




BIOREDUCTÃ•VE ACTIVATION OF MITOMYCIN C BY DT-D1APHORASK

monitored for 30 min in air-saturated 0.1 M potassium phosphate
buffer (pH 5.8 and 7.8) at 37Â°C.

RESULTS

Mitomycin C-induced cytotoxicity and DNA damage was
examined in HT-29 and BE human colon carcinoma cells. HT-
29 cells have exceedingly high levels of DT-diaphorase (1740
nmol/mg â€¢protein/min), whereas BE cells have very low levels
(<5 nmol/mg â€¢protein/min). Cell-killing assays, based on col
ony-forming ability, showed HT-29 cells to be 6-fold more
sensitive to mitomycin C than BE cells at a 1 log cell kill (Fig.
1). Consistent with a role for DT-diaphorase in mitomycin C-
induced cytotoxicity was the ability of dicoumarol, an inhibitor
of DT-diaphorase (27), to protect HT-29 cells from mitomycin
C-induced cytotoxicity. A 2-fold higher concentration of mito
mycin C in the presence of dicoumarol was required to produce
the same degree of cell killing as observed with mitomycin C
alone (Fig. 1). Pretreatment of BE cells with dicoumarol had
little effect on the toxicity of mitomycin C. The extent of DNA
damage induced by mitomycin C was examined using alkaline
elution methodology to measure the formation of single-strand
breaks and interstrand cross-links. Mitomycin C was found to
induce DNA interstrand cross-links in HT-29 cells, and cross-
linking could be markedly reduced by inclusion of dicoumarol
(Fig. 2). In contrast, little DNA interstrand cross-linking was
observed in the DT-diaphorase-deficient BE cell line either in
the presence or absence of dicoumarol (Fig. 2). No single-strand
breaks were detected in either cell line after exposure to mito
mycin C (not shown).
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Fig. 1. Inhibition of colony-forming ability of HT-29 and BE human colon
carcinoma cells exposed to mitomycin C. Colony-forming ability was measured
in HT-29 (triangles) and BE (circles) human colon carcinoma cells exposed to
mitomycin C (0-6.4 UM) in the presence (closed symhols) and absence (open
symbols) of 20 Â»JMdicoumarol. Cells were exposed to dicoumarol 30 min prior to
addition of mitomycin C. Points, means of three separate treatments; bars, SD.
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Fig. 2. DNA interstrand cross-link indices (Gy equivalents) in HT-29 and BE
human colon carcinoma cells exposed to mitomycin C. DNA interstrand cross-
linking was measured using alkaline elution techniques in HT-29 and BE human
colon carcinoma cells exposed to mitomycin C (HT-29. 0.625-2.5 ^M; BE, 2.5-
10 JIM)either in the presence (D. HT-29; â€¢BE) or absence (S. HT-29; D, BE)
of 20 iiM dicoumarol. Elution experiments were performed 4 h after a 2-h drug
treatment. Dicoumarol was present 30 min prior to the addition of mitomycin C.
Columns, means of three independent experiments; bars, SD.

In an attempt to provide evidence for mitomycin C metabo
lism in HT-29 cells, we examined removal of mitomycin C and
metabolite generation in HT-29 and BE cell cytosols using

HPLC. Metabolism of mitomycin C and metabolite generation
was pH dependent and was observed at pH 5.8 but not at pH
7.8. (Fig. 3). Metabolism of mitomycin C increased as the pH
was lowered from 7.8 to 5.8 and was effectively inhibited
(>90%) by both prior boiling of HT-29 cytosol and inclusion
of dicoumarol (0.02 mM) in incubations. The ability of HT-29
cytosol to metabolize mitomycin C in the absence of added
NADH (Fig. 3) presumably reflects endogenous reduced pyri-
dine nucleotides in the cytosolic preparation. The major metab
olite formed in these incubations eluted at a slightly longer
retention time than mitomycin C (mitomycin C, 20.1 min;
metabolite, 22.8 min). Although mitomycin C can undergo
acid-catalyzed degradation, we observed negligible non-enzy
matic removal of mitomycin C and metabolite formation under
our conditions. Acid-catalyzed degradation has been demon
strated to be marked at pH values <5 (21). In contrast to the
results obtained with HT-29 cytosol, little removal of mitomy
cin C or metabolite generation could be demonstrated using BE
cytosol at either pH 5.8 or 7.8 (Fig. 3).

