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Abstract-DT diaphorase (NAD(P)H dehydrogenase (quinone), EC 1.6.99.2) isolated from Walker 
256 rat carcinoma cells can convert CB 1954 (S-(aziridin-1-yl)-2,Cdinitrobenzamide) to a cytotoxic 
DNA interstrand cross-linking agent. This is achieved by reduction of the 4-nitro group of CB 1954 to 
produce the hydroxylamino species, a bioactivation which accounts for the much greater sensitivity of 
Walker cells to CB 1954 when compared with other cells which are unable to carry out this reduction 
(Knox et al., Biochem Pharmacol 37: 4661-4669 and 4671-4677, 1988). As predicted from their 
measured DT diaphorase activities a number of rat hepatoma and hepatocyte cell lines were also shown 
to be sensitive to CB 1954. However, no CB 1954~sensitive cell lines of human origin were found, 
although levels of DT diaphorase similar to those in the sensitive rat cells were present in these cells. 
The human cells were as sensitive as rat cells to the active form of CB 1954 (5-(aziridin-1-yl)-4-hydroxyla 
mino-2-nitrobenzamide). DT diaphorase, purified to homogeneity from human Hep G2 cells, did 
metabolize CB 1954 to this 4-hydroxylamino product, but the rate of CB 1954 reduction and thus 
production of the cytotoxic product, was much lower than that of purified Walker enzyme (ratio of 
K,,, =6.4). In addition, CB 1954 could be considered an inhibitor of, rather than a substrate for, the 
human form of DT diaphorase. The purified rat and human DT diaphorases possessed otherwise similar 
biochemical and molecular properties. These findings explain the decreased sensitivity towards CB 1954 
of human cell lines when compared to rat cell lines. 

The selective cytotoxicity of S(aziridin-1-yl)-2,4- 
dinitrobenzamide (CB 1954) towards Walker 256 rat 
carcinoma cells has been accounted for by its ability 
to act as a difunctional agent by forming DNA 
interstrand crosslinks in Walker but not in non- 
toxically affected cells [ 11. Chemically, CB 1954 can 
only react as a monofunctional alkylating agent (by 
virtue of its single aziridine group) and the observed 
cross-link formation is a result of the bioredaction 
of the drug to a difunctionally-reacting species. This 
has been identified as the Chydroxylamino derivative, 
5-(aziridin-l-yl)-4-hydroxylamino-2-nitrob~nzamide 
[2]. The enzyme responsible for the aerobic reduction 
of CB 1954 in Walker cells has been identified as a 
form of NAD(P)H dehydrogenase (quinone) (DT 
diaphorase, EC 1.6.99.2) [2,3]. This enzyme 
catalyses the reduction of the 4-nitro group to the 
hydroxylamine product, which is toxic to cells 
resistant to CB 1954 and produces cross-links in 
their DNA. The enzyme, commonly called DT 
diaphorase, has been isolated, purified and charac- 
terized by comparison of partial protein sequences, 
coenzymes, substrate and inhibitor kinetics and 
spectroscopic data. DT diaphorase is a flavoprotein 
which normally promotes the two electron reduction 
of quinones to hydroquinones, protecting cells 
against the damaging effects of oxygen species 
generated during the cycling of quinone radicals by 
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one electron reduction reactions (for a review see 
Ref. 4). We have previously shown that inhibitors 
of this enzyme, while potentiating the cytotoxicity 
of menadione, protect against the cytotoxicity and 
DNA cross-linking ability of CB 1954 in Walker 
cells by inhibiting its bioactivation [5]. 

