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ABSTRACT

The formation of DNA interstrand cross-links was compared in DNA
treated with either l,3-bis(2-chloroethyl)-l-nitrosourea or 2-chloroethyl-
(methylsulfonyl)methanesulfonate. DNA that was pulse treated briefly
with either of these drugs continued to form cross-links at 37Â°Cfor over

8 h after drug removal, indicating that such DNA contained stable
precursors of cross-links. When human 06-alkylguanine-DNA alkyl-
transferase was added to the drug-treated DNA further cross-link for
mation was prevented at all points during this protracted time course,
indicating that these stable cross-link precursors also remained substrates
for this repair enzyme. Although the pattern of 2-chloroethyl(meth-
ylsulfonyl)methanesulfonate-induced cross-link formation and suscepti
bility to suppression by 06-alkylguanine-DNA alkyltransferase resem
bled that for l,3-bis(2-chloroethyl)-l-nitrosourea, quantitative differ
ences in the rates of cross-link formation and in the amounts of O*-
alkyguanine-DNA alkyltransferase required to suppress cross-link for
mation suggest that critical differences exist between these agents.

INTRODUCTION

The CENUs3 constitute a class of bifunctional alkylating

agents that have been used with some success in the treatment
of human neoplasia (1). In particular they have proved to be
effective therapy for tumors of the central nervous system
because they readily cross the blood-brain barrier (2). A large
proportion of human tumors, however, respond poorly to these
drugs and it is likely that such drug resistance is often due to
repair of DNA lesions that are critical to the drugs' cytotoxic

effects. It is generally held that the CENUs act by decomposing
to yield a chloroethyl carbonium ion that reacts initially to form
06-chloroethylguanine on one strand of DNA which subse

quently undergoes slower rearrangement and reaction with the
opposite strand to form a cross-link (3). Based on the premise
that the chloroethylating species is the crucial element for
antitumor cytotoxicity, several new nonnitrosourea chloroeth
ylating agents have been recently prepared and evaluated for
oncolytic activity in animal model systems. One of these, 2-
chloroethyl(methylsulfonyl)methanesulfonate, also called
Clomesome (NSC 338947), is effective against a variety of
murine tumors (4). In studies of human cultured cell lines
having either the Mer+ or Mer~ phenotype, Clomesome pro

duced fewer DNA interstrand cross-links and was less cytotoxic
in the Mer+ cell lines, indicating that the mechanism of cross-
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link formation, via (^-chloroethylguanine and repair of this
cross-link precursor by GATase is analogous to that in CENU
treated cells (5).

Our previous studies showed that chloroethylnitrosoureas
react with DNA in vitro to yield reactive monoadducts that can
form interstrand cross-links in the absence of the drugs (6).
Furthermore, GATase purified from human lymphoblasts can
block the conversion of these precursors to cross-links. In the
present work, we have compared Clomesome and BCNU with
respect to their reactions with DNA in vitro leading to forma
tion of interstrand cross-links and the susceptibility of this
process to suppression by purified human GATase.

MATERIALS AND METHODS

Treatment of DNA with Chloroethylating Agents. BCNU (Bristol
Laboratories) was dissolved in ethanol at 1 M. Clomesome (NSC
338947) supplied by the Drug Synthesis and Chemistry Branch, Divi
sion of Cancer Treatment, National Cancer Institute was dissolved in
dimethyl sulfoxide to give a 1 M stock solution. Calf thymus DNA
(Sigma Type I, 200 Â¿tg/mlin 50 IHMpotassium phosphate buffer, pH
7.2) was pulse treated at 37Â°Cwith BCNU (10 IHM)for up to 60 min

or with Clomesome (50 to 100 mivi) for 60 min. Unreacted drug was
removed by precipitating the DNA with 2.5 volume of cold (-20Â°C)