These data suggested that mitomycin C could be metabolized
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Fig. 3. Mitomycin C removal and metabolite formation by HT-29 and BE cell
cytosol. HPLC was used to measure pH-dependent removal of mitomycin C (A)
and metabolite formation (B) by HT-29 and BE cell cytosol. Complete system:
100-j/M mitomycin C, 200 /IM NADH, and 0.5 mg/ml cell cytosol in 0.1 M
potassium phosphate buffer (pH 5.8 or 7.8). Reactions were performed in the
presence and absence of 20 Â¡IMdicoumarol in a tola! volume of 1 ml a( 25"C for
1 h. Cell cytosol preparation and HPLC conditions as described in "Materials
and Methods." Columns, means from three separate determinations; bars, SD.
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in a pH-dependent reaction by DT-diaphorase contained in
HT-29 cells. In order to confirm that mitomycin C was a
substrate for DT-diaphorase and to examine the mechanism in
more detail, we utilized purified rat hepatic DT-diaphorase. In
agreement with the results using HT-29 cytosol, metabolism of
mitomycin C was observed at pH 5.8 but not at pH 7.8 and
could be inhibited by dicoumarol (0.02 mivi)and by prior boiling
of enzyme (Fig. 4). This is in accord with previous work which
showed no metabolism of mitomycin C by purified rat hepatic
DT-diaphorase when the reaction was examined at pH 7.8 (29).
In contrast to the data obtained using HT-29 cytosol, metabo
lism of mitomycin C by DT-diaphorase at pH 5.8 was depend

ent on the addition of NADH. The major metabolite formed
(I) cochromatographed with the product formed in HT-29
cytosol. Product I had a chromophore typical of 7-aminomito-
senes (15) and demonstrated absorbance maxima at 314 and
550 nm. Metabolite I cochromatographed with the product
obtained during xanthine oxidase-catalyzed metabolism of mi
tomycin C at pH 6.5 under anaerobic conditions (not shown),
which has previously been characterized as 2,7-diaminomito-
sene (20).

Metabolite I cochromatographed with a synthetic standard
of 2,7-diaminomitosene, prepared according to Ref. 17. When

examined using diode array detection, the single peak corrÃ©
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Fig. 4. HPLC analysis of mitomycin C metabolism by purified rat hepatic
DT-diaphorase. Reaction conditions: complete system, 100 Â¡IMmitomycin C, 200
pM NADH, and 5.2 ng/ml rat hepatic DT-diaphorase in 0.1 M potassium
phosphate buffer (pH 5.8 or 7.8). Reactions were performed in a total volume of
0.5 ml at 25Â°Cfor 30 min. HPLC conditions as described in "Materials and
Methods." A, complete system pH 7.8; B. complete system pH 5.8; C, complete

system pH 5.8 in the presence of 20 pM dicoumarol; D, complete system pH 5.8
with boiled rat hepatic DT-diaphorase; IS, internal standard; MC, mitomycin C.
Peak (I, 5.8 min) corresponds to NADH.

sponding to the mixed chemical and enzymatic products
showed identical spectra across the peak, indicating peak purity.
Metabolite I was collected using preparative scale HPLC, re-
chromatographed using analytical HPLC to ensure peak purity,
and subjected to NMR spectroscopy. The NMR spectrum (not
shown) was consistent with that previously published for 2,7-
diaminomitosene (17) and with the synthetic standard of 2,7-
diaminomitosene. A sample of metabolite I was also derivatized
with Tri-Sil/BSA and analyzed by GC-MS. Four products were
observed (see "Materials and Methods") and their mass spectra
were consistent with mono- and ditrimethylsilyl derivatives of
reduced 2,7-diaminomitosene (m/z 378 and 450). Other minor
metabolites were detected during metabolism of mitomycin C
by purified rat hepatic DT-diaphorase (Fig. 3). Product II
probably represents a phosphate alkylation product (17) since
this metabolite was not observed when incubations were per
formed in citrate buffer at pH 5.8. From previous work (20),
the retention time of product III would be consistent with the
formation of m-2,7-diamino-l-hydroxyaminomitosene.

