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ABSTRACT

The effects of the 2-chloroethyl, 2-bromoethyl, and 2-fluoroethyl esters
of (methylsulfonyl)methanesulfonic acid upon the DNA of cultured
11210 cells have been measured and compared with each other and with
the effects of chlorozotocin. Results obtained by the alkaline elution
method indicated that, at equimolar and equitoxic concentrations, the
esters caused more strand scission than chlorozotocin, but at compound
concentrations that caused a 50% reduction in colony formation by cells
following an exposure period of 2 h, they caused no detectable cross-
linking, whereas chlorozotocin did cause cross-linking. Two in vitro
experimental methods that are based upon the complexing of ethidium
to calf thymus DNA also yielded data showing that, at equimolar concen
trations, chlorozotocin caused cross-linking of calf thymus DNA, but the
2-chloroethyl ester did not. These results indicate that these esters might
not kill cells by producing DNA-DNA cross-links.

The three esters caused qualitatively similar effects, but the fluoro
esters caused less strand scission than the chloro and bromo esters, which
caused about the same extent of strand scission.

INTRODUCTION

Several types of alkylating agents have been used successfully
in the clinic against a variety of neoplasms, and the search for
even better agents of this class continues. Much work has been
directed toward a better understanding of the mechanism(s) of
action of these drugs not only to aid in their clinical use but
also to guide in synthesizing agents with antineoplastic activity
superior to that of their prototypes.

yV-(2-Chloroethyl)-7V-nitrosoureas are alkylating agents with
a broad spectrum of antitumor activity, and experimental evi
dence indicates that their alkylating activity is critical to anti-
tumor action, but their carbamoylating activity is not essential
(1). Therefore, it is reasonable to synthesize new agents that
can provide 2-haloethyl moieties that can react with nucleo-
philic centers in an effort to find compounds with improved
effectiveness.

Shealy and coworkers (2) synthesized a number of 2-haloethyl
esters of alkane- and arenesulfonic acids and reported the
activities against P388 leukemia in mice. The 2-chloroethyl
ester of chloromethanesulfonic acid was quite active. Some
chemical, biological, and biochemical properties of those com
pounds were also reported (3). More recently Shealy and co-
workers (4) have reported that the 2-haloethyl esters of (meth-
ylsulfonyl)methanesulfonic acid (Fig. 1) are even more active
against P388 leukemia in mice than the previously studied
esters. Selected data from that report are given in Table 1 to
show their activities.

The purpose of the present study was to compare some
chemical, biological, and biochemical properties of ethyl, 2-
chloroethyl, 2-bromoethyl, and 2-fluoroethyl (methylsul-
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fonyl)methanesulfonates with each other and with chlorozoto
cin.

MATERIALS AND METHODS

The methyl, ethyl, 2-chloroethyl, 2-bromoethyl, and 2-fluoroethyl
esters of (methylsulfonyl)methanesulfonic acid were synthesized by Dr.
Y. F. Shealy and coworkers of this institute. The sources of the other
materials were: chlorozotocin (Drug Chemistry and Synthesis Branch,
Division of Cancer Treatment, NIH); ethidium bromide (Sigma Chem
ical Company, St. Louis, MO); tetrapropylammonium hydrochloride
(Fisher Scientific, Norcross, GA); 4-(4-nitrobenzyl)pyridine (Aldrich
Chemical Co., Milwaukee, WI); [MCH3]thymidine (specific activity, 53

mCi/mmol) (Research Products International Corporation, Mount
Prospect, IL); [C3H3]thymidine (specific activity, 50 Ci/mmol) (Mora-

vek Biochemicals, Inc., Brea, CA); calf thymus DNA (Worthington
Biochemical Corporation, Freehold, NJ); proteinase K (Boehringer
Mannheim Biochemicals, Indianapolis, IN); Fischer's medium, genta-

micin sulfate, and horse serum (Grand Island Biological Company,
Grand Island, NY); Scinti Verse I (Fisher Scientific, Fair Lawn, NJ);
agarose (Bio-Rad Laboratories, Richmond, CA); polycarbonate filters
(Nucleopore Corp., Pleasanton, GA).

