM fragment is illustrated
in fig. 9. The results obtained on evaluation of the
electronic and steric parameters by use of partial
geometry optimization on the CNDQ/2 level are
summarised in table 2.

On forming a hydrogen bond, the covalent
P==0 bond strength, as indicated by the Wiberg
bond index [58], is decreased to slightly differing
extents. Simultaneously, closure of the Q=P=Q
bond angle is evident. In both cases, the anthra-
quinones considered exert stronger effects than
hydrogen-bonded water molecules.

With respect to different types of bonds, it has
been known for several years that bond orders are
correlated with stretching force constants [59—61].
These relationships are described as being pre-
dominantly linear in nature and can be used to

Results of CNDO calculations on anthraquinone-phosphate interaction via hydrogen bonding (phosphate fragment and drug model

notation, cf. fig. 8)

System DNA H,0-DNA III-DNA I-DNA II-DNA
MX-DNA ADM-DNA ACM-DNA

Wiberg bond index, WB(P=:0) 1.709 1.616 1.604 1.599 1.581

Q:=P=:O bond angle (°) 116.1 114.8 114.6 114.5 114.2
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Fig. 9. Model of the hydrogen-bonding complex formed be-

tween a DNA fragment (fig. 8, bottom) and adriamycin (fig. 8,

I). Arrows indicate unfrozen internal coordinates optimized
during the calculations.

carry out normal coordinate analysis of the sys-
tems in question merely through treating the case
of a DNA phosphate model O,P(OC), and vary-
ing the force constants and valence angles in order
to mimic different ligands. The results of the
normal coordinate analysis are presented in fig.
10. In the modeling, one P==Q force constant is
held at a fixed value while the other is varied
according to the different hydrogen bond
strengths. One observes from fig. 10 that the de-
creases in both P=-O force constant and O=P=0
bond angle evoke a corresponding change in the

[~

- R ad
e 13° 15° n7*
g T I T
£
1220 -
1200 4
1180 |- s
1 1 1
6.6 7.0 74
f1/Ncm"

Fig. 10. Dependence of wave number of the antisymmetric
vibration 7, on PO force constant f, (O ©O) (at con-
stant a=115.67°, f, = 7.459 N cm~'), and on O=PwO bond
angle a (® ®) (at constant f; = f,=7.459 N cm ') as
calculated via normal coordinate analyses.
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antisymmetric PO, stretching vibration. Both ef-
fects give rise to a decrease in 7,, however, the
major contribution to this process is that from the
reduction in strength of the PO bonds. If one
assumes a 5% drop in the value of the force
constant (7.459 to 7.059 N cm™!), corresponding
to the calculated change in Wiberg bond index,
then the wave number will be shifted 13 cm™'
(1211 to 1198 cm™!) whereas further closure of
the valence angle by 1.7° brings about an ad-
ditional fall in wave number by 4 em~'. Taking
both effects into account, the hydrogen bonding
of actual ligands should cause a total shift of
18-22 om '. These values transpired as being
correct in both sign and order of magnitude on
comparison with the decrease in #, determined
spectroscopically on the basis of the difference
bands due to interacting PO; groups (cf. fig. 4d
and f).

The theoretical data in the two final columns of
table 2 are in agreement with the infrared spectro-
scopic parameters discussed above (wave number
of the difference bands; slopes of plots in fig. 7) in
terms of ACM having a greater influence on the 7,
band as compared to that of ADM.

In summary, comparative semi-empirical
molecular orbital calculations in combination with
normal coordinate analysis confirm the infrared
data in two respects: (i) the concept of hydrogen
bonding of anthraquinone substituents to terminal
phosphate-oxygen atoms; and (i1) the stronger hy-
drogen-bonding affinity of anthraquinones to PO;
moieties (correlated with a larger shift in # ) in
comparison -with water,

It should be noted that, for phospholipids, OH
groups (due to the sugar trehalose) also induce a
somewhat greater extent of reduction of #, than
water [54). This is interpreted in terms of stabiliza-
tion of phospholipid-trehalose association by hy-
drogen bonding under conditions for dehydration
[54).

3.4. Model considerations on DNA-anthraquinone
complexes

The geometrical models of the DNA-anthra-
quinone interaction established thus far refer
mostly to the DNA-DAM complex and, as de-
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rived therefrom, the DNA-ADM complex. In the
previous paper [18), it could be stated that the idea
of subsidiary hydrogen bonding of ADM via C14-
OH to DNA phosphate is, in principle, compati-
ble with the models of both Pigram et al. [7} and
Quigley et al. [9], but not with that proposed by
Henry [8]. The DNA-DAM model derived from
fiber X-ray diffraction analysis by Pigram et al.
predicts an electrostatic interaction and hydrogen
bonding of the NH; group of daunosamine to the
PO, moiety of DNA in the major groove [7]. The
extension of this model to ADM as performed by
Neidle [62], demonstrates that such a mechanism
of sugar binding in no way conflicts with the
subsidiary hydrogen bond proposed in ref. 18,
since the locus of the electrostatic interaction is
two residues away from the intercalation site. On
the other hand, in the model of Quigley et al,,
based on X-ray diffraction analysis of a crystalline
complex between the self-complementary duplex
d(CpGpTpAPCpG), and DAM [9], confirmed
through considerations of local mobility [63], the
amino sugar is positioned in the minor groove of
DNA and does not undergo binding. The infrared
spectral data of the current study do not allow
unequivocal conclusions to be drawn as regards
the sugar moiety being located in the minor or
major groove of DNA. Furthermore, the existence
of an NHJ ---PO; interaction could not be
demonstrated, since this would also have been
required to become evident from the DNA-DAM
system, for which no additional shift in #, was
observed. Most probably, electrostatic interactions
involving PO; groups are suppressed by the ex-
tremely high ionic strength of the strongly con-
densed films of polyionic DNA with added salt.
Moreover, it can be suggested that, for ADM, e.g.,

