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Abstract 
The effect of 3-alkyl substituted imidazotetrazinones on meth- 

ylation of DNA has been studied in drug sensitive and resistant 
cell lines. The 3-methyl analogue (Temozolomide) has been 
shown to cause a decrease in the level of 5-methylcytosine in 
newly synthesized DNA in both cell lines, although the effect 
occurred at lower drug concentrations in the drug sensitive cell 
line. In order to investigate the mechanism of hypomethylation of 
DNA, calf thymus DNA was alkylated in vitro by both Temozo- 
lomide and the 3-ethyl analogue, CCRG 82019, and the alkylated 
DNA was shown to inhibit the transfer of methyl groups from S-  
adenosyl-L-methionine to M. lysodeikticus DNA by purified eu- 
karyotic DNA methylase. Neither free drug alone or unmodified 
DNA affected the methylase reaction. Calf thymus DNA modi- 
fied with CCRG 82019 was more effective as a methylase inhibi- 
tor than DNA modified with Temozolomide, which was a reverse 
of the order of potencies of the free drugs against tumour cells in 
culture. CCRG 82019 modified DNA also formed a more stable 
complex with nuclear proteins. Alterations in the level of 5- 
methylcytosine in DNA may be important in the alteration of 
gene expression by these agents. 
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The imidazotetrazines are a novel group of synthetic 
heterocycles bearing NNN linkages in a cyclic arrange- 
ment (22), which display potent and broad spectrum anti- 
tumour activity against murine tumours (14, 21). Substitu- 
tion of the heterocyclic ring at position 3 with either 2- 
chloroethyl (Mitozolomide) or methyl (Temozolomide) 
yields highly active agents, while 3-ethyl (CCRG 82019) or 
higher alkyl substitution leads to a loss of antitumour 
activity (21) (Fig. 1). Under alkaline conditions ring open- 
ing occurs to form the corresponding alkyl triazenes (l), 
which are the active biological moieties (15). Mitozolo- 
mide ring opens to produce 5-(3-(2-chloroethy1)triazen-1- 
yl) imidazole-4-carboxamide (MCTIC) a potent antitu- 
mour agent against mouse L1210 leukaemia (20). 

The pharmacological activity of the antitumour tria- 

zenes has been attributed to their reaction with DNA. At 
equimolar concentrations both Mitozolomide and MCTIC 
have similar in vitro cytotoxicities, and at equitoxic con- 
centrations they produce similar levels of DNA inter- 
strand cross-linking (12). Cells deficient in their ability to 
repair 06-alkylguanine lesions (Mer-) were shown to be 
more sensitive to the cytotoxic effects of Mitozolomide 
than repair proficient cells (Mer') (13). Furthermore, a 
concentration-dependent DNA interstrand cross-link for- 
mation was observed for both Mitozolomide and MCTIC 
in Mer- cells, while in Mer' cells little or no interstrand 
cross-link formation was detected (11, 13). Thus DNA 
interstrand cross-linking induced by Mitozolomide is 
probably a consequence of an initial alkylation at the 06- 
position of guanine followed by a delayed reaction with 
the opposite DNA strand. 

Alkylation of guanine at the 06-position is probably also 
involved in the mechanism of cytotoxicity produced by 
Temozolomide, which is, however, chemically incapable 
of cross-linking DNA. As with Mitozolomide Mer' cell 
lines are less sensitive to this agent than Mer- cell lines 
and depletion of the DNA repair protein 06-methylguan- 
ine-DNA methyltransferase (06MeGMT) in Mer' cells by 
treatment with the free base 06-methylguanine leads to an 
increased sensitivity to both Mitozolomide and Temozolo- 
mide, but not to the 3-ethyl analogue (CCRG 82019) (25). 
In vitro Temozolomide is 10-fold more potent at inhibiting 
the growth of the K562 human leukaemia cell line than is 
CCRG 82019 (23). Furthermore, growth inhibition pro- 
duced by Temozolomide is accompanied by a proportion- 
al increase in haemoglobin producing cells in the culture, 
while CCRG 82019 is ineffective in the induction of hae- 
moglobin synthesis even at concentrations which have an 
equivalent effect on cell growth (23). A number of experi- 
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ments have suggested a role for DNA methylation in the 
regulation of gene expression in eukaryotic cells. In K562 
cells treated with Temozolomide the concentration of 5-  
methylcytosine in DNA decreased 3 days after treatment 
and was directly proportional to the number of benzidine- 
positive cells in the cultures, suggesting a direct correla- 
tion between hypomethylation of DNA and the induction 
of haemoglobin synthesis (24). This report investigates the 
mechanism of hypomethylation of DNA and the general- 
ity of this phenomenon. 

