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Abstract-The monofunctional alkylating agent S-( 1-aziridinyl)-2.4-dinitrobenzamide (CB 1954) is a 
potent and selective inhibitor of the growth of the Walker carcinoma (LD50 0.002~giml). Growth 
inhibition by CB 1954 is accompanied by a rapid inhibition of DNA synthesis with little effect on RNA 
and protein biosynthesis. Interference with the hiosynthesis of DNA by CB 1954 has been shown to 
be due to inhibition of ribonucleoside diphosphate reductase. The order of effectiveness of inhibition 
of the enzyme by CB 1954 in four cell lines parallels the tumour growth inhibitory activity. Furthermore, 
analogues of CB 1954 with methyl substitution on the amide group were less effective inhibitors of the 
growth of the Walker carcinoma and also less potent inhibitors of ribonucleotide reductase. Treatment 
of Walker cells with CB 1954 caused a rapid inhibition of enzyme activity and a corresponding fall in 
the levels of deoxyribonucleoside triphosphates which corresponded with the effect of the drug on DNA 
synthesis. A human bladder carcinoma has been shown to be particularly susceptible to growth inhibition 
by CB 1954. Measurement of the effect of CB 1954 on ribonucleotide reductase from biopsy specimens 
of human tumours could provide a basis for patient selection for therapy by this agent. 

5(1-Aziridinyl)2,4-dinitrobenzamide (CB lYS4, Fig. 
1) is a potent and selective inhibitor of the growth 
of the Walker carcinoma in rats. having a therapeutic 
index (LD~,~ED~,) of 70, the highest ever recorded 
against the Walker tumour [I]. This drug is unusual 
amongst the alkylating agents in having only one 
alkylating group, since early studies showed that the 
most cytotoxic and the most potent inhibitors of 
tumour growth were at least bifunctional. i.e., they 
should have two alkylating arms, which can combine 
with two nucleophilic centres in biological macro- 
molecules [2]. Since the primary effect of alkylating 
agents is inhibition of DNA synthesis, this led to the 
view that the functionality of the alkylating agents 
enabled them to cross-link nucleophilic centres 
occurring in the same (intrastrand) or in adjacent 
(interstrand) strands of the DNA helix [3]. Such a 
reaction would be impossible with a monofunctional 
agent. CB 1954 also differs from the classical cyto- 
toxic alkylating agents in having a minimal effect on 
the haematopoietic system and being inactive against 
many experimental animal tumours which normally 
respond to a range of bifunctional alkylating agents 
[l]. Another unusual feature is the ability to protect 
against the cytotoxic effect of CB 1954 by a variety 
of aminoimidazolecarboxamides and anthranilam- 
ide, adenine and 2,4_dinitrophenol [4,5]. The pro- 
tection by 4-amino-S-imidazolecarboxamide led to 
the view that CB 1954 acted as a purine antimeta- 
bolite [4]. The most effective protector. 4-amino-2- 
phenylimidazole-5-carboxamide (2-phenyl AIC). 
reversed the cytotoxicity of CB 1954 when given 
before or at the same time, but showed a decreased 
protecting ability even when given only 30 min after 
CB 1954. The low chemical reactivity of the aziridine 
ring and the failure to protect with cysteine [4] led 
to the suggestion that CB 1954 might react with its 

site of action in two phases, an initial and reversible 
binding followed by a slow alkylation [5]. This sug- 
gests that both CB 1954 and 2-phenyl AIC interact 
with the same cellular receptor. 

A feature of CB 1954 cytotoxicity is the selective 
inhibition of the incorporation of [jH]thymidine into 
DNA with little effect on RNA and protein synthesis 
[6]. 2-Phenyl AIC also inhibits the incorporation of 
[3H]thymidine into DNA at concentrations used in 
the protecting experiments [7]. One common factor 
in the chemical structures of both CB 1954 and the 
protecting agents is that they are capable of chelation 
of metal ions. DNA synthesis requires a balanced 
supply of deoxyribonucleotides and since deoxyri- 
bonucleotides, in contrast to ribonucleotides, are 
found at extremely low levels in animal cells ]8], the 
reductive conversion of ribonucleotides to deoxyri- 
bonucleotides is thought to be a crucial rate-con- 
trolling step in the pathway leading to the biosyn- 
thesis of DNA. Reduction of ribonucleotides occurs 
on a multisubunit enzyme complex that requires 
iron, and reduced disulphydryl protein serves as the 
reducing agent. Such an enzyme complex could pro- 
vide a suitable target for CB 1954, and inhibition 
would account for the selective effect of this agent 
on DNA synthesis. The present investigation was 
undertaken to determine the effect of CB 1954 on 
the ribonucleotide reductase system of tumours with 
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Fig. 1. Structure of drugs used in this study. 
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a range of sensitivities to its cytotoxic action and to 
determine if a correlation existed between the ability 
of CB 1954 and its congeners (Fig. 1) to inhibit 
ribonucleotidc reductase and their tumour growth 
inhibitory activity. A knowledge of the biochemical 
mechanism of action of CB 1954 would allow the 
rational clinical use of this agent. 

