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Abstract—3-Amino-1,2,4-benzotriazine-1,4-dioxide (SR 4233; WIN 59075) is a highly selective hypoxic
cell cytotoxin soon to enter phase I clinical trial. The compound is thought to exert its action through
a toxic one-electron reduced free radical intermediate. Preliminary data have suggested that SR 4233
may be metabolized by DT-diaphorase [NAD(P)H: (quinone acceptor) oxidoreductase (EC 1.6.99.2)]
to both two- and four-electron reduced products and that this route of biotransformation may represent
a bioprotection pathway. In this study, a highly purified enzyme preparation was employed in order to
investigate further the metabolism of SR 4233 by DT-diaphorase and to examine the mechanism of
reduction in more detail. Spectrophotometric analysis showed that SR 4233 underwent reduction by
DT-diaphorase with an apparent X,, of 1.23 + 0.27 mM and V,,, of 8.55 * 1.67 nmol/min/ug protein.
This reaction was inhibited completely by dicoumarol (100 uM) and partially by an antiserum raised
against the purified enzyme. Characterization of the products of SR 4233 reduction by reverse-phase
HPLC confirmed that both two- (SR 4317) and four- (SR 4330) electron reduction products were
generated, the latter being the predominant metabolite, particularly in prolonged incubations. Further
experiments showed that the four-electron reduction product, but not the two-electron reduction
product, was also a substrate for DT-diaphorase with an apparent K,, of 1.14 mM and a V,,, of
57.12 nmol/min/ug protein. The results presented confirm that SR 4233 is indeed a substrate for DT-
diaphorase and that a mixture of two-, four- and six-electron reduced products may be formed. The
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possible toxicological and pharmacodynamic significance of this metabolism is discussed.

Hypoxic fractions of solid tumours are widely
believed to contribute to the limitations of radiation
and chemotherapy in the treatment of neoplastic
disease [1-3]. However, several features of these
hypoxic cells may be exploited in the rational design
of new anti-cancer agents [4-6]. SR 4233+ (WIN
59075), 3-amino-1,2,4-benzotriazine-1,4-dioxide, is
the lead compound in a series of highly selective
hypoxic cytotoxins, the benzotriazine di-N-oxides,
which appear to exhibit improved efficacy and
increased selectivity compared with their prede-
cessors, the mitomycins and nitroimidazoles [7].
SR 4233 has been shown to be highly selective
towards hypoxic mammalian cells in vitro [7] and
appears to be an effective anti-tumour agent in vivo
when combined with radiation [8] or compounds
which enhance tumour hypoxia [9]. Mechanistic
toxicity studies have shown that SR 4233 can be
reduced preferentially under anaerobic conditions
to both two-electron and four-electron reduction
products [10, 11], neither of which is toxic to cells
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under aerobic or hypoxic conditions [10, 12].
Consequently, it has been postulated that the one-
electron reduced species, by definition a free radical
intermediate, is the most likely damaging metabolite
[10, 13, 14]. In the absence of oxygen this is unable
to redox cycle but probably produces cell death
via hydrogen abstraction from DNA and other
macromolecules [10, 12, 13]. Although a variety of
reductase enzymes may catalyse this bioreductive
activation of SR 4233, recent evidence suggests that
cytochrome P450 and NADPH: cytochrome P450
reductase are the major reductases involved in SR
4233 bioactivation in hepatic microsomal fractions
[11, 15] and cells [16, 17] in vitro.

