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Effects of Bis(@-chloroethyl)suIfide (BCES) on Base Mismatch Repair of DNA in Monkey 

Kidney Cells. FAN. L.. AND BERNSTEIN, I. A. (1991). Tosicol. .4ppl. Pharmacol. 111, 233-241. 
Sulfur mustard, bis(@-chloroethyl)sulfide (BCES), a bifunctional alkylating agent, is a vesicant 

whose mode of action involves interference with the integrity of cellular DNA. Alkylation of 
DNA is responsible for some of the biological effects of BCES in tissue. Another possible mechanism 

by which BCES could exert its toxic effect is interference with high fidelity repair of damaged 
DNA. This study evaluated the possible effects of BCES on the repair of specific errors. i.e.. 
mismatched bases, in the DNA. Heteroduplex (ht) DNA, formed between two temperature-sensitive 

mutants of SV40 virus, tsA239 and tsA255. each having a different point mutation in the gene 
for large T antigen, was used to study the effect of BCES on mismatched base repair in African 

green monkey kidney (AGMK) cells. AGMK cells were exposed to dilute solutions of BCES in 
methylene chloride (MC) prior to cationic hpofection with ht DNA. In order for the cells to 

produce wild type (wt) SV40 DNA at a nonpermissive temperature (41 “C), repair of at least one 
of the two mismatches in the DNA had to occur. It was observed that (a) as the concentration of 
BCES was increased, a proportionally longer delay in the appearance of wt DNA at 41°C was 

observed in treated cells transfected with ht DNA as compared with cultures exposed to MC alone 
and then transfected with ht DNA, (b) there was no such effect in exposed AGMK cells transfected 

with wt DNA, (c) wt and ht DNA were transfected at similar rates in unexposed cells, and (d) 
BCES did not affect the rate of transfection of wt cells. These observations are consistent with 

the hypothesis that BCES affects mismatched base repair. 6 1991 Academic press. IK 

Sulfur mustard, bis(P-chloroethyl)sulfide 
(BCES), a bifunctional alkylating agent, has 
mutagenic (Fox and Scott, 1980; Wheeler, 
1962), teratogenic, carcinogenic, and vesicant 
(blistering) properties (Auerbach and Robson, 
1946; Heston, 1953), which makes it a good 
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model chemical for studying the nature of 
vesication in cutaneous keratinocytes. Alkyl- 
ation of DNA is responsible for some of the 
biological effects in tissue exposed to BCES 
(Ross, 1962). The mode of vesication involves 
interference with the integrity of cellular DNA 
(Papirmeister et al., 1985). The cytotoxic ac- 
tion of BCES could include the inhibition of 
DNA synthesis (Roberts et al., 1986; Ku, 1987: 
Ribeiro, 1988; Vaughan et al., 1988) which 
may result from the existence of unrepaired 
interstrand crosslinks in the DNA that inter- 
fere with template function (Brookes and 
Lawley, 1963; Connors, 1975). 

Recovery of the rate of DNA synthesis is 
associated with the removal (probably spon- 
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taneous and enzymatic) of diguanyl crosslinks 
and monofunctional alkylation products 
(Roberts, 1978). Repair synthesis is responsible 
for the loss of alkylation products in both bac- 
terial (Schjlderup et al., 1972) and mammalian 
cells (Roberts et al., 1968; Roberts et al., 197 1). 

The structural integrity of DNA is compro- 
mised when monolayer cultures of keratino- 
cytes are exposed to low levels of BCES- 
probably by the insertion of single strand 
breaks (Ribeiro, 1988). Although single strand 
breaks can be repaired (Sorscher and Conolly, 
1989), and all breaks may indeed be repaired 
after low-level exposure (Ribeiro, 1988), the 
epidermal cultures do not survive (Ku and 
Bernstein, 1988). It is possible that in such ex- 
posed cells, repair of single strand breaks oc- 
curs but the integrity of the DNA is not com- 
pletely restored. Perhaps repair is inefficient 
and the DNA is not repaired with sufficiently 
high fidelity to maintain viability. Cells may 
die because of the presence of an informational 
error in the DNA related to development. 

