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SUMMARY

The comparative binding affinities for poly(dA-dT) and poly(dG-
dC) of novel antitumor anthracyclines are reported. The data
concern, besides the parent compound adriamycin (ADM), 4-
demethoxy 6-deoxy 6-aminodaunomycin (il), 9-deoxy-ADM (iil),
4-demethyl-6-O-methyl-ADM (IV), and 3’-deamino-3’-hydroxy-
4’-epi-ADM (V). Theoretical computations are performed in
parallel for their comparative binding affinities to mode! double-
stranded hexanucleotides, d(GCGCGC)., d(TATATA)., and
d(CGTACG)., using the SIBFA (sum of interactions between
fragments computed ab inito) procedure. The computations re-

produce in a very satisfactory manner the most salient features
of the experimental comparative binding affinities. These encom-
pass, in particular, a higher affinity for the d(TATATA). oligomer
of Il than that of ADM, despite the absence of the 14-OH
substituent in Il, a marked reversal of the CG versus TA se-
quence selectivity of the neutral compound V, favoring the
dCGCGCG). oligomer over the d(TATATA). one; and the dele-
terious effect incurred on the binding affinities by the presence
of an O-methyl substituent at position 6 of the chromophore.

It is well established experimentally today that anthracy-
clines showing antitumor properties have structural features
that allow their intercalation into double helical DNA (1-4). A
number of studies have been performed aiming at the explora-
tion of this phenomenon at a molecular level, both by experi-
mental and theoretical methods (5-9). An important result was
achieved when the three-dimensional structure of the
d(CGTACG)-DNM crystal complex was determined by X-ray
diffraction studies (10).

Outstanding compounds among the anthracyclines are DNM
and ADM which rank among the most powerful antitumor
agents currently in use in chemotherapy (11-12). Because DNA
constitutes a major target for DNM and ADM complexation,
the elucidation of the inherent base sequence preferences was
and is considered one of the major tasks in studies of the
mechanism of action of these drugs..

Whereas several contradictory experimental results were
published in the past (13-18), a very recent study, involving a
combination of several experimental techniques (19), demon-
strated the existence of a well defined pattern of sequence
preferences for DNM and ADM in terms of triplets of base
pairs. Such a pattern, as well as the prefered receptor triplets

! Present address: Menarini Ricerche Sud, Via Sette Santi 3 50131 Firenze,
Italy.

d(ACG) and d(T'CG), were in full conformity with the predic-
tions published by us in 1985, on the basis of theoretical
computations (7) indicating preferential intercalation of the
chromophore between the two C-G base pairs and interaction
of the cationic side chain with the A-T base pair upstream.

As a continuation of our work on anthracycline binding to
oligonucleotides (7-9), we report here results of a joint experi-
mental and theoretical investigation of the binding to a repre-
sentative DNA sequence of a series of anthracycline analogs,
differing by their substitution patterns on the chromophore
and the side chain on ring A.

The results of the theoretical computations are compared
with the experimental binding affinities. The compounds con-
sidered in this study are those shown in Fig. 1. The three-
dimensional model of DNA employed is the same as that used
in the X-ray determination of the d(CGATCG),-DNM complex
(10) in which the subscript 2, used in this paper, indicates a
double-stranded hexanucleotide with the same composition of
bases. In this paper, we compare the specificity, as determined
experimentally for poly d(G-C) and poly d(A-T), with the
theoretical results computed, in the framework of the SIBFA
method (20, 21), with DNA models represented by the hexa-
nucleotides d(CGCGCG), and d(TATATA),, similarly to the
procedure used for the theoretical investigation of the base
sequence selectivity of DNM and ADM. The intercalation site

ABBREVIATIONS: DNM, daunomycin; ADM, adriamycin; SIBFA, sum of interactions between fragments computed ab initio.
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-DEOXY-6-AMINO-
-DNM H NH. H OH NH, OH H

IITI 9-DEOXY-ADM OCH, OH OH H NH, OH H

IV 4-DEMETHYL-6-0-
-METHYL-ADM ‘OH

V  3'-DEAMINO-3'-
-HYDROXY-4'-EPI-
-ADM OCH, OH OH OH OH H OH

OCH, OH OH OH NH. OH H

OCH, OH OH NH., OH H

Fig. 1. Structures of the anthracyclines investigated.

for the compounds considered is thus maintained between the
base pair Pu6-Pyl’ and Py5-Pu2’ (see Fig. 2).

