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agents—mechanism of action and enzymic reduction
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The mechanism of action of cyclopropamitosenes, novel
bioreductive anticancer agents, has been investigated
using a unigue combination of chemical and blochemical
techniques. The compounds 4 function as reductively
activated alkylating agents under chemical reducing con-
ditions, and the biochemical experiments establish that
the methoxy- and aziridinyl-derivatives 4a and 4b behave
differently upon bioreduction.
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DT-diaphorase,

Mitomycin C (MMC) 1, a clinically useful antitumor
antibiotic, is the archetypical quinone bioreductive
alkylating agent.! The understanding of the reduc-
tive activation mechanism of MMC and related
mitosenes, such as aziridinomitosenes 2 and the
indolequinone EQ9 3 (Figure 1), in which quinone
reduction sequentially activates electrophilic sites in
the drug molecules (C-1 and C-10 for MMC), has
increased markedly in recent years.>*® Our own
work was designed to investigate the role of C-
10 in alkylation processes by preparing com-
pounds in which electrophilicity at C-1 is much
reduced by substituting a cyclopropane for the azir-
idine ring.” The resulting cyclopropamitosene 4
could on reductive activation, followed by elimina-
tion of the carbamate, generate a powerful electro-
phile capable of alkylating DNA (or other
nucleophiles) at C-10 (Figure 2). However, ionic
ring opening of the cyclopropane, analogous to
that proposed for the corresponding ‘natural’ azir-
idine, is very unlikely, although radical induced ring
opening of the cyclopropane® to give a highly re-
active radical capable of abstracting the 4’-hydro-
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gen from the deoxy-ribose ring of DNA (and hence
causing strand cleavage)® is an alternative possibi-
lity (Figure 2). We now report the results of a de-
tailed study of the properties of these novel
‘unnatural’ mitosenes 4 using a unique combina-
tion of chemical and biochemical methods designed
to determine whether cyclopropamitosenes can act
as reductively activated alkylating agents.

The 7-methoxycyclopropamitosene 4a, prepared
using the method previously described for the
6-methyl analog,'® was converted into a range
of 7-substituted derivatives by reaction with amine
nucleophiles.!' Of these, the 7-aziridinyl compound
4b proved the most interesting. That cyclopropami-
tosenes can indeed function as reductively activated
alkylating agents was demonstrated by the chemical
reduction of 4a in the presence of nucleophiles.'?
Thus a mixture of 4a and potassium ethyl xanthate
in deaerated dichloromethane:methanol:water
(1:1:1) was treated with aqueous sodium dithio-
nite. After 10 min, reoxidation with air and chroma-
tography gave the C-10 adduct 5a (46% yield) as the
only observed product. Likewise, the adduct §b was
isolated (53%) when the reduction was carried out
in the presence of 4-toluidine (Figure 3). In neither
experiment was there any evidence for the forma-
tion of products derived by ring opening the cyclo-
propane. Having established the reactivity of
cyclopropamitosenes under chemical reducing
conditions, we next investigated their biological
properties.

Reductive activation of the mitosenes 4, that will
lead to toxicity towards cells in culture, can occur in
two ways. Firstly, by initial 1-electron reducton to
give a semiquinone. This would be carried out by
enzymes such as cytochrome P450 reductase in a
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Figure 1. Reductive activation mechanism of MMC and related mitosenes.

process that is potentially reversible by oxygen,'?

i.e. O, will inhibit toxicity. Secondly, by an initial
concerted 2-electron reduction to give a hydroqui-
none. This is generally carried out by the obligate 2-
electron reductase DT-diaphorase in a process that
is Oz-independent. The subsequent level of the
ultimate alkylating species will then be governed
by any disproportionation reaction between the
semi- and hydro-quinones.’®!3

Figure 4 shows results of experiments where
Chinese hamster V79 cells are exposed to the novel
cyclopropamitosenes 4a and 4b for 3 h at 37°C in
aerobic or hypoxic conditions. Values of 1Cs, the
concentration required to kill 50% of the cells, are
recorded in Table 1 and comparison made with
results obtained with MMC and EO9. In air 4b is
1000-fold more toxic than 4a, with MMC and EO9
showing intermediate levels of toxicity. Under hy-
poxic conditions there is no change in the toxicity of
4b whereas the potency of 4a is increased 34-fold.
These results indicate that under anaerobic condi-
tions initial 1-electron reduction will contribute sig-
nificantly to the toxicity of 4a which is in line with
the demonstrable alkylating ability of 4a under the
chemical reducing conditions described above.
Similar processes may also occur with 4b. How-

ever, no additional toxicity is observed in N,
which, taken together with the far greater potency
of 4b in air suggests that O,-independent 2-electron
reductive activation may contribute significantly to
the toxicity of this compound.

