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Truncated azinomycin analogues intercalate into DNA
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Abstract—The design and synthesis of a potentially more therapeutically-viable azinomycin analogue 4 based upon 3 has been com-
pleted. It involved coupling of a piperidine mustard to the acid chloride of the azinomycin chromophore. Both the designed azino-
mycin analogue 4 and the natural product 3 bind to DNA and cause unwinding, supporting an intercalative mode of binding.
� 2004 Elsevier Ltd. All rights reserved.
Figure 1. Azinomycin A 1 X = H, azinomycin B 2 X = CHO.
The azinomycins (1, 2) are potent antitumour antibiot-
ics, isolated from Streptomycetes griseofucus (Fig. 1).1

Their densely functionalized structures1 have made them
interesting targets for synthetic organic chemists,2 while
their mode of action has been investigated in a smaller
number of investigations.2,3 These latter studies have ad-
dressed the ability of the compounds to alkylate and
crosslink DNA,4 their sequence selectivity5,6 and the
ability of the compounds to intercalate into the double
helix.6,7 The therapeutic potential of the azinomycins
has been less well studied, mainly due to the unstable
nature of the antibiotics, which makes their utility very
limited. Some analogues, either designed8 or as partial
structures in synthetic routes to the agents,9 have been
disclosed. Here, we describe our own initial investiga-
tions of the synthesis of azinomycin analogues, which
led to the observation that these compounds intercalate
into the DNA duplex. Contrary to previous reports, we
discovered that the natural product partial structure 3
also has similar characteristics, which suggest that it
intercalates into the duplex.

Compound 3 represents the �left-half� structure of the
azinomycins and was also isolated as a natural product
(Fig. 2).10 Although initial studies suggested that it was
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inactive in tumour cell lines, further investigations with
3 have demonstrated that it possesses potent antitumour
activity in its own right,11 that it alkylates DNA non-
sequence selectively at all guanines6 and that partial struc-
tures that cannot alkylate have a non-covalent DNA
binding affinity, assessed by equilibrium dialysis meth-
ods, of around 10�3 M.6 While one group has suggested
DNA intercalation of the naphthalene through investi-
gations of viscometric and unwinding effects,6 Coleman
et al. used noncovalently binding analogues of 3
(although not 3) and, with similar assays, found that
intercalation did not occur.7 They also used fluorescence
contact transfer12 with 3 to support the lack of interca-
lation of the chromophore.

Although 3 has more therapeutic potential than 1 and 2,
we feel that the presence of the epoxide and ester bonds
limit its utility. However, it makes a good lead com-
pound to begin investigations of analogues that may
have properties useful in the design of prodrugs. Due
to our interest in potential bioreductives,13 we designed
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Figure 2. Compounds 3–5 used in this study.

Scheme 1. Synthesis of 4 and 5.
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4, a nitrogen mustard similar to 3 in that it could alkyl-
ate DNA and place the chromophore in close proximity
to the duplex, but contains a more robust amide bond
between the chromophore and the alkylating group
(Fig. 2).

Compound 4 was synthesized from the reaction of naph-
thoate acid chloride 614 and the piperidine analogue 7.15

The acid chloride was generated by treatment of the acid
with thionyl chloride under reflux (92% yield) and was
used without further purification. The piperidine deriva-
tive 7 was generated from the Boc-protected amine via
treatment with HCl in EtOAc (2 M). Direct addition
of 7 was found to be more efficient than addition of
the hydroxyl compound 8 followed by halogenation
and gave the product 4 in 55% yield after purification.16

Compound 5, the control nonalkylating version of 4,
was synthesized in a similar fashion from the reaction
of the piperidine alcohol 8 with 6 (Scheme 1).17

With 4 in hand, it was possible to begin investigations of
its biological properties. Unwinding of supercoiled /
X174 DNA, whilst not a definitive assay, has been used
extensively to show DNA binding by intercalation for a
number of bisintercalators.18 Similar unwinding assays
have been used for other intercalator–alkylator com-
plexes.19 The supercoiled DNA is relaxed by binding
of the intercalator, then begins to form negative super-
coils at higher concentrations. Compound 4 clearly un-
winds supercoiled DNA in a similar fashion to known
intercalators (Fig. 3a). Complete unwinding is observed
at a 1:1 ratio of drug to base pairs. Compound 5, the hy-
droxyl-analogue of 4 that cannot alkylate DNA, does
not unwind the duplex. Although, as noted, DNA
unwinding is not a definitive assay for intercalation, it
is striking that such a simple compound possesses char-
acteristics very similar to those of known intercalators.
Figure 3. (a) and (b) DNA unwinding by (a) 4, (b) 3. Supercoiled /X174 DNA

ratio. Concentration DNA 0.34 mM bp; agarose gel electrophoresis was carri

experiment with EtBr in the gel showed no unwinding, (c) DNA cleavage

present in the gel. A gel with post-electrophoresis staining with EtBr loo

S = supercoiled, R = relaxed, I = form I DNA.
Having found that, upon alkylation, the naphthoate
group seemed to intercalate into the helix, we then stud-
ied the interaction of the natural product 3 with /X174
DNA. Compound 3 was synthesized by the method of
Shipman and co-workers20 although, as we required
all four diastereoisomers of 3, the method was adapted
to allow formation of both the (2S, 3S)- and (2S, 3R)-
compounds.21 Unwinding of supercoiled DNA by 3
was similar to that of 4, suggesting that in accordance
with the viscometric results of Zang and Gates,6 the nat-
ural product epoxide is certainly unwinding supercoiled
DNA, probably by intercalative binding.

