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Abstract—A series of bisepoxides based on the epoxide domain of the naturally occurring azinomycins have been synthesised. The
incorporation of an aminomethyl group into the linker between the two alkylating epoxide units is shown to significantly enhance in
vitro cytotoxicity against human tumour cell lines and DNA interstand cross-linking efficiency.

© 2005 Elsevier Ltd. All rights reserved.

Drugs such as cisplatin, chlorambucil and melphalan,
which are capable of inducing DNA interstrand cross-
links (ISCs), are an extremely important class of clinical
cancer chemotherapeutic agents.! Further research to
find better medicines that act by this mode of action is
continuing apace.”> Azinomycins A (1) and B (2) are
structurally unique natural products that have been iso-
lated from the culture broths of Streptomyces griseofus-
cus S42227 (Fig. 1).3 These compounds possess potent in
vitro cytotoxic activity, significant in vivo antitumour
activity and appear to act by disruption of cellular
DNA replication by ISC formation.** Unfortunately,
the poor chemical stability of the highly strained and
reactive 1-azabicyclo[3.1.0]Jhexane core of the azinomy-
cins is a major hurdle to their development as anti-cancer
therapeutics. Since several studies have established that
simplified derivatives based solely upon the epoxide do-
main of the azinomycins are cytotoxic and are potent
DNA alkylating agents,® we reasoned that dimeric struc-
tures such as 3 might serve as stable yet effective DNA
cross-linkers (Fig. 1). Previously, we have demonstrated
the validity of this approach using bisepoxides 3a, 3c
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Figure 1. Structures of the naturally occurring azinomycins and
synthetic bisepoxides based upon the epoxide domain.

and 3e, possessing simple flexible hydrocarbon linkers
between the epoxide subunits. These compounds were
shown to induce ISCs of duplex DNA in an in vitro as-
say at lower concentrations than some clinically used
drugs such as cisplatin.” Encouraged by these initial
findings, we sought to explore how the nature of the lin-
ker itself could impact the biological function of this no-
vel class of DNA ISC agent. In this letter, we reveal that
the incorporation of a heteroatom within the linker can
be used to enhance both DNA ISC efficiency and in
vitro anti-cancer activity.
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In view of the known propensity of cations to associate
with the negatively charged phosphate backbone of
DNA, we anticipated that introduction of an amino
group into the linker might enhance favourable electro-
static interactions between the bisepoxide with the DNA
duplex at physiological pH. In this way, the effective
concentration of the bisepoxide would be increased lead-
ing, we hoped, to higher levels of ISC formation.
Increased water solubility was expected to be an
additional benefit arising from the introduction of a
polar amino group into the linker.

In designing a simple amino substituted linker, we
recognised that a minimum of five atoms would be re-
quired to impart hydrolytic stability. For this reason,
we selected bisepoxide 3f as the target. This compound
was readily made by selective deprotection of the benzyl
ester of (2S,35)-4% by hydrogenolysis followed by cou-
pling of the resultant carboxylic acid with 0.40 molar
equivalents of commercially available N*-(methyl)dieth-
ylenetriamine (Scheme 1).° For comparison purposes in
the biochemical assays, 3a and 3¢ were resynthesised.” In
addition, two new ‘all-carbon’ bisepoxides bearing three
and five atoms, namely 3b (82%) and 3d (49%), were
made from 1,3-diaminopropane and 1,5-diaminopen-
tane, respectively, using the same method.

The DNA interstrand cross-linking activities of the
bisepoxides were initially determined with an agarose
gel assay using the pUCI8 linearised plasmid.!”
The **P 5'-end labelled duplex was incubated with 3
(0.1-100 nM) for 1 h at 37 °C prior to denaturing with
alkali and subsequent gel electrophoresis. The extent
of cross-linking was determined by quantifying the rela-
tive amounts of double stranded and single stranded
DNA by storage phosphorimage analysis.

Since 3f contains five atoms in the linker, initial experi-
ments focused on determining precisely how the length
of the linker effects ISC efficiency in the ‘all-carbon’ ser-
ies. From our earlier study, we knew that 3e was appre-
ciably less effective and it was not re-examined herein.”
Among the dimers bearing purely alkyl linkers, 3b ap-
pears the most efficient, with 50 £ 4% ISCs (mean + SD)
observed at 10 nM (Fig. 2). However, the cross-linking
potency is only slightly reduced when the length of the
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Scheme 1. Preparation of bisepoxide 3f.
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Figure 2. Agarose cross-linking gel for bisepoxides 3a—d. Linearised
plasmid DNA was treated with the agents at the concentrations shown
for 1 h prior to alkali denaturation and gel electrophoresis. C,, and C;
are control non-denaturated and denatured samples, respectively. DS
and SS indicate the positions of double and single stranded DNA,
respectively. Experiments were performed in triplicate.

linker is either shortened or increased by just one meth-
ylene unit (3a and 3¢ producing, respectively, 41 + 2%
and 44+ 11% ISCs at this concentration). Further
homologation is more markedly detrimental to ISC form-
ation (14 + 4% for 3d at 10 nM).

In additional studies, ‘all-carbon’ bisepoxides 3b and 3d
were evaluated against 3f incorporating the methylamino
group (Fig. 3). Gratifyingly, 3f proves to be the most po-
tent compound, with 99 £1% ISCs at 10nM and
37 + 2% ISCs at just 1 nM. In contrast, 3b and 3d pro-
duce 10 £ 1% and 4 + 1%, respectively, at 1 nM. From
these data, we estimate that 3f is ca. 2-4-fold more effi-
cient at inducing ISCs than 3b in this assay and ca. 7-9-
fold better than 3d.