Material and Methods 

[6-3H]Uridine (sp. act, 20 Ci mmol-I), S-adenosyl-L- 
[methyl-3H]methionine (sp. act. 80 Ci mmol-I), and eu- 
karyotic DNA methylase were purchased from Amersham 
International, Bucks. Tissue culture medium and foetal 
calf serum were purchased from Gibco Europe Ltd. (Pais- 
ley, Scotland). Temozolomide and CCRG 82019 were syn- 
thesized by May and Baker Ltd. (Dagenham, Essex). M. 
lysodeikticus DNA and all other chemicals were obtained 
from Sigma Chemical Co. (Poole, Dorset). 

Cell culture conditions. Cells were maintained in static 
suspension culture at 37°C in RPMI 1640 medium contain- 
ing 10% foetal calf serum under an atmosphere of 5 %  
C02 in air. Both Temozolomide and CCRG 82019 were 
dissolved in dimethyl sulphoxide (DMSO) at 20 mg ml-I, 
such that the final concentration of DMSO in culture 
medium did not exceed 0.35%. For labelling of DNA [6- 
'Hluridine (1 pCi ml-') was added to the culture medium 
24 h prior to harvesting the cells. 

Isolation and hydrolysis of nucleic acids. This was car- 
ried out as previously described (24). Separation of bases 
was achieved by high-performance liquid chromatography 
on a Partisil 10 SCX column (0.6 x 25 cm, Whatman) 
eluted isocratically with 0.035 M KH2P04, pH 2.5 in an 
Altex hplc system. Bases were identified relative to the 
elution of authentic compounds and their quantity deter- 
mined by measurement of the base peak area at 280 nm. 
The eluted material was collected in scintillation vials and 
the radioactivity was determined in Optiphase scintillation 
fluid (Fisons, Loughborough) using a Beckman Tri-Garb 
2000 CA scintillation analyzer. The 5-methylcytosine (5- 
MC) content of the samples was determined in triplicate 
and at least 3 separate determinations were made for each 
concentration of drug and day of incubation. The extent of 
enzymatic methylation was calculated according to the 
formula: 

100 X 5-MC 
Cytosine + 5-MC 

Alkylation of DNA in vitro. E. coli or calf thymus DNA 
(600 pg) was treated with the indicated concentrations of 
drugs for 2 h at 37°C in a total volume of 1 ml. The 
solution was saturated with sodium acetate and the DNA 
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Fig. 1. Structures of the imidazotetrazinones. 

was precipitated with 2.5 volumes of cold absolute etha- 
nol. The precipitation process was repeated twice and the 
DNA was extensively washed with ethanol. The DNA 
was redissolved in distilled water at  a concentration of 2 
mg ml-' and 10 pg was routinely added to the DNA 
methylase assays. 

DNA methylase assay was similar to that described by 
Bolden et al. (5).  The standard assay contained 20 mmol 
Tris-HC1, pH 7.5, 5 mmol dithiothreitol, 1 mmol EDTA, 
0.1 mmol EGTA, 16 pmol S-aden~syl-L-(methyl-~H)rneth- 
ionine (sp. act. 2.5 Ci mmol-'), 20 pg heat denaturated M. 
lysodeikticus DNA and enzyme in a total volume of 50 p1. 
Incubations were routinely carried out for 4 h at 37°C and 
were terminated by cooling the samples to 0°C and unla- 
belled S-adenosyl-L-methionine was added to a final con- 
centration of 1.5 mmol. Aliquots (40 p1) of the reaction 
mixture were spotted onto 2.3 cm discs of Whatman DE81 
paper and the discs were washed 5 times in 20 mmol 
Na2HP04, pH 8.4 (20 mufilter), twice in distilled water 
and once in absolute ethanol and ether. The discs were air 
dried and the radioactivity was determined in a toluene, 
2,5-diphenyloxazole (PPO) mixture. 