Procedures

Experimental methods. Poly d(A-T) and poly d(G-C) were pur-
chased from Boehringer Mannheim and titrated spectrophotometri-
cally at 260 and 254 nm (¢ = 6600 and 8400 M~ cm™, respectively).
The drug-DNA complexes were formed directly in 1-cm optical path
length quarz cuvettes upon mixing of appropriate volumes of the DNA

and drug stock solutions. The complex solutions were then titrated by
the addition of aliquots of a solution of the drug. The measurements
were performed on a Perkin Elmer MPF 44AP spectrofluorometer at
room temperature. DNA nucleotide concentrations 44AP spectrofluo-
rometer at room temperature. DNA nucleotide concentrations ranged
from 5 X 1078 to 3 X 107 M. The different drug concentrations employed
were in the range 2 X 10~7 to 1 X 10~ M. A nonlinear fitting procedure
(22) was applied in order to evaluate the binding parameters, as
reported in Ref. 23, and the simple model of a single class of independ-
ent binding sites (24) was used for the determination of the K,. The
calculations were performed using the program of Fletcher and Shrager
(25).

Theoretical methods. As in our preceding studies devoted to
anthracycline intercalator-oligonucleotide complexes (5-9), we assume
a rigid model for the oligonucleotides fixed in the appropriate confor-
mation but allow a large flexibility of the drugs along their dihedral
angles. The conformational energy of the drug and the intermolecular
oligonucleotide-drug interactions are computed and energy minimized,
using the SIBFA procedure (20, 21).

Results and Discussion

The results of the computations are reported in Table 1, in
which are listed, in addition to the experimentally determined
affinities for the d(A-T) and d(G-C) polynucleotides, the the-
oretically computed overall binding energies, 8E, and their
differences, 56E, with respect to the most favorable value of 6E
taken as energy zero. Also reported in Table 1 are the differ-
ences of A-T versus G-C binding affinities of the drugs, com-
puted as the difference between 6E values for d(TATATA),
and d(CGCGCG),. Let us recall that 4E is, itself, the sum of
the oligonucleotide-ligand intermolecular interaction energy,
E, the conformational energy of the ligand, E., spent upon
binding to the oligonucleotide, and the unstacking energy of
the oligonucleotide, E.....cx, necessary for the generation of the
intercalation site.

In Table 2, a further analysis is performed of the comparative
contributions of the chromophores of II (4-demethoxy-6 deoxy-
6 amino-DNM) and I (ADM) to the overall stabilization of
their respective d(CGCGCG), and d(TATATA). complexes.
Finally, we report in Table 3 an analysis of the binding ener-
getics of the neutral compound V to the oligonucleotides
d(TATATA); and d(CGCGCGQG), in which, in addition to the
terms E, E., and E,......, the separate contributions to E of the
electrostatic (Emre), repulsion (E.,), polarization (E,.), and
charge-transfer (E..) components are reported.

Representations of the complexes of II with d(CGTACG),

‘3' s’ R s'
----- 1 ' G6-----Ct'
/AG T \ ' / \ '
PS5 P1". PS P1
>TS ----- A2< >C5 """ G2'<
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TABLE 1
Experimental [poly d(G-C), poly d(A-T)] and computed (hexanucieotide) binding affinities of the investigated compounds
d(CGCGCG) . ATATATA), d(CGTACG), £
Compound Poly d(G-C), k» ﬁ Poly d(A-T), I WE % prem &(Eva — Eca)
"l keal/mol w' ked/mol
| 1.07 x 10°® —407.1 14.6 1.18 x 10° —-418.7 3.0 —421.1 0.6 116
" 2.62 x 10° —408.2 13.5 3.18 x 10° —419.6 21 —-421.7 0.0 1.4
[[]] 1.8 x10° -401.4 20.3 3.8x 10° —-415.6 6.1 —-415.5 5.2 142
v 1.46 x 10* —-345.7 76.0 24 x10* -351.1 70.6 -347.5 74.2 54
\' 1.35 x 10° =70.7 3x10* —-62.5 -8.2
TABLE 2
Values of the separate chromophore-backbone and chromophore-
base interaction energies for binding of | and ll to (CGCGCG), and
A(TATATA)..
G{CGCGCG) A(TATATA)
keal/mol
Chromophore-backbone
] -25.6 -26.3
-8.5 -8.5
I -15.7 -16.8
0.7 0.4
Chromophore-base
(] -13.7 -12.7
15 0.1
| -175 -15.7
-1.1 -04
TABLE 3

