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SUMMARY

The effect of pH and oxygen on DNA alkylation by mitomycin C
(MMC) was studied with cell fractions and intact cells. The cell
lines used were the HCT 1 16 human colon cancer cell line and
a MMC-resistant subline (HCT 1 1 6-R3OA) that has 5% of the
quinone reductase activity present in the parent cell line. Micro-
somal fractions of the two cell lines catalyzed MMC-DNA adduct
formation only under anaerobic conditions with equal efficiency.
However, the pH of the reaction controlled the production of four
identified and two unidentified adducts. Soluble fractions from

each cell source catalyzed MMC-DNA adduct formation under
aerobic and anaerobic conditions similarly. At higher pH, limited
DNA adducts were produced by MMC activated by soluble
fractions from either cell source. At lower pH, more DNA adducts
were obtained with MMC activated by the soluble fraction of
HCT 1 16 cells than with that activated by the soluble fraction of
HCT 1 16-R3OA cells. Four of these adducts were identified as
N2-(2”f3,7”-diaminomitosene-1 “a-yl)-2’-deoxyguanylic acid, N2-
(2”f3,7”-diaminomitosen-1 “�3-yl)-2’-deoxyguanylic acid, N2-(1 0”-
decarbamoyl-2”,7”-diaminomitosen-1 “ct-yl)-2’-deoxyguanylic

acid, and N2-(2”L�!,7”-diamino-10”-deoxyguanyl-N2-yl-mitosen-
1 “�-yI)-2’-deoxyguanylic acid. Acidic intracellular p1-I enhanced
the cytotoxicity of MMC for HCT 1 16 cells, decreasing the IC50
from 0.3 ± 0.04 �zM to 0.1 ± 0.03 MM, but pH had limited effect
on the cytotoxicity of MMC for HCT 1 1 6-R3OA cells. When
intracellular pH was decreased, interstrand DNA cross-linking by
MMC increased to a greater extent in HCT 1 16 cells than in HCT
1 1 6-R3OA cells. Only two DNA adducts, each at low intensity,
were detected in HCT 1 1 6-R3OA cells treated at pH 6.0 and 7.6
and in HCT 1 1 6 cells treated at pH 7.6. However, six radioactive
spots were detected in HCT 1 1 6 cells treated at pH 6.0. Three
of these adducts were identified. This is the first direct evidence
that acidic intracellular pH enhances MMC-DNA adduct formation
in tumor cells containing high quinone reductase activity. Results
from this study further confirm that pH and not enzyme is the
determining factor in the distribution of types of MMC-DNA
adducts. This study also indicates that low intracellular pH en-
hances the activity of quinone reductase in reducing MMC, which
is important for aerobic cytotoxicity of MMC against tumor cells
with high concentration of quinone reductase.

The complex relationship between reductive activation of

MMC and cytotoxicity has been a subject under investigation

for some time. Both one-electron and two-electron enzymatic

reductive pathways have been proposed as ways for MMC to

be converted to active intermediates (1-5). From these inves-

tigations, two major factors, oxygen tension and pH, have been

observed to play important roles in the outcome of enzymatic

and chemical reduction of MMC.

One-electron activation of MMC to a semiquinone interme-

diate by microsomal NADPH-cytochrome P450 reductase (EC
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i.6.2.4) (4) and xanthine oxidase (EC 1.2.3.2) (4) leads to two

possible reaction pathways, depending on the oxygen tension.

In the absence of oxygen, the semiquinone results in the for-

mation of MMC metabolites and alkylation of cellular macro-

molecules. In the presence of oxygen, the semiquinone inter-

mediate of MMC becomes involved in redox cycling, producing

active oxygen species that are also cytotoxic (6-8). The cellular

role of one-electron reductive systems under hypoxic conditions

has been demonstrated by showing a correlation between pref-

erential activation of MMC and porfiromycin and the enhanced

cytotoxicity of these agents in hypoxic tumor cells (9, 10). On

the other hand, two-electron reduction of MMC by DT-di-

aphorase (EC i.6.99.i) is not affected by the presence or ab-

sence of oxygen (ii). The presence of oxygen does not affect

ABBREVIATIONS: MMC, mitomycin C; MES, 2-(N-morpholino)ethanesulfonic acid; HEPES, N-(2-hydroxyethyl)piperazine-N’-(ethanesulfonic acid);
BCECF, 2’ ,7’-bis(carboxyethyl)-5,6-carboxyfluorescein; AM, acetoxymethyl ester; HBSS, Hanks’ balanced salt solution; a (or fl)N2-G-MMC, N�-

2”fl,7”-diaminomitosen-1 “a (or �3)-yl)-2’-deoxyguanylic acid; N2-G-DMC; N2-(10”-decarbamoyl-2”,7”-diaminomitosen-1 “a-yl)-2’-deoxyguanylic acid;
(N2-G)�-MMC, N2-(2”�(,7”-diamino-10”-deoxyguanyl-N2-yl-mitosen-1 “a-yl)-2’-deoxyguanylic acid (adduct of two deoxyguanylic acids cross-linked at
the N2-position by mitomycin C); TLC, thin layer chromatography.
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the ability of MMC-hydroquinone, the MMC intermediate of

two-electron reduction, to form metabolites or to alkylate DNA

(ii-13).