Results 

Two cell lines, GM892 (Mer-) and Raji (Mer') (25) have 
been utilized to investigate the effects of Temozolomide 
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Fig. 2. Relationship between the 5-methylcytosine content of 
DNA of GM892 (0) and Raji (H) cells 4 days after treatment with 
Temozolomide. The experiment was repeated 4 times and the 
results are representative of a single experiment. 

Fig. 3. Effect of calf thymus DNA modified with Temozolomide 
(0) or CCRG 82019 (+) on the methylation of M. Iysodeikticus 
DNA by eukaryotic DNA methylase. Calf thymus DNA was 
treated as described in methods and 10 pg of treated DNA was 
added to the methylation assay containing 20 pg of M. lysodeikti- 
cus DNA. There was no methylation of the calf thymus DNA 
alone under the conditions of the assay. The results are ex- 
pressed as a percentage of the methylation of M. lysodeikticus 
DNA observed with untreated calf thymus DNA, and are ex- 
pressed as mean ? SEM. 

Fig. 4. Relationship between the total amount of Temozolomide 
(+) and CCRG 82019 (m) bound to calf thymus DNA and the 
inhibition of methylation of M. lysodeikticus DNA by eukaryotic 
DNA methylase. The extent of drug binding to DNA was deter- 
mined as described (7). 

and CCRG 82019 on DNA methylation. These cell lines 
show a differential response to the cytotoxic effects of 
Temozolomide (ID50 10+7 and 206+.20 pmol respective- 
ly), but less so to CCRG 82019 (IDso 229+20 and 360 & 15 
pmol respectively). Treatment of both cell lines with Te- 
mozolomide is accompanied by a marked reduction in the 
level of 5-methylcytosine in newly replicated DNA 4 days 
after drug addition (Fig. 2). The inhibitory effect of Temo- 
zolomide on cytosine methylation is more pronounced in 
GM892 than in Raji cells. No change in methylation pat- 
tern is observed during the first 48 h after drug addition. 
Since the degree of hypomethylation is greater in GM892 
cells which lack 06MeGMT one possibility for inhibition 
is that the cytosine 5-methyltransferase acts as a suicide 
enzyme to remove 06MeG from alkylated DNA in a simi- 
lar manner to 06MeGMT, since both enzymes share a 
similar structure with a sulphydryl group at the active site 
(8, 9). However, purified cytosine 5-methyltransferase 
had no ability to remove methyl groups from the 06- 
position of guanine in DNA which had been alkylated with 
[3H-methyl]-N-nitrosourea and partially depurinated as 
described (25), either in the presence or absence of 20 
pmol S-adenosyl-L-methionine. 

Another possibility is the direct inhibition of cytosine 5- 
methyltransferase by the chemically modified DNA. To 
investigate the effect of DNA modification by Temozolo- 
mide and CCRG 82019 on the methylation of M. lysodeik- 
ticus DNA by eukaryotic DNA methylase, calf thymus 
DNA was alkylated in vitro and, after extensive washing, 
the alkylated DNA was allowed to compete with M. lyso- 
deikticus DNA in the methylase assay. The results pre- 
sented in Fig. 3 show an increasing inhibition of the 
methylation reaction by a constant concentration of calf 
thymus DNA, which had previously been treated with an 
increasing concentration of both agents. There was no 
effect of unmodified DNA on the methylation of M. lyso- 
deikticus DNA or of free drug alone at concentrations up 
to 10 mmol. While agents, such as N-methyl-N-nitroso- 
ureas (MNU) have been shown to inhibit DNA methylase 
directly, 50% inhibition was only achievable with 47 
mmol MNU (8). DNA modified with CCRG 82019 was 
more effective in inhibiting the transfer of methyl groups 
from S-adenosyl-L-methionine to M. lysodeikticus DNA 
than that modified with Temozolomide. This is surprising 
since CCRG 82019 is much less effective in alkylating 
DNA than is Temozolomide, the ovarall extent of reaction 
being 3-fold greater with Temozolomide (7). When the 
inhibition of methylation of M. lysodeikticus DNA by 
alkylated calf thymus DNA is plotted against the number 
of pmoles of bound drug an exponential relationship is 
observed (Fig. 4), with CCRG 82019 treated DNA being 
approximately 3 times more effective in inhibiting methyl- 
ation than an equivalent weight of Temozolomide treated 
DNA. Although the overall level of alkylation of DNA by 
CCRG 82019 is less than that with Temozolomide the 
pattern of alkylation might be expected to be different in 
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comparison with the nitrosoureas where the predominant 
alkylation product by ethyl nitrosourea is phosphotries- 
ters, whereas N7-methylguanine is the predominant prod- 
uct after methyl nitrosourea treatment (2). A similar situa- 
tion occurs with the imidazotetrazinones where 70 % of 
the alkylated DNA is N7-methylguanine with Temozolo- 
mide, whereas CCRG 82019 gives only 24% of "-ethyl- 
guanine, the predominant product (66 %) being phospho- 
triesters (V. Bull, unpublished results). 