Mismatch repair, which recognizes and 
processes base pairing errors within the DNA 
helix, seems to play a major role in error-free 
repair. Interference with mismatch repair 
could lead to the presence of errors in the DNA 
and might explain the failure of exposed ker- 
atinocytes to survive. The objective of this 
study was to determine the effect of BCES on 
base mismatch repair of heteroduplex (ht) 
DNA in African green monkey kidney 
(AGMK) cells, a permissive host for the virus. 

on MEM105 at 37°C in a humidified 5% CO*-95% air 
environment. For adaptation, BSC-40 cells were incubated 

at 4 1 “C for a day before subcultivation (Brockman et al., 
1973). 

SV40 virus strains. Wild type (wt) strain 776 of SV40 
virus was also obtained from Dr. Brockman. Two tem- 

perature-sensitive mutants of SV40 virus, tsA239 and 
tsA255 (Chou and Martin, 1974) were acquired from 

Robert G. Martin. Both mutants have a C to G transversion 
in the gene for large T antigen. The two sites are separated 

by 86 bases. Each point mutation results in the substitution 
of a cysteinyl residue for a tryptophanyl residue in a large 
T antigen protein which is sufficiently temperature labile 

that the protein is nonfunctional at 41°C while being 

functional at 33°C. Large T antigen binds at the SV40 
origin of replication and promotes the replication of the 
SV40 genome. A functional large T antigen is absolutely 

necessary for viral DNA replication. Replication of viral 
DNA cannot occur at the nonpermissive temperature, 

4 1 “C, after infection with either mutant (Chou and Martin, 

1974). Viral stocks were prepared as described by Clark 
and Hanawalt (1984) and stored in small aliquots at 
-70°C. Plaque assays as described by Cooper (1967) were 

performed to determine the titer of SV40 viral stocks. 
Preparation qfsupercoiled viral DN.4. Confluent BSC- 

1 cells were infected at 2 plaque-forming units/cell with 
wt, tsA239, or tsA255 SV40 virus in MEM2.S The cells 

were harvested by lysis according to Hirt (1967). Cellular 
chromosomal DNA was precipitated in 1 M NaCl. The 

supematant solution was treated with RNase (DNase free) 
and protein was removed by extraction with phenol 
(Danna and Nathans, 1971). The upper aqueous phase 

was collected by centrifugation and viral DNA was pre- 
cipitated in ethanol (Danna and Nathans. 197 1). The pellet 
was dried in vacuum and was dissolved in 1 X TE buffer. 

pH 7.4.’ 
Supercoiled DNA was further purified by centrifugation 

to equilibrium in a gradient of cesium chloride (Radloff 
et al.. 1967). Ethidium bromide was removed by extraction 

with isopropanol. Dialysis was carried out overnight at 
4°C against 0.1X TE buffer, pH 7.4. To quantify the 
amount of purified DNA, spectrophotometric readings at 

260 and 280 nm (Maniatis et al., 1982) were made using 
a Varian Cary 2 19 spectrophotometer. An absorbance of 

METHODS 

Cell culture. BSC-1 and BSC-40 lines of AGMK were 

obtained from William Brockman.4 BSC40 cells were de- 
rived from the BSC-1 line by selection for growth at 40°C 

after long incubation (Brockman et al., 1973). BSC-1 and 

BSC-40 lines of AGMK cells were routinely maintained 

4 Formerly of the Department of Microbiology, The 
University of Michigan. Now deceased. 

’ Complete MEM 10 was made by supplementing Eagle’s 
Minimum Essential Medium (MEM; Hyclone Labora- 
tories. Logan, UT) with 10% fetal bovine serum (FBS: 

Flow Laboratories, MacLean, VA), 100 lU/ml penicillin 
G, and 100 fig/ml streptomycin. MEM2 contained 2% 
FBS and the same concentrations of penicillin and strep- 

tomycin as in MEM 10. To avoid losing samples because 
of fungal contamination during experiments, 0.25 mg/ml 
Fungizone was also added. 

