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ABSTRACT

Exposure of III29 cells in culture to O'-methylguanine is known to
result in a reduction in O'-alkylguanine-DNA alkyltransferase (AGT)

activity and an enhancement of sensitivity to the cytotoxic effects of
chloroethylating agents. Since cytotoxicity of these agents may be me
diated by the formation of interstrand cross-links, alkaline elution analy
sis was performed on HT29 cells treated with l-(2-chloroi'thyI)-l-nitro-
sourea, l-(2-chloroethyl)-3-cyclohexyl-l-nitrosourea, and Clomesone [2-
chloroethyl(methylsulfonyl)methanesulfonate] in the presence or absence
of O'-methylguanine pretreatment to determine if the enhanced toxicity
was due to an increase in the number of cross-links formed. Interstrand
cross-linking by l-(2-chlorot'thyl)-l-ni(rosourea or l-(2-chloroethyl)-3-
cyclohexyl-1-nitrosourea was increased by pretreatment with 0.4 mM O*-
methylguanine for 24 h. Cross-linking by Qomesone was observed only
in cells exposed to 0.4 mM 06-methylguanine for 24 h prior to adminis

tration of the drug and for 12 h after administration, suggesting that the
resynthesis of the AGT may prevent the cross-linking by Clomesone.
Complete recovery of AGT activity after reduction to 20 to 30% of the
basal level upon treatment with 0.4 mM O'-methylguanine required

between 8 h and 15 h in both HT29 cells and in Raji cells which were
also sensitized to l-(2-chloro-ethyl)-3-cyclohexyl-l-nitrosourea by ex
posure to O'-methylguanine. These data suggest that the enhancement
of chloroethylnitrosourea toxicity after treatment with O'-mct hyIguanine

may be related to an increase in the number of DNA cross-links and that
the relatively rapid rate of AGT recovery plays a role in prevention of
cross-links resulting from Clomesone.

INTRODUCTION
The CENUs3 are a class of marginally active cancer chemo-

therapeutic agents used to treat brain tumors and a variety of
systemic malignancies (1,2). The low frequency of effectiveness
of these agents may, in part, be explained on a cellular level by
the local concentration of active DNA repair proteins. A protein
which is likely to be important in this regard is AGT which
catalyzes the transfer of alkyl groups from the O'-position of

guanine onto a cysteine residue within its own sequence (3,
reviewed in 4-7). The bulk of the evidence suggests that the
CENUs exert their biological effect through a spontaneous
decomposition to a chloroethylating species which can react
with nucleophilic sites on macromolecules, although recent
evidence suggests a regioselective mechanism for alkylation (8,
9). The critical cytotoxic lesion is thought to be a covalent
cross-link between the complementary DNA strands formed
after intramolecular rearrangement following chloroethylation
at the O'-position of guanine (10-13). Prior to cross-link for
mation, the O'-chloroethylguanine lesion or a cyclized inter
mediate, >V, O'-ethanoguanine, may be a substrate for the AGT

(14). The alkyl groups known to be accepted by this protein
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include not only methyl, but ethyl, hydroxyethyl, propyl, and
butyl adducts (15-18). Although there is no direct evidence for
transfer of the chloroethyl group to the AGT, there is an inverse
correlation between the amount of this protein within a cell or
tumor and the sensitivity to the CENUs (13, 19, 20).

Previously, it has been shown that exposure of cells to non-
toxic doses of O'-methylguanine significantly decreases their

level of AGT (21, 22). The mechanism of depletion is that the
free base acts as a weak substrate for the AGT protein (21).
Since the alkylated form of the repair protein is not subject to
regeneration in vivo, the number of lesions repaired is limited
by the amount of protein present (5-7). Therefore, depletion of
this protein through demethylation of the free base leaves less
protein available for repair of critical cytotoxic lesions intro
duced by the CENUs. Presumably as a result of this reduction
in cellular AGT, the sensitivity of human cell lines to the
cytotoxic effects of chloroethylating agents has been shown to
significantly increase after exposure to O'-methylguanine (22-

24). More specifically, pretreatment of human colon cells,
HT29, with <7"methylguanine resulted in an enhanced sensi
tivity to CCNU or to Clomesone [2-chloroethyl(methylsul-
fonyl)methanesulfonate]. Cells treated with Clomesone showed
a greater enhancement in sensitivity even though the extent and
rate of cross-link formation are much lower than for the CENUs
(25).