A more detailed examination of the pH dependence of mi
tomycin C metabolism by purified rat hepatic DT-diaphorase
was performed at pH values between 5.8 and 7.8 (Fig. 5). These
data show that both removal of mitomycin C and metabolite
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Fig. 5. pH-depcndent removal of mitomycin C' and metabolite formation by

rat hepatic DT-diaphorase. HPLC was used to measure pH-dependent mitomycin
C removal and metabolite formation catalyzed by rat hepatic DT-diaphorase.
Reaction conditions: 100 /ÃŒMmitomycin C. 200 /Ã•MNADH, and 5.2 ^g/ml rat
hepatic DT-diaphorase in 0.1 M potassium phosphate buffer (pH 5.8-7.8). Re
actions were performed in a total volume of 0.5 ml at 25Â°Cfor 30 min. HPLC
conditions as described in "Materials and Methods." Columns, means from three

separate determinations: bars, Â±SD. A, mitomycin C removal; B, metabolite
formation.
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formation increase as the pH is lowered. Control experiments
using menadione as substrate showed that the activity of DT-
diaphorase did not decrease appreciably over this pH range.
The stoichiometry of the reaction with respect to mitomycin C
and NADH removal was also examined at different pH values.
The results (Table 1) show that the ratio of mitomycin C
removed to NADH removed is approximately 1:1 at the differ
ent pH values examined. When the amount of NADH was
decreased to 0.5 and 0.25 equivalents with respect to mitomycin
C (0.1 ITIM),mitomycin C removal and metabolite formation
decreased markedly, indicating the absence of an autocatalytic
mechanism (15). In addition a lag phase for mitosene formation
at 550 nm which was observed during autocatalytic reduction
of mitomycin C (15) was not detected during DT-diaphorase-
mediated metabolism of mitomycin C at pH 5.8.

Oxygen uptake during NADH-dependent (0.2 mM) metabo
lism of mitomycin C (0.1 mivi) by rat hepatic DT-diaphorase
(5.2 Mg/ml) could not be detected at either pH 5.8 or pH 7.8.
Oxygen consumption during metabolism of the antitumor qui-
none diaziquone by purified rat hepatic DT-diaphorase (41)
was utilized as a positive control. When DT-diaphorase-me-
diated metabolism of mitomycin C was examined using UV/
VIS spectrophotometry under either aerobic or anaerobic con
ditions, essentially identical absorption changes were observed.
Difference spectra (final â€”initial) of the reactions after 30 min
under aerobic and anaerobic conditions were superimposable.
These data show that oxygen does not interact to any significant
extent with the metabolites generated during DT-diaphorase-
mediated metabolism of mitomycin C.

In order to confirm metabolism of mitomycin C by HT-29
DT-diaphorase the enzyme was purified from HT-29 cells as
previously described (41). HPLC analyses demonstrated pH-
dependent and dicoumarol-inhibitable metabolism of mitomy
cin C with formation of 2,7-diaminomitosene as the major
product (Fig. 6).

DISCUSSION

In this manuscript we report that mitomycin C can be metab
olized by both purified rat hepatic and HT-29 human colon cell
DT-diaphorase in a pH-dependent manner under aerobic con
ditions. In agreement with other workers (29, 34), metabolism
could not be detected at pH 7.8 using either removal of mito
mycin C, removal of pyridine nucleotide, or metabolite forma
tion as indicators of metabolism. In addition, oxygen uptake
was not observed at this pH. The lack of detectable NADH
removal and oxygen consumption rules out a cycling mecha
nism by which the hydroquinone is reoxidized to the quinone.
The degree of metabolism of mitomycin C, however, increased

Table 1 Stoichiometry of NADH oxidation and mitomycin C removal during
purified rat hepatic DT-diaphorase-cataly:ed metabolism of mitomycin C

Values represent means Â±SD of separate experiments. Number of experiments
are shown in parentheses. Reaction conditons: 0.1 M potassium phosphate buffer
(pH 7.8-5.8). 100 fiM mitomycin C, 200 Â«IMNADH, and 5.2 /ig/ml rat hepatic
DT-diaphorase. Reactions were performed in a total volume of 0.5 ml at 25'C

for 30 min. NADH oxidation and mitomycin C removal were assayed by HPLC
as described in "Materials and Methods." NADH oxidation was corrected for
non-enzymatic removal.

NADH oxidized
pH

Mitomycin C removed

7.87.47.06.45.85.0 Â±4.513.2
Â±3.418.2
Â±9.941.3

Â±5.069.2
Â±5.80(3)5.4

Â±2.7(3)12.0
+ 6.1(3)41.2
Â±4.7(5)60.6
Â±4.0 (5)
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Fig. 6. HPLC analysis of mitomycin C metabolism by purified human HT-29
DT-diaphorase. Reaction conditions: Complete system, 200 /JM NADH, 100 ^M
mitomycin C and 8.0 jig/ml human HT-29 DT-diaphorase in 0.1 M potassium
phosphate buffer (pH 5.8 or 7.8). Reactions were performed in a total volume of
0.5 ml at 25'C for 30 min. HPLC conditions as described in "Materials and
Methods" except that a gradient of 20-80% solution II over 25 min was used. A,

complete system pH 7.8; B, complete system pH 5.8; C, complete system pH 5.8
in the presence of 20 nM dicoumarol; IS, internal standard; MC, mitomycin C; I,
2,7-diaminomitosene.

