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Abstract-Computer graphics and non-bonded energy calculations have been used to model the inter- 
calative binding of the anti-tumour antibiotic nogalamycin, to double-stranded DNA. The drug is 
predicted to bind preferentially to A-T rich sites. Specific hydrogen bonds to the exocyclic amino group of 
adenine bases on the 3’ side of an intercalative site have been found by the modelling procedure. 

The anthracycline antibiotic nogalamycin (I) has 

activity, both in vitro and in vivo against several 

leukemia cell lines [l-3]. Several related compounds, 

such as the lo-descarbomethyl dis-nogamycin, have 
superior activity; in many cases these are paralleled 
by enhancements of the DNA-binding properties 
shown by nogalamycin itself. 

Studies on the in vitro interaction of nogalamycin 
with double-stranded DNA [4-61 have demonstrated 
classical DNA intercalative behaviour. Thus, the 
drug progressively removes and reverses the super- 
coiling of closed-circular duplex DNA, with an 
unwinding angle of 18” [7], relative to one of 26” for 
ethidium. DNA viscosity is enhanced upon binding, 
sedimentation rate decreased, and the temperature at 
which the helix-coil transition occurs (T,), is raised. 
The binding constant is of the order of 106M-‘. There 
have been several reports that nogalamycin exhibits 
A-T preference [8-lo] although no definitive study 
on this issue has as yet been performed. However, 
kinetic studies on the rate of drug dissociation from 
complexes with different polydeoxynucleotides have 
recently shown a markedly enhanced rate for the 
poly(dA-dT).poly(dA-dT) complex [ll]. In 
general, removal of the nogalose ring group, as in 
7-deoxy nogalarol (II), results in significant lowering 
of DNA affinity, as measured by affinity constants 
and T, values. 

The present study provides a detailed molecular 
model for the intercalative complex between 
nogalamycin and DNA using a combined computer 
graphics and empirical energy calculation approach 
[12-141. The recent crystal structure determination 
of nogalamycin [15] has established relative and 
absolute stereochemistry, as well as many conforma- 
tional details. We have used this molecular structure 
as our starting point. 

METHODS 

The DNA intercalation site geometry used was 
taken from the crystal-structure analysis of a dinu- 

t To whom correspondence should be addressed, 

cleoside phosphate d(CpG)-proflavine complex [ 161. 
Accurate structural data on intercalation is only 
available at the dinucleoside level. Comparative 
analysis of this and other structures has shown that 
many backbone conformational features are in- 
variant regardless of the nature of the intercalated 
drug, and thus the overall geometry can be taken as a 
first-order representation of intercalation complexes 
in general. 

The sequence in this model, d(CpG), was altered to 
d(TpA) by modification of appropriate atoms on the 
bases. The base turn angle, equivalent to an unwound 
inter-base pair angle in DNA, was 17”; this was taken 
to correspond with the observed 18” value for 
nogalamycin and DNA (i.e. 36” for B-DNA minus 
18” unwinding angle). 

The dinucleoside geometry was held fixed 
throughout the study; the drug was positioned using 
the computer graphics display such that the an- 
thracyclic chromophore was parallel to and mid-way 
between the two base pairs of the intercalation site, 
i.e. at 3.4 8, from each. Translational and rotational 
movements were then performed on the drug 
molecule, subject to the restriction of remaining in 
the intercalation plane. The intermolecular energy at 
each position was approximated by a non-bonded 
potential energy term 

-A B 
V ‘+_B = - + - 

r6 r’2 

where the parameters A and B were taken from Ref. 
17. These parameters have a degree of “softness” 
and are designed to in part take account of bond angle 
flexibility. Electrostatic contributions to the energy 
were not calculated since (i) in this study we are 
primarily interested in possible molecular arrange- 
ments, which would be largely governed by non- 
bonded forces, (ii) calculation of partial atomic 
charges for a molecule of the complexity of 
nogalamycin would be difficult and liable to very 
considerable uncertainties. 

All computer graphics manipulations and associ- 
ated calculations were performed on a Gresham-Lion 
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Supervisor 2 14 system linked to a PDP 11/34A com- 
puter, using the MOLEC molecular graphics soft- 
ware package [l8]. Atomic coordinates for the postu- 
lated models are available upon request. 

RESULTS AND DISCUSSION 

Preiiminary attempts at fitting nogalamycin into 
the model DNA binding site, immediately showed 
that the drug could not slide into the 6.8 8, base-pair 
separation cavity. This problem is due to the drug 
molecule having a bulky sugar group at each end, 
with a minimum width of over 12 A. It is not ossible 
to open an intercalation site beyond - 10 % , even 
with maximum staggering of the nucleotide backbone 
torsion angles. Thus, nogalamycin can only form an 
intercalative complex by interacting with, and hence 
stabilising, non-base-paired regions of DNA, in such 
a manner that the resulting complex would be a truly 
intercalative one. An alternative, with the drug 
bound to a single-stranded site, is not easily feasible 
since the bulky sugars tend to exclude extensive 
chromophore-base overlap (see below). The stabil- 
isation of pre-melted regions of DNA indicates a 
preference for interaction with A-T regions, in 
accord with previous observations [8-l 11. Further- 
more, it might be expected that nogalamycin would 
prefer an A-T rich sequence rather than an isolated 
A-T site embedded in a G-C rich region, since the 
former would be more likely to be transiently non- 
base-paired. Overall then, nogalamycin has inbuilt 
sequence-preference intercalative behaviour, in 
marked contrast to intercalators such as daunomycin 
or proflavine, which are able to slide into a standard 
unwound DNA site. 