ethanol, washing the precipitate with ice-cold 80% ethanol, and redis-
solving in fresh buffer. This DNA, containing cross-link precursors,
was incubated further at either 37 or 50Â°Cto determine its cross-link

potential.
Determination of DNA Interstrand Cross-Linking. DNA interstrand

cross-links were estimated by using a fluorescence assay as described
earlier (6). Briefly, DNA (approximately 10 Mg)in potassium phosphate
buffer (pH 7.2) was added to 3 ml of a solution containing ethidium
bromide (1 ng/m\), 0.4 HIMEDTA, and 20 HIMpotassium phosphate
(pH 11.8). Fluorescence was measured in 1-cm2 cuvets at room tem
perature in a Perkin-Elmer LS-5 fluorescence spectrophotometer using
525-nm excitation and 600-nm emission wavelengths. After the solu
tion was heated to 100Â°Cfor 5 min and rapidly cooled in ice water,

fluorescence was measured again. Untreated DNA lost all fluorescence
when denatured in this manner, whereas if treated with a cross-linking
agent, some of the DNA reannealed and retained fluorescence. The
fraction of original fluorescence thus retained was taken to represent
the fraction of DNA that was cross-linked. Assuming that cross-links
are formed randomly in DNA, by applying the Poisson formula, n = In
x, where x is the fraction of DNA remaining noncross-linked we
obtained an average number (n) of cross-links per DNA molecule (6).
Since the calf thymus DNA used in these studies was heterogeneous in
size we cannot say that this number is directly proportional to actual
cross-links; however, at low levels of cross-linking, up to 0.5 cross
links/molecule, the relative cross-linking number derived in this way
increased linearly with drug treatment (6, 7).

Preparation of GATase. GATase was purified about 500-fold from
cultured human leukemic lymphoblasts (CEM-CCRF line) to Fraction
5 as described previously (7, 8). GATase was inactivated by heating at
70Â°Cfor 16 h. A unit of GATase was equivalent to the transfer of 1
pmol of pHJmethyl from O6-methylguanine in [3H]methylnitrosourea-

treated DNA to the GATase protein (8).
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RESULTS

Previously, cross-link induction with various chloroethylni-
trosoureas, including BCNU, was performed at 50Â°Cfor con
venience because at 37Â°Cthe overall reaction is very slow.

However, as we were interested in determining the rates of
cross-linking and the stability of cross-link precursors under
physiological conditions, we treated calf thymus DNA with
BCNU or Clomesome at 37Â°C,and subsequently determined
the rate of cross-link formation at 37Â°Cafter drug removal.

Fig. 1 shows the time course for cross-linking in DNA that had
been pulse treated for 60 min with BCNU, reisolated free of
drug, and redissolved in aqueous buffer. Cross-links continued
to form for at least 8 h indicating that cross-link precursors
persist stably for this period of time at 37Â°C.When an adequate

amount of GATase was added at intervals during this time-
course, all further cross-linking was suppressed (Fig. 1). An
equal amount of heat-inactivated GATase was without effect
on cross-link formation. Thus, the cross-link precursors are not
only long-lived but also remain susceptible to enzymatic repair
throughout their lifetime. When the same experiment was
performed using Clomesome, very similar results were obtained
(Fig. 2). Clomesome, however, was notably less reactive than
BCNU; 10 times the concentration of Clomesome resulted in
one-eighth the rate of cross-link induction, and the extent of
cross-linking observed at 24 h was less than one-half of that
induced by BCNU in 8 h. It is likely that 100 HIMClomesome
(Fig. 2) is a saturating dose because the rate and extent of cross-
linking did not decline appreciably until drug concentration
was reduced below 20 mM (data not shown). The possibility
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Fig. 1. GATase-mediated suppression of BCNU-induced cross-links. DNA
was pulse treated for l h with 10 mM BCNU. The relative DNA interstrand
cross-linking number was determined, as described in "Materials and Methods,"

for up to 24 h after drug removal (â€¢). , derived by regression analysis of â€¢
up to 8 h. Cross-linking was also measured in aliquots to which GATase (12
units) was added at the indicated times (O).
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Fig. 2. Suppression by GATase of Clomesome-induced cross-links. DNA was
pulse treated for 1 h with 100 mM Clomesome and DNA interstrand cross-links
assayed for up to 24 h after drug removal (â€¢). , derived by regression analysis
of â€¢up to 13 h. Cross-linking was also measured in aliquots to which 2 units of
GATase were added (O).