In a second series of experiments based upon an assay
reported by Coleman et al.,’® interstrand cross-linking
activities were measured using a 15-mer DNA duplex
containing a 5’-d(GCC)-3’ sequence located within an
unreactive A-T tract. This triplet is known to readily re-
act with azinomycin B itself producing appreciable levels
of ISCs.”>¢ The cross-linking studies were performed
with each strand of the duplex, in turn, 5'-32P end
labelled. After gel electrophoresis on 20% polyacrylamide,
two new bands of lower mobility were detected (Fig. 4).
The first running close to the starting DNA being as-
signed to monoalkylation, the second, of much lower
mobility, to the ISC product. The extent of monoalkyl-
ation and ISC for each drug was quantified by phosphor-
image analysis and the results are summarised in Table
1. Several aspects of these results merit comment. First,
the efficiency of ISC formation follows the order:
3f > 3b > 3a ~ 3¢ > 3d; this is similar to that witnessed
in the pUCIS8 linearised plasmid assay. This reactivity
trend is preserved with several other DNA sequences.'!
Second, even though the DNA sequence is not opti-
mised for 3f (the reacting electrophilic centres are
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Figure 3. Agarose cross-linking gel for bisepoxides 3b, 3d and 3f.
Linearised plasmid DNA was treated with the agents at the concen-
trations shown for 1h prior to alkali denaturation and gel electro-
phoresis. Experiments were performed in triplicate.
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Figure 4. Representative polyacrylamide gel showing the extent of
alkylation and ISCs by bisepoxides using **P-labelled oligonucleotide
(6). Experimental conditions detailed in Table 1.

Table 1. ISC efficiencies determined using a 15-mer oligonucleotide®

Drug Labelled Cross-link

Monoalkylation Unreacted

strand formation (%) (%) DNA (%)
3a 5 10 4 86
6 9 79 12
3b 5 42 6 52
6 40 15 45
3c 5 10 4 86
6 9 12 79
3d 5 5 4 91
6 5 12 83
3f 5 69 11 20
6 70 23 7

# Experiments conducted using the DNA duplex produced by anneal-
ing: 5'-d(TATTATGCCATTATT)-3' (5)/3’-d(ATAATACGGTA-
ATAA)-5' (6). The 5'-end of either 5 or 6 was >?P labelled with T4
polynucleotide kinase and [*PJATP prior to annealing with the
unlabelled complementary strand. Reaction conditions: 400 pM drug,
9uM duplex DNA, 45mM sodium cacodylate (pH 7), v/v 10%
DMSO, 8 °C, 20 h. Experiments were performed in triplicate (mean
values reported).

further apart than in azinomycin B), high levels of cross-
links are produced. Finally, it should be noted that we
cannot fully account for differences in the reactivity seen
with the less potent analogues. For example, it is unclear
why 3a produces large amounts of monoalkylation with
labelled 6 but 3b—d do not.

Bisepoxides 3a—d and 3f were evaluated in vitro against
the NCI 60 human tumour cell lines derived from nine
cancer types (leukaemia, melanoma and cancers of the
lung, colon, brain, ovary, breast, prostate, and kidney).
All of them exhibited significant cytotoxicity. The rela-
tive order of anticancer activities of the five dimers is
3b = 3f > 3c > 3a > 3d as deduced from the mean values
of 50% growth inhibition (Glsg) taken across all 60 cell
lines (Table 2). This order of potency is similar when
the data from mean cytotoxicities (LCsg)
(3b>3f~3c>3d~~3a) or total growth inhibitions
(TGI) (3b > 3f > 3¢ > 3a > 3d) are compared. The intro-
duction of the aminomethyl group clearly results in ca.
3-10-fold increase in cytotoxicity (Table 1, 3d cf. 3f).
These data correlate well with those obtained in the
DNA ISC assays. Monoepoxide 7% (Fig. 5), unable to
generate cross-links but known to alkylate DNA,%® is
less potent than the dimers against the 60-cell line panel
as judged by 50% growth inhibition.

Table 2. Summary of cytotoxicity data obtained from NCI panel of 60
cancer cell lines

Bisepoxide Cytotoxicity
GI5(), nM LCSOa HM TGI, ].lM

3a 72 62 2.4

3b 31 32 0.21

3c 53 14.8 0.55

3d 178 50 3.4

3f 28 14.4 0.35

7 214 33 2.0

\

Figure 5. Structure of monoepoxide 7.

In conclusion, we have prepared a series of azinomycin-
like bisepoxides 3, which display both high ISC efficien-
cies and appreciable in vitro cytotoxicities. In the ‘all-
carbon’ series, a three methylene spacer length proved
optimal as judged by comparative DNA cross-linking
assays and tumour cytotoxicity data. A further 2-4-fold
increase in ISC activity can be achieved by the introduc-
tion of a methylamino group into the linker.
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Three additional 15-mer oligonucleotide duplexes were
studied under the same conditions reported in Table 1. In
each case, the duplex was constructed from the same
unreactive A-T sequence with modifications being made
to the central triplet sequence. Specifically, the sequences
studied were: 5'-d(GTC)-3'/3'-d(CAG)-5" (8); 5'-d(GCT)-
3'/13'-d(CGA)-5" (9); 5’-d(GTT)-3'/3’-d(CAA)-5'" (10). 3a,
3b and 3f produced measurable amounts of ISC formation
(10%, 14% and 70%, respectively) with duplex 8. However,
only 3f produced measurable amounts of ISC (30% and
21%, respectively) with duplexes 9 and 10.
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