In this study, we have determined the effect of O'-methyl
guanine pretreatment on the formation of DNA cross-links by
two different classes of chloroethylating agents. The objective
was to determine whether the increased sensitivity to the toxic
effects of CENUs and Clomesone observed in cells after expo
sure to O'-methylguanine was a result of an increase in the
number of lethal cross-links formed by the chloroethylating
agents. A higher number of cross-links in the depleted cells
would further support the theory that cross-links are responsible
for toxicity and that the AGT protects against this toxicity.

MATERIALS AND METHODS

Chemicals and Drugs. O'-Methylguanine was synthesized by the

method of Balsiger and Montgomery (26) and dissolved in cell culture
medium to give a final concentration of 0.4 mM. CCNU (NSC 79037),
CNU (NSC 97547), and Clomesone (NSC 33847) were obtained from
the Drug Synthesis and Chemistry Branch, Division of Cancer Treat
ment, National Cancer Institute, Bethesda, MD. [3H]Methylnitrosourea
(5.6 Ci/mmol) was purchased from Amersham-Searle, Arlington
Heights, IL. All other biochemicals were obtained from Sigma Chem
ical Co., St. Louis, MO.

Cell Culture. The human colon carcinoma cell line, HT29, was
maintained as described previously (24). Raji lymphoma cells were
obtained from Dr. F. Rapp, Pennsylvania State College of Medicine,
Hershey, PA. The cells were maintained in RPMI medium containing
36 mM NaHCOj, 9 /jg/ml of streptomycin, and 9 units/ml of penicillin
and supplemented with 10% fetal calf serum. Cells were maintained in
a humidified atmosphere of 10% CO2/90% air at 37Â°C.

Alkaline Elution Assays. Alkaline elution was performed as described
by Kohn and coworkers (27). Exponentially growing HT29 cells were
labeled 24 h prior to drug treatment with 0.02 ^Ci/ml of [l4C]thymidine
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(>56 mCi/mmol; New England Nuclear, Boston, MA). LI210 cells
which are used as internal standards were labeled with O.OSj<('Â¡/nilof
l3H]thymidine (20 mCi/mmol; New England Nuclear). All cells were
chilled on ice following harvest, irradiated with 300 R of 7-irradiation,
layered onto O.S-^im polycarbonate filters (Nucleopore, Pleasanton,
CA), lysed with 2% sodium dodecyl sulfate containing 0.1 M glycine at
a pH of 10.0, digested with 0.5 mg/ml of proteinase K in lysis solution,
and eluted with tetrapropylammonium hydroxide containing 0.02 M
EDTA and 0.1% sodium dodecyl sulfate at a pH of 12.1.

Assay of ACT Activity. The cells were allowed to grow for 4 days,
and the medium was replaced with fresh medium or medium containing
0.4 mM O*-methylguanine. After 4 h, all flasks were replaced with fresh

medium until specific time periods when cells were harvested and
collected by centrifugation, and extracts were prepared (28, 29). The
ACT activity was analyzed by measuring the loss of O6-methylguanine

in a DNA substrate that had been methylated by reacting calf thymus
DNA with [3H]methylnitrosourea (5.6 Ci/mmol). After incubation of
extract with [3H]DNA at 37Â°Cfor 30 min, the DNA was acid hydro-

lyzed, and the methylated purines were analyzed on a reverse-phase
column using high-pressure liquid chromatography as previously de
scribed (29).