An effect of pH on the metabolism of MMC has been ob-

served during one-electron reduction by NADPH-cytochrome

P450 reductase and xanthine oxidase (4) and electrochemical

reduction (14). More recently, Siegel et al. (13) showed that

two-electron reduction of MMC by DT-diaphorase was also pH

dependent. In all cases, pH controlled the kinetics of enzymatic

reduction of MMC and the profiles of metabolite formation.

NADPH-cytochrome P450 reductase and xanthine oxidase re-
duced MMC more efficiently at higher pH, whereas their activ-
ities decreased 80% when the pH changed from 8.2 to below

6.5 (4). In contrast, DT-diaphorase reduced MMC more effi-

ciently at lower pH than at higher pH (ii, 13). The major

metabolite produced at acidic pH by either one- or two-electron
enzymatic reduction of MMC was 2,7-diaminomitosene (4, ii).

In contrast, trans-2,7-diamino- 1 -hydroxylmitosene was the ma-

jor product of one-electron enzymatic reduction at pH values

above 7.8 (4). The interaction of DNA with MMC activated by
one-electron and two-electron reductive enzymes was also pH
dependent (12, 13, 15, 16). At the cellular level, an effect of pH

on MMC cytotoxicity has been reported. Kennedy et ci. (i7)

have shown MMC-induced DNA cross-linking and aerobic
cytotoxicity to be enhanced by lowering intracellular pH in

EMT6 cells.

The involvement of DT-diaphorase in the aerobic cytotox-

icity of MMC was first demonstrated by inhibiting DT-di-

aphorase with dicumarol (18-20). More recently, correlation of

DT-diaphorase activity with the development of MMC resist-
ance under aerobic conditions in several cell sublines has been

reported. These MMC-resistant sublines, including a MMC-

resistant human skin fibroblast strain, 3437T (20, 2i), and a

MMC-resistant subline of Chinese hamster ovary cells (22),

are all deficient in MMC activation activity and DT-diapho-

rase. Conversely, a subline with increased MMC sensitivity was

developed from L5178Y cells and demonstrated a 24-fold in-

crease in DT-diaphorase (23). The comparison of HT-29 and

BE human carcinoma cells, which have high and low levels,

respectively, of DT-diaphorase activity, also implicated DT-
diaphorase in the reductive activation of MMC and MMC

sensitivity (ii).

We developed a MMC-resistant subline, HCT ii6-R3OA,

from human colon carcinoma HCT 116 cells (24). This subline

has 5% of the quinone reductase (DT-diaphorase) activity and

equal levels of microsomal NADPH-cytochrome P450 reduc-

tase activity, compared with MMC-sensitive parent cells. In
the current report, we present data that i) identify DNA

adducts produced by MMC that had been activated by cellular

fractions of these two cell lines at different pH values and 2)

correlate levels of quinone reductase activity in MMC-sensitive

and -resistant cells with MMC-induced actions, including cy-

totoxicity, DNA interstrand cross-linking, and DNA adduct

formation, which are enhanced at acidic pH values.

Materials and Methods

Reagents. MMC and porfiromycin were kindly supplied by the
Natural Products Branch, Division of Cancer Treatment, National
Cancer Institute (Bethesda, MD). BCECF and BCECF/AM were from
Molecular Probes, Inc. (Eugene, OR). Tetrapropylammonium hydrox-

ide was from RSA (Ardsley, NY). Proteinase K (EC 3.4.21.14) was

from Boehringer Mannheim (Indianapolis, IN). Nitrogen mustard

(Mustargen; Merck Sharp & Dohme, West Point, PA) was used as its
clinical formulation. All enzymes and reagents required for 32P-postla-

beling were the same as described by Yu and Pan (25). RNase A (EC
3.1.27.5), DNase I (EC 3.1.21.1), snake venom phosphodiesterase I (EC

3.1.4.1), and other biochemicals were from Sigma Chemical Co. (St.

Louis, MO).

Cell lines. HCT 116 human colon carcinoma cells were obtained
from the American Type Culture Collection (CCL247) (Rockville, MD).