Brown and colleagues {17] have proposed that the
selective action of SR 4233 towards hypoxic cells
will be dependent on the rate of drug activation by
cellular reductases and the ability of the target cells
to repair damaged DNA. Tumour cells have been
shown to express a number of reductases, including
NADPH: cytochrome reductase [16] and DT-di-
aphorase [NAD(P)H: (quinone acceptor) oxido-
reductase (EC 1.6.99.2)] [18, 19]. These different
enzymes may play conflicting roles in the bio-
transformation of SR 4233. Whilst the presence of
significant amounts of P450 reductase would be
advantageousin the selective hypoxic cytotoxic action
of the drug, the elevated levels of DT-diaph-
orase observed in some tumours [18, 19] would be
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likely to catalyse the obligatory two-electron
reduction of SR 4233 to the inactive two- and,
possibly, four-electron reduced products (SR 4317
and SR 4330, respectively). Therefore, it is likely
that the selective toxicity of SR 4233 against hypoxic
tumour cells will depend not only on the degree of
hypoxia and the cells’ repertoire of defense
mechanisms but also on the relative expression of
activating and detoxifying reductases, as proposed
in our “enzyme-directed approach” to bioreductive
drug development [6]. Although preliminary findings
from this laboratory have suggested that SR 4233
may indeed be a substrate for DT-diaphorase [11],
definitive characterization of the metabolism of SR
4233 by this enzyme has yet to be conducted.

The present communication describes attempts to
define the detailed kinetics of the reduction of SR
4233 by purified DT-diaphorase from Walker 256
rat carcinoma cells and speculates on the relevance
of the findings to the mode of action, selective
tumour-directed toxicity and clinical development
of this attractive bioreductive agent.

MATERIALS AND METHODS

Chemicals. SR 4233, SR 4317 and SR 4330 were
kindly provided by Drs M. Tracy and W. W. Lee of
SRI International (Menlo Park, CA, U.S.A.). The
2-nitroimidazole HPLC internal standard Ro 07-
0913 (2-nitroimadazol-1-yl-3-ethoxypropan-2-ol) was
supplied by Dr C. E. Smithen of Roche Products
(Welwyn Garden City, U.K.). NADH, cyochrome
¢, menadione, dicoumarol and bovine albumin were
purchased from the Sigma Chemical Co. (Poole,
U.K.). Highly purified DT-diaphorase from Walker
256 rat carcinoma cells and a purified rabbit
polyclonal antiserum raised against the purified
enzyme were prepared as reported previously [20]
and kindly donated by Dr R. Knox (Institute of
Cancer Research, Sutton, U.K.). SDS-PAGE
and immunoblotting showed that the antiserum
specifically recognized a protein with a M, of 33 kDa
in the purified enzyme preparation as described
previously [21].

DT-diaphorase activity. The DT-diaphorase
activity of the purified enzyme was determined
spectrophotometrically by following the reduction
of cytochrome ¢ at 550 nm, using a modified version
of the procedure described by Ernster [22]. The
reactive mixture contained purified enzyme (7 ng),
cytochrome ¢ (77 uM), bovine albumin (0.14%,
w/v), NADH (2mM) as cofactor and menadione
(20 uM) as the intermediate electron acceptor.
Reactions were conducted at 37° in a total volume
of 1mL 50mM Tris-HCI buffer (pH 7.4) in the
presence and absence of the specific inhibitor
dicoumarol (100 uM). Preliminary experiments
showed that this concentration of dicoumarol
inhibited DT-diaphorase activity >95%; sub-
sequently, all activities were expressed as the fraction
of activity measured which was dicoumarol-
inhibitable. In the inhibition studies using the
antiserum against DT-diaphorase, the reaction was
initiated by addition of NADH after the purified
enzyme had been incubated with the antiserum for

5min at 37°. Rates of reduction were calculated
from the linear portion of the reaction progress
curves, using 5-30 sampling points over a period of
90 sec. Cytochrome ¢ (£21.1 X 10* M/cm) reduction
was monitored in a Lambda 2 spectrophotometer
(Perkin—Elmer, Beaconsfield, U.K.). One unit (U)
of enzyme activity is defined as the amount of
enzyme which catalysed the reduction of 1 umole of
cytochrome ¢ per minute. Protein concentrations
were determined by the dye-binding method of
Bradford [23] using bovine albumin as standard.