6 1 X TE buffer consisted of 10 mM Tris-HCl, pH 7.4, 
and 1 mM EDTA, pH 8.0 (Maniatis et al., 1982); 0.1X 
TE buffer was a 1: 10 dilution of 1 X TE. 
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1 .OO corresponded to approximately 50 &ml for double- 
stranded DNA. The ratio between the readings at 260 and 
280 nm (&,/&,J provided an estimate of the purity of 
DNA. Pure preparations of DNA have been reported to 
have A260/A280 of 1.8 (Maniatis et al., 1982). 

Agarose gel electrophoresis. Agarose gel electrophoresis 
was performed with a Bio-Rad DNA subgel electrophoresis 
system in 1 X TBE’ containing ethidium bromide at 0.5 
&ml (Maniatis et al., 1982). The desired concentration 
of agarose gel was made in the same solution. DNA samples 
were loaded in gel-loading buffer (1 X) (Maniatis et al., 
1982). Fluorescent bands which result from the binding 
of ethidium bromide to DNA and appear under irradiation 
from long wave uv light served to locate the nucleic acid 
on the electrophoretic gel. 

Preparation ofheteroduplex DNA. Heteroduplex DNA 
with two mismatched base pairs within the gene for the 
large T antigen was constructed from tsA239 and tsA255 
of SV40 virus essentially as described by Peden and Pipas 
(1985). The steps in the process were monitored by elec- 
trophoresis using I % agarose gels. 

First, supercoiled DNA from tsA239 was linearized with 
EcoRI restriction endonuclease and supercoiled DNA from 
tsA255 was linearized with BumHI restriction endonucle- 
ase (Maniatis et al., 1982). Restriction enzymes were re- 
moved by extraction, in sequence, with phenol, a 1: 1 mix- 
ture of phenol and chloroform, and chloroform (Maniatis 
et al., 1982). 

Second, EcoRI-digested tsA239 DNA was mixed with 
BarnHI-digested tsA255 DNA in 9 parts of doubledistilled 
HrO, denatured by addition of 1 part of 1 M NaOH (final 
concentration, 0.1 M) and incubation at 37°C for 10 min. 
and renatured by addition of 2 parts of neutralizing so- 
lution (2: 1, v/v, 1 M Tris-HCl, pH 7.2: 1 M HCI) followed 
by incubation at 6 1 “C. This mixture was cooled slowly to 
4°C. The DNA was precipitated by addition of 24 parts 
of absolute ethanol and recovered by centrifugation. The 
DNA was then dissolved in 1X TE buffer, pH 7.4, and 
electrophoresed. The yield was 70% after denaturation, 
40% after renaturation, and 30% overall, as determined 
spectrophotometrically. A parallel preparation was carried 
out with wt DNA. 

Determination of BCES concentration. Since the solvent 
vehicle, methylene chloride (MC), of a stock solution of 
BCES (U.S. Army Medical Institute ofchemical Defense) 
was highly volatile, the actual concentrations of BCES used 
were determined by including a trace level of [‘4C]BCES 
(U.S. Army Medical Institute of Chemical Defense) when 
the stock solution was prepared and counting the radio- 
activity in a small aliquot (15 ~1) of the stock solution in 
5 ml of toluene-based scintillation solution, immediately 
before each experiment. 

7 TBE buffer consisted of 0.089 M Tris-borate, 0.089 M 

boric acid, and 0.002 M EDTA, pH 7.6 (Maniatis et al., 
1982). 

Exposure of cells to BCES. Because BCES has a short 
half-life in aqueous medium and the number of dishes to 
be exposed at the same time had to be limited, one ex- 
periment with several concentrations of BCES was divided 
into several subexperiments. A single dose of BCES was 
employed in each subexperiment and the whole process 
of diluting and adding was completed in 2 min. To avoid 
possible variation, the same batches of ht DNA and con- 
fluent BSC40 cells at the same number of passages were 
always used. 