Cells. The cultured L1210 cell line was established in our institute
from a murine leukemia. The cells have been grown continuously for
several years in stationary culture containers in Fischer's medium

supplemented with 10% horse serum plus streptomycin, penicillin, and
gentamicin. Under these conditions, the population-doubling time of
the cells during exponential growth phase is 15 to 17 h. Cells used for
the alkaline elution assays were seeded into and grown in stationary
25-cm2 tissue culture flasks (Falcon, Oxnard, CA) during the radioactive

labeling period of approximately 48 h.
Labeling of Cells. [merA>'/-l4C]Thymidine and [/we/Ay/-3H]thymidine

were diluted to 10~6 M with nonradioactive thymidine and used at a

level of 0.01 ÃŸCi/10ml of medium for at least 48 h to prelabel the cells
that were used in the alkaline elution experiments.

Determination of Viability of Cells. All cell counts were done with a
Model ZH Coulter Particle Counter. The viability of cells following
exposure to the agents for 2 h was determined by the extent of colony
formation in soft-agar medium. Following exposure of the cells to the
agent, the cells were sedimented, washed, and resuspended in Fischer's
medium to give a cell count of 100 cells per ml. Medium for the soft-
agar colony formation was prepared by adding 10 ml of a sterile,
aqueous 3% solution of agarose at 45-50Â°Cto 150 ml of warm (37Â°C)
Fischer's medium containing 10% horse serum. Without delay, 4 ml of

the soft-agar medium were pipeted asceptically into each of 3 sterile,
screwcap 16 x 125-mm plastic culture tubes, and 1 ml of the cell
suspension was added to each. The tubes, with loosened caps, were
incubated in a humidified incubator in an atmosphere of 5% COj for 8
days. Following gentle dÃ©cantationof the contents of each tube into a
Petri dish, the colonies were counted at x225 magnification with a
light microscope. The mean value for duplicate counts of nine control
(no drug) samples and triplicate drug-treated samples was used to
calculate the percentage of survival.

Nitrobenzylpyridine Test for Alkylating Activity. Determination of
alkylating activity by this method has been used extensively in this
laboratory for a number of years (5). The compounds to be tested were
dissolved in ethanol immediately before performing the assay. An equal
volume of the solvent was added to the control test mixture. The test
compound (12 ^mol) was incubated at 37Â°Cfor 2 h with 4-(4-nitroben-

zyl)pyridine (74 /Â¿mol)in phosphate buffer, pH 7.4. The mixture was
made alkaline, and the colored reaction product was extracted into
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ethyl acetate. The absorbance of the extract was determined by reading
the absorbance of the ethyl acetate solution at 540 nm on a Beckman
Model DU spectrophotometer.

Measurement of Cross-Linking of DNA by Fluorescence. Calf thymus
DNA (l mg/ml) and the test compound (5 Â¿imol/ml)were incubated in
0.1 Mphosphate buffer (pH 7.4) for 24 h, and two methods of obtaining
evidence of cross-linking of DNA were performed.

In the DNA-renaturation method (6) an aliquot of the incubated
DNA solution was added to an aqueous solution of ethidium bromide
at pH 11.4. The fluorescence was determined by an Aminco-Bowman
spectrofluorometer; the excitation wavelength was 520 nm, and the
emission wavelength was 600 nm. The mixture was then heated at
100Â°Cfor 4 min and quenched in ice water for 15 min. The fluorescence

was again measured. The increase in fluorescence in the treated sample
(based on ethidium becoming more fluorescent when complexed with
double-stranded DNA) as compared to the control sample is indicative
of the renaturation of the DNA resulting from cross-linking.