One further possibility for these compounds was that
DNA nicking, rather than unwinding, was occurring
with the supercoiled /X174 DNA. Clinically used antit-
umour agents such as melphalan are able to cleave
supercoiled DNA to a relaxed (Form I) and linear
(Form II) form even under the mild conditions of the
experiment for unwinding (Fig. 3c). When the unwind-
ing experiment is carried out with a classical intercalator
such as echinomycin using agarose gels containing ethi-
dium bromide (EtBr), the DNA reverts to a supercoiled
form, presumably as EtBr competes with the intercala-
tor (data not shown). With a nicked DNA duplex, the
reaction is irreversible as nicking occurs prior to electro-
phoresis. Repetition of the DNA unwinding experiment
with 3 and 4 with agarose gels containing EtBr showed
no unwinding of the duplex (data not shown), while the
melphalan gel is unaffected (Fig. 3c). This suggests that
the unwinding/relaxation of supercoiled DNA is a pro-
. Lane (1) DNA only; Lanes (2–8) 0.001, 0.01, 0.1, 1.0, 2.0, 3.0 drug/bp

ed out and the gels were then stained with ethidium bromide. A similar

by melphalan. Agarose gel electrophoresis was carried out with EtBr

ked exactly similar. Concentrations are as for the unwinding gels.
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cess that does not involve DNA cleavage.� This latter re-
sult is also suggestive of a reversible interaction between
the azinomycins and DNA, which may allow the natural
product to equilibrate to a favoured alkylation site.
More experiments are underway to ascertain the verac-
ity of this observation.

The cytotoxicity of compounds 3 (IC50 50 nM), 4 and 5
(both inactive) against the prostate cancer cell line
DU145 was determined using the MTT assay. The lack
of activity of 4 was somewhat surprising and may reflect
a change in the uptake of the intercalator–alkylator con-
jugate on going from the uncharged epoxide to the
piperidine-mustard, which would carry a positive charge
at the pH of the experiment. However, other inter-
calator–piperidine-mustard conjugates give good cell-
culture-based antitumour activities.15 Compound 3
maintains the potent activity seen in previous studies
with this compound.11 The lack of activity of 4 was dis-
appointing in view of its ability to alkylate and unwind
DNA in a similar fashion and we are currently generat-
ing analogues of 4 with different alkylating functional-
ities in order to understand this loss of activity.

Taken together, we believe these results, along with
those already published, suggest a mechanism of action
for the azinomycins and, perhaps, a different biological
effect (leading to the same outcome—cell death) for
the crosslinking and noncrosslinking agents. The low
affinity of the naphthoate moiety is enough to locate
these compounds close to the DNA helix. This poor
binding, probably represented by rapid association and
dissociation rates at nonsequence selective intercalation
sites on the duplex, is enough to locate the alkylating
moieties close to DNA nucleophiles. Alkylation by the
natural products can presumably occur either at the
epoxide or aziridine moiety when a G is suitably posi-
tioned either adjacent to, or three bases from the inter-
calation site.22 When a monoalkylation event occurs,
the chromophore may intercalate into the DNA helix.
However, when a G is suitably positioned for crosslink-
ing, the intercalation of the chromophore becomes ener-
getically unfavourable6 and a different drug–DNA
adduct is formed. In the truncated analogues, the naph-
thalene is able to intercalate and, due to the covalent
nature of the adduct, maintains a high affinity for
DNA. Intercalation necessarily involves duplex distor-
tion, whereas the crosslinking events with the natural
product are likely to distort the DNA in a different fash-
ion. Interestingly, Hartley et al.23 found that a noncross-
linking analogue of azinomycin A had similar
antitumour activity to the crosslinking compound, sug-
gesting either that the two adducts have similar potent
activity or that the activity of the monoadduct predom-
inates. Our own studies of crosslinking agents suggest
that monoalkylation is sufficient for biological activity
and that crosslinking may even be detrimental.24 Only
high resolution structural studies and biological studies
� It should be noted that incubation times >2 h with 3 and 4 led to

observation of time-dependant DNA cleavage, confirming that

alkylation is occurring.
of the signals transduced as a consequence of binding
of these agents will ultimately answer remaining ques-
tions as to the mechanism of action of the azinomycins.
In the meantime, studies will continue to find therapeu-
tically useful analogues of these intriguing natural
products.
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