Evidence demonstrating the relative importance
of initial 2-electron reduction for the activity of 4b
versus 4a was obtained by repeating the assays in
the presence of dicoumarol, an inhibitor of DT-dia-
phorase. The results (Table 1 and Figure 5) indicate
that dicoumarol has no effect on the aerobic toxicity
of 4a whereas 4b is considerably less potent under
these conditions, thereby supporting the contention
that O,-independent 2-electron reduction processes
are important in the activation of the aziridinyl
cyclopropamitosene 4b, and suggesting that DT-
diaphorase is the enzyme involved.

Particular interest has focused on the role of DT-
diaphorase or NAD(P)H : (quinone acceptor) oxido-
reductase (EC 1.6.99.2) in the activation of biore-
ductive antitumor quinones.'> This enzyme is
known to activate MMC, particularly at acid
pH.'® It also bioactivates the indolequinone EO9
much more efficiently than MMC at physiological
pH.!"” We therefore evaluated the ability of the cy-
clopropamitosenes 4a and 4b to act as substrates for

Table 1. Mechanistic investigation of cyclopropamitosenes 4 using biochemical techniques

Compound Toxicity towards Chinese hamster V79 cells®® Enzyme studies®*
ICso ratio ICso protection DT-diaphorase reduction
(nmol/dm?®) (umol/dm?3) factor rate (nmo} cytochrome
air + dicoumarol ¢ reduced/min/mg)
air N,
MMC 1 0.8 0.4 2.0 0.8 1.0 8.96 x 102
4a 4.8 0.14 34 4.8 1.0 1.60 x 10°
4b 0.003 0.003 1.0 0.1 33 4.64 x 10°
EQ9 3 0.08 0.015 5.3 0.5 6.2 6.48 x 10°
Menadione - — —_ — - 4,96 x 10°
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Figure 3. Reduction of 4a in the presence of 4-tolvidine.

reduction by purified Walker rat tumor DT-diaphor-
ase."® The method used involved a modification'®”
of the classical assay in which reduction of the
quinone to the hydroquinone is monitored spectro-
photometrically by the subsequent reduction of
cytochrome c.'” Table 1 shows that both the 7-
methoxy 4a and the 7-aziridinyl analog 4b did act
as substrates for DT-diaphorase, with 4b giving
approximately 3-fold faster rates. Interestingly, an
analog of EO9 in which a methoxy group replaced
the aziridine moiety was also a poorer substrate for
the same DT-diaphorase preparation, and exhibited
lower cytotoxicity.2° Reduction of 4a and 4b by DT-
diaphorase was confirmed in experiments where
the oxidation of the NADH cofactor was monitored
spectrophotometrically. These supported the order-
ing of substrate efficiencies in Table 1. Both 4a and
4b are better substrates than MMC at physiological
pH, although they are inferior to indolequinone
EO9 and menadione in this respect. For exam-
ple, 4b was reduced 4 times more rapidly than
MMC but 140-fold less efficiently than EO9.

It is clear that the 7-aziridinyl cyclopropamitosene
4b is considerably more cytotoxic than the 7-meth-
oxy compound 4a towards V79 cells, under both
hypoxic and aerobic conditions. However, no dif-
ferential toxicity is seen for 4b, and its aerobic cy-
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Figure 4. MTT assay of the toxicity of 4a and 4b in V79
cells following 3 h exposure at 37°C under aerobic (O) or
hypoxic (@) conditions.
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totoxicity was reduced by dicoumarol; in contrast, a
hypoxic cytotoxicity ratio of 34 was seen for 4a with
no modulation by dicoumarol. Although there are a
number of caveats associated with the use of dicou-
marol to probe for the importance of DT-diaphorase
in bioreductive drug activation in whole cells,?’ the
aforementioned cellular sensitivities to the two
compounds, together with their differing abilities
to act as substrates for DT-diaphorase, are consis-
tent with a more predominant role for 2-electron
reduction by this enzyme in the bioactivation in
air of 4b compared with 4a.

In the final analysis, the relative importance of 1-
versus 2-electron reduction processes in the expres-
sion of anticancer activity will depend on the rela-
tive expression of reducing enzymes in cells.** The
potential importance of cyclopropamitosenes 4a
and 4b as therapeutic agents (relative to MMC and
EO9) is being actively investigated. These results,
together with further chemical and electrochemical
studies, will be reported elsewhere.
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