A MMC-resistant subline, HCT 116-R3OA, was isolated as described
in our earlier publication (24). Maintenance and subculture of both cell

lines were as described previously (24). All incubations, including

maintenance and experiments of short duration, were carried out in
incubators at 37’ with 5% CO2 and 95% humidity. HCT 1 16-R3OA

cells were about 5 times less sensitive to MMC than were HCT 116

parent cells when cells were exposed to MMC in McCoy’s 5A medium

containing 10% fetal calf serum (24). HCT 116-R3OA cells contained
20 times less quinone reductase activity but an equal amount of

microsomal NADPH-cytochrome P-450 reductase activity, compared

with parent HCT 116 cells. A detailed comparison of the enzymatic

activities in the two cell lines has been reported (24). Other cellular

detoxification systems such as reduced glutathione, glutathione trans-

ferase, glutathione peroxidase, and catalase are all present at similar

levels in the two cell lines.1

Adjustment and measurement of intracellular pH. A specific

intracellular pH for HCT 116 and HCT 116-R3OA cells were achieved

by a method described by Kennedy et al. (17). HBSS media were
prepared with HBSS plus 0.7 g/liter ammonium acetate, 10 mM MES,

and 10 mM HEPES, the pH was adjusted to a range of 6.0 to 7.6 with

1.0 N NaOH, and the media were sterilized by filtration. Cells were

equilibrated in these media for 60 mm at 3T to obtain the correspond-

ing intracellular pH.

Intracellular pH was measured following the method described by

Wang et at. (26), by flow cytometric analysis of the pH-sensitive

fluorescent dye BCECF, which was converted from BCECF/AM by

intracellular esterases. Confluent cells were harvested and resuspended

at 5 x 10� cells/ml in regular growth medium with 1.0 MM BCECF/AM.

After incubation at 37’ for 30 mm to allow for uptake and hydrolysis

of BCECF/AM, cells were recovered by centrifugation, washed, and

suspended in the HBSS medium designated for use. Analysis of intra-

cellular pH was obtained with a Becton Dickinson FACStar Plus flow

cytometer (San Jose, CA) with argon ion lasers emitting at 200 mW at
488 nm and 100 mW at 568 nm. Fluorescence emission from intracel-

lular BCECF was measured at 530 ± 10 nm (ft) and 630 ± 22 nm (12).

The ratio of Ii and 12 in each cell is proportional to pH. Before any

experiment was conducted, a standard curve of intracellular pH with
cells containing BCECF was obtained according to a method described

by Kennedy et a!. (17). The BCECF-loaded cells were washed and

suspended in buffers containing 20 mM ammonium acetate and 0.2 M

MES or HEPES, with pH adjusted to between 5.8 and 7.6. The cells,

at 5 x 105/ml, were incubated for 60 mm at 37* for pH equilibration

and then analyzed for fluorescence to give the standard curve (Fig. 1).

Effect of intracellular pH on MMC action. To study the rela-
tionship of intracellular pH to MMC cytotoxicity, MMC-induced DNA

cross-linking, and DNA adduct formation, cells were divided into two

portions. Intracellular pH was measured in one cell portion after

exposure to BCECF/AM in regular medium for 30 mm. The other cell
portion was not exposed to BCECF/AM. Both cell portions were then

recovered, washed with HBSS medium at a designated pH, and resus-

pended at 5 x 10� cells/ml in the same HBSS medium. After pH

equilibration for 60 mm, MMC at different concentrations, or an

equivalent solution for the control cells, was added and cells were

exposed to drug for 60 mm at 37’ . Intracellular pH was measured at

the beginning and at the end of MMC exposure with BCECF-loaded
cells, and unloaded cells were used for analyses of the cytotoxicity,

DNA cross-linking, and DNA adduct formation. Stability of the extra-
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Fig. 1. Standard curve for the determination of intracellular pH of HCT
1 16 and HCT 1 16-R3OA cells by fluorescence-activated cell sorter. Cells
were prepared, as described in Materials and Methods, for pH analysis
with a FACStar Plus flow cytometer. The fluorescence ratio (f1/f2) of the
emission of BCECF at 530 ± 10 nm (f1) and 630 ± 20 nm (f2) was
measured in aliquots of both cell lines that had been equilibrated in
medium with a predetermined pH. The standard curve was obtained by
plotting pH of the medium against fluorescence ratio. Data from three
separate experiments are presented as a composite graph, with each
experiment shown by a different symbol (#{149},V, V). Each data point
represents the average of two separate measurements.

cellular pH of the HBSS medium was measured by pH meter after the

addition of MMC and at the end of drug exposure, after removal of

cells.

MMC cytotoxicity. Cytotoxicity of MMC for HCT 116 and HCT

1 16-R3OA cells was assessed by a modified clonogenic assay (24). Cells

were washed with HBSS medium at pH 6.0, 7.2, or 7.6 and were

resuspended in the same medium. Preincubation for 60 mm and drug

exposure for 60 mm at 37’ were performed in these media in 25-cm2

culture flasks. Control cells were incubated in the same medium without

drug. After drug exposure, cells were recovered, washed with phosphate-

buffered saline, and placed at regular medium for colony formation as

described earlier (24). The IC� for each study was calculated by median

effect analysis with a program developed by Chou and Chou (27).

Alkaline elution measurements of interstrand DNA cross-
linking. The alkaline elution method used for measuring interstrand
DNA cross-linking was based on the procedures of Kohn et at. (28) and

Hilton (29). Details of the method as implemented in our laboratory

have been described previously (30).