Cytotoxicity Assay. Raji cells in exponential growth (8 x 10s cells/

ml) were preincubated for 24 h in the presence or absence of 0.4 mM
O'-methylguanine and subsequently treated with concentrations of

CCNU between 0 and 50 ^M while remaining in the same medium.
After 2 h at 37Â°C,cells were centrifuged and resuspended at a density
of 2.5 x IO4 cells/ml in medium alone or medium containing O6-

methylguanine for 4 days. Cytotoxicity was determined by inhibition
of cell growth after treatment with CCNU. The number of cells present
was determined by use of a Coulter Counter.

RESULTS

Alkaline elution analysis to determine interstrand cross-links
was performed on DNA from HT29 cells exposed to a chloro-

ethylating agent with and without pretreatment for 24 h with
0.4 mM O6-methylguanine. There were no detectable cross

links formed in cells treated with CNU at concentrations be
tween 100 and 200 fiM (Fig. 1, Â¡eft).These data are consistent
with previous results (30). When these same cells were pre-
treated with 06-methylguanine for 24 h, there was a significant
increase in detectable interstrand cross-links dependent on the
dose of CNU (Fig. 1, right).

Similar results were obtained when HT29 cells were treated

1.0 OS 0.6 1.0 04 0.6 C

FRACTION OF 'H DNA ON FLTER

Fig. 1. DNA alkaline elution assays for DNA interstrand cross-linking in
HT29 cells exposed to the indicated doses of CNU without (left) or following a
24-h O'-methylguanine (m'C) pretreatment (righi). Cells were treated with CNU
for 2 h and incubated for 6 h in drug-free medium to achieve peak cross-linking
levels. Following harvest, cells were mixed with 3H-labeled 1,1210 cells, chilled
on ice, and irradiated with 300 R of-y-irradiation. Alkaline elution was performed
as described in "Materials and Methods."

in the same way with CCNU at concentrations between 100
and 200 /Â¿M.Interstrand cross-links were only observed in cells
treated with O6-methylguanine prior to CCNU (Fig. 2).

In experiments with Clomesone, DNA strand breaks and/or
alkali-labile sites were observed and were equivalent to several
hundred rad equivalents as previously described by Gibson and
coworkers (31-33) (data not shown). Interstrand cross-links

were not formed after exposure of HT29 cells to concentrations
between 250 and 500 ^M Clomesone in the absence of O6-

methylguanine pretreatment for 24 h (Fig. 3, left). The lack of
cross-links in the absence of {/'-met hyIguaninc at these concen

trations of Clomesone is consistent with previous results (31).
Following O'-methylguanine pretreatment and Clomesone ex
posure, there was no increase in the levels of cross-linking (Fig.
3, center). Because a 12-h incubation was necessary to allow
peak cross-link formation, we speculated that ACT was being
regenerated. Therefore, O6-methylguanine was added before
and after Clomesone treatment. The pre- and posttreatment
resulted in a slight increase in the number of cross-links formed
if cells were exposed to O'-methylguanine for an additional 12

h following Clomesone treatment as indicated by the elution
curves slowing relative to the 300-R control curve (Fig. 3, right).
Although this slight increase in the number of cross-links was
reproducible, it was not dose dependent.
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Fig. 2. DNA alkaline elution assays for DNA interstrand cross-linking in
HT29 cells exposed to the indicated doses of CCNU without (left) or following a
24-h O'-methylguanine (m'G) pretreatment (right). Cells were treated with
CCNU for 2 h and incubated for 6 h in drug-free medium to achieve peak cross-
linking levels. Elution conditions were as described in Fig. 1.
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Fig. 3. DNA alkaline elution assays for DNA interstrand cross-linking in
HT29 cells exposed to the indicated doses of Clomesone (CIEtSoSo) without
(left), following a 24-h O'-methylguanine (m'G) pretreatment (center), or follow
ing a 24-h O'-methylguanine pretreatment and an incubation of O'-methylguan