The dramatic inhibitory effect on the growth of the 
Walker tumour in vioo [6] raised the possibility that 
similarly responsive human tumour types could be 
found. Thus, CB 1954 has been described as “a drug 
in search of a human tumour to treat” [7]. The identi- 
fication and characterization of the enzyme which 
reduces CB 1954 to the toxic cross-linking derivative 
(5 - (aziridin - 1 - yl) - 4 - hydroxylamino - 2 - nitrobenz- 
amide), renewed the possibility of identifying human 
tumour types with similar sensitivity to the Walker 
carcinoma. This was because this enzyme, DT 
diaphorase, is known to be widely distributed in 
mammalian tissues (see Ref. 4) and its activity is con- 
siderably elevated in chemically-induced preneoplas- 
tic nodules in rat liver when compared with normal 
tissue [8]. The enzyme is also selectively induced in the 
livers of tumour-bearing animals [9, lo]. In addition, 
DTdiaphorase activity is present in a variety of tissues 
and cell lines of human origin. High activity has been 
detected in stomach and abdominal adipose tissue 
[ll, 121 and elevated activity has been reported in 
human tumour cell lines of breast, brain [13] and liver 
origin [ 141. There is a marked increase in the activity 
of DT diaphorase in human colonic carcinomas when 
compared with the enzymatic activity of the sur- 
rounding normal colonic mucosa [ 151. 
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No significant differences between the Walker, rat 
liver and human forms of this enzyme have been 
reported. Both the rat and human forms of DT 
diaphorase have been cloned and sequenced [16,17]. 
Human DT diaphorase cDNA and protein are 83% 
and 85% homologous with the rat liver cytosolic 
cDNA and protein, respectively [17]. Both are 
inducible cytosolic flavoproteins encoded by a single 
gene. The human protein is biochemically very 
similar to the rat protein, only small differences 
between K,,, values for the substrates menadione 
and NADH having been found [12]. Thus, one might 
therefore predict that human or rat DT diaphorase 
would metabolize CB 1954 in a manner similar to 
the protein from Walker cells. Thus, the cytotoxicity 
resulting from the bioactivation of CB 1954 might 
be observed in human tumours expressing significant 
levels of this enzyme. 

To investigate this possibility, we have determined 
the cytotoxicity of CB 1954 in both rat and human 
cell lines with comparable DT diaphorase activities 
to the Walker cell line. We have also purified the 
human enzyme to homogeneity and compared the 
kinetics and metabolism of CB 1954 by this form of 
DT diaphorase with those of the Walker form of the 
enzyme, 

MATERIALS AND METHODS 

Materials. Tissue culture media and foetal calf 
serum were supplied by Gibco Ltd (Paisley, U.K.). 
All other chemicals and reagents were supphed by 
the Sigma Chemical Co. (Poole, U.K.) unless 
otherwise stated. Cyanogen bromide activated 
Sepharose 4B was obtained from Pharmacia 
LKB (Milton Keynes, U.K.). Hybond-C Extra 
nitrocellulose and protein molecular weight markers 
were obtained from Amersham (Aylesbury, U.K.). 
JBl and BL8L cell lines were kindly supplied by Dr 
T. A. Connors (MRC Toxicology Unit, Carshalton, 
U.K.). The cell line, I-DC, was a gift from MS A. 
Redmond (Dublin City University, Eire). CB 1954 
and its derivatives were synthesized or supplied by 
Dr M. Jarman (ICR). 

Determination of the effects of compounds on cell 
survival. For cell lines growing in monolayer, 25- 
cm2 flasks were seeded in duplicate for each drug 
concentration with 5 x lo4 cells per mL in 5 mL of 
their appropriate growth media and incubated (48- 
72 hr) at 37” in a humidified atmosphere of 5% CO2 
and 95% air. Cells were then treated for 2 hr with 
the drug in fresh media under the same culture 
conditions. The treated cells were then washed with 
fresh media, trypsinized and plated out in triplicate 
at various concentrations. After 15 to 21 days 
incubation under standard conditions, colonies were 
fixed and stained. Where required for clonal growth, 
lethally irradiated 3T3 mouse fibroblast feeder cells 
were plated out at a concentration of 1 x lo3 cells/ 
mL in 5 mL of media 24 hr before treated cells were 
plated out. 

Enzyme activity and kinetic studies. DT diaphorase 
activity was assayed as previously described [3] 
employing menadione as substrate and cytochrome 
c as terminal electron acceptor. Normally, 10mM 
NaH2P04/Na2HP04, pH7.0, was employed as a 

buffer. Activity was defined as the cytochrome c 
reduction inhibited by 1 PM dicoumarol and 
expressed as nmoles cytochrome c reduced per 
minute per mg of protein. K,,, values were determined 
from Eadie-Hoftsee plots and inhibition constants 
(Ki and Kf values) and the types of inhibition were 
determined from Dixon plots, also as described 
previously [5]. 

Preparation of cell extracts for enzyme assays. 
Cells were grown to sub-confluence in 175 cm2 tissue 
culture flasks, trypsinized and the pellet obtained 
washed several times in ice-cold PBS. The cells were 
resuspended in PBS at a concentration of 5 x lo6 cells 
per mL and aprotonin added to a final volume of 
1%. The suspension was sonicated and centrifuged 
at 4” to pellet the cell debris. The supernatant 
obtained was filtered through 0.2 pm filters. Protein 
concentration was determined by a conventional 
assay (BioRad) and calibrated against a range of 
bovine serum albumin standards. 

Purification of DTdiaphorase from Walker tumour 
cells. The purification of this enzyme has been 
previously described [2]. 