as the pH was decreased from 7.8 to 5.8. The major metabolite
(metabolite I) had a characteristic 7-aminomitosene chromo-
phore and cochromatographed with the product of anaerobic
xanthine oxidase-mediated metabolism of mitomycin C which
has previously been characterized as 2,7-diaminomitosene (20).
Metabolite I was characterized as 2,7-diaminomitosene by coch-
romatography with a synthetic standard which indicated a high
degree of peak purity when analyzed using diode array spectro
photometry, by NMR spectroscopy, and by GC-MS after deri-
vatization. In accord with mitomycin C removal, the formation
of 2,7-diaminomitosene increased as the pH was decreased.
Metabolism of mitomycin C and formation of 2,7-diaminomi
tosene by purified rat and HT-29 DT-diaphorase was NADH
dependent and inhibited by prior boiling of the enzymes or by
inclusion of dicoumarol.

Increased 2,7-diaminomitosene formation under acidic con
ditions has previously been observed during chemical reduction
(17) and during anaerobic metabolism of mitomycin C by Old
Yellow enzyme (15), NADPH cytochrome P-450 reducÃ­ase,
and xanthine oxidase (20). Previous attempts to demonstrate
metabolism of mitomycin C by purified DT-diaphorase have
been performed at pH 7.8 using human kidney DT-diaphorase
(29) and rat liver DT-diaphorase.4 In collaborative experiments

with these workers we have demonstrated that, although me
tabolism of mitomycin C by human kidney DT-diaphorase
cannot be detected at pH 7.8, mitomycin C removal and 2,7-
diaminomitosene formation can be detected at pH 5.8. To what
extent this behavior extends to other mitomycins is unclear, but
we have observed a similar pH-dependent metabolism of por-
firomycin by purified rat hepatic DT-diaphorase.

The role of DT-diaphorase-mediated metabolism in mito
mycin C-induced cytotoxicity and genotoxicity was explored
using two human colon carcinoma cell lines which have very
different levels of DT-diaphorase activity. HT-29 cells have
very high levels of activity, whereas the BE cell line has a very
low activity (41). Mitomycin C was 6-fold more toxic to HT-
29 cells than to BE cells, and cytotoxicity was inhibited by
dicoumarol in HT-29 cells but not in BE cells. Mitomycin C
induced extensive DNA cross-linking in HT-29 cells but not in
BE cells, and consistent with the role of DT-diaphorase in

*G. Powis, personal communication.
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activation, this could be effectively inhibited by dicoumarol.
Single-strand breaks were not detected in either cell line, sug
gesting the absence of oxygen radical-mediated DNA damage
(44). In agreement with these cellular data we found that HT-
29 cell cytosol was capable of metabolizing mitomycin C,
whereas BE cell cytosol was not. Metabolism of mitomycin C
and formation of 2,7-diaminomitosene in HT-29 cell cytosol
was pH dependent and inhibited by dicoumarol, with the great
est extent of enzymatic metabolism occurring at pH 5.8 (the
lowest pH tested). The pH requirements for metabolism of
mitomycin C using HT-29 cell cytosol are therefore analogous
to those observed using either purified HT-29 or rat hepatic
DT-diaphorases. Metabolism of mitomycin C and formation of
2,7-diaminomitosene was not detected using BE cell cytosol at
any pH tested. The cellular data taken together with the evi
dence showing metabolism of mitomycin C by both HT-29 cell
cytosol and DT-diaphorase purified from HT-29 cells suggested
that metabolism of mitomycin C by DT-diaphorase was in
volved in production of cytotoxic and genotoxic metabolites in
this cell type.