ine for an additional 12 h following Clomesone exposure (right). Cells were
treated with Clomesone for 2 h and incubated for an additional 12 h in drug-free
medium to achieve peak cross-linking levels. Elution conditions were as described
in Fig. 1.
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The finding that cross-link formation after exposure to
Clomesone was only enhanced by O'-methylguanine if it was

present both before and after treatment suggested that recovery
of the ACT may play a role in preventing cross-linking by this
agent. Therefore, the speed of resynthesis of the ACT after
depletion by O6-methylguanine was investigated. The rate at

which ACT levels recovered in HT29 cells after treatment with
0.4 HIMO6-methylguanine for 4 h was determined (Fig. 4). In

agreement with previous results, the ACT activity was depleted
to 30% of basal level after a 4-h exposure to O'-methylguanine.
The O'-methylguanine medium was replaced with fresh me

dium, and the activity was measured at various time periods
following depletion. There is complete recovery of AGT within
15 h, and approximately 50% of the AGT activity lost is
recovered within 4 h (Fig. 4). Raji cells were similarly treated
for 4 h with 0.4 HIM O'-methylguanine which resulted in

depletion to about 19% of basal level. Recovery of AGT activity
to basal level required approximately 8 h (Fig. 5). These results
are comparable to those of Karran and Williams (34) who
reported full recovery of activity in Raji cells within 4 h. This
is in contrast to the recovery in He-La cells which required about
48 h for full restoration of activity (21).

The effect of O6-methylguanine pretreatment on the sensitiv

ity of Raji cells to CCNU toxicity was examined by analyzing
the inhibition of cell proliferation. Raji cells were treated with
O'-methylguanine prior to, during, and after treatment with

concentrations of CCNU up to 50 /Â¿Mfor 2 h. There was a
significant enhancement in the sensitivity of cells to the toxic
effects of CCNU with cells continuously exposed to O'-meth-

ylguanine as compared to cells in medium alone (Fig. 6).

DISCUSSION
Previous results demonstrate that O6-methylguanine pre

treatment enhances the sensitivity of repair-proficient HT29
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Fig. 4. AGT depletion and repletion in HT29 cells after treatment with O'-
methylguanine. HT29 cells were exposed to 0.4 min O'-methylguanine for 4 h,

after which the medium was replaced with fresh medium. ACT activity was
measured in cell extracts prepared at the indicated time as described in "Materials
and Methods." Points, mean of at least two determinations; bars. SD.
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Fig. 5. AGT depletion and repletion in Raji cells after treatment with O'-
methylguanine. Raji cells were grown for 4 h in medium containing O'-methyl

guanine, after which the medium was replaced with fresh medium. Cells were
centrifugea, and extracts were prepared for AGT determination at the indicated
times, as described in "Materials and Methods." Points, mean of at least two

determinations; bars, SD.
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Fig. 6. Effect of O'-methylguanine (m"(V) on proliferation of Raji cells treated

with CCNU. Raji cells were exposed to fresh medium (â€¢)or medium containing
0.4 mM O'-methylguanine (U) 24 h prior to, during, and 96 h after treatment

with CCNU for 2 h at the concentrations indicated. Cell number after 4 days of
growth was determined. Points, mean of at least three determinations; bars, SD.
Paints not containing an error bar indicate the SD was too low to be shown. C,
control.

and HeLa cells to CENU toxicity (22-24). The mechanism for
enhancement of CENU toxicity by O'-methylguanine is that

the free base acts as a substrate for the AGT protein, resulting
in less available protein for repair of cross-link precursor lesions
(19). Furthermore, the number of interstrand cross-links pro
duced by the CENUs is significantly higher in cells lacking
AGT than in cells containing high levels of the protein (11,
13).

The present data demonstrate that the number of detectable
interstrand cross-links observed in HT29 cells upon exposure
to CCNU or CNU increased when cells were pretreated with
O'-methylguanine. These data suggest that the enhancement of
CENU toxicity observed in HT29 cells after treatment with O6-
methylguanine is due to an increase in interstrand cross-links
and further support the theory that interstrand cross-link for
mation is prevented by the AGT protein.