SR 4233 metabolism. The reduction of SR 4233
by DT-diaphorase was assayed both spectro-
photometrically and by measuring the reduction of
the parent drug to its reduction products by reverse-
phase HPLC. For spectrophotometric analysis, SR
4233 replaced the benchmark quinone menadione
in the assay described above. Incubations were
conducted under conditions found to be linear with
respect to both time and enzyme concentration. A
typical reaction mixture contained SR 4233 (0.3-10
mM), purified enzyme (146 ng) and NADH (200
uM). NADH and/or enzyme were omitted from
appropriate control incubations. The pH dependence
of the reduction of SR 4233 catalysed by the purified
DT-diaphorase preparation was investigated in
50 mM Tris—HCl buffers (pH 5.8, 7.4 and 8.0).

In order to identify the products of SR 4233
reduction by DT-diaphorase, incubations were
conducted at 37° in test-tubes open to air with
vigorous shaking. Standard incubations contained
purified DT-diaphorase (4.45 ug), NADH (2 mM)
and bovine albumin (0.14%, w/v). Incubations were
conducted in 50 mM Tris—HCI buffer (total volume
1mL) in the absence and presence of dicoumarol
(100 uM). Aliquots (100 uL) of the reaction mixtures
were removed at consecutive time points and added
to two volumes of ice-cold methanol containing
internal standard (Ro 07-0913; 60 mg/L). Samples
were then centrifuged at 4° (1700 g for 5 min) and
the supernatants injected into the HPLC system for
analysis. Control incubations were conducted in the
absence of cofactor or enzyme.

HPLC analysis of SR 4233 metabolism. HPLC
analysis of the reduction of SR 4233 by DT-diaph-
orase to its two- and four-electron reduction products
(SR 4317 and SR 4330, respectively) was determined
using isocratic reverse-phase HPLC as described
previously [24]. Chromatography was carried out
using modular HPLC equipment and columns
from Waters Associates (Milford, MA, U.S.A.).
Separation was achieved on uBondapak Rad-Pak
phenyl columns (8 mm X 10 cm; 10 um beads) fitted
in a RCM 8 x 10 compression unit. The mobile
phase consisted of 25% methanol in water and was
delivered at a flow rate of 2.5 mL/min using a Waters
660 E System Controller. Absorbance of the column
effluent was monitored using a Waters 990
Photodiode Array Detector. Routine detection was
at 254 nm and drug and metabolites were identified by
chromatographic and spectral analysis. Quantitation
was by peak area ratio with reference to standards
spiked into appropriate blank sample material.

Kinetic analyses. Michaelis-Menten enzyme kin-
etics were defined under optimal conditions for each
substrate using the criteria described by Henderson
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Fig. 1. Inhibition of activity of purified DT-diaphorase
preparation towards the benchmark quinone menadione
by a rabbit antiserum raised against the enzyme (@) and
pre-immune rabbit serum (O). Incubation conditions were
as described in Materials and Methods. Serum was pre-
incubated with the enzyme for 5 min at 37° prior to initiation
of the reaction. The respective concentrations of protein
in the pre-immune serum and the purified antiserum were
70and 66 mg/mL. Uninhibited activity was 3461 nmol/

min/pg protein. Results are means of two experiments
(SD < 15%).

{25]. Apparent K,, and V,,,,, values were determined
by computer graphics analysis (GraphPAD InPlot,
GraphPAD Software, San Diego, CA, U.S.A.) of
linear transform (Hanes-Woolf) plots using at least
six substrate concentrations.