Preparation of anti-DT diaphorase polyclonal 
antibody. Rabbit polyclonal antisera was raised 
against Walker cell DT diaphorase by Dr C. Dean 
(ICR). The antisera was purified on a cyanogen 
bromide-activated Sepharose 4B column which had 
been chemically linked with purified Walker DT 
diaphorase. Purified antibody was eluted with 3 M 
potassium thiocyanate and subsequently dialysed 
against an appropriate buffer. 

Purification of DT diaphorase from Hep G2 cells. 
Human hepatoblastoma Hep G2 cells were grown 
to confluence on tissue culture plates 
(245 mm X 245 mm) at 37” in Dulbecco’s modified 
Eagle’s medium plus 10% foetal calf serum 
and 10 pgg/mL insulin. Cells were harvested by 
trypsinization and the pellet obtained washed three 
times in ice-cold sterile PBS. The cell pellet was 
then resuspended in PBS and aprotinin was added 
to a final concentration of 1.0%. The cells were 
disrupted by sonication, each 20 set pulse being 
intervened by a rest period on ice. After 
centrifugation at 150,OOOg (30min, 4”), the 
supernatant was filtered successively through 0.45 
and 0.2 pm sterile filters. The filtered supernatant was 
injectedontoaTSKG3000SWG(21.5 x 600 mm)gel 
filtration column with a 2mL loop, and eluted at 
0.5 mL/min with 0.01 M sodium phosphate buffer 
(pH 7). Fractions (0.5 mL) were collected and placed 
on ice. All buffer reservoirs were kept chilled on ice 
throughout the purification. Each fraction was 
assayed for DT diaphorase activity by the standard 
assay described above and CB 1954 metabolizing 
activity was determined by HPLC. Fractions 
containing the appropriate activity were pooled and 
1-mL aliquots loaded onto a cyanogen bromide 
activated Sepharose 4B column at 4” which had been 
chemically-linked with purified anti-Walker cell DT 
diaphorase polyclonal antibody. The column was 
washed with 10 mM sodium phosphate buffer (pH 7) 
containing 0.02% sodium azide until no protein was 
detected in the effluent. The enzyme was then eluted 
at 0.333 mL/min in 10 mM sodium phosphate buffer 
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(pH 7) containing 1.5 M NaCl, 50 I_~M FAD and 
1 mM NADH. Bovine serum albumin was present 
at a final concentration of 0.01%. Fractions were 
assayed for enzyme activity as above. Active fractions 
were desalted (on a Pharmacia PDlO column) pooled 
and concentrated by centrifugation (Amicon, 
centricon lo), desalting further with elution buffer 
containing no NaCl or NADH. Each stage of the 
purification was monitored by electrophoresis of 
the resulting protein(s) through duplicate SDS- 
polyacrylamide gels for subsequent location by either 
staining with Coomassie blue or by Western blotting. 

Electrophoresis and Western blotting. SDS-PAGE 
was carried out on either 12% or 15% gels as 
described by Laemmli [18]. Duplicate gels were 
blotted onto Hybond-C Extra membranes as 
described by Towbin et al. [19]. Membranes were 
blocked in a solution containing 50 mM Tris, 80 mM 
NaCl, 2% BSA and 5% dry milk (Marvel) pH8.0 
at 37” and then washed three times after each 
incubation with PBS containing 0.1% Tween 20. All 
incubations were at 37” for 2 hr. Purified primary 
antibody was routinely used at a concentration of 2- 
4 yg/mL in PBS containing 5% BSA. iz51-Labelled 
sheep anti-rabbit F(ab),? was employed as second 
antibody at 105cpm/mL in PBS containing 0.5% 
BSA. Autoradiograms were exposed at -70” for l- 
7 days. 

CB 1954 metabolism studies. The enzymatic 
reduction of CB 1954 by purified Walker and Hep 
G2 DT diaphorase was followed by HPLC. CB 1954 
(100pM and also containing [U-3H]CB 1954 at 
1.6 x lo5 cpm per nmole), NADH (500 PM) were 
incubated with enzyme in 10 mM sodium phosphate 
buffer (pH 7) in air at 37”. At various times aliquots 
(10,uL) were injected onto a Partisphere SCX 
(110 x 4.7 mm) HPLC column and eluted iso- 
cratically (1 mL/min) with 100 mM NaH2P04. The 
elutate was continuously monitored for absorption 
at 310, 260 and 360nm and the spectra of eluting 
components recorded using a diode-array detector. 
Samples (0.25 mL) were collected and the tritium 
activity of each determined by liquid scintillation 
counting. This separation system could resolve all 
the expected reduction products as indicated in Fig. 
4. 