hIATER1 \I,S AND METHOI)S 

Chemicals. 5-[Methyl-‘Hlthymidine (sp. act, 5 
Ci/mmole). [S’H]cytidine 5’-diphosphate. am- 
monium salt (sp. act. I1 Ci/mmole). S-(methyl- 
‘Hlthymidine 5’-triphosphate, ammonium salt (sp. 
act. 60 Ciimmole). deoxy (X-3H]guanosine S’-tri- 
phosphate, ammonium salt (sp. act. 13.2 Ciimmole). 
deoxy [@H]adenosine 5’-triphosphate. ammonium 
salt (sp. act. 25 Ciimmole). and deoxy [S-‘Hlcytidine 
S’-triphosphate. ammonium salt (sp. act. 25.5 
Ciimmole) were purchased from the Radiochemical 
Centre, Amersham. U.K. Microcom~s luteus DNA 
polymerase was obtained from Miles Laboratories 
Ltd.. Slough. U.K.. and poly [d (A-T). d (A-T)], 
poly [d (I-C). d (I-C)]. nucleosides and nucleotides 
from Sigma Chemical Co.. London. U.K. Culture 
medium was purchased from GIBCO Bio-Cult. Lon- 
don, U.K. CB 1954 and the analogues CB IO-020 
and CB IO-107 (Fig. 1) were kindly supplied by Dr. 
D. E. V. Wilman. Chester Beatty Cancer Research 
Institute, London, and the human bladder carcinoma 
(EJ) by Dr L. M. Franks, Imperial Cancer Research 
Fund, London. U.K. 

Celi crhtre. Cells were grown in Dulbecco’s modi- 
tied Eagle’s medium supplemented with l(lS; foetal 
calf serum and incubated under an atmosphere of 
10% CO: in air. For growth experiments cells were 
grown in duplicate wells (3.5 ml) of a 2-1.well plastic 
plate (Flow Laboratories, Irvine. Scotland). Cells 
were counted daily using a Coulter counter. Growth 
curves were constructed and the degree of inhibition 
was calculated from the linear part of the growth 
curves. Drugs were dissolved in dimethylsulphoxide 
(DMSO). A resistant line of the Walker tumour was 
derived from the sensitive line by repeated treatment 
with increasing doses of chlorambucil. A human 
bladder carcinoma was treated with 0.025% trypsin. 
10 mM EDTA prior to counting. 

Nucleic acid .syrzthe.sis. Walker cells were sus- 
pended in medium at 2 x IO” cells per ml and incu- 
bated with the concentrations of CB lYS4 indicated 
in Figs. 12 and 13. At intervals. l-ml portions of the 
cell suspension were removed and incubated with 
[methyl-‘Hlthymidine (S!&?iml) for 1 hr at 37”. The 
reaction was stopped with ice-cold O.Y% NaCl and 
the cells were immediately filtered through a glass 
fibre filter disc (Whatman GF/C. 2.5 cm) wetted with 
saline and were washed with ice-cold 5% trichloro- 
acetic acid and absolute ethanol. After drying for 
2 hr at 70” the acid-insoluble radioactivity on the 
filters was determined using :I toluene PPO and 
POPOP scintillation mixture. 