RESULTS

Using the prototype quinone menadione, the
activity of the highly purified preparation was found
to be 3417 = 237 nmol/min/ug or 3.42 = 0.24 U/ug
{mean = SD, N = 4). Dicoumarol (100 uM) almost
completely inhibited this activity, the equivalent rate
in the presence of dicoumarol being 98 + 51 nmol/
min/ug (mean = SD, N =3). In addition, the
polyclonal rabbit antiserum raised against the
purified enzyme was found selectively to inhibit the
reduction of menadione by DT-diaphorase (Fig. 1).
However, in agreement with previous studies [26],
the degree of inhibition afforded by the antiserum
was far less than that achieved with dicoumarol (only
50-60% maximal inhibition being achieved with
10 yuL. serum per incubation). In contrast, pre-
immune rabbit serum exhibited minimal inhibition
of DT-diaphorase activity.

SR 4233 was found to be a substrate for DT-
diaphorase purified from the Walker rat mammary
tumour cell line. Spectral analysis indicated that
neither SR 4233 nor its reduced metabolites exhibited
appreciable absorbance at 550 nm and hence were
unlikely to interfere with the monitoring of
cytochrome ¢ reduction. With 2mM NADH as
cofactor, significant non-enzymatic reduction of SR
4233 was observed, as evidenced by the finding that

121

94

v (nmol/min/gg protein)
o

s (mM)

Fig 2. Plots of v versus s for the reduction of SR 4233
mediated by NADH (200 uM) (O), NADH plus purified
DT-diaphorase ({1} and the corrected enzyme-dependent
rate of reductive metabolism (@), which was completely
dicoumarol-inhibitable. Rates of reduction were measured
spectrophotometrically by the reduction of the terminal
electron acceptor cytochrome c, as detected by the change
in absorbance at 550 nm. Control incubations contained
SR 4233 (0.3-10 mM), cytochrome ¢ (77 uM), bovine serum
albumin (0.14%) in 1 mL of Tris~HCl buffer, pH 7.4. Units
of s and p are mM and nmol/min/pug protein, respectively.
Results shown are from a typical experiment. Similar
results were obtained in repeat experiments.

under these conditions dicoumarol only inhibited
the rate of reduction of cytochrome ¢ by 30-40%.
Subsequently, the concentration of NADH was
decreased to 200 uM in order to minimize this non-
enzymatic reduction. At this concentration, NADH
itself produced negligible direct reduction of
cytochrome c. However, as shown in Fig. 2, even at
200 uM measurable non-enzymatic reduction of SR
4233 still occurred (approximately 33% of the
total activity measured). Control incubations were
therefore adjusted in order to account for this by
including cofactor as well as drug in the reference
cuvette and the activities were then calculated from
the enzyme-dependent rate which was inhibited by
dicoumarol. No reduction of SR 4233 was observed
with enzyme alone (i.e. in the absence of cofactor).
Under the conditions employed, the enzymatic rate
of reduction of SR 4233 was linear with time up to
180 sec and also with enzyme concentration (in the
range 15-1000 ng/mL.) and was completely inhibited
by 100 zM dicoumarol.

Plots of v against s were rectangular hyperbolae
and s/v versus s plots were linear (Fig. 3) indicating
that the DT-diaphorase-mediated reduction of SR
4233 conformed to Michaelis-Menten kinetics.
Values of apparent K, and V,,, were 1.23 + 0.27 mM
and 8.55 + 1.67 nmol/min/ug, respectively (mean
+ 8D, N =3). Thus, the V,,, was some 400-fold
lower than that previously found in this laboratory
with menadione and the X, some 400-fold higher
[27]. Equivalent values were obtained when NADH
was replaced by NADPH. The polyclonal antibody
to DT-diaphorase (10 uL/incubation) was inhibitory
with regard to the metabolism of SR 4233 by DT-
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Fig. 3. (A) Plot of v versus s for the reduction of SR 4233 by purified DT-diaphorase as measured

spectrophotometrically by the reduction of the terminal electron acceptor cytochrome ¢ and (B) the

corresponding s/v versus s (linear transform) plot. Incubation conditions were as detailed in Materials

and Methods. Units of s and v are mM and nmol/min/ug protein, respectively. Data are means + SD
(not shown where smaller than symbol) for three independent experiments.