To further confirm the identity of any reduction 
products, the above reaction mixture was also 
injected onto an ODS-5 reverse phase HPLC column 
and eluted (1 mL/min) with a methanol gradient (O- 
40% linear over 30 min, 40-100% linear over 
10 min) . 

RESULTS 

Cell survival data and NAD(P)H dehydrogenase 
activities 

The following cell lines were employed: of rat 
origin, BL8L, an established but non-malignant cell 
line derived from hepatocytes [20]; JBl, a malignant 
(chemically-induced) cell line arising from hepatocyte 
cultures [21] and HTC, an ‘epithelioid-like’ cell line 
derived from primary culture of the ascites form of 
an experimental rat hepatoma [22]. Of human origin, 
Hep G2, a hepatoblastoma cell line [23], MCF-7 and 
SW 837, tumour lines of breast [24] and colon [25] 

Fig. 1. The activity of the enzyme DT diaphorase in ceil 
lines of either (A) rat or (B) human origin. DT diaphorase 
activity was assayed employing menadione (10,nM) as 
substrate and cytochrome c (70 PM) as a terminal electron 
acceptor. Activity was defined as the cytochrome c 
reduction inhibited by 1 PM dicoumarol and expressed as 
nmoles cytochrome c reduced per minute (units) per mg 

of total protein at 37”. 

origin, respectively, and a HeLa cell subline. The 
DT diaphorase activities present in all these cell 
lines are shown in Fig. 1. DT diaphorase activity 
was defined as the menadione (cytochrome c) 
reduction inhibited by i yM dicoumarol and 
expressed as nmoles cytochrome c reduced per 
minute (units) per mg of total protein at 37”. In 
general, the human cell lines possessed similar DT 
diaphorase activity to the rat (and Walker) cell lines. 
The cytotoxic effects of these cell lines following 
treatment with CB 1954 are shown in Fig. 2A. The 
rat cell lines were all sensitive to CB 1954 and the 
resulting cell kill after a 2 hr exposure to the drug 
approached that obtained in Walker cells. Human 
cell lines were, on the other hand, all dramatically 
less toxically effected by CB 1954 with over a lOO- 
fold higher dose of the agent being required to 
produce a comparable cytotoxic response to that 
obtained in cells of rat origin. However, the other 
human cell lines were more sensitive to CB 1954 
than the HeLa subline (which expressed the lowest 
amounts of DT diaphorase activity). The response 
of both the rat and human cell lines to the active 
form of CB 1954,5-(aziridin-1-yl)-4-hydroxylamino- 
2-nitrobenzamide is shown in Fig. 2B. In contrast to 
the large difference in their cytotoxic response 
towards CB 1954, both the rat and the human cell 
lines were similarly affected by the 4-hydroxylamino 
derivative of CB 1954. 

Purification of DT diaphorase from human Hep G2 
cells 

Gel filtration chromatography on a TSK G3000 



870 M. P. BOLAND, R. J. KNOX and J. J. ROBERTS 

0.1 ! * 
,.I...., ---+-.-I * --t . ‘.- 

0.1 1 10 100 1000 10000 

ICB 19541 pM. 2hr 

100 
B 

1 I 

0.1 1 10 100 1000 10000 

[4-HXI @I. 2hr 

Fig. 2. The effect of (A) CB 1954 or (B) 5-(~iridin-l-yl)- 
~hydroxylamino-Z-nitrobenzamide on the survival of cells 
of either rat or human origin. The rat cell lines used were: 
BLSL (7); JBl (0); HTC (A) and Walker (Cl). The 
human cell lines were: Hep G2 (m); MCF-7 (A); SW 837 
(V); Mawi (*) and HeLa (+). Cells were exposed to the 
agent for 2 hr at 37” and then assayed for colony forming 
ability. Drug concentrations are plolted on a logarithmic 

scale. 

column resolved DT diaphorase from Hep G2 cells 
as a single peak without loss of activity. The apparent 
molecular weight of the protein estimated by this 
gel filtration chromatography step, was only 4.0 kDa, 
suggesting some electrostatic interactions be- 
tween the column material resulting in an 
ambiguously high retention time but a satisfactory 
separation (Fig. 3). The protein was found to cross- 
react with polyclonal antibodies raised against the 
purified Walker enzyme (Fig. 3B) and was therefore 
preferenti~ly retained on an antibody affinity 
column. SDS-PAGE (Fig. 3A) and subsequent 
Western blotting (Fig. 3B) of the eluted fractions 
revealed a single protein band with an estimated 
molecular weight of 31 kDa. The presence of FAD 
and BSA were found to enhance stability and 
therefore recovery of the protein under the salt 
elution conditions. The above procedure provided a 
227-fold purification of the enzyme to homogeneity 
between the first and final purification steps. 