that cross-links induced by Clomesome were fewer because they
were sensitive to the 100'C, pH 11.8 denaturation step of the

fluorescence assay is unlikely since the cross-link number re
mained constant for a duration of from 1 min to 20 min at
100Â°C.Aside from the drug's reactivity, the cross-link precur

sors formed by Clomesome display the same longevity and
protracted GATase susceptibility as was seen with BCNU.

Gibson et al. (9) have reported that Clomesome forms chlo-
roethyl, but no hydroxyethyl adducts, in DNA whereas chlo-
roethylnitrosoureas form both types of adduct. O*-Hydroxy-

ethylguanine is not reactive and therefore cannot be a cross
link precursor; however, it is known to be a substrate for
GATase (10, 11); hence, it can deplete this activity since the
latter becomes inactivated by reaction with the alkyl group (12).
Therefore, one can predict that DNA containing equivalent
levels of cross-link precursors (i.e., 06-chloroethylguanine) in
the case of BCNU would also contain appreciable t^-hydroxy-
ethylguanine and hence would require more GATase to com
pletely block cross-link formation than would Clomesome-
treated DNA that contains only the chloroethyl adduct. Fig. 3
shows the results of pulse treating DNA with BCNU or Clome
some such that the potential to form cross-links was the same
in both instances. The DNA was then incubated with GATase
for 30 min at 37Â°Cand residual cross-linking potential was
estimated by incubating the DNA for an additional 5 h at 50Â°C.

Unexpectedly, DNA treated with BCNU required no more
GATase to completely suppress cross-link formation than did
Clomesome-treated DNA. In fact, the data indicated just the
opposite, suggesting that Clomesome induces C/'-guanine ad-
ducts that are not cross-link precursors but that may deplete
GATase. Alternatively, there may be some difference in the
O'-guanine adducts that are precursors of cross-links, a differ

ence that is reflected by their susceptibility to the GATase.

DISCUSSION

Our results support the notion that the mechanism of action
of the nonnitrosourea chloroethylating agent Clomesome is
very similar to that of the clinically useful antitumor chloroeth
ylating nitrosoureas. Upon reaction with DNA, both appear to
rapidly form a monoadduct on one strand that is capable of
reacting with the opposite strand to produce an interstrand
cross-link in the absence of drug. In our studies, the second
reaction was relatively slow, continuing for at least 8 h at 37Â°C

demonstrating that the intermediates of cross-linking are quite
stable for both drugs.

There is considerable evidence suggesting that 06-chloro-

ethylguanine is the major intermediate in DNA interstrand
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Fig. 3. Cross-link suppression by GATase of DNA pulse treated with BCNU
or Clomesome to contain similar potential for cross-link formation. DNA was
pulse treated with 10 mM BCNU for 5 min at 37'C (A) or 50 mM Clomesome
for 60 min at 37'C (B). After drug removal, the DNA was incubated at 37"C for
30 min with the indicated amounts of GATase prior to incubation at 50"C for up

to S h (as shown).
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cross-link formation and that (Aalkylguanine-DNA alkyltrans-
ferase-mediated repair of this adduct attenuates cross-linking,
which results in reduced cytotoxicity (7). This could explain
drug resistance in cells having this activity relative to those
lacking it. A stumbling block in confirming this hypothesis has
been the failure to detect any putative cross-link structures in
DNA that involve an C^-guanyl moiety. Therefore, Tong et al.
(3) have proposed a mechanism whereby an intrabase rearrange
ment of (T'-chloroethylguanine on one strand, followed by