Detailed examination of the nogalamycin inter- 

Fig. 1. Computer-drawn representations of the conforma- 
tion of nogalamycin (a) as found in the crystal structure [15], 

and fh) as altered for ootimum intercalation. 

calative modelling showed that it was necessary to 
alter the conformation of the methoxycarbonyl side 
chain substituent on the drug molecule from that 
found in the crystal structure [ 151, in order to obtain 
optimal interaction (Fig. 1). These alterations did not 
significantly alter the drug’s intramolecular energy, 
and merely reflect the fact that the crystal structure 
represents a “frozen-out” low-energy state. 

It was found that two alternative structures for the 
nogalamycin-dinucleoside complex could be con- 
structed. 

(i) The nogalose sugar snugly fits in the DNA 
minor groove (Figs. 2-5). The non-bonded energy of 
interaction is -74.9 kcal mole-‘. and the drug 
chromophore lies at approximately right-angles to 
the long axis of the base-pairs, with relatively little 
chromophore-base overlap. Steric hindrance from 
the sugars forces the chromophore to lit in thi> 
position approximately mid-way between each nuc- 
leotide strand, with there being little possibility of 
lateral movements before the non-bonded energy 

Fig. 2. Computer-drawn representation of the minimum- 
energy intercalation model (i), viewed looking down onto 

the base pairs. 

Fig. 3. Space-filling representation of complex (i). viewed 
looking down onto the base pairs. 



Molecular models for the interaction of nogalamycin with DNA 

(a) 

0) 

Fig. 4. Space-filling representation of complex (i), (a) show- 
ing the major groove binding, and (b) minor groove binding. 

Fig. 5. Space-filling representation of complex (i), viewed 
along the base-pair plane, and having one nucleotide strand 

behind the other. 

becomes unacceptably high. The overall 
chromophore-base pair arrangement resembles that 
found in the crystal structure of a daunomycin-hexa- 
nucleotide complex [19]. The interactive graphics 
system located a specific hydrogen bond between 
drug and dinucleoside; this is between the adenine 
N6 amino group on strand 2 and the 02’ hydroxyl 
oxygen atom attached to the major groove amino 
sugar. This oxygen acts as a hydrogen-bond acceptor. 
The N6.. . .02’ distance is 2.97 A, the H6.. . .02’ dis- 
tance is 2.30& and the N6_H6.....02’angle is 156”, 
thus ensuring a standard hydrogen-bond geometry. 
This interaction imparts a 3’-end adenine specificity 
to the drug binding in addition to the A-T rich 
preference. 

(ii) The alternative arrangement, with the drug 
rotated by - 180” and thus the nogalose sugar in the 
major groove, has a non-bonded interaction energy 
of -70.7 kcal mole-‘. This is only slightly higher than 
state (i), and may not be a significant difference. The 
structure (Figs. 6-8) has a very similar chromophore 
disposition with respect to the base pairs. A specific 
(though weak) hydrogen bond has been located 
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Fig. 6. Computer-drawn representation of the minimum- 
energy intercalation model (ii), viewed looking down onto 

the base pairs. 

Fig. 7. Space-filling representation of complex (ii), viewed 
looking down onto the base pairs. 

Fig. 8. Space-filling representation of complex (ii), viewed 
along the base-pair, plane, and having one nucleotide strand 

behind the other. 
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between the amino N6 group of strand 1 adenine, and 
the carbonyl oxygen atom 011 of the methoxycar- 
bonylsidechain.TheN6 . . . . . 011 andH6 . . . . . 011 dis- 
tances are 3.17 A and 2.30 8, respectively, and the 
N6-H6.. . . ,011 angle is 145”. Thus, this arrangement 
for the complex concurs with model (i) in having a 
specific hydrogen bond to a 3’ adenine at the inter- 
calation site, though here it is on the opposite strand. 
There are then in principle three types of intercala- 
tion sites for nogalamycin that allow adenine-specific 
intercalation: (a) a self-complementary T(3’,5’)A 
one, (b) a general X(3’,5’)A one, and (c) a general 
T(3’,_5’)X one, where X may be any of the four DNA 
bases. Site (a) can accommodate model (i) or (ii), and 
is undoubtedly preferred over the other two because 
of its statistically greater propensity for base-pair 
melting. Sites (b) and (c), which can in principle have 
a C-G base pair at the non-specific site of the inter- 
calation site, would have the specific nogalamycin 
interactions with models (ii) and (i) respectively. 
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