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Abstract-The damage induced by electrolytically reduced misonidazole on DNAs of varying base 
composition has been measured. Damage assessment using a variety of techniques including viscometry. 
helix renaturation, hydroxyapatite chromatography and agarose gel electrophoresis indicates that 
damage is related to A + T content, suggesting that misonidazole cytotoxicity involves a specific target 
in DNA. 

Misonidazole (2-nitro-I-imidazolyt-3-methoxy-2- 
propanol) is a promising radiosensitizer of hypoxic 
tumours which is presently undergoing clinical trials 
[l]. In addition to its radiosensitizing properties this 
compound has also been shown to exert a cytotoxic 
effect in both hypoxic and oxic tumour cells (21. The 
mechanism of radiosensitization has been studied in 
some detail [3], but the cytotoxic mechanism remains 
obscure, although it is known that reduction of the 
nitro-group is a necessary prerequisite for both these 
effects. 

Recent studies in this laboratory, using a technique 
involving selective electrolytic reduction of the nitro- 
group in the presence of DNA, have gone some way 
towards clarifying the mechanism of cytotoxicity of 
misonidazole and other nitroimidazoles. The damage 
induced in DNA by reduced compounds has been 
measured using a variety of techniques including 
viscometry, thermal hyperchromicity, melting and 
renaturation profiles, hydroxyapatite chroma- 
tography, agarose gel electrophoresis and sucrose 
density gradient centrifugation (4-71. This has estab- 
lished that the major effects of reduced nitroimi- 
dazoles are strand breakage of DNA and concomi- 
tant destabilization of the helix which results in the 
formation of single-stranded regions. More recent 
work has demonstrated that the cytotoxic effect of 
nitroimidazoles is decreased in the presence of 
aminothiols [8] and also that the extent of this pro- 
tection is related to the difference between the 
reduction potential of the drug and the aminothiol 
redox couples [9]. 

We now report that the extent of DNA damage 
by reduced misonid~ole is related to the base com- 
position of the DNA, and in particular the A + T 
content. This suggests that cytotoxicity involves a 
specific target rather than random scission of the 
phosphodiester backbone of DNA. 

* To whom reprint requests should be addressed. 

MATERIALS AND METHODS 

DNAs from calf thymus (type I), Escherichia 
coli (type VIII), Micrococcus lysodeikticus (type XI) 
and Clostridium perfringens (type XII) were 
obtained from Sigma Chemical Co. Ltd., Poole, 
Dorset, U.K. Poly [d(A-T)] was obtained from the 
Boehringer Corporation, London, U.K. Misonida- 
zole was a gift from Roche Products Ltd., Welwyn 
Garden City, Herts, U.K. 

Polarography and electrolytic reduction of misoni- 
dazole were carried out as previously described [5,6], 
as also were viscometric and hydroxyapatite chro- 
~atographic analysis of the DNA and agarose gel 
electrophoresis [6,7]. 

Determinations of the mid-point of the helix-coil 
transition of each DNA (the Tm value) and hyper- 
chromicities were made in 15 mM NaCl, 1.5 mM 
trisodium citrate, pH 7.1 (0.1 SSC) using a Pye 
Unicam SP 1750 spectrophotometer with a SP 1805 
Programme Controller. The cuvette holder was 
heated electrically from a SP 876 series-2 Temper- 
ature Programme Controller at a heating rate of 0.5”. 
min-‘. Temperature and absorbance at 260 nm were 
automatically recorded on a Philips PM 8120 X-Y 
recorder. Samples were dialysed prior to analysis to 
remove any absorbing species arising from the drug 
moiecule and to reduce the ionic concentrations 
which may rise during the electrolytic reduction, to 
that of 0.1 SSC. No corrections to absorbance read- 
ings were made to allow for expansion of the cuvette 
contents during heating. 

The Tm values once determined were used to 
calculate the base composition of each DNA [ 10, 1 l] 
and the values obtained were found to be consistent 
with those published elsewhere [ll]. Since a linear 
relationship exists between DNA base composition 
and the maximum hyperchromicity between double- 
and single-stranded forms [12], this parameter was 
estimated from the base composition and confirmed 
experimentally. 

Renaturation analysis was carried out as pre- 
viously described [7] and the percentage renaturation 
was calculated from the following equation using 
hyperchromicity data shown in Table 1. 
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Table 1. 

Figure reference Source %G+C Hyperchromicity (%) 

A Clostridium perfringens 29 44 

B Calf thymus 40 41 

C Escherischia coli 50.5 39 

D Micrococcus lysodeikticus 72 33.5 

% renaturation = 
qx7in - X50) 

1 
x 1oO 

X,,(l - _-!-- 

l+k) 

where Xr, is the Aze0 of the DNA at its Tm, X,, is 
the AZ60 of the DNA at 95”, X,, i, the A16,, of the DNA 
at 50” after cooling from the Tm, and hm is the 
hyperchromicity. 

The percentage single-strandedness (% s.s) from 
the hydroxyapatite chromatography results was cal- 
culated using the equation: 

% S.S. = 

A26&1 
x 100, 

-+Am& _ hm 

If100 

where AZmEI is the AzeO of a 0.12 M sodium phos- 
phate eluate, AzaE2 is the Az6,, of a 0.4 M sodium 
phosphate eluate and hm is the hyperchromicity as 
above. 