The enzymatic reduction of CB 1954 by DT 
diaphorase from Hep G2 cells 

Under the same reaction conditions both the 
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Fig. 3. The purification of DT diaphorase from human, 
Hep G2, cells. The steps involved in the purification are 
illustrated by electrophoresis of the resulting protein(s) 
through SD~polyacrylamide gels and their subsequent 
location by (A) Coomassie blue staining (12% gel) or (B) 
Western blotting (15% gel) with an antibody raised against 
the Walker form of DT diaphorase. (1) Crude extract, (2) 
after the gel filtration step, (3) after affinity purification 
and (4) the Walker form of DT diaphorase. The upper 
band seen in the Coomassie blue staining of the human 
enzyme is BSA added to stab&e the human form of DT 

diaphorase. 

Walker and Hep G2 forms of DT diaphorase reduced 
CB 1954 to a single product (Fig. 4) and this was 
shown to be 5-(a~ridin-l-yl)-4-hydroxylamino-Z- 
nitrobenzamide by comparison of retention times 
and spectral characteristics. Its identity was further 
confirmed by chromatography using an alternative 
separation system (data not shown). However, as 
indicated in Fig. 4, the human form of DT diaphorase 
reduced less CB 1954 and produced less 5-(aziridin- 
l-yl)-4-hydroxylamino-2-nitrobenzamide than the 



CB 1954 cytotoxicity and human DT diaphorase 871 

L (0 mid 

0 2 4 6 6 10 

= 30 t-3 

G 20 

: 
I- 10 

0 2 4 6 6 10 

50 
C (HEP 02 550 mid 

40 - 

30 - 

0 2 4 6 6 10 

RETENTION TIME (min.) 

Fig. 4. The products generated by the aerobic reduction 
of CB 1954 by 2 x 10” units/ml of DT diaphorase for (A) 
Omin; (B) 140min with the Walker (rat) form of the 
enzyme; or (C) 550 min with the Hep G2 (human) form 
of DT diaphorase. Reduction conditions are as described 
in the text, initial concentrations of CB 1954 and NADH 
were 100 and 500yM, respectively. El&on times of the 
standards were: CB 1954, 4.2 min; 5-(aziridin-1-yl)-2- 
hydroxylamino-4-nitrobenzamide, 3.2 min; 5-(aziridin-l- 
yl)-4-hydroxylamino-2_nitrobenzamide, 2.1 min; 2-amino- 
5-(aziridin-l-yl)-4_nitrobenzamide, 6.1 min and 4-amino-5- 

(aziridin-1-yl)-2-nitrobenzamide, 3.7 min. 

same amount of the Walker form of the enzyme. As 
shown in Fig. 5, under the standard conditions used, 
the rate of reduction of CB 1954 by the Hep G2 
(human) enzyme was approximately lo-fold lower 
when compared with the Walker (rat) enzyme. Thus, 
CB 1954 is not readily reduced by the human form 
of DT diaphorase. This difference was not due to 
lack of stability of the human enzyme, as the ability 
of the reaction mixture to reduce menadione was 
retained (data not shown). 

Kinetic data for DT diaphorase from Hep G2 or 
Walker cells 

Kinetic parameters for DT diaphorase purified 
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Fig. 5. The rate of reduction of CB 1954 by 6 x 10’ units/ 
mL of either the Walker (rat) (m) or Hep G2 (human) 
(A) forms of DT diaphorase. Reduction conditions are as 
described in the text, initial concentrations of CB 1954 and 

NADH were 100 and 500 PM, respectively. 
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from either human Hep G2 cells or Walker rat cells 
are given in Table 1. In general, with the exception 
of those parameters referring to CB 1954, the kinetic 
parameters of the Hep G2 and Walker forms of DT 
diaphorase were similar. Thus, K,,, values with 
respect to menadione, NADPH and NADH plots 
were found to be 3.1, 85 and 222 PM, respectively, 
for the Hep G2 enzyme and 1.3, 71 and 78pM for 
the Walker form of DT diaphorase. The limiting 
velocities at unit enzyme concentration (KC,,) were 
also similar (Hep G2 6.1 X 107min-‘, Walker 
6.5 X lo7 min-‘). 

The kinetic constants and mechanism of inhibition 
by dicoumarol and caffeine were also determined 
(Table 2). Inhibition by dicoumarol was found to be 
mixed with respect to NADH for both forms of the 
enzyme, with values for Ki and K’iT being 1.4 and 
4.0nM, respectively, for the Hep G2 form and 10 
and 20 nM for the Walker form of DT diaphorase. 
Caffeine also inhibited both forms of the enzyme 
although the type of inhibition was different between 
the two DT diaphorase forms. 