Enzyme prepnrrrtion. Walker ceils were obtained 
either from the peritoneal cavity of Wistar rats or 
from tissue culture. Cells from animals were washed 
several times with 0.016 M Tris-HCI. pH 7.2. con- 
taining 7.2 g/l NH,CI to remove red cell contami- 

nation and finally cells from both sources were 
washed with 0.9% NaCl prior to lysis. The cell pellet 
was suspended in IO mM phosphate. p1 1 7.4. toll- 
taining 17 mM dithiothreitol and 1.7 mM M&Cl, at 
4” and either sonicated for 10 see with a 7OKc MSE 
sonic oscillator or homogenized in a Potter- 
Elvehjem homogenizer with a toothed teflon pestle 
turning at 900 rpm for 3 min. All operations were 
performed at 4”. The homogenate was centrifuged 
at 100,000 g for 1 hr dnd the supernatant fract:on 
was used as a source of enzyme after extensive 
dialysis against excess homogenizing buffer to 
remove deoxynucleotides. The protein concentr;l- 
tion of the supernatant fraction was determined by 
the method of Lowry er al. [Y] using bovine serum 
albumin as a standard. 

Rihonucleotide reductase assuy. The reduction of 
ribonucleotides to deoxyribonucleotides was mtlas- 
ured by the conversion of cytosine ribonucleotide to 
the deoxyribonucleotide by a method similar to that 
used by Youdale and MacManus [IO]. The assay waj 
carried out in a total volume of 60 rll of 70 mM Tris 
HCI. pH 7.6. containing 5 PCi [“H]CDP. I7 mM 
dithiothreitol. 8.5 mM MgCI:. 3.6 mM ATP and 

127 @l (NHJ)$OI. F&O,. Both the ATP and the 
acidic drugs were neutralized to pH 7.6 before adding 
to the assay mixture. Drugs were dissolved in DMSO 
at 100 x the required concentration and diluted with 
incubation buffer prior to assay. The assav tube\ 
were incubated for I hr at 37” and the reaction was 
terminated by heating in a boiling water bath for 
2 min. After cooling on ice a mixture of dCMP and 
CMP (SO ,~cg of each) was added as carrier to each 
sample and the mixture was incubated at 37” for 
30 min with apyrase (100 “g) to hydrolyse the diphos- 
phates to monophosphates. The reaction was ter- 
minated by boiling for 2 min. cooled and the prc- 
cipitated protein was sedimented by centrifugation 
for 5 min at 3SOg. A ample (10 pl) of the super- 
natant fluid was applied to a PEI cellulose plate 
(Schlcicher& Schiill. Dassel. F.R.G.)anddeveloped 
in 35 ml 2.0 M LiCli6S ml 2% boric acid. Both the 
monophosphate and deoxymonophosph;itc WC’]-c 
located under U.V. light. the spots were removed 
from the plate and extracted with 0.2 ml IN HCI and 
the radioactivity was measured in PCS scintillation 
fluid (Hopkin & Williams, Poole. U.K.) using a 
Tracer Lab scintillation counter. The total radioac- 
tivity in each sample was measured by counting IO ;tl 
of the supernatant fluid applied to a PE I cellulose 
plate and extracted before chromatography. 

Assam for fleo.u~rihotllc~leosirle triphospl~rrte. The 
assay for deoxyribonucleoside triphosphates was ;I 
mod-ification of the method of Walters ct rrl [X) except 
that Micrococms hteus DNA polymerase was used 
instead of Escherichirr co/i DNA polymerase. 

The assay was carried out in a total reaction vo- 
ume of 0.2 ml and contained the following: IO itmoles 
Tris-HCI buffer (pH X.0 for the dATP and dTTP 
pools and pH X.6 for the dCTP and dGTP pools). 
2 umoles MgCI:. 0.2 Idmoles ?-mercapthoethanol. 
IO ,ug of the appropriaie template (poly [d (A-T). d 
(A-T)] or poly [d(I-C). d(I-C)] and 4 units of the ,bl. 
luteus DNA polytnerase. The standard curve was 
produced using 200 pmoles of the tritiated dNTP and 
1~200 pmoles of the complementary dNTP. For 
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determination of the unknowns appropriate amounts 
of neutralized cell extract were added and the mix- 
ture was incubated at 37” for 1 hr. The reaction was 
terminated by chilling in an ice bath, 100 pg of DNA 
was added followed by 5 ml of 10% trichloroacetic 
acid and, after mixing, the resulting precipitate was 
collected by filtration on a Whatman GFK glass 
fibre filter. The filters were washed with 3 x 5 ml 
quantities of cold 5% trichloroacetic acid, dried and 
the radioactivity was determined in a toluene, PPO 
scintillation mixture. A standard curve with known 
amounts of each limiting deoxyribonucleoside tri- 
phosphate was established each time the assay was 
used, as was a blank containing no cell extract. 