Nuclear proteins form more stable non-covalent com- 
plexes with DNA substituted with residues from CCRG 
82019 than with Temozolomide (Table). DNA methyl- 
transferase together with a variety of other non-histone 
nuclear proteins were isolated with GM892 ceU nuclei by 
treatment with 0.3 mol NaCl. The complex between the 
DNA and nuclear proteins causes its quantitative reten- 
tion on nitrocellulose filters, since neither substituted 
DNA bound to the filter in the absence of nuclear protein. 
The binding of Temozolomide treated DNA to the filter 
was reduced by 65 '34 on addition of 1 mol NaC1, while the 
binding of CCRG 82019 treated DNA was reduced by only 
21%. The CCRG 82019 DNA protein complexes were 
also more stable when exposed to 0.6% sarkosyl and 0.5 
mol NaC1. However, complexes between nuclear proteins 
and substituted DNA could be dissociated in the presence 
of sodium dodecyl sulphate (SDS) showing that the in- 
creased resistance of CCRG 82019 DNA protein complex- 
es to dissociation by salt and sarkosyl did not result from 
formation of stable covalent complexes. 

Discussion 

Substantial evidence has been accumulated to indicate 
that methylation of cytosine residues in vertebrate DNA 
is implicated in the control of gene expression. A diverse 
range of chemical carcinogens have been shown to inhibit 
the methylation of DNA suggesting that chemical carcino- 
gens may induce changes in gene expression by alteration 
of cellular methylation patterns (16). In particular 2 agents 
which decompose to produce a similar alkylating moiety 
to Temozolomide, N-methyl-N-nitrosourea (MNU) (3) 
and N-methyl-N-nitro-N-nitrosoguanidine (MNNG) (4) 
produce hypomethylation of newly synthesized DNA in 
human Raji cells in a dose-dependent manner. Both 
agents have also been shown to induce morphological 
differentiation in cultured mouse neuroblastoma cells (27). 
The methyl analogues were more effective in the induc- 
tion of differentiation than their corresponding ethyl de- 
rivatives. Direct alkylating carcinogens, such as MNU 
and MNNG have been shown to directly inhibit DNA 
methylase by reaction with critical sulphydryl groups in 
the methylase molecule, although the concentration of 
carcinogen required for inhibition of methylase activity is 
much higher than was normally attainable in vivo (8). In 
many cases the methylation of DNA modified in vitro 
with chemical carcinogens is much less than the unmodi- 

Table 
Stability of preformed alkylated caw thymus DNA: Nuclear pro- 

tein complexes to treatment with salt and detergents' 