In contrast to the similar kinetic parameters with 
respect to NAD(P)H and menadione, a marked 
difference was observed between the kinetic 
parameters of the Hep G2 and Walker forms of DT 
diaphorase with respect to CB 1954. Although the 
K,,, values towards CB 1954 were similar for the 
human and Walker forms of DT diaphorase (1403 
and 826pM, respectively), there was a notable 
difference in the respective K,, values (0.64 and 
4.1 min-‘). Thus, the Hep G2 form of DT diaphorase 
intrinsically reduces CB 1954 at less than a sixth of 
the rate of the Walker enzyme. Menadione reduction 
by both forms of DT diaphorase was inhibited by 
CB 1954. With respect to the Walker form of the 
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Table 1. Kinetic parameters for the Hep G2 (human) and Walker (rat) forms of 
DT diaphorase 

Compound 
DT diaphorase purified from 

Hep G2 Walker 

NADH Kfll 222 ,uM 78 FM 
NADPH L 85 PM 71 PM 
Menadione L 3.1 ,uM 1.3 PM* 

K cat 6.1 x lO’min-’ 6.5 x lO’min_ 
CB 1954 K, 1403 PM 826 ,uM 

L 0.64 min’ 4.1 min-’ 

* Data from Ref. 2. 

Table 2. The ability of various compounds to inhibit the reduction of menadione by either Hep G2 (human) or Walker 
(rat) DT diaphorase 

Inhibitor Varying K, 

Hep G2 

K: Type K, 

Walker* 

K: Type 

Dicoumarol 

Caffeine 

CB 1954 

NADH 1.4nM 4.0 nM Mixed 10 nM 20 nM Mixed 
Menadione 1.9 nMt 4.4 nM Mixed 10 nM 
NADH 

Noncompetitive 
- 1.25 mMt Uncompetitive 1.08mM - Competitive 

Menadione 233 pM - Competitive 0.66 mM 3.15 mM Mixed 
NADH 130 PM - Competitive - Complex 
Menadione 606 yM 714 PM Mixed - 

All measurements were carried out at 37” and the standard concentrations of menadione and NADH were 10 and 
500 pM, respectively. 

* Data from Ref. 5. 
t Standard deviations > *5%. 

enzyme the type of inhibition was complex as the 
predicted linear result was not obtained when the 
reciprocal of the rate of reduction was plotted against 
the concentration of CB 1954 (data not shown). CB 
1954 was a competitive inhibitor (with respect to 
NADH) of menadione reduction by the Hep G2 
form of DT diaphorase with a Ki value determined 
to be 130pM. 

Increasing concentrations of NaCl were found to 
inhibit enzyme activity which could be recovered in 
the presence of FAD (data not shown). This 
suggested that the flavin group may be more weakly 
associated with the apoprotein than in the Walker 
cell enzyme. Low concentrations of FAD (1 PM) 
were also found to enhance the dicoumarol- 
inhibitable menadione-reducing activity from crude 
cell extracts of Hep G2 cells. 

DISCUSSION 

A dramatic sensitivity towards the monofunctional 
alkylating agent CB 1954 is a consequence of its 
reduction to a difunctional compound that can induce 
DNA cross-links. The active form of CB 1954 has 
been identified as S(aziridin-1-yl)-4-hydroxylamino- 
2-nitrobenzamide [2]. This compound can produce 
DNA cross-links in cells insensitive to CB 1954 but 
not in naked DNA [2] and a further activation step 
is involved that further converts 5-(aziridin-1-yl)-4- 

hydroxylamino-2-nitrobenzamide to the proximal 
DNA cross-linking species. A second activation step 
such as this would be analogous to that found for 
the activation of the hydroxylamines formed by the 
metabolism of 4-nitroquinoline - N - oxide and N- 
acetylaminofluorene [26,27]. Formation of 5 - 
(aziridin-1-yl)-4-hydroxylamino-2-nitrobenzamide 
is a result of the reduction of CB 1954. In Walker 
cells this reduction is performed in air by the enzyme 
DT diaphorase [2,3] and expression of this enzyme 
fully accounts for the selective toxicity of CB 1954 
in cells of the Walker tumour. 