Table 3

this screening effect prevents the formation of a
feasible hydrogen bond, N*-H --- O™, since the
electrostatic term for hydrogen bonds with charged
donor and acceptor atoms is very large. The disad-
vantages of a (drug) ammonium-to-(DNA)phos-
phate interaction may also extend to the C4’-OH
groups adjacent to NHT of the amino sugar.
Therefore, C4’-OH does not participate in a
PO, -directed hydrogen bond although this should
be possible from a theoretical viewpoint with a
probability comparable to that for other terminal
hydroxyl groups of the drugs actually involved
(see section 3.3).

Based on the models for the hexanucleotide-
DAM complex, two possible modes of participa-
tion by the Cl14-OH group of ADM in DNA
binding were additionally discussed: in the pre-
liminary paper [9], direct hydrogen bonding be-
tween the drug C14-OH group and the O3’ atom
of DNA phosphate involved in a C-O-P ester
bond was postulated; very recently, the alternate
C14-OH interaction with the PO, moiety via a
water bridge has been proposed on the grounds of
further refined single-crystal X-ray diffraction
analysis [64,65]. The relevance of both hydrogen-
bonding systems has been assessed through fur-
ther quantum-chemical calculations. The results
are listed in table 3. In the case where ADM is
bound to Ol1 of DNA phosphate by a water
linkage, the data are very similar to those for
attachment by pure water. The attack on the O3’
oxygen by ADM was calculated to yield an even
weaker effect than water binding to Ol. Thus,
both of the mechanisms proposed by Wang et al.
[9,64] do not provide a satisfactory explanation for
the actually observed 7, shift being larger than for
water molecules.

Quantum-chemical results for adriamycin-phosphate interaction by different types of hydrogen bonds including mechanisms

proposed i the literature [9,65]

Hydrogen bond geometry DNA H,0- ADM(C14-OH) -~ DNA(phosphate)
(without ON(DNA) ADM-03" ADM-H,0-01 ADM-01
hydrogen 9] [65] (table 1)
bond)

Wiberg bond index, WB(P== Q) 1.709 1.616 1.717 1.615 1.599

O=P=0 bond angle (°) 116.1 114.8 115.7 114.8 114.5
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The concepts employed in the models of DNA-
ACM and DNA-MX intercalation are at present
not as detailed as for the DNA-DAM and DNA-
ADM systems. An approximate model concerning
the hexanucleotide-ACM complex mentioned
above [55] was presented which has the C4-OH
group of ACM in close contact with the phosphate
group linking the thymidine and adenosine re-
sidues in the central part of the oligonucleotide
(see fig. 7 in ref. 55). This model is closely compat-
ible with our proposal for the hydrogen bond
formed between the C4-OH groups of ACM and
VBI and PO; groups of DNA.

Regarding the DNA-MX intercalation com-
plexes, modeling via computer graphics predicts
the MX side chains to be located in the major
groove of DNA [56]. One can readily imagine that
they can be accommodated, being attached at
PO, groups by hydrogen bonds via their terminal
OH groups. Theoretical considerations suggest the
involvement of the phosphate Ol atom in the
binding for MX side chains [66].

4, Conclusions

Investigation of DNA complexes employing in-
frared spectroscopy strongly suggests that some
anthraquinone anticancer drugs are able to form
hydrogen bonds to the PO, groups of the DNA
backbone. Such hydrogen bonds are almost unique
to the anthraquinones and are undetectable for a
large number of other ligands (cf. refs. 36 and 40).
Subsidiary hydrogen bonding has only been ob-
served where the following prerequisites of the
system had been fulfilled: (i) the drug must have a
fundamental mode of binding to DNA of interca-
lation; (ii) the substituents involved in hydrogen
bonds must be sterically accessible to the PO,
groups; i.e., they must be located at the periphery
of the drug molecule; (iii) the affinity for hydro-
gen bonding or hydrogen donor strength of the
anthraquinone substituents must be greater than
that of water, which is present in the samples in
excess; (iv) the substituents must not bear charges.
All of these preconditions are satisfied by a num-
ber of different selected hydroxyl groups of the
anthraquinones adriamycin, aclacinomycin A,

violamycin BI and mitoxantrone in the inter-
calated state.

Subsidiary hydrogen bonding by these OH
groups to the PO, moieties of DNA can be
considered as stabilizing the overall binding of
drug to DNA and, possibly, as enhancing the
antitumor activity of the drugs which is exerted by
interference with the functioning of DNA. Thus,
the attachment of suitable hydroxyl substituents
to the drug chromophores may be important in
further efforts at development in drug design.
Since hydrogen bonding of this type has also been
observed in interactions between phospholipids
and drugs or carbohydrates, it is tempting to
suggest that C-OH --- PO, hydrogen bonds are
of general importance in biological systems.
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