Dissociating agent %DNA bound [CCRG 820191 
to fi lte4 DNA 
(Temozolomide) DNA 

None 100 
1.0 M NaCl 35+3 
0.6% Sarkosyl + 
0.5 M NaCl 22+3 

0.5% SDS 4 f  1 

100 
79f2  

50f2 
14f2 

Calf thymus DNA was reacted with either 1 mmol [3-I4C] 
Temozolomide on 5 mmol 3-[I4C] CCRG 82019 in 50 mmol phos- 
phate buffer, pH 8.4, for 2 h at 37°C and the DNA was isolated as 
described in Material and Methods. Nuclear extracts were pre- 
pared from GM892 cell nuclei by lysing the cells in 10 mmol Tris 
pH 7.5, 10 mmol EDTA containing 0.5% Nonidet P40 and the 
pelleted nuclei were washed and extracted with 100 pmol imida- 
zole, pH 7.5, 20 mmol EDTA, 0.5 mmol dithiothreitol, 0.3 mol 
NaCl, and the extract was dialysed. Complexes were formed 
during a 20 min incubation of the substituted DNA with 50 pg of 
the nuclear extract in a final volume of 200 pl of 100 pmol 
imidazole, pH 7.5, 20 mmol EDTA, 0.5 mmol dithiothreitol and 
10 pmol S-adenosyl-L-methionine. The complexes were incubat- 
ed for 10 min at 4°C prior to being washed onto a Millipore HA 
0.45 pmol filter either with the incubation buffer or the dissociat- 
ing agents indicated. 

Results are expressed as a percentage of the dissociation in the 
absence of salt or detergent, and are expressed as a mean f SEM 
(n=4). 

fied substrate suggesting that DNA damage may inhibit 
maintenance methylation (19). 

Formation of alkali-labile sites in DNA has also been 
shown to reduce its ability to accept methyl groups (261, 
but the degree of methyltransferase inhibition produced 
by chemical carcinogens is greater than that expected 
from this damage alone. Alkylation of specific base resi- 
dues may be responsible for the inhibition of DNA meth- 
yltransferase activity. Thus Hohl-Leszkowicz el al. (17) 
showed that alkylation of both DNA and poly (dG-dC); 
poly (dG-dC) by dimethylsulphate which yields mostly 7- 
methylguanine and 3-methyladenine did not affect the 
enzymatic methylation. However, alkylation with MNU, 
which in addition to producing the 2 base modifications 
produced by dimethylsulphate also produces methylphos- 
photriesters and 06-methylguanine caused an inhibition of 
enzymatic methylation, which was directly proportional 
to the extent of chemical alkylation of the substrate. The 
results from the present investigation would suggest that 
methylphosphotriesters may be more important than 06- 
alkylguanine formation in the inhibition of DNA methyl- 
transferase, since the ethyl imidazotetrazinone CCRG 
82019, which forms predominantly phosphotriesters, is a 
much more effective inhibitor of DNA methylation than is 
Temozolomide. In addition nuclear proteins have a 
stronger affhity for such modified DNA, which may re- 
sult from an increased electrostatic attraction by neutral- 
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ization of some of the negative charges on the DNA 
phosphate backbone. Ethylation of poly (dG-dC) poly 
(dG-dC) with ethyl methanesulphonate, which produced 
predominantly N7 ethylguanine (2) stimulates methylation 
of the copolymer at molar ratios of base to copolymer of 6 
to 7 x lo3 and inhibits at base ratio of 9 to 10 X lo3 (10). 
This suggests that alkylation of DNA may result in com- 
plex changes in overall DNA methylation. 

It is possible that GC rich regions in DNA are preferen- 
tially alkylated since neighbouring bases have been shown 
to affect the alkylation pattern of guanine by MNU (6). 
Thus the 06-methylguanine/7-methylguanine ratio of the 
alternating co-polymer C-G-C treated with MNU was 
0.21 whereas the polynucleotide sequence G-G-C pro- 
duced a ratio of only 0.1. Since 5-methylcytosine occurs 
predominantly in 5’CpG3’ sequences in G-C rich regions 
of DNA (5) the higher level of O6 methylguanine may 
sterically exclude the DNA methyltransferase from cyto- 
sine residues. 

The inhibition of DNA methylation described in this 
report differs from that observed previously in that an 
alkylated calf thymus DNA, which is a poor substrate for 
the DNA methyltransferase inhibits the methylation of M. 
lysodeikticus DNA, which is a good substrate for the 
methylase enzyme. This suggests an increased interaction 
between the methylase enzyme and the alkylated DNA. 
Some support for this is provided from the increased 
stability of CCRG 82019 substituted DNA with nuclear 
proteins suggesting the formation of highly stable, but 
non-covalently linked complexes. It is possible that the 
adduct could block the progressive movement of the en- 
zyme along the DNA helix by causing either dissociation 
or the formation of a tight ternary complex as suggested 
for 2-(acety1amino)fluorene (18) thus decreasing the effec- 
tive concentration of the enzyme on the substrate and 
lowering the catalytic efficiency. 