As we have discussed in the introduction, 
identification of this enzyme, which is known to be 
raised in many tumours, suggested that other 
tumours apart from the Walker tumour could be 
sensitive to CB 1954. A number of rat cell lines are 
sensitive to CB 1954 as one might predict from their 
levels of the activating enzyme, DT diaphorase. 
Thus, the Walker tumour is not uniquely sensitive 
towards CB 1954. However, the response of a range 
of human cell lines to CB 1954 with equivalent DT 
diaphorase activity to these sensitive rat cell lines 
was also examined but all were found to be much 
less sensitive to the agent. Thus, human tumour cell 
lines possess significant levels of DT diaphorase, but 
lack the sensitivity towards CB 1954 that the 
equivalent level of enzyme in a rat cell line would 
confer. 

This decreased sensitivity towards CB 1954 of 
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human cells could be accounted for by the following 
reasons: 

(a) Human cells could be resistant towards or 
rapidly repair the DNA adducts formed from the 
bioactivation of CB 1954. 

(b) There could be a failure to further activate the 
5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide 
to the proximal DNA cross-linking species. 

(c) Other enzymes may be present in human cells 
capable of detoxifying CB 1954 by alternative 
metabolic pathways. 

(d) The human form of DT diaphorase may not 
reduce CB 1954, or reduce it to a less cytotoxic 
product than the 4-hydroxylamino derivative. 

The human cells were found to be of similar 
sensitivity towards the activated form of CB 1954, 
5 - (aziridin - 1 - yl) - 4 - hydroxylamino - 2 - nitrobenz- 
amide, as the rat cell lines. Thus, failure to further 
activate the 4-hydroxylamine product or resistance 
to the DNA adducts formed in human cell lines 
could not be the mechanism by which these human 
cell lines lack the expected sensitivity to CB 1954. 

In order to investigate the other proposed 
mechanisms outlined above, it was necessary to 
purify the human form of the enzyme. DT diaphorase 
was purified to homogeneity from Hep G2 cells in 
a two-step purification, an initial gel filtration step 
followed by antibody-affinity chromatography, the 
antibody being raised against the Walker form of 
DT diaphorase. Partial purification of the human 
enzyme from sources such as kidney, brain and testis 
has been reported [28,29]. The presence of FAD 
and NADH have been utilized to stabilize the protein 
owing to poor yields and limited knowledge about 
the nature of the human enzyme [28] and BSA has 
also been reported to stabilize DT diaphorase [30]. 
The presence of NADH could improve its 
thermostability [28], whereas the flavin group, which 
is released at high ionic strength, may be retained 
in the presence of excess FAD. Thus, FAD, BSA 
and NADH were included in the purification scheme 
of the enzyme from Hep G2 cells as the stability of 
the protein in its pure form had been questioned, 
although a successful purification scheme for the 
enzyme from abdominal adipose tissue without the 
above additions has been described [12]. This 
purification system employed azodicoumarol affinity 
and anion exchange chromatography. Using our 
purification system DT diaphorase was purified 
to homogeneity from Hep G2 cells. However, 
concentration of the human enzyme resulted in some 
loss of menadione-reducing activity but this could 
be partially recovered by addition of FAD. Therefore 
the pure protein was stabilized by addition of the 
above factors. The molecular weight of the human 
protein has been reported to be 32 kDa [12] (30,880 
daltons from the cDNA sequence [17]), which is 
smaller than the values reported for the rat (32- 
55 kDa [4] and the Walker enzyme (33.5 kDa) [2], 
although both human and rat genes code for a 
protein of 274 residues [16,17]. In close agreement 
with this, the molecular weight obtained for Hep G2 
DT diaphorase was 31 kDa. That there is a difference 
in apparent molecular weight between the Walker 
and human forms of the enzyme is illustrated in Fig. 

3B where both forms of the enzyme have been 
blotted from the same gel. This figure also 
demonstrates that a polyclonal antibody raised 
against the purified Walker enzyme can cross-react 
with Hep G2 DT diaphorase. Previous reports have 
also demonstrated the cross-reactivity of antibodies 
raised against rat DT diaphorase with the human 
enzyme [14]. 

The enzyme, DT diaphorase, has generally been 
regarded as a detoxifying enzyme, catalysing the 
two electron reduction of quinones and quinoid 
compounds including vitamin K, to hydroquinones 
[4]. Although DT diaphorase has been extensively 
studied, the most common source of the enzyme is 
rat liver and information regarding the human 
protein is limited. As might be predicted from the 
large degree of homology between the rat and human 
forms of DT diaphorase the biochemical properties 
of the Hep G2 and Walker forms of the enzyme 
with respect to the reduction of menadione are very 
similar. Our values for the K,,, of the human, Hep 
G2 form of the enzyme, with respect to menadione 
and NADH are in close agreement with values 
obtained with the human enzyme, as isolated from 
abdominal adipose tissue [ 121. 