In the second ("melt out") method (7) an aliquot of the incubated

DNA solution described above was added to an aqueous solution of
ethidium bromide at pH 8.5, and the fluorescence was determined.
After heating the mixture at 100Â°Cfor 4 min and quenching in ice

water for 15 min the fluorescence of the cooled solution was measured.
The fluorescence was then measured at stepwise higher temperatures,
and it decreased as the DNA "melted." Supposedly, cross-linked DNA

would melt less rapidly than control DNA. The difference in the
temperature required to cause an 80% decrease in fluorescence of the
control and treated samples was used as a measure of the extent of
cross-linking.

Alkaline Elution Assays. The alkaline elution procedure was devel
oped by Kohn et al. and recently reviewed (8). The few deviations from
the procedure were minor and have only to do with technique. Two h
were the standard drug-exposure time. In the determinations of strand
scission and DNA-DNA cross-linking, the cells were lysed on a poly
carbonate filter. The lysed cell preparations were then eluted by slowly
pumping 2 ml of proteinase K (O.5 mg/ml) in lysis solution overlayed
by an alkaline solution of pH 12.1 through the membrane filter. The
pump speed was 0.035 ml/min, and 90-min samples were collected for

17 h.
The reference cells (labeled with [C3H3]thymidine) for the experi

ments for determination of strand scission and all of the cells in the
experiments for the determination of DNA-DNA cross-linking were
irradiated (312 rads) by a cesium-137 source for 0.6 min at a dosage

rate of 520 rads/min. The irradiations were performed at the University
of Alabama at Birmingham by Joseph C. Moore of the Department of
Radiation Biology.

RESULTS

The chemical structures of the esters of (methylsul-
fonyl)methanesulfonic acid are shown in Fig. 1. The data of
Table 1 show that each of the three 2-haloesters was active
against Leukemia 388 in mice, as was evidenced by increases
in the life spans of the mice and by the survival of some of the
mice for at least 30 days. These data are the optimal results
that were reported by Shealy and coworkers (4), who tested the
compounds at a number of dosages up to the toxic levels for
the four compounds. The chloroethyl ester was somewhat more
active than the fluoroethyl ester, which in turn was somewhat
more active than the bromoethyl ester. The ethyl ester increased

CH3-SO2-CH2-SO2O-CH2CH2X

NSC No. Trivial Names

a
F
Br
H

338947 2-ChloroÂ«thylSOSO, Clomesone
354446 2-FluOfoethyl SOSO
356430 2-Bromoethyl SOSO

354447 Ethyl SOSO

Fig. 1. Structures of esters of (methylsulfonyl)methanesulfonic acid.

Table 1 Activities of 2-haloethyl esters of(methylsulfonyl)methanesulfonic acid
against P388 leukemia in vivo

Data are from Ref. 4.

Life span of
dying animals,
treated/control 30-Day

Ester2-Chloroethyl2-Fluoroethyl2-BromoethylEthylDose(mg/kg)Â°505025SO

100100100(%)225286159224160170survivors6/6-V63/60/61/60/6

0/6
Â°Administered daily on Days 1 to 5.

Table 2 Effects of compounds upon the proliferation and viability of cultured
LI210 cells

Compound2-Chloroethyl

SOSO
2-Bromoethyl SOSO
2-Fluoroethyl SOSO
Methyl SOSO
Ethyl SOSO
ChlorozotocinICÂ».Â«(MM)"3.65.5

7.60.8LCM(fM)121225
37
42

2
" ICsftÂ«,concentration of the compound that caused a 50% reduction in the

extent of increase in cell count during 48 h of incubation in the presence of the
compound; LCW, concentration of the compound that caused a 50% reduction in
the number of colonies that formed in soft-agar medium following a 2-h exposure
of the cells to the compound.