Binding energetics of V with d(CGCGCG). and d(TATATA).
Energies in kcal/mol (see text for definitions).

d(CGCGCG), ATATATA),
keal/mol

AE i ee -81.2 =73.0
Evre —-26.1 -18.1
Eroono-mono -213 =171
Erp +66.9 53.8
Epu —6.1 -72
[ -91.4 -849
E. —24.5 -16.6 Fig. 3. Representation of the complex formed between Hl and
E. 584.1 583.7 &(CGTACG)..
Evor 2.6 41
[ 105 95 ) )
8 cra = 8E; + 0Ey 0.0 1.0 with respect to DNM. The enhanced affinity of 4-demethoxy-
OE = AE + E; + Eunstack -70.7 -62.5 6-deoxy-6-amino-DNM, with respect to ADM, is due princi-

and of V with d(CGCGCG); are given in Figs. 3 and 4, respec-
tively.

The results of Table 1 indicate that, in the interaction with
the regularly alternating oligomers, all the cationic derivatives
display a marked preference for d(TATATA), over
d(CGCGCGC),. For binding to the preferred d(TATATA),
sequence, they rank in the following order: 4-demethoxy-6-
deoxy-6-amino-DNM (II) > ADM (I) > 9-deoxy-ADM (III) >
4-demethyl-6-0-methyl-ADM (IV). This ordering is the same
as the one determined in the experimental study with poly d(A-
T), although the difference in relative affinity of 4-demethoxy-
6-amino-DNM (II) as compared with ADM (I) seems under-
estimated by the present computations.

It is noteworthy that, despite the absence of the 14-OH
substituent, (see Fig. 1) analogue II is endowed with a binding
affinity comparable to, and indeed larger than, that of ADM.
Let us recall in this connection that the additional presence of
such a substituent in ADM resulted in an enhancement of the
binding affinity to oligonucleotides of = 6-7 kcal/mol (7, 8),

pally to a more favorable (by about 15 kcal/mol) chromophore-
backbone interaction energy for the former than for the latter.
This preference is due essentially to the electrostatic energy
contribution, Eyte, which has negative values in the complexes
of 4-demethoxy-6-deoxy-6-amino-DNM (—8.56 kcal/mol) and a
positive, destabilizing one in the complexes of ADM (=0.5 kcal/
mole). The more favorable values of the chromophore-backbone
interaction energies of the former are compensated to some
extent by chromophore-base interaction energies that are ~4
kcal/mol less favorable for it than for ADM (=—13 kcal/mol
for the former as opposed to =—16.5 kcal/mole for the latter,
as averaged for the two sequences). This reversal of the order
of preferences is, again, due predominantly to Eyre, which now
attains positive values in the complexes of 4-demethoxy-6-
deoxy-6-amino-DNM. Such a discriminatory role of Eyrp, even
though in neither the chromophore-backbone nor in the chro-
mophore-base interactions is it the dominant contribution nu-
merically, is a most persistent and characteristic feature of the
present computations.

Intercalation of the chromophore of 4-demethoxy-6-deoxy-
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Fig. 4. Representation of the complex formed between V and
d(CGCGCG)..

6-amino-DNM is stabilized, with respect to that of ADM, by a
somewhat elongated hydrogen bond between one H of the 6-
amino substituent and O,, the esteric oxygen of the intercala-
tion site (dos—1x = 2.58 A whereas the corresponding distance
involving the 6-hydroxy hydrogen in ADM is 3.0 A).

The same ordering of the four compounds is also observed
for binding to the d(CGCGCG), sequence, with, however, sub-
stantially smaller values of 6E. The preferred (by 1 kcal/mol)
binding to this sequence of 4-demethoxy-6-deoxy-6-amino-
DNM as compared with ADM, is at variance with the experi-
mental result obtained with poly(dG-dC), which indicates the
reverse ordering. This is the only discrepancy with respect to
experimental results in the present investigation. Further elab-
oration, including a relaxation of the oligonucleotides upon
binding, will be attempted to clarify this point.