Fractionation of microsomes and soluble cell extracts. Micro-
somes and soluble cell extracts of confluent HCT 116 and HCT 116-

R3OA cells were prepared according to the method of our earlier report

(24), with some modification. Harvested cells (4 x 10� cells/ml) were

lysed by three cycles of freezing and thawing in 50 mM MES at pH 6.0

or 50 mM Tris at pH 7.6. The cell homogenate was centrifuged at

10,000 x g for 20 mm to remove large debris, mitochondria, and nuclei.

The supernatant was further centrifuged at 144,000 x g for 60 mm to

separate microsomes and soluble enzymes. Microsomal fractions were

washed twice with 50 mM MES at pH 6.0 or 50 mM Tris . HC1 at pH

7.6 and were redissolved in buffer of the same pH in volumes equivalent

to 4 X iO� cells/ml. The absence of xanthine oxidase and lack of

possible contamination with mitochondrial enzymes in either fraction

were checked as described (24).
Interaction of DNA and MMC activated by cellular fractions.

Interaction of calf thymus DNA with MMC activated by microsomes

or soluble extracts was conducted according to our previously published

methods (15). Microsomes and soluble extracts of HCT 1 16 and HCT

116-R3OA cells were used to activate MMC. The 1-ml reaction mixture
contained 20 mM NaCl, 0.5 mM MMC, 1.0 mM NADPH (or NADH),

0.5 mg/ml calf thymus DNA in either 50 mM Tris at pH 7.6 or 50 mM
MES at pH 6.0, and microsomes (or soluble extracts) at an amount

equivalent to 2 x 10� cells. Activation by each enzyme at each pH value

was conducted both aerobically and anaerobically at 37’ for 60 mm.

Anaerobic conditions were achieved as described earlier (4, 15). Ter-

mination of the reaction and recovery of the alkylated DNA were

carried out as described previously (15). Alkylated DNA was dissolved

in 10 mM Tris . HC1, pH 7.4, for 32P-postlabeling.

Drug treatment of cells and isolation of cellular DNA. Cells
were harvested, washed once with cold HBSS medium (at pH 6.0 or

7.6), and resuspended to 2 x 10� cells/ml in HBSS medium of the same

pH. Five milliliters of cell suspension were placed into 25-cm2 flasks
and preincubated at 3T for 60 mm to equilibrate intracellular pH and

extracellular pH. MMC, at a final concentration of 25 �M, or control

medium was added, and incubation at 3T was resumed for an additional

60 mm. After drug exposure, cells were recovered, and DNA of these

cells was isolated by phenol extraction according to the method of

Ivanovic et at. (31). Final DNA was dissolved at 1 mg/mI in 10 mM

Tris . HC1, pH 7.4, and used for 32P-postlabeling.

32P-postlabeling of DNA adducts. The method of Randerath et

at. (32) was followed, with modifications (25). Each experiment used

equal amounts of DNA from different treatments (12 pg). A sample of

calf thymus DNA alkylated by xanthine oxidase-activated MMC (15,

25) was labeled and prepared at the same time and was used as a

standard.

TLC separation of 32P-labeled adducts. Equal amounts of 32P-

labeled sample (0.5 �zg of DNA) were spotted onto CN-HPTLC silica

gel plates and analyzed by the two-dimensional system developed

earlier (25). At the same time, a sample of standard was developed

under the same conditions. Identification of radioactive spots separated

from unknown samples was obtained by comparison with standard

plate.

Quantitative estimation of radioactive spots separated by
TLC. Radioactivity of each spot separated on TLC plates was measured

with a Betascope 603 blot analyzer ((.�etagen, Waltham, MA). Back-

ground radioactivity was measured by taking three readings of blank

areas of average spot size. Net radioactivity of each spot was obtained

by subtracting the average of the three blank readings from readings

of each radioactive spot.

Statistical analysis. Data were analyzed by paired t test and

Wilcoxon test. The level of significance was p < 0.05.

Results

Stability of extracellular and intracellular pH of cells

in HBSS media. A standard curve for BCECF measurements

of intracellular pH in both cell lines was established. There was

a linear relationship between intracellular pH (5.8-7.6) and the

fluorescence ratio (fl/f2) of emission at 530 ± 10 nm and 630 ±

22 nm (r2 = 0.997; Fig. 1). This standard curve is similar to

those obtained with Chinese hamster ovary cells (26) and

suggested that an equilibration of extra- and intracellular pH

was achieved under the conditions used. After equilibration in

HBSS media under conditions used for drug exposure, the

intracellular pH measurement of HCT i 16 cells exceeded ex-

tracellular pH by about 0.25 units at pH 6.0, 0.i unit at pH 7.2,

and 0.08 unit at pH 7.6 (Table i). The pH of HBSS medium,

within the range of 6.0-7.6 used, remained stable during the

i20-min incubation with cells (p < 0.05). Intracellular pH

remained relatively stable for 60 mm of incubation in HBSS

medium after equilibration (control cells, p < 0.05). The pres-

ence of MMC did not affect the intracellular pH of HCT 116

cells during drug exposure at pH 7.2 or 7.6 (p < 0.05) but



1 00

80

60

40

20

0
>

>

V�)