Reaction mechanisms have been proposed for 2,7-diaminom
itosene formation following two-electron reduction of mito
mycin C and elimination of methanol leading to the formation
of a reactive quinone methide (15, 17). The latter can be
protonated under acidic conditions leading to 2,7-diaminomi
tosene formation (15). In pyridine the hydroquinone derivative
of mitomycin C can reoxidize to the parent quinone, which
argues against automatic elimination (45). It has been sug
gested, however, that in aqueous systems proton assistance to
the methoxy-leaving group may render elimination reactions
more facile (15). Alternatively, after two-electron reduction at
acidic pH, protonation of the hydroquinone form of mitomycin
C may occur, leading to 2,7-diaminomitosene formation via
rearrangement reactions (46). Our data cannot address the
intermediates involved in this reaction but show a lack of
oxygen consumption during metabolism, virtually identical
spectrophotometric changes during metabolism under aerobic
or anaerobic conditions, and an approximate 1:1 stoichiometry
between NADH oxidized and mitomycin C removed. This
suggests that the reactions leading to formation of 2,7-diami
nomitosene at acidic pH after two-electron reduction of mito
mycin C by DT-diaphorase occur faster than reoxidation by
molecular oxygen to generate quinone. The absence of detect
able metabolism of mitomycin C at pH 7.8 when compared to
pH 5.8 suggests that mitomycin C is unable to act as a substrate
for DT-diaphorase at pH 7.8. Other substrates for DT-dia
phorase such as DCPIP (27), menadione (27), and the antitu-
mor quinone diaziquone (41) can all be metabolized by DT-

diaphorase at pH 7.8.
Peterson and Fisher (15) have described an autocatalytic

mechanism for anaerobic reduction of mitomycin C by yeast
Old Yellow enzyme. The cis- and /ra/Â«-l-hydroxy-2,7-diami-
nomitosenes are major products of this reaction at pH 8 and
arise from rearrangement of the hydroquinone form of mito
mycin C to form a quinone methide which acts as an electro-
phile toward water. The resultant mitosene hydroquinones are
oxidized to their quinone form by mitomycin C, providing an
autocatalytic cycle. An autocatalytic mechanism would be un
likely in the case of metabolism of mitomycin C by DT-dia
phorase since the major product is 2,7-diaminomitosene which
is a chain-breaking metabolite (15). The absence of a lag phase
for mitosene product formation, the 1:1 stoichiometry between
NADH and mitomycin C removal, and the observation that

metabolism decreased markedly during incubation with DT-
diaphorase as the NADH concentration was decreased to 0.5
and 0.25 equivalents (relative to mitomycin C) confirmed the
absence of an autocatalytic mechanism (15).

The observation of pH-dependent metabolism of mitomycin
C by DT-diaphorase may have some relevance for the increased
mitomycin C-induced DNA cross-linking observed in EMT6
cells at pH 5.7 as opposed to pH 7.5 (26). These cells have
significant DT-diaphorase activity (47) and increased bioreduc-
tion of mitomycin C at acidic pH may contribute to the cross-
linking observed. Our data may also explain the inhibitory
effect of dicoumarol on mitomycin C-induced cytotoxicity and
genotoxicity under aerobic conditions in various cellular sys
tems (28, 31-33). These data should, however, be interpreted
with some caution in view of the lack of evidence to confirm
metabolism of mitomycin C by cellular fractions or by DT-
diaphorase purified from these cells (34). Under hypoxic con
ditions, dicoumarol does not inhibit but potentiates mitomycin
C-induced cytotoxicity (28, 48), suggesting that this effect may
be mediated through other mechanisms than inhibition of DT-
diaphorase. This view is supported by the observation that
dicoumarol also potentiates mitomycin C cytotoxicity under
hypoxic conditions in LI 210 cells which do not have detectable
DT-diaphorase activity (49). Under aerobic conditions LI210
cells are not protected against mitomycin C-induced cytotox
icity by dicoumarol and similar results were obtained in this
study using the DT-diaphorase-deficient BE cell line. Interest
ingly, Tomasz et al. (25) have shown that chemical reduction
of mitomycin C by either dithionite or by catalytic hydrogÃ©na
tion in the presence of DNA greatly influences the type and
quantity of DNA adducts identified. The adduci profile formed
after enzymatic reduction of mitomycin C by DT-diaphorase at
acidic pH values remains to be determined.

The influence of pH on the bioreduction of mitomycin C may
also have therapeutic implications. Tumor cells in general and
hypoxic cells in particular have lower intracellular pH values
than normal cells (50). This may indicate a greater propensity
for DT-diaphorase-mediated reduction of mitomycin C in these

cells as opposed to normal cells and the greater sensitivity of
hypoxic cells to mitomycin C is well characterized (28, 51).
Hoey et al. (46) have shown that activation of mitomycin C
arises from formation of the hydroquinone and have proposed
that the protonated hydroquinone could be the reactive metab
olite which induces cross-linking of DNA. Although, our results
suggest that DT-diaphorase is involved in the biological activity
of mitomycin C in HT-29 cells, unequivocal evidence relating
reductive metabolism of mitomycin C at acidic pH to DNA
damage must await experiments using purified DT-diaphorase
in cell-free systems.
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