A small ahquot was taken from a stock solution of BCES 
(10 mg/ml) in MC and diluted with PBS with Ca*+ and 
Mg*+ (PBS-CM) (0.8% NaCl. 0.02% KCl, 0.115% 
Na2HP04, 0.02% KH,PO,, 0.01% CaC12, and 0.01% 
MgC12. 6H,O) to make a working stock solution. Dilutions 
were made again when an aliquot of this working stock 
solution was delivered to the dishes where a definite 
amount of PBS-CM was present. The exposure of con- 
fluent BSC-40 cells to BCES was done at 35°C for 30 min 
in 5% CG2:95% air. Since the stock solution of BCES was 
in MC and MC had been shown (data not presented) to 
have an adverse effect on mismatch repair, the concen- 
tration of MC in all dishes including the solvent controls 
was adjusted to that of the MC present at the highest dose 
of BCES, i.e., 0.00625% in PBS-CM (vol/vol). BSC-40 
cultures were washed with warm PBS-CM both prior to 
and after exposure to BCES. BSC-40 cells were then al- 
lowed to recover in MEM 10 for 1 hr at 35°C before further 
processing. 

Lipofection and detection of new viral DNA. Cationic 
liposome-mediated transfection (lipofection) was used to 
introduce SV40 viral DNA into BSC40 cells (Felgner and 
Helm, 1989). DNA and lipofectin reagent [ 1:l (w/w) li- 
posome formulation of the cationic lipid N-[ l-(2,3dio- 
peyloxy)propyl]-N,N,N-trimethylammonium chloride 
(DOTMA) and dioleoylphosphatidylethanolamine 
(DOPE) in membrane-filtered water (Bethesda Research 
Laboratories, Gaithersburg, MD)] were diluted in 1.5 ml 
of Opti-MEM I, separately to avoid precipitation, and 
combined. Confluent cultures of BSC-40 cells were washed 
with warm Opti-MEM I8 immediately before 3 ml of the 
DNA/lipofectin complex in Gpti-MEM I was added to 
each dish. After incubation at 37°C for 24 hr, 3 ml of 
warm MEM209 was added to arrest the transfection and 
the cells were transferred to a 4 1 “C incubator. 

Cells were radiolabeled at 37°C for 8 hr with [methyl- 
jH]thymidine (82 Ci/mmol, Amersham, Arlington 
Heights, IL) in MEMIO (2 pCi/ml) every 8 hr for 96 hr 
and harvested after lysis (Hirt, 1967). The viral DNA was 
isolated by salt precipitation of chromosomal DNA and 

* 2-Mercaptoethanol was added to Opti-MEM I im- 
mediately prior to use to enhance the stability of the me- 
dium. 

9 MEM20, which was used to arrest lipofection, con- 
tained 20% FBS, 200 units/ml penicillin G, 200 mg/ml 
streptomycin, and 0.5 mg/ml Fungizone. 
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purified by digestion with RNase, extraction with phenol, 
and precipitation with ethanol as stated above. After sed- 
imentation by centrifugation, the DNA was washed with 
cold 80% ethanol and dried in vacuum. The pellet was 
dissolved in a small amount of DNA standard solution 
which contained nonradioactive supercoiled wt DNA and 
gel-loading buffer in double-distilled H20. 

Purified DNA samples were applied to 1% agarose gels 
and electrophoresis was carried out at 60 V in IX TBE 
buffer, pH 7.6, which contained 0.5 pg/ml ethidium bro- 
mide. The gel was then sliced. Each gel slice was melted 
and digested overnight at 60°C in TS-2 and the [3H] was 
counted in toluene-based scintillation cocktail (0.5% PPO 
and 0.05% dimethyl-POPOP). 

The band of supercoiled DNA was identified on the 
agarose gel by coincidence of radioactivity in newly syn- 
thesized material and fluorescence (under long wavelength 
ultraviolet light) of nonradioactive standard wt supercoiled 
DNA. By this method, new supercoiled SV40 viral DNA 
was found to appear approximately at gel slice 16. Three 
micrograms of DNA and 30 ~1 of lipofectin gave an optimal 
production of new supercoiled SV40 DNA. 