Table 1. Effect of pH on the reduction of SR 4233 (2.5
mM) by purified DT-diaphorase as determined by the
reduction of cytochrome ¢ at 550 nm

pH Rate of reduction (nmol/min/ug)
5.8 4.22 = 0.65
7.4 4.22 +0.10
8.0 5.84 £1.29

Incubation conditions were as outlined in Materials and
Methods. Values are means = SD of three independent
experiments.

diaphorase (23% inhibition with 2.5 mM SR 4233).
Table 1 shows that the reduction of SR 4233 by
purified DT-diaphorase did not show any marked
pH-dependence as there were no significant
differences between the rates of reduction measured
at the three pH levels chosen.

HPLC analysis of the products of SR 4233
reduction by DT-diaphorase produced intriguing
results. A small but detectable amount of the two-
electron reduction product SR 4317 (<2% of the
total activity measured in the presence of enzyme
and cofactor) was observed in incubations which
contained cofactor alone (data not shown). This
direct reduction of SR 4233 would account for
the non-enzymatic rate of reduction measured
spectrophotometrically in the cytochrome ¢ assay
and probably proceeds via two sequential one-
electron reduction stages. The data shown in Fig.
4 and those obtained at all other substrate
concentrations were therefore corrected for this
effect. No SR 4317 was detected in incubations
conducted with enzyme alone (i.e. in the absence of
cofactor). As noted previously by us in crude Walker
cell extracts [11] both SR 4317 and SR 4330 were

identified as the only detectable stable metabolites.
Under the conditions employed, SR 4233 loss did
not exceed 5% and hence the rate of loss of parent
compound could not be quantified accurately in
these experiments. Figure 4 shows typical reaction
progress curves for the formation of SR 4317 and
SR 4330 from SR 4233 (2.5 mM) with time and the
respective inhibition of the production of the two
metabolites by dicoumarol. Similar profiles were
observed at all the substrate concentrations
examined. The four-electron reduction product, SR
4330, was found to be the major metabolite.
Moreover, the production of this metabolite was
inhibited 82-100% by 100uM dicoumarol and
exhibited a biphasic profile over the time range
studied. By contrast, although SR 4317 was produced
with equal facility to SR 4330 at early time points,
the formation of the two-electron reduced species
declined progressively beyond 15 min. In addition,
the dicoumarol-inhibitable portion of this activity
was only 53-63%. Kinetic analysis of the initial
linear phase of SR 4233 reduction to SR 4317 and
SR 4330 as measured by HPLC showed that only
the formation of SR 4330 obeyed Michaelis—
Menten kinetics. Values of apparent K,, from two
independent experiments were 7.2 and 5.1 mM,
while the corresponding V,,,, values were 0.49 and
0.34 nmol/min/ug. Plots of s/v versus s for the
production of SR 4317 and the combined formation
of the two reduction products were non-linear (data
not shown). Note that the K,, value for SR 4330
formation was about 4-fold higher than that noted
for SR 4233 reduction using the cytochrome ¢ assay
while the V,,,, was about 20-fold lower.

In order to investigate further the apparent
discrepancy between the rate of SR 4233 reduction
by DT-diaphorase measured spectrophotometrically
and the rate of production of SR 4317 and SR 4330
measured by HPLC, the metabolism of SR 4317 and
SR 4330 by the flavoenzyme was assessed using the
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Fig. 4. Reaction progress curves for the reduction of SR 4233 to the two-electron reduced product SR

4317 (A) and the four-electron reduced product SR 4330 (B) as measured by reverse-phase HPLC.

Incubations were conducted with SR 4233 (2.5 mM), purified DT-diaphorase (4.45 ug), bovine serum

albumin (0.14%) and NADH (2 mM) in the presence (@) and absence (O) of dicoumarol (100 uM).