RESULTS 

Drug sensitivity of cell lines. The relationship 
between the concentration of CB 1954 and the 
inhibition of cell growth for Walker carcinoma, a 
human bladder carcinoma (EJ) and the TLXS lym- 
phoma is shown in Fig. 2. The concentration which 
gave 50 per cent inhibition of growth (LDgcI) for 
Walker carcinoma which was either sensitive or 
resistant to chlorambucil was 0.002 pg/ml. In con- 
trast, there was a 60-fold difference in the sensitivites 
of these cell lines to the bifunctional alkylating agent 
chlorambucil, the LDYovalueS being0.1 and6.3 pg/ml, 
respectively (Table 1). This result differs from that 
of previous studies [6, 111 in which cross-resistance 
was observed between CB 1954 and the bifunctional 
alkylating agents. Although the TLXS lymphoma is 
insensitive to CB 1954 (LD<,) 40 pgiml), as previously 
reported (11. the human bladder carcinoma shows 
a degree of sensitivity (LD50 0.7 pgiml) comparable 
with that of the Walker carcinoma. This suggests 
that bladder carcinomas may be suitable targets for 

studies in vivo. The structural specificity of CB 1954 
for an effective cytotoxic action is shown by a com- 
parison with analogues with increasing methyl sub- 
stitution on the amide group (Table 1). Thus the 
LD~~ increases from 0.002 pgiml for CB 1954 to 
0.004 pg/ml for CB lo-020 and 0.07 pgiml for CB lo- 
107, paralleling the activity of these agents as anti- 
tumour agents in vivo [12]. This suggests that the 
difference in activity is not due to host effects, but 
probably arises from differences in affinity of these 
analogues to cellular receptors. 

Inhibition of ribonucleotide reductase. The rate of 
formation of dCMP from CDP by a cytosolic extract 
of Walker carcinoma was linear with reaction time 
up to 60 min and was proportional to the amount of 
protein present (Fig. 3). The effect of increasing 
concentrations of CB 1954 on the activity of the 
enzyme prepared from Walker carcinoma sensitive 
or resistant to chlorambucil, a human bladder car- 
cinoma (EJ) and TLXS lymphoma is shown in Fig. 
4. The order of effectiveness of CB 1954 as an 
inhibitor of ribonucleotide reductase from the var- 
ious cell lines in vitro parallels the growth inhibitory 
activity, with the TLXS lymphoma being less sen- 
sitive than EJ, which in turn was less sensitive than 
the Walker carcinoma. There was no difference in 
sensitivity to CB 1954 between ribonucleotide reduc- 
tase isolated from either chlorambucil-sensitive or 
resistant Walker carcinoma. The order of potency 
of the analogues against the enzyme isolated from 
Walker carcinoma also paralleled their cytotoxic 
potency, with CB 1954 being more effective than CB 
lo-020 which in turn was more effective than CB lo- 
107 (Fig. 5). This suggests that the difference in 
activity of this congeneric series is probably related 
to differences in binding to the enzyme rather than 
to differences in uptake by the cell. The degree of 

Fig. 2. Dose-response curves for CB 1954 against Walker carcinoma sensitive (o--O) and resistant 
(U) to chlorambucil, human bladder carcinoma (0-O) and TLXS lymphoma (x-x), 
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Fig. 3. Rate of reduction of CDP by cytosolic extracts of Walker carctnoma as a function of protein 
concentration. 

Table 1. Sensitivities of cell lines to chloramhucil. CB 10%. CR IO-020 and CB IO-107 

Ceil line Chloramhucil CB 1YS.t CB I O-020 c’13 IO-107 

*WS 0. I 0.002 O.OOJ 0.07 
*WR 6.3 0.002 

1 \ 

0 100 200 300 

n moles Cl3 19% 

Fig. 4. Effect of increasing concentrations of CB 1Yi-l on 
ribonucleotide reductase from Walker carcinoma sensitive 
(O-O) or resistant (U) to chloramhucil. human blad- 
der carcinoma (0-O) and TLXS lymphoma (X-X ). The 

protein concentration was 200 pg per assay. 
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Fig. 6. Effect of protein concentration on the inhibition of rib~nucleoti~e reductasc by ?O nmolrs 01 
CB 1954. 

inhibition of ribonucleotide reductase by CB 1954 
was proportional to the enzyme concentration in the 
assay (Fig. 6). This suggests that the cytosolic protein 
contains a fixed number of enzyme sites that are 
titrated out by CB 1954. and indicates that the 
inhibition is irreversible. This was also confirmed by 
the results in Fig. 8 in which dialysis of the enzyme 