0)
U

0
0.0 0.2 0.4 0.6 0.8 0.0 0.8 1.6 2.4 3.2

HCT 116 HCT 116-R304

0 100 200 300 0 100 200 300

Enzymatic and pH Modulation of MMC-lnduced DNA Damage 873

TABLE 1

Intracellular pH of HCT I 16 cells measured by flow cytometric
analysis
Cells (5 x 10�/ml) were harvested, loaded with BCECF/AM, and resuspended in
HBSS medium as described in Materials and Methods. After equilibration for 30
mm, MMC at various concentrations or equivalent buffer for control cells was
added. Extracellular pH was the pH of the HBSS medium, which was measured
with a pH meter. Intracellular pH was measured as the fluorescence ratio (fi/f2) of
the emission from BCECF at 530 ± 10 nm (f,) and 630 ± 20 nm (f2), with a
FACStar. Both extracellular and intracellular pH measurements were performed
immediately after the addition of MMC (60 mm) and at the end of 60-mm drug
treatment (120 mm). Extracellular pH data represent mean ± standard error of five
determinations. Intracellular pH data represent mean ± standard error of two
separate measurements of two experiments. with MMC at 12.8 MM.

1�me Extracellular pH

60 mm 5.98 ± 0.04 7.18 ± 0.05 7.62 ± 0.05
120 mm 6.02 ± 0.04 7.22 ± 0.04 7.60 ± 0.04

‘lena Intracellular pH

Control cells
60 mm 6.32 ± 0.05 7.34 ± 0.05 7.63 ± 0.07
120 mm 6.26 ± 0.07 7.33 ± 0.05 7.61 ± 0.10

MMC-treated
cells

60 mm 6.26 ± 0.05 7.33 ± 0.04 7.68 ± 0.07
120 mm 6.10 ± 0.06 7.35 ± 0.05 7.59 ± 0.09

MMC Concentration (1tM)

Fig. 2. Survival of HCT 1 16 and HCT 1 16-R3OA cells with different
intracellular pH values after 60-mm exposure to MMC. Cells were equil-
ibrated for 60 mm in HBSS medium at the designated pH and were then
exposed to various concentrations of MMC in the same medium for 60
mm. Cells were then washed free of drug and doned in McCoy’s 5A
complex medium. After incubation for 10 days at 37#{176}with 5% CO2 and
95% humidity, colonies with >50 cells were counted. The cloning effi-
ciency for each treatment was determined and expressed as a percent-
age of control. Each point represents the mean ± standard error of at
least four experiments. A, HCT 1 16 cells at pH 6.0 and 7.6; B, HCT 116-
R3OA cells at pH 6.0 and 7.6.

slightly affected the intracellular pH of HCT 1 16 cells during

drug exposure at pH 6.0 (p > 0.05). All data obtained during

the study of HCT 116-R3OA cells were similar to those from

the study of HCT 116 cells.

Effect of intracellular pH on MMC cytotoxicity. Under

aerobic conditions, HCT 1 16 cells became more sensitive to
MMC at a lower pH. The IC� of MMC decreased from 0.3 ±

0.04 �tM at pH 7.6 to 0.1 ± 0.03 �zM at pH 6.0 (p < 0.05) (Fig.

2A). Survival of HCT 116 cells treated at pH 7.2 was between

those of cells treated at pH 6.0 and 7.6. In contrast, changing

intracellular pH from 7.6 to 7.2 or 6.0 did not affect the
sensitivity of HCT 116-R3OA cells to a 1-hr exposure to MMC.
The IC50 of MMC at these three hydrogen ion concentrations

was 1.0 tiM, with little variation (Fig. 2B). There was an

approximately 3-fold difference in IC5� values between the

MMC-sensitive and the MMC-resistant cell lines in the current

measurement, instead of 5-fold as reported earlier (24). This

discrepancy was caused by the 2-hr exposure of cells in serum-

free medium. During anaerobic exposure to MMC, no difference

in cell survival was detected between the two cell lines, and the
IC5) of MMC was 0.03 �zM for both cell lines.

Effect of intracellular pH on DNA interstrand cross-

linking. MMC induced interstrand DNA cross-linking in both

cell lines (Fig. 3). The amount of cross-linking increased as

drug concentration increased from 3.2 to 6.4 and 12.8 �M (data

for 3.2 and 6.4 j.tM are not shown). The amount of interstrand

DNA cross-linking in HCT 116 cells increased as the intracel-

lular pH decreased from 7.6 to 6.0 (Fig. 3A). The difference

between pH 7.6 and 6.0 was statistically significant (p < 0.05).