Results shown are for a typical experiment. Similar profiles were obtained in repeat experiments and
at other substrate concentrations (0.3-10 mM).
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Fig. 5. (A) Plot of v versus s for the reduction of SR 4330 by purified DT-diaphorase as measured

spectrophotometrically by the reduction of the terminal electron acceptor cytochrome ¢ and (B) the

corresponding s/v versus s (linear transform) plot. Incubation conditions were as detailed in Materials

and Methods. Units of s and v are mM and nmol/min/ug protein, respectively. Results are shown for
a typical experiment. Similar results were obtained in a repeat experiment (see Table 2).

cytochrome c reduction method. These experiments
gave the surprising result that SR 4330 was a
substrate for DT-diaphorase but SR 4317 was not.
Figure 5 shows that the reduction of SR 4330
conformed to Michaelis-Menten kinetics: plots of v
against s were rectangular hyperbolae and s/v versus
s plots were linear. Interestingly, SR 4330 appeared
to be a better substrate for the purified DT-
diaphorase than the parent benzotriazine di-N-oxide
with K, and V., values of 1.14 mM and 57.12 nmol/
min/ug (means of two independent experiments;
Table 2). Although the enzyme exhibited a similar
apparent affinity for SR 4330, the V,,, value was
some 7-fold higher. Inhibition of this reaction by
dicoumarol was >95% and the polyclonal antibody
also produced inhibition of the reduction of SR 4330
by DT-diaphorase (15% at 1.0 mM SR 4330). Table

BP 43:2-E

2 summarizes the data obtained with the cytochrome
¢ reduction assay for the DT-diaphorase-mediated
reduction of SR 4233 and SR 4330. Taking intrinsic
clearance, CLiy, (Via/K,n), 88 a measure of the
relative molecular efficiency of substrate reduction
[28], the four-electron product SR 4330 is apparently
a better substrate for DT-diaphorase than the parent
compound SR 4233,

DISCUSSION

Central to the application of an enzyme-directed
approach to the design of new bioreductive anti-
cancer drugs is the identification of the major
reductases catalysing their reductive bioactivation
and detoxication and the factors which govern the
expression and regulation of the relevant enzymes
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Table 2. Summary of Michaelis-Menten kinetic parameters for the reduction of
SR 4233, SR 4317 and SR 4330 by purified DT-diaphorase

Substrate K, (mM) Ve (nmol/min/ug) CLiny (Viar/ K}
SR 4233 1.23+0.27 8.55 x 1.67 6.98 = 0.29
SR 4317 ND ND ND
SR 4330 1.07,1.22 50.13, 66.72 46.85, 54.68

Values are means + SD of three independent experiments for SR 4233 and data
obtained from two experiments for SR 4330. Activity of the purified enzyme preparation
towards the benchmark quinone menadione was 3417 % 237 nmol/min/ug protein (mean

+ SD of three independent experiments; inhibited > 95% by dicoumarol}.
Units of intrinsic clearance, CL;, are ul./min/ug protein.

ND, not detectable.

in both normal and tumour tissue [6]. With regard
to the novel benzotriazine di-N-oxide SR 4233, much
emphasis has been focused on the elucidation of the
reductases involved in the bioactivation of this pro-
drug [10-12,15,16]. Experiments have shown
unequivocally that both cytochrome P450 and
NADPH: cytochrome P450 reductase play a
significant role in the reductive metabolism of this
compound to the cytotoxic one-electron reduction
product [11, 15-17]. The experiments undertaken in
the present study were aimed at examining the
possible involvement of DT-diaphorase [NAD(P)H:
{quinone acceptor) oxidoreductase (EC 1.6.99.2)]
in the metabolic reduction and detoxication of SR
4233,