As compared with ADM, removal of the (9-OH substituent
(see Fig. 2) to yield 9-deoxy-ADM (III) results in a decrease in
the binding affinity and an increase, from 11.6 kcal/mol to 14.2
kcal/mol, of the AT versus GC preference. This situation is a
reflection of the loss of the stabilizing interaction involving
this substituent with N3 and the 2-amino group of a guanine
of the intercalation site (7, 8). The other features of the binding
stereochemistry of the compound are, on the other hand, closely
similar to those of ADM (2).

Introduction of a methyl group in position 6, as in 4-deme-
thyl-6-O-methyl-ADM (IV), has a deleterious effect on the
binding affinity, owing to a severe steric repulsion involving
this substituent and the DNA backbone. As a result, the pre-
ferred binding position has the chromophore significantly un-
stacked from the base pairs of the intercalation site and the
side chains shifted away from the electron-rich atoms of the
minor groove.

Concerning the interactions with the mixed d(CGTACG),

sequence, the three derivatives behave in a variable way;
whereas 4-demethoxy-6-deoxy-6-amino-DNM shows a prefer-
ence for the mixed oligonucleotide, as does ADM, 9-deoxy-
ADM manifests an equal attraction for the mixed and pure AT
sequences, whereas 4-demethyl-6-O-methyl-ADM displays an
overall preference for this last sequence.

From that point of view, the binding of the neutral compound
(V) to the sequences d(CGCGCG). and d(TATATA). intro-
duces an interesting new aspect because, in agreement with
experimental results, it now occurs with a significant preference
for the GC sequence over the AT sequence. Again, the value of
the energy difference, =8.2 kcal/mol, stems from the corre-
sponding difference of the electrostatic contribution, which
amounts to —26.1 and —18.1 kcal/mol in the GC and AT
oligomers, respectively. (Let us also note that, out of these,
only 4 kcal/mol are contributed by the sole charge-charge
component of Eyvrp, reemphasizing the necessity of a complete
refined representation of this contribution.)

This compound is one of the very few intercalative com-
pounds reported to date that elicits a GC selectivity while
having its side chain located in the minor groove. Other ex-
amples of such a situation are actinomycin D (26) and some
derivatives in the series of acridine alkylamides synthesized by
Roques, Le Pecq, and co-workers (27, 28).

The preferential binding of V to the d(CGCGCG); oligomer
is assisted at the level of the side chain by one H-bond involving
the hydrogen of the hydroxyl group R* on the sugar ring (see
Fig. 1) and Oy, of the deoxyribose residue linked to base C5 of
the intercalation site, and another H-bond between the H of
hydroxyl substituent R® and O,, of the deoxyribose linked to
base G4’ on the other strand (and two base-pairs below the
intercalation site, d=2.15 A in the two cases). Additional inter-
actions occur between the two oxygen atoms of these two
substituents and the two amino hydrogens of the N2 group of
base G4 below the intercalation site, although the angles O . .
- NH are =100°, below the optimal values encountered for H-
bonding interactions.

Its binding to the d(TATATA); oligomer is only assisted, at
the level of the side chain of V, by two hydrogen bonds involving
the hydrogen atoms of hydroxyls R* and R® and O,, of deoxy-
ribose atoms linked, respectively, to bases T5 and A4’, with O
. . . H distances of 2.15 and 2.23 A, respectively.

The summed interaction energies of the two hydroxyl sub-
stituents with the two bases G4 and C5 of d(GCGCGC), and
with the two corresponding bases A4 and T5 of d(TATATA),
amount to —7.8 kcal/mol and —3.6 kcal/mol, respectively. This
difference accounts for a substantial fraction of the overall
stabilization of 8.2 kcal/mol in favor of the former. An addi-
tional contribution to this stabilization is brought about by the
more favorable chromophore-base interaction in the GC oligo-
mer than in the AT oligomer one, as outlined above.

It should be realized, on the other hand, that the theoretical
binding affinities of compound V, which show an outstanding
correlation with the experimental results in terms of selectivity,
diverge considerably from those of compounds I-IV. The much
lower value of the stabilization energy can be related to the
absence of a cationic charge on V. In fact, at physiological pH,
the daunosamine residue of I-IV is largely in the protonated
form (and was considered as such in the calculations). Contri-
butions due to its strong electrostatic interactions with strong
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negative molecular potential of the minor groove of the DNA
are absent in the stabilization energies for compound V.