The difference between pH 7.2 and 6.0 was not as significant

(p < 0.2). The effect of intracellular pH of MMC-DNA inter-

strand cross-linking in the MMC-resistant HCT 116-R3OA

cells was less detectable (Fig. 3B). When the two cell lines were

compared after treatment at the same intracellular pH, the

amount of interstrand DNA cross-linking was always greater

in HCT 116 cells than in HCT 116-R3OA cells.

MMC-DNA adducts produced by MMC activated by

cellular fractions. Depending on the pH value and oxygen

tension, different adduct patterns were produced when calf

thymus DNA interacted with MMC that had been activated by

different cellular fractions of MMC-sensitive and MMC-resist-

ant cells. The specifically identified adduct patterns resulting

from the interaction of calf thymus DNA and xanthine oxidase-

activated MMC (25) were used as standards. Minimal MMC

adducts were detected by TLC when MMC was activated under

aerobic conditions by microsomal fractions of sensitive or re-

sistant cell lines at either pH 6.0 or 7.6 (data not shown). Under

anaerobic conditions, activation of MMC by microsomes of

both cell sources produced two different adduct patterns, de-

I’�t(lIitt1jOI1 ( l�t(l

Fig. 3. MMC-induced DNA interstrand cross-linking in HCT 1 16 and HCT
1 16-R3OA cells. Both types of cells were prelabeled with [14C]thymidine
and then exposed to 12.8 �M MMC in HBSS media at pH 6.0, 7.2, and
7.6 after a 60-mm equilibration, as described in Materials and Methods.
Cells were recovered, washed, and exposed to specified doses of X-
irradiation, and alkaline elution was performed as described in Materials
and Methods. Concomitant positive controls with 5 MM mustargen were
included in each experiment. Points represent the mean ± standard error
of two experiments, each performed in duplicate. Statistical analyses
were conducted with data sets for pH 7.6 and 6.0 (p < 0.05) and for pH
7.2 and 6.0 (p < 0.2) by Wilcoxon test.
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Fig. 4. Two-dimensional TLC analysis of �P-labeled
nucleotides from DNA alkylated at pH 6.0 and pH 7.6
by MMC activated by microsomal and soluble fractions
of HCT 1 16 and HCT 1 16-R3OA cells. The preparation
of MMC-DNA, the procedure for 32P-labeling, and the
two-dimensional TLC development were as described
previously (25). Equal amounts of DNA (0.5 �g) from
eight different treatments were spotted. Top, MMC ac-

Dl tivated by microsomes of HCT 1 16 cells at pH 7.6 (A),
A HCT 1 16 cells at pH 6.0 (B), HCT 116-R3OA cells at pH

qt 7.6 (C), and HCT 1 16-R3OA cells at pH 6.0 (D). Bottom,
MMC activated by soluble fractions of HCT 1 16 cells at
pH 7.6 (E), HCT 1 1 6 cells at pH 6.0 (F), HCT 1 16-R3OA
cells at pH 7.6 (G), and HCT 1 16-R3OA cells at pH 6.0
(H). o, origin.

pending on the pH of the reaction (Fig. 4, A-D). From DNA

alkylated at pH 6.0, six different radioactive spots (a, b, d, e,

f, and i) were separated by TLC (Fig. 4, B and D), whereas five

spots (a, b, d, e, and f) were separated from the DNA alkylated

at pH 7.6 (Fig. 4, A and C).

Identities of the spots were assigned based on comparison

with adducts produced from concomitantly performed standard

reactions of calf thymus DNA and xanthine oxidase-activated

MMC (Table 2). Spots a, b, and f were identified as aN2-G-

MMC, N2-G-DMC, and �W2-G-MMC, respectively. Spot e,

which was overshadowed by spot b, was identified as the cross-

linked adduct (N2-G)2-MMC. Spot d was not identified, and

spot i was thought to be a nucleotide resistant to nuclease

digestion. As we demonstrated previously (25), pH is the deter-

mining factor for types of adducts shown by the two TLC

separation patterns. Analysis by Betascope of the relative in-

tensity of radioactive spots further illustrated the differences

in distribution ratios of these spots (Table 2).

Under aerobic conditions at pH 7.6, the soluble fraction of

either HCT 116 or HCT 116-R3OA cells activated MMC to

alkylate calf thymus DNA and yield only one radioactive spot,

spot b (Fig. 4, E-H). The radioactivities of the spots obtained

were similar (Table 2). At pH 6.0, DNA alkylation by MMC

activated by the soluble fraction of the MMC-sensitive cells

produced three spots (a, b, and f) with assigned identities and

two unidentified spots (d and i), an adduct pattern similar to

that produced by microsomes at pH 6.0. In contrast, MMC

activation by the soluble fraction of MMC-resistant cells at pH

6.0 produced only one spot, spot b. Under anaerobic conditions,

interaction of calf thymus DNA with MMC activated by the

soluble fraction of either cell line produced results similar to

those produced under anaerobic conditions (data not shown).