DT-diaphorase is a flavoenzyme which has been
shown to catalyse the reduction of a wide range of
chemically diverse, potentially toxic compounds,
including quinones, nitro compounds, azo dyes and
C-nitroso derivatives [22, 26, 29]. An important and
unusual feature of DT-diaphorase is that it catalyses
the obligatory two-electron reduction of its substrates
{30]. In addition, the enzyme has been shown to be
over-expressed in a variety of tumour cell lines
[18, 21] and solid tumours (particularly of the breast
and colon) [19,31]). The identification of these
properties has stimulated current interest in the
development of new bioreductive drugs aimed at
exploiting differences in tumour physiology and
enzymology [5,6]. Preliminary data from our
laboratory suggested that DT-diaphorase may
metabolize SR 4233 predominantly to the four-
electron reduction product SR 4330 [11]. In the
present study, a highly purified enzyme preparation
(=95% pure) was employed in order to investigate
further the metabolism of SR 4233 by DT-diaphorase
and to examine the mechanism of reduction in more
detail. SR 4233 was found to be reduced by the
purified DT-diaphorase, confirming the initial
observations [11], and kinetic analysis showed that
the reduction of SR 4233 by DT-diaphorase
conformed to classical Michaelis-Menten kinetics
(Fig. 3). However, the apparent K, and Vi,
values (1.23mM and 8.55 nmol/min/ug protein,
respectively) obtained with the sensitive spectro-
photometric assay based on the reduction of
cytochrome ¢ showed that SR 4233, like mitomycin
C[32} and CB 1954 [21], was a much poorer substrate

than the prototype quinone menadione. In contrast
to mitomycin C [32] but in agreement with
other DT-diaphorase substrates [22,33], the DT-
diaphorase-mediated metabolism of SR 4233 did not
exhibit any significant pH dependence. Table 1
shows that the metabolic reduction of SR 4233 by
DT-diaphorase was remarkably constant at the three
pH levels previously shown to demonstrate the
marked pH dependence of mitomycin C reduction
[32].
Although the highly sensitive spectrophotometric
assay demonstrated that SR 4233 was indeed a
substrate for DT-diaphorase, it did not allow
characterization of the products of this reductive
metabolism. HPLC analysis of the products of the
metabolic reduction of SR 4233 by DT-diaphorase
confirmed that the four-electron reduction product
SR 4330 was the major stable metabolite formed
after prolonged incubation, although similar levels
of SR 4317 (the two-electron reduction product)
were detected up to 10-15min (Fig. 4). These
findings are in close agreement with previous data
obtained with a crude Waiker cell sonicate [11] and
suggest that the substrate remains bound at the
active site of the enzyme during catalytic reduction,
without releasing all of the two-electron reduced
intermediate, giving rise to elevated levels of the
terminal four-electron reduced product. Inter-
estingly, although the formation of SR 4330 was
almost completely inhibited by dicoumarol, the
reduction of SR 4233 to SR 4317 was only inhibited
by about 50%. Subsequent attempts to define the
kinetic parameters for the production of these two
stable metabolites proved largely unsuccessful as
only the initial linear portion of SR 4330 formation
yielded linear transform (s/v versus 5) plots. The
apparent K, and V,, for the formation of SR 4330
were markedly different from the values obtained
with the spectrophotometric assay for the overall
reduction of SR 4233.

Although, depending on the chemistry of the
substrate, DT-diaphorase may either bioactivate or
detoxify xenobiotics {34, 35], the reduction of SR
4233 to SR 4330 and SR 4317 by DT-diaphorase
may represent an important route of detoxification,
since neither the two- or four-electron reduced
products are significantly cytotoxic under normoxic
or hypoxic conditions {10, 12]. Furthermore, the K,,
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determined in the spectrophotometric assay was
similar to that previously reported for the bioac-
tivation of SR 4233 by cytochrome P450 in rodent
hepatic fractions in vitro [11,15], which indicates
that DT-diaphorase may function as a competing
detoxifying pathway. However, competition between
different routes of biotransformation will depend on
both the K,, and V,,, of the different enzymes and,
possibly, their subcellular distribution. Hence, given
the relative inefficiency of the reduction of SR 4233
by DT-diaphorase, it remains to be determined
whether any pharmacological and/or toxicological
relevance can be assigned to the metabolism of SR
4233 by this enzyme. Indeed, further studies are in
progress which will establish whether SR 4233, like
other relatively poor DT-diaphorase substrates,
including mitomycin C [32, 36] and CB 1954 [21],
may actually be regarded as an inhibitor of this
flavoenzyme.