RESULTS 

Construction of ht DNA. Figure 1 is a pho- 
tograph of a 1% agarose gel electrophoretic 
pattern of samples taken from the various steps 
through the construction procedure. Linear 
single-stranded DNA migrated fastest with su- 
percoiled or superhelical (Form I) DNA fol- 
lowing. Linear double-stranded (Form III) 
DNA ran third fastest and nicked circular 
double-stranded (Form II) DNA ran most 
slowly. 

During renaturation, some strands of ts- 
A239 probably annealed to strands from 
tsA255 since they are homologous except for 
2 of 5243 base pairs. Because the mutants were 
linearized by cutting the strands at different 
sites, annealing between strands from the dif- 
ferent mutants generated nicked circular mol- 
ecules or multimers. In contrast, reannealing 
of strands from the same mutant yielded the 
original linear molecules. A concentration of 
1 pg/ml of DNA and a renaturation time of 2 
hr at 6 1 “C were determined to be optimal, to 
avoid formation of circular multimers and to 
favor the formation of ht DNA, and these 
conditions were subsequently used in making 
ht DNA. 

FIG. 1. Analysis of the preparation of heteroduplex DNA 
by gel electrophoresis on 1% agarose. tsA239 and tsA255, 
each bearing a single mutation in the T-Ag gene, were 
linearized with EcoRI and BamHI, respectively. The lin- 
earized DNA strands were mixed, denatured, and rena- 
tured. Wild type (wt) DNA was treated similarly as a com- 
parison. Lane 1, Form 1 DNA of wt. tsA239, or tsA255. 
Lane 2, wt EcoRI. Lane 3, wt BamHI. Lane 4, tsA239- 
EcoRI. Lane 5. tsA255-BamHI. Lane 6, wt EcoRI, wt 
BamHl, tsA239-EcoRl, or tsA255-BamHI after a long 
storage time (2 weeks). Lane 7. wt EcoRI and wt BamHI 
mixed. denatured, and renatured. Lane 8, tsA239-EcoRl 
and tsA255-BamHI mixed, denatured, and renatured. Ar- 
rows indicate: a, origin of gel; b. Form II DNA (nicked 
circular double-stranded): c. Form III DNA (linear double- 
stranded): d. Form I DNA (supercoiled); and e. linear sin- 
gle-stranded DNA. 

Denaturation and renaturation of linear 
strands from EcoRI-digested wt DNA and 
BarnHI-digested wt DNA yielded only homo- 
duplex molecules, in either linear or circular 
forms. 

Ligation of nicks generated during the 
preparation of ht DNA was not carried out 
because ligation in the host has been reported 
to be very efficient when DNA molecules are 
transfected into vertebrate cells (Wake et al., 
1984). 

Efects of‘BCES on base mismatch repair 
and viral DNA replication. To study the effect 
of BCES on mismatch repair in BSC40 cells, 
the confluent cultures were first exposed for 
30 min at 35°C to 0.1, 0.5, 1.0, or 5.0 yM 
BCES in PBS-CM. After the cultures were al- 
lowed to recover in MEMlO for 1 hr. trans- 
fection of cells with ht DNA was performed. 
Repair of either one of the mismatched base 
pairs in the gene that codes for large T antigen 
in ht DNA was necessary before the replication 
of the whole viral DNA could be initiated at 
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41 “C. The mismatch repair that occurred in 
the culture at 4 1 “C was monitored by observ- 
ing the formation of tritiated supercoiled viral 
DNA during the periods when [3H]thymidine 
was present in the medium. At the same time, 
in order to answer the question of whether 
BCES affected the replication of repaired het- 
eroduplex molecules rather than mismatch 
repair per se, some cultures of exposed BSC- 
40 cells were transfected with homoduplex 
molecules formed between EcoRI-digested wt 
DNA and BumHI-digested wt DNA. In this 
case, mismatch repair was not a prerequisite 
for the replication of viral DNA at 4 1 “C. Each 
experiment was repeated once and similar re- 
sults were observed. 