Effect of intracellular pH on adduct formation in cell-

ular DNA. Depending on the cell type and the intracellular

pH during drug treatment, DNA isolated from cells exposed to

25 �tM MMC showed different t2P-postlabeling adduct patterns

(Fig. 5). DNA from HCT 1 16-R3OA cells exposed to MMC at

pH 6.0 and 7.6 produced two similar radioactive spots (b and

f) (Fig. 5, B and D). DNA from HCT 116 cells exposed to MMC

at pH 6.0 and 7.6 produced two different TLC patterns. At pH

7.6, two spots (b and f), similar to those produced by DNA

from the HCT 1 16-R3OA cells, were resolved, although the

intensity was somewhat greater (Fig. 5A). At pH 6.0, however,

DNA from HCT 1 16 cells produced seven radioactive spots (a,

b, d, f, g, h, and 1) (Fig. 5C). Proportionally, a large amount of

spot f was detected in cellular DNA from either cell line treated

at either pH value. There were no radioactive spots from control

cells of either type after incubation at pH 6.0 or 7.6 without

exposure to MMC. Analysis by Betascope of the relative inten-

sity of radioactive TLC spots further illustrated the difference

in DNA from the two types of cells treated at pH 6.0 and 7.6

(Table 2).

By comparison with the standard, the identities of spots a,

b, and f were tentatively assigned as N2-G-DMC, 1”aJ’12G-

MMC, and 1”j3N�-G-MMC, respectively. Spots d and i were

observed previously in a study of the interaction of DNA with

MMC activated by xanthine oxidase, where spot d was an

unknown and spot i was thought to be a nucleotide resistant

to nuclease digestion. The identities of two new radioactive

spots, g and h, remain unknown.

Discussion

Acidic pH enhanced both drug response and MMC-induced

DNA cross-linking in HCT 116 cells. Kennedy et al. (17) have

reported similar observations in EMT6 cells. We have shown

that the HCT 1 16 cells contain high levels of quinone reductase

(24), and by assaying the reduction of 2,6-dichlorophenol-

indophenol we have shown that EMT6 cells contained levels

of quinone reductase similar to those in HCT 116 cells) We

feel that the high content of quinone reductase in these cells is

responsible for the DNA cross-linking and aerobic cytotoxicity

of MMC that can be further enhanced by acidic intracellular

pH.

Using microsomes and soluble extracts separately to catalyze

MMC activation and DNA adduct formation, we tested the

action of NADPH-cytochrome P450 reductase and quinone

reductase associated with these fractions. Our data show that

MMC intermediates produced by soluble extracts have the

ability to alkylate DNA. At pH 6.0, HCT 116 soluble extract

was more active than HCT 1 16-R3OA soluble extract. This is

presumably due to the higher level of quinone reductase present

in HCT 116 cells, because other reductive enzymes contained

in microsomes and mitochondria were not present in the soluble

fraction preparations used. The presence or absence of oxygen

had no effect on the DNA adduct formation by MMC inter-

mediates produced by soluble fractions. On the other hand,
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TABLE 2
Distribution of 32P-postlabeled DNA adducts in MMC-alkylated DNA
Methods for preparation of MMC-alkylated DNA through activation by microsomes or soluble extracts of HCT 116 or HCT 116-R3OA cells, isolation of cellular DNA from
cells treated with MMC, �P-pestlabeIing of DNA adducts, TLC separation of DNA adducts, and quantitative analysis of radioactive spots on TLC plates by Betascope
were described in detail in the text. Quantification was based on equal amounts of DNA (0.5 Mg) subjected to TLC analysis. Data were obtained from an average of
repeated experiments. The variation between experiments was <15%.

RadiOaClMty

Spot Identity HCT 116 HCT 116-R3OA

pH7.6 pH6.1 pH7.6 p116.1

dpm

Microsomes
a N2-G-DMC 3,914 15,244 4,498 15,361
b + e a N2-G-MMC (N2-G)2-MMC 17,376 9,034 18,646 9,521
d Unknown 1,481 1,558 1,330 1,689
f j3 N�-G-MMC 2,240 2,507 1 91 5 2,657
i Unknown 2,787 2,345

Total 25,011 31,137 27,918 31,573
Soluble extracts

a N2-G-DMC 5,069
b + e a N�-G-MMC (N2-G)�-MMC 1 437 10,196 1 726 6,382
d Unknown 1,078
f 13N2-G-MMC 1,771
I Unknown 1,418

Total 1 437 19,532 1 726 6,382
Cellular DNA

a N2-G-DMC 1,680
b a N2-G-MMC 770 948 41 8 620
d Unknown 1,138
f j3 N�-G-MMC 3,269 11 825 1 291 1,256
i Unknown 974
g + h Unknown 1,323

Total 4,039 17,888 1,709 1,885

when MMC intermediates were produced by microsomal en-

zymes anaerobic conditions were required for DNA alkylation.

Again, the pH of the reaction was the determining factor in the

distribution of DNA adducts, as indicated by 32P-postlabeling

results.