reaction with cytosine on the opposite strand ultimately yields
an A"-guanine, jV-cytosine ethane diadduct. As demonstrated
by Ludlum et al. (13), such a structure is formed in chloro-
ethylnitrosourea-treated DNA, and its formation can be pre
vented by treatment with the GATase from EscherÃ¬chiacoli.
This scheme for the formation of cross-links (Fig. 4) implies
the existence of two intermediates. 06-ChIoroethylguanine, the

first of these, appears to be a likely substrate for GATase while
the second cyclized intermediate may also be a substrate. Re
cently, we have demonstrated the formation of a covalent
complex between GATase and BCNU-treated DNA that sup
ports this notion (14). Results of the experiments to determine
the duration of GATase susceptibility of the intermediates
(Figs. 1 and 2) show that transferase susceptibility is not lost
prior to cross-link completion. Hence, the second cyclized
intermediate either is also a good substrate for GATase or is
very short-lived. Assuming the model in Fig. 4 is correct, these
two alternatives remain to be resolved.

Although Clomesome seems to mimic BCNU quite closely,
certain differences have been noted. Hartley et al. (15) reported
that whereas the chloroethylnitrosourea l-(2-chloroethyl)-3-
(m-2-hydroxy)cyclohexyl-l-nitrosourea reacted preferentially
with guanine in runs of adjacent guanines, Clomesome pro
duced similar extents of reaction with all guanines regardless
of sequence. One might expect BCNU to be less reactive than
Clomesome if such sequence restriction prevails; however, we
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have found the opposite, the rate of cross-linking at equivalent
concentrations of BCNU being over 5- to 10-fold greater than
that for Clomesome. Moreover, at saturating doses of Clome
some, maximum achievable cross-link levels appear appreciably
lower than those attained with nonsat unii ing doses of BCNU
(data not shown).

Another difference between the nitrosoureas and Clomesome
noted by Gibson et al. (9) was the absence of hydroxyethyl
adducts among alkylation products due to the latter drug.
Because (T'-hydroxyethylguanine in DNA is a substrate for
GATase (10, 11), one might expect BCNU-treated DNA would
require more GATase to suppress cross-link formation since
the activity would be depleted by a majority of hydroxyethyl
adducts that are not cross-link precursors. However, our results
(Fig. 3) do not support this prediction. One explanation is that
C^-hydroxyethylguanine is a very poor substrate for GATase
compared with the C^-guanine cross-link precursor adduct. O6-
Hydroxyethylguanine is repaired much more slowly than O6-

ethylguanine by rat liver GATase (11), so it is quite possible
that it interferes little with repair of the cross-link precursors,
if these are repaired preferentially. In fact, our observations
were the reverse of our prediction suggesting that GATase is
less effective in repairing the precursors of cross-linking pro
duced by Clomesome in comparison to BCNU. Whether this is
due to the induction by Clomesome of other adducts that might
effectively deplete GATase, to a difference in the structure of
the intermediate adducts, or to a difference in structure or
sequence of DNA in the vicinity of these adducts remains to be
seen.

Thus, although Clomesome and chloroethylnitrosoureas
seem to act in a uniform manner consistent with their chloro-
ethylating capability, there appear to be some anomalies that
are not readily reconcilable with this simple model. A recent
report by Parker et al. (16) indicates that BCNU-induced for
mation of 7-chloroethylguanine occurs by a heretofore unsus
pected mechanism that is mediated by other than a simple
reactive chloroethylating species. Additionally, examination of
the kinetics of DNA cross-link formation4 has disclosed that
the reaction with BCNU occurs by a relatively fast first-order
process whereas with Clomesome it is a much slower second-
order process. This too suggests that quite different reaction
mechanisms are involved with these two classes of drug.
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