0.21 
I 

0 LOO 800 1200 

n moles of Z-phsnyt AK 

Fig. 7. Effect of increasing concentrations of 2-phenyl AIC 
on the ribonucleotide reductasc from Walker carcinoma. 

from cells treated with CB 19% did not remove 
inhibition. Attempts at preincubation of enzyme with 
CB 1954 for various times prior to the addition of 
the substrate were unsuccessful due to the rapid loss 
of enzyme activity in controls incubated under the 
same conditions. This suggests that ribonucleotide 
reductase is unstable in the absence of its substrate. 
Like CB 1954, 2-phenyl AIC also inhibits ribonu- 
cleotide reductase, though higher concentrations are 
required to produce the same degree of inhibition 
(Fig. 7). Unlike CB 1954, the inhibition produced 
by Z-phenyl AIC is reversible due to the absence yf 
any group able to form a covalent linkage with 
nucleophilic sites on the enzyme. 

The effect of treatment of intact Walker celis with 
0.05 pg/ml of CB 1954. a concentration just sufficient 
to cause complete growth inhibition. on the activity 
of ribonucleotide reductase is shown in Fig. 8. 
Enzyme levels are very rapidly reduced and reach 
zero within 4 hr. This is followed by a wave of enzyme 
synthesis by the cell, either due to derepression of 
enzyme synthesis by a fall in the product levels (Fig. 
9) or due to the progressive accumulation of cells in 
the S-phase of the cell cycle, a time of increased 
ribonucleotide reductase synthesis [l-i]. Possi hl y due 
to a lower rate of reaction of the aziridine ring of 
CB 1954 with cellular nucleophiles compared with 
the Z-chloroethylamines. the newly svnthesized 
enzyme is also inhibiters by CB 1954 and kithin 24 hr 
the level is reduced in a dose-related fashion (Table 
2). This confirms that pharmacological concentrn- 
tions of CB 1954 cause an inhibition of rihonucleotide 
reductase with a time course paralleling the effects 
on deoxynucteoside tripliosphate levels (Fig. 9) and 
incorporation of [‘Hlthymidine into DNA (Fig. IO). 

Effect on deoxynucleoside triphosphrcte pool .sizc:s 
and incorporation of [‘H]thymidine irzto trc~id-ir7.rnl71- 
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Time lhrl 

Fig. 8. Effect of incubation of Walker cells with 0.0.5 ,ug!mi CB 19% <XI the activrty ot’ ri~~(~nli~i~~)ti(l~ 

reductase. The enzyme preparations were dial~sed prior io ZSUV. 

ble rn~t~r~~~. The changes in deoxyribonucleoside 
triphosphate content of Walker cells exposed to 
0.05 pgiml CB 1954 for varying time periods are 
shown in Fig. 9. As observed in other cell lines [ 141, 
the pool size of dTTP is substantially larger than that 
of dATP, dGTP or dCTP and consequently the effect 
of inhibition of its synthesis is less pronounced than 
on the other deoxyribonucleosid~ triphosphate lev- 
els. The pool size of dGTP and dCTP is only one- 
seventh of that of dTTP and within 4 hr the intra- 
cellular concentration of both becomes unmeasur- 

able bv the polymerase assay, which is capable of 
meas&ng 0.5 pmolesil0” ceils. This coincides with 
the time at which the activity of ribonucleotide 
reductase has been reduced to zero. This suggests 
that the reduction in the incorporation of 
[‘Hlthymidine into acid-insoluble material produced 
by CR 1954 is due to a lack of dATP, dGTP and 
dCTP. CB 1954 produces a dose-related linear 
inhibition of [“Hlthymidine incorporation into acid- 
insoluble material up to 5 hr after its addition, after 
which the rate of inhibiti~~n decreases (Fig. IO). This 

Time lhr) 