Further investigations are aimed at determining the spe- 
cific DNA modification responsible for the inhibition of 
DNA methylase and the biological significance of this 
modification. 

ACKNOWLEDGEMENT 
This work has been supported by a grant from the Cancer 

Research Campaign. 

Request for reprints: Dr M. J.  Tisdale, CRC Experimental 
Chemotherapy Group, Pharmaceutical Sciences Institute, Aston 
University, Birmingham B4 7ET, England. 

REFERENCES 
1 .  BAIG G .  U. and STEVENS M. F. G.: Antitumour Imidazotetra- 

zines. Part 12. Reactions of mitozolomide and its 3-alkyl 
congeners with oxygen, nitrogen, halogen and carbon nu- 
cleophiles. J.  Chem. SOC. Perkin Tkans. 1 (1987), 665. 

2. BERANEK D. T., WEIS C. C. and SWENSON H.: A comprehen- 
sive quantitative analysis of methylated and ethylated DNA 
using high pressure liquid chromatography. Carcinogenesis 1 
(1980), 595. 

3. BOEHM T. L. J. and DRAHOVSKY D.: Hypomethylation of 
DNA in Raji cells after treatment with N-methyl-N-nitro- 
sourea. Carcinogenesis 2 (1981), 39. 

4. - - Inhibition of enzymatic DNA methylation by N-meth- 
yl-N-nitro-N-nitrosoguanidine in human Raji lymphoblast- 
like cells. Int. J. Biochem. 13 (1981), 1225. 

5. BOLDEN A. H., NALIN C. M., WARD C. A., POONIAN M. S., 
MCCOMAS W. W. and WEISSBACH A.: DNA methylation. 
Sequences flanking C-G pairs modulate the specificity of the 
human DNA methylase. Nucleic Acids Res. 13 (1985), 3479. 

6. BIUSCOE W. T. and COTTER L.-E.: The effects of neighbouring 
bases on N-methyl-N-nitrosourea alkylation of DNA. Chem. 
Biol. Interactions 52 (1984), 103. 

7. BULL V. L. and TISDALE M. J.: Antitumour imidazotetrazines 
-XVI. Macromolecular alkylation by 3-substituted imidazo- 
tetrazinones. Biochem. Pharmacol. 36 (1987), 3215. 

8. CHAN J. Y. H., RUCHIRAWAT M., LAPEYRE 3.-N. and BECKER 
F. F.: The protective role of thiol reducing agents in the in 
uitro inhibition of rat liver DNA methylase by direct acting 
carcinogens. Carcinogenesis 4 (1983), 1097. 

9. DEMPLE B., SEDGWICK B., ROBINS P., T o m  N., WATERFIELD 
M. D. and LINDAHL T.: Active site and complete sequence of 
the suicidal methyltransferase that counters alkylation muta- 
genesis. Proc. Natl. Acad. Sci. USA 82 (1983, 2688. 

D. FARRANCE I. K. and IVARIE R.: Ethylation of poly (dC-dG). 
poly (dC-dG) by ethyl methanesulphonate stimulates the ac- 
tivity of mammalian DNA methyltransferase in uirro. Proc. 
Natl. Acad. Sci. USA 82 (1983, 1045. 

1 .  GIBSON N. W. and ERICKSON L. C.: The effects of pretreat- 
ment of human tumour cells with MNNG on the DNA cross- 
linking and cytotoxicity of mitozolomide. Br. J. Cancer 52 
(1985), 251. 

2. - - and HICKMAN J. A.: Effects of the antitumor agent 8- 
carbamoyl-3-(2-chloroethyl)imidazo[5,l-d]-l,2,3,5-tetrazin-4- 
(3H)-one on the DNA of mouse L1210 cells. Cancer Res. 44 
(1984), 1767. 

13. - HICKMAN J .  A. and ERICKSON L. C.: DNA cross-linking 
and cytotoxicity in normal and transformed human cells 
treated in uitro with 8-carbamoyl-3-(2-chloroethyl)imi- 
dazo[5,1-d]-l,2,3,5-tetrazin-4(3H)-one. Cancer Res. 44 
(1984), 1772. 