the median life span of the mice but did not cause 30-day
survival. This activity of the ethyl ester was initially somewhat
surprising, since it would be expected that it is a monofunctional
agent that would not cause cross-linking of the DNA and hence
would be only slightly cytotoxic. The choroethyl and bromo
ethyl esters were also slightly more effective that the fluoroethyl
esters in inhibiting the multiplication of cultured L1210 cells
(Table 2), and all three were less inhibitory than chlorozotocin.
The viability test, which is based upon the extent of formation
of colonies in soft agar medium, showed (Table 2) that the three
haloethyl esters are also less cytotoxic than chlorozotocin but
are more cytotoxic than the methyl and ethyl esters, even
though the methyl and ethyl esters react more rapidly than the
haloethyl esters with 4-(4-nitrobenzyl)pyridine (Fig. 2). When
the viability data were plotted on semilog paper and the lines
were extrapolated to higher concentrations of the compounds,
the extents of cell kill were estimated to be as shown in Table
3. Thus the cell kill by 15 MM2-chloroethyl SOSO3 or 15 Â»M
2-bromoethyl SOSO was approximately the same as that by 5
MMchlorozotocin. The cell kill by 50 MM2-chloroethyl SOSO
or by 50 fiM 2-bromoethyl SOSO was approximately the same
as that by 15 MMchlorozotocin.

Previously reported data from this laboratory (3) showed that
the 2-haloethyl esters of a number of sulfonic acids caused less
cross-linking of DNA than chlorozotocin on an equimolar basis,
when the extent of cross-linking was measured by two methods
based upon the binding of ethidium to calf thymus DNA that
had been incubated with the compounds. Similar results were
obtained in a comparison of 2-chloroethyl SOSO with chloro
zotocin (Table 4; Fig. 3). There was significant renaturation of
the chlorozotocin-treated DNA following heat denaturation,
but there was no detectable increase in renaturation of the DNA
that was treated with 2-chloroethyl SOSO (Table 4). A corre-

3The abbreviations used are: 2-chloroethyl SOSO, 2-bromoethyl SOSO, 2-
fluoroethyl SOSO, ethyl SOSO, and methyl SOSO, 2-chloroethyl, 2-bromoethyl,
2-fluoroethyl, ethyl, and methyl esters of (methylsulfonyl)methanesulfonic acid.
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Fig. 2. Reaction of equimolar quantities of esters of (methylsul-
fonyOmethanesulfonic acid with excess 4-(4-nitrobenzyl)pyridine in phosphate
buffer at 37'C during an incubation period of 2 h.

Table 3 Extents of cell kill resulting from exposure of cultured LI 210 cells to the
agents for 2 h

Cell survival was measured by determining the numbers of colonies that formed
in soft-agar medium.

Compound2-Chloroethyl
SOSO2-Bromoethyl

SOSO2-Fluoroethyl

SOSOChlorozotocinConcentration

G"M)5IS50515SO51550515SOLogkill0.30.61.50.30.61.50.150.230.750.81.654.5

Table 4 Renaturation of DMAfollowing heat denaturation
Calf thymus DNA (1 mg/ml) was incubated at 37Â°Cwith the indicated

compound (5 pmol/ml) for 24 h in phosphate buffer (pH 7.4), and the fluorescence
was measured after the addition to a solution of ethidium bromide in phosphate
buffer at pH 11.4. This value is the initial fluorescence. The mixture was then
heated at 100'C for 4 min and quenched in ice water for 15 min before again

measuring the fluorescence. The extent of recovery of the initial fluorescence is
considered to be a measure of renaturation and, indirectly, of the extent of cross-
linking.

Compound
% of initial

fluorescence

Control
2-Chloroethyl SOSO
Chlorozotocin

10.3
12.5
29.0

spending difference in the effects of the agents was observed
upon measuring the decrease in the ethidium-DNA complex
upon heating the renatured treated DNA (Fig. 3); a 20Â°Chigher

temperature was required to dissociate the complex of the
chlorozotocin-treated DNA than that of the 2-chloroethyl
SOSO-treated DNA. These results are similar to those reported
(3) previously for twenty-five 2-haloethyl esters of other sulfonic
acids. Therefore, neither of these methods gave evidence that
2-chloroethyl SOSO caused any cross-linking.