Fig. 9. Effect of incubation of Walker cells with 0.05 ,ugiml C‘B 195-1 on the cellular contents of d3”lP 
(X-X), dATP (G-0). dCTP (U) and dGTP (O-Cl). The extreme range of values about each 
point was not greater than 2 5% At time intervals after trcatmcnt uith CB 19% cells wcrc trantt’crrcd 
to centrifuge tubes pre-cooled in ice and centrifuged at 350 $q for 5 min. The ccl1 pcllct teas resuspended 
twice in ice-cold 0.9% NaCl and after centrifugntion was suspended in I ml 01‘ icc-cold 0.3 N pcrchloric 
acid for 20 min. The supernatant fraction obtained by reccntrifugation at 11100 s lor 5 min at 0’ w:~\ 
made 50 mM with respect to Tris by adding I M Trrs. HC‘l, pH 8 ;md potassimn perchlorzttc \vvish 
precipitated by adding S N KOH to pH 7.5-X.0. The stlpern~t~int fraction obtained 1~3 removing the 

potassium perchiorate was stored at -20” until assayed. 
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Table 2. Effect of incubation of Walker carcinoma cells with CB 1954 for 24 hr 
on the activity of ribonucleotide reductase 

Concentration of 
CB 1954 
(&ml) 

Specific activity 
(pmoles. mg protein-‘. hrr’) 

Fraction of 
control 

0 11 I .o 
0.005 10.2 0.92 
0.01 3.9 0.35 
0.05 0.55 0.05 

coincides with the time at which an increased ribo- 
nucleotide reductase is observed (Fig. 8). If CB 1954 
inhibits synthesis of DNA by preventing reduction 
of ribonucleotides to deoxyribonucleotides the drug 
should not alter rates of precursor incorporation into 
DNA when adequate concentrations of deoxyribo- 
nucleoside triphosphates are present. A combination 
of 0.1 mM deoxyadenosine, 0.1 mM deoxyguanosine 
and 1.0 ,uM deoxycytidine gave some protection 
against the inhibitory effects of CB 1954 on uptake 
of [‘Hlthymidine into acid-insoluble material (Fig. 
11). A similar partial protection was also given 
against the inhibitory effects of hydroxyurea, also 
an inhibitor of ribonucleotide reductase, on the 
incorporation of thymidine into DNA [15]. Addition 
of the deoxynucleosides caused a depression in DNA 
synthesis in control cultures up to 2 hr, after which 
DNA synthesis proceeded linearly. Up to 3.75 hr 
incorporation of [‘Hlthymidine into the DNA of cells 
treated with CB 1954 exceeded that of control cul- 
tures, though the extent of reversal decreased with 
time, paralleling the repression of DNA synthesis 
in the control. At this time. presumably, the 

Fig. 10. Effect of 0.5 (X-X). 0.1 (CI-U) and 0.05 
(U) &ml CB 1954 on the incorporation of 

(‘Hlthymidine into acidinsoluble material. 

deoxynucleosides were used up and then DNA syn- 
thesis paralleled that of control culture, though at 
a reduced rate. 

DISCUSSION 

The primary biochemical lesion created by CB 
1954 has been shown to be inhibition of DNA syn- 
thesis [4,6] and the evidence presented in this report 
suggests that this arises as a result of inhibition of 
ribonucleotide reductase rather than by a direct 
chemical interaction with DNA. That CB 1954 pro- 
duces its growth inhibitory effect by a mechanism 
different from that of the bifunctional alkylating 
agents is suggested by its inability to cross-link DNA 
1161, the lack of cross-resistance with chlorambucil. 

5- 

L- 

3- 

2- 

I- 

O 

Fig. 11. Effect of 0.1 mM deoxyadcnosine and deoxygu- 
anosine and 1 .O PM deoxycytidine on the incorporation of 
(‘Hlthymidine into acid-insoluble material of control cul- 
tures (X-X) or cells treated with 0.1 gg!ml CB 1954 

(U). 
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‘l‘able 3. Specific activity of ribonucleotide reductase from dillercnt 

turnours 

?hmour 

Walker carcinoma 

(chlorambucil-scnsiti~c) 
Walker carcinoma 

(chloramhucil-resist;rnt) 
Blnddcr carcinoma 

‘I‘LXS lymph(~rn~~ 

Specific activit; 
(pmoles. mg protein -. hr ‘) 

-~__ 

II 

IO 
36 
31 

the ability to protect against the cytotoxic effect with 
2-phenvl AIC [5] and that, unlike resistance to a 
hifunctional alkylnting agent. cellular resistance to 
CB lYS4 is lost on fusion with ;I sensitive cell 1171. 
The c~~ncentr~Iti(~ns of CB IS54 required to inhibit 
ribonucleotide reductase activity and the synthesis 
of DNA, as well as the relative potencies of CB lo- 

0211 and CB 10-107. suggests that the interference 
with the reduction of ribonucleotides to deoxyri- 
bonucleotidcs is sufficient to account for blockage 
of the biosynthesis of DNA by these agents. The fact 
that the relative potencies of the c(~l~lpounds as 
inhibitors of cell proliferation and the tumour sclec- 
tivity correlate with the relative strength as inhibitors 
of reductase activity suggests further that blockade 
of the formation of clcoxyribonucleotides is respon- 
sible, at least in part. for the anti-neoplastic activity. 