Experiments conducted in order to explain the
apparent quantitative discrepancy between the data
obtained in the spectrophotometric and HPLC
analyses produced the surprising observation that
the four-electron reduction of SR 4233 metabolism,
SR 4330, was a better substrate for DT-diaphorase
than SR 4233 itself (Fig. 5 and Table 2). By contrast,
as indicated previously [11], SR 4317 did not appear
to be a substrate for DT-diaphorase.

Electrochemical studies have shown that SR 4233
can undergo two biologically attainable reduction
steps: irreversible four-electron reduction of the two
N-oxide functions followed by a quasi-reversible
two-elecron reduction of the benzotriazine ring [37].
Such a mechanism would be consistent with the
results obtained in the present study. The further
quasi-reversible two-electron reduction of the
benzotriazine ring of SR 4330 may result in an
oxygen-sensitive six-electron reduced metabolite of
SR 4233 which rapidly auto-oxidizes. Chemical
reduction of SR 4317 by sodium dithionite also
results in the formation of this six-electron reduced
product, which appears to be colourless, only exists
in the presence of the reducing agent and may back-
oxidize in air to give SR 4330 (M. Tracy, SRI
International, personal communication). In support
of this hypothesis, attempts to identify such a product
by HPLC analysis of incubations with SR 4330 as
the substrate for DT-diaphorase proved inconclusive
as no consistent decrease in the levels of SR 4330
could be detected nor could the presence of any
stable metabolites (data not shown). The reduction
of SR 4233 to a combination of two-, four- and six-
electron reduced metabolites may explain the
observed discrepancy between the two methods used
to characterize the metabolic reduction of SR 4233,
since the putative colourless six-electron reduced
metabolite, the precise chemistry and stability of
which has yet to be confirmed, may not be detected
under the HPLC conditions employed here and may
even auto-oxidize in air giving rise to the higher
rates of cytochrome c reduction observed in the
(indirect) spectrophotometric assay. Further studies
are obviously required to clarify these proposals.

In summary, the selective hypoxic cell cytotoxin
benzotriazine di-N-oxide SR 4233 has been shown
to be a substrate for DT-diaphorase purified from

Walker 256 rat tumour cells. It is now important to
establish the precise role of DT-diaphorase in the
cellular activity and toxicity of this promising lead
compound. Although the rate of reduction is modest
compared to menadione [21, 27 and this paper] and
the bioreductive anticancer indoloquinone EO9 [27],
comparably low rates were also seen for mitomycin
C (at neutral pH) [32] and CB 1954 [21] and yet the
cytotoxicity of the reduction products of these agents
appears consistent with an activating function of DT-
diaphorase. If anything, DT-diaphorase is likely to
play a detoxifying role with SR 4233 and studies are
underway to test this hypothesis. We envisage that
mechanistic and enzymological studies such as those
described here will not only aid the clinical
development of SR 4233 by optimizing patient
selection, but may also lead to the rational
development of even more selective, improved
analogues of this novel bioreductive agent. If these
data are applicable to the clinical scenario, then
patients with tumours expressing high levels of DT-
diaphorase may not be the most suitable for
treatment with SR 4233. Such patients may be
treated more appropriately with drugs which are
activated by DT-diaphorase to cytotoxic reduction
products. In contrast, it may transpire that patients
with low levels of DT-diaphorase and increased
levels of activating reductase enzymes within the
target tumour may be especially suitable for SR 4233
treatment. The application of this sophisticated
approachrequires more detailed biochemical analysis
of the enzyme profiles of biopsies from the relevant
target tumours and surrounding normal tissues.
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