However, in contrast to these similar biochemical 
properties with respect to NAD(P)H and menadione, 
significant differences were observed in the ability 
of DT diaphorase isolated from either Hep G2 or 
Walker cells in their ability to reduce CB 1954 
to the active 5-(aziridin-1-yl)-4-hydroxylamino-2- 
nitrobenzamide derivative. Although, under the 
reaction conditions used, both forms of the enzyme 
produced the 4-hydroxylamino derivative as the 
single product, the human Hep G2 form of the 
enzyme was intrinsically less able to carry out this 
reduction. The absolute rate of reduction of CB 
1954 (i.e. under saturating conditions of both NADH 
and CB 1954) is the Kc,, value. This is over six-fold 
higher for the Walker cell form of the enzyme 
(4.1 min-‘) than for the human DT diaphorase 
(0.64min-‘). As stated these values refer to 
saturating conditions of both CB 1954 and NADH 
and it should be noted that these saturating 
concentrations will probably not be achieved 
intracellularly. As the K,,, values of the Hep G2 DT 
diaphorase for both CB 1954 and NADH are higher 
than those for the Walker form of the enzyme, the 
further the actual concentrations of CB 1954 and 
NADH are away from those required to saturate 
the enzyme, the greater the difference between the 
reduction rates of CB 1954 by the Walker and Hep 
G2 forms will become. Thus, it can be estimated 
that as the substrate concentrations decrease below 
100 @I, there will be a 12-15-fold difference in the 
relative rates of CB 1954 reduction and consequently 
5-(aziridin-l-yl)-4-hydroxylamino-2-nitrobenzamide 
production. This intrinsic difference in the ability of 
the human Hep G2 DT diaphorase to produce the 
required cytotoxic species from CB 1954 would 
account for the lack of sensitivity of human cells 
towards this agent. 

The reason for the observed differences between 
the human and Walker forms of DT diaphorase, 
with respect to their reduction of CB 1954 but not 
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other substrates, is not obvious. The proposed 
pyrophosphate binding region for NAD(P)H in the 
rat enzyme [31] is fully conserved with the human 
form DT diaphorase (although the K,,, values for 
NADH differ significantly). However, we have 
observed that there is a change of charge (amino 
acids 124) within the proposed substrate binding 
region (amino acids 96-132) [32]. This may be of 
significance regarding the difference in rates of 
reduction of CB 1954 between the human and the 
rat enzymes. It is also of interest to note that CB 
1954 inhibits the reduction of menadione by DT 
diaphorase. Although parameters could not be 
obtained for the Walker enzyme, CB 1954 is a 
competitive inhibitor (with respect to NADH) of 
the Hep G2 enzyme. The Ki value (130 @I) indicates 
that CB 1954 can bind reasonably well to the enzyme 
(much better than might be inferred from the K,,, of 
the enzyme for CB 1954) and CB 1954 could be 
considered an inhibitor of, rather than a substrate 
for, human DTdiaphorase. This observation parallels 
the recent finding that mitomycin C is not metabolized 
but is an inhibitor of semipurified human kidney DT 
diaphorase [29]. 

In summary, our initial observations that the 
sensitivity of Walker cells towards CB 1954 is due 
to the activation of this compound to a difunctional 
form by the enzyme DT diaphorase, raised the 
possibility that other cell types, expressing this 
enzyme, could also be sensitive to this compound. 
Similar sensitivity has now been demonstrated in a 
number of rat cell lines with significant DT diaphorase 
activity. However, human cell lines with similar DT 
diaphorase activities were not sensitive to CB 1954. 
The cell lines employed were sensitive to the 
active form, 5-(aziridin-1-yl)-4-hydroxylamino-2- 
nitrobenzamide. The reason that human cells lack 
the sensitivity towards CB 1954 inferred by their DT 
diaphorase activity is because the human form of 
DT diaphorase is intrinsically less able to reduce this 
compound. Thus, DT diaphorase, an important 
cytosolic detoxifying enzyme which is responsible 
for the cytotoxic activation of a drug in rat cells, 
does not readily activate it in human cells. The 
observation emphasizes that rodent systems may not 
always be suitable models for the development of 
drugs for human therapy. 

Although CB 1954 may not have a place in the 
chemotherapy of human tumours it is conceivable 
that a derivative of this compound could be found 
that would be more readily activated by the human 
form of DT diaphorase. It is possible that such a 
bioactivatable compound could regenerate in specific 
human tumours the exquisite sensitivity first observed 
with CB 1954 in the Walker tumour over 20 years 
ago. 
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