A feature of CR 1954 action that has c(~ntinu(~usiy 
been pointed out 1 I. 1 I] is that ~llth(~llgh it is highly 
active against the Walker carcinoma it is inactive 
against a large number of other transplantable 
tumours. many of which are highly sensitive to 
difunctional atkylating agents. However, all other 
tumours on which CB Is)54 has been tested are either 
sarcomas or leuk~icnli~is antf not c~~rcill[~i~l~~s. This 
study shows that a human bladder carcinoma shows 
sensitivity to CB 19% in a dose range at which it 
might be expected to be active i/r rsi\w. Other car- 
cinomas may be equally sensitive. In fact. epithelial 
tissue and not the hacmatological system proved 
most sensitive to CB 195-f at the mimimum toxic 
dose in rats [I]. CB 1954 tends to concentrate in the 
urinary tract and the pre~i~)miliance of pathological 
effects were in the urinary tract in the transitional 
epithelium from the kidney pel\;is to the bladder [I]. 
This may make bladder carcinomas the tumours of 
choice for clinical study. Since the relative effec- 
tiveness of C’B lY54 as a tumour grocvth inhibitor ir7 

vitro parallels the effectiveness of this agent as an 
inhibitor of riboIluclc~~tide reductasc. this could 
prove useful a\ an ir7 l*ifro test for sensitivity on 
biopsy specimens of human turnours. 

Hydroxyurea is the only drug in general clinical 
use for which the primary mode of action is inhibition 
of rihonucleotide reduciase (IS]. The disadvantage 
of this drug is that it requires frequent large doses 
in order to maintain nn effective concentration 
required for activitv. The advantape of C‘B 105-1 OWJ 

hydroxyurea is the enormous tissue selectivity and 

ability to inhibit the W;IVC of enzxmc synthesis which 
probably arises by a derepre?smn of enzyme syn- 
thesis by the dccre;t\cd pool \itc of dTTP f 191. A 
similar incrcahc in enz! mc IV\ cl hii\ bccrl r-epoi-tctl 

after treatment of cells with hydroxyurea [ 131. 
FIydroxyurea and other S-phase-specific anti-tumour 
agents have been shown to be most effective on an 
intermittent schedule [Xl]. This suggests that the 
activity of CB lY54 against human tumours could be 
improved under optimized conditions. 

CB 1954 appears to be a particularly good inhibitor 
of the ribonucleotide reductase system of the Walker 
carcinoma. The reason for this selectivitv is 
unknown, but is not related to a decreased activity 
of the enzyme in sensitive tissues (Table 3). Tissue 
selectivity IS also shown by other enzyme inhibitors. 
e.g. inhibitors of prostaglandin synthetase and cyclic 
nucleotide phosphodiesterase. The inhibition of 
ribonucleotide reductase by CB 1954 is irreversible 
and from structure-activity studies [12] it is likely 
that the amide group becomes bound to the enzyme, 
possibly by chelation of a metal ion. Increased sub- 
stitution on the amide. as in the analogues CB lo- 
020 and CB 10-107, would decrease the aciditv of 
the amide group and reduce the chelating ability. 
Once bound to the enzyme, the aziridine ring could 
alkylate appropriate nucleophilic ccntres such as sut- 
phydryl groups. which are known to be essential for 
the activity of ribonucleotide reductase [21]. Pro- 
tection by 2-phenyl AIC and other agents would be 
explained by competition with CB 1954 for binding 
to ribonucleotide reductase. The mode of action of 
hydroxyurea and its analogues has been attributed 
to their ability to chelate transition metals [22]. How- 
ever, the best metal-chelating agents are not always 
the best inhibitors and Elford et al. [23] have sug- 
gested a possible interference with a free radical that 
is present during the enzymatic reaction. Such a 
mechanism may also be appropriate to a nitroaro- 
matic compound such as CB 19%. A study of the 
mechanism of inhibition of ribonucleotide reductase 
by CB 1954 is now in progress. 
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