14. HICKMAN J. A., STEVENS M. F. G., GIBSON N. W. et al.: 
Experimental antitumor activity against murine model 
systems of 8-carbarnoyl-3-(2-chloroethyl)-imidazo[5,l-d]- 
1,2,3,5-tetrazin-4(3H)-one (Mitozolomide), a novel broad 
spectrum agent. Cancer Res. 45 (1985), 3008. 

15. HORGAN C. M. T. and TISDALE M. J.: Antitumour imidazote- 
trazines IV. An investigation into the mechanism and antitu- 
mour activity of a novel and potent antitumour agent, Mito- 
zolomide (CCRG 81010; M & B 39565; NSC 353451). Bio- 
chem. Pharmacol. 33 (1984), 2185. 

16. JONES P. A., TAYLOR S. M. and WILSON V.: DNA modifica- 
tion, differentiation and transformation. J .  Exp. Zool. 228 
(1983), 287. 

17. PFOHL-LESZKOWICZ A., BIOTEUX S., LAVAL J., KEITH G. and 
DIRHEIMER G.: Enzymatic methylation of chemically alkylat- 
ed DNA and poly (dG-dC) poly (dG-dC) in B and Z forms. 
Biochem. Biophys. Res. Commun. 116 (1983), 682. 

18. - SALAS C., FUCHS R. P. P. and DIRHEIMER G.: Mechanism 
of inhibition of enzymatic deoxyribonucleic acid methylation 
by 2-(acetylamino)fluorene bound to deoxyribonucleic acid. 
Biochemistry 20 (1981), 3020. 

19. SALAS C. E., PFOHL-LESZKOWICZ A., LANG M. C. and DIR- 
HEIMER G.: Effect of modification by N-acetoxy-N-2-acetyl- 
aminofluorene on the level of DNA methylation. Nature 278 
(1979), 71. 

20. SHEALY Y. F., O’DELL C. A. and KRAUTH C. A.: 5-[3-(2- 
chloroethyl)-l-triazenyl]imidazole-4-carboxamide and a pos- 



516 M. J .  TISDALE 

sible mechanism of action of 5-[3,3-bis(2-chloroethyl)- l-tria- 
zenyl]imidazole-4-carboxamide. J. Pharm. Sci. 64 (1975), 
177. 

21. STEVENS M. F. G . ,  HICKMAN J .  A., LANGDON S. P. et al.: 
Antitumor activity and pharmacokinetics in mice of 8-car- 
bamoyl-3-methyl-imidazo[5, l-d]-l,2,3,5-tetrazin-4(3H)-one 
(CCRG 81045; M & B 39831). A novel drug with potential as 
an alternative to dacarbazine. Cancer Res. 47 (1987), 5846. 

22. - - STONE R. et al.: Antitumor imidazotetrazines 1. Syn- 
thesis and chemistry of 8-carbarnoyl-3-(2-chloroethyl)imi- 
dazo[5,1-d]-l,2,3,5-tetrazin-4(3H)-one, a novel broad-spec- 
trum antitumor agent. J. Med. Chem. 27 (1984), 196. 

23. TISDALE M. J.:  Induction of haemoglobin synthesis in the 
human leukaemia cell line K562 by monomethyltriazines and 
imidazotetrazinones. Biochem. Pharmacol. 34 (1985), 2077. 

24. - Antitumour imidazotetrazines-X. Effect of S-carbamo- 
yl-3-methylimidazo[5,l-d]-l,2,3,5-tetrazin-4(3H)-one (CCRG 
81045; M and B 39831; NSC 362856) on DNA methylation 
during induction of haemoglobin synthesis in human leukae- 
mia cell line K562. Biochem. Pharmacol. 35 (1986), 311. 

25. - Antitumour imidazotetrazines-XV. Role of guanine O6 
alkylation in the mechanism of cytotoxicity of imidazotetra- 
zinones. Biochem. Pharmacol. 36 (1987), 457. 

26. WILSON V. L. and JONES P. A.: Inhibition of DNA methyl- 
ation by chemical carcinogens in vitro. Cell 32 (1983), 239. 

27. YODA K., SHIMIZU M. and FUJIMURA S.: Induction of rnor- 
phological differentiation in cultured mouse neuroblastoma 
cells by alkylating agents. Carcinogenesis 3 (1982), 1369. 