Figure 2 presents three sets of representative 
data in three graphs (A, B, C) showing the ef- 
fects of exposure to 0.5, 1 .O, and 5.0 PM BCES, 
respectively, on mismatch repair (i.e., when ht 
DNA was transfected) in BSC-40 cells. Figure 
2D shows the effect of exposure to 5 PM BCES 
on viral replication per se (i.e., when wt DNA 
was transfected). No effect was observed on 
mismatch repair after exposure to 0.1 PM 
BCES (data not shown). The data shown in 
2D are similar to those seen for replication of 
viral DNA in cells exposed to 0.1,0.5, and 1 .O 
PM BCES and transfected with wt DNA (data 
not shown). Since subexperiments employing 
the same dose of BCES were done in sequence 
over a period of several days, the numbers and 
ages of the cells in the cultures utilized were 
somewhat different. For this reason a control 
was included for each time point in every ex- 
periment. Each time point represents the total 
“H in cpm for two gel slices at the band of 
new supercoiled DNA. The time of delay in 
the appearance of new viral DNA which oc- 
curred after an exposure of BCES was deter- 
mined by extrapolation of the lines manually 
drawn for the control and experimental data 
observed after 40 hr. 

The intercepts at the abscissa in Figs. 2A, 
2B, and 2C were significantly (statistical treat- 
ment not shown) different for exposed and 
nonexposed cells. As the level of exposure to 
the mustard was increased, the intercept 
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TIME Chrl 

FIG. 2. Time course of adverse effects of bi@-chloro- 
ethyl)sulfide on mismatch repair. Confluent cultures were 
exposed to various doses (A and D, 0.5 PM; B, 1 .O pM: C, 
5.0 pM) of BCES/MC in PBS-CM for 30 min at 35°C. 
For each time point, control cultures were prepared. In 
all cases, the medium was adjusted to 0.00625% (v/v) with 
respect to MC. After exposure, cultures were washed with 
PBS-CM. Transfection of ht (tsA239/tsA255) (A. B, C) 
or wt (D) DNA was performed by lipofection at 37°C for 
24 hr after cultures were allowed to recover in MEMIO 
for 1 hr at 35°C. Cultures were moved to 41°C and were 
radiolabeled every 8 hr with [jH]thymidine (2 &i/ml) for 
8 hr until 96 hr post-transfection. Viral DNA was isolated 
and purified. Gel electrophoresis on agarose was performed 
and the 3H in each gel slice was counted. Each point rep- 
resents the total counts of two gel slices at the band of 
Form I supercoiled DNA. 

showed a longer delay in the appearance of 
new viral DNA as compared with control. 
While no delay was observed after exposure 
to 0.1 PM of BCES (data not shown), about 5, 
10, and 15 hr of delay, respectively, were seen 
after 0.5, 1 .O, and 5.0 PM of BCES. However, 
the rate of appearance of new viral DNA was 
not markedly different in exposed cells as 
compared with control ceils once the period 
of delay in exposed cells had passed. 

There was no difference in the intercepts of 
the curves in Fig. 2D although the rate at which 
new viral DNA appeared might have been 
slightly lower in the exposed cells. 
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Demonstration that both mutants were not 
leaky at the nonpermissive temperature 
(41 “C). The results shown in Fig. 3 clearly in- 
dicate that under conditions which led to the 
appearance of new viral DNA at 4 1 “C in cells 
that had been transfected with ht DNA no viral 
DNA appeared in cells transfected with ho- 
mologous DNA of either tsA239 or tsA255. 

DISCUSSION 

The enzymatic repair of mismatched bases 
in DNA (Lai and Nathans, 1974, 1975) has 
been identified in bacteria, fungi, and mam- 
malian cells (Folger et al., 1985; Hare and 
Taylor, 1985; Glazer et al., 1987; Modrich, 
1989; Lahue et al., 1989). The existence of 
this repair system made possible the technique 
of marker rescue for mapping mutants by lo- 
calizing the mutational sites to the nucleotide 
sequences contained within the active frag- 
ment of wt virus (Mantei et al., 1975). Inde- 
pendent correction of mismatched base pairs 
can occur if the mismatches are separated by 
13 or more base pairs (Lai and Nathans, 1975). 
This technique was also used to establish the 
proximity of two mutations. Much effort has 
been expended to elucidate the molecular 
mechanism of mismatch repair in Escherichia 
coli and mammalian cells although the details 
of the process are still not clear. 