Because the alkaline elution method is more sensitive than
the ethidium-binding method for detecting interstrand cross-
linking, it was used to compare the effects of 2-haloethyl
(methylsulfonyl)methanesulfonates with each other and with

CHjSOjCHjSOjOCHjCHjCI

(NSC 338947)

Â¡40

o 20
eâ€¢o

Chloroiotocln

Controlrol/

20 40 eo

â€¢c

80 100

Fig. 3. Dissociation of renatured calf thymus DNA upon subsequent heating.
Calf thymus DNA (l mg/ml) was incubated with the indicated compound (5
ninni ml) at 37'C for 24 h in phosphate buffer (pH 7.4). It was then added to an

aqueous solution of ethidium bromide (pH 8.5), and the fluorescence was mea
sured. This value is the initial fluorescence. The solution was then heated at
100'C for 4 min and quenched in ice water for 15 min, and the fluorescence was
subsequently measured at several temperatures from 20Â°-95Â°C.A higher temper
ature would be required to "melt" the renatured cross-linked DNA than to "melt"
the renatured non-cross-linked DNA. The level of fluorescence equal to 20% of
the initial fluorescence (----) was arbitrarily chosen for comparing the
temperatures required to cause this level of denaturation.

chlorozotocin. The alkaline elution method was also used to
compare the extents of strand scission of the DNA by the agents
and by ethyl SOSO, when the elution was performed immedi
ately following 2-h exposures of cells to the compounds. The
curves of Fig. 4 show that each of the esters caused strand
scission of the DNA of treated L1210 cells and that each caused
more scission than chlorozotocin. The results of a separate
experiment (data not shown) in which cells were treated with
15 /^M2-chloroethyl SOSO for 2 h and then incubated in normal
medium for either 6 or 12 h showed that the extent of strand
scission did not change.

In the experiments to seek evidence of cross-linking of the
DNA the cells were exposed to the agents for 2 h, and alkaline
elution of the DNA was measured after posttreatment incuba
tion of the cells in normal medium for 0, 6, 12, and 24 h. The
results obtained with chlorozotocin and with the 2-haloesters
are shown in Fig. 5. Other results (not shown) obtained with
the ethyl esters gave no evidence of cross-linking.

The data for the samples subjected to the alkaline elution
procedure immediately following the 2-h exposure of the cells
to the agents (Fig. 5, A-l, B-l, C-/, and D-l) confirm the results
of Fig. 4 in showing that the agents cause strand scission in
addition to that caused by the irradiation. Fig. 5, A-2, A-3, and
A-4, indicates that chlorozotocin caused cross-linking of the
DNA that was detectable after 6, 12, and 24 h of incubation of
the cells in normal medium. Perhaps some removal of cross
links had occurred by 24 h, although it is possible that delayed
scission of the DNA strands countered the delay in elution that
was caused by cross-linking. No direct evidence of cross-linking
was obtained for any of the (methylsulfonyl)methanesulfonates.
The 6-h data are very similar to the 0-h data. After the 12-h
and 24-h posttreatment incubations the curves for the treated
cells were closer to the curves for the control cells, but in no
case was the rate of elution as slow as that of the DNA of the
control cells. The progressive approach of the curves to the
curves of the controls with time could be due to repair of the
strand scissions or to cross-linking or both, and repair of cross
links could also be occurring. Therefore, caution must be exer-
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1.0

1.0 , 0.1Fraction of H J Retained

0.1
1.0 0.1 1.0 0.1

Fraction of H3 Retained Fraction of H3 Retained

Fig. 4. Determination of strand scission of the DNA of cultured L1210 cells by alkaline elution at pH 12.1 after treatment with proteinase K. The alkaline elution
was performed immediately after exposure of the cells to the agents for 2 h. O, no drug; D, 50 /IM;O, 15 Â¿IM;A, 5 pM.