RESULTS AND DISCUSSION 

The results of this study provide further insight 
into the mechanism of misonidazole cytotoxicity by 
showing that the degree of damage incurred by DNA 
is directly related to its base composition. Thus, 
when damage is measured as a decrease in relative 
viscosity (Q~,) of the DNA solution a general trend 
is observed in which damage to Cl. perfringens DNA 
is more extensive than that to M. lysodeikticus DNA 
(Fig. 1). A decrease in viscosity provides an indi- 
cation of general, unspecified damage to DNA, how- 
ever, and if more specific techniques are employed 
the trend becomes clearer. This is apparent in Fig. 
2 which shows the results of renaturation experi- 
ments designed to measure the amount of intact 
helix present in the DNA. 

Confirmation of the linear nature of the relation- 
ship between damage and DNA base composition 
comes from the results of the hydroxyapatite chro- 
matographic analysis (Figs. 3 and 4) which measure 
the increase in single-strand content of the DNA by 
local unwinding at a site of single-strand breakage. 

Results from similar experiments using poly [d(A- 
T)] indicate that this nucleotide polymer is most 

GtC, % 

Fig. 1. The effect of reduced misonidazole on the per- 
centage decrease in relative viscosity of DNAs of different 
base composition. The letters refer to the source and base 
composition of the DNAs as given in Table 1. Viscosity 
was measured using an Ubbelohde-type miniature sus- 
pended-level viscometer at 30” f 0.01”. The reduced drug- 

nucleotide ratio in each case is 1.0. 
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Fig. 2. The effect of reduced misonidazole on the rena- 
turation of DNAs of different base composition. The letters 
refer to the source of the DNAs as given in Table 1. 
Renaturation was measured spectrophotometrically as pre- 

viously described (Rowley et al., 1979). 
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Fig. 3. The effect of reduced misonidazole on the single 
strand content of DNAs of different base composition as 
measured by hydroxyapatite chromatography. The letters 
refer to the DNA source as given in Table 1 and D/N refers 

to the reduced drug-nucleotide ratio. 
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Fig. 4. The relationship between reduced misonidazole- 
induced damage and DNA base composition. The DNAs 

may be identified by reference to Table 1. 

susceptible to the damaging effects of reduced 
misonidazole. However, since the buffer conditions 
used here were different to those used in the study 

of natural DNAs, direct quantitative comparisons 
are questionable. 

When damage is assessed as a decrease in mol- 
ecular weight of DNA as measured by the migration 
distance of the DNA in agarose gels, corroborative 
evidence of our findings is obtained. An increased 
migration rate and an increase in band width indicate 
a lower molecular weight average and an increased 
polydispersity or molecular weight range of the 
DNA, respectively [13-171. In addition, since the 
gels contain the fluorescent intercalator acridine 
orange, a decrease in the fluorescence intensity under 
U.V. light indicates a loss in intact helix related to 
the ability of the acridine to intercalate the DNA 
molecule [14-171. As is shown in Figs. 5 and 6, all 
these effects are observed in DNA exposed to 
reduced misonidazole. The decrease in molecular 
weight is attributable to double-strand breakage 
which probably occurs as a result of extensive single- 
strand breakage. 

0 35 59 64 loo 0 25 49 76 99 

Fig. 5. The effect of reduced misonidazole on the electro- 
phoretic migration of DNAs in acridine-impregnated aga- 
rose gels. The gels (1.5%) were electrophoresed at 12.5 mA 
for 20 hr. The numbers refer to the percentage reduction 
of misonidazole or (if divided by 100) the reduced drug- 
nucleotide ratio. The letters refer to the DNA source as 
given in Table 1. The schematic diagram is drawn to scale. 

Drug reduction, % 

Fig. 6. The effect of reduced misonidazole on the electro- 
phoretic migration of Closfridium perfringens (A) and 
Micrococcus lysodeikticus (D) DNA. The numbers refer 
to the percentage drug reduction or (if divided by 100) the 

reduced drug-nucleotide ratio. 
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It is evident from these results that the cytotoxic 
action of misonidazole on DNA does not involve 
random strand breakage but rather cleavage at a 
specific site in the adenine and/or thymidine residues 
of the DNA. Preliminary studies (to be published 
elsewhere) indicate that the target is thymidine since 
thymidine phosphates are specifically cleaved from 
intact DNA suggesting an action not unlike that of 
bleomycin [ 181. It is clear that such a cytotoxic mech- 
anism would also enhance the radiation-induced 
damage since radiosensitization has been shown to 
involve preferential damage to thymidine residues 
u91. 

Since other electron affinic nitroimidazoles have 
been shown to possess an identical mode of action 
[4-71 it is likely that this base specificity may be a 
general feature of radiosensitizing nitroimidazoles. 
It has not escaped our attention that the relationship 
between DNA damage and A + T content is a 
contributory factor in the selective toxicity of these 
drugs against infections caused by anaerobes. The 
most important organisms clinically in this respect 
are the protozoa Trichomonas vaginalis and Enta- 
moeba histolytica which have A + T contents of 71 
per cent and 62-78 per cent, respectively [2O-231 and 
the bacteria Bacteroides and Clostridia with A + T 
contents of 59 and 73 per cent, respectively [lo, 241. 
All these organisms are very susceptible to metron- 
idazole, having minimum inhibitory concentrations 
of 1 pg.cm-’ or less. In contrast, Rhodospirillum and 
Rhodopseudomonas have A + T contents of 38.4 
and 33 per cent, respectively [lo, 2.51 and are approx- 
imately 25 times less sensitive to nitroimidazoles 
[26,27]. 
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