The bifunctional cross-linked adduct was not detected in

cellular DNA by the 32P-postlabeling assay, due to either its

resistance to nuclease digestion or low concentration. Measure-

ment of cellular DNA cross-linking by MMC had to rely on the

alkaline elution method. Nevertheless, total DNA adduct for-

mation in cells responded to intracellular pH changes and the

activity of quinone reductase in the two cell lines studied. Only

HCT 1 16 cells with intracellular pH in the acidic range gener-

ated large amounts of MMC-DNA adducts, with the typical

distribution pattern produced by reductive enzymes at low pH.

The high level of quinone reductase in HCT 1 16 cells is prob-

ably responsible for this aerobic DNA alkylation at acidic

intracellular pH. The bifunctional monoadduct flN�-G-MMC

was produced at 10-fold higher levels in the MMC-sensitive

cells at pH 6 than in the MMC-resistant cells. MMC-resistant

cells did not express a 10-fold increase in resistance. It is likely
that this adduct is not the major factor for cytotoxicity of

MMC, instead, bifunctional cross-linking is more important

for cytotoxicity.

MMC-DNA adducts and MMC-DNA cross-linking were de-

tected in both types of cells when the intracellular pH was

adjusted to 7.2-7.6, a pH range that was not optimal for quinone

reductase. Other reductive enzymes, including cytosolic, micro-

somal, and mitochondrial enzymes, could be responsible for

MMC reduction at this higher pH range. This possibility is

supported by our earlier observations, in HCT 1 16 and HCT

116-R3OA cells at physiological pH (7.4), that DNA alkylation

by radioactive porfiromycin was not totally inhibited by 100

�M dicoumarol (24). This is also supported by the recent report

that xanthine dehydrogenase has a pH profile for reducing

MMC similar to that of quinone reductase, but extending more

into the physiological pH range (34). More DNA cross-linking

and DNA adducts were detected in HCT 116 cells than in HCT

116-R3OA cells at pH 7.6, which is an optimal pH for NADPH-

cytochrome P450 reductase. Although the contents of NADPH-

cytochrome P450 reductase in both cell lines are similar (24),

the contents of other reductive enzymes have yet to be analyzed.

Another possibility is that localized areas in cells may be under

acidic conditions. The conditions used in the present study to

obtain the desired intracellular pH were designed to provide a

stable controlled environment. The pH-sensitive dye BCECF,

used for flow cytometric analysis, is reported to be localized

almost exclusively in the cytoplasm (33). Whether the pH is

uniform through the whole cell, including the nucleus and

mitochondria, under our experimental conditions is not known.

The ultimate proof relating reductive activation of MMC by
quinone reductase, over a wide pH range, to MMC-DNA adduct

formation will require experiments with purified enzymes from

both cell lines. These studies are in progress.

This study was conducted in a controlled environment. How-

ever, data obtained strongly suggest that the high level of

quinone reductase in HCT 116 cells is responsible for the

aerobic cytotoxicity of MMC that can be enhanced by acidic

intracellular pH. Decreased activity of quinone reductase was

used by MMC-resistant HCT 116-R3OA cells as a mechanism
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Fig. 5. Two-dimensional TLC analysis of 32P-labeled nucleotides from
DNA isolated from HCT 1 1 6 and HCT 1 16-R3OA cells exposed to 25 MM

MMC for 1 hr, with intracellular pH equilibrated to 6.0 and 7.6. The
isolation of cellular DNA, the procedure for 32P-labeling, and the two-

dimensional TLC development were as described in the text. Equal
amounts of DNA (0.5 Mg) from cells from five sources were spotted. A
and B, Cells treated at intracellular pH 7.6, HCT 1 1 6 (A) and HCT 116-
R3OA (B). C-E, Cells treated at intracellular pH 6.0; HCT 1 16 (C), HCT
1 16-R3OA (D), and HCT 1 16 without MMC exposure (E). 0, origin.

to avoid MMC-induced DNA damage under aerobic conditions.

Bioreductive activation of MMC is one of the key factors in

the multiple antitumor actions of this agent. NADPH-cyto-

chrome P450 reductase, with a higher optimal pH range, has

been thought to be the major enzyme for the activation of

MMC. The demonstration that quinone reductase activates

MMC in a low pH range, alkylating cellular DNA under both

hypoxic and aerobic conditions, indicates a wider spectrum for

MMC to function in solid tumors, which may contain a range

of pH and oxygen concentrations. In an in vivo situation, to

produce optimal metabolic and environmental conditions for

solid tumors, containing a heterogeneous population of cells,

that would favor the activation of MMC by any particular

enzyme would be difficult. However, the wide range of enzymes,

including NADPH-cytochrome P450 reductase (4), xanthine

oxidase (4), xanthine dehydrogenase (34), cytochrome b reduc-

tase (35), quinone reductase (11, 13), and other reductases,

provides enzymatic reductive capabilities for MMC activation

over a wide span of conditions. Further understanding of the

regulation of quinone reductase in tumor cells and of their

ability to reduce various quinone agents should be helpful for

future clinical applications of quinone-containing agents.
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