Enzymatic repair of alkylated DNA appears 
to involve excision of the alkylated bases lead- 
ing to the presence of apurinic and apyrimi- 
dinic sites in the nucleic acid (cf., Sancar and 
Sancar, 1988). This step is followed by endo- 
nucleolytic and exonucleolytic activities to 
complete the excision of the damaged nucleo- 
tide and DNA polymerase and ligase activities 
to insert an undamaged nucleotide. Appar- 
ently, the presence of apurinic sites can lead 
to the presence of base mismatches in the 
DNA (Schaaper et al., 1983), so the mismatch 
repair system could be especially important 
for the survival of a cell exposed to an alkyl- 
ating agent such as BCES. BCES-mediated 
damage to the mismatch repair system might 
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FIG. 3. Time-course of production of new viral DNA 
at 41 “C in BSC-40 cells which were transfected at 37°C 
with homoduplex DNA of tsA239JtsA239 or tsA255J 
tsA255 or ht DNA tsA239/tsA255. Homoduplex DNA of 
tsA239JtsA239 was prepared by denaturing and renaturing 
together EcoRI-digested and BumHI-digested tsA239. 
Homoduplex DNA of tsA255/tsA255 was formed in the 
same manner. Transfection was performed by lipofection 
at 37°C for 24 hr. Cultures were moved to 41°C and were 
radiolabeled every 12 hr with [jH]thymidine for 12 hr 
until 96 hr post-transfection. Ht DNA of tsA239/tsA255 
was used as a positive control. Viral DNA was isolated 
and purified. Gel electrophoresis on agarose was performed 
and the ‘H in each gel slice was counted. Each point rep- 
resents the total counts of two gel slices at the band of 
Form I DNA. 

explain why an exposed culture of keratino- 
cytes was reported (Ku and Bernstein, 1988) 
to show abnormal loss of viability under con- 
ditions in which repair of gross damage to cel- 
lular DNA had occurred (Ribeiro, 1988). Al- 
though the presence of crosslinks in DNA 
would be expected to cause cytotoxicity, it ap- 
pears unlikely that residual crosslinks can ex- 
plain the demise of a culture 7 days after ex- 
posure to 1 PM BCES when excision of di- 
guanyl adducts (i.e., crosslinks) is known to 
occur, the acute loss of gross structural integ- 
rity of the DNA is restored within 24 hr after 
exposure to the mustard, and DNA replication 
resumes in about 65% of the cells by 3 days 
postexposure. 

Mismatch repair in AGMK cells was doc- 
umented (Brown and Jiricny, 1988; Brown et 
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al., 1989; Jiricny et al., 1988) as very efficient. 
Many types of base/base mismatches have 
been shown to be corrected in the CV-1 line 
of AGMK, albeit with different efficiencies and 
specificities (Brown and Jiricny, 1988). Mis- 
matches consisting of G/G and C/C were cor- 
rected with 92% and 66% efficiencies, respec- 
tively. 

This appears to be the first report in which 
mismatch repair has been used as an in vitro 
system for evaluating toxicity and for eluci- 
dating mechanisms of toxic action. Despite the 
sensitivity of the nucleoid sedimentation assay 
for the detection of DNA damage (Bibeiro, 
1988) such as single strand breaks in the DNA 
and of the alkaline DNA unwinding assay for 
the level of double-stranded DNA (Sorscher 
and Conolly, 1989), these analytical proce- 
dures are not specific for any particular mech- 
anism of repair and cannot distinguish be- 
tween the different lesions from which single 
strand breaks result. The technique employed 
in the present investigation utilized a viral 
probe with two known mismatched bases 
thereby allowing investigation of a highly spe- 
cific repair function. 

