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ABSTRACT

Using a series of synthetic azinomycin analogues, it is shown that the efficiency of in vitro DNA interstrand cross-linking is markedly reduced
when either the C-5 ′ methyl group or both the C-5 ′ methyl and C-3 ′ methoxy groups are deleted from the naphthalene ring.

The antitumor antibiotics azinomycin A (1) and B (2) are
structurally unique natural products containing the strained
1-azabicyclo[3.1.0]hexane ring system (Figure 1).1 These
compounds possess potent in vitro cytotoxic activity and
significant in vivo antitumor activity and appear to act by
disruption of cellular DNA replication by interstrand cross-
link (ISC) formation.1 In 2001, the first total synthesis of
azinomycin A was achieved by Coleman.2 The epoxide and
aziridine are known to be responsible for the cross-linking

process which occurs via N-7 of purine bases two residues
apart on the complementary DNA strands.3 At present, there
is essentially no data available concerning the role of other
functionalities contained within the azinomycin skeleton on
the selectivity of DNA recognition and efficiency of inter-
strand cross-linking. Such information would provide im-
portant insights into the mode of action of the azinomycins
and assist in the design of new DNA targeting agents.
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In systems based on just the “left-hand” epoxide domain,
the naphthoate group plays a critical role in the efficiency
of DNA alkylation,4,5 DNA sequence selectivity,4,5 and
cytotoxicity.5,6 By extrapolation, one can postulate that the
naphthalene ring and its 5-methyl and 3-methoxy substituents
play pivotal roles in noncovalent association between the
azinomycins and double-stranded DNA. However, testing
this hypothesis is difficult because modification of the
aromatic ring within the natural products is precluded because
of their inherent chemical instability. Recently, we described
the synthesis of azinomycin analogue3a, which acts on
double-stranded DNA in a manner similar to that of the
natural products (Figure 1).3d We reasoned that by studying
a series of derivatives related to3a in which the naphthoate
fragment was modified, we would be able to probe if the
substituents on the naphthalene ring play a critical role in
DNA binding and ISC efficiency or indeed if they are simply
unnecessary artifacts of the biosynthesis.7 Herein, we report
the preparation of modified azinomycin analogues3b-d and
demonstrate that the nature of the naphthalene substitution
pattern does indeed influence in vitro DNA ISC efficiency.

The synthesis of epoxy aziridines3b-d parallels our
earlier synthesis of3a. Thus, esterification of (2S,3S)-epoxy

alcohol 48 with the appropriate acid chlorides9 furnished
esters5b-d (Scheme 1). Removal of the benzyl ester by
catalytic hydrogenation yielded6b-d, which were im-
mediately coupled with dehydroamino ester8, formed by
removal of theN-Boc group from7,3d to give9b-d in good
yields. Finally, ring closure to 1-azabicyclo[3.1.0]hexanes
3b-d was accomplished according to methodology originally
devised by Terashima via the corresponding mesylate.10

These ring closures were best performed using TBAF. The
low yields for the ring closure step largely reflect problems
associated with obtaining3b-d in an acceptable state of
purity.11

The stereochemical assignment about the tetrasubstituted
double bond of3a was originally based on NOE measure-
ments and correlations with the literature.3d In undertaking
this study, we were fortunate that alcohol9c devoid of the
methoxy group at C-3′ was highly crystalline, and using a
single crystal grown from EtOAc/n-hexane, we were able
to solve its structure unambiguously using X-ray crystal-
lography (Figure 2).12 As this is the first solid-state structure

of an “azinomycin-like” material, several features merit
comment. First, the distance between the cross-linking carbon
atoms (C-10 and C-21) is determined to be 8.70 Å in9c,

Figure 1. Structures of the naturally occurring DNA interstrand
cross-linking azinomycins and functional synthetic analogue3a.

Scheme 1

Figure 2. X-ray crystal structure of9c.12
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which is close to the estimated linear distance of 8.5 Å
between the N-7’s of the two reacting guanines in B-form
DNA.13 Second, the lone pairs of N-9 and N-16 are nearly
orthogonal (CO-N-CdC torsional angle) 84°), presum-
ably to minimize electron repulsion. Finally, it is apparent
that there are differences between the solid-state conforma-
tion of 9c and that of azinomycin B (2) derived by
mechanism filtered molecular modeling.13 These potentially
important conformational differences warrant scrutiny in the
future.

The DNA interstrand cross-linking activities of epoxy
aziridines3b-d were compared with resynthesized3ausing
an agarose gel assay using the pUC18 linearized plasmid.14

The 32P 5′-end-labeled duplex was incubated with3a-d
(1.0-200µM) 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 relative amounts
of double-stranded and single-stranded DNA by storage
phosphorimage analysis. The experiment was performed four
times, and a representative gel is presented (Figure 3).

Although all of the epoxy aziridines produce DNA cross-
links at micromolar concentrations of drug, the efficiency
of cross-linking varied with the naphthalene substitution
pattern. At 50µM, 3a produced 95.0( 1.9% cross-links
(mean( SD);3b, 27.1( 3.8% cross-links;3c, 95.1( 3.9%
cross-links; and3d, 5.1( 1.6% cross-links. Thus, the order

of ISC efficiency follows the trend3a ≈ 3c > 3b > 3d
with ca. 18-fold difference in efficiency across the group.
At 10 µM, 3a induces more cross-links than3c, indicating
that it is a little more potent. Because3c and3a possess the
5′-methyl group and3b and 3d do not, we conclude that
this substituent plays an important role in noncovalent
association between3 and the DNA duplex. Interestingly,
the 3′-methoxy group, which is proposed to be introduced
relatively late in the biosynthesis,7 has less influence upon
the efficiency of ISC formation (3a cf. 3c), although the
deletion of both substituents does have an appreciable effect
(3a cf. 3d).

How the 5′-methyl promotes binding remains unclear,
although we believe that it is most probably enhancing
hydrophobic interactions between the DNA duplex and the
epoxy aziridines. Currently, we do not know whether this
arises from specific contacts between the 5′-methyl and the
DNA backbone or a more general enhancement of the
hydrophobicity of the drug. Mechanisms based on more
active involvement of the naphthalene ring such as intercala-
tion are most likely not operating, as extensive efforts by
Coleman to detect intercalative binding using azinomycin
B have not yet been successful.3e

To conclude, we have established that the 5′-methyl group
is an important element in noncovalent association between
DNA and azinomycin-like compounds. Future efforts will
be focused on using this strategy to identify other important
noncovalent binding interactions in this class of agent.
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Figure 3. Agarose cross-linking gel for epoxy aziridines3a-d.
Plasmid DNA was treated with the agents at the concentrations
shown for 1 h prior to alkali denaturation and gel electrophoresis.
Cn and Cd are control nondenaturated and denatured samples,
respectively. DS and SS indicate the positions of double and single
stranded DNA, respectively. At.100% cross-linking, the intensity
of the DS band reduces as other DNA products begin to appear
(not shown).
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