Fraction of H 3 Retained

cised in interpreting the data. Nevertheless, whereas the alkaline
elution method yielded evidence of the cross-linking of DNA
by chlorozotocin, it did not yield evidence of cross-linking by
the 2-haloethyl esters of (methylsulfonyl)methanesulfonic acid.
This is true whether one makes the comparisons on the basis
of equimolar concentrations or equitoxic concentrations.

DISCUSSION

The results obtained by the alkaline elution method with
cultured LI210 cells indicate that the 2-haloethyl esters of
(methylsulfonyl)methanesulfonic acid at cytotoxic concentra
tions did not cause detectable cross-linking of DNA, whereas
chlorozotocin did cause cross-linking. These results are con
sistent with those reported previously (3) for 2-haloethyl esters
of other sulfonic acids. They did cause extensive strand scission,
and perhaps this was the chief mechanism by which they killed
cells. Two other bits of evidence support this possibility, (a)
Although the ethyl ester is not believed to be a cross-linking
agent and no evidence of its causing cross-linking was observed
in the present study (data not presented), it did cause extensive
strand scission, cell kill, and antileukemic activity, (h) Although
experiments (9, 10) with nitrosoureas indicate that 2-fluoro-
ethyl derivatives of DNA form cross-links less readily and less
extensively than 2-chloroethyl derivatives of DNA, in the pres
ent experiments 2-fluoroethyl SOSO was only slightly less
cytotoxic than 2-chloroethyl SOSO and was essentially as active
as 2-chloroethyl SOSO against P388 leukemia in vivo (4). It is
possible that, at supratoxic concentrations, the 2-haloethyl es
ters would cause some cross-linking of DNA, but it was the
purpose of this study to determine the effects of the agents at
concentrations that were just high enough to kill the cells.

The mechanism of the strand scission is not known. It may
result from chemical labilization of the DNA resulting from
alkylation of the base(s), or it may be the result of enzymatic
removal of alkylated moieties as a part of a repair process.
Although there is no proof that strand scission is the cause of
death of the cells, the data obtained in this study indicate that
cross-linking of DNA may not be a requisite for the cytotoxicity
of these agents for cultured LI 210 cells.

These results for LI210 cells are consistent with the experi
mental results obtained for cultured IMR-90 cells by Gibson et
al. (Il ). These workers observed that 2-chloroethyl SOSO
caused interstrand cross-linking of the DNA of VA-13 cells but
not of the DNA of IMR-90 cells. The VA-13 cells are deficient
in DNA-guanine-O6-alkyltransferase and are more sensitive to
the agent than the IMR-90 cells. It was suggested that the
greater sensitivity of the VA-13 cells might be due to the fact
that interstrand cross-linking occurred through the reaction of
the 06-(2-chloroethyl)guanine residue with a base of the other
strand of DNA, but this would not occur in the IMR-90 cells,
because the 2-chloroethyl group would be removed from the
guanine residue before cross-linking could occur. Nevertheless,
at the higher concentrations of the agent the IMR-90 cells were
killed. These results led the authors to state, "the mechanism
by which 2-chloroethyl SOSO and chloroethylnitrosoureas kill
IMR-90 cells does not appear to be related to DNA-DNA
interstrand cross-linking and is presently undefined.'"

It is not unlikely that strand scission, cross-linking, and repair
may be occurring simultaneously and that the degree of balance
of these phenomena determines the observed effects. It is also
likely that the degrees of balance differ for different kinds of
cells and for different agents. Therefore, caution must be exer
cised in making and stating conclusions.
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Fig. 5. Alkaline elution of DNA following exposure of the cells to the compounds for 2 h at 37'C. The cells were irradiated (312 rads) by a cesium-137 source and

treated with proteinase K prior to elution at pH 12.1. O, no drug; D, 50 /IM;O, 15 /IM; A,
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