Although the sensitivity of HT29 cells to Clomesone toxicity
was significantly enhanced when cells were treated with O6-

methylguanine (24), there was no observed increase in the
number of cross-links following the same treatment schedule.
There was a slight increase in the number of cross-links if the
cells were exposed to O'-methylguanine for 24 h prior and 12

h after Clomesone treatment. The rate of AGT resynthesis was
determined in efforts to explain these data. Our results indicate
that there is a 70% restoration of AGT activity within 4 h after
depletion by O'-methylguanine. Therefore, it is possible that
the recovery of AGT occurs before a significant number of O'-
chloroethylguanine lesions or cross-links formed from O'-chlo-

roethylguanine lesions are generated by treatment with Clome
sone, with peak cross-linking occurring 12 h after drug exposure
(31).

The decline in AGT activity by O'-methylguanine and sub
sequent rise to control levels on removal of O'-methylguanine-

containing medium were studied in Raji cells as well as HT29
cells. The recovery to control levels required approximately 8
h in Raji cells. Previously, our laboratory had shown that HeLa
cells required 48 h in fresh medium before full restoration of
AGT activity (21). Thus, it is possible that the rate of AGT
regeneration varies depending on the cell line, tumor, or tissue.
It is important to note, however, that the rate of recovery
measured after treatment with O'-methylguanine represents a

combination of the rate of synthesis of AGT, the rate of
degradation of the protein, and the rate of further depletion by
O'-methylguanine remaining in the cells. A difference in the

rate of recovery of AGT in tumors and tissues could be advan
tageous in terms of sensitizing a tumor and not surrounding
tissues to the CENUs by treatment with O'-methylguanine.

Although our results concerning the recovery of AGT in Raji
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cells are in agreement with those of Karran and Williams (34),
our data showing the sensitization of cells to CCNU toxicity
by O6-methylguanine treatment are in sharp contrast to their
report. They found no effect of 06-methylguanine on killing of

Raji cells by BCNU or CNU. However, our data indicate clearly
that continuous treatment of Raji cells with 06-methylguanine

renders cells more sensitive to CENUs. This is consistent with
our previous studies (24) in HT29 cells which exhibit a similar
rate of ACT regeneration as Raji cells, after treatment with O6-

methylguanine. The discrepancy in results is not fully under
stood, but it may relate to the fact that we have studied the
effect of pre- and posttreatment of 0.4 mM O6-methylguanine

on the sensitization of CCNU, while they have only shown
results for the effect of pretreatment with 0.1 HIM06-methyl-

guanine on sensitization to CNU (34).
There are other differences between Clomesone and the

CENUs with regard to the sequence specificity of alkylation,
rate, and extent of cross-link formation. The CENUs appear to
preferentially attack guanine in a run of guanines, whereas
Clomesone demonstrates no preference of attack (32). Further
more, the rate of cross-linking at equivalent concentrations of
Clomesone is 5- to 10-fold lower than that of BCNU (25). The
maximum extent of cross-links formed for Clomesone in 24 h
is less than 50% that induced by BCNU in 8 h (23). Gibson et
al. (33) have shown that, although the CENUs chloroethylate
and hydroxyethylate DNA, Clomesone only chloroethylates.
Clomesone is an SN2 reagent which may chloroethylate DNA
at a very slow rate, such that the rate-determining step in the
formation of cross-links is the initial reaction with DNA. Con
sistent with our data, previous results demonstrated no increase
in the number of interstrand cross-links by Clomesone upon
pretreatment with Af-methyl-W-nitnWV-nitrosoguanidine (31).
The increase in Clomesone toxicity observed after treatment
with O6-methylguanine or yV-methyl-W-nitro-Af-nitrosoguani-

dine may be due to a mechanism different than a depletion in
AGT activity followed by an increase in the number of inter-
strand cross-links produced by the chloroethylating agent.
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