The viral probe used in this study was a 
mixture of heteroduplex and homoduplex 
DNA molecules in circular and linear form, 
respectively. Because of the different sites at 
which the DNA of the two mutant forms of 
SV40 virus were linearized, annealing between 
strands from the two different mutants resulted 
in circular molecules with one single strand 
break (nick) at a different site on each strand. 
In contrast, reannealing of strands from the 
same mutant yielded the original linear mol- 
ecules. All the heteroduplex molecules which 
were formed had two transversions in their 
DNA. One of the mismatched bases was on 
each of the two strands. In the homoduplex 
molecules of either mutant DNA, there were 
no base mismatches. Therefore, only the het- 
eroduplex molecules were active in the mis- 
match repair assay. In confirmation of this 
point, transfection with homoduplex mole- 
cules from either mutant resulted in no syn- 
thesis of new viral DNA (Fig. 3). The dem- 

onstration that neither mutant was leaky at 
the nonpermissive temperature also argues 
against the possibility that repair occurred by 
the recombination mechanism rather than by 
base mismatch. 

The formation of wt virus from ht DNA 
molecules at a nonpermissive temperature 
could occur as a result of the repair of either 
mismatch since each of the two mismatched 
bases was on different strands of the DNA sep- 
arated by 86 bases and a correction of either 
mismatched base would result in one strand 
having the correct sequence for wt DNA. 

The dose-responsive increase in the delay 
before new viral DNA appeared (i.e., as in- 
dicated by the position of the intercept with 
the abscissa in Figs. 2A, 2B, and 2C) in cells 
exposed to BCES and then transfected with ht 
DNA suggested that the repair process was 
sensitive to the mustard. The absence of an 
effect in exposed cells transfected with wt DNA 
confirmed that the repair process rather than 
the replication process was the target of BCES. 
This conclusion is strengthened by the obser- 
vations that transfection of wt and ht DNA 
occurred in the same length of time (data not 
shown) and new viral DNA appeared in the 
same time after transfection with wt DNA 
whether or not the cells were exposed to BCES 
(Fig. 2D). 

In drawing the lines whose extrapolations 
to the abscissa define the time when new viral 
DNA was first observed (Fig. 2), the data ob- 
tained prior to 40 hr after the time of trans- 
fection were ignored. This was done because 
no viral DNA was detected by fluorescence at 
the early time points, suggesting that the low 
level of 3H found at these times represented 
“spillover” from an adjacent unidentified ra- 
dioactive gel band which appeared early after 
transfection. 

The mechanism by which BCES works to 
affect mismatch repair in BSC40 cells is pres- 
ently unknown. Perhaps, it does so by inter- 
fering with recognition of mismatched base 
pairs or by decreasing the fidelity of repair 
synthesis. 
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The BSC-40 line of AGMK cells has a fi- plasmid heteroduplexes injected into cultured mam- 

broblast origin and is a natural host of SV40 malian cell nuclei. Mol. Cell. Biol. 5, 70-74. 

virus replicating the viral DNA in large quan- Fox. M., AND SCOTT, D. (1980). The genetic toxicology 

tity. It was for this reason that this cell line 
of nitrogen and sulfur mustard. Mutal. Rex 75, 13 I- 
168. 

was used for the present study. However, ves- GLAZER, P. M., SARKAR. S. N.. CHISHOLM. G. E.. AND 
ication in skin exnosed to BCES involves eni- SUMMERS, W. C. (1987). DNA mismatch repair detected 
thelial cells. In order to verify that interference in human cell extracts. Mol. Cell. Biol. 7, 2 18-24 I. 

with mismatch repair plays a role in BCES- HARE, J. T., AND TAYLOR. D. (1985). One role of DNA 

mediated cutaneous vesication, it is necessary 
methylation in vertebrate cells is strand discrimination 
in mismatch repair. Proc. Natl. Acad. Sri. USA 82,7350- 

to apply the same viral technology 
of primary human keratinocytes 
semipermissive for SV40 virus. 
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