Let us recall, in this connection, that upon studying the
binding of DNM to hexanucleotides [7], we observed that the
binding energies dropped greatly (from =—420.4 to =134.3 kcal/
mol) when the anionic charges of the phosphates were neutral-
ized by countercation binding. A further drop in the absolute
values of the overall energy balances is to be expected, when
taking into account the dehydration energies of the ammonium
group. Whereas it is justified to neglect these factors in a
comparative approach within the homogeneous series repre-
sented by cationic compounds I-IV, they should be considered
when comparing anthracycline derivatives with neutral and
charged sugar moieties. Experimental values of dehydration
enthalpies for NH,* and CH, NH,* of, respectively, —83.8 and
—75.7 kcal/mol have been reported (29). Therefore, if we sub-
stract the value of the dehydration enthalpy of methyl-ammo-
nium ion, namely —75.7 kcal/mol, from the value of —134.3
kcal/mol, calculated for DNM when the phosphate groups are
neutralized, we obtain a value of —58.6 kcal/mol, which is of
the same order of magnitude as the value obtained for com-
pound V.

Conclusions

In comparing the theoretical and experimental data previ-
ously reported, two important points have to be mentioned.
The theoretical calculations were obtained using double-
stranded hexanucleotides that are simple models for the true
DNA molecules on which the experimental affinities were
determined; these calculations do not consider solvation effects.

Nevertheless, the present computations have enabled us to
account for some of the most salient features of the experimen-
tal comparative binding affinities of anthracycline analogs.
Thus, we compute a higher binding affinity for d(TATATA),
of compound II (4-demethoxy-6-deoxy-6-amino-DM) than of
compound I (ADM) despite the absence of the 14-OH substit-
uent in the former. Analysis of the factors involved in this
preference has demonstrated the more favorable chromophore-
backbone interactions occurring with II, as compared with I,
which more than compensate for the loss of the stabilizing
interactions involving the 14-OH substituent of ADM.

A remarkable reversal of CG versus TA sequence preference
is found for compound V (3’-deamino-3’-hydroxy-4’-epi-
ADM). The origin of the CG sequence preference of V may be
interpreted, in the framework of our theoretical computations,
in terms of more favorable interactions of the two hydroxyl
substituents on the sugar ring with the base C5 of the interca-
lation site and the base G4 immediately upstream of it than
with the corresponding base T5 and A4 in the d(TATATA),
sequence, on one hand, and of more favorable chromophore-
base interactions in the d(CG). intercalation site on the other
hand.

The increase (from 11.6 to 14.2 kcal/mol) of the TA versus
CG sequence preference of III (9-deoxy-ADM), as compared
with I (ADM) can be described quantitatively in terms of the
loss of the hydrogen bond involving the 9-hydroxyl oxygen and
the 2-amino group of guanine G2’ at the intercalation site.
Actually, compound III manifests equal affinities for the reg-
ular alternating sequence d(TATATA), and the mixed sequence
d(GCTACG).. This contrasts with ADM, for which a distinct
preference (of 2.6 kcal/mol) is computed for the mixed se-
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quence, containing the interacting triplet d(ACG);, over the
regular sequence d(TATATA).. It is worth noting, in this
respect, that III has reduced antitumor activity, as compared
with ADM.

The dramatic loss of DNA affinities of IV, as compared with
the other compounds, can be attributed to the protruding effect
of its 6-methyl substituent.

Binding of anthracyclines to DNA is a necessary but not
sufficient condition for the exhibition of antitumor properties
(30-31). In fact, compound III is still a good intercalator but is
devoid of pharmacological activity whereas IV is a poor inter-
calator but shows noticeable activities against mouse tumours
(32). Intercalated drugs interact with enzymes involved in the
replication and transcription of DNA and, particularly, with
DNA topoisomerase II (33). It appears that the C-9 hydroxy
group is an important structural component of the interaction
and that its absence in III determines the loss of bioactivity of
this compound. The geometry determined for compound IV
after theoretical energy refinement indicates a somewhat more
external position of the intercalated chromophore with respect
to the intercalation geometries of I-III and V. As a conse-
quence, the daunosamine residue protrudes more markedly
toward the exterior within the minor groove and could be in a
more suitable orientation for the interaction with the DNA
enzymes.
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